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Abstract

Implantable microelectrode devices for chronic

neuronal recordings in mice

To elucidate brain functions, it is important to record neuronal activity in the brain
with great spatial and temporal resolution over a lengthy period. Several key human
disorders, including Parkinson's disease, Alzheimer's disease, and major depressive
disorders, require knowledge of the basic nervous system from mammal models.

Mice have frequently been utilized as a model organism for researching various
human diseases. However, the traditional study employing mice provides data that is
difficult to quantitatively evaluate from the behavioral test. Recent breakthroughs in
microelectromechanical system technology allow us to fabricate multi-channel neural
electrode devices and record electrical signals such as spikes and LFPs. However, these
devices face some challenges with the failure mechanism of the neural electrode, which
includes mechanical and biological origins.

In this study, I provide multiple neural electrodes and implant systems for chronic
recording with excellent spatial and temporal resolution in mice. I developed surgical
procedures using PEG dissolvable materials in the “solid phase” and “liquid phase” for
less invasive device implantation.

I proposed the parylene-thread microelectrode as the first, and the tissue was
penetrated by guiding the tungsten microneedle using the sewing mechanism. I was able
to obtain EMG signals from a mouse's MG muscle as well as neuronal signals of LFP and
spike from its visual cortex in vivo using the thread-bioprobe. The suggested thread-

bioprobe device, which has device flexibility, electrodeposition controllability, and



implantation capability, will contribute to both acute and chronic in vivo
electrophysiological recordings. To prevent physical stress on the tissue, a stitching
method of the flexible thread device using a dissolvable material of PEG has been
developed. These characteristics of the flexible thread device and the surgical procedure
were previously unattainable using traditional methods and instruments.

Next, I proposed a chronic neuronal recording in mice in which a 5-pm-diameter
microneedle electrode penetrates the brain tissue with dissolvable material-based
detachment, and the device is placed on it without attaching the device to the cranium,
achieving the floating electrode architecture. For device implantation, I presented a
microelectrode penetration approach into brain tissue and device removal utilizing PEG
dissolvable material. The approach demonstrated the advantage of reducing physical
stress imposed on tissues during device implantation as well as removal from the
manipulator. For six months, the electrode demonstrated stable recording with no
substantial loss of signal-to-noise ratios, and minimal tissue damage was confirmed as
compared to previous cranium-fixed electrodes with the same needle geometry. Although
the electrode device requires additional development, such as downsizing and a wireless
recording system, the proposed recording technology demonstrated substantial
advantages in terms of high SNR during implantation and less tissue damage.

Finally, we proposed a microneedle-electrode-assembled flexible-film device for
persistent in vivo recording with high spatiotemporal resolution multi-signal and low
invasive implantation. The manufactured microneedle-electrode-assembled flexible-film
device allowed us to record LFP and spike signals in an acute in vivo experiment.
Furthermore, the fabricated device was put on brain tissue using PEG, and the device was
implanted for persistent in vivo recording. For four months, the implanted device
displayed LFP and spike signals. In addition, the SNR during the implantation was
investigated. As a result, the SNRs for four months showed no significant difference.
Based on these findings, the proposed microneedle-electrode-assembled flexible-film
device provides signals with excellent spatial and temporal resolution and minimal
invasive chronic implantation.

These investigations established persistent in vivo recordings with
microelectrodes that allow for high spatial and temporal resolution signal recording in

mice. Furthermore, the PEG implantation method allows for recording without



inflammation caused by factors such as tissue damage during device penetration, an
elastic mismatch between neural electrodes and neural tissue in the context of relative
micromotion, and chronic breach of the blood-brain barrier in mice brains. I hope that the
findings of this study will be used as a potent tool in the future to speed the understanding

of brain functions.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 General introduction

Large numbers of neurons in the nervous system constantly generate and send
electrophysiological signals to communicate between neurons and brain areas[1].
Understanding information transport and processing within the mammalian nervous
system is one of the biomedical community's most pressing concerns. Neurological,
neurodegenerative, psychiatric, and neuromuscular diseases, such as Parkinson's disease,
Alzheimer's disease, major depressive disorder, and multiple sclerosis, impact a growing
proportion of our aging population[2]-[4]. Mice have frequently been utilized as a model
organism for researching various human diseases due to their experimental tractability
and genetic parallels with humans[5].

To understand brain function, neuronal activity in the brain must be measured.
Methods for measuring the brain are essentially grouped into three types: magnetic
resonance, optical, and electrical. They are also classed as either noninvasive or invasive.
The properties of each measurement method[6] is demonstrated in Figure 1.1.
Noninvasive measurements cause no harm to the measurement target; yet, invasive
measurements provide finer temporal and spatial resolution than noninvasive

measurements.  Functional = magnetic  resonance  imaging (fMRI) and
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magnetoencephalography are two magnetic resonance-based approaches (MEG)[7].
fMRI is a noninvasive method that assesses cerebral blood flow in the brain by utilizing
the various magnetization features of blood. Although the spatial resolution of fMRI is
higher (a few millimeters) than that of other noninvasive measurement techniques, the
temporal resolution (a few seconds) is poor since the measurement is based on
hemodynamic changes. MEG employs a highly sensitive device known as a
superconducting quantum interference device, which monitors the magnetic field of brain
activity noninvasively. MEG has an excellent temporal resolution (~1 millisecond) but a
low spatial resolution (~10 millimeters) because the magnetic field is driven by the
current generated from synchronized brain activity. Large equipment and a shielded room
are also required for these testing procedures.

Near-infrared spectroscopy (NIRS) and fluorescence imaging are two optical
measurement methods. In the near-infrared region of the electromagnetic spectrum, NIRS
noninvasively detects cerebral blood flow. Although this method is easier to execute than
others, the spatial and temporal resolutions are both low. The former is degraded by
scattering from the skull, while the latter is constrained by the method's reliance on
hemodynamic changes. Fluorescent imaging uses microscopy techniques such as
confocal microscopy and two-photon microscopy to acquire fluorescent signals. Because
the sample is scanned by a Galvano scanner, these approaches have a great spatial
resolution (a few hundred nanometers) but poor temporal resolution. Also, Ca2+ imaging
in the cytoplasm can potentially reveal brain activity. These procedures, however,
necessitate bulky equipment that is difficult to use in an ambulatory setting. A
transparency approach can be used to observe deep areas in vitro[8], [9].

Electroencephalograms (EEGs), electrocardiograms (ECoGs), extracellular
recordings (including local field potentials and action potentials), and intracellular
recordings are all examples of electrical measurements. The electrical signals of brain
activity are detected noninvasively by electrodes placed on the scalp during EEG tests.
EEG has a relatively good temporal resolution (a few milliseconds) but a low spatial
resolution (a few millimeters). The electrical signals of brain activity are measured by
electrodes implanted behind the dura mater in ECoG. In comparison to insertion-type
brain electrodes, this approach is less invasive and provides great spatial and temporal
resolution (a few millimeters and ~1 millisecond, respectively). Some of the neuronal

electrical probes are described in more detail in Section 1.2.
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Figure 1.1 Characteristics of different methods for measuring brain activity. The vertical

and horizontal axes represent the temporal and spatial resolutions, respectively[10].

1.2 Neuronal electrode

As previously stated, electrical recordings provide excellent temporal and spatial
resolution, making them particularly useful for understanding brain function. As a result,
using the new MEMS technology, numerous types of brain electrodes have been
constructed. Needle and film electrodes are generally utilized for in vivo studies[11]-[13].

Because the electrode measures signals from the surface of the brain tissue, the
standard film type electrode allows for less invasive recording (Figure 1.2). Penetration-
type electrodes, on the other hand, penetrate brain tissue. Despite being invasive,
insertion-type electrodes give great spatial and temporal resolution because they measure
electrical signals in the vicinity of the neuron[14]—-[19].

Utah electrode arrays (Figure 1.3) and Michigan electrodes (Figure 1.4) are
examples of insertion-type electrodes. The planer procedure is used to fabricate the
Michigan electrode, which was created by Michigan University. In this case, multiple
microelectrodes (each sized 40 um X 15 um) are arranged on the surface of a shank needle.

The length and shape of the shank needle are freely adjustable in the planar process.
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Figure 1.2 Example of a thin film ECoG device supported by a water-soluble material
(silk fibroin). The film is ~2.5 pm thick[11].

Figure 1.3 Utah electrode array. The electrode diameter and length are ~100 pm and ~1.5

mm, respectively[12].
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Figure 1.4 A Michigan electrode. Each electrode in the array is sized 40 um x 15 pm. 2D
electrode array (left) and 3D electrode array pattern (right)[13].

Furthermore, recent advancements in complementary metal-oxide-
semiconductor (CMOS) technology have allowed for the incorporating recording
electrodes into integrated multiplexing circuits in the same silicon-probe shaft, including
“Neuropixels” (Figure 1.5)[20]-[24]. The Neuropixels' probe features 960 recording
electrodes, each measuring 12 um x 12 pm and spaced (center to center) by 25 pum,
fabricated with a custom 130 nm CMOS process on a single, 10 mm long and 70 pm wide,
shank. The probe can be programmed to actively switch between and address the
electrodes via 384 independent recording channels[25].

Despite the huge number of independently addressable recording sites in the
probe's depth dimension, the fact that Neuropixels is built on a Michigan-type design
means that large-scale mapping along lateral dimensions is challenging. Four 16-channel
polyimide electrode arrays were integrated into one 64-channel module for a 3D method,
and 16 of these modules were stacked into a 1,024-channel recording system for large-
scale, multisite mapping of brain activity (Figure 1.6)[26]. Deep-brain neural activity
recording with these penetrating silicon probes has high invasiveness[27], [28].
"NeuroGrid” with flexible planar electrodes was developed (Figure 1.7) to lessen
invasiveness to brain tissue. The size of the NeuroGrid electrodes was reduced to that of
neuronal soma, allowing the detection of LFPs and single-unit action potentials from
superficial cortical neurons[29]. Injection of a flexible mesh device into the brain cortex
is another option (Figure 1.8)[30]. By using a controlled stereotaxic syringe injection, the

flexible mesh electronics can be precisely delivered in vivo into target brain regions[31].
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Because of their low invasiveness and many recording sites, these neuronal
electrodes are intended to elucidate brain function. However, if the next step necessitates
more recording systems, signals can be chronically recorded. I describe chronic recording

with a minimally invasive device in detail in Section 1.3.
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Figure 1.5 Neuropixels. The electrode has 960 recording electrodes, each measuring 12
um x 12 pm and spaced (centre to centre) by 25 um, fabricated with a custom 130 nm

CMOS process on a single, 10 mm long and 70 pm wide, shank[25].
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Figure 1.6 Polymer electrode array. Four 16-channel polyimide electrode arrays were
assembled into one 64-channel module, and 16 of these modules were stacked into a

1,024-channel recording system[26].
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Figure 1.7 NeuroGrid. The electrode has a density that matches the average size of
neuronal bodies and neuronal density (10 x 10 um? electrode surface area and 30 um

inter-electrode spacing)[29].
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Figure 1.8 Mesh electronics. The electrode has total mesh width, W =2 mm; longitudinal
SU-8 polymer element width, w1l =20 pum[30].

1.3 Implantable electrodes for long-period recording

The brain is a dynamic system that exhibits constant changes in neuronal
activity and connections at many temporal scales, ranging from milliseconds for single-
unit action potentials to months and years for circuit-level modifications during learning
and long-term memory formation[32]. Therefore, to comprehend the complex brain
system, a recording method with a long duration of reliable and high signal-to-noise ratio
(SNR) neural recording is required. Maintaining high SNR recordings from thousands of
neurons, on the other hand, proved difficult, and biocompatibility and reliability concerns
frequently resulted in electrode failure only a few weeks after implantation[33]-[35].
Failure modes of brain electrodes can be classified into mechanical and biological failure
modes (Figure 1.9)[34]-[37]. The former comprises electrical and environmental

insulation degradation, the interconnection between interface parts and implanted
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electrodes, and mechanical failure of the different layers constituting the device[33], [36].
As a result, packing and encapsulating solutions have emerged as critical features of
neural electrode design. The loss of recorded signals can be caused by neuronal death and
the formation of glial scars around implanted electrodes, which are composed of reactive
astrocytes and activated microglia[35], [38]. Several factors have been reported to
contribute to this inflammatory response, including tissue damage during device
penetration[34], [35], an elastic mismatch between neural electrodes and neural tissue in
the context of relative micromotion[36], [39], [40], chronic breach of the blood-brain
barrier[41] and materials neurotoxicity[42].

Some of the neuronal electrodes can be implantable chronically (Table 1.1), but
these devices have several challenges. For example, NeuroGrid can detect spike signals
(depth in 200 um) from the brain surface. However, recorded signals necessitate complex
data analysis, such as spike clustering[29]. Despite having a great number of recording
sites on Neuropixels and polymer electrode arrays, the implantation method; that is, the
device platform attached to the cranium (Figure 1.10), causes harm to brain tissue due to
the device's relative micromotion (Figure 1.11)[36], [39], [40]. Furthermore, because
these devices have large platform sizes, recording with a mouse is limited.

Flexible substrate devices such as Mesh electronics and Nanoelectronic thread
(NET) electrodes are expected to reduce invasiveness after device implantation, however,
device penetration or implantation method into biological tissue is a challenge. Mesh
electronics with injection approach demonstrating repeated recordings over an extended
period of time utilizing mouse brain tissue. The injection method, on the other hand, has
various challenges, including device placement and an early injury to brain tissue during
the injection (Figure 1.12)[30], [31]. Nanoelectronic thread (NET) electrodes with a hole
at the end of the probe enable to penetrate the biological tissue using a guide needle to
catch the hole of thread (Figure 1.13). However, these penetration methods require the
withdrawal of the guide needle, which causes misalignment of the electrode device and

makes accurate implantation difficult[17].
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Figure 1.9 Mechanisms of neuronal electrode failure[37].

Table 1.1 Comparison of different properties of electrode.

Multiplexity Stability Animal
NeuroGrid[29] 120-256 channels 10 days Rat
Neuropixels[25] 960 channels 60 days Rat
Polymer electrode 1,024 channels 10 days Rat
array[26]
Mesh electronics[30] 16-128 channels 8 months Mouse
NET electrode[17] 8 channels 4 months Mouse

10
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Neuropixels

Figure 1.10 Implantation method with Neuropixels using rat[6], [25].

Silicon probe

Figure 1.11 Inflammation of neuronal electrode-brain tissue interface[6].
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Figure 1.13 Device insertion method using guide needle[17].

1.4  Objective of the present study

To understand brain function, it is important to record neuronal activity in the
brain with great spatial and temporal resolution over a lengthy period of time. Several
key human disorders, including Parkinson's disease, Alzheimer's disease, and major
depressive disorders, require an understanding of the basic neurological system from a
mammal model. Mice have frequently been utilized as a model organism in the study of
certain human diseases. However, the conventional study employing mice provides data
that is difficult to quantitatively evaluate using behavioral tests.

Recent advances in microelectromechanical system technology allow us to
fabricate multi-channel neural electrode devices and record electrical signals such as
spikes and LFPs. However, these devices have some challenges with the failure

mechanism of the brain electrode, which includes mechanical and biological origins.

12
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In this study, I provide several of the neuronal electrode and implant systems for
chronic recording with high spatial and temporal resolution using mice (Figure 1.14). The
proposed methodology in this study offers advantages of i) minimized initial tissue
damage during device penetration ii) enabling accurate insertion position and iii)

providing flexibility to biological tissue during implantation.
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Figure 1.14 The objective of the present study: high spatial and temporal resolution

recording with a long period for mice.

1.5 Organization of the thesis

This thesis summarizes several of the neuronal electrode and implant systems for
chronic recording with high spatial and temporal resolution using mice. This thesis
consists of all 6 chapters, and its organization is as follows.

In chapter 1, the method of measuring the neural activity, especially, the
advantages of the electrical measurement method and neural electrode, the device
implantation for chronic recording, and failure mode of the neural electrode including the
mechanical origin and biological origin were introduced. The objective of this research
was also shown.

In chapter 2, the device penetration method for reducing tissue damage using

dissolvable materials and comparison of dissolvable materials and selection are described.

13
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Chapter 3 introduced the parylene-thread microelectrode based on film fabrication
and surgical procedure based on the sewing mechanism. The acute and chronic in vivo
experiments were also described using the parylene-thread microelectrode in mice.

Chapter 4 introduced a "floating" electrode architecture using a 5-pm-diameter
microneedle electrode. The device packaging and surgical procedure for achieving the
"floating" electrode were described. The results including in vivo chronic experiment
recording with SNR for 6 months and damage analysis using immunohistochemistry were
also described.

Chapter 5 introduced a microneedle-electrode-assembled flexible-film device for
chronic in vivo recording with high spatiotemporal resolution multi-signal and low
invasive implantation. The device fabrication and packaging for high spatiotemporal
resolution recording were described. In addition, acute and chronic in vivo experiments
were also described using the device in mice. Finally, damage analysis using
immunohistochemistry was also described.

In chapter 6, the findings obtained in this research and future prospects of this

device are shown and summarized in this research.

14
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Chapter 2

Surgical procedure for microelectrode

devices

2.1 Introduction

To understand brain functions, it is important to record neuronal activity in the
brain with great spatial and temporal resolution over a lengthy period of time. Several
inflammatory responses are elicited by implanted devices, including tissue damage during
device penetration[1], [2], elastic mismatch between neural electrodes and neural tissue
in the context of relative micromotion[3]-[5], chronic breach of the blood-brain
barrier[6] and materials neurotoxicity[7]. In this Chapter, device penetration and

implantation method for reducing tissue damage using dissolvable are detailed.

2.2  Penetration and implantation procedures

Figure 2.1 depicts standard device placement and insertion. Even though flexible
film devices can be placed on brain tissue with tweezers (Figure 2.1a), the resolution of
recorded signals are insufficient. The insert-type electrode, on the other hand, can record
high-resolution signals. Traditional implant methods for in vivo chronic recording,

however, involve tissue injury due to micromotion caused by the device connected to the
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cranium after insertion (Figure 2.1b). As a result, I propose different approaches for
implanting devices into brain tissue utilizing dissolvable material for non-invasive
chronic recording.

Figure 2.2 shows the device placement using a dissolvable material. Dissolvable
materials can “catch” and “release” the device without mechanical vibration by utilizing
the “solid phase” via the “liquid phase” condition (Figure 2.2a). Furthermore, some
dissolvable compounds can be melted with a solution such as phosphate-buffered saline
(PBS) and entirely removed from brain tissue. These properties allow high-aspect-ratio
devices[8]-[11] to be inserted into the brain without causing device failure or
inflammation (Figure 2.2b). Furthermore, using biocompatible materials, minimal
invasion, and continuous recording can be expected. Dissolvable materials with

biocompatibility are discussed in length in section 2.3.

(a) (b) Needle electrode

e
Film device l Insert (with manipulator)

Dental cement

| Micron'}otion

Figure 2.1 Conventional device placement and implantation. (a) Film device placement

using tweezers. (b) Implantation method of needle electrode fix to cranium.
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(a) .
Manipulator . . Manipulator
Flexible device

Dissolvable
material Needle

Insert
. . Extract
Brain Brain
Cranium Cranium

(b)

Manipulator

l Insert Manipulator

Dissolvable
material Pull up

Figure 2.2 Device placement using dissolvable material. (a) Surgical method enables to
“catch” and “release” without mechanical vibration. (b) Device placement for high-

aspect-ratio electrode device.

2.3 Dissolvable materials with biocompatibility

A comparison of dissolvable materials with biocompatibility is shown in Table
2.1 and Figure 2.3. By heating paraffin wax below 60 °C, it transforms into a liquid phase
and then into a solid phase for a short time at room temperature. Although paraffin wax
has a quick response time, it requires a high temperature during device implantation on
brain tissue (Table 2.1 and Figure 2.3a). Silk fibroin solution is made from B.mori
cocoons that have been boiled, dried, and salted[12], [13]. The silk fibroin solution is
crystallized in the air (< 24 hours) to produce a homogeneous silk film (Figure 2.3b)[14]-
[16]. The silk film degrades proteolytically in water at ambient temperature (< 2 weeks)
(Table 2.1)[16], [17]. At normal temperature, silk fibroin can dissolve. The silk fibroin
solution, on the other hand, takes ~24 hours to silk film and takes ~2 weeks to dissolve.
These time scales result in a misalignment in the surgical process. Polyethylene glycol
(PEG) exhibits a liquid phase (~50 °C) when a PEG powder is heated, which is a solid
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phase at ambient temperature. Furthermore, PEG dissolves quickly in PBS (Table 2.1 and
Figure 2.3¢)[18]. Furthermore, the degradation rate of PEG allows for the mixing of
different molecular weights of PEG. These features are suitable for altering the time scale

with device implantation during surgical operations.

Table 2.1 Comparison of different materials with biocompatibility.

Melting point Solidification time Dissolving time
Paraffin wax ~ 60 °C Few seconds x
Silk fibroin X ~ 24 hours ~ weeks
Polyethylene glycol ~50°C Few seconds ~ minutes
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(a)

Heat (< 60 °C) 9

Paraffin wax (solid) Paraffin wax (liquid) Paraffin wax (solid)

(b) \

Dry (< 24 hours)
-

Silk fibroin (solution) Silk film (solid)

(c)

Heat (< 50 °C) at R.T.

PEG (powder) PEG (liquid) PEG (solid)
Figure 2.3 Comparison of biocompatibility materials for use device implantation. (a)
Paraffin wax, (b) silk fibroin and (c) polyethylene glycol (PEG).

2.4  Conclusions

This Chapter discussed how to use dissolvable material to reduce tissue injury
during device penetration and implantation. Using the states of “solid phase” and “liquid
phase,” the dissolvable materials may “capture” and “release” the device without
mechanical vibration.”. Polyethylene glycol is a dissolvable substance that is compatible
with device insertion for surgical operations due to the time scale. In the next chapter, |
will investigate low-invasive chronic recording with a flexible parylene-thread

microelectrode and a surgical method involving PEG.
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Chapter 3

Parylene-thread microelectrode

3.1 Introduction

The electrode substrate's flexibility decreases penetration-induced tissue
damage[1]-[4]. Furthermore, decreasing the total needle geometry (diameter or width)
reduces the degree of tissue inflammation. Micro-electro-mechanical system (MEMS)
devices based on flexible materials were created to combine these features. However,
because they were to be placed into biological tissue, their application was difficult.
Furthermore, in electrophysiology, the accurate penetration of the needle as well as the
microelectrodes contained within it is a significant factor. Moreover, these microelectrode
locations should be fixed for long-term recording (e.g., persistent device implantation).
Several techniques have been proposed to penetrate the flexible needle[5]—[8]; however,
as the next step, the penetration method requires features of minimized tissue damage and
the precise position control of the microelectrodes during the penetration and fixation of
these electrodes towards the chronic recording.

The method described in this Chapter is based on a traditional stitching
mechanism. It entails the use of a “thread-like” flexible parylene substrate device with
microelectrodes, which allows for accurate penetration and implantation into the brain

and other biological tissues with the assistance of a guiding microneedle. A tungsten
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microneedle is attached to the tip of a parylene-thread microelectrode. The tungsten
microneedle, like conventional sewing, plays a role during tissue penetration and guides
the flexible device into the tissue; however, the tungsten needle is wholly withdrawn from
the tissue. I also suggest a stitching method that manipulates the parylene-thread
microelectrode with a dissolvable substance to reduce physical stress to brain tissue
during device penetration. The proposed methodology has the advantages of 1) reduced
tissue injury during device penetration; ii) accurate positioning of the microelectrodes by
guiding the tungsten needle, and; iii) implantation capabilities by attaching each side of

the threaded part to the cranium.

3.2 Design and fabrication

I developed a parylene-thread microelectrode with a length of 1,500 um and 150
um width thread section with a 500 um spacing array of three Pt microelectrodes (10 um
% 40 um). The overall length of the parylene device geometry was 33,000 pm, including
the three Pt-electrode pads for external connections (Figure 3.1).

A parylene film MEMS method was used to make the proposed parylene-thread
microelectrode (Figure 3.2)[9]-[11]. The device process was initiated with a 5-um thick
parylene film on a Si substrate by vacuum deposition equipment (model PDS2010,
LABCOTER). As both the microelectrode-site and the device interconnection, a platinum
(Pt) layer was formed on the parylene film by sputtering and etching with argon (Ar)
plasma (Figure 3.2 (i,ii)). The Pt layer was subsequently covered using another parylene
layer of 5 um parylene, that was followed by parylene patterning using oxygen (O2)
plasma with a titanium (Ti)-mask (Figure 3.2 (iii—v)). Finally, the parylene film was

released from the substrate using ethanol (Figure 3.2 (vi)).
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Chapter 3:
37,000 ym
5
Cc
500 um 40 pm
N R 2
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NNE

Figure 3.1 Design of the parylene-thread microelectrode. (a) Entire image of the
design of the parylene-thread microelectrode array. (b) Enlarged view of the

microelectrode. (c) Enlarged view of the microelectrode with a size of 10 x 40 pum.
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Parylene(1st layer)

(1) (ii)

Parylene(2nd layer) Mask(Ti)

(V)

(vi)

Figure 3.2 Fabrication process of parylene-thread microelectrode: (i) first, parylene

deposition on a substrate (Si); (i) Pt layer as both the electrode-site and the device
interconnection that was formed on parylene by sputtering and etching; (iii) second,
parylene deposition; (iv, v) parylene patterning by O2 plasma with a Ti-mask; and (vi)

release of parylene film from the substrate using ethanol.

3.3 Device packaging and electrical characteristics

Figure 3.3a depicts the thread portion of the fabricated parylene-thread
microelectrode with a thickness of 10 um (parylene thickness was measured by using
spectroscopic film thickness measurement system). Each size of the fabricated Pt-

electrodes shows ~15 pm x 40 pum (Figure 3.3b, c¢), which are larger than the designed
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values (10 um x 40 pm). This size difference is due to the over-etching of the top parylene
layer (5 um) in Oz plasma etching, step “v” in Figure 3.2. The process can be improved
by compensating the exceeded parylene etching.

Figure 3.4 depicts the packaging device in which the tip portion of the thread-
bioprobe is connected to an tungsten microneedle [two types of diameters used: 150 pm
(Figure 3.4b) and 50 um in animal experiment] by a ultraviolet (UV)-curable resin with
the geometry of <150 um in width. On the other device-sided each microelectrode’s pad
is connected to conventional pin connectors (three channels). The Pt-microelectrode’s
impedance characteristics at 10 Hz — 10 kHz, measured in phosphate buffered saline
(PBS) at room temperature, ranged from 69 + 16 kQ to 12 + 3 MQ [500 £+ 100 k€ (mean
+ SD) at 1 kHz]. These were further reduced from 19 £2 kQ to 1 £ 0.2 MQ [54 + 6 kQ
(mean + SD) at 1 kHz] by additional plating with a low impedance material of platinum
black (Pt black) (Figure 3.5)[12]-[14]. These values are sufficiently low for measuring
the neuronal activity[13]-[15]. As the actual sewing of the device into the tissue, a device
characterization of twist test was also conducted while the electrode impedance was
measured. Herein, the parylene-thread microelectrode was twisted in five turns, showing
no significant change in the electrode’s impedance (Figure 3.6).

I also explored the amplitude attenuation of recorded neuronal signals associated
with the electrodes’ impedance characteristics and a recording system with a preamplifier
(ZC64, Tucker-Davis Technologies, USA, input resistance = 1 x 10'* Q), as measuring
the output/input signal amplitude ratios of the thread-bioprobe device with the recording
system (Figure 3.7). By applying test signals of 300 uV peak-to-peak sinusoidal waves
from 1 Hz— 10 kHz, the measured output/input ratios ranged from 69% to 89% (averages
of 3 electrodes) (84% at 1 kHz for spike recording), while the measured root mean square
noise voltage was 26.4 nVrms. Considering the used test signals (300 pV, 1 kHz), the

calculated signal-to-noise ratio of the recording system was 18 dB.
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Figure 3.3 Fabricated parylene-thread microelectrode. (a) Photograph of overview of the

parylene-thread microelectrode. (b, ¢) Insets of red and blue squares that denote the SEM
images of an array of three Pt microelectrodes and one electrode in the device,

respectively.
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L IL IL ]
Connector Parylene-thread microelectrode Tungsten needle

Connector

Parylene-thread
microelectrode

Tungsten needle

Figure 3.4 Schematic and photograph showing the packaging device. The tip portion of
the parylene-thread microelectrode was connected to a tungsten microneedle; further,
each electrode’s pad at the other device-side is connected to conventional pin connectors

(three channels).
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Figure 3.5 The impedance characteristics of Pt black plated microelectrodes measured in

phosphate buffered saline (PBS) at room temperature.
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Figure 3.6 The impedance characteristics of the twisted parylene-thread microelectrode.
The parylene-thread is twisted in five turns (360 X 5), showing no significant change in

the electrode’s impedance.
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Figure 3.7 Output/input signal amplitude ratios of Pt black microelectrodes measured in
PBS. Test signals of 300 uV peak-to-peak sinusoidal waves from 1 Hz to 10,000 Hz Are
applied to the PBS.

3.4 Sewing method and EMG signal recording

Figure 3.8 shows the sewing and signal recording capabilities of the fabricated
parylene-thread microelectrode using hindlimb muscle of the mouse. The mouse (male,
20-25 g) was anesthetized by intraperitoneal injection of urethane (50 pl of 10% solution
per 10 g body weight) and chlorprothixene (100 pul of 0.5% solution per 10 g body weight).
For the device sewing in the biological tissue, I used the tungsten microneedle with a
diameter of 50 pm, which was manipulated by hand with tweezers. By guiding the
tungsten needle, the fabricated thread-bioprobe was punched and embedded into the
medial gastrocnemius (MG) muscle. Figure 3.8b depicts two of the three Pt black
microelectrodes that were placed on the muscle surface while the other one was
embedded in the muscle. For multichannel recording, three microelectrodes were
embedded in the muscle (picture not depicted).

During the recording, the nerve corresponding to the MG muscles was electrically
stimulated with a current ranging from +0.1 to +1.0 mA, 0.1 mA step, with a 100 ps

duration at 1 s intervals (100 trials for each current range). No response was observed
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from these three microelectrodes to the stimuli ranging from +0.1 to +0.2 mA (Figure
3.9a). However, a response could be observed at the current stimulation of +0.3 mA;
further, a response clearly appeared at the current stimuli of more than +0.5 mA (Figure
3.9b). Furthermore, these recorded signals were observed to be nonlinear (Figure 3.10)
and the latency of responses is approximately 5 ms, the waveforms that were recorded
via the three microelectrodes were considered to be the electromyography (EMG) signals
that were generated by the current stimuli to the nerve.

I further investigated the device displacement through the cycling tests of the
muscle stimulation. Figure 3.11 shows a set of photographs before and after the
stimulation for 500 trials. Herein, two of the three microelectrodes (Pt black) were placed
on the muscle surface for the displacement observation, while the other one (upper right
in each picture) was embedded in the muscle. The device displacement analysis was
performed by measuring the distance between the positions of an electrode and a blood
vessel as shown in the photograph. After 500 trials, this distance was measured as

approximately 3 um.

Tungsten
needle

Muscle

Figure 3.8 (a) Schematic and (b) photographs of the parylene-thread microelectrode,
which was sewn to the MG muscle in the mouse’s leg by guiding the tungsten

microneedle.

35



Chapter 3: Parylene-thread microelectrode

a Stimulus intensity 0.1 mA

0.5 0.5 0.5
3
) R 1) S 1o PP————
o
8
S
05— 10 05— 10 05— 10
Ch.1 Ch.2 Ch.3
b Stimulus intensity 0.5 mA
0.5 0.5 0.5
5
% 0 [P Spmmend 0 e 0 ~—
£
S
05— 10 05— 10 05— 10
Ch. Ch.2 Ch.3
Time[ms]

Figure 3.9 Signal waveforms recorded from the muscle via three Pt black microelectrodes
embedded in the muscle. During the electrical stimuli to the corresponding nerve: 0.1 mA

(a) and 0.5 mA (b).

0-8 T T T T T

0.7 .

0.6 ) 1
1

0.5 .
0.4

0.3 4

Voltage [mV]

0.2
01

0 0.1 0.2 0.3 0.4 0.5
Stimulus intensity [mA]

Figure 3.10 Stimulus intensity-dependent EMG signal amplitudes.
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Figure 3.11 Device displacement during the muscle stimuli for 500 trials. The device

displacement was analyzed by measuring the distance between the microelectrode and

the blood vessel in each photograph (before and after).

3.5 Surgical procedure for brain tissue

The multichannel neuronal signal recording within the tissue for both acute and
chronic cases can be obtained by applying the designed parylene-thread microelectrode;
however, the tissue damage associated with the device penetration via the tungsten needle
by hand (as earlier demonstrated using muscle, Figure 3.8-Figure 3.11) should be
minimized. To overcome the issue of tissue damage, a surgical sewing method of using a
dissolvable material of PEG is proposed. Because PEG shows both the liquid and solid
phases at varying temperatures (~60 °C), it enables the ‘catch’ and ‘release’ of the
tungsten needle during manipulation.

Figure 3.12 shows the proposed surgical procedure in the sewing of the parylene-
thread microelectrode into the gelatin brock. The tungsten microneedle, which was held
by a manipulator (first manipulator) via PEG, penetrated the gelatin (Figure 3.12(1)). The
tip portion of the tungsten needle was subsequently caught using a liquid—PEG of the
other manipulator (second manipulator, Figure 3.12(ii)), which was cooled and solidified
for holding of the needle. By dropping solution (PBS) on the PEG at the first manipulator,
the tungsten needle was released from the manipulator; however, the needle was held by
the second manipulator (Figure 3.12(iii)). The tungsten needle was continuously pulled
using the second manipulator, resulting in a parylene-thread and that was placed inside
the gelatin block (Figure 3.12(iv)).

Furthermore, I observation of the needle's displacement during the needle
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manipulation of "catch" and "release" (Figure 3.13). Both "catch" and "release" of
displacement of the needle during the surgical procedure showed without significant

differences (< 50 um), respectively.

Figure 3.12 Schematics and photographs of surgical procedure with “catch” and “release”
of the tungsten needle using the gelatin block: (i)The tip portion of the tungsten needle is
caught using a liquid-PEG of the other manipulator (ii), which was cooled and solidified
for holding the needle (iii). By dropping solution (PBS) on the PEG at the first
manipulator, the tungsten needle is released from the manipulator, while the needle is

held by the second manipulator (iv).
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Figure 3.13 Photographs of observation of the needle’s displacement during the needle
manipulation of (a) “catch” and (b) “release.” Measured displacement of the needle
during the surgical procedure was within 50 um. The diameter of the used tungsten needle

is 150 um.

3.6  Acute in vivo neuronal recording

Figure 3.14 shows the proposed surgical procedure in the sewing of parylene-
thread microelectrode into the mouse brain tissue. The tungsten microneedle, which was
held by a manipulator (first manipulator) via PEG, penetrated the tissue and passed
through the two holes of cranial opening (Figure 3.14(i)). The tip portion of the tungsten
needle was subsequently caught using a liquid—PEG of the other manipulator (second
manipulator, Figure 3.14(i1)), which was cooled and solidified for holding of the needle.
By dropping solution (PBS) on the PEG at the first manipulator, the tungsten needle was
released from the manipulator; however, the needle was held by the second manipulator
(Figure 3.14(ii1)). The tungsten needle was continuously pulled using the second
manipulator, resulting in the parylene-thread microelectrode and that was placed inside
the mouse’s brain tissue (Figure 3.14(iv)). As a surgical advantage, the positions of
microelectrodes in the tissue can be monitored precisely by the second manipulator.

Figure 3.15 depicts the cranial opening area in which the parylene-thread
microelectrode penetrated the brain tissue. Herein, the cranial opening area measured 1—
3 mm in diameter, and the device’s footprint in the tissue was approximately 150 pum in
diameter (the diameter of the tungsten needle is 50 um; the width and thickness of the
parylene device are 150 and 10 um, respectively). Using this surgical procedure, the tissue
damage can be minimized, as confirmed by the minor bleeding in the tissue after the trials

more than five times.
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The in vivo acute neuronal recording capability was also demonstrated using the
mouse’s brain (Figure 3.16a). The mouse (male, 20-25 g) was anesthetized by
intraperitoneal injection of urethane (50 pl of 10% solution per 10 g body weight) and
chlorprothixene (100 pl of 0.5% solution per 10 g body weight). To record the visual
response, after the cranial opening (3.2—3.5 mm on the lateral side and 4.0 mm on the
caudal side from the bregma, having a diameter of 1-3 mm), the fabricated parylene-
thread microelectrode consisting of Pt-black plated three microelectrodes was inserted
into the tissue and placed in the cortical layers of the primary visual cortex (V1) on the
right hemisphere (~ 2.5 mm on the lateral side and 4.0 mm on the caudal side from the
bregma) by manipulating the tungsten microneedle (50 um diameter) with PEG (Figure
3.16b). With the needle’s guide, each microelectrode (Pt black, 10 x 40 pm? in area) was
precisely positioned in the tissue achieving lateral distances of 3.0 mm for Ch. 1, 2.5 mm
for Ch. 2, and 2.0 mm for Ch. 3 along with the device penetration (Figure 3.16b).

As a visual stimulus, a light emitting diode (LED) array, consisting of nine white
LEDs on a 20-mm wide substrate, was used. While visual stimuli were applied to the
mouse’s eye for 0.5 s, neuronal responses were repeatedly recorded via the three
embedded microelectrodes in the tissue (Figure 3.17). The second panel in Figure 3.17
represents low frequency-band (filtering = 10-500 Hz), whereas third panel shows high
frequency-band (filtering = 500-3,000 Hz) waveforms recorded by each microelectrode.
The low frequency-band waveform signals appeared at around 0.25 s, which were
consistent with the latency of the visual response, were subjected to be the LFP evoked
by the visual stimuli. Bottom two panels show raster plots and peri-stimulus time
histograms (PSTHs), respectively, taken from each high frequency-band signals. The
detection thresholds for each channel were 4 times the standard deviation (o) of the mean
signal — 0.5 to —1.0 s before the stimulus onset. However, no significant responses to the
visual stimulus were obtained. This was probably due to the creation of a gap between
the recording electrodes and their neuronal signal sources[1], [16]-[18] (the geometries
of our device are 50 um diameter for tungsten needle, 150 um width for parylene-thread,

and 150 pm width for the resin junction, Figure 3.18).
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Parylene-thread 1st manipulator
microelectrode

Figure 3.14 Schematic and photographs of each step in the surgical procedure: (i) tungsten
microneedle penetrates through the tissue while the needle is held with PEG at first
manipulator; (ii) the tip portion of the tungsten needle that is caught using the second
manipulator with PEG; (iii) release of the tungsten needle from the first manipulator by
dipping PBS to the PEG; and (iv) continuous pulling of the tungsten needle with the
second manipulator for placing the parylene-thread microelectrode within the tissue.
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Figure 3.15 Photographs depicting the cranial opening area of the brain tissue before and

after device penetration.
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Figure 3.16 Acute in vivo neuronal recording using mouse brain. a) Schematic of the
recording setup and photograph of the bioprobe device sewn to the brain tissue by guiding
the tungsten microneedle with PEG. An LED array was used for visual stimulation. b)
Tangential and coronal schematics of the primary visual cortex (V1) based on stereotaxic
coordinate, illustrating the position of the thread-bioprobe in the tissue. Blue lines and
yellow dots in both schematics represent the footprint of thread-bioprobe and

microelectrodes (Pt black), respectively.
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Figure 3.17 Signal waveforms recorded from the V1 via three embedded microelectrodes
in the tissue. Top panels represent timing of the optical stimulation. Second and third
panels are low-frequency-band (filtering = 10-500 Hz, n = 50 trials) and high frequency-
band (filtering = 500-3,000 Hz, single trial) signal waveforms, responsibility. Bottom two
panels are raster plots and PSTHs, respectively, taken from the high frequency signals (n
= 50 trials). The detection thresholds for each channel was 4 times the standard deviation

(o) of the mean signal — 0.5 to —1.0 s before the stimulus onset.
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Figure 3.18 UV-curable resin junction. Shcematics show the top and side views of the
UV-resin junction between the parylene-threrad microelectrode (150 um width and 10
um thick) and the tungsten microneedle (50 pum diameter), respectively. Bottom
photograph shows the side view of the UV-resin junction. The resin formed the

connection geometry of <150 um in width.

3.7  Chronic in vivo neuronal recording

The chronic in vivo neuronal recording ability was also demonstrated using the
mouse’s brain (Figure 3.19). The mouse (male, 20-25 g) was anesthetized by isoflurane,
and Pt black plated three microelectrodes were inserted into the mouse brain tissue using
the surgical procedure similar to the acute recording. Using dental resin, the parylene-
thread microelectrode and pin-connector were attached to the cranium. Here, a gelatin
sponge was placed around the thread-bioprobe to protect the brain surface from infection.
An array of LEDs was used to record the visual responses as used in the acute recording.

Signals from the free moving mouse were recorded a week after the parylene-
thread microelectrode implantation (Figure 3.20). Visual stimuli were applied to the
mouse’s eye for 0.5 s, and the responses were continuously recorded by the three
microelectrodes. The second and third panels in Figure 3.20 represent low frequency-
band (filtering = 10-500 Hz) and high frequency-band (filtering = 500-3000 Hz)

waveforms recorded by each microelectrode, respectively. The two panels at the bottom
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show raster plots and histograms, respectively, obtained from each high frequency-band
signals (the detection threshold of each channel was 4o of the mean signal — 0.5 to —1.0
s before the stimulus onset). These waveform signals, which appeared at around 0.25 s
were consistent with the latency of the visual response, and were subjected to be the LFPs
(second panels in Figure 3.20) and spikes (third panels in Figure 3.20) evoked by the
visual stimuli.

In order to observe the influence of the surgical procedure of sewing on the mouse,
the change in the mouse’s body weight was continuously monitored for two weeks
(Figure 3.21). Initially, decrease in mouse’s weight was observed for three consecutive
days after surgery and a recovery on the seventh day. This suggested that the proposed
surgical method of sewing of the fabricated parylene-thread microelectrode was

applicable to the chronic recording on the mouse.

Parylene-thread ‘
m|croelectrode; Dental cement
S Gelatin
Vv
|
Ch. Ch.2 ch.3
s 500 ym ——————mm

Figure 3.19 Schematic of the surgical procedure for the chronic recording and the
photograph of the mouse that was implanted thread-bioprobe. The parylene-thread
bioprobe device was implanted in the visual cortex (V1) in the right hemisphere of the
mouse. For the recording of the visual responses from the mouse, [ used an array of white
LEDs.
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Figure 3.20 Waveforms recorded from the free moving mouse a week after the
implantation via three microelectrodes in the V1. Top panels represent timing of the
optical stimulation. Second and third panels are low-frequency-band (filtering = 10-500
Hz, n = 50 trials) and high frequency-band (filtering = 500-3,000 Hz, single trial) signal
waveforms, responsibility. Bottom two panels are raster plots and PSTHs, respectively,
taken from the high frequency signals (n = 50 trials) The detection thresholds for each
channel was 4 times the standard deviation (o) of the mean signal — 0.5 to —1.0 s before

the stimulus onset.
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Figure 3.21 Mouse’s weight depending on the day after the implantation of thread-device.

3.8 Discussion

The parylene—based flexible thread-bioprobe device was designed and fabricated.
The tip portion of the device was connected to the tungsten microneedle with a UV-
curable resin, enabling the device penetration into the tissue. The resin formed between
the tip of parylene-thread and the root of tungsten needle, achieves a connection geometry
of <150 um in width (Figure 3.18). As demonstrated in both the recordings using mouse’s
brain tissue as well as limb muscle, these tissues could be punched with a flexible thread-
bioprobe following the guidance of the tungsten microneedle. During the tissue
penetration, no separation of the tungsten needle from the parylene-thread was observed,
indicating that the junction of UV-curable resin is strong enough to sustain tissue
punching.

The penetrating and recording capabilities of the fabricated parylene—based
flexible device were confirmed on the limb muscle of the mouse. During the electrical
stimulation, the limb showed large displacement associated with the relaxation and
contraction. However, as confirmed from the recording sessions for 500 trials, no
significant electrode displacements (<5 um, Figure 3.11) could be observed because the
thread-device was sewn to the muscle. The advantage of being able to sew
microelectrodes with the tissue can be applied to other organs and tissues that exhibit
large displacement and deformation (e.g., pulsation). As to the position of
microelectrodes within the muscle, because of the diameter of the guiding tungsten needle
(50 pm diameter), it was assumed that the thread-bioprobe penetrated the tissue between
fascicles (a group of muscle cells) in the skeletal muscle (groups of fascicles). Compared
to the device placement over the surface of the skeletal muscles, such an electrode

positioning within the skeletal muscles enables us to detect signals inside the muscle,
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offering advantages for further analysis in muscles (e.g., three-dimensional signal
mapping of the muscle).

In terms of physical effects on the brain tissue, the device features of small
geometry and flexibility offer various advantages, including less destabilization of
intracranial pressure, reduction of the infection risk, and less amount of damage of the
brain tissue and blood vessels located beneath the bone. Theoretically, the required
opening area of craniotomy is considered to be adequate with the cross-sectional areas
for both the tungsten needle (50 um diameter) and the parylene-thread device (150-um
wide and 10-pm thick). In addition, because the tungsten microneedle exhibited sufficient
hardness, it was not necessary to remove the dura matter, reducing the risk of infection
during long-period recordings.

The advantages of the proposed surgical procedure of sewing with PEG include
the reduction of the physical influence on the tissue and the risk of infection as well as
precise position control of the flexible microelectrode in the tissue. Since the “catch” and
“release” of tungsten microneedle was done in dissolvable PEG, its displacement of the
tungsten-needle during the sewing ranged within 50 um (Figure 3.13b), greatly reduced
compared to conventional ways with undesirable physical stress on the needle. While
recording the brain tissue, precise placement of microelectrodes is considered to be
important for determining the recording region. As demonstrated in case of device
penetration using a mouse brain tissue, both the direction and the distance of the tungsten
needle’s penetration were determined by referring to the bregma and the lambda, while
the position of three microelectrodes (500 um apart) in the tissue were determined by
manipulating the tungsten needle (Figure 3.16b). For performing acute recording, the
position of the thread-bioprobe as well as microelectrodes in the tissue could be fixed by
the manipulator system after extracting the tungsten needle from the tissue. In the chronic
recordings, each side of the thread-bioprobe’s portion was fixed to the cranium with
dental resin while the thread-bioprobe was passed through the two narrow openings (1-3
mm diameter) in the cranium at each side. This method enabled the fixation of the flexible
device within the tissue with little or no significant misalignment or displacement during
the implantation.

Based on the parylene-MEMS process, the geometry of the fabricated thread-
bioprobe can further be reduced by decreasing both factors, such as sizes of the recording

site (10 pm % 40 um area) and the device interconnection (20-pum width) with reduced
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mask patterns. Since contact printing—based photolithography was used, these pattern
sizes will be reduced through 1) electron beam—based lithography and ii) multiple layers
of device interconnection. It is also possible to combine both processes. These fabrication
processes also enable the increase in the number of microelectrodes, permitting the

application of the device in bio-signal recording applications.

3.9 Conclusions

The parylene-thread microelectrode was fabricated in this Chapter, and the tissue
was penetrated by guiding the tungsten microneedle using the sewing mechanism. I was
able to obtain EMG signals from a mouse's MG muscle as well as neuronal signals of
LFP and spike from its visual cortex in vivo using the thread-bioprobe. The proposed
thread-bioprobe device exhibits unique characteristics such as flexibility,
electrodeposition controllability, and implantation capabilities and will contribute to both
acute and chronic in vivo electrophysiological recordings. To avoid physical stress on the
tissue, a flexible thread device stitching method using a dissolvable PEG substance has
been devised. These characteristics of both the flexible thread device and the surgical

procedure were previously unattainable using traditional methods and devices.
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Chapter 4

Floating microneedle-electrode device

4.1 Introduction

Recent advances in microelectromechanical system technology enable us to
fabricate extracellular needle electrodes with a diameter of less than 10-pum (e.g.,
<3 wm[1], [2] for in vitro recording, 8.6 um[3], 5 um[4], [5], 300 nm[6] for in vivo
recording), thereby minimizing tissue response. In addition, in chronic applications,
the physical stress at the interface between the device substrate [e.g., silicon (Si)]
and tissue surfaces induce sustained inflammation and tissue response. In particular,
the large geometry of the device substrate enhances areas of craniotomy and tissue
damage. The approach reported in this Chapter involves using an electrode device

3 substrate; in

that has a 5-um-diameter needle electrode on a 1 x 1 x 0.5 mm
addition, a surgical procedure for the chronic device implantation is proposed.
Because of brain tissue pulsation, conventional implantations, in which the
electrode is fixed to the cranium, cause significant chronic inflammation[4] (Figure
4.1a). To avoid these difficulties, a floating architecture for implantable devices,
such as Smart dust on the tissue (nerve or muscle)[7], [8] can be offered. By
utilizing the surgical technique, the electrode device is implanted in the brain

without being fixed to the cranium, resulting in a floating 5-um-diameter needle
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electrode on the tissue to follow the pulsations Figure 4.1b). For physical stress
reduction in the tissue during the electrode penetration, the device is attached to
the manipulator with a material that dissolves. I demonstrated the device
implantation in mice and chronic experiments while evaluating the signal quality

and tissue damages.

Conventional implantation Proposed implantation
- Electrode g’eir\liggnnector b Stainless wire
i Electrode device
Craniug:m-type Slastrode) Dental (Floating electrode) Dental
\ cement /cement

Gelatin

Brain tissue Brain tissue

Figure 4.1 Comparison of electrode implantation. a) Schematic showing conventional
implantation, in which the electrode is fixed to the cranium of the brain. b) Schematic
showing the proposed implantation, in which the electrode packaged with a flexible lead
is implanted in the brain without fixing to the cranium, achieving a “floating electrode”

on the tissue.

4.2 Microneedle-electrode device

I used a device that has a 5 um diameter and 400 um length microneedle electrode
at the center of the 1 x 1 mm? Si substrate [n-type (111)-Si, resistivity = <0.02 Q cm,
thickness = 525 um][4], [9] (Figure 4.2). I used a Si growth technology [gold (Au)-
catalyzed vapor—liquid—solid growth of Si[10] ] to fabricate the Si microneedle, which
was then metalized with platinum (Pt) and titanium (Ti) (total Pt/Ti thickness = 200
nm) followed by the device encapsulation with a biocompatible insulator of
parylene-C (1 um in thickness, with the exception of the tip by plasma process).
Insets of red and blue squares in Figure 4.2 show SEM images of the overall and tip
section of the fabricated microneedle electrode. The tip and bottom diameters of
the microneedle were 1 and 10 um, respectively.
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Parylene

Heavily-
doped Si

Figure 4.2 Schematic and photograph of an electrode device. The electrode device has a
5 pm diameter and 400 um length microneedle electrode at the center of the 1 x 1 mm?
Si substrate. Insets of red and blue squares that denote the SEM images of the microneedle

electrode.

4.3 Device packaging and electrical characteristics

Figure 4.3a show the device package with PEG paste. The PEG paste [two
types of PEG with different melting characteristics were mixed, PEG 1000 : PEG
4000 = 1 : 1 (165-09085 for PEG 1000, 162-09115 for PEG 4000, FUJIFILM
Wako Pure Chemical Corporation, Japan)] is then applied to the tip of a pin
connector, and the fabricated electrode device with the stainless wire is assembled.
The PEG solidifies at room temperature and is ready for use in animal experiments.
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Figure 4.3b illustrates an electrode device packaged with PEG paste and equipped
with a stainless wire for the recording [“Pin connector (to recording system)” in
Figure 4.3b]. Owing to the small geometry of the recording site of Pt, the
microneedle electrode showed impedance magnitudes ranging from 290 + 220 MQ
to 580 + 38 kQ at 10 Hz to 10 kHz [5.0 + 0.8 MQ (mean + SD) at 1 kHz] in
phosphate-buffered saline (PBS) at room temperature. To reduce the electrode
impedance, the microneedle’s tip was modified with a low impedance material of
Pt black[11], resulting in the impedance magnitudes that ranged from 6.3 = 6.1 MQ
to 60 £ 12 kQ [300 + 150 kQ (mean + SD) at 1 kHz][4], [5] (Figure 4.4).
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Figure 4.3 Device package using PEG. (a) Assembly of the electrode device on a pin
connector via the PEG paste. (b) Schematic and photograph of the packaged electrode

device with an output lead (stainless-steel wire).
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Figure 4.4 Impedance characteristics of Pt black plated microelectrodes measured at room

temperature in PBS.

4.4  Surgical procedure

Figure 4.5 shows the proposed surgical procedure for the electrode placement on
the mouse’s brain tissue and the device detachment by using a dissolvable material of
PEG. For the in vivo experiments, mice (wild-type C57 BL/6 mice, 20-30 g in
weight) were anesthetized by isoflurane. After the head of a mouse was fixed with
stereotaxic apparatus (SR-50, Narishige, Tokyo, Japan), parts of the cranium were
removed [primary visual cortex (V1), 2.5 mm on the lateral side and 4.0 mm on
the caudal side to the bregma, having a diameter of 1-3 mm]. The floating electrode
device was attached to a micromanipulator (MO-10, Narishige) to control needle
penetration as well as device placement. The needle electrode penetrated the brain
tissue by manipulating the pin connector with a manipulator (Figure 4.5al). By dropping
solution (PBS) on the PEG, the solid-phase PEG is dissolved (Figure 4.5a2). After the
PEG is completely dissolved, the electrode’s substrate can be detached from the pin

connector, and the electrode device remains on the surface of the brain tissue (Figure
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4.5a3). The time required in the experimental procedure was within 6 min. Figure 4.5b

and c show an electrode device, which was placed on the V1 on the right hemisphere.

a1l Pin connector 32 a3
(for manipulation)

Needle : Device 1‘ -
penetrated [ (Saline)  getached
: J—

Floating electrode

(backside)
-

Figure 4.5 Placement of the floating electrode on the brain tissue of a mouse. a) Schematic
and photograph of each step in the surgical procedure for the electrode penetration: al)
the needle electrode penetrates the brain tissue of the mouse by manipulating the pin
connector; a2) dropping PBS to the PEG for detaching the electrode’s substrate from the
pin connector; and a3) pulling the pin connector upward for leaving the electrode device
on the tissue. b) Schematic showing the area of the device placement in the cortex (visual

cortex, V1). ¢) Photographs of the electrode device after the surgical method.

4.5 Chronic in vivo neuronal recording
After the device placement (in Figure 4.5), the device was covered with a gelatin
sponge and dental cement for the chronic recording (Figure 4.6). I assessed chronic

recording from mice implanted with pin type and floating electrodes (wild-type C57 BL/6,
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20-30 g prior to implantation). Figure 4.7al and a2 represent low-frequency (filtering =
10-80 Hz) and high-frequency (filtering = 500—1,000 Hz) band waveforms, respectively,
recorded one day after the pin-type electrode was implanted. Figure 4.7a3 and a4 show
raster plot diagrams and the peristimulus time histograms (PSTHs), respectively, obtained
from the high-frequency band signals, with the amplitude threshold of three standard
deviations (SDs, o) of the mean signal —0.5 to —1.0 s before the stimulus onset. Similar
to the results obtained with the pin-type electrode, Figure 4.7b1 and b2 depict waveforms
from the low and high-frequency band, respectively, recorded one day after the floating
electrode was implanted. Additionally, Figure 4.7b3 and b4 show raster plot diagrams and
the PSTHs detected from the high-frequency band signals using an amplitude threshold
(30 of the mean signal, —0.5 to —1.0 s before the stimulus onset). The signals responding
to the visual stimuli appeared at approximately 50 ms, for both pin type and floating
electrodes, which was consistent with the latency of the mouse’s visual response[12].
These results suggest that the recorded signals were subjected to the local field potentials
(Figure 4.7al and b1l) and the spikes (Figure 4.7a2—a4 and b2—b4), which were evoked
by the visual stimuli.

Additionally, I evaluated the chronic recording by comparing the signal-to-noise
ratio (SNR) of spikes for a period of 7 days (n = 5 mice for pin-type electrode and n = 4
mice for floating electrode, Figure 4.8). The SNR was defined as the peak-to-peak
amplitude of the mean waveform 0.005 to 0.1 s after the stimulus onset divided by the 3o
of the noise level. These SNRs are greater than 1.9 (mean) across all electrode types. The
duration of the continuous recording on the other hand depended not only on the mouse
but also on the type of the implanted electrode. The pin-type electrode demonstrated a
decrease in the number of electrodes detecting spike signals (36 of the mean signal —0.5
to —1.0 s before the stimulus onset) from 5 to 1 on day 7. On the other hand, the floating
electrode demonstrated a decrease in the number of electrodes from 4 to 3, indicating that
it is more stable with the floating electrode than with the pin-type electrode (Figure 4.9).

I examined the chronic recording from the floating electrode implanted mouse for
a longer period of 6 months (n = 1 mouse, wild-type C57 BL/6, female, 27.8 g in weight
before implantation). Figure 4.10al, 2 and b1, 2 represent low-frequency band (filtering
= 10-80 Hz) and high-frequency band (filtering = 500—1,000 Hz) waveforms of the
periods of 2 weeks and 6 months, respectively, recorded from the same electrode

implanted mouse. Large spikes that appeared at 0 and 0.5 s are stimulation-induced
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artifacts that represent the timing of LED illumination. Figure 4.10a3, 4 and b3, 4 also
show raster plot diagrams and the PSTHs of high-frequency band signals detected at these
recording periods (36 of the mean signal —0.5 to —1.0 s before the stimulus onset). I also
analysed the SNR during the recording period (6 months, Figure 4.11), showing the mean

SNR of > 2.4 from 2 weeks to 6 months without significant degradations.

Pin connector F v—“- ' ‘

(to recording system)

\

Floating electrode

Floatin
electrode
(implanted)

Dental
cement|

Gelatin

Brain

Figure 4.6 Schematic and photographs of chronic in vivo neuronal recording. (a)
Schematic of the recording with visual stimulation provided by a light-emitting diode
(LED). (b) Photographs of a mouse implanted with a floating electrode. To record visual

responses, each device is implanted into the mouse’s visual cortex (V1).
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Figure 4.7 Chronic recordings of pin-type and floating electrode 1 day after implantation.
(al-4) Waveforms recorded from the pin-type electrode 1 day after implantation; al) an
average waveform of low-frequency band signals (filtering = 10-80 Hz, n = 100 trials),
a2) a single high-frequency band signal from a single trial (filtering = 500—-1,000 Hz), and
a3, 4) raster plot diagrams and PSTHs extracted from the high-frequency band signals,
respectively (n = 100 trials). The detection threshold was set to 3 x the SD (c) of the mean
signal —0.5 to —1.0 s before the stimulus onset. bl—4) Waveforms recorded from the

floating electrode 1 day after implantation.
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Figure 4.8 SNR of spike detected on each electrode implanted mouse for 7 days (mean +

SD, n = 100 trials for each electrode during the recording period).
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Figure 4.9 Numbers of electrodes detecting spike from each mouse 7 days after

implantation.
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Figure 4.10 Chronic in vivo neuronal recording with the floating electrode for 6 months.
al—4) Waveforms recorded from the freely moving mouse 2 weeks after the implantation.
Top panel represents the timing of the optical stimulation: al) average waveform of low-
frequency band signals (filtering = 10-80 Hz, n = 100 trials), a2) a high-frequency band
signal from a single trial (filtering = 500-1,000 Hz), and a3,4) raster plot diagrams and
PSTHs taken from the high-frequency signals (n = 100 trials). The detection threshold
was 3 x the SD (o) of the mean signal —0.5 to —1.0 s before the stimulus onset. b1—4)

Waveforms recorded from the free-moving mouse 6 months after the implantation.

64



Chapter 4: Floating microneedle-electrode device

N W AW
T T T T 1
T S N N N T I B

SNR

-—

|
1
0 10 20 30 Days after implantation »

0

Figure 4.11 SNR of spike detected on the electrode implanted mouse for 180 days (6

months) (mean + SD, n = 100 trials for each recording period).

4.6  Histological analysis of floating electrode

Additionally, I examined tissue damage associated with the implanted floating
device; I also examined tissue damage associated with the pin-type electrode (cranium-
fixed electrode) using different mice (n = 3 mice for the floating electrode and n = 3 mice
for the pin-type electrode). Figure 4.12a shows the brain tissues (coronal section) two
weeks after the pin-type electrode and floating device were implanted. Each slice sample
shows a dimple-like damaged area at the location of each electrode. Figure 4.12b shows
the quantitative comparison of these damaged areas, which were calculated by smoothing
each tissue surface (“damaged area” is depicted in Figure 4.12a with a red dashed line).
The floating electrode significantly reduced the damaged area compared to the pin-type
electrode (24-slice samples from six mice, t-test, *p < 0.01). Figure 4.12¢ shows the
histological outcome (coronal brain section) from the V1 of mice 2 weeks after device
implantation, including the distribution of labeled reactive astrocytes (GFAP), microglia
(Iba-1), and cell nuclei (DAPI) (24-slice samples from six mice, t-test, *p < 0.01). In
comparison to the pin-type electrode, the floating device exhibits fewer reactive
astrocytes (Figure 4.12d). The microglia (Iba-1) and cell nuclei (DAPI) associated with
the floating electrode were compared to those of the pin-type electrode (Figure 4.12¢ and
f), and no statistically significant difference was observed. These histological findings
indicate that the floating device is capable of recording for an extended period of time

while minimizing tissue responses, compared to the pin-type.
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Figure 4.12 Histological comparison of the tissue response to chronically implanted
conventional pin type and floating electrodes. a) Photograph of the brain tissues two
weeks after the pin-type electrode and floating electrode were implanted. b) Quantitative
comparison of damaged areas on pin type and floating electrodes. ¢) Tissue responses in
the visual cortex following 2-week implantation of a pin-type electrode (left panels) and
the floating electrode (right panels). Tissues are labeled for reactive astrocytes (GFAP),
microglia (Iba-1), and nuclei (DAPI). d-f) Quantitative comparisons of each cell type
between the pin type and floating electrodes using fluorescent intensity in an area of 0.1

mm?, taken from 24 slices of six mice (mean + SD) (* p < 0.01, t-test).
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4.7 Discussion

I proposed the penetration of a microelectrode into the brain tissue and the device
detachment with dissolvable material of PEG. The advantage of the proposed surgical
procedure is the reduction of the physical stress to the tissue during the device placement
as well as the detachment from the manipulator[13]. Other material of paraffin wax was
also used in our prior work[14]; however, this material needed to be heated for melting
(~60°C), while the used PEG dissolves with PBS at room temperature. The time required
for the device placement was ~10 min, a period that can be adjusted by changing the
molecular weight of the PEG used. As an advanced way to use the dissolvable material,
I can use a PEG-containing bioactive agent, which would reduce immune responses of
the tissue[15].

For a period of 7 days following implantation, neuronal recordings were
demonstrated using the pin type and proposed floating electrodes implanted in mice.
Throughout the recording period, the number of pin electrodes detecting spike signals
decreased from 5 to 1, while the number of floating electrodes decreased from 4 to 3
(Figure 4.9). The SNR varied between recordings (date and mouse), indicating that there
was no significant difference between these two types of electrodes, whereas the
recording duration (days) was dependent on the mice. Additionally, I confirmed that some
mice did not exhibit spike recording in the early days (1-3 days post implantation);
however, these mice displayed spike recording in later days (e.g., 3—7 days post
implantation). The temporal loss of spike signals was almost certainly caused by the
needle penetration’s initial impact, such as compressing and slashing tissue, as well as
early responses (e.g., activated microglia[16]). Although additional experiments are
required, these results suggest that the floating electrode improves the recording stability.

I also analyzed the SNR during the floating electrode implanted mouse for 6
months. As known, the implanted device fixed to the cranium induces the motion of the
needle in the tissue, resulting in continuously repeated injury to the brain tissue[17]-[19].
This continuous injury forms glial scars, which act as an electrically insulating layer
around the recording site of the needle electrode. However, the SNRs measured from 2
weeks to 6 months showed no significant degradation. These results suggest that the
floating electrode enables following the tissue motion and reduces the continuous injury.

I examined tissue damage associated with the proposed floating electrode and pin-

type electrode. The result indicated that the floating device shows a dimple-like damaged
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area four times smaller than the damaged area of the pin-type electrode. This result
suggested that the device substrate of the pin-type electrode, which is fixed to the cranium,
induced pressure to the brain surface during the device implantation. It is known that
pressure to the brain tissue causes cerebral ischemia, which results in a blood-brain barrier
breach as well as biological inflammation[20], [21]. Alternatively, the floating electrode
showed a smaller damaged area in the tissue (Figure 4.12a,b), which could minimize the
issues associated with the electrode implantation.

For the further quantitative comparison of reactive astrocytes (GFAP, Figure
4.12d), I confirmed these fewer astrocytes with the floating electrode. This result
represents the effect of the floating electrode, which was not fixed to the cranium to
enable following the tissue. However, comparisons of other cell types of microglia (Iba-
1, Figure 4.12¢) and nuclei (DAPI, Figure 4.12f) showed no significant differences
between the floating and pin-type electrodes. These phenomena were due to the
observation period of 2 weeks, in which microglia formed in response to the injury (over
hours and days[18]) and astrocytes became activated afterward (for 2 weeks and
beyond[16]). Although the floating electrode showed these less tissue damage than did
the pin-type electrode, further minimized tissue damage will be required for future
implantation.

For the recording of neuronal activities from the mouse’s cortex, I used a single-
channel electrode with a 5-um-diameter microneedle and a device size of 1 X 1 mm? to
record neuronal activity from the mouse cortex. Although the floating approach
minimized tissue damage (Figure 4.12), the dimensions of this device are insufficient for
use with small animals (such as mice in this study) or for arranging them in the multisite
recording. I am currently working on fabricating an even smaller device (< 1 X 1 mm?)
using the small design and fabrication process as in this work[4]. The device
miniaturization and multisite recording results will be reported in a future publication.

In addition, the floating electrode device presented here includes an additional
cable that connects the mouse (electrode device) to the first-stage amplifier of the
recording system. This cable may result in the inhabitation of the mouse’s behavior as
well as a decrease in the recording signal quality due to external noise coupled with the
cable. These concerns can be resolved with a wireless electrode recording system[22]—
[26].
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4.8 Conclusions

In this Chapter, I proposed a chronic neuronal recording in mice, in which a 5-
um-diameter microneedle electrode penetrates the brain tissue with dissolvable
material-based detachment, and the device is placed on it without fixing the device to
the cranium, achieving the floating electrode architecture. Although the electrode device
needs further improvements, such as miniaturization and wireless recording system, the
proposed recording technology showed clear advantages of the high SNR during the

implantation and the minimized tissue damage.
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Chapter 5

Microneedle-electrode-assembled

flexible-film device

5.1 Introduction

To elucidate brain function, it is necessary to measure the neural activity in the
brain with the high spatial and temporal resolution for long period in chronic. Recent
advances in microelectromechanical system technology enable us to fabricate
extracellular needle electrodes with a diameter of less than 10-um[1]-[6], thereby
recordable the high-resolution signals for example LFPs and spikes, and minimizing
tissue response during device penetration into the biological tissue. However,
conventional electrode devices with a substrate based on Si caused inflammation because
of the chronic breach with a blood-brain barrier in a chronic recording[7]. In addition, the
conventional implantation method that the device fixed to the cranium[8] induced
inflammation during the micromotion after implantation.

In chapter 4, the floating system following brain tissue pulsation shows fewer
Inflammatory reactions compared to a conventional needle. In this chapter, we proposed
a microneedle-electrode-assembled flexible-film device for chronic in vivo recording

with high spatiotemporal resolution multi-signal. Furthermore, a surgical method for
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penetration of high-aspect-ratio electrode assembled on the flexible film substrate to brain

tissue without physical vibration using PEG was also proposed.

Figure 5.1 Schematic of a microneedle-electrode-assembled flexible-film device.

5.2 Design and fabrication

Figure 5.2 shows layout of the microneedle-electrode-assembled flexible-film
device. The device has a 1x4 array of microneedle-electrode (400 um length, < 5 um
diameter) is integrated within a 2 x 3.5 mm? flexible film.

Figure 5.3 shows fabrication of the microneedle-electrode-assembled flexible-
film device. A SiO> film is formed on the Si (111) substrate by thermal oxidation (Figure
5.3 (i,i1)), and the portion forming the Si needle is selectively patterned (Figure 5.3 (iii)).
An Au film is formed on the patterning resist, and the Au dots are selectively formed by
liftoff. After heating to the VLS growth temperature (~700°C), Au-Si alloy dots are
formed (Figure 5.3 (iv)). After patterning Au dots, the gaseous silicon (Si2Hg (disilane))
absorbed into the alloy dots. When the Si content in the Au—Si alloy dots supersaturates,
the Si precipitates from the Au—Si alloy dot in the <111> direction at the interface between
the dot and the Si substrate (Figure 5.3 (v)). For the substrate of the device, the parylene-
C (5-um-thick) was deposited and then the parylene around the needle is etched away by
O plasma (Figure 5.3 (vi)). After the device metallization with Au/Ti (Figure 5.3 (vii)),

another parylene-C (5 pm) is deposited as the needle's insulator, while the parylene
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around the needle is removed by O» plasma (Figure 5.3 (viii)). Parylene layers on both
the needle's tip and the contact pad portions are simultaneously exposed (O2 plasma).

Finally, the device layer is released from the Si substrate by ethanol (Figure 5.3 (ix)).

Si

3.5 mm

400 pm

Au/Ti

l Parylene

Figure 5.2 Layout of the microneedle-electrode-assembled flexible-film device.
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SiO, window

(iif) (i)
Au dot Si needle Parylene

(v)
Parylene

(iv) (vi)

Au/Ti

(vii) (viii) (ix)

Figure 5.3 Fabrication of the microneedle-electrode-assembled flexible-film device. (i)
Si (111) substrate. (ii) SiO> film formed on the Si substrate. (iii) SiO> window for forming
the Si needle. (iv) Au dot formed on the Si substrate. (v) Si needle formed on the Si
substrate with VLS growth method. (vi) Parylene-C for film substrate (bottom layer). (vii)
Au/Ti patterned on the parylene film substrate. (viii) Parylene-C for insulating the needle
portion and interconnections. (ix) The microneedle-electrode-assembled flexible-film

device released from Si substrate using ethanol.

5.3 Device packaging and electrical characteristics

Figure 5.4 shows fabricated microneedle-electrode-assembled flexible-film
device. The film device was cut 2 x 3.5 mm? by surgical scalpel and was released from
Si substrate. The microneedle-electrode within film device showed 400 um length and
5.7 um diameter (blue and green square in Figure 5.4).

Figure 5.5 shows packaging of the microneedle-electrode-assembled flexible-film

device. The film device was assembled to the polyimide-based flexible printed circuit
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(FPC) via conductive paste for interconnection. For the insulation, the connection part
between FPC and film device was covered with ultraviolet (UV)-curable resin.

The microneedle-electrodes impedance characteristics at 10 Hz — 10 kHz,
measured in phosphate buffered saline (PBS) at room temperature, ranged from 26 + 8
kQto 6.5+ 1.7 MQ [170 + 50 k€ (mean + SD) at 1 kHz] (Figure 5.6). These values are

sufficiently low for measuring the neuronal activity[4], [5], [9].

Figure 5.4 Fabricated microneedle-electrode-assembled flexible-film device.
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Flexible-film device

 \

Figure 5.5 Schematic and photograph showing the packaging device.
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Figure 5.6 Impedance characteristics of microelectrodes measured at room temperature

in PBS.

5.4 Acute in vivo neuronal recording

The ability to capture acute neuronal activity in vivo was demonstrated using the
brain of a mouse (Figure 5.7). Intraperitoneal injections of urethane (50 pl of 10%
solution per 10 g body weight) and chlorprothixene (100 pl of 0.5% solution per 10 g
body weight) were used to anesthetize the mouse (male, 25-30 g). To record the visual
response, after a cranial opening (3.2-3.5 mm on the lateral side and 4.0 mm on the caudal
side from the bregma, with a diameter of 1-3 mm), the fabricated film device consisting
of four microneedle-electrodes was inserted into the tissue and placed in the cortical
layers of the primary visual cortex (V1) on the right hemisphere (~ 2.5 mm on the lateral
side and 4.0 mm on the caudal side from the bregma) by manipulating the pin connector
via PEG (Figure 4.5 in Chapter 4). A light-emitting diode (LED) array consisting of nine
white LEDs on a 20-mm broad substrate was employed as a visual stimulus. While visual
stimuli were delivered to the mouse's eye for 0.5 s, neuronal responses were recorded
repeatedly using the four microneedle-electrodes implanted in the tissue (Figure 5.8). The
second panel in Figure 5.8 displays waveforms recorded by each microneedle-electrode
in the low-frequency band (filtering = 10-80 Hz), while the third panel shows waveforms
recorded in the high-frequency band (filtering = 500—1,000 Hz). The bottom two panels
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show raster plots and peri-stimulus time histograms (PSTHs) from each high-frequency
band signal, respectively. The detection thresholds for each channel were set to be three
times the standard deviation (o) of the mean signal —0.5 to —1.0 s before the stimulus
began. For microneedle-electrodes, the signals responding to visual stimuli occurred at
roughly 50 ms, which was consistent with the latency of the mouse's visual response[10].
These findings imply that the recorded signals were susceptible to local field potentials

and spikes elicited by visual stimuli.

(a)

FPC Flexible-film device Bregma
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Figure 5.7 Acute in vivo neuronal recording using mouse brain. (a) Schematic of the

recording setup. (b) Photograph of placed on brain tissue.
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Figure 5.8 Signal waveforms recorded from the V1 via four embedded microneedle-
electrodes in the tissue. Top panels represent timing of the optical stimulation. Second
and third panels are low-frequency-band (filtering = 10-80 Hz, n = 100 trials) and high
frequency-band (filtering = 500—1,000 Hz, single trial) signal waveforms, responsibility.
Bottom two panels are raster plots and PSTHs, respectively, taken from the high
frequency signals (n = 100 trials) The detection thresholds for each channel was 3 times

the standard deviation (o) of the mean signal — 0.5 to —1.0 s before the stimulus onset.

5.5 Chronic in vivo neuronal recording

The recording from mice implanted with a film device (wild-type C57 BL/6, 20—
30 g prior to implantation) was evaluated. The film device contained microneedle-
electrodes that were implanted into the cortical layers of the primary visual cortex on the
right hemisphere. The film device was then coated with a gelatin sponge and dental
cement after it had been penetrated. (Figure 5.9).

Figure 5.10al and a2 show low-frequency (filtering = 10—-80 Hz) and high-
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frequency (filtering = 500-1,000 Hz) band waveforms recorded 120 days after the device
was implanted, respectively. Figure 5.10a3 and a4 show raster plot diagrams and PSTHs
derived from high-frequency band signals with an amplitude threshold of three standard
deviations (SDs, o) of the mean signal —0.5 to —1.0 s before the stimulus began,
respectively. For the microneedle-electrodes, the signals corresponding to visual stimuli
occurred at roughly 50 ms, which was consistent with the latency of the mouse's visual
response. [10] These results suggest that the recorded signals were subjected to the local
field potentials and the spikes, which were evoked by the visual stimuli.

Additionally, I evaluated the chronic recording by the signal-to-noise ratio (SNR)
of spikes (Figure 5.10b). The SNR was defined as the peak-to-peak amplitude of the mean
waveform 0.005 to 0.1 s after the stimulus onset divided by the 3o of the noise level.

These SNRs are greater than 2.2 (mean) to 120 days without significant degradations.

Manipulator

' Insert Manipulator
PEG

' Pull up

A /

Dental cement

Gelatin

Figure 5.9 Schematic of the surgical procedure for the chronic recording and the

photograph of the mouse that was implanted device.
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Figure 5.10 Chronic in vivo neuronal recording using mouse brain. (a) Signal waveforms

recorded from the V1 via four microneedle-electrodes at 120 days after implantation. (b)

SNR of spike detected on each mouse implanted device (mean = SD, n = 100 trials for

each device during the recording period).

5.6

Discussion

I proposed a microneedle-electrode-assembled flexible-film device for chronic in

vivo recording with high spatiotemporal resolution multi-signal. In addition, I confirmed

that the bottom of the microneedle-electrode array formed on the flexible film substrate

enables to release from Si substrate without degradation of electrical characteristics. The

result suggests it is possible to omit several device process steps in making needle

electrode devices.
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Furthermore, a surgical method for penetration of high-aspect-ratio electrode
assembled on the flexible film substrate to brain tissue without physical vibration using
PEG was also proposed. The PEG shows a "solid phase" at room temperature enables
manipulation and penetration of the microneedle-electrode to the brain tissue without
mechanical vibration. After device penetration, the PEG was dissolved by PBS and
enabled to remove from the brain surface completely. In addition, the device substrate
was based on flexible film and can be reduced tissue inflammation factor of pulsation of
brain tissue for example breach of the blood-brain barrier and micromotion during device
implantation. As an advanced way to use the dissolvable material, I can use a PEG-
containing bioactive agent, which would reduce immune responses of the tissue[11].

I also analyzed the SNR during the microneedle-electrode-assembled flexible-
film device implanted mouse for 4 months. The SNRs measured for 4 months showed no
significant degradation. In addition, the microneedle-electrode array recorded the spike
signals for 4 months without degradation the number of the recordable electrode. These
results indicate that the proposed microneedle-electrode-assembled flexible-film device

has the capability of high spatiotemporal recording for a long period.

5.7 Conclusions

This chapter proposed a microneedle-electrode-assembled flexible-film device
for chronic in vivo recording with high spatiotemporal resolution multi-signal and
minimally invasive implantation. I was able to record LFP and spike signals in an acute
in vivo experiment using the constructed microneedle-electrode-assembled flexible-film
technology. In addition, the constructed device was put on brain tissue using PEG, as
described in Chapter 2, and the device was implanted for persistent in vivo recording. For
four months, the implanted device displayed the LFP and spike signals. Furthermore, the
SNR during the implantation was investigated. As a result, the SNRs for the first four

months showed no significant difference.
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Chapter 6

Summary

6.1 Summary

In this study, I provide numerous neuronal electrode and implant systems for
chronic recording with excellent spatial and temporal resolution in mice. I developed
surgical procedures using PEG dissolvable material in “solid phase” and “liquid phase.””
for low-invasive device implantation.

In Chapter 1, the method of detecting neural activity, including the advantages of
the electrical measurement method and neural electrode, device implantation for chronic
recording, and failure mechanism of the neural electrode, including mechanical and
biological origins, were introduced. The objective of this research was also demonstrated.

In Chapter 2, the device penetration method for reducing tissue damage utilizing
dissolvable materials, as well as the comparison of dissolvable materials and selection,
are described.

In Chapter 3, the parylene-thread microelectrode was fabricated, and the tissue
was penetrated using the sewing mechanism to guide the tungsten microneedle. I was
able to obtain EMG signals from a mouse's MG muscle as well as neuronal signals of
LFP and spike from its visual cortex in vivo using the thread-bioprobe. The proposed

thread-bioprobe device, which has good device flexibility, electrodeposition
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controllability, and implantation capabilities, will help with both acute and chronic in vivo
electrophysiological recordings. To avoid physical stress on the tissue, a flexible thread
device stitching method using a dissolvable PEG substance has been devised. These
characteristics of both the flexible thread device and the surgical procedure were
previously unattainable using traditional methods and technologies.

In Chapter 4, I proposed a chronic neuronal recording in mice in which a 5-pm-
diameter microneedle electrode penetrates the brain tissue via dissolvable material-based
detachment, and the device is put on it without being attached to the cranium, resulting
in the floating electrode architecture. I presented a microelectrode penetration approach
into brain tissue and device detachment with PEG dissolvable material for device
implantation. The technology demonstrated the benefit of reducing physical stress to the
tissue during device implantation as well as removal from the manipulator. For six months,
the electrode displays steady recording with no substantial loss of signal-to-noise ratios,
and minimal tissue damage is confirmed when compared to previous cranium-fixed
electrodes with the same needle geometry. Although the electrode device requires future
advancements such as downsizing and a wireless recording system, the proposed
recording technology demonstrated substantial advantages in terms of high SNR during
implantation and minimal tissue damage.

In Chapter 5, I proposed a microneedle-electrode-assembled flexible-film device
for chronic in vivo recording with high spatiotemporal resolution multi-signal and less
invasive implantation. I recorded LFP and spike signals in an acute in vivo experiment
using the constructed microneedle-electrode-assembled flexible-film technology. In
addition, the constructed device was put on brain tissue using PEG, as described in
Chapter 2, and the device was implanted for persistent in vivo recording. For four months,
the implanted device displayed the LFP and spike signals. Furthermore, the SNR during
the implantation was investigated. As a result, the SNRs for four months showed no

significant difference.

6.2 Future prospective

To elucidate brain function, it is important to detect neural activity in the brain
with high spatial and temporal resolution over a lengthy period of time. Several key
human disorders, including Parkinson's disease, Alzheimer's disease, and major

depressive disorders, require an understanding of the basic neurological system from a
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mammal model. In particular, in vivo chronic recording from a mouse with implanted
low-invasive device is required.

In this study, I proposed high spatiotemporal neural recording system without
tissue damage. The results of this research will provide detailed information about the
nervous system. In particular, the recording system is useful in an application that requires
massive signal information, such as Brain-Machine Interface (blue area in Figure 6.1). In
addition, I demonstrated long period chronic recording in mice. The mice have been
frequently used as a model organism for critical human disease. However, conventional
experiments of behavioral tests provide complex data which is hard to analyze. Therefore,
by combining the behavioral test and electrophysiology, quantitative output will be
acquired from a model mouse with disease such as focal seizure (green area in Figure
6.1). This approach will contribute to drug screening. Furthermore, the proposed device
enables recording from other nerve systems, including spinal cord and peripheral nerve.
These targets relate to the sensation of pain, and chronical recording is needed to further
study about it (red area in Figure 6.1).

I hope that the results of this research will be used as a powerful tool to accelerate

elucidation of brain function in the future and hereby summarize this paper.
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Figure 6.1 Applications of low invasive chronic recording system.
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