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ABSTRACT

The brain, and more precisely the central nervous system (CNS), is an
extremely complex organ responsible for controlling essential sensorimotor
functions of the human body. These functions rely on nerves running
all-throughout the organism, transporting the sensory information from
the body towards the CNS and the motor information from the CNS to
the muscles. However, when severed, these functions can be durably lost,
provoking paralysis and significant loss of quality of life. Neuroprosthesis
is a promising approach to allow the patient to regain some of the quality
of life lost through the control of a computer directly from measuring
brain activity. Unfortunately, current methods are either too invasive, risk a
decrease of performance over time and require extreme precision to place
(i.e. single-unit electrode) or non-invasive but imprecise and limited (e.g.
electroencephalogram).

Electrocorticogram interfaces (ECoG and micro-ECoG) have been devel-
oped to measure brain activity as close as possible to the neurons while
minimizing invasivity and long-term effects. These are placed on between
the cortex and the cranium and allow good improvements in signal quality
and spatial resolution. Here, I present the improved electrode designs and
fabrication methods for reliable micro-ECoG electrode arrays using flexible
insulating materials such as polyimide and parylene C. Furthermore, we

characterize the long-term effect of chronic implantation of the device both
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on the electrical and material properties as well as the biological response
of the brain of the micro-ECoG arrays. In addition, leveraging recent devel-
opments in optogenetics, two-way neural interface devices were developed.
By integrating these methods with cranial window imaging techniques, I
demonstrated that very powerful tools for optimizing micro-ECoG electrode
arrays, as well as answering fundamental biological question on the function
of the brain, can be developed. Finally, the flexible thin-film bio-MEMS
fabrication methods demonstrated were readily expanded to many other

applications such as electroretinogram (ERG) recording.



1 NEURAL INTERFACING

The Central Nervous System (CNS) is a vast and complex organ that cen-
tralizes, analyzes and controls a multitude of stimuli, related to sensing,
muscle motion, emotions and thoughts. This organ is composed of billions
of neurons, each able to create a multitude of connections with neighboring
neurons and transmit information by changing their electrical state. The elec-
trical nature of these stimuli generates measurable electrical fields which can
provide snapshots of the state of the brain. Measuring these signals has been
a goal for developing research (and now also commercial) brain-interfacing
tools, such as the well known electroencephalogram (EEG) which can record
the brain activity along the scalp [Jasper and Kershman (1946)], [Schalk et al.
(2000)]. However, as the electrical fields produced are very small, decay
rapidly and contain important spatial information, more accurate interfac-
ing devices have been developed such as the electrocorticogram (ECoG)
which can record brain activity directly from cerebral cortex [Leuthardt et al.
(2004)]. More recently, this approach has been improved using flexible thin-
film micro-fabrication techniques to create a less invasive high-resolution
electrode array called micro-ECoG [Stieglitz and Meyer (1999)], [Hollenberg
et al. (2006)], [Kim et al. (2007)].

Micro-ECoG technology is still in its infancy, and while significant im-
provements have been accomplished in the fabrication of flexible electrodes
for this application, a lot remains to be understood about the material in-
teraction with the brain, particularly in the context of chronic implantation.

In this document, I will present the work that has been accomplished to



bring insight into the effect of long-term implantation both on the device
itself and on the response of the brain. First, I will present in more detail
the function of the brain focusing particularly on the parts of the CNS that
are most relevant to sensorimotor functions. Additionally, the approaches
that have been developed to interface and measure the electrical stimuli
at these locations for creating Brain-Computer Interfaces (BCI) will be re-
viewed. Chapter 2 will present the fabrication methods that have been
used, ameliorated or developed for the creation of thin-film micro-ECoG
devices used in the work presented here. Chapter 3 describes preliminary
characterization studies, aiming at better understanding the effect of chronic
implantation on the device performance and the importance of specific
materials, particularly polyimide and parylene C. Chapter 4 describes results
of chronic implantation studies on primates and delves into the reaction of
the brain to long-term exposure to foreign materials. Although optimal for
implanting into the skull, the fabrication techniques developed here allow
the measure of other types of electrical signals, such as those produced by
the retina. In Chapter 5, I demonstrate how optogenetics can be applied for
micro-ECoG electrode optimization. In Chapter 6, I present a novel multi-
electrode electroretinogram (meERG), that was made possible by leveraging
the flexible thin-film fabrication methods developed for the micro-ECoG.
Finally, I will identify in Chapter 7 areas that require further investigation

and/or development and propose experiments in these directions.



1.1 Neural activity in central nervous system

The CNS receives information from sensory nerve extremities and in return
controls the function of muscles throughout the body. The nerves conducting
this information are made of bundles of tightly packed axons, each leading
to a different neuron in the peripheral nervous system (PNS) or the CNS.
In case of traumatic injury, however, the axons in motor pathway hardly
regenerate and partial or total paralysis can occur. One of the leading
applications for BCI devices is the development of neuroprosthetics to allow
direct connection of sensory and motor brain function to a computer. Most of
the neurons of the CNS are located in the cerebral cortex, a thin convoluted
neural layer at the surface of the forebrain [Nicholls et al. (2001)], making
them readily accessible by surface interfacing devices. The cerebral cortex
has specialized areas that control sensory, motor function, visual, auditory,
language, comprehension, speech, memory, awareness and consciousness
(Figure 1.1A). It is the electrical characteristics of the central nervous system
and its connectivity that interests the researchers and allows us to design
the innovative devices and methods to interface with this complex system.
Neural connections and activity in central nervous system will be described
briefly in this section. In addition, different neural interfacing technologies

according to level of invasiveness will be presented.

Central nervous system structure

The CNS is composed of billions neurons, each able to create more than ten

thousand synaptic connections to other neighboring neurons via elongated



protrusions called dendrites and able to carry information over long distances
to other regions of the brain and body via a single long fiber called "axon”.
Information is sent to the connecting neurons via the dendrites and axons by
the depolarization of the trans-membrane potential creating brief electrical
pulses termed “action potentials”. The neuron integrates action potentials
received from all upstream neurons and its axon and conditionally triggers an
new action potential, participating in the processing and relay of information.

Together with PNS, the CNS can control our behavior via complex
connections. To be specific for this context, I will only emphasize parts of the
cerebral cortex in the brain which neural interface devices for BCI applications
are targeting. The cerebral cortex is the outermost layer of cerebrum in the
mammalian brain and it plays important roles in motor function, perception,
attention, thought, language and memory. Each of these functions are
segregated in different areas that are the primary motor cortex, the primary
sensory cortex, the primary auditory cortex, the sensory associated cortex,
and the visual cortex and prefrontal cortex (Figure 1.1A). In humans, the
cerebral cortex is also called the “gray matter” and is approximately 2 to
4 mm thick. The neurons in the gray matter are connected to different
parts of cerebral cortex and other parts of the CNS by myelinated axons
that form the white matter. The cerebral cortex is constituted of multiple
highly inter-connected layers containing different types of neurons which
are grouped into six main layers arranged from outermost (pial surface) and
innermost (white matter) layers. Layer I, II and III contain a high number
of scattered pyramidal cells, small pyramidal cells and medium pyramidal

cells that are the main target of interhemispheric cortical afferents as the



brain has two hemispheres that control the contralateral (opposite side)
sensory and motor functions. Layer III in particular is the main source of
cortical efferents. Layer IV contains stellate and pyramidal neurons, and
is the main target of thalamocortical afferents from thalamus as well as
intra-hemispheric corticocortical afferents. However, the main population of
pyramidal cells (Betz cells) in the primary motor cortex and the principal
source of subcortical efferents lie in layer V. Layer VI consists of few large
pyramidal neurons and many small spindle-like pyramidal and multiform
neurons. This layer sends efferent fibers to the thalamus, establishing a
reciprocal interconnection between the cortex and the thalamus. These
cortical micro-connections form cortical columns and minicolumns, the latter
of which have been proposed to be the basic functional units of cortex
[Mountcastle (1997)]. These columns and their activity are important for
neural interfacing device design.

Within the brain, there are many different types of neurons and neuroglia,
which are supporting cells devoid of neural activity that connect neurons
together. The main classes of these neuroglial cells are oligodendrocytes,
astrocytes and microglia. Oligodendrocytes form a myelin sheath that wraps
around neuronal axons to increase the action potential conducting velocity.
Astrocytes and microglia are more interesting from the neural interfacing
aspect. Astrocytes are the star-shaped cells that play important roles in CNS
homeostasis. These cells constitute the bulk of the cellular composition of the
CNS (20 to 50 %) and provide the major source of extracellular matrix protein,
adhesion molecules and a large number of growth factors [Squire et al. (2008)].

Finally, astrocytes play an important role in the development, repair and



immune defense of the CNS, and as such are key responders to foreign
intrusion in the brain. They perform their immunologic function by migrating
towards the injury or inflammation site and form glial scars [Voskuhl et al.
(2009)], [Pan et al. (2011)], [Sun et al. (2010)], [Frontczak-Baniewicz and Walski
(2006)]. Glial scaring is one of the most problematic issues occurring for
some of the most invasive neural interfaces, and leads to rapid deterioration
of the recorded signal, which will be discussed in the next section. These
cells can be visualized by immunostaining the glia-specific protein GFAP
(glial fibrillary acidic protein). Another important glial cell, the microglia,
are known as the “tissue macrophage of the CNS” and are another resident
representative of immune system in the brain [del Rio-Hortega (1932)],
[Wirenfeldt et al. (2011)]. Microglia usually have small rod-shaped somas
from which numerous processes extend in symmetrical fashion, however
each microglia cell occupies its own territory and collectively forms a network
that covers much of the CNS. Microglia respond to pathological conditions
involving immune activation and neurodegenerative conditions. The reactive
microglia can be detected by two criteria, (1) change in morphology and (2)
upregulation of macrophage markers. Microglia change their morphology
and antigen expression in response to almost any form of CNS injury and
their activated population is detected by immunohistochemistry staining of
the calcium binding protein called IBA1 (ionized calcium binding adaptor
molecule 1) [Ito et al. (1998)]. For the chronic implant studies of neural
interface devices, these two glial cell types are often used as the indicator of

biological reaction due to the presence of the device.
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Figure 1.1: A.Brain structure and cerebral cortex distribution (from
www.nlphelpsite.com) and B. neural activity and interfacing technologies

Neural interfacing with the CNS

BCI and neuroprosthetic devices rely on recording CNS activity through the
associated electric field, either remotely from outside the scalp (e.g. EEG
interface) or cortically implanted electrodes (e.g. ECoG devices). These
devices have multiple applications, from providing a communication inter-
face for paralyzed patients, monitoring or predicting epileptic seizures, or
controlling computer interfaces. In addition, some brain interface devices
rely on recording of an evoked activity in CNS after stimulation of sensory
function to evaluate their proper function.

The two main categories of neural interfaces for the CNS are near-field
CNS measurements and far-field CNS measurements. The near-field extra-
cellular CNS measurements are performed by amplifying the potential dif-
ference between a microelectrode tip implanted in the cortex and a reference

electrode located within a few millimeters. The far-field CNS measurements



record the electric potential sub-durally, epi-durally or on the scalp.

The recorded signals can be divided in two components, one is the local
field potential (LFP) which measures coherent low frequency changes in the
membrane potential (<300 Hz) associated with synaptic current of many
neurons and the other is higher frequency signal (300 Hz-10 kHz) consisted
of multi-unit activity resulting from action potential of nearby neurons. The
different frequency components represent the different spatial ranges, up to
100 pm for single-unit signals, hundreds of microns for multi-unit signals
and a few millimeters for local field potential (LFP). Devices such as the
electrocorticogram (ECoG), the micro-electrocorticogram (micro-ECoG), the
electroencephalogram (EEG) as shown in Figure 1.1B are typically used for
measuring these signals, with varying efficacies.

Near-field: Single-unit and multi-unit penetrating electrodes

The invasive single-unit and multi-unit extracellular recording or mi-
croelectrode penetrating probe made of either micro wires or silicon-based
microelectrode are commonly used for recording action potential activity
from a single or several pyramidal neurons. These recordings are typically
performed in layer V for the primary motor cortex for example, and are
used to study cortex functioning for gaining a better understanding of be-
havior Blum et al. (1991),[Rousche and Normann (1998)], [Baker et al. (1999)],
[Williams et al. (1999)], [Kipke et al. (2003)] and to develop neuroprosthetics
[Agnew et al. (1986)], [Schmied et al. (1993)], [Maynard et al. (1997)], [Jack-
son et al. (2006)]. During an action potential, different parts of a neuron’s
membrane become depolarized leading to the flow of current both inside

and outside the neurons. Since the extracellular matrix is conducting as well,



the time-varying potential gradient is formed in the extracellular volume and
a changing potential difference can be measured between a point near the
cell and a distant reference location. This invasive microelectrode can detect
and record a spike or action potential of a single neuron or multiple neurons.
The source of the spikes can be determined using spike sorting in an attempt
to reconstruct the underlying neural activity [Lewicki (1998)], [Takahashi
et al. (2003b)], [Quiroga et al. (2004)],[Nenadic and Burdick (2005)]. However,
the invasive penetrating electrode increase the astrocyte response and glial
scaring leading to a deterioration in signal quality over time caused by
an increase in the electrode/tissue interface impedance only a few weeks
after the implant. Currently the signal reliability due to the scar tissue and
biocompatibility of the microelectrodes, especially for silicon-based probing
electrodes, is a major drawback.

Far-field: EEG, ECoG and micro-ECoG

Initially, far-field recording was performed using non-invasive devices
such the EEG for epilepsy monitoring [Uhlhaas and Singer (2006)], [Schevon
et al. (2007)] or BCI development. BCI applications (e.g. the commercially
available BCI2000 [Schalk et al. (2004)] allow the subject to control the
computer cursor or spelling program [Vaughan et al. (2006)], [Allison et al.
(2008)], [Felton et al. (2009)], [Wilson et al. (2009)]. However, due to signal
attenuation through the skull and scalp and the spatial filtering of the
volume-conduction of the brain, the spatial resolution of EEG electrodes
are significantly poorer than more-invasive ECoG electrodes. To improve
the spatial resolution and signal quality, the invasive sub-durally implanted

macro ECoG platform was developed with electrodes approximately 1-
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3 mm in size and interelectrode spacing of approximately 1 cm. This
technique was originally used for cortical mapping [Leuthardt et al. (2007)],
monitoring epileptic activity and BCI applications [Leuthardt et al. (2004)],
[Leuthardt et al. (2006)], [Leuthardt et al. (2009)], [Brunner et al. (2011)].
However, the spatial resolution of macro-ECoG does not provide higher
resolution needed for more specific connection interface, such as the motor
task of fingers, speech, etc. With advances in microfabrication, a smaller
microelectrode array, the micro-ECoG platform, was designed to improve the
spatial resolution of the traditional ECoG with an array of electrode sites of
less than 1 mm in diameter of electrode size with up to 2-3 mm interelectrode
spacing, using polyimde film [Takahashi et al. (2003a)], [Kim et al. (2007)],
polyimide foil [Hollenberg et al. (2006)] and parylene C film [Hsu et al.
(2009)], [Toda et al. (2011)]. The recorded signals from a single micro-ECoG
electrode are the aggregation of the action potential from hundreds of
neurons in the underlying area around the electrode. This micro-ECoG
device provides a signal with superior spatial resolution and quality over the
ECoG since the electrode array has higher number of channels on smaller
area, as well as being a far less invasive approach than the near-field neural
interfaces, resulting in easier implantation, lower glial scaring and longer

signal stability over time.

1.2 Neural activity in human eye

In a different context from the neural activity of the brain and the CNS,

another variation of neural interface and neural activity recording have been
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demonstrated: recording neural activity from the eye, specifically from the
retina. The development of flexible thin-film electrode arrays has provided
ideal fabrication methods to develop retina activity measurement devices
such as the multi-electrode contact lens. In this section I will focus on
visual stimuli and their pathways, background on the human eye structure
and its neural activity, especially at the retina. This section also covers the
basic principle of the electroretinogram, its significance and current ERG

technologies.

Human eye structure and neural activity

The human eye is bounded by a tough fibrous outer layer, the sclera, and filled
with vitreous humor. On the anterior side is located the cornea, the iris and
a lens allowing to focus an image on the retina. Contraction and relaxation
of the muscles that link the lens to ciliary body allow its deformation, thus
adjusting the focal distance of the eye. The visual information is encoded
by the retina and transmitted to the CNS via the optic nerve. The retina-
geniculo-cortical pathway in human as shown in Figure 1.2A illustrates the
connection of the retina to the visual cortex via optic nerve axons from the
nasal retina that cross at the optic chiasm and join axons from the temporal
retina of the other eye. These contralateral and ipsilateral axons join to form
the optic tract allowing the transmission of information from the retina to
the visual area of the thalamus. Subsequently, the axons from the thalamus
project to the visual cortex.

The retina itself is constituted of five principal layers, three layers of

cell bodies and two layers of neural processes, dendrites and axons (Figure
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1.2B) [Bairati and Orzalesi (1963)],[Hee et al. (1995)]. The vertebrate retina is
oriented within the eye to maximize the light transmission through the inner
layers to the photoreceptors which comprise the outer-most layer [Curcio
et al. (1990)]. The inner nuclear layer contains cell bodies of interneurons of
the retina including bipolar cells, horizontal cells and amacrine cells. The
final cell layer is ganglion cell layer which is home to the retina neurons
whose axons form the optic nerve [Curcio and Allen (1990)]. There are
two types of photoreceptors; rods and cones that are hyperpolarized upon
reception of light [Bowmaker and Dartnall (1980)]. Rods and cones have
outer segments that contains the molecular machinery for phototransduction,
an inner segment that contains densely packed mitrocondria, a cell body that
contains the nucleus and other important organelles, and a terminal process
that releases neurotransmitter [Ebrey and Koutalos (2001)], allowing the
transmission of visual information. Phototransduction occurs when photons
are absorbed by pigments located in the outer segments of photoreceptors.
Rods contains rhodopsin and are sensitive to blue-green light; they are
used for dark/dim conditions at night. Cones on the other hand contain
opsins which are sensitive to either long wavelength (red light), medium
wavelength (green light) or short wavelength (blue light) depending on
their specific structure [Gouras (1984)]. Increments in light reception lead to
a hyperpolarization and a reduction in neurotransmitter release, whereas
decrements in light reception lead to a depolarization and an increase in
neurotransmitter release. Subsequently, the graded potential is transmitted
eventually to ganglion cells that provide the output of the retina to the CNS.

Photoreceptors play an important role in the visual system and abnor-
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malities in photoreceptors can cause some disabilities, such as visual loss
in diseases such as retinitis pigmentosa [Marmor (1980)], [Pruett (1983)],
[Kaplan et al. (1990)], and other retina dysfunction-diseases [Usui et al.
(2004)], [Terai et al. (2011)]. The electroretinogram (ERG) allows the measure
of the electrical response of the different cell types in the retina and the
electrooculogram (EOG) allows to test the resting potential of the retina.
Both of these devices are useful tools to assess retina function and help
diagnose the presence of these diseases, such as glaucoma [Viswanathan

et al. (2001)].

Neural interfacing in the human eye with ERG

In the late 1860s’, Holmgren found that light stimulus causes electrical
potential in the amphibian eye. The positive electrical difference in the
cornea relative to the back of the eye was discovered by introducing the
light through the pupil [Armington (1974)]. The measurement of the light-
induced electrical activity of the eye was called electroretinogram (ERG).
The response of the retina to a light flash stimuli consisted of three phases;
first the photoreceptors hyperpolarize (negative a-wave) followed by larger
positive amplitude wave (Figure 1.2C) and finally, a longer-lasting positive
wave (c-wave). In addition, in some cases a corneal-positive wave can be
recorded at the end of the light flash, also called d-wave. These a-, b-, c-
and d-waves are the primary ERG component phases.

Extracellular local current originating from rods and cones (negative
potential a-wave) [Brown and Murakami (1964)], [Sillman et al. (1969)],
ON-bipolar cell (b-wave) [Sillman et al. (1969)], [Nilsson (1971)], pigment
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epithelium cell (c-wave) [Noell (1954)], [Pepperberg and Masland (1978)]
and OFF-bipolar cell (d-wave) [Xu and Karwoski (1995)] can flow within the
retina (pathway A) while pathway B represents current flow through vitreous
cornea and extraocular tissues (Figure 1.2B,C). This current returns to the
retina via the choroid and pigment epithelium (Figure 1.2C). ERG responses
in human are recorded with an active extracellular electrode positioned
either on the cornea, in the vitreous humor or at different levels inside the
retina [Marmor et al. (2009)]. The extracellular recording of the electrical
activity is possible when field potential transmit through the vitreous humor,
pupil and cornea. In this context, I will only focus on the extracellular ERG
recorded from the corneal surface. Since there is some distance between the
retina and the ERG electrode, the electrical potential will be attenuated as it

is conducted through the vitreous.

Factors effecting the ERG

There are four factors that can affect the ERG; first is the state of adaptation
to light of the retina, second is stimulus strength, third is the color of the
light stimuli and forth is the frequency of the light flashes. For simplicity, I
will focus on only two of these which are the state of adaptation and the
light intensity. The state of adaptation plays different roles for night vision
(rod system) and day vision (cone system) since they operate independently.
However, in human both systems are found [Curcio et al. (1990)]. The
rods are sensitive to the dim light stimuli in the dark-adapted state while
under background illumination, these saturate and produce no response

to the variation of the light intensity [Hood and Finkelstein (1979)]. On
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Figure 1.2: A. Visual pathway from retina to the visual cortex. B. Human eye
and retina structure. C. International Society for Clinical Electrophysiology
of Vision (ISCEV) standard for ERG stimulating paradigm and electrical
circuit pathway between the retina and ERG. D. Current ERG electrodes
available on the market. (Adapted from webvision.med.utah.edu)



16

the other hand, the cone system is less sensitive than the rod system but
it is characterized by the ability to adapt to bright lights allowing our
vision to adapt to background illumination over a broad range of intensities.
Recording cone and rod function can be made separately by modulating
the state of their adaptation to light. Applying a stimulus while providing
background illumination, causes saturation of the rod system, which reflects
cone response in the ERG measure. The second factor, light intensity, is
also important for clinical ERG measurements. With a dim light stimulus,
the ERG shows a long-lasting positive wave of small amplitude (b-wave)
whereas increasing intensity of the stimulus shows on the ERG as a negative
a-wave preceeding the positive b-wave [Armington (1974)].

Analysis of ERG

The two components that are most often analyzed are the a- and b-waves.
The a-wave is the first large negative peak, followed by the b-wave which
is corneal positive and usually larger in amplitude. In clinical ERG for
retina function testing, many aspects including amplitude and implicit time,
and the ratio of b-wave to a-wave amplitude are commonly considered.
The standard light stimulation for different adaptation states used for ERG
measurement is set by the International Society for Clinical Electrophysiology
of Vision (ISCEV) [Marmor et al. (2009)] as shown in Figure 1.2C. The a-
wave amplitude is measured from baseline. Temporal properties of the ERG
response are defined by the time-to-peak (implicit time). With increasing
stimulus strength, the b-wave amplitude increases until a plateau is reached
and at higher stimulus strength, the largest recordable b-wave is obtained.

At this stimulus strength, an a-wave becomes evident. The relationship
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between the amplitude and intensities provides quantitative assessment
of retinal function during the progress of retinal diseases and suggests a
choice of treatment [van Lith (1981)], [Stodtmeister et al. (1988)]. It is worth
noting that the amplitude and implicit time relationship is only suitable if
the experiment setup is constant, therefore it is more difficult to use as a
diagnostics tool as comparison between different laboratories is often difficult.
Consequently, the ratio of b-wave and a-wave is used in this situation.

Current ERG technologies

Currently, there are several ways to record ERG. After the pupil is dilated,
different types of corneal contact ERG electrode can be used to record ERG
electrical signal (Figure 1.2D). One of the most commonly used by the
clinician is the Burian-Allen® electrode that can hold the eyelid open with
a gold or carbon wire ring that floats in the cornea [Lawwill and Burian
(1966)]. The simple gold Mylar tape electrode is also used for recording
the ERG when the eye is very small [Arden et al. (1979)]. For different eye
size and condition, the electrode is selected accordingly. A monopolar gold
coil fitted inside the eyecup as shown in Figure 1.2D is another option to
achieve the same type of ERG measure. The later developed ERG-jet contact
lens type (Figure 1.2D: LKC ERG) is commonly used nowadays because of
its simplicity and comfort, however a report has shown possible stimulus
artifacts [Gehlbach and Purple (1993)]. To date, there is little report of
thin-film multi-electrode ERG in which multiple ERG waveforms can be
measured simultaneously. For higher spatial information from the ERG
electrodes, image forming ERG lens is desirable. Chapter 6 will delve on

the development of a novel multi-electrode ERG in more detail.
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2 THIN-FILM NEURAL INTERFACE DEVICES FABRICATION

METHODS AND TECHNIQUES

The development of thin film neural devices has been largely based on
the innovations made in microfabrication techniques, used in many other
applications including electronics devices. Amongst the various materials
available, two are of particular interest in the context of thin film neural
devies, polyimide and parylene C. To be considered as a thin-film neural in-
terface device substrate, the polymer has to possess good dielectric property,
moisture uptake resistance, chemical resistance, biocompatible and excellent
mechanical properties. These two materials have distinctive properties that
make them suitable for different applications. Polyimide is one of the most
commonly available polymers that has excellent moisture and electrical in-
sulation properties and if flexible (Figure 2.1C). Currently there are different
types of polyimide polymers available in the market, but the photodefinable
polyimide is the preferred choice due to its simplicity in microfabrication
that does not require hazardous chemicals, such as Hydrofuric Acid (HF)
for the etching process. Parylene C is one of the first and few materials that
have been approved by the FDA for chronic implant devices. It also has
higher light transmission property than polyimide and looks transparent.
This latter advantage, has been leveraged for optical pertinent applications,

such as optogenetic-enabled devices, electroretinogram, artificial retina de-
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vice and traditional surface electrodes. In this chapter, I will present and
discuss the fabrication processes of polyimide and parylene C for thin film
neural interface development, and methods used to interface with them.
The fabrication process of polyimide and parylene C present here are the

fundamental background for the devices used in the following chapters.

21 Polyimide device fabrication

The fabrication of micro-ECoG devices is largely based on a traditional
photolithography techniques. For this device, polyimide serves both as a base
that provides mechanical strength, on which the electrodes are deposited,
and an electrically insulting layer for the conductive metal traces linking the
electrodes. A photodefindable polyimide substrate was chosen over ready
made polyimide sheet as they do not require the use of Hydrofluoric acid (HF)
as an etchant for patterning. Additionally, photodefinable polymide reduces
the number of overall steps in the lithographic process. Platinum was used
to cover the traces and electrode sites to improve electrical characteristics,
including decreasing the electrode impedance and reducing a possibility
of gold corrosion that could cause immunological response. The shapes
and sizes of electrodes were systematically varied, yielding a wide array
of electrode designs (Figure 2.1B). Each electrode array consisted of 16 or
32 electrode sites corresponds to the channel available with the 32-channel
headstage pre-amplifier unit.

The electrode fabrication process (Figure 2.1A) is described in the follow-

ing (see more details in Appendix A). After cleaning the 4-inch silicon wafer
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A. Polyimide device fabrication process B. Various polyimide electrode de51gns
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Figure 2.1: A. Polymide device fabrication process using traditional pho-
tolithography technique. B. Different polyimide electrode designs. C. Illus-
tration of the flexibility of thin-film polyimide electrodes

with acetone, a 200nm thick layer of aluminum was evaporated (CHA-600
E-beam Evaporator) onto the surface as a sacrificial layer. Polyimide (HD
4110, HD Microsystem) was spun coated and patterned using photolithog-
raphy (Mask aligner: MA6 Suss Microlec) following the manufacturer’s
recommendation to form a 12 pm thick base layer. Photolithography masks
were designed in Adobe Illustrator, and were printed on high-resolution
transparency masks (Fineline-imaging, Colorado Springs, CO). A Micro-
electrocorticography Platform and Deployment Strategies for Chronic BCI
Applications polyimide (Figure 2.1A(a)). The polyimide was subsequently
cured at 375 °C under a nitrogen atmosphere for 5 hours (Cooke Oven). A

metallization step (10nm Cr/ 200nm Au/ 20nm Pt) defining the interconnec-
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tion pads, connecting traces, and electrode sites was performed using electron
beam evaporation (CHA-600 E-beam Evaporator) and a lift-off process. Plat-
inum was chosen as the electrode material due to its low polarization at the
phase boundary and also its low and stable impedance. The second layer
of polyimide was then spin coated, patterned and cured under the same
conditions as the first base layer. Before releasing the device, oxygen plasma
(RIE Unaxis 790) was used to clean the surface for 2 minutes (250W, 20Torr)
ensuring that the remaining polyimide and solvent residue on the electrode
sites and contact pads were completely removed(Figure 2.1A(d)). The thin
film devices were released using an anodic metal dissolution technique. In
brief, the wafer was immersed in a sodium chloride solution (2M) with
Pt counter electrodes under an applied voltage of 0.8 V that allowed the
dissolution of the aluminum layer and release of the polyimide film. To
complete the process, the devices were soaked in DI water, cleaned and

dried.

2.2 Parylene C devices

Parylene C deposition process

Parylene is the tradename for a number of chemical vapor deposited poly(p-
xylylene) polymer varieties commonly used as moisture and dielectric insula-
tors. Parylene C with one CI group per repeat unit (Figure 2.2A), is the most
popular variety due to its low cost, excellent barrier properties and simple
deposition processing. Parylene C can be conformally deposited on the

sample surface at room temperature without using any initiator, terminator
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or solvent and catalyst. This green deposition process makes fabrication
process simple, safe for the user and unlikely to have harmful residue chemi-
cals. The deposition process requires medium vacuum (~15mTorr) and high
temperature furnace (690 °C) for dimer pyrolysis into monomer. Then the
monomer particles deposit onto the sample surface at room temperature in

the vacuum chamber (Figure2.2A).

Parylene C device fabrication process

Parylene C devices are fabricated under biocompatible condition starting
from a chemical vapor deposition process and then simple photolithography,
following by oxygen plasma etching (Figure2.2B). One major drawback of
parylene C is poor adhesion to most smooth and non-porous substrate
including silicon wafer without any prior treatment. In the context of thin
film neural interfaces, the material constitutes the substrate of the device,
and therefore its poor adhesion to other materials is not as critical. However,
consideration should be put into choosing a suitable surface treatment for
the silicon before the first layer of parylene C deposition to ensure that the
film adheres to the wafer throughout the whole fabrication process without
peeling off or forming bubbles. Several groups have demonstrated techniques
to achieve this. One convenient technique is oxygen plasma treatment
of the silicon wafer to modify the surface chemistry. Another approach
uses an adhesive promoter recommended by parylene manufacturer, A-174
Silane, which can be vapor coated in situ or bonded via chemical wet bath
[C J Mitchell (2006)]. This material creates a self-assembled monolayer of

molecules that bond to the surface on one side and co-polymerizes with the
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C device fabrication process. C. Various designs of parylene C device for

different applications
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parylene via a free radical addition reaction on the other.

The parylene neural interface devices were fabricated starting from
plasma treated the silicon wafer substrate for adhesive promotion and then
depositing 15 um layer of parylene C (Figure2.2B). Via photolithography
(Mask aligner: MA6 Suss Microlec) and lift-off process the 10 nm Cr/ 200
nm Au/ 20 nm platinum metal layers were deposited and patterned to form
the electrical connection traces and electrode sites. Subsequently, the second
layer of parylene C (10 um) is coated for electrical insulation. Patterning the
devices and opening the electrode sites were performed via photolithography
and oxygen plasma etching. Two layers of AZ P4620 (AZ Electronic Materials
USA Corp) were spin coated to form 24um layer of photoresist which is a
photo-mask for oxygen plasma etching process (RIE Unaxis 790) at the rate of
0.3um/min. Biocompatibility concern is the reason that oxygen plasma was
chosen over more aggressive etching process with different gases. Finally,
the devices can be released from the silicon wafer substrate via soaking in

water bath (see more details in Appendix B).

2.3 Connection scheme

An overlooked challenge in developing neural interfaces is the creation of
a reliable connection scheme to interface with the macro-scopic world and
measurement devices. Some groups have proposed the use of wireless
technologies, however, these have not reached a sufficient level of reliability
in chronic implant studies. The alternative is the use of a physical wire

connection either though soldering the electrode directly, which requires an
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awkwardly large connector [Hollenberg et al. (2006)], or through an expensive
custom-built micro-connector, which requires meticulous hand soldering
like the “MicroFlex Interconnection” [Rousche et al. (2001)] and nano-strip
connector (Omnetics Connector Corp.) [Henle et al. (2011)], [Rubehn et al.
(2009)]. Thus the yield of such electrodes depend on the skill and experience
of the assembly person. Large quantity of soldering is tedious and resulting
in low yield. In this study, the alternative solderless connection schemes will
be described and discussed. One alternative is the mechanically connecting
DIP (Dual in-line package) sockets where the connection is solely depend
upon the mechanically contact pins. The other is the Zero Insertion Force
(ZIF) connector that is widely used in the flexible circuit and electronic

applications.

Mechanically connecting: DIP interconnect socket

Mechanically connecting the electrode contact pads and the connector pins
is possible using sandwiching the electrode contact pad between two DIP
interconnect socket pins (MilMax Mfg. Corp.) where the shoulder and the
hole are the contact points (Figure 2.3A). This straightforward connection
can reduce assembly time significantly. The first contact pad is a simple ring
contact designed to fit on the shoulder of the connector pin. However, this
design results in approximately 80% yield of all connecting pins due to the
chance of damaged contact pads during mechanically pressed between the
two connector pins as shown in Figure2.3B. Therefore a serrated annular ring
contact pad shown in Figure 2.3C was developed to relief mechanical stress

at the connector shoulder and improve the connectivity yield to almost 100%.
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Figure 2.3: A. Different electrode designs using the Milmax connector. B.
Damage on the contact ring due to the mechanical stress when clamping
two Milmax pins together to form electrical connection. C. Modified contact
pad with serrated annular ring designed to relieve mechanical stresses at
the pin shoulder and reduce the damage.

Figure2.3C (right) shows that mechanical stress was relief as the leaflets of
the contact pad can conformally wrap around the connector shoulder and
hence avoid an unnecessary damage.

Nevertheless, the DIP interconnect socket has one drawback that is
crucial in animal study practice. The difficulty associating with plugging
and unplugging the MilMax-connector headstage adaptor for each recording

experiment is not user friendly. Moreover, when plugging and unplugging
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the headstage adaptor a significant force is required creating an unnecessary
pressure and stress on the animal, especially the rat electrode design. Despite
this disadvantage, a 3D platform electrode shown in Figure 2.3A leverages
this tight contact of the DIP sockets and provides a stable platform for the

four-tethers monkey electrode.

32-channel TDT hea

Mﬁ-_.

Figure 2.4: A,B. Custom made PCB for double-sided ZIF headstage con-
nection with either a bottom contact (A) or top contact (B) flexible printed
circuit (FPC) connector. C. Input from electrode array (FPC) connector and
output to ZIF connector in the headstage. D,E. Illustration of the simplicity
to assemble the electrode array on a PCB via inserting in the FPC connector
and closing the latch. EG. User friendly ZIF headstage from TDT connecting
with the ZIF-adaptor PCB.
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Zero Insertion Force (ZIF) connector and Flexible Printed Circuit

(FPC) connector

Extending the simplicity of solderless connection scheme, another connector
commonly used for connecting the thin-flexible electrode cable is FPC con-
nector. The FPC connectors are available from many venders and come in
different packages with various number of contact position, type of contact
and spacing, depending on the manufacturer. Using the 32-channel ZIF-
headstage from Tucker-Davis Technologies (Figure 2.4F), a ZIF-FPC adaptor
printed circuit board was designed and mass-produced in order to achieve
the cost-effective device. This approach was used as shown in Figure 2.4A
(bottom-contact FPC connectors) for the electrodes designed for bilateral
implant studies where the electrode sites can be facing down on the cortex
and Figure 2.4B (top-contact FPC connectors) for those electrodes designed
for 32-channel electrodes suitable for non-human primate implant studies.
This adaptor PCB is not only cost-effective, but also user friendly as electrode
assembly can be easily executed by inserting the electrode cable and closing

the latch (Figure2.4D and E).
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3 MATERIAL CONSIDERATIONS FOR THIN-FILM NEURAL

INTERFACES

Neural interface devices are divided into two different categories that target
either the central nerve system (CNS) or the peripheral nerve system (PNS).
These devices show significant similarities in material choices and fabrication
methods but also key differences. As the PNS and CNS have different
nerve structures, the interface devices require a specific feature design to
maximize their signal recording quality and match the mechanical properties
of the target nerve tissue, such as stiffness and geometry. This chapter will
emphasis on neural interface that targets the CNS, a region where the brain
is soft and elastic [Guillaume et al. (1997)]. Thus, the creation of a suitable
neural interface device requires the choice of a flexible material with a
Young’s modulus close to that of the brain to minimize any biological and
immunological response due to its presence. Polyimide and parylene C are
the most frequently used materials for neural interface devices especially
ones that fall in the category of micro-ECoG since they are flexible with
Young’s Modulus of approximately 3.5 GPa for polyimide (HD microsystem)
and 3-4 GPa for parylene C [Hsu et al. (2009)], [Hassler et al. (2010)].

Both of these materials have unique properties and require a specific
fabrication process. Although the use of polyimide and parylene C as

encapsulating materials for neural implant device have been reported [Hassler
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et al. (2010)], little characterization of these materials exists. Of particular
interest for implantable neural interfaces is their long-term behavior in a
chronic implantation context. This study aims to test the long-term stability
of electrode impedance, signal quality and biological response of the devices
with polyimide and parylene C encapsulations. Different methods are used
to approach this characterization work. First, a general idea of the behavior
of the electrode can be obtained entirely in-vitro by performing accelerated
soak-tests, to speed up the degradation of materials and transport of metal
ions. Although these test provide a good idea of the material resistance,
they do not provide information on the biological response of the implanted
device in the brain. In-vivo testing is ultimately needed to identify biological
reactions to the foreign body, including vasculature growth response, scar

tissue, bone growth and astrocyte, and microglia response.

3.1 Property changes of polyimide and parylene C

after accelerated soak test

A long-term assessment of the material insulation and mechanical properties
in a normal body temperature (37 °C) and normal biological environment
is a time-consuming process. The alternative is to accelerate the process by
elevating soaking temperature of phosphate buffered saline (PBS) to 90°C
to assess various possible failure mechanisms including corrosion, wear and
delamination of the implantable microdevices. The relative time scale of the
accelerated test can be evaluated by using the classic Arrhenius equation for

acceleration of degradation by temperature in a first order chemical reaction
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or diffusion process [Whitmore and Schenkelberg (1997)]. The estimated
stability at 90 °C for 1 day is assumed to be equal to 236 days of stability in
body temperature (37 °C).

We tested in parallel neural devices fabricated out of polyimide and
parylene C materials and recorded various physical, chemical and material
properties over time. These tests include measurement of impedance changes
over time, as these could suggest changes in the electrode surface morphology
due to the accelerated electrolysis or oxidation as well as possible failure
of the encapsulating material due to delamination. The test also record the
variation in the materials tensile strength or Young’s Modulus that could

indicate any sign of degradation and moisture absorption.

Tensile strength

Mechanical properties such as tensile strength and strain were measured for
both polyimide and parylene C electrodes to understand the correlations
between the mechanical degradation of the substrate polymer and failure
of the thin film electrode array observed during long term implantation.
A number of American Society of Testing and Materials (ASTM) standard
specimens of polymide and parylene C were soaked in accelerated condition
for 30 days. The tensile strength of the polyimide and parylene C thin film
was measured with specimens fabricated using the ASTM D638-03 process
with a Tensile Testing machine (MTS system, MN, USA). The specimen has
a thickness of 20 um, a gauge length of 63.5 mm, and a gauge width of
3.18 mm. Each tensile strength data point was obtained using at least 3

specimens.
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Stress-strain analysis of thin parylene C film shows relatively small values
of tensile strength (approximately 80 MPa) and around 160-190 MPa for
polyimide specimens as shown in Figure 3.1A. Their initial tensile strength
were similar to manufacturer data sheets and decreased after a few days
of soak test. The tensile strength of both polymers appear to be stabilizing
after a period of 30 days, although parylene C appears to have more stable
tensile strength over the time. This discrepancy could be explained by the
different moisture absorption of each thin film [Hennig et al. (2004)], i.e. less
than 0.1 % for parylene after 24 hours (from Special Coating Systems data
sheet) compared to 1.3% for PA-4100 Polyimide film (HD Microsystems data
sheet). Despite of the slight decreasing of tensile strength from these the
preliminary data, both polymers appear to be stable for more than 20 years

based on the time scale calculation given by the Arrhenius law.
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Figure 3.1: Tensile Strength and Electrical Impedance of the polyimide and
parylene C devices correspond to accelerated soak test time. A. Variation
of polyimide and parylene C tensile strength after accelerated soak tests. B.
Variation of the polyimide and parylene C electrical impedence showing a
stable trend after day 12.
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Electrode impedance

The consistency of the electrical recording is a central aspect in developing
chronic implantable devices providing a reliable signal upon which biological
conclusion can be drawn, diagnoses and treatments can be performed, and
BCI can be developed. It has been suggested that polyimide can experience
high water vapor adsorption, which can lead to swelling and delamination
of metal/polyimide interfaces [Blum et al. (1991)]. The parylene-based
implantable electrodes reported by Wen Li et. al suggest that the moisture
absorption may be the cause of failure as a large increment of electrical
impedance in accelerated soak test were observed [Li et al. (2006)]. To
assess the change of impedance due to an accelerated soak test condition,
the connected micro-ECoG samples were soaked in a custom made test
tube sealed with PDMS lid containing phosphate buffered saline solution
at 90°C and measured electrode impedance once per day for 30 days.
General mechanical failure such as degradation and delamination can also
be observed.

The preliminary results shown in Figure 3.1B indicate that the electrode
impedances at 1 kHz of a set of five polyimide and parylene electrode pairs
soaked under accelerated condition are fairly stable after 12 day. The initial
fluctuations may be due to control issues originating from the custom build
experimental setup. These results suggest that both polymers withstand the
accelerated soak test condition and show that the polymer degradation and
platinum electrode corrosion may not occur significantly enough to increase

the electrode impedance. These accelerated in-vitro electrode impedance
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measurement results indicate that both polyimide and parylene neural
interface device could be stable for more than 20 years in normal body
temperature using Arrhenius-equation model. Nonetheless a chronic implant

study in rats is necessary to reveal additional sources of electrode failure.

3.2 Chronic implant studies in rats

In addition to the material considerations, chronic implanting of neural
devices poses significant challenge due to the biological response of the
organism. Biological reactions to foreign objects, including vasculature
growth, scar tissue, bone growth and astrocyte, and microglia response are
possible mechanisms of device failure over time. Verifying that there is no
significant immunological and biological reaction observed after at least 6
months is important for developing effective neural interface devices, but
also critical to start non-human primate studies and ultimately clinical trials.
Therefore, we performed chronic implant studies in rats to test thin-film
electrode impedance stability, quality of recording signal, durability of the
entire equipment setup including the connector and biological reaction of
the electrode in-vivo over a long time period. Polyimide and parylene C
neural devices were implanted bilaterally on rat brains in order to compare

the induced biological responses in the living condition.
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Figure 3.2: A. Polyimide and parylene C electrodes with ZIF-FPC adaptor
board assembly. B. Bilateral craniotomy for polyimide and parylene electrode
placement and stereotaxic tower for lowering and placing the electrodes
on the cortex. C. Location of electrodes and ground/reference screws. D.
Sealing of the craniotomy and securing of the entire head cap with acrylic
for long-term studies.

Methods and materials
Micro-ECOG implantation

Rats were implanted with an epidural micro-ECoG electrode over sensori-
motor cortex. Three male Sprauge-Dawley rats weighing approximately 300
grams were selected. Surgical methods closely follow previously published
work [Williams et al. (1999)], [Rousche et al. (2001)]. The animals injested
buprenorphine (0.05mg/kg subcutaneous injection) for analgesic control

during the surgical implant procedure. Subsequently, they were induced
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with 5% isoflurane gas and then maintained on 1.5-3% throughout the dura-
tion of the surgery. Following isoflurane anesthesia, rats were placed into
a stereotaxic frame, and the scalp shaved and prepped with alternating
povidone iodine and alcohol. After the initial incision, exposed skull was
cleaned and dried. Two stainless steel screws (size 00-80), one for attachment
of a ground wire, and another for mechanical support, were attached to
the rostral and caudal areas of the skull (Figure 3.2B). Next, UV curable
acrylic (Fusio) was placed on the periphery of the exposed skull to provide
an anchor for the attachment of future acrylic. A small craniotomy (5mm x
5mm) was made using a spherical burr (Dremmel #106, 107) made for use
with a high speed surgical drill. After exposing the dura, the micro-ECoG
was placed epidurally onto the somatosensory area of the cortex. GelFoam
(Pharmacia and Upjohn Co, New York, NY) was placed on top of the elec-
trode to protect the device and the brain tissue. The connector was then
cemented onto the skull with acrylic, and a cap was made to encapsulate
and protect the electrode. The wound was closed using a purse string suture
(3-0 vicryl absorbable). Triple antibiotic ointment was added to the wound
during closing to prevent infection. Rats were monitored post-surgically
until they were ambulatory and showed no signs of pain or distress. An
additional dose of buprenorphine was given 8-12 hours after the initial dose
to relieve any pain the animal may have been experiencing following the
surgery. All procedures were approved by the Institutional Animal Care

and Use Committee at the University of Wisconsin Madison.
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Cranial window implantation

Biological reaction can also be observed in-vivo by utilizing the cranial
window surgical technique [Forbes and Wolff (1928)],[Morii et al. (1986)]
that allows imaging in real time of the brain surface. The cranial window
implantation for in-vivo brain imaging was done similarly to the previously
mentioned surgical technique. Instead of covering the implanted device
with the gelfoam and UV curable acrylic, the devices were placed on the
craniotomies and covered with 5 mm circular glass coverslips to create the
window through which the electrode array and the brain surface could
be imaged over time (Figure 3.6). The perimeter of the craniotomies were
then covered with thin gelfoam and UV curable acrylic to seal the entire
window. Under the cranial windows, the electrode arrays was carefully

placed without applying excessive pressure on the cortex surface or dura.

In-vivo imaging through cranial windows

During the imaging procedure, the animal were anesthetized without causing
any respiratory depression under Dexmedetomidine (100 ug/kg) and the
heart rate and oxygen level were monitored regularly. Under anesthesia, the
rats were fixed with the sterotaxis and ear bars to minimize the breathing
pulsation during the imaging. The bright-field images of the brain surface
and electrode array were taken from the upright microscope (Nikon). Then
the fluorescein isothiocyanate-dextran (FITC-dextran) (10-100 mg/kg in 0.2ml
saline) was administered via tail vein injection in order to make blood vessels

fluoresce under the blue light. The blood vessels formation and growth
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were observed closely and imaged twice a week. The rate of angiogenesis
occurs on polyimide electrode in comparison with the parylene C electrode
was determined. At the end of the imaging session Atipamezole (up to 100

ng/kg) was administered to reverse the Dexmedetomedine effect.

Histology of the brain

After the implantation ended, the rat brains were fixated using 4% paraformalde-
hyde solution under the deep anesthesia with pentobarbital (120 mg/kg)
and 5% Isoflurane gas anesthesia throughout the procedure. Before the
fixation initiated, the transcardiac perfusion with phosphate buffered saline
was applied for 10 mins and then follow with 4% paraformaldehyde solution
for 10 mins. Following perfusion, brains were stored in the Hank’s Balances
Salt Solution (HBSS) with Sodium Azide (90mg/L).

Rat brain was then sliced at 80 um using a vibratome and immersed in
Hank balance salt solution (Sigma-Aldrich) with sodium azide (90 mg/L).
Brain sections were then stained for GFAP and IBA-1 markers, characteristic
of astrocyte and microglia expression. Sections were washed in Hank
buffer-HEPES with sodium azide solution and then sodium borohydride
(452882, Sigma-Aldrich). After rapid rinsing, sections were washed with
1-2% Triton X100 (X100, Sigma-Aldrich). Then soaked in 5% Brovine Serum
Albumin (BSA, Sigma-Aldrich) overnight. Primary antibodies used were
rabbit anti-GFAP (anti-GFAP raised in rabbit, G4546, 1:500; Sigma Aldrich)
and rabbit anti-IBA1 (1919741, 1:800; Wako). After washing with 0.5%
weight Tween 20 (P1379, Fisher Scienctific), sections were then incubated in

secondary antibodies Alexaflour488 anti-rabbit (A-11029, 1:200; Invitrogen)
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and Alexafluor568 anti-rabbit (A-11036, 1:200; Invitrogen). Tissue slices
were then washed with Tween solution and mounted on the glassslide with

prolong gold (see more details in Appendix D).

3.3 Results

The chronic implant results obtained from this preliminary stage could indi-
cate whether different encapsulating materials like polyimide and parylene
C have any impact on the electrode impedance and signal quality in the
long run. This section presents more details on the electrode impedance

characteristics and signal quality monitoring in alive animals.

Impedance monitoring

The impedance measurements from the 32-channels electrode (16-channel
for each side) chronically implanted in 6 rodents were taken weekly for
3, 6 and 12 weeks to monitor the changes in magnitude and phase angle.
These changes are illustrated with the Nyquist plots of an example rat (M25)
shown in Figure 3.3. The R-X relationship of impedance spectrum across
the electrode array was very linear a week after implantation (dark blue);
however, there is a slight increase in impedance magnitude similarly to
other published studies [Takahashi et al. (2003a)], [Henle et al. (2011)]. After
implantation for 3 months (orange), the impedance plots appear to have
higher real component and no longer exhibit the linear relationship between
R and -X, and have a slight variability of the imaginary component of the

impedance spectra. Hence, we hypothesize the existence of some biological
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Figure 3.3: Post-implant impedance spectra of M25 (recorded weekly). De-
creasing of the complex impedance phase angle indicates an increase in
impedance possibly due to a mild tissue response on the electrode surface.
A. Example of impedance spectra of polyimide electrode channel 1-16 over 3
months and B. Examples of impedance spectra of parylene electrode channel
17-32 over 3 months.
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reaction to the foreign object presence after implantation.

When looking at the evoked potential response at 1 kHz, Figure 3.4
shows an increasing in the magnitude of impedance after week 2 for both
polyimide and parylene devices. Following the increase, Figure 3.4C and D
show that the electrode impedance at 1 kHz stabilizes after week 6 in all
animals. This increasing of electrode impedance amplitude is observed in
all rats and could be due to the thickening of the dura or a thin layer of
bone tissue growth underneath the electrode. These results will be discusses
further at the end of the chapter. Furthermore, the electrode impedance
recorded on an individual site of mouse M25 (Figure 3.4E) as well as the
average impedance from mice ID M46, M47, M26, M27 and M24 (Figure
3.4A, B, C, D and F respectively) show no significant difference between

encapsulating materials confirming the results found in-vitro testing.

Signal quality monitoring

The slight elevations of electrode impedance described in the previous
section raise a question whether high impedance magnitude has any effects
on post implant signal quality. To monitor power spectrum across the entire
electrode array and their signal quality, weekly baseline recording and evoke
potential stimulation were performed after dosing with Dexmedetomidine
(50-500 pg/kg). During the entire baseline and evoke potential stimulation
procedures, the oxygen support and warm waterbed were provided to keep
the rats in stable condition. At the end of the recording procedures, an equal
amount of Atipamezole was injected to reverse the sedative and analgesic

effects of dexmedetomidine.
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Figure 3.4: Post-operative impedance data at 1kHz of a number of rat (n=6).
All 6 rats show an increasing trend of the impedance at 1 kHz starting
from week 2, stabilizing after week 5. A. and B. Averaged impedance of
the electrodes at 1 kHz over 3 weeks of M46 and M47, respectively. C and
D. Average impedance at 1 kHz data of M26 and M27, respectively over
6 weeks. E. An individual electrode impedance plot of M25 shows that
impedance over 12 week period was stable up to 2 weeks then reach the
stabilized level after week 5. F. Averaged impedance at 1kHz of M26 over
12 weeks, showing similar trend to other rats. (The average data excluded
some dead channels that failed due to the connector problem.)
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Figure 3.5: Power spectrum of baseline recording and evoked potential
response from an rat M25. A. The power spectrum of 32 electrode sites on
a polyimide and parylene electrode illustrating the slight power decrease
particularly at a lower frequency ranges. The noise at 60 Hz is due to the
absence of filtering. B. Evoked potential response of polyimide and parylene
C devices using an air puff stimulation and control baseline recording in a
rat after 2 weeks post-implant.
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The baseline recording and evoke potential recording were performed
using data acquisition system from TDT (Tucker-Davis Technologies, Alachua,
FL). However, the evoke potential stimulation is performed by means of
an airpuff stimulation on the rat paws using a digital dispenser (DX-250
series, OK International, Germany) with a setting of 20 psi and 40ms per
pulse/puff. Figure 3.5A illustrates a slight decrease of power spectrum of
the baseline recording from 32 electrode sites of polyimide and parylene
electrodes representing the similar result in majority of the sites for over 3
months. Signal power spectrum is decreasing after 3-4 weeks corresponds
to the slight increase of electrode impedances. The 60 Hz noise can also be
observed because this data representing an unfiltered data. Post-mortem
skull inspection also shows that thin layer of bone grows under the electrode
arrays. This could well be the cause of impedance change. An example of
evoke potential response of one rat (M25) at week 2 post-implant 3.5B shows
that both polyimide and parylene electrodes can record the evoked potential
response compared to the baseline control response. This is shown by the
larger signal magnitude up to 100 uV on the contralateral cortex after foot
stimulation. For comparing the encapsulating materials, the earlier results
shown in Figure 3.5B is presented since at the early stage the electrode
impedance across 32 channels are very similar (Figure 3.4A and B). Both
power spectrum of baseline recording and evoke potential response from

polyimide and parylene device show no significant difference.
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Biological response

In-vitro cytotoxicity for polyimide and parylene C materials have been ex-
tensively studied [Richardson et al. (1993)], [Rubehn and Stieglitz (2010)],
[Kaminiska et al. (2009)], [Chang et al. (2007)], however it is relatively un-
known if these models are predictive of the in-vivo response. In general,
biological response of the surface electrode array is commonly thought to
be minimal due to the relatively minimal invasive nature of the platform.
Experimental evidence supporting this assumption will be presented in this
section. In addition to the conventional immunohistological readout of the
tissues underneath the electrode array, the realtime in-vivo vasculature and
tissue response of the electrode array was monitored through the use of

cranial window.

In-vivo window imaging for vasculature response observation

Micro-ECoG electrode is implanted on top of the dura; therefore it is often
assumed that there is little biological reaction after a long period of implan-
tation compared to the penetrating electrode. However, though the implant
device material is a biocompatible and chemically inert, it is believed that
an onset of Foreign Body Reaction (FBR) occurs due to the adsorption of
the protein to the materials [Wilson et al. (2005)] as well as hypoxia. To
verify the reaction of the brain to the micro-ECoG platform in-vivo, a cranial
window was made for direct imaging the surface of the brain. Clear cranial
windows enable both bright-field and fluorescence imaging as shown in

Figure 3.6. An important factor controlling the composition of the adsorbed
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layer is the hydrophobicity of the material [Tang and Eaton (1993)]. Since
the polyimide surface has higher hydrophobicity than parylene C surface, I
hypothesize that the adsorption of the proteins and antibodies that could
initiate inflammatory process on the polyimide is likely to be higher than

that on parylene C surface.

A.

Microscope
ZIF Parylene C electrode

connector .
= Polyimide electrode
o 5mm in dia. glass coverslip

UV curable acrylic

New blood vessels 3

Figure 3.6: A. Cross section view of the cranial window and electrode
implantation with polyimide on the left craniotomy and parylene C on the
right craniotomy and covered with the glass coverslips. B. Bright field image
of polyimide electrode array 4 days after implantation shows new blood
vessel formation through the holes, particularly more on the lower right
corner. C. No new blood vessels formation observed on the parylene C
electrode 4 days after implantation.
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Figure 3.6B shows that there was new blood vessels formed around the
edge of the polyimide electrode array, particularly near the bottom right
corner of the window. This formation of new blood vessels or angiogenesis
is believed to be part of the progression of Foreign Body Reaction (FBR)
[Luttikhuizen et al. (2006)]. The cranial window in Figure 3.6C clearly
shows that the brain surface under the transparent parylene C electrode
array has no visible biological reaction, such as new blood vessel formation,
inflammation and bone growth 4 days after implantation. The red spot
under the dura on the right of the electrode array in Figure 3.6C is not
related to the electrode array as it was observed during the surgery and
before electrode implantation. From this first stage of implantation, the
appearance of the new blood vessel formation on the polyimide electrode
array suggests that it has faster onset biological reaction than parylene C
material. However, the vasculature formation observed is minimal as it does
not promote thick scar tissues around the polyimide array. Compared to the
penetrating electrode arrays [Williams et al. (1999)],[Grand et al. (2010)], this
angiogenesis from the surface electrode array is minimal.

New blood vessel formation can be imaged clearly by staining the blood
vessels with FITC Dextran. Under the blue light (approx. 450 nm), FITC emits
green light as appears on the images shown in Figure 3.7. As mentioned
previously, polyimide has some new blood vessels formed around the right
edge of the electrode array (Figure 3.6B). Figure 3.7 A and C show clear
evidence that there are new blood vessels formed not only around the edge
of the polyimide electrode array at 4-day post implantation but they also

grow through the 300 um-diameter holes made for minimizing the electrode
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Figure 3.7: Vasculature response highlighted by FIT-C Dextran 4 days after
implantation: A. and C. New blood vessel formation (shown in green)
through every hole on the polyimide electrode array is easily observed,
especially around the lower right corner of the array. B. and D. Parylene C
electrode array has no visible new blood vessel formation through the holes
or on top of the array observed after 4 days.
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footprint and increase the ventilation. On the other hand, Figure 3.7C and
D show no obvious angiogenesis on top of the parylene C electrode array:.
The blood vessels that are visible in Figure 3.7C and D are the preexisting
blood vessels underneath the electrode array that can be seen since parylene
C material is naturally transparent. At day 6 and 10 post implantation, the
bright-field and fluorescence images of both polyimide and parylene C show
that the formation of the new blood vessels has extended and become larger
vessels (Figure 3.8A(i)). The white region on the right side of the polyimide
electrode array also appeared to be uncalcified bone tissues upon closer
inspection. This region has a large number of new blood vessels within
the layers as shown in Figure 3.8A(ii). The early stage of angiogenesis on
top of the electrode array was similar for polyimide and parylene C as
new blood vessels grew through the holes of the array (Figure 3.8A(iii) and
(iv)). However, angiogenesis of parylene C electrode occurred two days after
noticeable vessels growth observed on the polyimide side. At day 10, both
polyimide and parylene C electrode array were covered with uncalcified
bone tissues (inside dashed line) approximately 70% of the entire window
(Figure 3.8B(i) and (iii). The fluorescence images (Figure 3.8B (ii) and (iv))
confirm the existence of the blood vessels in the region believed to be bone
tissue. After 3 weeks of implantation, the uncalcified bone regions shown in
Figure 3.8B have become denser and thicker (Figure 3.9A and C). The blood
vessels also appear to be denser as some of the blood vessels have become
larger (Figure 3.9B and D).

Angiogenesis observed in this case perhaps is not only an indication of

minor biological response to the foreign body but it could also be there
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A. 6 days after implantation

Bright field Fluorescence (FIT-C)

jli®

Parylene C Polyimide

Polyimide

Parylene C

Figure 3.8: Vasculature response both bright field images and highlighted
by FIT-C Dextran images 6 and 10 days after implantation. A. At day 6
after implantation A(i) and (ii) show more new blood vessel formation and
some uncalcified bone growth on the right side of the polyimide electrode
array. A(iii) and (iv). New blood vessels start to grow through the holes
on the parylene C side at day 6 but considerably less than that on the
polyimide electrode. B(i) and(ii). At day 10, the white uncalcified bone
(inside dashed line) starts to cover approximately 70% of the polyimide
electrode area. B (iii) and (iv). The parylene C electrode has uncalcified bone
grows rapidly covering approximately 70% of the electrode area comparable
to the polyimide electrode.
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3 weeks after implantation

Bright field Fluorescence (FIT-C)

Polyimide

Parylene C

Figure 3.9: Both bright field images and highlighted by FIT-C Dextran images
3 weeks after implantation show thick bone layer covered almost 80% of the
electrode array.

for supplying nutrients for the newly formed osteoblast layers. Although
the bone tissue formation is undesirable for cranial window imaging the
fact that there was bone layer forming on top of the electrode array does
not deteriorate the electrode signal recording integrity. However, this thin
bone layer also observed under the electrode arrays after a few weeks of

implantation and will be discussed in the next section.

Histology and bone growth

Initial results show that the electrical aspects of both materials used for

neural device development demonstrate similar results. This means the
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A. 3 weeks implanted rat B. 3 weeks sham rat
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D. 6 weeks sham rat
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Figure 3.10: A. 3 weeks post-implant skull shows a thin layer of dura clearly
under the polyimide electrode array; however the dura is not easily observed
even though upon further inspection the thin dura also exists under parylene
C electrode. C. 6 weeks post-implant (M27) skull shows a reduced craniotomy
as the bone grew underneath each electrode. Smaller craniotomy on the
polyimide side and noticeable marks in the brain can be observed. E.12
weeks post-implant (M25) brain shows no immediate distinctive signs of
biological reaction but the craniotomy on both sides are completely closed
as thin bone layer grew underneath the electrodes. B,C and D Control rats
for 3, 6 and 12 weeks implantation show no immediate sign of reaction.



53

polymer degradation and electrode corrosion is not significant enough to
create distinctive electrical property differences for each material. However,
a more interesting finding resides in the biological response of the devices.
Upon preliminary visual inspection, the brain surface under polyimide and
parylene device appear to have some marks typical of bone growth on
some of the rats as shown in Figure 3.10. This may suggest that polyimide
and parylene C devices have different surface roughness, contact angle or
molecular structure that could result in different bone growth rate. Since
the number of animal used for this stage is small, solid conclusions on the
encapsulation material effect can not be made yet. However, the thin bone
layer was observed under both electrode arrays after 3-week implantation
(Figure 3.10A) by visual and physical inspection. After 6 and 12 weeks of
implantation, the bone growth has been completed showing craniotomies
covered with a thin layer of bone (Figure 3.10C and E). The results from
other 4 rats show the same trend (Images not shown). The control animals
for the 3 time points indicate that there is no biological response created
by the surgical procedures (Figure 3.10B, D and F. Further investigation
was performed using histoimmunological identification for detecting the
response of the astrocytes and microglia cells of these rats will be discussed
further in the next section.

The expected astrocytes and microglia response after the chronic implant
of the micro-ECoG device (3 weeks post-implantation) evaluated using
immunohistochemistry techniques are illustrated in Figure 3.11. Fluorescent
staining of astrocytes and microglia was performed with glial Pbrilliary

acidic protein (GFAP) (Figure 3.11) and ionized calcium binding adapter
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A. 3 weeks sham rat

1000 pm

Polyimide

D. Under parylene C electrode
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Figure 3.11: Immunohistochemistry images of labeled astrocytes from a rat
brain after a 3-week chronic implantation with a polyimide and parylene C
electrode from previous experiments. A. Astrocyte distribution imaged by
staining for GFAP of a 3-week implantation control rat shows mild reaction
of astrocytes underneath both craniotomies. B. Population of astrocytes
underneath both electrode arrays is slightly less populated right under the
electrode as some astrocytes may have migrated away from the foreign
objects, indicating a mild astrocyte activation. Further away from both
electrode array show a normal astrocyte distribution. C. A close-up image
of the area under polyimide electrode array indicates that right under the
electrode there is a 100 pm void region of astrocytes below the dura as they
migrate to the next layer (100-200 um) below the surface. which appears
to have higher population of astrocytes. D. A close-up image of the area
under parylene C electrode array shows similar distribution of astrocytes
compared to the polyimide electrode side.
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A. 6 weeks post implant
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(i) Control Rat

(ii) Implanted Rat

B. 12 weeks post implant

(i) Control Rat

(ii) Implanted Rat

Figure 3.12: Immunohistochemistry images of labeled astrocytes from a
rat brain after a 6 and 12 week chronic implantation with a polyimide and
parylene C electrode from previous experiments. A. (i) Astrocyte distribution
imaged by staining for GFAP of a 6-week implantation control rat shows mild
reaction of astrocytes underneath both craniotomies. A(ii) Astrocyte reaction
under the parylene C electrode array (left) has minor aggregation under the
electrode area similar to the control in A(i). but under polyimide electrode
array (right) is similar to the parylene C and control except some visible
tissue damage due to the surgical procedures. B. Population of astrocytes
underneath both electrode arrays after 12 weeks have similar results to both
3 and 6 weeks implanted rats.
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A. 3 weeks sham rat

B. 3 weeks implanted rat

Under parylene C : Under polyimide
C. 6 weeks sham rat

D. 6 weeks implanted rat

Under polyimide Under parylene C

E. 12 weeks sham rat

Under parylene C Under polyimide 1000 p

Figure 3.13: Immunohistochemistry images of labeled microglia from a rat
brain after 3, 6 and 12 weeks of chronic implantation with a polyimide and
parlene C electrode. A. Microglia distribution imaged by IBA-1 staining of a
3-week control rat implantation shows minimal microglia activation on both
sides. B. Microglia distribution labeled with IBA-1 antibody of a 3-week
implanted rat shows a minor microglia activation under the electrodes and
the area further away from the electrode has relatively even distribution of
microglia. C. and D. At 6 week after implantation, both control and implanted
rats show minimal microglia activity under the craniotomies. E and F. After
12 weeks of implantation, microglia has relatively even distribution on both
sides suggesting that the reaction to the foreign objects has been resolved.
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molecule 1(IBA1) antibodies (Figure 3.13), respectively. The distribution of
astrocytes appears to be higher in the area under the electrode than areas
further away suggesting a mild astrocyte response but not sufficient to form
the thick tissue scaring that is common for penetrating electrodes [Grand
et al. (2010)], [Williams et al. (1999)], [Seymour and Kipke (2007)], [Seymour
and Kipke (2006)] (Figure 3.11C and D). Microglia, however, appears evenly
distributed in all areas (Figure 3.11). This results is expected because the
microglia response usually occurs in the first two weeks and then resolves
[Wirenfeldt et al. (2011)]. Seeing no abnormalities in microglia distribution
and morphology after 3 months of implantation is a good indication of
material biocompatibility and adaptation of the brain to the micro-ECoG

device (Figure 3.12).

3.4 Conclusions

Finally, the properties of polyimide and parylene C can be summarized in Ta-
ble 3.1. The chosen photodefinable polyimide material makes the fabrication
process simpler and posses a good adhesion between each layer. However,
at the end of the fabrication process the device releasing time is long (up to
5 hours). It also need 5 hours curing time at high temperature (375 degree
celsius). On the other hand, parylene C does not require curing time and
device releasing from the Si wafer substrate is instantaneous. The disadvan-
tages of parylene C device are the development of adhesion problems, long
deposition time and multiple steps of etching for patterning. By comparing

only the fabrication process aspect, polyimide and parylene C have com-
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parable advantages and disadvantages. The electrode electrode dielectric
strength, moisture absorption, electrode impedance and biological reaction
are comparable for both materials. The main distinct property of parylene C
is its light transmittance that is superior to the polyimide; therefore parylene
C is better for any applications that requires transparent material, such
as cranial window imaging and devices for optical applications. For the
device that will be exposed to high temperature (above 300 degree celsius),
polyimide would be a clear choice. Moreover, parylene C is more versatile
material particularly for micro-ECoG device than polyimide, especially for

window imaging and optogenetic-related device.

Polyimide Device Parylene C Device
L Pros Cons Pros Cons
Fabrication Process - Easily patterned - High curing - Environmental - Long patterning/
- Controlled temperature friendly deposition etching steps
thickness - Long curing steps - No curing needed - Adhesion
- Good adhesion - Long device - Instant device problem
releasing time releasing
- Controlled
thickness
Tensile Strength 180 MPa 70 MPa
Light transmission Not transparent (brown) Transparent (clear)
. s o . (M . @
Melting point 525 C 290 C
Dielectric strength 345 V/um" 220 V/pm @
Moisture absorption ] 0.06 % *
Electrode Impedance 30 kOhms 50 kOhms
(average at 1kHz)
Biological Reaction None significant reaction None significant reaction

Table 3.1: Summary table of the polyimide and parylene C properties,((1)
HD microsystems, (2) Special coating systems)
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4 CHRONIC IMPLANT STUDIES IN NON-HUMAN PRIMATE !

Electrocorticography (ECoG) has become an increasingly standard clinical
tool that has also spurred experimental exploration. Clinically approved
ECoG arrays are relatively large and new smaller scale devices (micro-ECoG)
are being developed using a variety of fabrication methods, materials, and
designs. Micro-ECoG arrays are poised to improve on both the degree of
invasiveness and signal quality by utilizing flexible electrode deployment
through smaller craniotomies and by increasing the spatial and spectral
resolution with higher density and smaller electrodes. To date, these clinical
devices have been built upon existing macro-ECoG platforms, and have not
leveraged contemporary microfabrication processes. Electrocorticography
(ECoG) allows reading cortical signals with a significantly better accuracy
than previous technologies such as the EEG. As such ECoG has been envi-
sioned as a powerful technique to improve the accuracy of Brain Computer
Interfaces (BCI). ECoG has been used in both monkeys and human patients
for many applications such as cortical mapping [Towle et al. (1995)], moni-
toring epilepsy [lida et al. (2005)], [Blanco et al. (2010)], [Luther et al. (2011)],
[Panagiotides et al. (2011)], spatiotemporal cortical mapping and monitoring

during word repetition [Felton et al. (2007)], [Edwards et al. (2010)], [Pei et al.

IThis chapter was adapted from the paper: “A micro- electrocorticography platform
and deployment strategies for chronic bci applications”, S. Thongpang, T. J. Richner, S. K.
Brodnick, A. Schendel, J. Kim, J. A. Wilson, J. Hippensteel, L. Krugner-Higby, D. Moran, A. S.
Ahmed, D. Neimann, K. Sillay, and J. C. Williams. Clin EEG Neurosci, 42(4):259 - 65, Oct 2011.
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(2011)] and motor task control [Leuthardt et al. (2004)], [Pistohl et al. (2008)],
Sanchez et al. (2008)], [Yanagisawa et al. (2009)]. The signal from an ECoG,
can also be leveraged for developing brain-computer interfaces (BCI), such
as controlling the P300 speller BCI [Brunner et al. (2011)], virtual keyboard
[Krusienski and Shih (2011)] and BCI2000 software [Leuthardt et al. (2006)].

The ECoG provides a significantly higher signal to noise ratio and spa-
tial resolution than the EEG as it benefits from a higher proximity of the
intracranial electrodes to the cortical surface. However, the spatial resolution
of ECoG due to its large electrode diameter (1-3mm) and inter-electrode
spacing (lcm) does not meet the requirement to record higher frequency
signals (>70Hz), known as higher gamma modulations analysis, during
motor tasks. ECoG is made out of silicone material and only designed for
short term implantation. Hence, micro-Electrocorticographic electrode array
was developed in order to improve the spatial resolution of the ECoG as
well as reduce the invasiveness of the device by shrinking its size. At the
early stages, microscale ECoG was developed using wire-lead bundles cast in
polymer mold and implanted in human subjects and successfully recorded
the brain signal from sensorimotor cortex [Ohara et al. (2000)], [Leuthardt
et al. (2009)] and Wernicke’s area [Kellis et al. (2010)] for a short period of
time.

Recently, thin-film micro-ECoG made of polymers such as polyimide
and parylene were developed and tested in small animals and rodents
[Takeuchi et al. (2005)], [Pellinen et al. (2005)], [Hollenberg et al. (2006)],
[Henle et al. (2011)]. Furthermore, these thin-film MEMs-based devices have

been implanted in monkeys and their chronic behavior is starting to be
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characterized [Rubehn et al. (2009)]. One of the problems in monkey chronic
implant studies for BClIs is the reliability issues inherent to the electrode
chamber and connection scheme durability. As mentioned previously, other
micro-ECoG arrays were not designed for a motor task control. In those
experiments the monkey’s head is fixed in a frame on the recording chair
while their motor task behavior is monitored daily. To go through many of
these sessions, the head chamber and the connectors for data acquisition have
to be robust and maintain the signal recording capability. Also, as described
in Chapter 2, these electrode arrays require meticulous hand soldering skill
and a long assembly time. Another problem is the invasiveness of the
micro-ECoG, although it is minimally invasive other research groups have
used surgical techniques that require almost half of the skull to be opened.
To minimize the invasiveness and the risk of infection, we have developed a
novel electrode and head chamber that reduce the size of the craniotomy
while providing sufficient electrode array coverage on the sensorimotor
cortex for BCI applications.

While there have been a number of previous studies that have described
several micro-fabrication techniques for producing micro-ECoG electrodes
for high resolution mapping experiments [Viventi et al. (2010a)], there remain
a number of hurdles towards the adoption of this technology in a clinical
setting. In this chapter I will present the developments made to improve
surface electrode technology, connection scheme and head chamber design
in order to facilitate chronic implantation in the sensorimotor cortex. These
studies were performed on rhesus macaques to demonstrate their potential

for BCI applications. Issues of signal quality and reliability will also be
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discussed as they are essential for the development of long-term implantable

devices.

4.1 Electrode and chamber development

Standard ECoG fabrication, involving discrete electrodes and wires em-
bedded in silicone, has been pushed to its practical limits in adapting to
the micro-ECoG spatial scale [Kellis et al. (2009)], [Leuthardt et al. (2009)],
[Blanco et al. (2010)], [Pei et al. (2011)]. Further advancements may involve
bio-microelectromechanical systems (BioMEMS) [Rubehn et al. (2009)], [Hol-
lenberg et al. (2006)], [Viventi et al. (2010b)], [Toda et al. (2011)]. Because
the development of BioMEMS devices utilizes photolithographic techniques,
many electrode variations can be produced in one batch, greatly reducing
the time required for the development and testing cycle. In addition, to
minimize the invasiveness of the implanting procedure, novel electrode and
chamber designs are presented.

Using the ZIF-FPC adaptor board shown in Figure 2.4B (top contact
FPC), we developed a novel design in which 32-electrode sites are facing
outward and down onto the brain surface (Figure 4.1 and 4.2A,B and C). The
micro-ECoG device forms a loop allowing for a solid and easy connection to
the adaptor board, as well as the implantation by sliding the electrode array
under the skull. The electrode site diameter and spacing are optimized to
cover the sensorimotor cortex. The chosen electrode size were 500 pm in
diameter with 3 mm spacing. However, the spatial resolution can be easily

increased by using pre-amplifier headstage allowing for more input channels
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and the corresponding ZIF-FPC adaptor board.

The electrode design shown in Figure 4.1A or its fully assembled form
shown in Figure 4.2A leverages the hydrophilic nature of the polymer
allowing the electrode to couple with the brain surface and allow small
displacements without damage. Bending the legs of the device produce a
small spring-force that help keep the device in contact with the dura or pia
matter without breaking electrode contact with the brain surface. This is
important for chronic ECoG monitoring, as in clinical applications the brain
can move relative to the skull. The device presented in figure 4.1B utilizes
the flexibility and robustness of polyimide and parylene C to create a large
cortical surface contact area that can be slid under the cranium with the
help of a stainless-steel wire. This approach allows to implant a relatively
large device while minimizing the scope of the surgery required. With a
small rectangular craniotomy (approximately 19mm x 10mm, Figure 4.3C),
a 32-channel electrode array can be deployed to cover more than 160 mm?.
Using this electrode design technique it is straightforward to increasing the
cortical monitoring area without extending the scale of the craniotomy. In
addition, the fact that the electrode area is far from the craniotomy (Figure
4.2C and D), the risk of getting infection and biological reaction from the
surgery procedures can be minimized.

The head chamber is another important consideration of a good chronic
implantable device. A suitable chronic implant head chamber should be
a closed architecture in which the entire craniotomy is covered and sealed
to protect any possible infection in the wound edges or worse in the brain.

Some research groups have been using a semi-closed design head chamber
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A. 32-channel two-tether monkey electrode

Ground Electrode diameter = 300 microns
Electrode spacing =2 mm

B. 32-channel loop monkey electrode
Reference (2.5mm dla)

;.E//—xx\llt-—\/
-—\_!f\\*'—/\

Electrode diameter = 500 microns Ground
Electrode spacing = 3mm 1cm

Figure 4.1: A. 32-channel two-tether monkey electrode design and B. 32-
channel loop monkey electrode design

as the researcher can open and close the headcap when needed [Schmidt
et al. (1976)], [Betelak et al. (2001)]. Although a headcap is acting as a
barrier of the brain and outside environment, it is challenging to keep it
completely sealed. More recently, a completely sealed head chamber for
penetrating micro-electrode [Kipke et al. (2003)] was reported specifically
for its reliability and clinical benefit.

In this section, I present two technologies for designing head chambers
for chronic implants in rhesus monkeys. The first is applied for developing
a head chamber for a short-term chronic implant (less than 3 months) and

the second for long-term chronic implant (more than 3 months).
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B Phase | Chronlc Monkey Electrode chamber|

L 4 Skull

Dura oo oo
Cortical Cortex
Electrode sites

D. Phase Il Chronic Monkey Electrode Chamber

Figure 4.2: A. 32-channel electrode cable using ZIF-FPC adaptor PCB (top-
contact FPC). B. Phase I head chamber for short-term chronic implant made
from a PET plastic bottle neck and cap. C. Cross section illustration of the
loop-electrode design implantation on the dura with minimal craniotomy. D.
Phase II custom design head chamber for long-term chronic implant made
from ACETAL plastic material

PET plastic head chamber design

The basic requirements of an acceptable chronic implant headcap mate-
rial are excellent moisture barrier, lightweight, durable and biocompatible.
Polyethylene terephthalate (PET) was chosen because of its appropriate size,
durabulity and availability. Since this plastic is a clear thermoplastic that
can be cut and modify easily, the head chamber for the initial tests (3 cm in

diameter) was put together as shown in figure 4.2B. The electrode array and
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connector are placed in the middle of the chamber and casted with the UV
curable acrylic (Flow-IT ALC™) and silicone elastomer (Polydimethylsilox-
ane (PDMS), Slygard ® 184). By placing the electrode/head chamber on the
craniotomy, the electrode is self-seated on the dura easily. To fix the head
chamber on the skull permanently, a triangular-ring shape titanium sheet
(0.125 inch thick) was added to increase the strength by fixing three bone
screws through the holes on its tabs. Everything was then sealed with the
dental acrylic to completely close the carniotomy. We have observed that
this first design is only able to stay intact on a fully awake monkey behavior

condition for around 2 months due to the failure of the screw tabs.

Custom design plastic head chamber

Subsequently, we modified the design of the head chamber and utilized a
semi-crystalline material, ACETAL (DELRIN®), that provides high strength
and stiffness with enhanced dimensional stability and ease of machining
(Figure 4.2C). This material also characterized by a low coefficient of friction
and good wear properties that are desirable for a chronic implant head
chamber. The chamber was machined from a 3D CAD design (SolidWorks®),
and designed to fit a ZIF-FPC adaptor PCB precisely at the center resulting
in compact size head chamber (15 mm in diameter) as shown in Appendix
C. Although, the dental acrylic provides an airtight seal, a chamber cap is
also essential for keeping the electrode connector clean and safe inside the
chamber (Figure 4.2C (right)). In addition, a set of small fixed screws on the

cap was used to prevent the monkey from opening the cap.
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4.2 Pre-Implant Impedance Testing

The impedance of the electrode has significant impact on the recording brain
signal quality. An increase in impedance due to the changes in electro-
chemical phenomena, such as corrosion process or electrodeposition, at the
interface between a metal and an aqueous solution as well as scar tissue for-
mation, could reduce the recording signals [Williams et al. (2007)]. For these
reasons, pre-implant impedance testing and weekly impedance measure-
ments were performed to monitored changes in impedance of the electrodes.
In-vitro impedance measurements were made with a two-electrode set up
(with stainless steel counter electrode) using an Autolab potentiostat (PG-
STAT12, Eco Chemie, Netherlands) in PBS solution. The impedance spectrum
was measured at a range of frequencies from 100 Hz to 100 kHz, in logarith-
mic steps. The impedance of the electrodes used in these monkey chronic

implants are ranging from 5-30 kOhms at 1 kHz.

4.3 Surgical techniques

Proper surgical technique, that minimizes stress to the animal, is important
for its survival given the importance of the procedures perfromed. The
monkey’s vital signs have to be regularly monitored and recorded to reduce
the chance of brain-damaged. An aseptic technique was applied throughout
the surgery procedures in addition to thorough sterilization of the electrode
array and surgical tools. By minimizing the craniotomy using the chamber
and electrode array developed here, the risk of infection and mortality of

the animal after the operation and operating time can be reduced.
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Chamber

Ground/Ref i T Electrode array

Figure 4.3: A. Top view diagram of an implant on the sensorimotor cortex
of a rhesus monkey. B. Cross-section view showing the chamber and the
electrode position. C. Rectangular craniotomy and electrode deployment
under the skull. D. Placement of the head chamber and the titanium straps.
E. Application of the dental acrylic to keep the head chamber sealed and
fixed in place for long-term chronic implant.

Survival surgery procedures approved by IACUC were done in rhesus
macaques (n = 3) using the electrodes and chamber designs shown in Figure
4.2 and the deployment method shown in Figure 4.3. Rhesus macaques were
chronically implanted with a microelectrode array over the right sensorimotor
cortex region, centered 14 mm anterior of the ear bar line and 14 mm laterally
off the mid suture (Figure 4.3A). The monkeys were first anesthetized with
Ketamine (10 mg/kg) for surgical preparations including vital monitor
positioning and intubation. Isoflurane (0.5-5%) was used for anesthetic

induction and maintenance during the non-recording parts of the procedure.
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Following anesthetic induction, monkeys were placed into a stereotaxic
frame, and the scalp shaved and prepped with alternating povidone iodine
and alcohol. After the initial incision, exposed skull was cleaned and dried.

To obtain interoperative recordings, ketamine/fentanyl continuous rate
infusion was initiated just before the skull was opened and isoflurane con-
centration maintained at 0.5% or less. A small hole was drilled through
the skull until dura was exposed, and a stainless steel screw (size 4-40)
was used for attachment of a ground wire. Then a rectangular craniotomy
(19mm x 10mm) was made using a spherical burr (stryker) designed for use
with a high-speed surgical drill (Figure 4.3C). After exposing the dura, the
micro-ECoG array was inserted epidurally under the skull (Figure 4.3B) onto
the sensorimotor area of the cortex. GelFoam (Pharmacia and Upjohn Co,
New York, NY) was placed on top of the electrode to protect the device and
the brain tissue. Titanium straps were then placed to hold the head chamber
down and fixed with the bone screws (size 4-40) as shown in Figure 4.3D.
Extra titanium straps were added on the surrounding area close to the head
chamber and fixed on the skull with the screws to increase the strength of
the acrylic cap. Finally, the edges of the head chamber base were sealed
with the dental acrylic and then all the surrounding area (up to 5 cm around
the chamber base) was covered with the dental acrylic (Figure 4.3E). After
suturing the skin edges around the chamber base, triple antibiotic ointment

was applied to reduce the risk of infection.
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4.4 Long-term signal recording

Initial signal recording procedures were obtained using standard methods to
elicit stimulus-evoked potentials, both interoperatively (as described above)
and chronically. For chronic recordings, light anesthesia (Ketamine, 10-
15 mg/kg) and pain relief drugs (Buprenorphine, 0.025-0.1 mg/kg) were
administered for the procedure and electrical simulation evoked potentials
were recorded. Multiple (n=60) short cathodic electrical stimulation (2 ms
pulse) of current 2-4 mA was applied with 25 gauge needle electrodes.
Neural activity was sampled at 3051 Hz using an RZ2 amplifier (Tucker-
Davis Technologies, Alachua, FL). A band-pass filter was set at 0.1 to 200
Hz.

Longitudinal baseline recording for power spectrum analysis of the micro-
ECoG over 23 weeks was performed. The power spectra of channels 1-16,
within the area of interest for the foot electrical stimulation, are illustrated
in Figure 4.4A. The power spectra of channels 17-32 also appear to be
stable. Baseline recordings, evoked potentials and electrode impedance
were obtained for 5 minutes weekly to ensure the long-term stability of the
micro-ECoG device. The baseline power spectrum was stable in most of the
electrode sites (Figure 4.4B). In sensorimotor rhythm, a mu band (8-12 Hz),
beta band (18-26 Hz) and gamma band (>40 Hz) are present and can be
recorded by the ECoG device.

With a 3 mm spacing, the non-human primate electrode arrays showed
a distinctive evoked potential amplitude between adjacent electrode sites

when the contralateral foot was electrically stimulated (Figure 4.4C). Higher
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Figure 4.4: A. Position of the electrode array on the sensorimotor cortex of a
non-human primate brain (Rhesus monkey). B. Power spectra of channel 1-16
over 23 weeks showing stability in long-term implant. C Evoked potential
response after electrical stimulation (2.5mA) of channels 1-16 on the motor
cortex of contralateral (left foot) compared to the control baseline recording
for week 2, 5, 8, and 23.
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evoked potentials were observed over the stimulated part of the cortex and
then faded out slowly towards the anterior (channels 17-32). With multiple
electrical pulse (2.5mA) stimulation, the evoked potential was observed up
to 80 uV in amplitude, this was large compared to the control baseline
recordings which were essentially flat. This demonstrates that the epidural
micro-ECoG device we developed has an acceptable signal quality and a high
spatial resolution, and does not have signal properties that are drastically
different than what has previously been reported from both micro and macro
electrode recordings.

Similarly the wavelet evoke spectrogram and evoked potential can be
plotted on top of each other (Figure 4.5A and Figure 4.5B) for week 2 and week
23, respectively. Through the use of the same stimulating conditions, the
high gamma band (>70 Hz) power is distinctively high within the stimulated
somatosensory cortex (foot area) and fade out slowly toward anterior. This
indicates that the electrode site size and spacing have acceptable spatial
resolution. Currently several BCI applications rely on the change in power
specific spectral bands associated with imagined motor movement [Felton
et al. (2007)], [Wilson et al. (2006)], [Miller et al. (2007b)], [Miller et al. (2008)],
[Wolpaw et al. (1991)]. Higher frequency power law range, x (76-150 Hz
[Miller et al. (2007a)]), has highest power in accordance to the stimulated
cortex. This high frequency was reported to have highest classification
percentage when performing the imagined hand and tongue movement
compared to lower frequency bands [Miller et al. (2007a)]. In summary, the
electrode array we designed is suitable for BCI application as it is capable of

recording a good resolution of this high frequency band.
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Figure 4.5: Wavelet evoked spectrogram of channel 1-16. A. After 2 weeks,
an electrical stimulation on the contralateral foot shows good recorded signal
quality with the evoked potential up to 80 uV and the wavelet spectrogram
shows high gamma frequency (>70Hz) power is high at the upper left corner
of the array (foot area on the cortex) due to the electrical stimulation. B.
Evoked potential and wavelet spectrogram of 23 week post-implant have the
same evoked potential level but reduce in high gamma power.
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These chronic implant preliminary results using the electrode arrays
and head chambers presented in this chapter demonstrate long-term signal
recording stability in a chronic rhesus macaque model. The power spectra of
the baseline recording and the evoked potentials of all sites were stable over 6
months (Figure 4.4B and C). Moreover, our collaborator, Prof. Daniel Moran
and his team, in the University of Washington at St. Louis has implanted
the micro-ECoG electrode arrays we developed in Rhesus macaques for at
least a year with no complications. Before moving forward to clinical trials,
an acceptable chronic implant electrode has to address issues related to

biological response in long-term.

4.5 Biological Response

Micro-ECoG has gained more interest among the BCI community due to
its minimal invasive and its robust signal quality. An important aspect for
successful BCI device is a minimal biological response. In the previous
section, I showed that the micro-ECoG developed present promising signal
quality over a period of 6 months. At the end of the experiment, we collected
the brain tissue of the primates in order to observe the biological response
at a cellular scale using immunohistochemistry to identify astrocytes and

microglia.

Tissues and immunofluorescence

The primate cortical brain tissue slices were acquired from a perfusion-fixed

rhesus macaque tissue underneath the electrode area [4% paraformaldehyde
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(PFA)]. All procedure was approved by Institutional Animal Care and Use
Committee of University of Wisconsin-Madison. The primate brain was
soaked in 4% PFA in PBS to fix overnight after perfusion and washed by
soaking in HEPES in Hank Buffered Salt Solution with sodium azide. Brain
was then sectioned at 80 um using a vibratome and immersed in Hank
balance salt solution (Sigma-Aldrich) with sodium azide (90 mg/L). Sec-
tions were then stained for GFAP (MAB360, Millipore) and IBA-1 (Wako)
markers, for astrocyte and microglia expression respectively. Primary anti-
bodies used were anti-GFAP (MAB360, 1:500; Millipore) and rabbit anti-IBA1
(1919741, 1:800; Wako). Sections were then incubated in secondary antibod-
ies Alexaflour488 anti-rabbit (A-11008, 1:200; Invitrogen) and Alexafluor568
anti-rabbit (A-11036, 1:200; Invitrogen). Tissue slices were then mounted on

glass slides (see more details in Appendix D).

Imaging collections and analysis

Tissue slice images were obtained from the multiphoton laser-scanning sys-
tem built around a Nikon TE300 microscope (LOCI, UW-Madison). Emission
wavelengths of 800 nm and 890 nm were used to image both fluorophores
and magnification was set at a 10X objective. The images were selecting
from the Z-plane that has the most expression of astrocyte and microglial
cells. The GFAP stained tissues for astrocyte were imaged with PMT of 0.37
and IBA1 for microglia were 0.38.

GFAP expression highlights the astrocyte morphology and distribution
under the electrode array (Figure 4.6). Qualitatively the astrocyte distribution

appears to be normal along the cortical cortex, both under the electrode
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array and further away from the device. Compared to the penetrating
probe astrocyte distribution after chronic implantation in which astrocytes
form scar tissue around the electrode [Williams et al. (1999)], [Kipke et al.

(2003)], the astrocyte activity shown in Figure 4.6 is minimal after 6 months

implantation.

Figure 4.6: Astrocyte morphology (inset) and distribution of one example
implant monkeys observed from GFAP antibody expression (green) appear
to be normal, no scar tissue underneath the electrode array and uniformly
distribution along the cortex after 6 months of implantation.

Microglia are the major glial cell type involved in wound healing response,
contributing 5-10% of the glial cells in the brain [Ling and Wong (1993)].
These cells perform similar functions to macrophages in the neural tissue, and
are recruited to the site of an invading foreign body to degrade it by secretion

of enzymes or clear it through phagocytosis [Polikov et al. (2005)]. When
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A.Under electrode array

1000 pm

B.Electrode Side C. Control Side

Figure 4.7: Microglia response to the injury due to surgical procedures
and foreign body presence is minimal. A. Evenly distributed microglia is
observed across entire brain section indicating inactivation state of microglia
after 6 months of implantation. B. The close-up view inside dashed line in
A. shows normal microglia morphology as they are in the highly branched
state, not amoeboid like cells. C. The microglia morphology and distribution
of the control side brain (contralateral to the implant) are similar to the brain
section under the electrode array shown in A and B.
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microglia are inactive, they display a highly branched state. When activated
via an injury mediated mechanism, these cells become more compact and
display an amoeboid morphology. Microglia distribution under the electrode
array in Figure 4.7A is homogeneous, indicating that the presence of the
electrode array does not activate the neural immune cells after 6 months of
implantation. However, microglial cells are known to be activated by the
presence of foreign body and traumatic injury during surgical procedures
starting from the implanting procedure up to 6-8 weeks [Luttikhuizen et al.
(2006)]. This may signify that the microglia were activated in early stages
and returned to their normal state after several weeks. Closer inspection
reveals that the morphology of microglia cells appears to be normal (Figure
4.7 B), in highly branched state, similarly to the microglia distribution on
the control side (Figure 4.7 C). These results allows us to conclude that
the electrode array induces minimal biological response, mainly due to two
factors: a more suitable electrode material and the development of minimally

invasive surgical technique.

4.6 Conclusions

The electrode performance during chronic implant in non-human primate
shows good signal recording quality, stability and robustness. The micro-
ECoG array we developed has shown good signal stability as the baseline
power spectrum, evoked potential amplitude, and spectrogram power were
not greatly reduced over at least 6 months. The head chamber design

and connectors are also strong enough to sustain the weekly recording
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sessions. Moreover, the biological reaction of the electrode array is very
minimal with normal astrocytes and microglia morphology and distribution
after 6 months. Longer term implantation and the use of our electrode
array for controlling virtual robotic arms are currently under investigation.
Preliminary results from Dr. Moran’s laboratory suggest that the micro-
ECoG platform developed allows a monkey to operate a virtual robotic arm
with several degrees of freedom. These studies will be pursued further to

develop tangible BCI applications.
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5 MICRO-ECOG ELECTRODE OPTIMIZATION WITH OPTOGENETIC

STIMULATION 12

Progress in microelectrode development and optogenetics has enabled min-
imally invasive neural interfaces that have the ability to interact with the
brain actively. This two-way interface could be used for the electrode opti-
mization in order to obtain the best possible spatiotemporal performance.
Recent advancement in optogenetics has lead the neuroscience community
to new possibilities for optimizing devices and techniques for obtaining
biological readouts and delivering cell type specific stimulation. The idea
of individually controlling one type of cell in the brain has been suggested
by Francis Crick since 1979 but has not been possible until recent advances
that enabled to turn genetically modified neurons on and off in response
to diverse color of lights [Boyden et al. (2005)], [Deisseroth et al. (2006)],
[Zhang et al. (2006)], [Adamantidis et al. (2007)],[Gunaydin et al. (2010)].
New materials and microfabrication techniques have enabled the creation of
micro-ECoG devices that are flexible and transparent, with a high density

of electrode sites. These arrays with transparent substrates, and transparent

IThis chapter was adapted from the manuscripts: “An optogenetic micro-ECoG neural
interfaceO, Thomas Richner, Sanitta Thongpang, Sarah Brodnick, Ryan Falk,Amelia Schen-
del, Lisa Krugner-Higby, Ramin Pashaie, and Justin C Williams, submitting to Journal of
Neuroscience.

Parts of this chapter was adapted from the manuscripts: “Micro-electrocorticography
Electrode Site Size Optimization with Optogenetic Stimulation”, Sanitta Thongpang, Thomas
Richner, Sarah Brodnick, Ryan Falk, Amelia Schendel, Lisa Krugner-Higby, Ramin Pashaie
and Justin C Williams, in preparation for Journal of Neural Engineering submission.
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metallization layers [Ledochowitsch et al. (2011)], have clear applications in
for in vivo optogenetics.

Micro-Electrocorticography (micro-ECoG) was originally developed for
recording brain electrical activity on the sub-millimeter scale, and it has been
applied to many neural interface applications. Thin-film technology enabled
flexible arrays with high channel count [Rubehn et al. (2009)], [Viventi
et al. (2010a)], long term stability [Rubehn et al. (2009)], [Thongpang et al.
(2011)], integrated circuits [Viventi et al. (2010a)], and degradable substrates
[Kim et al. (2010)]. The smaller electrode sites and interelectrode spacing
of micro-ECoG enable higher spatial and temporal resolution recordings.
However, optimizing electrode site size and electrode site spacing is not
straightforward, because the origin of the brain signal is not usually known
precisely, even for sensory evoked potentials. Combining optogenetics with
cranial window implantation is a promising approach for electrode site
optimization, because it allows for precise spatio-temporal activation of
specific groups of cells.

Many optogenetic animal models are now available including several
microbial opsins and their engineered variants ( see [Yizhar et al. (2011)]
for review). These opsins vary in wavelength sensitivity, ion selectivity,
conduction, and kinetics. Thus, the choice of the particular strain of mice
depends entirely on the application [Mattis et al. (2012)]. While channels
with fast off kinetics and high single spike reliability (e.g. ChR2/E123T
[Gunaydin et al. (2010)]) would be well suited for intracortical electrode
arrays to modulate multi-unit activity, channels with somewhat slower off

kinetics (e.g. ChR2/H134R [Nagel et al. (2005)]) are expected to be a better
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match with micro-ECoG arrays. One of the advantages of using slower off
kinetics is the lower light requirements, as well as the ability to observe
precise spatial patterns of neural activation and relaxation.

In this study, optical fibers and LEDs were used in combination with
cranial window imaging techniques to determine the optimal micro-ECoG
electrode site size and spacing. Optical fibers [Gradinaru et al. (2007)]
and waveguides [Aravanis et al. (2007)], [Arenkiel et al. (2007)] have been
employed previously for optogenetic applications. Technically, waveguides
could be integrated with thin-film microfabrication, but high density optical
connectors are difficult to fabricate. Alternatively, cranial windowing, a
surgical technique in which the craniotomy is sealed with a small glass
coverslip [Levasseur et al. (1975)], [Mostany and Portera-Cailliau (2008)]
allows direct optical access to neurons on the cortical surface. Blue LEDs were
combined with microscope optics to either broadly photoactivate the cortex
under the entire window, or to focally stimulate small region of cortex within
the window. Focal LED light was used at different brain surface locations to
activate Channelrhodopsin-2 (ChR2) expressing pyramidal neurons while
simultaneous electrophysiological recordings were made with a micro-ECoG
array. Stimulating with external optics through the cranial window is a
powerful technique characterize micro-ECoG performance in two spatial
dimensions, but there has been recent interest to relate micro-ECoG signals to
those deeper in the cortex. Deeper sources can generally be expected to have
lower amplitude and broader spatial distribution due to the electrostatics of a
distant source, so discriminating between multiple deep sources is generally

limited by the signal to noise ratio. Therefore, it is also important to optimize
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the micro-ECoG array with test signals at various depths. We used a LASER
coupled optical fiber to stimulate various depths while recording from the

micro-ECoG array.

5.1 Methods and materials

Mice electrode design

Custom micro-ECoG arrays were designed to meet the size constraints of
chronic implantation in a mouse. To fully understand the relationship
between the electrode size and its recording capability, three electrode
designs, shown in Figure 5.1D, were fabricated using parylene C as the
insulating substrate. Figure 5.1D(i) illustrates an electrode array of sixteen
electrode site (150 pm in diameter) arranged in a 4x4 grid. This design
has a 500 um hole near the tip for optical fiber insertion. The photoelectric
effect was determined using this array with equal site size and spacing. The
second design (Figure 5.1D(ii) has the same metal electrode size but the sizes
of the electrode openings are 200 (top row), 100, 150 and 100 pm in diameter,
respectively. In this case, broad photostimulation was performed using a
single bright LED placed 2-3 cm above the brain surface. The last design
minimizes the electrode footprint and increases the area for optical fiber
insertion for the focal photostimulation experiments. The masks required for
photolithography fabrication process were designed with Adobe Illustrator

and printed on with a high definition LASER printer.



84

+— Parylene C
~— Silicon wafer

—Lr/Au/Pt pattern

+=2nd coat of Parylene C
(Plasma pretreatment)

.I. .I. .I.._Thickphotresistpattern

(AZ 4620)

.I. .I. .I. Parylene C etching

using RIE

Romove photoresist

Release electrodes
in DI water bath

FPC Connector

L Contact pads

1= Polyimide

ZIF Connector

Parylene C
electrode array

stiffener

Figure 5.1: Mice electrode design and fabrication. A. Mice electrode
fabrication process. B. Fully assembled micro-ECoG and Printed Circuit
Board connecting the electrode array to the Flexible Printed Connector
(FPC) and the Zero Insertion Force (ZIF) connector. C. An example of mice
electrode designs bonded with thick polyimide adhesive sheet to fit the FPC
connector. D. Three different mice electrode designs (i) an electrode with all
electrode site size 150 pm in diameter, (ii) an electrode array with the same
electrode size but with various electrode site opening, 100, 150 and 200 pm,
(iii) a minimal footprint electrode array with various electrode site size (100,

200 and 300 um in diameter)
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Electrode fabrication

Micro-ECoG electrode arrays were fabricated using parylene C as a trans-
parent flexible insulating material sandwiching the electrode sites and in-
terconnecting metal layers. Similar to the electrode arrays designed for rat
implantation shown in Chapter 2 and 3, parylene C arrays were fabricated
by deposition of polymer layers using a chemical vapor deposition process,
patterning by simple photolithography followed by oxygen plasma etching
(Figure 5.1A). Parylene C was selected as a substrate for its optical transpar-
ent qualities. First a conformal layer of 15 um of parylene C was deposited,
followed by a photoresist layer. The photoresist was patterned using lithog-
raphy techniques and several metal layers ((10 nm Cr, 200 nm Au, and 20
nm Pt) were deposited on top. After a lift-off process, the second parylene
C layer of 10 um was deposited on the entire wafer. Two 24 um layers of
AZ P4620 photoresist (AZ Electronic Materials USA Corp) were spun on the
wafer and the electrode sites were defined. Openings in the parylene C layer
were obtained using oxygen plasma etching (RIE Unaxis 790). Finally, the
electrode arrays was released from the silicon wafer substrate in a water bath.
A 175 um thick polyimide adhesive sheet (LF polyimide sheet, Dupont) was
cut with a cutting-plotter (Craft Robo Pro) and bonded under the contact
pad area to add thickness and rigidity to the area which is required by the
printed flexible connector (FH26, Hirose). The backing polyimide sheet was
manually bonded with the electrode contact pad at 180 °C under 235 kPa
pressure for 1 hour (Figure 5.1C).

The simple electrode assembly is the key feature of the double sided
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Printed Circuit Board (PCB) with Flexible Printed Circuit (FPC) connector.
The boards were designed with Eagle (CadSoft) and the surface mounted
connectors were assembled (Imagineering Inc., Elk Grove Village, IL). The
parylene electrodes with polyimide backings were inserted into custom PCBs
being in physical contact with the FPC connector pins (Figure 5.1B). An
FPC connector (FH26, Hirose) accepts the electrode via contact pads that
are routed to a zero insertion force (ZIF) connector (DF30, Hirose). The ZIF
connectors are designed to be compatible with Tucker Davis Technology
amplifiers. This mechanical connection scheme was chosen due to the
difficulty soldering platinum, and the desire to more rapidly assembly the
electrodes. The electrode contact pads strengthen and assembly with the
connector board can simply be done in about a minute. After assembly,
the electrode impedance spectroscopy was used to ensure the electrical
continuity and typical impedance values (e.g. 50-600 kOhms at 1 kHz)at

every site prior to implantation.

5.2 Cranial window implantation

All procedures were approved by the University of Wisconsin School of
Public Health and Medicine Institutional Animal Care and Use Committee.
The initial approach was to implant a micro-ECoG array under a cranial
window (Figure 5.2A and B.) in optogenetic mice. Transgenic mice were
chosen over transfection methods for greater and more uniform expression
levels. The H134R variant of Channelrhodopsin-2 (ChR2) was chosen for
its longer off kinetics [Mattis et al. (2012)], [Gunaydin et al. (2010)], [Nagel



87

et al. (2005)], reducing the amount of excitation light required. While other
opsins (e.g. ChETA) may be best suited for modulation of single spikes
[Gunaydin et al. (2010)], H134R is a good choice for LFP modulation [Mattis
et al. (2012)]. Guoping Feng et al. developed several ChR2/H134R mouse
lines [Zhao et al. (2011)] and generously donated them to Jackson Labs. Five
male mice from the Thyl-ChR2/H134R (Jackson Labs Stock no. 012350) line
and one wild type mouse (control) were used in this study.

The night prior to surgery and an hour before the surgery, dexamethasone
was given (2 mg/kg) to prevent cerebral edema. Buprenorphine (0.05 mg/kg)
and ampicillin (100 mg/kg) were given 30 minutes before surgery, and
glycopyrolate was given at the beginning of the procedure. Isoflurane (1.25-
2.0% in oxygen) and midazolam (0.25 mg/kg) were used during surgery to
maintain anesthesia/analgesia. Anesthesia depth was monitored with toe
pinch and by counting the respiration rate, and a water heating pad was
used to maintain body temperature.

Surgery was done using aseptic technique with sterile instruments and
supplies. Implantation was similar to the rat surgery described in Chapter 3
with some modifications specific to mice and cranial windowing. The mouse
was shaved, and the surgical site was cleaned with iodine and alcohol. After
draping, an incision was made over the calvarium to expose the bregma and
lambda sutures, and the connective tissue was removed with cotton swabs
to expose dry bone. Then a titanium frame was mounted onto the skull the
superglue. Once the glue was dry, the titanium frame carefully was mounted
on the fixture with screws. UV acrylic (Fusio by Pentron) was then applied

in front of bregma, behind lamba, and around the periphery of exposed
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bone. A drill (myNeuroLab) was used with a burr (#105 and #106 Dremel) to
thin an area of bone, and to create a craniotomy for the electrode array. The
electrode was lowered onto the dura with a stereotaxic electrode positioner.
With the electrode in place, a round piece of cover glass 3 mm in dimater
(Warner Instruments) was placed over the craniotomy, and the cover glass
was encircled with small pieces of gel foam. A small piece of drape was
used to occlude the window while UV acrylic was applied around the edge
of the glass and up to the connector. Once the electrode and connector were
stable, the electrode positioner was removed. The gold ground/ref wire was
coiled and implanted over an area of thinned skull, similar to that used for
thinned skull in vivo imaging. The bone was thin enough, and the area of
the coiled wire was sufficient, to provide a low impedance ground. To keep
the ground in good contact with the underlying thin skull, the ground/ref
coil was placed under the extra parylene C device. The ground/ref was
covered with a piece of gel foam and sealed UV acrylic (Figure 5.2A). The
subject was then recovered while maintaining supplemental oxygen and
heat, and initial recordings were made.

For the focal stimulation with an optical fiber experiment, terminal
surgery was required according to the protocol. The terminal surgery was
started with the same procedures as the survival surgery except the anesthesia
was switched from isofurane to ketamine (50 mg/kg) and dexmedetomidine
(25 pg/kg), because isoflurane causes irregular brain signals. The ketamine
and dexmedetomidine were redosed (25 mg/kg, ketamine and 12 ug/kg,
dexemedetomidine) every hour. Once all the recording procedures were

done, the mice were euthanized by an IP injection of Pentobarbital 120mg/kg
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or commercial euthanasia solution with 5% Isoflurane.

A. B.
Gel foam
ZIF Parylene C electrode
connector Gold ground/reference §
o 5mmiin dia. glass
coverslip

UV curable acrylic

500 pv

250 ms
*LED on

Figure 5.2: Cranial window implantation. A. Cross section window implan-
tation. B. Cranial window on a live mouse. C. Short 5ms pulses of blue
light on the cortical surface reliably evoked large negative deflection in the
micro-ECoG signal through the cranial window.

5.3 Electrophysiology

This section comprises of two photostimulating paradigms; first was the
surface broad stimulation using bright blue LED and the second was focal

stimulation with either focused LED beam or optical fiber coupled laser

source.
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Surface stimulation

Local field potentials (LFPs) were recorded from the micro-ECoG array
while pulses of blue light were applied through the cortical window. For
electrophysiology sessions on the days subsequent to implantation, the
mice were sedated with ketamine (75 mg/kg) and dexmedetomidine (25
ug/kg), and supplemented with oxygen and a heating pad. A Tucker-Davis
Technologies system (RZ2/PZ2) was used to sample the signals at 3 kHz
and to generate the LED control signal. A blue LED (Cree RGBW MC-E Star)
was positioned 2 cm from the cranial window (Figure 5.2A), and the voltage
control signal was converted into a constant current pulse (0-1000 mA, 0.5-12
ms) with a BuckBlock LED driver (LEDdynamics, Randolf, VT), and the
LED output waveform was verified with a photodiode and oscilloscope.

Single pulses blue light were applied broadly to the cortical window
every 750 to 1000 ms. The pulse duration was varied from 0.5 to 5.0 ms, the
intensity was varied from 20 % to 100% of 32 mW/mm?. These stimulus
parameters were combined and randomly interleaved for presentation to the
subject. All photostimulation was performed with the animal’s eyes blocked
to prevent the visual evoked response.

The LED beam was also focused to a point approximately 200 um across
through the microscope (115x) for surface focal stimulation (Figure 5.5B).
The focal point on the brain surface was shifted easily by moving the mice
on the microscope x-y stage. Evoked potential responses resulting from the
two stimulus levels (044 A and 1 A applied to the LED) with 3ms pulse

duration were acquired at multiple locations on the electrode array.
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A set of control experiments were conducted to verify the optogenetic
origin of observed signals. The cranial window was occluded with a black
piece of tape to test the necessity of light through the window. This control
was used to rule out visually evoked potentials and electromagnetic noise
from the LED circuit. The photoelectric effect was addressed by implanting
and testing a wild type mouse lacking the optogenetic gene and by applying
the broad photostimulation to the cranial window 15 minutes after the
animal had been euthanized.

The micro-ECoG signals were initially recorded with no digital filtering,
and later processed in Matlab. The only filter applied was a 500 Hz low-pass
FIR (order 25, applied forwards and backwards to preserve phase). Multiple

trials were averaged to generate event relate potentials for Figures 5.8.

Focal depth stimulation

The signal recording performance of each electrode size was determined
by focal stimulation near each site with the blue LASER (473 nm) coupled
with an optical fiber (Figure 5.5A and B). The optical fiber was fixed to a
steotaxic probe inserter (myNeuroLab) with a digital micrometer for precise
insertion depth. Before inserting the optical fiber either through the holes
or the brain surface (depth = 0 mm) near the electrode array, the evoked
potentials responding to 3 ms pulses of photostimulation at many locations
near the electrode sites were recorded. Subsequently, the optical fiber was
inserted and recorded the evoked potentials at multiple depths (0 - 3 mm,
in 0.15 mm increments). At the end of the depth stimulation procedure,

the mice was euthanized with an IP injection of Pentobarbital 120mg/kg
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or commercial euthanasia solution. Then the post mortem control was
performed 15 minutes after euthanasia to rule out the photoelectric effect

and electromagnetic noise.

5.4 Results

To figure out the correlation between the electrode site sizes and their
recording capability, we recorded the local field potential caused by the
broad or the focal LED light stimulation and focal laser stimulation. Our
hypothesis was that the size of the electrode site does would not affect
the recorded potential amplitude if the headstage amplifier had high input

impedance. Given our amplifier’s input impedance of 104

ohms, we expected
that electrodes with impedances anywhere in the kOhm range would equally
be able to record the brain activity. To test this hypothesis, electrode designs

with one electrode site size or multiple site sizes (Figure 5.1D) were used.

Broad surface stimulation results

In this section, the cortical response due to a broad light stimulation that
covered the entire electrode array will be discussed. The brain activity with
no stimulation applied was recorded and presented in (Figure 5.3A). This
baseline activity shows that the larger electrode sites (200 and 300 pum in
diameter with average impedance less then 300 kOhms at 1 kHz) had lower
high frequency noise than the smaller sites (100 pm with the impedance of
600 kOhms at 1kHz on average). Figure 5.3B clearly shows the elevation

of high frequency noise in the range above 150 Hz of the electrode size
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Figure 5.3: Baseline recording and power spectrum of different electrode size
array. A. Baseline recording. B. Power spectrum of the baseline recording
indicates higher noise floor (approximately 8dB higher) for the smaller
electrode size (100 um, column 1 and 3).
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Figure 5.4: Broad LED pulses of 5ms at 22, 50 and 100% brightness. A. and
B. Average evoked potentials recorded from electrode array comprised of
multiple electrode site sizes (100, 150, 200 and 300 pum).
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100 pm (column 1 and 3) which presumably relates to the high electrode
impedance. However, the frequency range below 150 Hz appears to have
similar power to the large electrode sites. This suggests that the evoked
potential amplitude may be similar for all different electrode sizes. The
level of high frequency noise may be important, because high gamma ECoG
activity has shown utility in a number of BCI applications.

Further investigation of electrode performance based on electrode site size
was done employing optogenetics to evoke a similar cortical response across
and under an electrode array with multiple site sizes. Light pulses from an
LED were broadly applied with relative intensity levels of 5, 44 and 100 %
(Figure 5.4) through the cranial window. At full brightness (32 mW/ mm?),
a 5 ms light pulses evoked approximately 600 uV depolarization across the
array regardless of the electrode size. The onset of the depolarization was
rapid and persisted briefly after the light was turned off, consistent with
ChR2 mediated activity. These equally large local field potentials recorded
from different electrode sizes as shown in both Figure 5.4A and Figure 5.4B
support our hypothesis that the site size has little correlation to the LFP
amplitude. Although high light intensity (1 A in Figure 5.4B) evoked a
second negative peak at 12 ms which appear to be higher in column 4. The
slightly higher depolarization found in that column was perhaps due to the

experimental setup which allowed slightly more light shined on that area.

Focal stimulation results

Broadly applied light pulse stimulations have shown little relationship be-

tween the evoked response amplitude and the electrode size. The only
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observable differences among the different electrode site sizes was the high
frequency noise floor which was greater for the small electrode sites. We
extended this investigation to focal stimulation with either light from an
LED focused through a microscope or light from a LASER coupled optical.
Focal stimulations at multiple locations were obtained by using the focused
LED beam though the 115x microscope (Figure 5.5). The evoked potential
amplitudes were higher near the stimulus and were comparable for both
100 and 200 pm electrode size. This result also supported our hypothesis
that electrode size does not affect the evoked potential amplitude.

Focal sitmulation with a LASER couple fiber positioned allowed us to
determine the recording capability of different electrode site sizes both at
the brain surface and at multiple cortical layers. At the brain surface, we
stimulated focally near each electrode size (row 0) starting from column 1
to 4 (Figure 5.6B). Similar peaks were recorded when we move the optical
fiber close to each electrode size. This set of results also suggests that the
recorded potential amplitude does not depend on the electrode size.

We then tested the ability of electrode sites of different sizes to record
signals originating deeper within the cortex. The optical fiber was inserted
incrementally and multiple photostimuli were applied at each cortical layer.
For this depth focal stimulation, we used a minimal footprint micro-ECoG
array that has larger area for optical fiber insertion as shown in Figure
5.1D(iii). Additionally, inserting the fiber below the array, as opposed to
stimulation from above the array, eliminates diffraction and occlusion effects
due to different metal site sizes and interconnection traces. The plots shown

in Figure 5.7 were the results of the optical fiber inserted at row 0, column
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Figure 5.5: The focal LED light stimulation at different locations shows
comparable evoked potential amplitude near the stimulated area between
the two different electrode sizes.

3 at multiple depths (0-3 mm). At every cortical layers presented in this
figure, equivalent signal amplitudes were recorded near electrode sizes
200, 100 and 300 p in column 2, 3 and 4, respectively. As expected, the
recorded evoked potentials from deeper cortical layers were smaller and
spread more broadly than the shallower cortical layers. The difference in
recorded potential amplitude followed spatial trends (sites nearest the fiber
had larger amplitidues) more than any trend due to electrode site size. Again,

there was no apparent relationship between the electrode site size and the
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Figure 5.6: The focal stimulation at multiple locations on the brain surface.
A. The cross section of terminal open cranial implantation surgery accom-
modating the optical fiber insertion. B. The electrode array layout and the
surface photoactivation with optical fiber coupled laser. C. Evoked potentials
in response to the photoactivation near each electrode site.
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Figure 5.7: Focal stimulation at various depth with optical fiber coupled
blue laser. A. At shallow cortical layer (0 to 0.6 mm deep) recorded local
evoked potentials were large near the activated area (column 3) and found
to be decreasing with depth. B. at 0.6 to 1.35 mm deep, C. at 1.35 to 2.25
mm deep and D. at 2.25 to 3 mm below the brain surface also follow the
same trend as in A.
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recorded potential amplitude after the focal depth stimulation.

Control experiments results

Three types of controls were performed, and all confirmed that the signals
observed in Figures 5.4 and 5.5 were largely optogenetically mediated origin.
Red LED light was used as a control stimulation as the Channelrhodopsin-2 is
mainly activated by blue light (450-470 nm). The broad blue light stimulation
with 50 and 100% of the LED light intensity, evoked large depolarization
across the entire same electrode size array while red light stimulation did
not activate the Channelrhodopsin-2, and thus no depolarization peak was
observed (Figure 5.8A). We also implanted the micro-ECoG array in wildtype
mice lacking ChR2 expression. No depolarization peak was recorded from
the wildtype mice after due to blue light stimulations (Figure 5.8B). In
addition, blocking the cortical window with black tape in mice expressing
ChR2 abolished the observed depolarization (Figure 5.8C), a negative control
confirming the necessity of light through the window to cause such a signal,
and ruling out electromagnetic noise and visually related potentials. The
photoelectric effect was less than 10 uV for a 10 ms pulse of light at full
brightness. Compared to the depolarization observed in Figure 5.8A and C,
the photoelectric effect (Figure 5.8C: right panel) was 2 orders of magnitude
smaller. Moreover, the signal observed in vivo had a short onset delay
followed by a briefly persisting depolarization (Figure 5.8C: left panel),
while the photoelectric waveform did not show an onset delay or persisting
depolarization. The post mortem control was also obtained 15 minutes after

euthanasia. Blue optical fiber coupled laser stimulation at brain surface
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Figure 5.8: Control experiments performed to rule out photoelectric effect,
electromagnetic effect and visual evoked potential. A. Broadly photostimu-
lation with blue and red LED light at 50 and 100% light intensity shown
that the channelrhodopsin 2 expressed neurons only activated by blue light.
B. Wildtype mice implantation also show no depolarization in response of
the blue LED light pulses. C. Photoelectric effect was tested utilizing the
blue light pulse stimulation (shown in orange) and the window block result
(in green) on the left panel. On the right panel, time-locked photoelectric
response of less than 10 uV is shown (50 times smaller than the observed
large negative peak).
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Figure 5.9: The potentials were recorded after the animal is dead for 15
minutes in respond to the focal stimulation with the optical fiber coupled
laser at the location indicated by blue circle. These small potentials (less
than 20 pV) are believed caused by the photoelectric effect but they are
insignificant compared to the optogenetic response (more than 500 uV).

and 0.4 mm below the brain surface did not cause any depolarization post
mortem as expected (Figure 5.9). These potentials were less than 20uV,
and are presumably due to the photoelectric effect. However, they are
incomparable to the previously recorded optogenetic response (more than
500 uV) before death. All of the controls clearly confirm that the potentials
observed are mainly due to the collective depolarization of ChR2 expressing
neurons due to photoactivation, not the photoelectric effect, electromagnetic

effect or visual evoked potential.
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5.5 Discussion and conclusions

A chronic optogenetic micro-ECoG neural interface utilizing the transparent
electrode array and cranial window was demonstrated. Key features of this
two-way neural interfacing are the minimal invasive nature of the micro-
ECoG array and a non-invasive photostimulation. Together they provide
a powerful tool for signal recording and stimulation that could be useful
for many fundamental and application oriented developments. Rather than
broadly activating the cortex through the cranial window, small volumes
of cortical tissue could also be selectively activated with focused points of
light. In this case, the spatial resolution of both micro-ECoG array and light
source are important.

Optimizing the spatial resolution of the surface electrode array has been
hindered by the difficulty of localizing the source of the neural activity
of the recored potentials. Moreover, the accuracy of the neural activity
origin can only be determined if the actual source location is known. The
spatial resolution of the electrode array can be optimized by finding the
suitable electrode site size and interelectrode spacing. By photostimulating
known cortical locations, the correlation between the site size and recording
capability can tested with our optogenetic micro-ECoG platform.

Our results have shown no relationship between electrode site size and the
evoked potential amplitude in response to broad or focal photostimulation.
However, different electrode sizes have different electrode impedances which
corresponded to their surface area. The only noticeable difference between

different electrode site recording capability was the high frequency noise floor.
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Electrode sites with higher impedance tended to have greater high frequency
noise. All the controls have ruled out the photelectric effect, electromagnetic
effect and the visual response and confirmed that the depolarization was
definitely a result of photoactivation of the nearby neurons. Based on
these results we suggest that the interelectrode spacing may play more
important role than the electrode size as the space between the electrode sites
presumably influences the spatial sensitivity of the array. By adapting the
experiment design, micro-ECoG arrays with various interelectrode spacing
could be tested and optimized.

Further spatial investigations could be implemented with the current
experimental setup, but further platform development could lead to more
advance applications. One possible development is a fully integrated micro-
ECoG array and the optical light source. The next chapter will include some

of the proposed future directions for such device.



105

6 THIN-FILM MULTI-ELECTRODE ELECTRORETINOGRAPHY !

The tools developed for fabricating thin-film flexible micro-ECoG platforms
has applications beyond the field of neural engineering. Using similar
parylene C-based fabrication techniques, a thin-film electrode array was
developed for novel ERG recording applications. Electroretinography mea-
sures electrical fields created by neurons in the retina and provides the
clinician with useful information about the function of the retina. The ERG
measures the activity of millions of retinal cells extending from the pigment
epithelium to the innermost nuclear layer. By applying light stimulation to
the eye, different ERG waveforms can be detected. The spatial and temporal
distribution of the ERG waveforms are the basis for making a diagnostic
decision.

As described in Chapter 1, ERG can be used for diagnosing defects in
retina function, such as those occurring in eye diseases such as glaucoma
[Moiceanu and Carstocea (2010)], [Pangeni et al. (2012)], [Poloschek and Bach
(2012)]. ERG can be used to detect and monitor many other retinopathies as
well, such as retinal scar, Oguchi disease [Usui et al. (2004)], cone dystrophy
[Kellner and Kellner (2009)] and hypoplasia of the optic nerve [Francois and
Rouck (1976)]. In the past decades, several standard ERG electrodes have

IThis chapter was adapted from the following manuscripts: “A novel multi-electrode
Electroretinographic contact lens", Sanitta Thongpang, Ashley Selner, Tomas Ban, Thomas
Richner, John Hetling and Justin C Williams, in preparation for Journal of Neural Engineering
submission.
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been used by clinicians, including the Henkes Lovac®, the Goldlens®, the
ERG jet® and the Burian-Allen®. However, they have a single recording
electrode that spatially averages the corneal potentials. Using the flexible
thin-film technology developed, I demonstrate the ability to create electrode
arrays mounted on a contact lens able to record tens of individual channels
simultaneously, termed multi-electrode ERG, or meERG. The motivation
for developing meERG arrays is to gain spatial information about the state
of the retina by recording spatial differences in corneal potentials that are
related to the spatial differences in retinal activity. Spatial differences in
retinal activity often are associated with eye diseases that could be detected
by early ERG screening and monitoring. However, spatial distribution of
the corneal potential is currently under-studied, mainly because of a lack
in platforms enabling its measure. The development of a device with the
ability to measure the spatial distribution of the corneal potential may lead to
advances in electrophysiological functional imaging through a non-invasive
approach that allows high temporal resolution. In addition, the multi-
electrode array could be used to assess the response of different cell types
and test functional pathways by using appropriate stimuli and analyses.
The design goals and device requirements for the meERG involve the
use of accessible fabrication techniques in order to produce these arrays
in clinically relevant volumes as well as the use of materials and method
that enable high channel yields and good light transmission to enable good
visual acuity. We also aim to integrate the speculum for good stability on the
eye while being comfortable and safe for the patients. The main difficulty

resides in fabricating a multi-electrode array with a given curvature to match
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that of a contact lens. We designed two different prototypes that avoid
the patterning of the electrode array on 3D surface, thus enabling batch
fabrication and the use of well characterized fabrication techniques, by first
using the custom-made poly-methyl methacrylate (PMMA) lens with a flat
top where the planar electrode array can be placed and a second which uses
3D matrix transformations that allow the fabrication of the device on a 2D
surface first which then can be bend onto a contact lens of the appropriate

curvature.

6.1 Planar CLEAr lens

The similarities in fabrication and signal analysis between the meERG and
the micro-ECoG electrode arrays combined with the good optical properties
of parylene C make the thin film neural electrode technology ideal for the
development of MEMS-based contact lens electrode array (CLEAr) lens.
Based on this, we designed a contact lens electrode array prototype adapted
from the parylene C micro-ECoG fabrication techniques. In this chapter,
I will present the fabrication methods developed for creating this meERG
device as well as the results of a preliminary human-trial study made to test
the good-functioning of the device. Finally, the development of advanced

techniques to reduce the limitations of the original device will be presented.

Fabrication methods

This CLEAr lens consists in a long parylene electrode cable leading to a

contact lens machined from PMMA. On the corneal side of the contact lens
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Figure 6.1: Human ERG electrode layout and assembly using a custom-made
PMMA lens. A. Cross-section of the PMMA lens showing each assembly
layer. B. Long multi-channel parylene C microelectrode array. C. Fully
assembled human ERG with a polished corneal contact surface facing up.
D. Identical CLEAr lens device with parylene C electrode array facing up.
(C and D are provided by Prof. John Hetling, UIC, Chicago)



109

the PMMA surface was polished, and the opposite side is planar (Figure 6.1).
The lens contains 33 holes with a diameter of 400 um drilled perpendicular
to the planar surface allowing each electrode site to be exposed to the
eye surface. An electrode array containing 33 sites placed in a concentric
ring pattern matching the holes in the PMMA structure was fabricated
using similar methods as those used for parylene-based microECoG devices
(Chapter 2, Figure 6.1B). The pre-cut medical grade double sided tape (3M®)
was used as an adhesive layer to bond the contact lens and the electrode
cable using a custom-made jig to align the hole and electrode site. The fully

assembled ERG are as illustrated in Figures 6.1C and D.

Experimental setup

Human trials were performed to study the behavior of the CLEAr device.
Prior to human involvement, each electrode array was initially thoroughly
tested by measuring (1) the electrical impedance of each channel and (2) the
electrical shunting between channels using electrode impedance spectroscopy
(EIS). The latter was performed by applying a sine wave (100 mV peak-to-
peak, 1- 300 Hz) to each electrode sites in saline bath. We verified that
there was no cross-talk between channels observed and the average electrode
impedance was 100-200 kOhms. Before using the ERG cable with the human
subject, it was cleaned, disinfected and rinsed. Prior to recording the signal,
an artificial tears solution is used to fill in the holes to conduct the electrical
signal from the corneal to the electrode surface.

The CLEAr cable was connected to the data acquisition system via a

commercially available 61-pin FPC connector (FH23-615-0.3SHW(51), Hirose)



110

on the custom made printed circuit board which interfaces with a commercial
64-channel amplifier (Figure 6.2D). The subject pupil was dilated with
eye drops (phenylephrine, 2.5%; tropicamide, 1%) and a topical anesthetic
(proparacaine, 0.5%) applied to the cornea. Then the contact lens was placed
on the cornea of the subject while seating with head in on the chin rest and
facing a custom stimulus source dome as shown in Figure 6.2E. The reference
electrode was placed on the cheek near the corresponding eye. After the
eye of the subject adapted to the dark for 5-10 minutes, then full-field flash
stimuli were introduced. The bandpass of the amplifier was set to include
the range of at 1-300Hz, as recommended by the International Society for
Clinical Electrophysiology of Vision (ISCEV) [Marmor et al. (2009)].

All 33 channels are recorded simultaneously with a sampling rate of 5
kHz. For each trial, 100 ms of pre-stimulus baseline and at least 900 ms
of post-stimulus response were recorded. With the amplifier pass band
at -3dB was 1 Hz - 5 kHz with a gain of 1200 and input impedance of
approximately 1014 Ohms. The signal was recorded without filtering the 60
Hz noise, although it was removed later in post-processing. The position of
the electrode sites were fixed and documented, for example as an orientation
and mapping of the 33 channels shown in Figure 6.2A and B. With the 64-
channel amplifier, a single Dark Adaptation (DA) response of all 33 channels

can be recorded simultaneously as shown in Figure 6.2C.

Recorded electroretinogram signals

An important aspect of developing a functional electroretinograph electrode

is the ability to measure different waveforms of ERG and determining



111

how these compare to standard ERG devices. We were thus interested
in measuring these features for the novel CLEAr electrode developed. In
particular, the meERG electrode should be able to measure the spatial and
temporal distribution of the a-wave and b-wave following a light stimulation
event. As mentioned previously in Chapter 1, dark adaptation (DA) refers to
the recovery of the eye’s sensitivity in the dark following exposure to bright
lights. Similarly, light adaptation (LA) is the process by which a subject
adapts to light when placing the subject in a dark room, and increasing the
brightness of the light until the subject reports its presence. After the eye
is adapted to the dark, the specific response of the retina can be measured
by using a dim flash and bright flash. A brighter flash is used to measure
the combined response of the rods and cones. For the CLEAr electrode
array, the signal-to-noise ratio of the single DA (Dark Adaptation) response
was calculated to be approximately 27 dB. However, variations in waveform
shape, especially after the recording of the a-wave, indicates that some
electrical paths between the cornea and the electrode were deficient, usually
due to an inefficient distribution of the liquid from the tears and artificial
tears, leading to inabilities to record spatial variations on corneal potentials.
This can be avoided by making sure that that saline filling process was
completed properly.

To confirm that the prototype can record ERG signal in different condi-
tions, a bright flash DA stimulation, dim flash DA stimulation and Light
Adaptation (LA) were performed. Some examples of bright flash DA re-
sponse of two adjacent electrode sites (B1 and A16) are illustrated in Figures

6.2F and G. These show both an a-waveform with a magnitude of ~400 puV
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Figure 6.2: Human meERG electrode using a custom-made PMMA lens and
example of the recorded signals. A. CLEAr lens position and orientation on
the subject’s eye. B. Electrode mapping of 32 channel meERG. C. A single
Dark Adapted (DA) response illustrating a reasonable signal-to-noise ratio of
~27 dB in all 32 channels. D,E. Custom CLEAr lens on a human volunteer
placed in the context of clinical diagnosis. F,G. DA bright flash response
of two adjacent channels (Bl and A16) out of the 32 working electrodes
displaying a- and b-wave response. H,I. DA dimmer flash response of the
Bl and A16 electrodes which can be used to monitor b-wave originated in
the ON bipolar cell. (These images are provided by Prof. John Hetling, UIC,
Chicago)
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(time to peak ~10 ms) and b-waveform with an amplitude of 550 uV (time to
peak ~100 ms) in electrode B, as well as a slightly larger b-wave amplitude
in A16 (~900uV) after a flash stimulus at time ~180 ms. A dimmer flash
DA response as shown in Figure 6.2H and Figure 6.2 can be used to elicit
a b-wave response. All of the example stimulated results suggest that this
first CLEAr lens prototype has suitable recording characteristics compared
to conventional ERG electrodes. However, several main limitations with
this prototype were observed. First, the process required that the electrode
holes were filled properly, which is why a vacuum-aided filling was chosen.
Second, the shape of the meERG inherently means that it prevents proper
formation of an image on the retina. To tackle these limitations, an improved

meERG devices will be described next.

6.2 Image-forming ERG electrode arrays

Although preliminary data suggests that the first version of electrode array
performs to an acceptable level, one factor that could improve the image
formation of the CLEAr lens is to combine the rigid clear contact lens with
the transparent ERG cable. Since the machined PMMA lens is up to a few
millimeters thick around the edge, the subject cannot forms clear image
through this lens. We propose an alternative design in which the thin-film
parylene electrode is bonded on the concave side of the rigid clear contact
lens such that the electrodes and the cornea are in close contact and the thin
contact lens allows maximum light passing through. Contact lens fit specific

patient eye sight conditions can be used and incorporated with the parylene
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C ERG array. This new design enables higher light stimulating pattern
complexity for greater spatial information achieved by the ERG electrode
arrays. We hypothesize that this approach will increase the spatial resolution
and hence improve the ERG signal quality. To achieve this goal, a 3D matrix
transformation algorithm was adapted to create a planar multi-electrode

array that conforms to the surface of the commercial contact lens.

Electrode design and Matlab transformation

Having a contact lens with electronic components embedded is a desirable
feature, but achieving such objective is not simple because of the curvature of
the desired electrode arrays. Moreover, it is time consuming and complicated
to fabricate such devices as reported in different applications using maskless
laser-write lithography [Yoo et al. (2009)], and vacuum-supported stretchable
PDMS material to form 3D surface [Jung et al. (2011)]. An alternative design,
proposed to overcome the discussed problems, can be developed by using
2D fabrication methods, similar to those used for thin film neural interfaces,
and made into a 3D surface subsequently. The approach we propose uses
a bucky-ball pattern in 2D to fill the surface of a 3D sphere [Hinds et al.
(1991)]. After the fabrication is completed, the sphere can be formed using
combination of hexagon and pentagon shape faces.

Figure 6.3 A shows how the bucky-ball hemisphere and points on hexagon
and pentagon planes can be interpolated and projected onto the 2 dimen-
sional surface. The algorithm used starts by creating the bucky ball vertices
using built-in functions of Matlab and then unfolds the coordinates and

connecting points to form hexagons and pentagons on a plane. Subsequently,
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Figure 6.3: Image-forming lens design principle using matlab algorithms
to map the curved 3D bucky-ball surface onto a planar surface. A. 3D
view of the Bucky-ball shape and the projection of the electrode sites onto
a planar surface using a matlab algorithm. B. Bucky-ball shape with the
electrode sites projected onto a 2D plane. C. Design in Illustrator of the
mask utilized for the patterning of the electrode sites in 2D based on the
results of the matlab algorithm. Electrode array layout contains 57 electrode
sites distributed concentrically on the lens area for different size of contact
lens . D. General layout of image-forming contact lens with long cable of 12
cm.
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the electrode sites are assigned by generating the lines from a hemi-sphere’s
origin and intersecting with each plane. Once the electrode sites are assigned
on the hexagon or pentagon plane, the plane and points are translated and
flattened. All the planes can then be projected to the top in Z axis. Since
the human cornea may have different diameters and radii of curvature, the
electrodes can be designed to fit perfectly each specific contact lens by simple
Matlab parameters alteration (radius of curvature and angle of the outer most
electrode row). This results in slightly different electrode layout for each
contact lens as shown in Figure 6.3C. Final editing of the electrode pattern
and scaling is performed in Adobe Illustrator (Figure 6.3D. Using simple
photolithography described in Chapter 2, the thin-film parylene electrode
arrays can be fabricated in large batches, thus facilitating the fabrication

process.

Electrode assembly

The electrode and contact lens bonding is illustrated in Figure 6.4. 2D
parylene C electrode arrays were bonded with the rigid PMMA contact
lens (TruForm Optics Inc.) by sandwiching them between the PDMS molds.
PDMS molds were specifically made from each contact lens size. The first
step in the fabrication of the mold of the contact lens (Figure 6.4A) is the
placing of the contact lens in a small pool of un-cured PDMS, applying a
gentle pressure on it, and backing at 85 degree celsius for 1 hour. Next a
monolayer of silane is deposited on the backed mold to facilitate further
demolding steps (Figure 6.4B). A negative mold is then made by casting
a second PDMS mold from the positive PDMS mold (Figure 6.4C). Silane
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Figure 6.4: Overview of the fabrication steps for fabricating the curved
meERG electrode array. A. A rigid contact lens is weighted down with a
small piece of PDMS in a un-cured PDMS bath. B. The rigid lens is removed
after curing and a monolayer of silane is deposited. C. Another layer of
PDMS is poured in the mold and cured in an oven. D. The negative mold
is removed and a monolayer of silane is deposited. E. The electrode array
and contact lens are sandwiched between the positive and negative PDMS
molds and bonded at a temperature of 200 degree celsius for 4 hours. F.
Fully assembled curved meERG contact lens.

was deposited on the second mold as well (Figure 6.4D), after which the
rigid clear contact lens and parylene C electrode array was aligned and
sandwiched between the two PDMS molds under high pressure (300 kPa) at
200 degree celsius for 4 hours. This process firmly bonds the 25 micron-thick
electrode array with the rigid contact lens without requiring any adhesive
layer (Figure 6.5A). The bonding was tested successfully in a saline soaking
test for 24 hours (Figure 6.5C). Since the electrode array with electrode site

sizes of 250 micron in diameter (Figure 6.5B) as well as the contact lenses are
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Figure 6.5: Human meERG. A. Cross section of the improved curved meERG
electrode in which the thin-film electrode is bonded to a PMMA contact
lens with applied heat and pressure. B. Microscopy image of the electrode
array showing the electrode traces and electrode sites which have a diameter
of 250 um. C. Close up of a meERG electrode array bonded onto a rigid
clear contact lens to form a 3D curved electrode array for ERG recording. D.
Image of the meERG device on a human eye. The lightweight and flexibility
of the electrode allows a much more convenient and comfortable diagnostic
experience for the patient.

transparent, the finished image-forming ERG lenses has high visual acuity
allowing good light transmission even with the parylene C electrode array
which is desirable for ERG electrode (Figure 6.5C). In addition, this improved
ERG contact lens also retains a close proximity to the cornea surface allowing
a high visual acuity and image formation as can be seen in Figure 6.5D on a
test subject’s eye.

Despite success in the initial fabrication trials, the development of a
useful ERG lens will require further characterization of the image forming

ability and clarity of the electrode array, which is the topic of the next section.
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However, in order to develop a fully re-usable device, further developments
and optimizations would be necessary. Plans and ideas to enhance the ERG

performance and durability are expanded in chapter 7.

Recorded ERG signals from rigid clear ERG lens and visual acuity

testing

The response of the image-forming ERG electrode array for a panel of
different tests was measured here. After impedance testing, the ERG signals
of one human subject were recorded in response to the full field light
stimulations. Examples of recorded signal from the first trial with this
improved image-forming lens show multiple dead sites due to either a
broken connection in traces leading to electrode sites or bad contact pads to
FPC connections (Figure 6.6A). The ERG signals recorded from the working
electrode sites show comparable signal quality to the CLEAr lens with a low
noise level. Improved bonding and connecting issues will help increase the
number of working electrodes in the future.

The improved image-forming lens appears to be clearer and allows more
light to pass through than for the CLEAr lens. For ERG recording the
subjects are seated in front of the full-field light stimulating setup and hence
the severe compromised visual acuity occurring with CLEAr lens is not
crucial. As long as the light was able to go through the lens, the recorded
ERG signal should be sufficiently accurate. However, the ability to stimulate
the retina with a spatially controllable signal, and subsequently record

the response of the retina may help diagnose retina related diseases using
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A.ERG signals B. Test Lens without Lens with
electrode electrode
Mean Dev. -3.24dB -5.24dB
i i Humphrey Pattern Dev. ~ 1.48dB 1.19dB
Goldmann T
——— S (total visual field) o significant difference
[ " . No correction 20/25 20/160
Visual acuity
| | Correction 20/12.5 20/32
IEINIG— 1 [ No correction 1.95 1.95
Contrast sensitivity
Correction 1.95 1.50

Figure 6.6: ERG signal recording and visual test results of the improved
curved meERG device. A. Examples of ERG recordings of a clear ERG
contact lens electrode. The sites with large large green traces display (dead
channels) probable fabrication and assembly defects. B. A table summarized
the visual test results of the clear contact electrode.

image-forming ERG lens. The visual acuity of the new image-forming lens
was was characterized to prepare for these enabling experiments. Multiple
visual tests including the Humphrey 24-2 SITA Standard test, the total visual
field measure, the Lighthouse (Bailey-Lovie) chart and the Pelli-Robson
contrast sensitivity test were performed with the image-forming lens with
and without the correction lens for the patient’s eye sight and these were
compared to the values found in the absence of the electrode array.

A summary in Figure 6.6B shows that the lens without the electrode
array is not significantly different from normal for all of the tests, but the lens
with the electrode shows the Humphrey mean deviation approximately 2
magnitudes different from the normal value. Furthermore, the visual acuity
test result of the lens with the electrode array without additional correction
is significantly different from normal (20/160) whereas the normal acuity

is 20/20. However, after adding a correction lens, the visual acuity has
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improved to 20/32. The Pelli-Robson contrast sensitivity test results suggest
that the image-forming lens slightly compromises the contrast sensitivity in
general, although it is comparable to the lens without the electrode array.
We found a value of 2.0 on this test, suggesting that the image-forming
lens performs right at the limit at which sensitivity is determined to be
impaired. For reference, the worse cases are visual impairment and visual
disability are found for values of less than 1.5 and 1.0, respectively. However,
the contrast sensitivity with the correcting lens shows greater impaired
sensitivity (1.5). In addition, Goldmann perimetry test for total visual field
of the lens with and without the electrode array have no significant difference
between the two conditions. In summary, the image-forming lens slightly
impairs the vision compared to the lens without the electrode. One has
to keep in mind, however, that CLEAr lens does not allow proper visual
function. Thus the developed image-forming lens that allows seeing and
reading remains a significant improvement that could be brought to the
device. Future development can also be performed to improve the visual
acuity by using transparent conductive polymers for electrodes and trances,
and the parylene C electrode cable thickness can be adjusted to avoid the

use of correction lens.

6.3 Conclusions

The novel CLEAr and image-forming array displays good signal recording
ability and acceptable stability. Moreover, the devices developed provide

higher spatial resolution than all of the current ERG approaches. The density
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of electrodes is also highly improved as the traditional ERG electrode has
only one electrode channel, while the improved prototypes developed here
contain up to 57 channels. This feature enables a high spatial information
when recording corneal potentials. Finally, the image-forming lens developed
hints at the possibility of creating micro electrode arrays that has high visual
acuity, which would enable novel applications in which not only high spatial
light stimulation can be inputed to the patient, but also spatial information
of the retina. I expect that these devices will yield novel diagnostics abilities

for retina dysfunction diseases.
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7 CONCLUSIONS AND FUTURE DIRECTIONS

The work presented in this document describes devices and techniques for
improving Brain-Computer Interface (BCI) and Electroretinography (ERG)
using thin-film flexible electronics technology. In chapter 1, I presented an
overview on neural interface development including neural systems, devices
interfacing with the Central Nervous System (CNS) for BCI applications and
retinal interface devices for ERG application.

In chapter 2, I detailed the general methods for materials selection, flexible
thin-film device fabrication methods, device assembly, connection schemes
and head chamber design for BCI. The development and methodologies
presented in this chapter focuses on two major biocompatible materials
for long-term neural interface device fabrication: polyimide and parylene
C. These two thin-film materials are popular for the development of flexi-
ble electronics, and each have comparable advantages and disadvantages.
Both materials can be fabricated and assembled conveniently using method
developed and described in the chapter (i.e. methods based on Flexible
Printed Circuit connector and Zero Insertation Force (ZIF)-Printed Circuit
Board (PCB) adaptor). However, Parylene C presents an added advantage
of being transparent and being the only Food And Drugs Administration
(FDA) approved material for human implant. Thus, it is likely to be chosen

for optogenetics and imaging applications.



124

In chapter 3, I presented a comparative study of polyimide and parylene
C as materials for flexible thin-film micro-Electrocorticography (micro-ECoG)
electrode. The two materials were compared for not only their electrical
performance and durability pre- and post-implantation, but also for their
long-term biological response. Rats were implanted with polyimide micro-
ECoG arrays on one side of the brain and parylene C arrays on the other.
This direct in-vivo comparison shows that both materials are comparable in
terms of mechanical properties, suitable electrical properties and the minimal
induced biological response. In summary, both materials are good candidates
for developing micro-ECoG devices, although polyimide is more favorable
for applications that require high temperature resistance and parylene C is
more suitable for optogenetic, ERG and imaging applications.

In chapter 4, I investigated the long-term stability of the micro-ECoG array
for BCI application in non-human primates. I present the electrode array
and head chamber designs developed for improving long-term implantation
ability as well as the signal performance and stability. Emphasis was put on
developing methods for simple device fabrication and minimally invasive
surgical techniques. Further, the signal recording quality and stability show
promising results as they can record evoked potentials and baseline activity
with minimal noise for at least 6 months after implantation. I demonstrate
that the developed platforms are able to record the high frequency gamma
band (70 Hz) with an optimized spatial distribution. This ability is important
for BCI application as it is thought that the high gamma band contains
useful and important information. Finally, I present results on the biological

response at a cellular scale of chronic implantation of these devices, and
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show that the micro-ECoG platforms we developed have the potential of
being opted for BCI in clinical setting.

In chapter 5, I presented work aimed at theoretically optimizing electrode
array design for optimal brain signal recording. An important technology
adopted and developed in this chapter is optogenetic, which allows to activate
neurons with the use of light in a very controlled spatio-temporal manner.
Spatial resolution of the electrode array is an important factor for developing
optimal BCI devices. By combining optogenetic animal models and cranial
window imaging, I presented results of the baseline neural activity and the
evoked potential in response to the light stimulation either on the brain
surface or under the cortex. The correlation between the electrode site size
and the signal amplitude is insignificant as the electrode array with different
site size can record comparable evoked potential amplitudes. However,
the small electrode site size has high electrode impedance induced high
frequency noise. For the best recorded signal-to-noise ratio, the bigger
electrode site sizes are preferable although they limit the spatial resolution.
While further investigation is required, the models developed here are good
starting points for answering these questions.

In chapter 6, I emphasized other application that was made possible
by the versatility of the fabrication methods developed. Using the similar
processes, the flexible thin-film electrode arrays were designed for recording
the neuron signals originated from the retina. Such electrode is called
electroretinography (ERG) electrode array. Our novel electrode arrays utilize
the flexibility, transparency and durability of parylene C to make multi

channel ERG electrodes for retina mapping and retina function monitoring
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that have pre-determined curvatures to adapt to the organ they target, in
this case, the eye. I show that these types of devices are simple to fabricate,
have potential medical diagnostics applications, and show promising results
on preliminary human trials.

To address some issues and potential improvements of neural interface
devices presented in this dissertation, the next section will discuss the future

directions of the devices for BCI and ERG applications.

7.1 Future directions for micro-Electrocorticographic

electrode array

Several improvements on current methods for micro-ECoG show promise,
including the development of organic conducting materials for simpler
fabrication methods and the integration of light sources to the micro-ECoG
platform with light-guides and/or Light Emitting Diode (LED). Optogenetics
has enabled the efficient and minimal invasive two-way neural interface
for more advanced BCI as discussed in Chapter 5. Fully transparent and
light source integrated device that allows maximum light transmission to
the cortical cortex in awake animal is desirable. This section presents some
of the possible device improvements that are well suited for optogenetic

applications.

All-polymer micro-ECoG electrode

The current micro-ECoG fabrication relies on high cost materials and pro-

cesses, involving complex equipment for the fabrication steps (i.e. Reactive
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Ion Etcher and metal evaporation). In order to make it more accessible, an
interesting approach, the solution based or roll-to-roll production is favorable.
Moreover, to take advantage of optogenetics, the completely transparent
device would be attractive as it passes most of the stimulating light to the
underlying target cell specific regions. This section will propose some of the
considerations for new electrode designs including materials consideration

and possible fabrication methods.

Materials consideration

The current micro-ECoG array are made of parylene C and polyimide as
insulating materials and gold/platinum is used for the electrodes and traces
material. These two polymers are proven to be well suited for long-term neu-
ral implant device as discussed in both Chapter 3 and 4. However, emerging
neuroscience tools such as optogenetics and cranial window implantation
require a maximum light transmitted device. For this reason, parylene C
would be an obvious choice for the insulating layers. One limitation of using
parylene C is its patterning process, as it requires complex and expensive
laboratory equipment. Alternatively, polymers such as Poly(p-vinyl phe-
nol) or PVP [de Gans et al. (2006)] can be patterned using low-cost ink-jet
printing methods, which have the ability to make the whole micro-ECoG
field accessible to a larger audience of researchers, and be the basis for
rapid-prototyping micro-ECoG techniques. Another interesting insulating
polymer is sprayable colorless polyimide from Kolon Industries. This newly
developed polyimide is colorless ( 88% light transmission at 550 nm) as well

as being a great moisture barrier with good dielectric properties and easily
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processed by organic solvents, with roll-to-roll processing capability.

The current conductive layer for electrode and interconnecting traces is
based on metals such as Au and Pt. Gold and platinum have low electrode
impedance, good conductivity and are bio innert, therefore they were cho-
sen as conductive materials. However, they are not transparent and hence
not the best option for optogenetic related applications. ITO is a transpar-
ent metal oxide that has been applied for example in organic LEDs [Kim
et al. (1999)] and Flexible sensors [Mitsubayashi et al. (2003)]. However, the
high cost and brittleness of ITO are strong limitations for flexible electronic
applications. Alternative flexible conductive polymers exist, such as Poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) or PEDOT:PSS. This polymer
has additional interesting features such as providing good conductivity, a
fully solution-based material [Touwslager et al. (2002)], inkjet printability
[Srichan et al. (2009)], [Lopez et al. (2008)] and low cost. Yet another con-
ductive polymer used in all-polymer integrated circuit [Drury et al. (1998)]
is doped polyaniline (PANI). The important considerations for choosing
the conductive polymers are the conductivity, solubility and biocompati-
bility. PEDOT:PSS has already been applied in neural penetrating probes
for lowering the electrode impedance [Yang et al. (2005)], [Ouyang et al.
(2011)], [Ludwig et al. (2011)], suggesting that it will be a good biocompatible

candidate in micro-ECoG applications.

Possible fabrication methods

The all-poymer approach can be fabricated using polymers mentioned in

the previous section. One strategy is to take advantage of our existing
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Figure 7.1: All-polymer micro-ECoG based on inkjet printing process

parylene C material that is well characterized. The first layer of all-polymer
micro-ECoG will use patterned parylene C layer as a bottom insulating layer.
Then conductive polymer such as PEDOT:PSS can be printed on top of the
underlying parylene C layer using inkjet printer or Dimatix bioprinter as
illustrated in Figure 7.1. If the first layer is parylene C, photolithography
and oxygen plasma etching are required for patterning. On the other hand,
the new colorless polyimide (CP) that can be patterned by organic solvents
could be an interesting alternative candidate for the material base. In this
case, the first layer of CP will be sprayed on a carrier substrate and then

cured. Once the first layer is done, PEDOT:PSS can be printed to create the
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electrode sites, pads and connecting traces. The last insulating layer could
be achieved similar to the first layer. The alternative insulating material is
spin-coatable or printable PVP polymer which can be etched or patterned
by using solvent to dissolve unwanted area [de Gans et al. (2006)]. PVP
will allow an increase in the density of interconnecting traces since multiple
layers on the device can be achieved by printing multiple insulating PVP

layers.

Integrated Optogenetic micro-ECoG electrode

Increasing interest toward optogenetics suggests that there is strong potential
for the development of a micro-ECoG platform containing a fully integrated
high density light source for two-way neural interfacing in awake animal.
In this section, I propose two different approaches to fabricate such device.
The first approach is to adopt the commercially available discrete LEDs
from Rohm Semiconductor (SMLP12 Series, Pico LEDs) that provide high
light intensity with small forward voltage (2.9V, for blue LED). Furthermore,
this LED series also provides yellow LED that can inhibit the neurons
action potential in Halorhodopsin mice. Combining blue and yellow LEDs
in the same micro-ECoG array will enable activation and inactivation of
the genetically modified neurons that have both Channelrhodopsin-2 and
Halorhodopsin channels.

Second approach is developing fully organic flexible micro-ECoG arrays
with integrated LEDs. This strategy involves the polymer LED (pLED) that
have been extensively researched in printable electronic applications and

photovoltaic communities [Reboud et al. (2012)], [Yao et al. (2012)], [Jin et al.
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(2012)]. The existing pLED fabrication methods can be modified to suit the
requirements of implanted BCI applications including long-term stability

and biocompatibility.

Discrete LEDs approach

An achievable fabrication process for discrete LED integration with the
micro-ECoG we developed is illustrated in Figure 7.2A. Since LEDs require
forward voltage supply and ground, the LEDs embedded in parylene C
insulating layers will be connected to the passive side of the PCB/headstage.
The other side of the PCB/headstage is active in which micro-ECoG array
will be connected to the headstage amplifier required for brain activity
recording. The recommended discrete LEDs ( Rohm Semiconductor) made
from semiconductor materials is enclosed with a small package. Their com-
pact size (0.2 mm thick) and 0.6 x 0.4 mm dimensions make the integration
with the polymer feasible [Hu et al. (2011)] (Figure 7.2B). The power supply
and ground pads can be bonded directly using antisotropic conductive film
(ACF). The cross section view of the discrete LED integrated micro-ECoG
array visualizes how this device will be fabricated and assembled (Figure
7.2C) where the LED array will be aligned and bonded on top of the micro-
ECoG array. Alignment is a possible source of concern for the success of
this approach. However, the challenge in alignment is surmountable and

this approach could lead the first integrated LED-micro-ECoG array.
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Figure 7.2: Integrated micro-ECoG electrode for optogenetic applications. A.
Nlustration of the micro-ECoG electrode with integrated LEDs. B. Example
of discrete LEDs from Rohm Semiconductor. C. A cross section of the
proposed micro-ECoG with discrete integrated LEDs. D. A pLED integrated
micro-ECoG electrode.
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Polymer LED approach

The simplest polymer Light Emitting Diode (pLED) consists of an organic
semiconductor layer sandwiched between the two metal electrodes. pLEDs
have attracted interest because all device layers can be processed in solution,
which enable roll-to-roll processing capabilities for many flexible electronic
applications. Moreover, the interface between different layers do not have to
be structurally regular at atomic level. Using this technology it is envisage-
able to integrate pLED on a micro-ECoG array as shown in Figure 7.2D.

In this approach, the pLED anodes will be fabricated using an ITO layer
(Approx. 100 nm) covered with a PEDOT:PSS hole-injection layer (high
energy level). The light emitting layer can be selected for the desired neuron
activating wavelength. Blue and yellow are commonly used wavelengths
for channelrhodopsin-2 and halorhodopsin channel activations. A possible
blue light pLED prototype can be based on commercially available prod-
ucts such as Poly(p-xylene tetrahydrothiophenium chloride) [Ding et al.
(2003)] from Sigma Aldrich. A yellow light pLED can be fabricated using
Poly(p-phenylene vinylene) (PPV). More polymers will become available
for these pLED applications as improved materials and variation constantly
emerge. Importantly, the light emitting polymer layer has to be carefully
selected for the most efficient device as the micro-ECoG requires low for-
ward voltage supply and high emitting light intensity. A very suitable
material for the electron transport layer (ETL) is poly [(9,9-bis(3"-(N-N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN) as it

is compatible with a solution based fabrication scheme. In order to complete
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the pLED a cathod material must be selected. It appears challenging to find
a solution-based cathode metal that would be acceptable for an implantable
device. A temporary alternative is to finish the pLED by a deposition of an
aluminum or ITO layer.

A valid concern regarding a solution-based approach is the biocompatibil-
ity of the final device. An alternative approach is to place the integrated LED
device on top of a cranial window while the micro-ECoG array can be seated
on the brain surface under the glass window. This way, we can minimize
the possible detrimental chemical interactions with the pLED materials and

the brain.

7.2 Future directions for electroretinographic

electrode

Transparent thin-film technology has also proven to be one of the practical
choices for ERG electrode array because of its excellent light transmission and
flexibility. Our prototypes presented in this dissertation have shown their
potentials for retina mapping and retina function diagnosis because of the
novel multi electrode array consisted of concentric rings of up to 57 electrodes.
The basic ERG signals were recorded and proven to be comparable to the
standard ERG electrode. However, there are some issues remaining with the
ERG electrode designs described in this thesis, which could be improved in

the future.
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Existing ERG design improvement

The custom PMMA plano-concave ERG lens requires a conductive solution
(artificial tears) filling in the holes at every electrode site prior to each
recording session. The current method of filling the artificial tears requires
a vacuum. If this process is not done carefully, the electrode surface could
be damaged, resulting in a noisy signal due to high electrode impedance.
In the worst case, the electrode surface may lose electrical connection and
eventually loose the recording ability altogether. To avoid this issue, the
custom PMMA lens can be filled with the hydrogel loaded with a conductive
solution.

Currently, our collaborator (Dr. Hetling’s lab) has managed to reuse the
prototype design by peeling of the electrode array and strip off the medical
grade adhesive layer. The new electrode array can be bonded to the cleaned
custom PMMA planar lens and then sterilized prior to the next session.

The image-forming ERG also has issues concerning the parylene C elec-
trode and the rigid clear contact lens bonding. Since parylene C is not easily
bonded with other polymer unless high temperature (200 degree celsius)
and high pressure are applied. With the high pressure applied, the neck of
the electrode array where the electrode exits the contact lens may experi-
ence excessive pressure that could stretch the parylene C layers, resulting
in possible broken connecting traces. This problem could be minimized
by modifying the PDMS molds such that the thin line near neck of the
electrode is not sandwiched by the mold and the sharp contact lens edge.

Even with the high pressure and high temperature, the adhesion seems to
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deteriorate after a few alcohol soaking sessions. To enhance the adhesion,
plasma treatment could be done before bonding.

Moreover, the transparent conducting material, such as PEDOT:PSS and
ITO can be deposited for electrode sites and traces. Transparent conductive
polymers, especially PEDOT:PSS, have gained interest in the optical device
community because of thier high conductivity and low electrical impedance.
The visual acuity of the proposed image-forming lens can be greatly improved

with the transparent metal traces.

New ERG designs

The image-forming ERG lens has shown reasonable ERG recording ability
but for better visual acuity during wearing the ERG lens a modified design
can be useful. This modified design should have all of the electrode sites
outside of the pupil or even on the scleral area to avoid the visual obstruction.
The other possibility is to have the electrode sites on both cornea and sclera.
Through the use of transparent electrode sites and interconnecting traces
using transparent conductive materials such as PEDOT:PSS and ITO, the
visual acuity can be improved. The new ERG lens with electrode channels
arranged outside the pupil area can be fabricated simply by removing the
two or three inner most rings of electrode site array. Similar fabricating and
assembled process can be applied for this case. A potential method is to
design an electrode with the sites arranged in one ring on the scleral area as
shown in Figure 7.3. Limitation of this design is the electrode-lens bonding
difficulty, as it may be challenging to align and keep the electrode ring in

the right position.
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Figure 7.3: A scleral lens from Danker Labs and a proposed scleral lens
based on the developed ERG designs.

7.3 Conclusions

Neural Engineering has gained a lot of interest and expanded rapidly in
the past few years. The work acquired from this study has contributed
to neural engineering field particularly in the neural interface device for
Brain-Computer interface and electroretinography application through the
use of flexible thin-film technology. The prototyped micro-ECoG devices
have shown good mechanical, electrical, recorded signal quality and minimal
biological response after long-term implantation in both rats and monkeys.
These results have lead to further investigation in micro-ECoG electrode
capability for controlling the virtual robotic arms, or eventually the neuro-
prosthesis in monkeys. The results also expanded micro-ECoG outside the
BCI application with newly emerged optogenetic toolboxes. By combining
optogenetics and cranial window imaging, we have also created a mini-
mally invasive two-way neural interface in which micro-ECoG can record
the activated neuron signals in response to photostimulation in transgenic
animal model. This combination also enables a new way to characterize and

optimize the electrode spatial and temporal resolution, which are parameters
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of significant importance for BCI application. Furthermore, an integrated
optogenetic micro-ECoG array has set the direction toward two-way neural
interface in awake animals which could be valuable for BCI, neuroproth-
esis, and basic neuroscience studies. In addition to BCI application, the
development of ERG devices has demonstrated new avenues for the flexible
thin-film electronic fabrication developed here. High density electrode array
could potentially lead to image forming retinal mapping for multiple retinal
related diseases. Ultimately, the work presented here may bring micro-ECoG
for BCI applications and multi-electrode array for ERG applications closer to

clinical trials and the patients.
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A POLYMIDE ELECTRODE FABRICATION PROTOCOLS

A.1 General Information

The polyimide electrode arrays were fabricated by using photodefinable
polyimide, photolithography, metal evaporation and lift off, and oxygen
plasma. The resulting polyimide electrode arrays are 25 microns thick with
metal electrode sites and traces sandwiched between the two polyimide

layers.

A.2 Materials

- 4" Si wafers

- Polyimide (HD-4110, HD MicroSystems)

- Developer (PA-401D, HD MicroSystems)

- Rinser (PA-400R, HD MicroSystems)

- Acetone

- Isopropyl Alcohol (IPA)

- Gold (99.99%) for metal evaporation

- Platinum (99.99%) for metal evaporation

- Chromium (99.99%) for metal evaporation

- Aluminum (99.99%) for sacrificial layer
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Photoresist S1813 (Shipley)

MIF-321 developer (MicroChemicals)

Sodium Chloride solution, 2M

DI water

Platinum wire (0.5 mm in diameter)

Cleanroom wipes (TexWipes)

Polyimide adhesive sheet (Pyralux ® LF Coverlay, Bondply & Sheet

Adhesive, Dupont)

A.3 Fabrication Protocols

1. Clean the 4" Si wafers with Acetone and IPA and dry with nitrogen

gun.

2. Deposit 200 nm of Aluminum layer with the metal evaporator or

sputterer.

3. Spin coat the first layer of polyimide film (HD 4110, HD MicroSys-
tems) with the following spin steps.

- 500 rpm 5 second with 500 rpm/second ramp

- 2500 rpm 30 second with 3000 rpm/second ramp

4. Bake the coated wafer at 85, 95 and 105 °C for 90 seconds in each

step on the hot plate.
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5. Wait for 2 minutes and use transparency mask and the Mask Aligner
(MA6/BAG6 Karl Suss) to expose 40 seconds with i-line UV light (365

nm wavelength), hard contact.

6. Develop the exposed polyimide layer in a petri dish contains 100

ml of PA-401D developer for 2.5 minutes.

7. Immerse the wafer in the 1:1 PA-401D and PA-400R solution for 1

minute.
8. Rinse the wafer in PA-400R rinser for 30 seconds.
9. Blow dry with nitrogen gun.

10. Cure the polyimide coated wafer in nitrogen atmosphere vacuum
oven (4-5 Torrs of nitrogen atmosphere) for approximately 5 hours
(200 °C for 50 minutes, 300 °C for 120 minutes (allow 20 minutes of

ramping up time) and ramp down to 20°C in 90 minutes).
11. Spin 51813 at 4000 rpm for 30 seconds.
12. Bake the coated wafer on the hot plate at 115°C for 1 minute.

13. Expose the wafer for 18 seconds with i-line UV light (365 nm

wavelength), vacuum hard contact.

14. Develop the wafer with MIF-321 developer for 1 minute, rinse with

DI water for 1 minute and then blow dry with nitrogen gun.

15. Evaporate 10 nm of Chromium, 200 nm of Gold and 20 nm of

Platinum layers on the wafer with CHA-600 E-beam Evaporator.
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16. Soak in acetone and sonicate for 5-10 minutes for lift-off the

undesired metal areas.
17. Repeat steps 3 - 10 for the second layer of polyimide

18. Clean the residue of polyimide film on the electrode sites by using

oxygen plasma (Unaxis 790) at 250 W, 10mTorr for 2 minutes

19. Dissolve the sacrificial metal layer to release the polyimide electrode
array from the Si wafer by applying 0.8 DC voltage to the aluminum
layer with Pt wire as counter electrode until the electrode arrays are

completely released (approximately 3-5 hours).

20. Clean and soak the polyimide electrode array in DI water for 2-3

hours to get rid of the sodium chloride residues.
21. Dry the electrode arrays by placing between the cleanroom wipes.

22. Cut out the polyimide adhesive sheet (175 microns thick) to fit the

contact pad area with Cutting-plotter (Craft Robo Pro).

23. Align the polyimide adhesive sheet on the contact pad area between
two aluminum foil wrapped transparency sheet and apply 230-250 kPa

of pressure on the hot plate at 180 °C for 1.5 hours.
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B PARYLENE ELECTRODE FABRICATION PROTOCOL

B.1 General Information

Through the use of chemical vapor deposition, metal evaporation, pho-
tolithography and lift-off process, and dry oxygen plasma etching process,
parylene C electrode arrays were fabricated using Si wafer as carrier substrate.
The resulting 25 pm thick parylene C electrode arrays have Cr/Au/Pt elec-
trode sites and traces sandwiched between the two parylene C layers. This
appendix describes the required materials and detail fabrication protocols

for all of the parylene C electrode array used in this thesis.

B.2 Materials

- 4" Si wafers

- Parylene C dimers (SCS DPX-C dichloro-di-para-xylylene, Special Coat-

ing Systems )
- AZ P4620 photoresist (AZ Electronic MAterials)
- Developer AZ-400K (non dilution), MicroChemicals
- Acetone
- Isopropyl Alcohol (IPA)
- Gold (99.99%) for metal evaporation

- Platinum (99.99%) for metal evaporation
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Chromium (99.99%) for metal evaporation
Aluminum (99.99%) for sacrificial layer
Photoresist S1813 (Shipley)

MIF-321 developer (MicroChemicals)

DI water

Polyimide adhesive sheet (Pyralux ® LF Coverlay, Bondply & Sheet
Adhesive 175 microns thick, Dupont)

Fabrication Protocols

. Clean the 4" Si wafers with Acetone and IPA and dry with nitrogen

gun.

Deposit the first layer of 15 um of parylene C layer with SCS PDS 2010

Labcoater ® using 25 grams of parylene C dimers.

Spin thin layer of positive photoresist 51813 at 4000 rpm for 30 seconds

for metal lift-off process.

. Bake the 51813 photoresist coated wafer on the hot plate at 115 °C for

1 minute.

Expose the wafer for 12 seconds with i-line UV light (365 nm wave-

length), vacuum hard contact.

Develop the wafer with MIF-321 developer for 1 minute and rinse with

DI water for 1 minute and then blow dry with nitrogen gun.
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Evaporate 10 nm of Chromium, 200 nm of Gold and 20 nm of Platinum
layers on the patterned wafer for electrode sites and interconnections

with CHA-600 E-beam Evaporator.

Soak in acetone and sonicate for 5-10 minutes for lift-off the undesired

metal areas.

Deposit the second layer of parylene C (10 um) using 16.7 grams of

parylene C dimers.
Clean wafers with acetone and IPA on the spinner.

Spin coat AZ 4620 photoresist at 2000 rpm for 30 seconds and bake at
110 °C for 190 seconds on the hot plate.

Repeat AZ 4620 coating for second layer of photoresist and bake for
190 seconds to achieve photomask of approximately 24 pm for oxygen
plasma etching process. After each baking step, the wafer has to be
cooled down slowly by picking the wafer 10 cm above the hot plate

and cool down for 2 minutes to avoid the photoresist cracking.

Use transparency mask on soda lime glass panel that protects all the
electrode layout areas on the Mask Aligner (MA6/BA6 Karl Suss) to
expose 180 seconds with i-line UV light (365 nm wavelength), vacuum

hard contact.

Develop the AZ 4620 layer with AZ-400K with 1: 2 ratio solution
of developer: DI water for 3 minutes or until the photoresist is fully

developed.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

146

Rinse with DI water for 1 minute and dry with nitrogen gun.

Wait for 3-4 minutes before baking the wafer on the hot plate at 110 °C

for 190 seconds to avoid photoresist cracking.

Etch 15 um of parylene C layer for 53 minutes using oxygen plasma
etching process (RIE Unaxis 790) with 80 sccm O2, 150 mTorr and
200W.

Remove the AZ 4620 photomask by soaking in acetone and rinse out

with acetone and IPA.
Repeat step 11- 12

Expose the AZ 4620 layers using a transparency mask that has electrode
sites, contact pad and area outside the electrode layout unprotected
for 180 seconds with Karl Suss MA6/BA6 mask aligner, i-line UV light

(365 nm wavelength), vacuum hard contact.
Repeat step 14-16

Etch 10 um of parylene C layer using the same oxygen plasma condi-

tions as in step 17 for 43 minutes.

Remove the AZ 4620 photomask by soaking in acetone and rinse out

with acetone and IPA.

Soak and rinse the wafer in DI water for 1 hour.
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Release the parylene C electrode devices by picking the corner of each
device with sharp pointy tweezers. The device will lift off from Si

wafer once the water can get under small area of the device.
Dry the electrode arrays by placing between the cleanroom wipes.

Cut out the polyimide adhesive sheet (175 microns thick) to fit the

contact pad area with Cutting-plotter (Craft Robo Pro).

Align the polyimide adhesive sheet on the contact pad area between
two aluminum foil wrapped transparency sheet and apply 230-250 kPa

of pressure on the hot plate at 180 °C for 1.5 hours.
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C 3D CAD DESIGN OF PHASE II HEAD CHAMBER

Figure C.1: A detail 3D design of a head chamber showing its features.
(These 3D design is a working in collaboration with Jordan Williams, Wash-
ington University in St. Louis, St. Louis, MO )
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Table D.1: Table of Immunohistochemical Antibodies

D.1 Materials

The materials required for immunohistochemical staining of the rat and

monkey brain tissue slices are listed as below.

HEPES (H3375, Sigma-Aldrich)

Sodium Azide (8032, Sigma-Aldrich)

Triton X100 (X100, Sigma-Aldrich)

Tween 20 (P1379, Fisher Scienctific)

Hank balance salt solution (H8264, Sigma-Aldrich)

Phosphate Buffered Saline (1X solution, Fisher Scientific)

Sodium Borohydride (NaBH4 452882, Sigma-Aldrich)
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Brovine Serum Albumin (BSA A9647, Sigma-Aldrich)
GFAP (MAB360, Millipore)

GFAP (anti-rabbit G3893, Sigma-Aldrich)

IBA-1 (Wako)

AlexaFluor568 anti-rabbit (A-11036, Invitrogen)
AlexaFluor488 anti-mouse (A-11029, Invotrogen)
Prolong Gold mounting solution (P36930, Invitrogen)

Clear Nail polish

D.2 Procedures

Day 1:

1.

Prepare 5.9575g/L of HEPES Buffered Hank Saline solution (HBHS)

. Mix Sodium Azide (90mg/L) in HBHS solution (HBHS with Sodium

Azide)

Wash 3X in HBHS with Sodium Azide solution, rapid rinse

Incubate in 5 mg/ml Sodium Borohydride in HBHS for 30 minutes
Wash 3X in HBHS with Sodium Azide solution, rapid rinse

Incubate in 1% Triton X-100 in HBHS with Sodium Azide for 30 minutes

Wash 3X in HBHS with Sodium Azide solution, rapid rinse
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8. Incubate in 5 % BSA in HBHS overnight

Day 2:

1. Wash 4X in HBHS with Sodium Azide solution, 30 minutes between

each wash
2. Incubate overnight with primary antibodies in HBHS with Sodium
Azide
Day 3:

1. Wash 4X in HBHS with Sodium Azide and 0.5 % by weight of Tween

solution, 30 mins. between each wash
2. Incubate in the dark atmosphere overnight with secondary antibodies
in HBHS with Sodium Azide
Day 4:

1. Wash 4X in HBHS with Sodium Azide and 0.5 % by weight of Tween

solution, 30 minutes between each wash
2. Change buffer to HBHS with Sodium Azide

3. Mount the samples with Prolong Gold mounting solution and cover

with coverslip
4. Let the samples set overnight in a dark atmosphere

5. Seal slide with nail polish
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