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ABSTRACT

The majority of the neural engineering efforts in the past decade have focused on brain

interfaces. The searching of tools for recording and modulation of neural activity in the spinal cord

limits fundamental understanding of neural dynamics in this organ. Spinal cord poses a challenge

to probe design due to its fibrous structure, repeated deformation, low elastic modulus, and

sensitivity to implantation procedures. This work addresses the elastic modulus mismatch between

spinal cord tissue and synthetic devices by designing flexible multifunctional neural probes

capable of conforming to the spinal cord geometry and mechanical properties, while providing

functions for optical stimulation and neural recording. In this thesis, fiber drawing techniques are

applied to produce flexible and stretchable probes.

The utility of the devices for recording and optical stimulation is demonstrated in the spinal cord

of transgenic mice expressing the light sensitive protein channelrhodopsin 2 (ChR2). Furthermore,

it is shown that the optical stimulation of the spinal cord with the polymer fiber probes induces on-

demand limb movements. Finally, the modest dimensions and high flexibility of the devices

permitting chronic implantation into the mouse spinal cord with minimal damage to the neural

tissue are demonstrated. The findings of this thesis are anticipated to aid the studies of the spinal

cord circuits and pave way to new directions in flexible fiber-based optoelectronic devices.

Thesis Supervisor: Polina Anikeeva
Title: Professor of Materials Science and Engineering
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Chapter I

Introduction

In this chapter, the motivation of investigating neural circuits in the spinal cord and basic

anatomy of neurons and neural networks will be introduced (section 1.1), followed by the

discussion of state-of-the-art of the technology in neural recording and neural stimulation in the

brain and in the spinal cord (section 1.2). Afterwards, how the application of current techniques

and the innovation of new materials and architectures can contribute to the investigation of neural

circuits in the spinal cord will be discussed (sections 1.3 and 1.4). In the end of the chapter, the

hypothesis and proposed approaches to create devices suitable for investigating neural circuits in

the spinal cord will be mentioned (section 1.5).
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1.1 Investigation of neural circuits in the spinal cord

1.1.1 Motivation

The spinal cord is one of the most delicate organs in our bodies because of its

inhomogeneous structure, its fibrous geometry, and its dimension (human: 400 to 500 mm long

and 10 to 15 mm in diameter'; mouse 110 mm long and 2 to 2.5 mm in diameter2). Injury to the

spinal cord results in various degrees of paralysis, which can lead to loss of organ function and

limb control and cause a debilitating decrease in quality of life- 6 . In addition, pain associated with

spinal cord injury (SCI) can exacerbate the disability for the patients. To treat these debilitating

symptoms, scientists need to better understand the nerve regeneration mechanisms 7'8 . These

studies, however, are currently limited by the technologies available for monitoring and control of

the neural dynamics within the spinal cord. Existing tools do not allow for simultaneous

stimulation and recording because the noise from electrical stimulation interferes with the signals

of recorded neural activity 9"-l. With the development of optogenetics, which enables optical

control of neural activity through the introduction of light-sensitive opsin proteins, simultaneous

stimulation and recording becomes possible due to decoupling of the optical and electrical

signals '". While applied extensively in the brain, optogenetic modulation of genetically

identifiable neuronal populations in the rodent spinal cord remains challenging due to the lack of

flexible devices that can conform to the material properties of this complex organ 4. Furthermore,

repeated spinal cord deformations during normal movement demand the resilience of the

implantable devices to bending and extension fatigue. The design and engineering of an

optoelectonic device with elastic properties closely matching that of the spinal cord would enable

identification of the neural pathways crucial for recovery following spinal cord injury46
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1.1.2 Neural circuits in the spinal cord

Before starting to investigate the neural circuits in the spinal cord, one first needs to

understand the basic components (neurons) of the neural circuits and what roles they play. Similar

to transistors, neurons never operate alone; they are organized into circuits and process information

in groups rather than individually (Figure 1.1)17. The human nervous system can be divided into

two parts: central nerves system (CNS) and peripheral nerves system (PNS). The CNS includes

the brain and the spinal cord, and it is where all of the analysis of information takes places"'18 . The

PNS includes the neurons and parts of neurons found outside of the CNS, which are sensory

neurons and motor neurons 8 . Sensory neurons bring signals from the organs into the CNS, and

motor neurons carry signals out of the CNS to convey commands to the muscles, the organs, and

the glands. In addition to sensory and motor neurons, there are also interneurons which can only

be found in the CNS. Interneurons connect one neuron to another by receiving information from

other neurons (either sensory neurons or other interneurons) and transmitting information to other

neurons (either motor neurons or other interneurons).

(a) Diwugng otJft @) Cmwstglg cbu* (C) Rseberig ccm (d) PwraIa aftrdschge dm*u

Figure 1.1 Examples of neural circuits
A neural circuit is a functional group of neurons that processes a specific kind of information.
(Image taken from ref. 17).
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There are three basic functions of neurons: receiving signals (or information), integrating incoming

signals (to determine whether or not the information should be passed along), and communicating

signals to target cells (other neurons, muscles, or glands). Similar to other cells, neurons have a

cell body called the soma (Figure 1.2)'", where the nucleus of the neuron can be found and most

neuronal protein syntheses take place. There are various processes (appendages or protrusions)

extending from the cell body, including the short, branching processes known as dendrites, and a

separate process that is typically longer than the dendrites, known as the axon (Figure 1.2)"' 8.

Receiving and processing incoming information generally take place in the dendrites and cell body.

These incoming signals can be either excitatory (tend to make the neuron fire and then generate

an electrical impulse) or inhibitory (tend to keep the neuron from firing). If the sum of all of the

excitatory signals is sufficient, the neuron ends up firing, and the nerve impulse (or action potential)

is conducted down the axon (Figure 1.2)1'18. The axon hillock is the axon which arises from the

cell body at a specialized area, and in motor neurons and intemeurons, it is at where that the action

potential is initiated (Figure 1.2)"'8. Towards the end, the axon splits up into many branches

known as axon terminals (or nerve terminals) and makes connections on target cells"' 8 .

Dendrite Axon
terminal

Cell body

- Axon

Direction of action potential

hillock

Figure 1.2 Structure of a neuron
A neuron consists of a soma (cell body), dendrites, and axons'8 . (Image taken from ref. 18)
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The arrangement and function of neural circuits vary and depending on the synaptic connections

(neuron-to-neuron connections), which are comprised of dendrites and axon terminals, and

information is transmitted in the form of chemical messengers called neurotransmitters. To

understand the function of any circuit, knowing the direction of information flow is important. For

instance, nerve cells carrying information toward the CNS are called afferent neurons, and nerve

cells carrying information away from the CNS toward the organs are called efferent neurons.

A simple example of a neural circuit is the one that subserves the myotatic (or "knee jerk") spinal

reflex (Figure 1.3)19.

oranztinofnurlccuitseie".o (Iag tae fromc ref. 19) zs

Sensory wd tlag

Figre1.3Ilustaton f sMerelex ciruit

When a knee is hit, the corresponding peripheral nerve terminals are triggered which causes the

receptor potentials to trigger action potentials that travel centrally along the afferent axons of

sensory neurons. The information stimulates spinal motor neurons through synaptic contacts.

Afterwards, the action potentials triggered by the synaptic potential in motor neurons travel

peripherally in efferent axons and cause muscle contraction and a behavioral response. One of the

purposes of this particular reflex is to help maintain an upright posture in the circumstance of

15
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unexpected changes. This is a case of excitatory synapsis between the sensory afferent neurons

and the extensor efferent neurons causing the extensor muscles to contract19 . In turn, inhibitory

synapsis occurs when the interneurons are activated by the afferents and such activation diminishes

electrical activity in motor neuron and causes flexor muscles to become less active (Figure 1.4)19.

Both of excitatory and inhibitory activations are used to control the position of the leg. In this

section, the components of the neural circuit and examples were introduced. In the next section,

the approaches to investigate the neural circuits will be mentioned.

Hammer
(afferent) tap

aXM V

hdmouron

Les
extends

Figure 1.4 Action potentials for different types of neurons in the reflex pathway
Relative frequency of action potentials in different components of the myotatic reflex as the reflex
pathway is activated. The differences in frequency and latency provide insight about how this
neural circuit processes information 9 . (Image taken from ref. 19)
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1.2 Neural recording and stimulation in the central

nervous system

1.2.1 Neural recording

Two common approaches to investigating the neural circuits are neural recording and

neural stimulation. Neural recording is a means to sense the electrical activity in the nervous

system. In the eighteenth century, Luigi Galvani found the first evidence of electrical activity in

the nervous system with his studies on dissected frogs 20,2 1. He discovered that one can induce a

twitch in a leg of dead frog with a spark of electricity. This discovery proved that the nervous

system had electrical properties, and since then recording of isolated single neuronal activity

(single-unit recording) has become one of the most important approaches to understand the

function of the nervous system2 1 . There are, in general, three broad classes of neural recording for

extracellular in vivo recording in the CNS: electroencephalography (EEG), electrocardiography

(ECoG), and local field potential (LFP) (Figure 1.5). The first two will be introduced briefly, while

the third one will be detailed because of its relevance to this thesis.

17



'II

Depth
(LFP)

Grid 7 W V~

(ECoG) .

Strip
(ECoG)

Strip
(ECoG)L

Scalp -~ Fz

EEG L 02
Is

Figure 1.5 Extracellular traces using different recording methods
Simultaneous recordings from three depth electrodes in the left amygdala and hippocampus
(measuring the local field potential (LFP)); a 3 x 8 subdural grid electrode array placed over the
lateral left temporal cortex (measuring the electrocorticogram (ECoG); two four-contact strips
placed under the inferior temporal surface (measuring the ECoG); an eight-contact strip placed
over the left orbitofrontal surface (measuring the ECoG); and scalp electroencephalography (EEG)
over both hemispheres (selected sites are the Fz and 02) in a patient with drug-resistant epilepsy.
The amplitude signals are larger and the higher-frequency patterns have greater resolution at the
intracerebral (LFP) and ECoG sites compared to scalp EEG 2. (Image taken from ref. 22)

1. Electroencephalography (EEG) (Figure 1.5)

This is the least invasive approach and the neural activity is recorded from the scalp22 . However,

the skull (thickness 5.2 0.8 mm)23 separates the recording device from neurons in the brain,

which can potentially lead to low spatial and temporal resolution of recording and limiting its

application in neuroprosthetic use22

2. Electrocorticogram (ECoG) (Figure 1.5)

With this approach, neural signals are recorded on the surface of the brain, underneath the skull.

Since a craniotomy needs to be performed to get these electrodes below the skull, ECoG electrodes

18



are more invasive than EEG electrodes and require surgery to implant. However, being underneath

the skull allows ECoG to have a higher signal resolution compared to EEG.

3. Local field potential (LFP) (Figure 1.5)

To record LFP, small electrodes that can penetrate into the tissue are required2 2 2 4 . LFP offers the

highest signal resolution, but it is also the most invasive approach of neural recording.

Nevertheless, there is still significant interest in developing the electrodes and signal processing

techniques for LFP because monitoring the activity of single neurons in vivo is the basis of

understanding the mechanisms underlying behavior24 . LFP, basically, is the lowpass-filtered

electrophysiological data reflecting the dynamics of the neural tissues (around 1 mm in diameter)

surrounding the electrode 24. The basic steps for spike sorting include the followings: (i) applying

a bandpass filter to the recorded raw data, e.g., frequency between 300 Hz and 3000 Hz, to keep

the most useful part of the spectrum for spike sorting; (ii) applying an amplitude threshold to the

filtered data; (iii) extracting relevant features of the spike shapes and achieving a dimensionality

reduction; (iv) inputting features to a clustering algorithm that performs the classification of the

waveforms and associate each cluster to a unit24 . The waveforms of the firing spikes from each

neuron in the vicinity of the recording electrode is unique. It is mainly determined by the

morphology of neuronal dendritic tree, the distance and orientation relative to the recording site,

the distribution of ionic channels, and the properties of the extracellular medium . The detected

spikes are grouped into different clusters based on their shapes in a process known as spike sorting

26. The unique shape of each spike provides information about identifying the function of a neuron

(single-unit), and thus, contributes to the analysis of neural circuits. Unfortunately, not all the

signals from LFP recordings can be isolated into single-unit spikes. Some shapes cannot be

19



separated due to a low signal-to-noise ratio, leading to a cluster associated with multiunit activity

which provides less information when analyzing neural circuits (Figure 1.6).

Local Field Potential

i rnW~u

0

i A~ A.. 5Cluste 1: 7028 spike Cluste 2: 434 spules

_ i. 204060o 20 40 aSo

Spike train for each unit
.jMc7

2
Time (8sc)

aw Data

34 5

lime (usc)
Spike Sorting

Cluser 3:1924 spkes

20 40 50

Cluste 
4: 499 

sp~e 1

20 40 ao
Swnple

.LLLLi
3 4 5

Figure 1.6 Spike sorting process
An example of an extracellular recording (raw data) from the human right entorhinal cortex. The
low frequency content (f =1 to 100 Hz) of that signal is associated with the local field potential.
Within the higher frequency content (f = 300 to 3000 Hz; black trace in bottom panel) there is a
superposition of several effects. Neurons in zone III (distance to the tip of the electrode >140 gm)
contribute to the background noise, so their spikes cannot be detected. The neurons in zone II
generate spikes larger than the background noise, but they cannot be separated into different units,
thus being associated to the multiunit activity (cluster 1). Finally, the neurons in zone I (distance
to the tip of the electrode <50 pm) have even larger spikes, and sorting algorithms allow us to
assign the recorded spikes to the different neurons that generated them (clusters 2-4), hence the
so-called single unit activity. In the bottom panel, the time of occurrence of each spike is marked
with a triangle color-coded according to the isolated clusters in each classification24 . (Image taken
from ref. 24).
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1.2.2 Neural stimulation

Neural stimulation technology has been used to assist those suffering from Parkinson's

diseases and nerve-injury-induced loss of organ function to regain the motor functions, and to

relieve the pain associated with the injury to the nerve system. The majority of neural stimulation

is performed via electrical means due to the nature of neural activity. Neural activity itself is a

change of electrical state; therefore, stimulating neurons can cause excitation or inhibition of action

potentials, allowing for manipulation of the nervous system. Clinically, various neurological

diseases can be improved via electrical stimulation. Current technologies for electrical

neuromodulation include deep brain stimulation, which is used clinically to treat movement

disorders such as Parkinson's disease2 7 ; spinal cord stimulation, which allows management of the

chronic neuropathic pain' 0,28; cochlear implants, which have provided partial hearing to more than

324,000 persons worldwide as of 201229; visual prostheses, which can provide some vision to

people losing the photoreceptive elements of their retinas 4' , and cardiac electrostimulation

devices (i.e., implanted pacemakers) 32. However, electrical stimulation2 7,33-40 is not the only

approach to modulate the state of the nervous system, there are also chemical 41-45, magneti 46-51I

thermal 5 , or optical12,13,56-60 approaches. Electrical stimulation and optical stimulation to the

CNS will be introduced in detail because the former one is the most commonly used approach and

the latter one is the approach of interest in this thesis. Chemical, magnetic, and thermal stimulation

of the CNS will be briefly mentioned.

1. Electrical stimulation of the central nervous system:

One of the most commonly used approaches for neuromodulation is electrical stimulation. With

electric currents, neural signals can be blocked in order to treat movement disorders or to suppress

pain 6. There are many applications of electrical stimulation of the nervous systems. For example,

21



deep brain stimulation is a US Food and Drug Administration (FDA)-approved therapy for

Parkinson's disease. It has also been used in treating epilepsy, obsessive-compulsive disorder,

depression, and etc. 34 (Figure 1.7A). The electrical stimulation in the brain can be done with

surgery and by placing electrodes directly on the targeted regions in the brain (Figure 1.7A).

Figure 1.7 Deep brain stimulation and neuromodulation in spinal cord
(A) X-ray image of a brain with metal electrodes implanted for deep brain stimulation,2 7 and (B)
X-ray image of a patient with an implanted spinal cord stimulator2 . (Images taken from ref. 27
and 28)

In addition to brain stimulation, neuromodulation of the spinal cord is commonly used to control

the pain associated with spinal cord injury. FDA-approved neuromodulation devices (Figure 1.7B)

are primarily made by established medical device companies such as Boston Scientific, Medtronic,

and Nervo. Around the world, some 14,000 patients undergo spinal cord stimulator implants each

year3 5 . The implantation of devices can be done by inserting the leads into the epidural space in

the spinal cord 2. Other than pain control, both clinical and laboratory research has shown that

combining electrical stimulation and rehabilitation enables those who lose limb function because

of SCI to step and perform simple motor tasks again36 -38

Similar to the CNS, peripheral nerves can also be stimulated electrically. This functional electrical

stimulation in peripheral nerves can be used to restore motor function in paralyzed limbs by

electrically stimulating specific peripheral nerves 3 9,4 0.
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The development of electrical stimulation of the CNS has benefited many patients suffering from

neurological diseases; however, extracellular electrodes have limited cellular specificity and it is

generally impossible to target specific classes of neurons in heterogeneously populated tissues with

extracellular electrodes, which leads to side effects. The indiscriminate activation of excitatory

neurons, all classes of inhibitory neurons, and fibers of passage in the stimulated area can result in

the unintended stimulation of non-targeted regions and even cause damage to non-targeted

tissues63 . For instance, spinal cord stimulation for the treatment of chronic pain6 2 fails in many

patients for reasons that are not fully understood64 , which is in part due to nonselective nature of

electrical stimulation 5 .

2. Chemical stimulation:

Chemical stimulation is accomplished by delivering chemical substance to the neurons and

using a chemical reaction to modulate the neural activity. The methods for chemical stimulation

in the CNS can be divided into two categories: systemic and local delivery. Systemic delivery is a

route of administration of medication into the circulatory system so that the entire body is affected.

Common examples for systemic delivery include oral administration, intravenous injection, and

intraperitoneal injection. Systemic delivery approaches are often preferred due to ease of

administration. However, systemic delivery may result in suboptimal drug concentration being

achieved in the CNS, and lead to erroneous conclusions regarding agent efficacy 44. Local drug

delivery methods are more invasive, but may be necessary to achieve therapeutic drug levels in

the CNS. For example, anesthesia can be performed through intrathecal administration, where

drugs are delivered directly into the cerebrospinal fluid by injection into the subarachnoid space

of the spinal cord in order to bypass the blood-brain barrier 5 . Chemical stimulation of the CNS

does not always require the use of neural interfaces and can therefore be non-invasive. However,
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invasive neural interfaces are available for chemical stimulation and are typically used in

combination with other functionalities, such as recording, to enable readout of the effects of the

drug on neuronal function4 143

3. Magnetic stimulation:

Neural stimulation can also be accomplished by using induction to modulate neural activity.

Transcranial magnetic stimulation (TMS) enables noninvasive neural modulation whereby short

pulses of high amplitude magnetic field (typically a few Tesla) is applied through the skull to

induce neural activity in a specific cortical area46-49. TMS it is an established neurophysiological

tool to examine the integrity of the fast-conducting corticomotor pathways in a wide range of

diseases associated with motor dysfunction4 9 . This includes but is not limited to patients with

multiple sclerosis, amyotrophic lateral sclerosis, stroke, movement disorders, disorders affecting

the spinal cord, facial and other cranial nerves 49. In addition, repetitive transcranial magnetic

stimulation (rTMS) is a FDA-approved treatment for depression 0,. During TMS, a magnetic coil

is positioned on one side of the patient's scalp, through which produces a series of strong magnetic

pulses that are similar in strength to those produced during a magnetic resonance imaging (MRI)

scan are delivered to an appropriate cortical region identified by a physician. It is a painless

procedure so no anesthesia is needed. The most common side effects of the treatment include a

mild to moderate headache, scalp pain below where the coil placement was positioned, and in

some cases, patients may experience from ringing in the ears from the noise associated with this

treatment51 . The most serious risk of TMS is a seizure, but this is rare, occuring in fewer than 1

person in 1,00046,o,51.
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4. Thermal stimulation:

In addition to magnetic stimulation, thermal stimulation is an alternative approach for non-

invasive neural modulation. Heat can be introduced by alternating magnetic fields5 3 , or light 4'55

to activate neurons in the CNS. One of the examples of thermal stimulation of the CNS is infrared

neural stimulation (INS), which allows the direct stimulation of neurons with infrared light

(wavelength 1.84-1.94 pam)5 5 ,66,67. There are many advantages over traditional electrical

stimulation, including greater spatial resolution , no artefact on recording electrodes 68, no gene

modification required 69' 70. However, the mechanism of infrared stimulation has been a mystery,

hindering its path to the clinic. In some cases, INS appear to be mediated by water absorption of

the laser light causing rapid localized heating68, which drives a transient change in the membrane

capacitance 54 and may activate the transient receptor potential cation channel subfamily vanilloid

receptor (TRPV 1, 2, 3, and 4, types of ion channel proteins that can not only be activated by

osmotic, mechanical and chemical cues, but also responds to thermal changes) 71,72 .

5. Optical stimulation:

While the majority of neuromodulation in the past few decades has been based on electrical

stimulation, the emergence of optogenetics12 - a technique that enables optical control of neural

activity- in 2005 has provided new research areas in the development of techniques and

applications for neuromodulation. Optogenetics is a method in which cells are genetically

modified to be sensitive to light with specific wavelengths. In recent years, this approach has been

largely used in neuroscience to excite or inhibit neural activity on demand 3' 56'57'59'60 . A most

commonly used optogenetic tool is channelrhodopsin (ChR2), which is a rather non-specific,

single-component cation channel that has a binding moiety for all-trans retinal, a chromophore that

renders the channel sensitive to blue light (Figure 1.8)73-75 .

25



A BOue ho ChR Yellw lU&h NpHR

B C

02.

0-
325 426 $b 62 i

avftenl* ("n) a 1 0 8

Figure 1.8 Mechanism of optogenetic tools
(A) Schematic of channelrhodopsin-2 (ChR2, left) and the halorhodopsin (NpHR, right) pump.
Following illumination with blue light (wavelength -473 nm), ChR2 allows the entry of cations
into the cell. NpHR is activated by yellow light illumination (wavelength -580 nm) and allows the
entry of Cl- anions. (B) Action spectra for ChR2 and NpHR. The excitation maxima for ChR2 and
NpHR are separated by approx100 nm, making it possible to activate each opsin independently
with light. (C) Cell-attached (top) and whole-cell current-clamp (bottom) traces from hippocampal
neurons showing all-optical neural activation and inhibition. Blue pulses represent the blue light
flashes used to drive ChR2-mediated activation and the yellow bar denotes NpHR-mediated
inactivation75 . (Image taken from ref. 73)

When ChR2 incorporates into the membranes and expressed in neurons, this channel opens and

selectively allows cation exchange through the neuronal membrane upon illumination with blue

light, leading to a depolarization of the neurons and the firing of action potentials. While ChR2

is a commonly used optogenetic tool to excite neural activity, light-gated ion pump halorhodopsin

(NpHR) is an inhibitory counterpart isolated from the bacteria Natronomonas pharaoni (Figure

1.8)75'76. NpHR uses the energy of yellow light to move chloride ions into the cell, overcoming the

membrane potential (Figure 1.8)75,76. In addition of ChR2 and NpHR, neuroscientists have been

developing different types of optogenetic tools with various characteristics (absorption spectra,

photocycle dynamics, intracellular targeting ) (Figure 1.9)57.
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Figure 1.9 Basic properties of known single-component optogenetic tools
(A) Single-component optogenetic tool families with their transported ions and signaling pathways
indicated. (B) Kinetic and spectral attributes of optogenetic tool variants for which both of these
properties have been reported and for which minimal activity in the dark is observed 7 . (Image
taken from ref. 57)
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1.3 Materials and devices for neural interfaces

In this section, the development of neural interfaces will be introduced; especially, the

needs of the neuroscience community, the development of probes, and the limitations of currently

available bidirectional neural interfaces.

1.3.1 Materials and devices for neural recording

Neuroscientists have reached a number of milestones in the development of neural

recording interfaces in the past century:

* 1888: Santiago Ram6n y Cajal described the structure of the nervous system and

concept of neurons (Nobel Prize in Physiology or Medicine , 1906)77.

0 1928: Edgar Adrian published one of the first recordings of electrical discharges in

single nerve fibers (Nobel Prize in Physiology or Medicine, 1932)78.

0 1950: S. Woldring and M. N. Dirken recorded spike activity from the surface of the

cerebral cortex with platinum wires7.

* 1953: R. M. Dowben and J. E. A Rose developed metal-filled microelectrodes for

80recording single-unit activity

0 1957: David H. Hubel recorded single-unit activity in the nervous system in cats with

tungsten microelectrodes 8 1.

* 1958: Strumwasser recorded single-unit activity in freely moving squirrels 82 with

stainless steel wires.

* 1967: Elwin Marg and John E. Adams published the first record of multi-electrode

arrays (MEA) for recording in a single patient for diagnostic and therapeutic brain

surgery83.
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0 1986: Invention of multi-channel Michigan probes (Figure 1.10), a silicon planar

electrode with multiple recording sites84-86

0 1989: Invention of Utah Intracortical Electrode Array (UIEA) (Figure 1.1 1)87-92

Figure 1.10 Optical image of the Michigan probes
A photo8 6 of multi-channel "Michigan Probes" under optical microscope. Thin-film conductors
are supported by a micromachined silicon substrate. The entire structure is defined
photolithographically with dimensions that are reproducible to within 1 Im8 4. (Inmage modified
from ref. 85)

Figure 1.11 Scanning electron (SEM) of the Utah Array
A SEM image of a 10 x 10 probe Utah array developed in University of Utah92
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From the chronicle listed above, especially over the past 50 years, it can be concluded that the

development of neural recording devices has progressed from single electrodes to multi-electrode

arrays, and application of these tools has been translated from laboratory to clinical research.

However, the key technical challenges enabling long-term implantation remain unsolved.

Currently, none of the multi-electrode arrays have been verified to stably and reliably record action

potentials over an extended period of time (i.e., several years)9 3 , and this might stem from the

foreign-body response and the encapsulation of devices by glial scars, leading to degradation of

signal-to-noise ratio (SNR) of neural recording and decrease in the lifetime of neural interfaces.

The foreign-body response is hypothesized to result from initial tissue damage during device

insertion 94' 95, elastic mismatch between the neural interfaces (GPa) and the surrounding tissues

(kPa-MPa) especially in the context of relative micromotion 9-98, disruption of glial networks",

materials neurotoxicityl10, and chemical mismatch between the implant surface and the cell

membranes and extracellular matrix 94. The challenges emerging from the first two causes of the

foreign-body response are especially important when designing neural interfaces for the spinal

cord because of its inhomogeneous geometry and relative motions due to daily movements from

the implanted subject. Moreover, degradation of materials, delamination of encapsulating layers,

and fatigue in the implants are also common issues leading to device failure in the warm, aqueous

and saline environments of living subjects' 0 1. All of these suggest that the design of an interface

between the nervous system and a neural probe requires additional materials research.

The interaction between the tissue and the device tethered to the skull or the vertebrae is

determined by the bending stiffness (Equation 1. 1) of the material, rather than by its Young's
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modulus. The bending stiffness is defined as the force that is required to achieve a certain

deflectionlo'.

d 48EEquation 1.1

Here, F is the force, d is the deflection, E is Young's modulus, I is the moment of inertia, and L is

the length of the device. For a probe with a rectangular cross-section, inputting the expression for

the moment of inertia gives:

F = 4Ewt 3  

Equation 1.2,d L0

where w and t are the width and thickness of the device, respectively' 01. For a probe with a circular

cross-section, inputting the expression for the moment of inertia gives:

d - 4Equation 1.3,

where r is the radius of the device.

Wires for recording were traditionally made with hard materials such as platinum (Young's

modulus, E = 172.4 GPa)7',2, iridium (E = 528 GPa)8 0,10 2, tungsten (E = 411 GPa)8 1,10 2, stainless

steel (E = 189-210 GPa)10 3,10 4, and silicon (E = 113 GPa)8 5,8 9,91,102,0105,106; however, since the

stiffness scales cubically (devices with rectangular cross-sections) or to the power of four (devices

with circular cross-sections) with the thickness of the material (Equations 1.2 and 1.3), reducing

the dimensions of a high-modulus device can dramatically improve its flexibility 0 7. Based on this,

recently, research on neural interfaces has been focused on the design and the fabrication of devices

by taking advantage of compliant microscale wavy surfaces, meshes, serpentines and fibers

composed of materials with Young's moduli in the gigapascal range. For example, electronic

components can be fabricated with traditional microelectromechanical systems (MEMS) process

with thicknesses of a few micrometers and laminated between flexible and/or stretchable polymer

15,16,108-112
encapsulation layers, . These hybrid material systems have been developed to address
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issues with biocompatibility, mechanical properties, and resolution'-~'. Nevertheless, recording

in the spinal cord has only seen a few demonstrations'"7 because of the dramatic mismatch in

mechanical properties, the relative motion, and the design challenges due to the fibrous geometry

of the spinal cord, and these challenges will be addressed in this thesis.

1.3.2 Bidirectional neural interfaces for the central nervous system

1.3.2.1 Development of bidirectional neural interfaces

To help patients with SCI to fully restore their sensory and motor functions, bidirectional

neural devices (i.e., closed-loop sensor-actuator devices) interfacing with nervous systems and

organs are required. Unfortunately, simultaneous stimulation and recording in nervous system with

a pure electrical device is technically challenging because the current applied during electrical

stimulation of neurons introduces noise and prevents artifact-free neural recording'1 . Moreover,

electrical stimulation of the nervous system is not selective to a specific groups of neurons (Figure

1.12A), leading to indiscriminate activation/inhibition of all types of neurons6 3 (for more

information, please refer to 1.2.2 Neural stimulation).

The development of optogenetics a decade ago provided a new solution to create a bidirectional

neural interface. Now, the signal from the stimulation (light) is decoupled from the signal from

neurons (electricity). Moreover, optical stimulation allows selective manipulation of specific

neural populations because it relies on genetic methods to render cells sensitive to a particular

wavelength of visible light (Figure 1.9B)57'119.
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Figure 1.12 Comparison of electrical and optical stimulation in nervous system
(A) An electrode is in contact with nerve cells to conduct electricity for stimulation. (B) Light with
specific wavelength is delivered to nerve cells and stimulates neurons selectively63 . (Image
modified form ref. 63)
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1.3.2.2 Bidirectional optoelectronic neural interfaces for spinal cord

The introduction of optogenetics has enabled on-demand excitation and inhibition of

activity in optically-sensitized neurons with light pulses (Figure 1.9)12,57,2O. To capitalize on this,

closed-loop sensor-actuator devices have been designed by integrating photonic modules into

microelectronic neural recording probes59 to allow simultaneous optical stimulation and neural

recording. Traditionally, these probes are combinations of optical fibers with established neural

recording technologies such as silicon multielectrode arrays'2 1" 2 2 , multitrodes 2 3"2 4 and

tetrodes.15 Recently, microelectromechanical systems (MEMS) and contact printing fabrication

methods have allowed for innovative structures with multiple integrated modalities' 10,126 (Figure

1.13).

2~id wo.sod mm

base nupar

bAfmde

Figure 1.13 Images and schematics of optical probes for neural stimulation
Images of (A) optrode-multielectrode array (optrode-MEA) 2 , (B) and (C) multifunctional silicon
based neural probes12 3"124 , (D) schematic of a optetrode 125 , and (E) and (F) pictures of polymer-
based neural probes'
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These advances in optoelectronic neural probe technologies have helped further investigation of

127-129
brain circuits and contributed to the development of therapies for neurological disorders2-

While thousands of articles are reporting the use of optogenetics in the brain, only a few studies

have explored application of optogenetics in the spinal cord, and even fewer in restoring motor

functions 30-37 . Spinal cord neural circuits are complex and heterogeneous and include tissues of

vastly different sizes, shapes, stiffness, opacity, and cellular and molecular structure, thereby

imposing unique challenges for neural modulation. Moreover, neural structures outside the brain

exhibit significant relative motion during movement of the organism' 4. Especially the spinal cord

also undergoes meaningful displacement relative to the vertebral column during animal movement,

which can result in shear-induced damage in penetrating neural interfaces 4 . Moreover, the spinal

cord is highly viscoelastic (elastic modulus of 0.5-1 MPa) and experiences up to -10% of repeated

strain during motion3,19, making it even more challenging to combine intraspinal neural

recording and optical stimulation.

Since the majority of neural probes and light-delivery devices are comprised of hard and brittle

materials93'14014 1, the dramatic mismatch in mechanical properties can potentially damage the

neural tissue and fail under repeated deformation1 42 . Recently, more work has focused on flexible

and stretchable probes for optical and electrical stimulation on the surfaces of rodent spinal cords

(Figure 1. 14)15'16. Nevertheless, a highly flexible neural interface allowing simultaneous optical

stimulation and neural recording to probe the neural circuits in the spinal cord remains to be

demonstrated. In this thesis, flexible and stretchable biomimetic polymer fiber probes are

developed with a combined optical core for optogenetic stimulation and conductive electrode(s)

for simultaneous neural recording. Fabrication in our studies is so called fiber drawing process,

which will be introduced in depth in the next section (1.4).
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Figure 1.14 Stretchable neural interfaces for stimulation in rodent spinal cord
(A) Electronic dura mater for long-term multimodal neural modulation. (B) and (C) wireless
powered LED system for optogenetic neural modulation in mouse spinal cord 6 .
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1.4 Fiber drawing process

To fabricate the flexible neural probes with integrated waveguides and electrodes, fiber

drawing process was used most importantly because it allowed simultaneous processing of

multiple materials and the devices yield could be as thin as hair with was very similar to the

geometry of nerve fibers. In this section, the background, fabrication process, advantages, and

constrains of fiber drawing will be introduced.

1.4.1 Background of fiber drawing

The applications of fiber have been widely integrated into our daily lives for thousands of

years. The form of fibers ranges from soft materials such as fabrics for clothes to hard materials

such as silica optical fibers for telecommunication 143'144. With the development of processing

methods in the past few decades, fiber can either be created from a single-material and serve simple

functionality or be comprised of multiple materials with various optical, electrical, and mechanical

properties and functions43,145,146. Optical waveguides, electrodes, drug-delivering channels, tissue

scaffolds, thermal detectors, chemical sensors, surface-emitting lasers, diodes, and other functional

components have been demonstrated as fibers, both single function or multifunction in one fiber

43,145,147-155. The rules and constraints of fiber fabrication will be discussed in the following sections,

but due to their relevance for biomedical applications, fabrication of polymer fibers will be

emphasized.

1.4.2 Process

To fabricate a multifunctional fiber, a material set with similar thermomechanical

properties (temperature-dependent viscosity and glass transition/ melting temperature) is selected
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and then integrated into the preform, which is the macroscale model of the device. Usually, a

preform is a cylindrical or a rectangular rod with dimensions of 1.5 inch thick and comprised of

different materials, depending on the design and functionality1 45. Assembly of the preform usually

requires macroscale machining, film-rolling or film-stacking, followed by consolidation in a

vacuum oven or a hot press to eliminate the trapped air between the interfaces. The preform is

usually designed to incorporate a thick outer cladding to support the functional components during

the drawing. Because the cladding material usually takes up the majority of the preform volume,

the processing temperatures during fiber drawing are mainly determined by the glass transition

temperature (Tg) of the cladding material. Tg is the transition temperature at which an amorphous

polymer goes from the glassy state to the rubber state, or vice versa (Figure 1.15A) 56 . In practice,

Tg is not a specific transition temperature but a range of temperatures over where segment mobility

changes. This range is of the order of 20 'C for a usual distribution of polymeric molecular

weights 15. At temperature above Tg, the modulus of polymers drop dramatically (Figure 1. 15B)15 1

and the increase in the mobility of polymer chains (Figure 1. 15A) enables the flow 5 6 .

A B

I IW

Figure 1.15 The glass transition temperature
(A) As the temperature is decreased in a rubbery polymer, the specific volume decreases linearly
until the glass transition temperature is reached. At the glass transition temperature, the rate of
change of the specific volume changes as the polymer becomes glassy. The point at which the
specific volume changes slope, or the glass transition temperature, is at a higher temperature if the
polymer is cooled from the rubber state than if the polymer is heated from the glassy state. The
former is marked as Tg and the latter is marked T911 56. (B) Temperature dependence of the modulus,
E, of polymers. Examples of idealized behaviors exhibited by an amorphous thermoplastic (I), a
semicrystalline thermoplastic (II), and a thermoset (111)157.
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As mentioned in the previous section, consolidation is a process to integrate different materials

into a one-piece structure. Deformation is not desirable during the consolidation; therefore,

temperature and time should be controlled based on the size, the geometry, and the material

properties of each component in the preform158"' 5 9. The ideal temperature for consolidation is

higher than the Tg of all the polymers in the preform but lower than that of the drawing temperature.

After a full consolidation at temperature above Tg, all the polymer structures become amorphous

and the boundaries of crystalline and amorphous regimes leading to light scattering disappear upon

heating16 0 , as a result, the preform becomes transparent. As for the draw temperature, a rule of

thumb to determine it is to look for a point at which all materials flow, i.e. viscosity smaller than

106 Pa*s1 45 .

During the drawing process, the total volume of the preform is critical to sustain a stable draw.

Therefore, a sacrificial cladding material can be added on the outermost surface of preform to

further reduce the size of functional parts of fibers while maintaining a stable draw. In addition,

three main parameters should be controlled well and two parameters should be carefully monitored.

The parameters that need to be controlled include the furnace temperature, the feeding speed of

the preform, and the draw speed of the fiber (Figure 1.16). These three parameters play critical

roles during the drawing process and determine the tension and stress on the preform/fiber. Thus,

tension and stress should be always monitored to avoid failure during drawing. The maximum

stress each preform can withstand depends on the geometry and the mechanical properties of

materials (Figure 1.17)161,162 in the preform.
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Figure 1.16 Schematic of thermal fiber drawing process
The preform is loaded to the furnace at speed vp, and pulled at speed vf. There are three temperature
zones. The polymer is first preheated and then deformed at higher temperature. Before exposed to
the air, the fiber is cooled in the buffer zone 63 . (Schematic taken fron ref. 164)
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Figure 1.17 True stress-strain curves of different polymers.
PA 6 and 66, polyamides; PC, polycarbonate; PVC, poly(vinyl chloride); PP, polypropylene;
HDPE and LDPE, high and low density polyethylene respectively; and PTFE,
polytetrafluoroethylene) (Image originally created from ref. 161 and taken from ref. 162)161,162
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Drawing parameters are generally determined by two rules. First, volume (Vp = volume of the

preform, and Vf= volume of the fiber) is conserved. Based on that, the relation between the radius

of the preform (rp), the radius of the fiber (rf), the feeding speed of the preform (vp), and the draw

speed of the fiber (vf) can be described as following equation:

= rjAh , = wrjit = Al/f = r/Ahf = r/At (Equation 1.3)

rP 2 (Equation 1.4)
rf V5

In Equation 1.3, t is the time of the draw. The ratio between the radius of the preform and the

radius of the fiber is described as Equation 1.4, and it is called the draw-down-ratio. The draw-

down-ratio can be tuned during the draw by changing the draw speed or the feeding rate; however,

the radius does not change to the desired size immediately, but gradually6 4 . It takes time for the

materials inside the preform to respond to the change, e.g., it takes time for the heat to redistribute

and then affect the tension/stress. The second rule relates to temperature. During the draw, all

materials must flow, i.e., temperature needs to be set at a point where the viscosities of all the

materials are in the range of 102.5 to 106 Pa*s in order to preserve the structure of the preform

within the fiber 63 . Polymers respond to the heat slowly because of their low thermal conductivity

(three orders of magnitude lower) compared to metals, consequently buffer zones to preheat the

preform and cool the fiber before exposing it to cold air are necessary 64. Therefore, a 3-zone

furnace is used for the experimental setup (Figure 1.16).
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1.4.3 Advantages and constrains

There are a few advantages of applying fiber drawing to fabricate multifunctional devices.

Fiber drawing not only allows the reduction of cross-sectional areas up to 10,000 times in a single

step but also allows high yield and mass production. For our application, a preform (template of

device) which is typically 25 to 37.5 mm thick and 300-mm-long cylindrical rod can be turned

into -3 km of fibers with diameter = 265 pm. Moreover, fiber drawing allows for processing of

multiple materials in a single-step process, unlike the MEMS fabrication, which usually requires

tens to hundreds of steps to fabricate a multifunctional integrated device.

Despite the advantages enumerated in the previous section, there are some limitations and

constraints on the material selection. Depending on the desired functionality, the material set we

choose may needs to be optically transparent, electrically conductive, flexible, biocompatible,

stable in ionic environment, etc. In addition, the viscosity of different materials that need to be co-

drawn should be similar at the drawing temperature. Ideally, at the drawing temperature the

viscosity of the cladding material should be higher than that of other materials inside preform to

support the fiber during the draw and to avoid preform failure.

A wide selection of thermoplastic polymers have been studied and explored for the co-drawing

process over the years. High glass-transition temperature (Tg) thermoplastic polymers are mainly

used for cladding to support the structure and materials inside because of their thermomechanical

properties. For example, thermoplastic polymers such as polycarbonate (PC), cyclic olefin

copolymers (COC), polysulfone (PSU), polyphenylsulfone (PPSU), polyetherimide (PEI), and

polyether sulfone (PES) are suitable for draw temperatures between 200 - 300 'C, and they are

usually used as cladding materials. Other thermoplastic polymers such as polyethylene (PE),

poly(methyl methacrylate) (PMMA), thermoplastic polyurethane (TPU), and cyclic olefin
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copolymer elastomers (COCE) can also be drawn at 200 - 300 'C, but mostly co-drawn with a

cladding material to sustain the structure due to their relatively lower Tg compared to the other

group of thermoplastics introduced above. Low-melting-temperature metals and alloys such as

tin-based metal alloys can also be included inside the preform and co-drawn with high Tg

thermoplastic polymers43,163

From the examples stated above, one of the limitations on fiber drawing can be easily observed -

the functionality of a fiber is limited by the materials compatible with the drawing temperature.

Taking an electrode as an example, it may seem ideal to draw a gold or an iridium electrode

because of their high electrical conductivity and biocompatibility but their viscosity at 200 - 300

'C is not low enough to be co-drawn with any known thermoplastic polymers. As a result,

conductive polymers or tin alloys which possess lower electrical conductivity are selected as the

materials for electrodes instead. Consequently, the task for a materials scientist is to investigate

and synthesize various materials with desired functionalities and compatible with designed

drawing conditions.
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1.5 Hypothesis and proposed approaches

In this work, it is hypothesized that mismatch of mechanical properties between the spinal

cord tissue and currently available optoelectronic probes made from metals, metal oxides, and

semiconductors limits the application of these optoelectonic probes in the spinal cords and impedes

the understanding of the spinal neural circuits. Therefore, in order to study the neural circuits in

the spinal cords and to help patients with spinal cord injuries to restore their sensory and motor

functions, the first task is to create neural interfaces with mechanical properties matching those of

the spinal cords that are suitable for long-term implantation.

To create a bidirectional neural interface capable of performing simultaneous optical stimulation

and electrical neural recording, we the proposed to mimic the flexibility and fibrous geometry of

the spinal cord and develop a neural fiber probes with integrated optical and electrical components.

We anticipate that the closed-loop neural interfaces with functions of optical stimulation and

electrical recording can allow neuroscientists to investigate the neural circuits in the spinal cord

and to develop next generation prosthetic devices.
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Chapter II

All-polymer flexible neural probes

[This chapter is based on Lu et al., Adv. Funct. Mater. 2014165]

2.1 Summary

Restoration of motor and sensory functions in paralyzed patients requires the development

of tools for simultaneous recording and stimulation of neural activity in the spinal cord. In addition

to its complex neurophysiology, the spinal cord presents technical challenges stemming from its

flexible fibrous structure and repeated elastic deformation during normal motion. To address these

engineering constraints, highly flexible fiber probes, consisting entirely of polymers, are

developed for or combined optical stimulation and recording of neural activity. The fabricated

fiber probes exhibit low-loss light transmission even under repeated extreme bending deformations.

Using the fiber probes, simultaneous recording and optogenetic stimulation of neural activity in

the spinal cord of transgenic mice expressing the light sensitive protein channelrhodopsin 2 (ChR2)
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is demonstrated. Furthermore, optical stimulation of the spinal cord with the polymer fiber probes

induces on-demand limb movements that correlate with electromyographical (EMG) activity.

In this chapter, the design, fabrication, characterization, and in vivo application of the all-polymer

flexible neural probe will be introduced.

2.2 Material selection

2.2.1 Polymer waveguide

Conventionally, optical waveguides and fibers are made of silica because of its high

transmission and low loss (typically at 1550 nm, the absorption minimum in a single-mode silica

fiber)1 66. However, only polymer waveguides will be discussed here because of the requirement

on flexibility. Polymer waveguides are usually made of high-transmission thermoplastic polymers

such as PMMA and PC. SU-8 is also commonly used because it is photopatternable and can be

easily integrated by using MEMS processes. In this thesis, PC and COC are chosen because of

their high transmission (Figure 2.1)167, refractive index contrast, and Tg (Table 1). The refractive

index contrast provides the numerical aperture (NA, Equation 2.1) of 0.43, and Tg,pc and Tg,coc

are compatible for co-drawing.

NA2= - 2 (Equation 2.1).
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Figure 2.1 Transmission spectra of different polymers
Transmission characteristics of polystyrene, cyclic olefin copolymers, and acrylics 67. (Image
taken from ref. 167)

Young's modulus (GPa)
Sheet resistance

(Ohm/sq)

2.38

2.2 to 3.8

COC**

CPE

Silica171

55 to >200

158

123

1667

1.596 to 1.67

1.53

1.458

-2.92 to 4.02

3

3 x 103

69

*All data for SU-8 depends on processing conditions, e.g. baking and curing.

**The COC in this table indicates TOPASC 6015.

Table 2.1 Chart for material properties
Various material properties for the material selections used in preform fabrication.
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2.2.2 Carbon-doped polymer electrode

Traditionally, neural recording electrodes are made of metals such as gold or platinum or

heavily doped semiconductors such as silicon1 ,844,,10 1 72 -17 4 . However, the big mismatch of

mechanical (100 s of GPa for metals and 100s kPa for tissues 96-98) properties usually decrease the

stability of signal recording over time and cause immune responses from surrounding tissue. To

address this issue, polymers provide a convenient design space due to their tunable chemical,

mechanical, optical, and electrical properties. Nevertheless, most of polymer is not conductive

intrinsically. One of the exceptions is conjugated polymers such as poly(3,4-

ethylenedioxythiophene) (PEDOT) and polypyrrole (PPy) which are conductive intrinsically and

have already been used for neural recording and other biomedical applications. However,

conjugated polymers are not stable at high temperature (degradation, loss of conductivity,

etc.)1 75'1 76, which makes them incompatible to be co-drawn with PC and COC. Alternatively,

intrinsically insulating polymers can be doped with conductive particles to enable electrical

recording/stimulation. Conductive polymer composites can be prepared by dispersing conductive

fillers such as carbon black (CB), carbon nanotubes, carbon nanofibers (CNF) or metallic

nanoparticles (e.g. gold nanoparticles, silver nanoparticles, and etc.) into thermoplastic

polymers' 77-18 3 . The conductivity of polymer composites depends strongly on filler concentration

and morphology (e.g. particle size and structure) as well as filler-filler and filler-matrix

interactions 181,114-186. For the all-polymer neural probes, CB-doped polyethylene (CPE, Tm = 120

'C, resistivity p = 3 x 101 Q-cm) is used as material for recording electrode in the neural probe

(Table 1). It is not only conductive but also compatible to other materials (PC and COC) for fiber

drawing process (Table 1). It is expected to melt and flow at draw temperatures, but confined and
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supported by cladding material (PC). The detailed design and fabrication processes will be

introduced in the next section (2.3.1).

2.3 Fabrication and characterization

2.3.1 Fabrication

To fabricate a preform, a polycarbonate (PC) cylinder (diameter = 0.25", McMaster Carr)

is wrapped in cyclic olefin copolymer (COC) sheets (thickness = 0.002", TOPAS Advanced

Polymers, 6014S) until the total diameter of the preform reached 14.8 mm. The entirety is then

consolidated at 190 'C for 12 minutes in vacuum. After consolidation, two pockets (L x W x H =

10 mm x 3.53 mm x 4 mm) at symmetrical positions on the surface of the preform are machined

and filled with conductive polyethylene slabs (Hillas Packaging, CPE). The entire preform is then

tightly wrapped in additional COC and PC sheets until the final outer diameter reaches 32.1 mm

to ensure that the preform is thick enough for stable drawing. The final preform is consolidated

again at 190 'C for 12 minutes in vacuum (Figures 2.2A and B). The fiber is drawn at 240-245 'C

and the size of the preform is reduced by 40-80 times (Figure 2.3). Sacrificial PC cladding was

etched away with dichloromethane (Sigma Aldrich) to further reduce the final size of the fiber

probes (Figure 2.2C).
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Figure 2.2 Fabrication process of all-polymer neural fiber probes
(A) An illustration of the preform fabrication steps. (B) A schematic showing the drawing of the
preform into a fiber by applied heat (C) Left: A photograph of the cross section of the preform
comprising the PC core, COC cladding, CPE electrodes and a sacrificial PC layer surrounding the
entire structure. Right: A microscope image of the cross-section of the polymer neural probe
produced from the preform following the etching of the PC sacrificial layer. The diameter
reduction after drawing was 80 times, resulting in 850 m of fiber with a conserved cross section.
(D) A photograph of the etched PC/COC/CPE fiber wrapped around a pencil.
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Figure 2.3 Draw data: Tuning fiber diameter by adjusting stress
(A) Stress during drawing process (time period 4000-5000 sec). (B) Diameter of the fiber during
the drawing process corresponds to the stress and time period in (A).

To connect the fiber to light source and data acquisition system, the etched fibers are connected to

zirconia ferrules (Thorlabs, CF270) using optical epoxy (Thorlabs, F 112). The ferrule ends of the

fibers are then polished with silicon-carbide sandpaper. The CPE electrodes are exposed by

carefully removing the COC cladding, and connected to copper wire using conductive silver paint

(SPI Supplies, 04998AB), and then sealed with epoxy (Devcon, 5 Minute@ Epoxy). The copper

electrode leads are then connected to a 16-channel ZIF connector (Tucker Davis Technologies

(TDT)) for electrophysiolocal data acquisition. Prior to implantation, the fiber probes are cleaned

with ethanol (diluted with water to 70%) and the connecting points between the ferrule and the

probe, and the copper wire and the probe are encapsulated in epoxy (Figure 2.4).
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ferrule

Figure 2.4 Picture of an assembled device
An assembled device connected to a ferrule (for light input) and wires (for electrophysiological
recording).
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2.3.2 Optical characterization

To ensure the waveguide inside the flexible neural probe is capable of delivering enough

light to excite neurons expressing ChR2 (threshold intensity = 1 mW/mm 2) 63 , optical

characterization is required. Two approaches are used for optical characterization. The optical

transmission spectra in the visible range are measured using a broadband spectrometer (Ocean

Optics Inc., HR2000CG-UV-NIR) connected to a computer and calibrated with a white light

source (Anritsu, MG922A). The transmission spectra of the PC/COC fibers in the visible range

are relatively flat and match those of pure PC fibers with similar dimensions, this suggest that the

PC/COC fibers can be used to deliver any wavelength of light for the application of optogenetics

(Figure 1.9). Introduction of absorptive CPE electrodes lead to a transmission dip at 625-700 nm

(Figure 2.5A), but the system is still be able to maintain above 80 % of transmission. In addition

to the transmission spectra, the optical loss coefficients (in dB/cm) is accessed by coupling the

fibers to a 473 nm blue laser (Laserglow Technologies) via ferrule-to-ferrule connection with

zirconia sleeves (Thorlabs, ADAFI) and measuring the output power with a calibrated silicon

photodiode (Thorlabs, S 12 1C and PMIOOD) (Figure 2.5B). The loss coefficient increases from

1.07 0.04 dB/cm in 120 pm core fibers to 2.32 0.12 dB/cm in 65 pm core fibers. For a 90 tm

core PC/COC fiber, incorporation of CPE electrodes results in an increase of the loss coefficient

from 1.48 0.04 to 2.30 0.02 dB/cm. The latter implies that the optical power densities needed

for ChR2-facilitated neural excitation can be easily achieved with commonly available 50-100

mW laser diodes even at fiber probe lengths of >10 cm. The observed optical losses at 473 nm in

our bifunctional PC/COC/CPE fiber probes are 3-6 times lower than those of commonly used

photopatternable polymer waveguides, such as SU-8 126,187
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Figure 2.5 Optical characteristics of the fiber probe
(A) Normalized transmission spectra measured in the visible range (400 - 700 nm) for PC and
PC/COC fibers. (B) Normalized transmission of PC/COC (core diameters 65 pm, 90 pm and 120
pm) and PC/COC/CPE (core diameter 90 gm) fibers shown for fiber lengths of 0-13 cm. Optical
loss coefficients (dB/cm) increase with decreasing core diameter as well as with the incorporation
of absorptive CPE electrodes next to the PC core.
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2.3.3 Mechanical characterization

Most of the challenges of designing a flexible neural probe for the application in the spinal

cord stem from the mismatch of mechanical properties between the neural interface and the tissue

and their relative motions96 -98 . Therefore, mechanical characterizations need to be done to quantify

how micromotions and bending deformation can impact the performance of the neural fiber probes.

To mimic the micromotion induced by mammalian locomotion, respiration, and heartbeat,

mechanical tests for the bending stiffness are performed using a dynamic mechanical analyzer (TA

Instruments, DMA Q800) in a sinusoidal single cantilever setup with a sample length of 12.7 mm,

deflection amplitude of 50 pm, and frequency range of 0.01-10 Hz (Figure 2.6A). The bending

stiffness of these polymer fiber probes (diameter 220 pm, length 12.5 mm), measured in a single

cantilever setup with 50 ptm bending deformation, is an order of magnitude lower than that of a

conventional silica fiber with similar diameter and length (240 pm silica fiber with polymer

cladding). Silica fibers without polymer cladding rapidly fracture before completing the

measurement (results not shown).

In addition to locomotion, larger deformation of the spinal cord can be induced by daily movement

of animals such as walking and stretching. Therefore, the performance of fiber probes under

mechanical deformation is evaluated. Optical losses at X = 473 nm are measured at deformation

angles of 90' 1800, and 270' with radii of curvature 0.5-15 mm (Figure 2.4B). Tests for light

transmission at various bending angles and radii of curvature are performed using a custom

machined mold designed to fit fiber probes of diameters of up to 300 rIm. Cycling tests are

performed by fixing one end of the fiber on a custom-built stage and varying the radii of curvature

with a translation stage (Thorlabs, PT3). Approximately 25% transmission is observed at 270'

with 0.5 mm radius of curvature, which is impossible with glass fibers. To ensure no degradation
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of optical performance occurs under repeated strain during locomotion, a 15-cycle experiment with

180' deformation at 2.5 mm radius of curvature is performed and there is no appreciable decline

in performance observed (Figure 2.4C). Consequently, the observed increase in loss during

bending deformation (Figure 2.4C) can be solely attributed to an increased scattering and coupling

into the cladding rather than to permanent damage to the structure.

The flexibility of the neural fiber probes is capable of functioning under bending; however,

bending is not the only type of deformation imposed on the spinal cord, but also stretching.

Therefore, it will be ideal to have the neural fiber probe both flexible and stretchable in order to

accommodate any kind of movements experiencing by the spinal cord. This will be addressed in

the future chapter (Chapter 4).
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Figure 2.6 Mechanical characteristics of the fiber probe
(A) Bending stiffness of PC/COC and commercially available silica fiber (diameters = 220 and
240 gm, respectively). (B) Relative optical transmission through the PC-COC-CPE fibers at 90',
1800, 2700 deformation with radii of curvature of 0.5-14 mm. Transmission shown as a percentage
of optical power transmitted through a deformed device as compared to a straight device. (C)
Retained transmission for cycling tests done at 1800 angle and radius of curvature = 2.5 mm shows
that the optical transmission properties are not affected by repeated stress loading.
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2.3.4 Electrical characterization

In addition to light guidance, fiber probes are designed to perform simultaneous electrical

recording of neural activity. The quality of neural recording is determined by the noise level, which

depends on the electrical impedance. For extracellular recordings, the impedance is determined

by the capacitance of the interface between the electrode and the cerebrospinal fluid, which

depends on the electrode material and the tip areal 1 . To analyze the neural circuits, recording with

the highest degree of spatial specificity (i.e., at the level of individual neurons) is required. This

can be accomplishing using high impedance (several hundreds of kM to a few MQ) electrodes'88 .

Tip impedances of CPE electrodes are measured in saline solution (0.9 wt %) with an LCR meter

(Agilent 4284A) (10 mV) in a frequency range of 0.1 to 1000 kHz

Impedance spectroscopy in a frequency range of 0.1-1000 kHz (Figure 2.7A) showed that CPE

electrodes inside the fiber probes exhibit impedance values of 28.68 5.11 M92 at 1000 Hz (the

frequency range most useful for recording of neuronal activity) and the impedance of the electrodes

only has small dependence on the length (Figure 2.7 B); these values are in the upper limit of the

range commonly cited for neural probes9 3' 189' 190 .
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Figure 2.7 Impedance spectrum and characterization of embedded CPE electrode
(A) Impedance spectrum of 1-cm PC/COC/CPE fiber probes (10 Hz - 10 kHz) shown as a mean
(line) and the standard error of the mean (s.e.m., shaded area). (B) Impedance of electrodes with
length 1-2.5 cm and constant cross section area, measured at 1 kHz shown as a mean (line) and
s.e.m. (error bars).
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2.4 Iv vivo study in the spinal cord

2.4.1 Simultaneous optical stimulation and neural recording

In this section, the detailed implantation procedure and setups of optical stimulation and neural

recording will be discussed. All procedures involving animals are approved by the MIT Committee

on Animal Care. Male Thy 1 -ChR2-YFP mice expressing ChR2 fused to the yellow fluorescent

protein (YFP) across the excitatory nervous system 91, which includes spinal cords (Figure 2.8)

are used for the tests.

Figure 2.8 ChR2-YFP expressing neurons in the lumbar spinal cord
(A) Transverse section of the lumber spinal cord from a Thyl-ChR2-YFP mouse demonstrating

the insertion location of a 200 ptm diameter fiber probe, 300 pm deep into the right proximal section

of the cord (indicated by dashed lines). (B) Close-up image of the ventral horn indicates robust

ChR2-YFP expression (scale bar = 100 pm).
*Method for histology: Two Thy I -ChR2-YFP mice are sacrificed by intraperitoneal injection of

pentobarbital sodium and transcardially perfused with 4% paraformaldehyde. Spinal cords are

removed and post-fixed for 24 hrs at 4'C. Cords are embedded in 5% agarose (wt% in water) and

sliced (50 pm) transversely on a vibratome (Leica). Slices are mounted on superfrost slides and

imaged with a Laser Scanning Confocal Microscope (Olympus Fluoview FV100).
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The mice are generously donated by Guoping Feng, MIT, and housed at the MIT central animal

facility (12h light/dark cycle, 22 'C, food and water ad libitum). Before the implantation, setups

for optics and electrophysiology should be ready. First, a 473 nm laser (Laserglow Technologies)

is coupled into a 2 m-long multimode silica fiber (50 pm diameter, Thorlabs, FG050UGA)

"extension cord" and then coupled to the flexible neural probe via a ferrule-to-ferrule connection

with a zirconia sleeve. Connection to the RZ5D recording system is established via a PZ2-32

headstage with a ZIF-clip attached to a Headstage-To-Acute-Probe Adapter (TDT). A stainless-

steel wire (Goodfellow, FE245840) is used as ground wire while a channel without apparent

electrophysiological signals is used as a secondary reference. Afterwards, a flexible neural probe

is then placed in a device holder for the stereotactic frame, followed by the implantation surgery.

The implantation procedures are:

1. The day before surgery, hair above the lumbar region (around the hump on the back of the

mouse) the spinal cord is removed using depilatory cream (120 seconds in duration,

removed using cotton swabs and warm water).

2. Intraperitoneal (IP) injection of the anesthetic agent (Ketamine 100 mg/kg and xylazine 10

mg/kg IP). Alternatively, a nose cone will be positioned and inhalable anesthesia will be

applied (isoflurane 1-1.5% in oxygen). The mouse was also injected with slow release

buprenorphine analgesia if it was for a chronic experiment.

3. During all surgical procedures, pedal withdrawal reflex is evaluated at least every 20

minutes. Respiratory rate and character are monitored. If IP injection is chosen and the

initial dose of anesthesia is not sufficient anymore, a nose cone will be positioned and

inhalable anesthesia will be applied (isoflurane 1-1.5% in oxygen).

4. Eye lubricant is placed on the animal's eyes to avoid drying.
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5. A heating pad is used to maintain the body temperature. In order to prevent possible bums,

a tissue pad will be placed between the animal and the pad.

6. Preparation of the skin: three repetitions of betadine wipe followed by ethanol wipe of the

mouse's spine.

7. Pre-operative analgesia (per suggestion of veterinarian): Injection of 0.25% Bupivacaine

(1-2 mg/kg) under the skin on the spine where incisions will take place.

8. Incision of the skin above the lumbar region of the spinal cord (Figure 2.9A) 92

9. Muscles and fat above T12-L1 will be retracted and the spinal cord will be immobilized

1922

using a spinal cord immobilizer (Figure 2.9B)m

10. For the exposed vertebrae, a unilateral laminectomy will be performed using sterilized

forceps (mice) (Figure 2.9C)1

11. Lower the flexible neural probe (fixed on the electrode holder attached to the stereotaxic)

down to the surface of the spinal cord with the stereotactic micropositioners, once the

flexible neural probe touch the surface of the spinal cord, lower the electrode holder for

another 300 tm. Note: the flexible neural probe should not be inserted into the spinal cord.

12. Place the reference electrode under the skin of the mouse.

13. Keep the spinal cord moist with 0.09 % saline buffer during the entire surgery.

Once the flexible neural probe is positioned on the spinal cord of the mouse, simultaneous optical

stimulation and neural recording can be started. Stimulation frequencies are controlled using the

RZ5D system (10, 100 Hz; 5 ms pulse duration, 1 s trial duration, 5 s inter-trial interval, 20 trials,

stimulation power 32 mW/mm 2). Electrophysiological data from the spinal cord is collected via

the implanted fiber probe. To sort spikes from the raw data, the signal is filtered (0.3 - 10 kHz)

and digitized (~50 kHz sampling frequency) 24. Data analysis is performed in Matlab using built-
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in and custom written functions. To quantify reliable neural stimulation in the spinal cord, a

threshold on the recorded signal is applied and peri-stimulus time histograms (PSTH) across 20

trials is calculated (Figure 2.10).
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Figure 2.9 Adult mouse spinal cord dissection
(A) An overview of the deeply anesthetized mouse receiving isoflurane in oxygen by a mask. The
spinal column is exposed from the dorsal surface by removal of the overlying fat and muscle. (B)
Detailed view of the spinal column after removing skin and muscles covering it. (C) Exposed intact

192spinal cord after performing the partial dorsal laminectomy . (Image modified from ref. 192)
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Figure 2.10 A close-up plot for a single light pulse during 10 Hz optical stimulation
A single neural response in the spinal cord evoked by one optical stimulation pulse (wavelength X
= 473 nm, 5 ms pulse width).
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During the optical stimulation and neural recording, laser pulses (473 nm, 32 mW/mm 2, 5 ms pulse

width, 10 Hz, 1 s epochs, 5 s interval) delivered through the PC core of the fiber probe robustly

evoke neural activity in the spinal cord, as recorded with the CPE electrodes integrated within the

same device (Figures 2.1 IA, B and Figures 2.12-2.15). To confirm the physiological nature of the

optically evoked activity, stimulation at 100 Hz is preformed (Figures 2.13 & 2.14B), producing

initial increase in neural activity, followed by decreased activity without temporal correlation to

the laser pulses, consistent with previous reports125 ,134. Furthermore, to control for optoelectronic

artifacts that sometimes occur in optogenetic experiments 93, the devices are tested in wild type

mice that do not express ChR2, where they show an ability to record neural activity corresponding

to sensory stimulation (toe pinch), but do not optically evoke activity (Figure 2.15).
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Figure 2.11 Control over spinal cord neural activity and limb movement
(A) Schematic of the experimental setup. Optical stimulation of motoneurons likely activates the
gastrocnemius muscle via the sciatic nerve. To quantify the onset of muscle activity, EMG
recordings are performed. (B) Neural activity in the spinal cord evoked by 10 Hz optical
stimulation (wavelength X = 473 nm, 5ms pulse width). (C) Example EMG trace (white, right y-
axis) closely following the optical stimulus (blue), superimposed on the EMG spectrogram (left y-
axis). The signal exhibits a high power up to 1500 Hz. (D) Continuous stimulation at 1 Hz reliably
activated the muscle. (E) Integrated EMG (iEMG, n=120 trials, mean (line) SD (shaded area))
after filtering (3-3000 Hz) and rectification confirmed the reliability of the muscle activation and
accuracy of the EMG recordings.
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Figure 2.12 Photos illustrating a neural probe acutely implanted in a mouse spinal cord
Fiber probes were fixed at the skull and guided under the skin toward a lumbar spinal cord, where
they were bent at 90 towards the cord. (A) Low light image (-100 piW from the source), and (B)
Intense light image (- 10 mW from the source).
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Figure 2.13 Control over neural activity at 100 Hz optical stimulation
Neural activity in the spinal cord evoked by 100 Hz optical stimulation (wavelength ? = 473 nm,
5ms pulse width). Concordant with the ChR2 channel dynamics, stimulation frequencies above 50
Hz resulted in an initial response only, confirming physiological origin of the recorded activity in
the spinal cord.
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Figure 2.14 PSTH for neural stimulation
A threshold on the recorded signal was applied and peri-stimulus time histograms (PSTH) across
20 trials were calculated to quantify reliable neural stimulation in the spinal cord at (a) 10 Hz and
(b) 100 Hz.
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Figure 2.15 Recording and stimulation in Thyl-ChR2-YFP mice and recording in WT mice
(A) Stimulation trace in a Thy 1 -ChR2-YFP mouse with neural activity following laser pulses. (B)
Using the same device in a WT mouse laser stimulation does not evoke neural activity, although
(C) neural activity can be evoked via toe pinches (asterisks). (D) After replacing the WT mouse
with the Thyl-ChR2-YFP mouse, neural activity can still be evoked using laser stimulation,
confirming that the probe used was fully functional over the course of the entire experiment.

68

A

0

I

D400

9 200

a -200

-A-n
1.5 2

-_ - M --- WON



2.4.2 Light-induced muscle activity

In addition to evoking neural activity, the optical stimulation in the mouse spinal cord can

also induce muscle activity. The lumbar region is specifically chosen for optical stimulation

because it handles sensory input and motor output coming from and going to the hind limbs",'194

and creating a neural interface to restore motor function of injured spinal cord is the ultimate goal

of this thesis. Optical stimulation has been used to modulate muscle activity"5-137 in mice but none

of the previous work has demonstrated simultaneous optical stimulation and neural recording in

mouse spinal cord together with light-induced limb control. Optical activation of the lumbar spinal

cord circuitry corresponded to hind limb muscle activation indicated by twitches that closely

correlated to the laser pulses (Figures 2.11 C-E). Based on previous reports, the hypothesis is

optical stimulation of the spinal cord leads to firing of motoneuron fibers through the sciatic nerve

leading to the recruitment of motor units within the gastrocnemius muscle 137 . To quantify the

optically evoked muscle activity we performed EMG recordings during 120 s of 1 Hz optical

stimulation with 5 ms pulse width (Figures 2.11 C, D). The average envelopes of the EMG

waveforms across trials were temporally correlated to laser pulses with a time delay of 10.6 2.3

ms (mean s.d.) (Figure 2.11E).

The detailed procedure of measuring muscle activity during optical stimulation is described below.

Electromyographical (EMG) recording data is acquired via two stainless steel electrodes (A-M

Systems, 0.002"/0.0045" Bare/Coated) inserted into the belly of gastroenemius muscle (Figure

2.11 A) and near the muscle-tendon junction of the Achilles. EMG leads are connected to the PZ2-

32 headstage (1 Hz - 10 kHz filter settings, -50 kHz sampling frequency) 95 . Spectrograms are

calculated in Matlab using data sections of 100 data points with an overlap of 25% (Figure 2.11 C).

Since spectrograms revealed high power up to 1.5 kHz, the signal (3 Hz - 3 kHz, symmetrical 2 nd
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order Butterworth filter)' 95 is filtered and integrated EMGs (iEMG) is calculated by isolating EMG

trials, subtracting the mean from each trial, and subjecting the result to a Hilbert transformation to

calculate the analytical signal. The real and the imaginary part of the analytical signal are squared,

the results summed, and the square root of the sum resulted in the envelope constituting the iEMG

(Figure 2.16). The time delay between the laser pulse and the EMG onset is accessed by applying

a threshold to the data, and considering the first crossing of that threshold as onset of muscle

activity, followed by calculation of mean and SD in Matlab. The threshold is defined as the mean

of 'noise' activity (200 ms after one laser pulse to 200 ms before the next pulse) for all trials and

adding the corresponding four standard deviations to that value.

40-

35-

15-

10-15-

10-

0
295 23 23=5 2301 23.015 23.02 23.2 23.03

Figure 2.16 Rectified EMG trial with envelope

Rectified EMG (rEMG) trial corresponding to Figure 2.5C. The red line shows the integrated EMG
(envelope) of this trial. The envelope was calculated for all trials (Figure 2.11 D).
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2.5 Conclusions

By applying the fiber drawing process to a material set consisting exclusively of polymers,

highly flexible miniature bifunctional neural probes are produced and simultaneous optical

stimulation and electrical neural recording in the spinal cord in vivo are successfully demonstrated

with such probes. The fiber probes exhibit low optical losses and maintain their functionality at

deformation angles up to 270', radii of curvature as small as 500 tm, and following repeated

loading. These devices have relatively flat transmission spectra across the visible spectrum, and

thus can also be used for optical neural interrogation involving light-sensitive proteins (opsins)

with activation spectra in the yellow or green parts of the visible spectrum. The experiments in live

mice illustrate the utility of the fiber probes for optical control of motor functions via optogenetic

stimulation of the spinal cord, allowing the correlation of evoked neural activity to a behavioral

response. Consequently, the all-polymer fiber probes provide a step towards the development of

flexible biomimetic optoelectronic neuroprosthetics.

Despite the capability of the all-polymer fiber probes described in the chapter, it does not allow

the recording of single-unit activity because of its high impedance, and moreover, there is no in

vivo test done on freely moving mice. Therefore, the goal the projects described in the next chapters

is to address these issues.
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Chapter III

Carbon-doped polymer neural probe

3.1 Summary

In Chapter II, CPE strips were embedded into a waveguide (core: polycarbonate (PC),

cladding: cyclic olefin copolymers (COC)) to serve as electrodes to measure the neural activity in

mouse spinal cord1 65. Albeit improved compared to previous prototypes 43,165, the relatively high

impedance of the CPE caused a large noise level of 22.32 2.68 during recording. To improve the

noise level, herein, a more conductive polymeric electrode is designed by the addition of carbon

nanofibers (CNF) to COC and thermoplastic polyurethane (TPU). Impedance measurement

showed that a 10 wt% CNF addition increased the COC conductivity for more than 1000 %. When

tested in the mouse brain for neural recording, the noise level was 17.85 1.8530, which is 20 %

improvement to the previously introduced CPE electrode.
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3.1 Background

3.1.1 Electrodes for single-unit neural recording

To record neural activity, probes with electrode impedances of tens to hundreds of kOhm to a few

MOhm are effective190,196,197. As shown in Chapter I the impedance of commercially available

conductive polyethylene (CPE) electrodes (cross-sectional dimensions of 40 0.2 by 40 0.2pm)

was in the range of tens of MOhm, which only allowed multi-unit recording of neural activity

(Figure 2.7). However, one of the objectives of this thesis was to create neural probes for single-

unit neural recording in the spinal cord. To obtain single-unit neural recording, it is necessary for

the SNR to be 5 or greater197. In general, the majority of the noise in single-unit recording arises

from the multitude of undifferentiated background action potentials (neural noise)19 7 . However,

the impedance of an electrode affects the level of noise with higher impedance electrodes causing

a lower signal-to-noise ratio 97. Therefore, the main objective of this chapter was to create low

impedance electrodes for single-unit neural recording. The approach used in this chapter is to look

for more conductive materials compared to CPE. In the following sections, the design, fabrication,

characterization, and in vivo test of highly conductive carbon-doped polymer composites will be

introduced.

3.1.2 The design of carbon-doped polymer composites

There are two components for the composites - the polymer matrix and the conductive

particle. For the polymer matrix, low-temperature COC (Tg = 78'C) and TPU (Tm = 119-139 'C)

are selected since their thermomechanical properties are compatible to co-draw with PC. In

addition, the high elasticity of TPU (fracture point at 570% strain) as well as its low modulus
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(modulus at 50% of elongation E = 1.10 MPa) are reported as favorable properties for implanting

in the spinal cord'98 .

Carbon nanofibers (CNF) are selected due to their high conductivity. In addition, according to the

percolation theory, the high aspect ratio of the CNF1 80 minimizes the use of CNF is the electrode

composite. The approximate percolation threshold (4c) of polymer composite is the limit of large

aspect ratio (rj), based on the excluded volume concept for a statistical distribution of filler

particles and can be expressed as the following:

')c (Equation 3.1)

A typical aspect ratio r~ 1000 for CNF reproduces the above mentioned value of 0. lwt%'1 4.

However, the percolation threshold provides an estimation of when a polymer is transformed from

an insulator to a conductor and the effect of doping ratio on the conductivity of the composite

needs to be measured18 1 '1 84 186 199.

3.2 Electrode design and characterization

3.2.1 Fabrication

CNF (average diameter of 100 nm and length > 10 pim, PR-HT- 19, Applied Science) are

used as fillers (conductive particles) and added to low Tg COC (Catalog No. 24750-100,

Polysciences, Inc.) and TPU (Morthane PS 455-203, Huntsman Polyurethanes) with toluene

(Sigma-Aldrich 244511) and dimethyl sulfoxide (DMSO, Sigma-Aldrich D4540) as the respective

solvents.

Polymer pellets are dissolved in their solvents (1:10 in volume). CNFs are added to the

polymer/solvent mixture for a 0-30 wt.% ratio. The mixture is covered by aluminum foil to avoid
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evaporation of solvent (Figure 3.1) and heated at 80'C under agitation overnight until the

polymer/solvent mixture becomes a homogeneous solution. The composite is then dried to

evaporate excess solvent. The polymer composite is hot-pressed at 180'C under 50 psi for 10

minutes and then cut into stripes with desired sizes (usually 4mm x 4mm x 50mm) with a razor

blade.

4

Figure 3.1 Materials for polymer/carbon composites
Images of (A) cyclic olefin copolymer pellets, (B) thermoplastic polyurethane pellets, (C) carbon
nanofibers, and (D) COC/CNF composites after processed with hot-press.
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3.3.2 Characterization

To assess the electrical property of the synthesized composites, sheet resistance is measured.

For both CNF-COC and CNF-TPU, sheet resistance decreases by 6-7 orders of magnitude when

the loading percentage of carbon nanofiber exceeds 10 wt% (Figure 3.2). Next, to verify the

drawing compatibility of the composites, thermal characterization is perfomred. Thermal

gravimetric analysis (TGA) is done to investigate the degradation temperature and the percentage

of CNF of the composites at each composition (Figure 3.3). Another thermal characterization is

done with differential scanning calorimetry (DSC, Figure 3.4), which is used to measure the Tg of

a material. Based on the thermal transition temperatures of CNF-composites (Tg, CNF-COC = 750C,

and Tm, CNF-TPU = 1 10 C) the composites can be drawn with PC (Tg, pc= 145 'C) (Table 3.1).

Cyclic Olefin Copolymer ,
108 Th moplastic Polyurethane -

107

0
105

S104 Conductive Polyethylene

102

10

100
0 5 10 15 20 25 30

carbon nanofiber (wt %)

Figure 3.2 Electrical property of carbon-doped polymer composites.
Sheet resistance of different carbon-doped polymer composites as a function of filler loading
percentage (wt%).
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Figure 3.3 Data of thermal gravimetric analysis
Curves of change in weight for (A) CNF-COC composites and (B) CNF-TPU
different loading percentage of filler at different temperatures.
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Figure 3.4 Data of differential scanning calorimetry.
Curves of change in heat flow for (A) CNF-COC composites and (B) CNF-TPU
different loading percentage of filler at different temperature.
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Materials

CNF-COC wt%
CNF-COC lOwt%
CNF-COC 15wt%
CNF-TPU 5wt%

CNF-TPU IOwt%
CNF-TPU 15wt%

Pc200
Table 3.1 Thermal

Tg (OC)

75
75

Tm( 0 C)

n/a
n/a

75 n/a
-30 110
-30 110
-30 110
145 n/a

properties of CNF composites and PC.

Degradation
emperature ('C)

430
430
430
250
250
250
n/a

Drawing
temperature

(OC)
150-260
150-260
150-260
150-260
150-260
150-260
150-260
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The design criteria for the CNF composites are to maximize the conductivity while minimize the

loading concentration of conductive particles. Therefore, 10 wt% and 15 wt% CNF composition

are selected for both CNF-TPU and CNF-COC as the drawing preforms and were machined inside

a PC outer cladding (Figure 3.2). When drawn at 245-260 'C, the high loading composites (1 5wt%)

did not flow uniformly and resulted in a non-continuous fiber and fragmented composite sections

inside the cladding material. This is possibly due the dramatic change in viscosity caused by the

high concentration of CNFs (the viscosity of 15wt% carbon nanotube/PC composite (CNT-PC) is

reported to be an order of magnitude higher than that of 5wt% CNT-PC at 260 0C 201). On the other

hand, CNF-TPU (1 Owt%) and CNF-COC (1 Owt%) were successfully drawn into continuous fibers;

however, only CNF-COC composite is further characterized for impedance and used for in vivo

study because of the relative stable drawing (Figure 3.5). After drawn into fibers, the impedance

spectra of CNF-composites were measured (Figure 3.6). The impedance of CNF-COC electrodes

(cross section size 40 4 x40 4 lim2) were about 700 kOhm at 1000 Hz (Figure 3.5), which is lower

than that of CPE electrodes with comparable size and in below lMOhn.
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Figure 3.5 Draw data of CNF composites
(A) Stress during drawing process (time is normalized). (B) and (C) Diameter and standard
deviation of diameter of the fiber during the drawing process corresponds to the stress and time
period in (A).
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Figure 3.6 Impedance spectrum of electrode made of CNF-COC 10 wt%

Impedance spectrum of electrode made of CNF-COC 10 wt%. The impedance of such electrode
at 100 Hz is 700 kOhm.
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3.3 In vivo study

The electrodes made of CNF-COC (10 wt% CNF) are implanted in the brain of Thyl-

ChR2-YFP transgenic mice (surgical procedures described in section 2.4.1). Neural activity

evoked by optical stimulation was successfully recorded (Figure 3.7). The SNR of such electrode

is 4.2125+/-0.8530 and the noise level is 17.853 p.V 43.
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Figure 3.7 Neural recording of brain activity with simultaneous optical stimulation.
Recording of neural activity evoked by optical stimulation in Thy 1-ChR2-YFP mouse brain.
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3.4 Conclusions

In this chapter, the percolation thresholds for electrical conductivity of various CNF

composites and their thermomechanical properties have been studied. Based on the results, two

types of composites (CNF-TPU and CNF-COC both 10:90 wt:wt) have been drawn into fibers.

The CNF-COC fibers were evaluated for impedance and used for in vivo experiments. Compared

to CPE fibers studied in Chapter II, the impedance of CNF-COC (10 wt%) electrode is reduced by

an order of magnitude and the noise level of neural recording decreased by 20 %. However, there

are still a few factors preventing single-unit recording. First, the size of the electrodes (40 x 40

pm 2) are larger than neurons (diameter of- 5-10 ptm). Moreover, the impedance is not low enough

for single unit-recording190,202. Limited with the thermomechanical properties and rheological

behavior of high CNF loading composites, the lower bound of resistivity has been reached. To be

free from limitations of Tg and any other rheological behaviors of the selected materials, fabricate

electrodes separately to avoid the drawing process might be an alternative solution. Overall, a

different electrode material may be necessary to provide single-unit recording.
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Chapter IV Flexible and stretchable

nanowire-coated neural probe

[This chapter is based on Lu et al., Science Advances 2017 ]

4.1 Summary

To identify and better understand the neural pathways involved in loss of function in spinal

cord injuries (SCI), devices that can modulate and/or record neural activities in the spinal cord

may be beneficial. These devices must be sufficiently flexible to match the elastic neural tissue

and withstand repeated strains experienced by the spinal cord during normal movement. In this

chapter, flexible and stretchable fibers are designed to record the neural activity of mice spinal

cords. The probes consist of thermally drawn polymeric fibers coated with micron-thick

conductive meshes of silver nanowires. These hybrid probes maintain low optical transmission

losses in the visible range and impedance suitable for extracellular recording under strains

exceeding those occurring in mammalian spinal cords. Neural recording in freely moving mice

confirms the ability of these probes to record endogenous neural activity in the spinal cord.

Simultaneous stimulation and recording is demonstrated in transgenic mice expressing
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channelrhodopsin 2, where optical excitation evokes electromyographic activity and hind limb

movement correlated to local field potentials measured in the spinal cord.

4.2 Design and material selection

4.2.1 Flexible and stretchable waveguides

To match the mechanical properties of neural tissues, flexible polymer-based optical

waveguides have been investigated to replace conventional rigid silica fibers 26 204 208 . Waveguides

composed of SU-8 and poly(methylmethacrylate) (PMMA) fabricated via a lithographic process

have been employed in the context of optogenetic neuromodulation 26 , while PDMS and hydrogel-

based devices are applied to fluorescence measurements and optical control of gene expression208-

210 In this chapter, two different polymer systems are used for the fabrication of flexible and

stretchable waveguides. Based on prior work applying multi-material fibers to optical

neuromodulation 3 '65 polycarbonate (PC, refractive index n = 1.58, glass transition temperature

Tg = 145 'C, Young's modulus E = 2.38 GPa) and cyclic olefin copolymer (COC, n = 1.52, Tg

158 'C, E = 3.0 GPa) are selected as the core and cladding of the flexible optical fiber, respectively

211-213 (Table 4.1). As an alternative device, more flexible fibers were fabricated from cyclic olefin

copolymer elastomer (COCE, n = 1.51, melting temperature Tm = 84 'C, E = 34 MPa) (Table 4.1).

In addition to its elastic properties and low elastic modulus, COCE is also compatible with a range

of drawing parameters listed in Table 4.1. Unlike other elastomers with high optical transmission

such as polydimethylsiloxane (PDMS) which does not have Tg or Tm below degradation

temperature, the Tm of COCE allows it to be processed with fiber drawing. Alternatively, other

transparent elastomers such as thermoplastic elastomers (TPE) and thermoplastic polyurethane
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(TPU) can also be suitable for thermal drawing process. However, COCE is chosen because of its

relatively low melting temperature (most of TPE and TPU have Tm > 100 OC)"'. To establish

stable processing conditions, sacrificial poly(methyl methacrylate) (PMMA, n = 1.49, Tg = 105 'C,

E = 3.1 GPa) cladding is introduced into the preform (Table 4.1 and Figure 4.1). The resulting

pillow-shaped COCE fibers (cross section width x height in the range from 125 tm x 100 pm to

250 ptm x 200 pim) are tested for mechanical property (Figure 4.1). COCE is capable of sustaining

more than 200% of strain while the maximum strain normally experienced by mammalian spinal

cords is 12%215 making COCE a promising material as neural probes in the spinal cord.

Materials

CON

COCE

PMMA'

PDMS209,216

Tm or Tg
(OC)

158

150

84

110

n/a

Refractive
index

1.53

1.586

1.51

1.49

1.41-1.47

Young's modulus
(MPa)

3000

2380

34

2200 to 3800

lOs-lOOs

Drawing
temperature

(0C)
150-270

150-270

150-270

150-270

n/a

*The COC in this table indicates TOPASC 6015.

Table 4.1 Chart for material properties
Various material properties for the material selections used in preform fabrication.
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Figure 4.1 Stress- strain curve of COCE
Tensile tests performed for a thermally drawn COCE fiber as well as a COCE fiber probe coated
with 3 layers of AgNW mesh and a protective PDMS cladding (COCE/AgNW/PDMS) (n=5
devices).

4.2.2 Silver nanowire mesh electrodes

In addition to a waveguide, integrated electrode within the neural probe is needed to record

neural activity during optogenetic neuromudulation 122 ,1 24 -1 26,217. The conductive polymeric

electrodes described in Chapters II and III exhibit impedances as high as tens of megaohm 43,1 65,218

which prevents single-unit recording. Metallic electrodes deposited on polymer substrates possess

lower impedance, but are subject to cracking 21 9. Fractal and serpentine metallic electrodes defined

via contact printing are less fragile compared to metallic electrodes but offer limited spatial

resolution 1,16,107,220,221. Alternatively, a metal mesh network, which is usually a thin film formed

with dense dispersion of metal nanowires, can possess the electrical characteristics of metals but

also be resilient to bending deformation and is a more promising electrode for flexible electronics

185,222-22
applications 22 Other than flexible electronics such as display panel, recent work has also

reported the application of AgNW meshes in monitoring of cardiac function8 2 . In addition to the
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advantages mentioned above, AgNW coating is more compatible with facile solution-based

processing"2 . Thus, AgNW coating is investigated as the electrode material for flexible neural

probes

4.3 Fabrication

4.3.1 Fiber drawing process

To fabricate a preform for PC/COC waveguide, a PC cylinder (diameter = 9 mm,

McMaster-Carr) is wrapped in COC sheets (thickness = 0.002", TOPAS Advanced Polymers,

6015S) to the total preform diameter of 12.5 mm. The entire structure is then consolidated at 190'C

for 12 minutes in vacuum. The fiber is drawn at 280'C, and the drawing speed is varied from 1 to

7 m/min to achieve draw-down ratios in the range 30-140 (Figure 4.2).
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Figure 4.2 Draw data of PC/COC fibers
(A) Stress applied to the fiber with a polycarbonate (PC) core and cyclic olefin copolymer (COC)
cladding during the thermal drawing process. (B) Drawing speed used to control the stress within
the fiber. (C) Resulting fiber diameter correlated to the drawing speed and stress.
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To fabricate the preform for COCE fibers, pellets of COCE (TOPAS@ Elastomer E-140) were

first cast-molded into rectangular strips (L = 100 mm, W = 6 mm, H = 6 mm) at 180*C in vacuum.

PMMA (thickness = 0.5 inch, McMaster-Carr) plates were machined into two 1" wide strips,

followed by machining grooves in the center of each strip and filling those with molded COCE.

The preform is then consolidated under pressure (50 psi, 125 'C) for 14 hours and cooled to room

temperature while concomitantly reducing the applied stress. The preform is drawn at 240'C, and

the resulting fiber dimensions are reduced by 40-80 times at the drawing speed of 2-9 m/min

(Figure 4.3).
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Figure 4.3 Draw data of COCE/PMMA fibers
(A) Stress applied to the fiber with a cyclic olefin copolymer elastomer (COCE) core and
poly(methyl methacrylate) (PMMA) cladding during the thermal drawing process. (B) Drawing
speed used to control the stress within the fiber. (C) Resulting fiber diameter correlated to the
drawing speed and stress.
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For PC/COC fibers, the ratio of each material does not affect the drawing stability since both

polymers are thermoplastic with similar properties such as elastic modulus and Tg (Table 4.1).

However, the volume ratio of COCE and PMMA affects the drawing conditions. Since COCE

melts (Table 4.1) during the drawing, the volume of PMMA cladding may need to be thick enough

to support the draw or the fiber may break during the draw (Figure 4.4).

PMMA Point of
failure

COCE

Figure 4.4 An example of failed COCE/PMMA preform
The cladding layer (PMMA) is too thin to support the melt COCE inside the preform during the
thermal drawing process.

After the fiber drawing process, the fiber probes are connected to zirconia ferrules (Thorlabs,

CF 128) using optical epoxy (Thorlabs, F 112). To ensure maximum light output, the ferrule end of

the fiber was polished to reduce light loss between the connecting joint from the laser to the fiber.

For the PC/COC system, the fiber can be polished together with the attached ferrule with silicon-

carbide sandpaper. However, since COCE is an elastomer, itcould not be polished with sandpaper.

Therefore, to maximize the light output, the COCE fiber was glued (UV-curable index matching

epoxy n = 1.48, NOA 148, Norland Product, Inc.) to a piece of silica fiber (Thorlabs, FG200LEA)

with similar size before it was attached to a ferrule. The COCE and silica fibers were first placed

on the fiber launch (MBT610D) with laser aligned to the fiber cores, and a photodetector was

placed in the end of the COCE fiber to check the alignment. Once the position was optimized, i.e.,

the COCE and silica fibers were aligned and the light output was at the maximum level, a drop of

index matching epoxy was applied to the interface of the two fibers and cured with a UV lamp

(wavelength = 365 nm). Afterwards, the silica end was inserted into the ferrule (Thorlabs, CF230)
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and fixed with optical epoxy (Thorlabs, F 112). The index matching epoxy between the silica and

COCE fibers provideed a smooth optical transmission to minimize the light loss. The silica end

inside the ferrule was then polished.

4.3.2 Silver nanowire coating process

To enable neural recording, nanometer- thick conductive layers of silver nanowires

(AgNWs) (10 mg/ml in isoproponal, Novarials NovaWire-Ag-A70-IPA, diameter d = 70 nm,

length L = 40 pm) were deposited on the fibers via dip coating (Figure 4.5A). To fabricate meshes

with low resistivity, different concentrations of AgNWs for dip-coating were tested. At

concentrations >6 mg/ml, the resistivity of the AgNW mesh was proportional to the concentration

of the dip coating solution (Figure 4.6). To account for potential breakages and delamination of

mesh networks on the probe surfaces during deformation, the lowest resistance mesh (9.37x 10-4

Ohm-cm) was selected for the rest of the study.

Since the hydrophobicity of COC limited the adhesion and deposition of AgNWs from

isopropanol 226, fibers were treated with oxygen plasma prior to AgNW-coating to enhance the

uniformity of AgNW mesh layers226,227. The surface of the fiber probe was first treated with oxygen

plasma and then dipped into isopropanol (IPA) solution of AgNW and air-dried. The dip coating

was repeated 3 times.
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Figure 4.5 An illustration of the fiber probe fabrication
(A) An illustration of the fiber probe fabrication. (B) A spool of a fiber with polycarbonate (PC)
core and cyclic olefin copolymer (COC) cladding. (C) A transmission electron microscope image
of the silver nanowires (AgNWs). (D) Cross-sectional image of the fiber probe. (E) Scanning
electron microscope (SEM) shows a portion of the ring AgNW electrode cross section. (F) SEM
image of the AgNW mesh on top of the fiber surface.
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Figure 4.6 Concentration of AgNW solution and its resistivity
Resistivity of the mesh as a function of AgNW solution concentration. Inset: TEM images of the
AgNW meshes deposited from solutions with 2%, 6% and 10% concentrations. AgNW mesh
deposited from 10% solution was used for further characterization and in vivo evaluation.
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After the dip-coating process, the fiber was connected to a copper wire (Arcor Electronics, AWG

38) via a conductive silver paint (SPI Supplies, 04998AB), and then air-dried for 2 hours. The joint

between the fiber probe and the copper wire was then sealed with epoxy (Devcon, 5 Minute®

Epoxy) to enforce the connection. The copper electrode lead was then soldered to a 4-pin connector

(Digi-Key ED90528-ND) for electrophysiological data acquisition. The fibers were then coated

with polydimethylsiloxane (PDMS, n -1.41-1.47, thickness 5 pm) 209 at a 30 to 1 weight ratio at

70'C for 1 hour to minimize the direct contact of AgNW with the tissue and prevent surface

oxidation and mechanical degradation. PDMS was selected as a protective coating for the

conductive layer because of its low modulus (10s of kPa for 30:1 polymer to curing agent by

weight) and low refractive index, which improves the confinement of light to the PC/COC and

COCE cores216 . Following dip-coating with PDMS the probe tips were cut orthogonal to the fiber

axis exposing thin conductive AgNW ring electrodes (Figures 4.5D-E). The final device diameter

ranged between 105-135 pm, and was constrained by the dimensions of the structural fiber core

(100-130 gm) (Figure 4.5D). Prior to implantation, the fiber probes were coated with molten water-

soluble poly(ethylene glycol) (PEG, molecular weight MW= 1000) to temporarily stiffen them for

implantation.

4.4 Characterization

4.4.1 Optical characterization

The difference between the refractive indices of PC and PDMS is 0.18. Although this

should in principle be sufficient to sustain multimode transmission through the fiber even in the

absence of COC cladding (Figure 4.7), direct coating of AgNWs onto the PC surface resulted in
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significant losses due to scattering and evanescent coupling of light into the plasmon modes of

these nanomaterials (Fig. 4.8A)22 8. Addition of the COC cladding reduced the losses from 2.5

dB/cm to 1.9 dB/cm (n = 5) (Fig. 4.8A). Due to their flexibility, these probes were able to maintain

transmission under deformation (Fig. 4.8B), including when usedas sutures (Fig. 4.8C).
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Figure 4.7 Optical characteristics of COC fiber
Transmission at a wavelength X = 473 nm for pure PC (1.11 dB/cm), PC/COC
PC/COC (0.97 dB/cm) fibers coated with poly(dimethylsiloxane) (PDMS) as a
Loss coefficients for the devices are indicated on the plot.

(0.97 dB/cm), and
function of length.
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Figure 4.8 Optical loss of PC/COC fiber with AgNW coating
(A) Normalized transmission at a wavelength X = 473 nm as a function of length for fiber probes
with and without COC cladding to separate AgNW mesh from the PC optical core with a diameter
of 120 tm. (B) Transmission at X = 473 nm for PC/COC/AgNW/PDMS fiber probes (core
diameter = 120 gm) bent at 90' or 1800 with radii of curvature from 0.5 mm to 10 mm. Data were
normalized to the transmission of straight probes. A photograph of a PC/COC/AgNW/PDMS fiber
probe connected to a laser source, threaded through a needle, and used to create several stitches on
fabric.

Consistent with lower optical transmission of COCE as compared to PC and COC, higher optical

losses of 3.98 dB/cm were observed for AgNW-coated COCE core fibers (n = 3) (Figure 4.9).

94



Nevertheless, the elastic property of COCE allowed the transmission of light under stretching and

bending deformations making it a promising waveguide for optogenetics manipulation in the

spinal cord (Figure 4.10).

Consistent with lower optical transmission of COCE as compared to PC and COC, higher optical

losses of 3.98 dB/cm were observed for AgNW-coated COCE core fibers (n = 3) (Figure 4.9).

Nevertheless, the elastic property of COCE allowed the transmission of light under stretching and

bending deformations making it a promising waveguide for optogenetics manipulation in the

spinal cord (Figure 4.10).
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Figure 4.9 Optical loss of COCE fiber
Transmission at a wavelength X = 473 nm for COCE fiber. Loss coefficient is indicated on the plot.
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Figure 4.10 Optical performance of COCE fiber under deformation
Laser (wavelength k = 473 nm) was coupled to a COCE fiber. The COCE was capable of guiding
light under various degrees of deformations. (A) no force, (B) tensile stress resulting in 33 % of
strain, and (C) bending are applied.

4.4.2 Electrical characterization

The impedance of the probes with nanometer-thick conductive layers of silver nanowires

(Figure 4.6B-F) was similar to that of solid metallic electrodes at 1 kHz. In addition, the impedance

depended more on the contact area rather than the length. Mesh electrodes within 1 cm and 10 cm

fiber probes exhibited impedance values of similar order of magnitude (lZpc/coc, 1cm = 50 26 kQ,

jZpc/coc, locml.= 58 21 kQ). Therefore, the probes can potentially be scaled up from small rodents

to larger animals (Figure 4.11 A).
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In addition to bending, AgNW mesh concentric electrodes were also resilient to stretching

deformation. Uncoated COCE fibers sustained up to 230% strain and when coated with AgNWs

and PDMS, could be stretched up to 200% strain (Figure 4.1). AgNW mesh electrodes coated onto

1 cm and 10 cm COCE fibers exhibited somewhat greater difference in impedance (IZCOCE, lcm=

34 17 kM, IZCOCE, ]Ocm|= 162 50 kQ) (n = 5) as compared to their PC/COC analogs (Figure

4.1 1B). The absolute values of impedance, however, are still well within the range suitable for

extracellular recordings even for 10 cm long fibers.
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Figure 4.11 Impedance spectra of AgNW mesh electrodes on PC/COC and COCE cores
Impedance spectra of the AgNW mesh electrodes deposited onto 1 cm, 5 cm and 10 cm long fibers
with (A) 120 tm PC/COC cores and (B) 200x200 pm2 COCE cores.
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Figure 4.12 Impedance of AgNW mesh electrodes under various strain on COCE cores.

Impedance of cyclic olefin copolymer elastomer (COCE) fibers coated with a single layer of silver

nanowire (AgNW) mesh and measured at 0%, 10%, and 20% extension strain. Inset: scanning

electron microscope (SEM) images of the COCE/AgNW/PDMS fibers under 0%, 10%, and 20%

strain.

It is observed that a single-layer AgNW mesh coating couldwithstand strains of -30% before

losing conductivity due to the disruption of the conductive network (Figure 4.12). In contrast,

electrodes composed of a 3-layer AgNW mesh maintained low impedance at strains up to -100%

(Figure 4.13A). This is consistent with SEM images, whichdo not reveal any structural differences

between the AgNW mesh-coated fibers under 0%, 10%, and 20% strain (Figure 4.13B). Repeated

extension of the COCE/AgNW/PDMS fibers resulted in negligible hysteresis of the electrode

impedance indicating resilience of these devices to deformation (Figure 4.13C). Since the spinal

cord and peripheral nerves only experience strains up to ~12%215, the low-impedance AgNW-

mesh coated fibers provide arbitrarily scalable and stretchable alternatives to polymer-composite

and metallic electrodes.
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Figure 4.13 Impedance of AgNW mesh electrodes under various strain on COCE cores
(A) Impedance of a 3-layer AgNW mesh within COCE/AgNW/PDMS probes with core
dimensions of 200x200 .m2 as a function of tensile strain. (B) SEM images of the 3-layer AgNW
mesh deposited onto COCE fiber at 0%, 10%, and 20% strain. (C) Impedance of fiber probes
characterized in (A) measured over 5 extension and release cycles.
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4.5 In vivo study - acute

4.5.1 Procedures

After all the characterization, flexible/stretchable fiber probes were tested in vivo. The

surgical procedure and detailed information of optical stimulation were described in section 2.4.1.

The probes are connected to a high impedance headstage (Tucker Davis Technologies, ZIF-Clip

32) through a custom PCB adapter board. The signals were sampled at 48 kHz (PZ2, Tucker Davis

Technologies) and filtered (0.3-10 kHz, Infinite impulse response, IIR, 3 rd order) in MATLAB

(Mathworks). Single neuron action potentials (spikes) were isolated by detecting threshold

crossings at 2 standard deviations from the noise level, projecting the spikes onto the first two

principal components, and then clustering with k-means. Interspike interval (ISI) histograms were

calculated from the sorted units.

Electromyographic (EMG) signals were recorded from the gastrocnemius muscle with two

polytetrafluoroethylene (PTFE) coated stainless steel wires (A-M Systems, 50 pm/ 115 pim

diameter Bare/Coated). The 1 mm tips of the wires were exposed using a scalpel to reduce

impedance before insertion into the muscle belly with a 25-gauge needle. The EMG signals were

amplified by the high impedance headstage, and sampled at 48 kHz. Single ended recordings

relative to a low impedance distant reference and ground were collected from each electrode. These

recordings were low-pass filtered (Finite impulse response, FIR, 25th order, 5 kHz corner

frequency) and subtracted in MATLAB to produce a differential recording.

Sensory evoked potentials were recorded from the dorsal columns of anesthetized wild type mice

using AgNW mesh electrodes on PC/COC cores. Electrical stimuli are applied peripherally to the

ipsilateral hind limb. Two stainless steel wires, identical to those described in the EMG section
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above, were inserted subcutaneously near the ankle. The wires were placed medial and lateral to

the ankle. Biphasic current pulses (125 ps/phase, 1-8 mA) were delivered every 2 seconds. The

resulting volley of activity was recorded at the dorsal columns with the AgNWs electrodes. The

experiment was repeated after flipping the polarity of the biphasic pulse as a control. An adaptive

filter was applied to remove power line noise without introducing impulse response artifacts near

the stimulus. The area under the first positive peak was integrated at each stimulus level to create

a recruitment curve. The curve was fit to a sigmoid using a weighted least squares regression on a

positive range in MATLAB.

4.5.2 Recording of neural activity and sensory evoked potentials

With the approaches described in the previous section, the ability of the AgNW coated

fibers to record neural activity in the mouse spinal cord was evaluated (Figure 4.14).
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Figure 4.14 Illustration of a fiber probe implanted in a mouse spinal cord
(A) A schematic depicting optical stimulation and electrophysiological recording with a fiber

probe in a mouse spinal cord. (B) A picture of mouse implanted with a flexible neural probe
between LI and L2 exploring its environment.
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The ability of both PC/COC and COCE fiber probes with AgNW electrodes to record spontaneous

neural activity was first evaluated with acute experiments in anesthetized mice (Figure 4.15).

Single neuron signals were processed with procedures described in section 1.2.1 and Figure. 1.6.

The isolated signals (Figures 4.15 C, D) were assessed by principal component analysis (Figures

4.16A, C) and interspike interval histograms (Figures 4.16B, D) to confirm their characteristics.

In addition to spontaneous activity, robust sensory evoked potentials from the dorsal columns were

recorded and could be scaled up with current applied to the ipsilateral hind foot (Figure 4.17).
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Figure 4.15 Recording of spontaneous activity in mice spinal cords
(A) Spontaneous activity recorded in acute conditions with AgNW concentric mesh electrodes
deposited onto PC/COC core fibers in spinal cord of wild type (WT) mice. (B) Action potentials
isolated from the recording in (A). (C) Spontaneous activity recorded in acute conditions with
AgNW concentric mesh electrodes deposited onto COCE core fibers. (D) Action potentials
isolated from the recording in (C).
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Figure 4.16 Spontaneous single units isolated during acute anesthetized recordings
(A, B) Principal component analysis (A) and the corresponding interspike interval histogram (B)
for the unit recorded using a flexible probe with a PC/COC core (raw electrophysiological data
and action potential shape are shown in Fig. 4.15A, B). (C, D) Principal component analysis (C)
and the corresponding interspike interval histogram (D) for the unit recorded using a stretchable
probe with a COCE core (raw electrophysiological data and action potential shape are shown in
Fig. 4.15C, D).
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Figure 4.17 Recording of sensory evoked potentials
(A) Sensory evoked potentials recorded acutely from the dorsal column with AgNW mesh
electrodes within PC/COC based probes at different input currents (1-8 mA, 125 ps/phase
biphasic). Sensory potentials are preceded by the electrical stimulus artifact. (B) Sensory evoked
potential recruitment curve relating the area under the first positive peak to the stimulus amplitude.
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4.5.3 Simultaneous optical stimulation and recording of evoked

activity

To evaluate the capability of the flexible and stretchable neural probes, the optoelectronic

fibers with PC/COC and COCE optical cores were implanted into the lumbar region (LI) of the

spinal cord of wild type as well as Thyl-ChR2-YFP transgenic mice that broadly express light

sensitive cation channel ChR219 '.

In Thyl-ChR2-YFP mice, illuminating the lumbar region of the spinal cord with 125-168

mW/mm2 laser light with a wavelength X = 473 nm (activation peak of ChR2) coupled into fiber

cores through ferrules consistently evoked neural activity correlated with the 5 ms optical pulses

at 10 Hz (latency 10.6 0.5 ms) (Figures 4.18A, C). Stimulation at a higher frequency of 100 Hz

similarly evoked neural activity (Figures 4.18B, D). In this case, however, the observed multi-

neuron potentials did not follow each laser pulse, which is consistent with ChR2 kinetics 229.

Neural activity in the lumbar spinal cord induced by optical pulses delivered through the fiber

probes was sufficient to produce muscle contractions in the ipsilateral hindlimb (Figures 4.18E, G,

and 4.19). To evaluate the downstream effect of optical stimulation in lumbar spinal cord, EMG

electrodes were implanted on the gastrocnemius muscle. It is found that the electromyographic

activity recorded in a gastrocnemius muscle (Figure 4.18G) was correlated with the optically

evoked local field potentials recorded with the AgNW mesh coated COCE fibers in the lumbar

spinal cord (Figure 4.18F). Moreover, the amplitude of EMG was also positively correlated with

the light intensity from the optical stimulation (Figures 4.19 A and B).
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Figure 4.18 Simultaneous optical stimulation and electrical recording
(A, B) Neural activity in a spinal cord of a Thy 1 -ChR2-YFP mouse evoked by optical stimulation
(wavelength k = 473 nm, 168 mW/mm 2, 5 ms pulse width, 10 and 100 Hz) delivered through the
PC/COC fiber and recorded with the concentric AgNW mesh electrodes. (C, D) Neural activity in
spinal cord of a Thy I -ChR2-YFP mouse evoked by optical stimulation (wavelength k = 473 nm,
125 mW/mm 2 , 5 ms pulse width, 10 and 100 Hz) delivered through the COCE fiber and recorded
with the concentric AgNW mesh electrodes. (E) EMG evoked by the optical stimulation in (C).
(F) Optically evoked local field potentials recorded with AgNW mesh electrodes within COCE
fiber. (G) An expanded view of the averaged EMG signal from (E).
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Figure 4.19 In vivo electromyographic (EMG) recordings
(A) EMG signals evoked in Thy 1 -ChR2-YFP mice by optical stimulation (wavelength k= 473 nm,
5 ms pulse width, 2 Hz) of the lumber spinal cord via a COCE fiber (size: 200x200 pm2) inserted
300 pm deep into the cord. The delayed EMG response to optical excitation for lower excitation
powers is consistent with the commonly accepted ChR2 activation threshold of 1 mW/mm 2.
Specifically, for lower optical powers the amount of light reaching motor pools is insufficient to
activate ChR2-mediated firing, and the observed delayed EMG response is likely a result of
sensory feedback. Higher optical powers enable direct activation of motor neurons, and a low-
latency EMG response is observed. (B) EMG recruitment curve relating the rectified EMG area in
(A) to the optical power. (C) Electromyography (EMG) of the gastrocnemius caused by high-
frequency optical stimulation (wavelength X = 473 m, 125 mW/mm2, 5 ms pulse width, 100 Hz)
applied to the spinal cord. In comparison to 10 Hz stimulation (Fig. 5K), the EMG response does
not follow each optical pulse due to the kinetics of ChR2. Interestingly, the EMG response in this
example increases over time, indicating that the motor system is far from linear time-invariant.
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4.6 In vivo study - chronic

4.6.1 Background and challenges

Chronically recording neural activity from the spinal cord is extremely challenging due to

the associated movement and the weak mechanical properties of the spinal cord. To achieve

chronical recording in the spinal cord, it is crucial to have sufficient mechanical compliance so

that the probe can move with the tissue. There are several works demonstrating neural recording

in mammalian spinal cords both acutely and chronically. For instance, single-unit recording in cat

spinal cord with a chronically implanted chamber and moveable electrodes was

demonstrated 73 23 ,231 . In addition, another study reported a braided microwire device with a

compliant tethered for recording single units from the rat spinal cord in a terminal preparation. In

this report, the spiking activity in the spinal cord was evoked by electrically stimulating the

mesencephalic locomotor region (MLR) of the brainstem in decerebrated rats and neural activity

was recorded 2 3 2 . To our knowledge, prior to this work, there is only one report of chronic multiunit

recordings in rodent spinal cord233, which reported implantation of PtIr microwires for four weeks

into rats. All of these approaches cannot be directly applied on behaving mouse due to the

limitations in reducing the size of the microwires. Therefore, we aimed was to develop tools that

are suitable for mice, and to take advantage of the wide selection of mouse models, including those

suitable for optogenetics, to study spinal cord injury at a cell type-specific level, with closed-loop

physiology, and as the mouse behaves. In the following sections, progress on the development of

such tool will be reported.
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4.6.2 Fiber Implantation Procedures

To evaluate fiber implantation into the mouse spinal cord, a novel surgical approach was

developed. All procedures involving vertebrate animals wereapproved by the MIT Committee on

Animal Care. Fiber probes were tested in wild type mice (BL6/57, The Jackson Laboratory)

(housed atl2h light/dark cycle, 22 'C, food and water ad libitum).

The AgNW and PDMS coated PC/COC and COCE fiber probes were chronically implanted into

the lumbar region of the spinal cord of Thyl-ChR2-YFP and wild type mice. The surgical

procedures were described in section 2.4.1 and the neural probe implant procedure is described as

followings. To fix the implant for chronic recording, the following procedures were used:

1. A low impedance ground/reference wire (stainless steel) was coiled and placed next to

the veterbral column under the skin.

2. The probe was secured with dental cement (Metabond, Parkell) to the three fused

vertebral segments (T13, Li, and L2). The dental cement should cover the area of the

entire incision. No suture was necessary, but tissue glue was used whenany small openings

on the skin was observed.

3. After the implantation, the mouse was recovered on a warm pad.

After the surgery, the mouse should not be paralyzed and all four limbs should be able to move

freely (Figure 4.14B)

4.6.3 Neural recording in the spinal cord of freely moving mice

Electrophysiological activity was recorded with both AgNW-coatedPC/COC and also

COCE probes in tethered freely moving wild type mice up to 1 week following the implantation

surgery (Figure 4.12). Recordings from freely moving mice contained a combination of multi-unit
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activity and movement artifacts and were confounded by greater noise levels than those performed

under anesthesia. The noise level, however, remains stable over the week-long study.

A
1 day

B
PC/COC

C
1 week

D
PC/COC

1 day

1 week

COCE

COCE

SI-f -m --.
0 20s N 20s

Figure 4.15 Electrophysiological recordings collected during tethered free behavior
Electrophysiological recordings collected during tethered free behavior one day (A, B) and one
week (C, D) following implantation. The recordings were performed using AgNW mesh electrodes
within flexible probes with PC/COC cores (A, C) and within stretchable probes with COCE cores.
Individual neuron action potentials could not be isolated due to the presence of movement artifacts.
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4.6.4 Biocompatibility analysis

Immunohistochemical analysis of an implant is usually the last step of chronic studies sand

is essential in assessing the biocompatibility of the device and tissue response. A non-

biocompatible device does not only damage the surrounding tissue, it can also affect neural

recording, the long-term performance of the device and also the animal health. For example, an

inflammatory response may cause the formation of astrocytes, which causes a barrier between the

recording electrode and neurons and reduces the quality of signal and shortens the lifespan of the

probe. Overall, biocompatibility analysis needs to be done in order to complete the study of the

fiber probes. More information about the importance and the effects of biocompatibility on neural

recording is described in Section 1.3.1.

Two weeks after implantation with PC/COC/AgNW/PDMS or COCE/AgNW/PDMS probes, wild

type mice (n=3 per device) were anesthetized via intraperitoneal injection of Fatal Plus solution

(100 mg/kg in saline), and perfused with 4% paraformaldehyde (PFA) in phosphate buffered saline

(PBS). Spinal cords were extracted and fixed in 4% PFA overnight, and then sliced into 50 ptm

coronal sections using a vibrating blade microtome (Leica VT1000S). Sections wereblocked in

0.3% (vol/vol) Triton X-100 and 3% (vol/vol) donkey serum in PBS for 30 min. This was followed

by overnight incubation at 4'C in a solution of primary antibodies (goat anti-GFAP 1:1000; rabbit

anti-NeuN, 1:500, Fisher Scientific) and 3% donkey serum in PBS. Following incubation, the

sections were washed 3 times for 30 min each with PBS. The slices were then incubated with

secondary antibodies (Alexa Fluor 488 donkey anti-goat 1:1000; Alexa Fluor 633 donkey anti-

rabbit 1:1000, Life Technologies) for 1 hour at room temperature. Following 3 more washes with

PBS, slices were mounted using PVA-Dabco (Sigma) onto glass microscope slides. A laser
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scanning confocal microscope (Fluoview FV1000, Olympus) with lOX (air, NA= 0.16) objective

was used for image acquisition.

Staining with antibodies against glial fibrillary acidic protein (GFAP) of the spinal cord tissue

surrounding the fiber probes indicated modest astrocytic presence, for the devices positioned on

the surfaces as well as within the tissue two weeks after the implantation surgeries (Figure 4.16).

Furthermore, the depth probes reaching into the grey matter do not appear to interfere with the

viability of the surrounding neuronal populations (Figures 4.16D-E).

111



_______________________________________ -I

GFAP NeuN Merge

A No Implant

B PC/COC
On the surface

C COCE
On the surface

D Pc/coc
In the cord

E COCE
In the cord

Figure 4.16 Immunohistochemical analysis of the dorsal horn

GFAP (green) marks astrocytes, and NeuN (red) labels neurons. Scale bar is 100 m. (A) Confocal

micrographs of a transverse section of the lumbar spinal cord without an implant. (B) Transverse

section of the lumbar spinal cord from a mouse implanted with a PC/COC/AgNW/PDMS probe

for two weeks. The device was positioned on the spinal cord surface. (C) Confocal micrographs

of a transverse section of the lumbar spinal cord from a mouse implanted with a

PC/COC/AgNW/PDMS probe for two weeks. The device was positioned on the spinal cord

surface. (D) Transverse section of the lumbar spinal cord from a mouse implanted with a

PC/COC/AgNW/PDMS probe for two weeks. The device was inserted into the spinal cord. (E)

Confocal micrographs of a transverse section of the lumbar spinal cord from a mouse implanted

with a PC/COC/AgNW/PDMS probe for two weeks. The device was inserted into the spinal cord.

No tissue erosion and negligible astrocyte proliferation were observed.
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4.7 Conclusions

The following milestones have been achieved with the stretchable and flexible neural

probes:

" Simultaneous optical stimulation and neural recording in the mouse spinal cords

" Recording of isolated action potentials in the mouse spinal cord

" Recording of compound activity in the spinal cord of freely moving mice

All of these are important achievements in the development of tools enabling investigation of

spinal cord circuits; especially the recording of compound activity in freely moving mouse spinal

cord, which is to our knowledge, the first time in the field.
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Chapter V Summary

5.1 Significance

This thesis aimed to develop a set of tools for probing of spinal cord circuits in rodent

models to facilitate the understanding and treatment of spinal cord injury. Fiber drawing process

was applied to the design and fabrication of the flexible neural probes. Three material sets were

developed for the design and fabrication of flexible neural probes to address the criteria necessary

for these probes.

An all-polymer system, integrating a waveguide with polycarbonate (PC) core and cyclic olefin

copolymer (COC) cladding and conductive poly ethylene (CPE) electrodes, was first introduced.

The probes enabled the simultaneous recording and optical stimulation in the spinal cord of

transgenic mice expressing the light sensitive protein ChR2. The optical stimulation could not only

evoke neural activity, which was record with the electrodes integrated into the same neural probe,

but also induced limb movement. This study was the first work to demonstrate the simultaneous

optical stimulation and neural recording of mice spinal cord. In addition, the probes were relatively

softer than conventionally used metallic electrodes and therefore partially addressed the problem

of the mismatch in mechanical properties between the neural interface and neurons. However, the
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probes could only be used in anesthetized mice because the neural probes were not small or soft

enough for chronic implantation. In addition, the quality of neural recording was not adequate for

single-unit resolution. The work, however, for the first time, introduced a new tool for

neuroscientists to investigate neural circuits in the mouse spinal cord.

The neural recording capability of the PC/COC/CPE was limited by the high impedance of CPE,

Thus, to reduce the fiber impedance, carbon nanofiber (CNF)-doped polymer composites were

used instead of CPE as the electrode. The conductivity of the CNF electrodes was optimized by

adjusting the composition of thermoplastic polymers and CNF. To enable the thermal drawing of

these composites, the thermomechanical properties of the composites were investigated. Based on

the similarity in the Tg, the materials were co-drawn with PC. It was observed that loading more

than 10 wt% of CNF to the composite increase the bulk conductivity of polymer. However, high

amounts of CNF (above 5%) also increased the viscosity of the polymer to a point in which the

composite could not be thermally drawn. In vivo tests were done using 10 wt% CNF-COC

electrodes. Optically evoked neural activity was recorded in mouse brain with improved SNR

compared to the previous work. Although the SNR was improved, the resolution was still not

adequate for singe-unit recording in the spinal cord.

Next, to enable single-unit recording while using flexible probes, silver nanowire (AgNW) coated

flexible and stretchable fibers were developed. AgNW meshes were used as electrodes and coated

on PC/COC and also cyclic olefin copolymer elastomer (COCE) fibers. After thermal drawing

process, the fibers maintained high transmission under bending and stretching deformations.

Moreover, when coated with AgNWs, conductivity was preserved under repetitive deformation.

The superior mechanical properties and performance of this stretchable neural probes enabled the

first chronic implantation and recorded compound activity in mouse spinal cord.
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5.2 Future directions

There are a few potential directions for improvement of the devices and applications

described in this thesis:

Design:

" More recording channels per neural probe to increase resolution 4' 90,125 would enhance the

prosthetic and research ability of these fibers.

" Integrated light emitting diodes would eliminate fiber-coupling to laser sources and reduce

the weight of the implant.

Materials:

* Silver nanowires should be replaced by more biocompatible and stable conductive particles,

e.g. gold nanoparticles, for the conductive meshes within stretchable probes.

" Utilizing photo-patternable elastomers may allow for isolation of conductive layers and

234enable multi-channel recording

Neurobiological studies:

0 Applying the neural probes to different animal models to investigate neural circuits in the

spinal cord

0 Applying fiber-based tools to injury models to assess their prosthetic potentials
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