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Flexible Regeneration-type Nerve Electrode
with Integrated Microfluidic Channels
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Abstract

The development of a neural interface that will allow signals from the human nervous system to control external equipment is
extremely important for the next generation of prosthetic systems, A novel nmltichannel regeneration-type nerve electrode
designed to record from and stimulate peripheral nerves has been developed to allow the control of artificial hands and to
generate artificial sensations. In this study a novel flexible regeneration microelectrode based on the nerve regeneration
principle was designed and fabricated using MEMS technologies. The electrode, which was fabricated on a 20-pm-thick
Parylene C substrate, has multiple fluidic channels. Each fluidic channel was 100 pm wide x 40 pm high x 1500 pm long and
featured multiple electrodes inside them as recording and stimulating sites. They also served as guidance channels for the
regenerating axons. The authors are currently attempting to evaluate the probes using the sciatic nerve of rats.

Keywords: Neural Probe, Nerve Regeneration, Fluidic Channels

INTRODUCTION

The development of a brain-machine interface that will
allow signals from the human nervous system to control
external equipment such as artificial hands is extremely
important for the next generation of prosthetic systems.
Regeneration-type nerve electrodes are known to hold
promise as a key device for realizing these neural
interface systems. The principle underlying the
regeneration-type electrodes is that the peripheral nerves
of vertebrates will regenerate after being severed. In this
process, the axons in the distal portion will degenerate,

- regenerating
silicone tube aXONs
e N, ’
proximal % S distal
r;erve %‘\‘r ; & nerve
stump IS )/ | stump

hole with recordi Hg site

Fig.l: Schematic of the regeneration-type nerve
electrode (current model)
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but the axons will regenerate from the proximal portion
and will reach the distal end of the severed nerve bundle.
Therefore, if a device consisting of many microelectrode
holes is implanted between the severed stumps, the axons
can regenerate through the holes, and the action potential
of the regenerating axons can be measured by the
electrode (Fig. 1). This regeneration electrode has many
advantages such as 1) long-term and stable input/output
due to good electrical and physical compatibility between
the electrode and nerve fibers and 2) good selectivity of
the nerve fibers (this is because signals from a very small
number of nerve fibers can be measured by adjusting the

4 N ~
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Nerve fiber Ranvier node
. ) G G N
Bad positioning
>\

Guidance channel
with multi-electrodes
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Fig.2: Distance between the recording sites and the
Ranvier node of a single nerve fiber



Fig.3: Schematic of the new regeneration-type nerve
electrode integrated with multiple guidance channels.

photoresist

silicon

Fig.4: Fabrication process.
The photoresist was removed after rolling the fluidic
channel area.

diameter of the holes.) Many studies have been done on
regeneration-type nerve electrodes [1-2]. However, in
many cases the electrodes were fabricated on silicon
substrates or flexible films. When these electrodes have a
plane structure, they have problems such as difficulty in
recording signals with a good S/N ratio when the position
of the recording site is located far from the Ranvier node
(Fig. 2), and difficulty in increasing the number of
channels due to cabling problems.

To solve these problems, we have designed and fabricated
a novel flexible regeneration-type neural probe integrated
with microfluidic channels on a flexible Parylene film
base.

METHODS

A schematic of the flexible regeneration-type electrode
we fabricated is shown in Fig 3. Each fluidic channel has
one or multiple recording/stimulation sites and serves as a
guidance tube for the regenerating axons. The fabrication
process is depicted in Fig. 4. This is similar to that of the
probe integrated with microfluidic channels that we
reported previously [3]. The photoresist worked as an
sacrifice layer and was removed after rolling the portion
with the fluidic channels.
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Fig.5: Photo of the fabricated probe. (A) Overview of
the probe before rolling. (B) Tip of the probe. Each
fluidic channel is W100 pm x H40 pun x L1500 pm (C)
After rolling, but before removing the photoresist. (D)
After removing the photoresist

RESULTS and DISCUSSIONS

Figure 5 shows the whole structure of the fabricated
neural probe. The length of the probe was 40 mm before



rolling (Fig. 5A), and the width of the probe was 2 mm.
We designed several types of probes with between 80 and
200 fluidic channels. Each fluidic channel was 100 pm
wide x 40 pm high x 1500 pm long. As the photoresist we
used THB-611P or SUNFORT AQ-4059 dry film resist
(Asahi Kasei) to obtain a controllable thickness of 40-100
um, which defines the height of the fluidic channels.

The issues we are currently working on are:

1) in vivo experiments using rat sciatic nerves to evaluate
the biocompatibility of this probe and the feasibility of the
guidance channels.

2) an increase in the number of channels.
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Abstract

A flexible intracortical neural probe containing a biodegradable polymer for delivering bioactive components was developed. This
was designed to promote regrowth of damaged neural tissues around the implanted neural probe for a long-term recording. The
neural probe was based on the flexible and biocompatible material of parylene C incorporated a drug delivery system (DDS). A
groove structure of the probe was designed to seed the degradable polymeric microspheres with bioactive components, to promote
recovery of the damaged tissues, and improve mechanical stiffness for the probe implantation. The efficacy of released nerve
growth factor (NGF) from the microspheres was observed in in vitro experiments with PC12 cells. The neural probe was
successfully inserted in the cerebral cortex of a rat, and neural signals were recorded. These results have shown the possibility that
the flexible intracortical neural probe can be applied for chronic recording along with neural regeneration.

Keywords: Biodegradable polymer, Drug delivery system, Micro Electro Mechanical System, Neural probe

1 INTRODUCTION

In the past decade, a wide variety of neural probes have
been applied in  Brain-Machine Interfaces, an
electrophysiological investigations, and medical treatments.
There are, however, no suitable probes for long-term neural
recording, nor are there optimal probes to chronically
stimulate the brain. One of these significant reasons is the
death of brain tissues damaged by the neural probe insertion.
Thus, we have been developing a new flexible neural probe to
achieve regrowth of damaged neural tissues for chronic
recording and stimulation, while integrating a drug delivery
system (DDS) based on Micro Electro Mechanical System
[1-4].

The neural probe was based on the flexible and
biocompatible material of parylene C
(poly-monochloro-paraxylylene). The neural probe has a
groove structure. This was designed to seed a large amount of
microspheres, since the small wells were limited to fill and
deliver the volume of bioactive components. Biodegradable
polymeric microspheres with bioactive components of nerve
growth factor (NGF) seeded in the groove were added with the
aim of promoting recovery of damaged tissue around the
neural probe. The DDS matenial was a biodegradable polymer

1-4244-0338-3-06/520 00 © 2006 IEEE

of poly(lactic-co-glycolic acid) (PLGA), which was used to
deliver the NGF for an optimal period. In this study, the
efficacy of the flexible intracortical neural probe and the
biodegradable polymeric microspheres were examined.

Bioactive components

(Released bioactive)
components

{f

Damaged neuron Recovered neuron

Figure 1. Concept of effect of released bioactive components on
damaged neurons. Left figure shows a neuron damaged by probe
insertion. Right figure shows a neuron recovered by bioactive

components released from the neural probe.

2 METHODS
2.1 Neural Probe Fabrication
The neural probe was constructed using a surface
micromachining technique with parylene C and gold layers on



a silicon wafer. The fabrication of the neural probe was as
follows. A 10-um layer of parylene C was deposited
(LABCOTER2 PDS2010, Specialty Coating Systems) on a
silicon wafer. Then, a 200-nm gold layer was deposited with a
vacuum evaporator and patterned to delineate the individual
recording pads, connecting pads, and wire traces. Next, a thick
photoresist (AZP4903, Clariant Japan) was spun coated onto
the surface to a thickness of 30 um. A 10-pm layer of parylene
C was again deposited. A 300-nm aluminum layer was then
deposited and patterned on the parylene C layer as a mask to
define the outline of the neural probe. The parylene C layer
was pattemed by O, reactive ion etching (RIE). After
removing the aluminum layer, the neural probe was peeled off
of the silicon substrate with tweezers. A cross-sectional
schematic diagram of the manufacturing process is shown in
figure 2.

Deposit a 10-um layer of parylene C
and a 0.2-um layer of gold on a silicon
substrate

Pattern the gold.

Deposit and pattem a 30-um-thick
photoresist (AZP4903).

Again deposit the 10-um parylene C.

Deposit and pattem a 03-pm of
aluminum.

Pattern the parylene C by 0, plasma
etching.

Remove the aluminum and thick
photoresist

Peel off the neural probe.

Figure 2. Schematic of neural probe fabrication. I silicon,
O Parylene C, O: Gold, O: Thick photoresist (AZP4903),
£ Aluminum

For the msertion and recording of the neural probe, ail

anmimal experiments were performed in accordance with the
institutional guidelines of the Animal Experiments Committee
of the University of Tokyo

Implantation of the neural probe and recording of the
neural signals were performed in a rat (Wistar rat) anesthetized
with isoflurane gas. The heart rate was monitored and body
temperature was maintained. The anesthetized rat was then
fixed to a stereotaxic instrument, and the skin on the head was
incised to expose the surface of its skull. After the dura matter
was carefully removed, the neural probe with the microspheres
containing polyethylene glycol PEG) embedded in the groove
was slowly lowered into the cerebral cortex of the rat and
recorded the neural signals. The neural signals were amplified
from 10000 to 20000 times and filtered from 500 Hz to 3 kHz.
The signals were recorded and stored on a computer via an AD
converter at a sampling rate of 10 kHz.

2.2 Microsphere Preparation

NGF with ovalbumin (OVA) was encapsulated in the
biodegradable polymer of PLGA by a solvent evaporation
method [5]. The method of fabricating the microspheres was
as follows. First, 0.2g of OVA and 30pug of NGF in 4 ml of a
chloroform solution with 1 g of PLGA were dispersed by a
polytron homogenizer for S min at 10000 rpm. The
protein-polymer dispersion was again homogenized in 20 ml
of a 1% PVA solution for 5 min at 10000 rpm. The formed
emulsion was stirred in 300 ml of a 0.1% PVA solution for 3
hours at room temperature. The microspheres were centrifuged,
washed repeatedly with distilled water, freeze dried for 48
hours, and then stored at -20° C prior to use.

In an experiment on the NGF release from the
biodegradable polymeric microspheres, the 0.2 g of the
microspheres were immersed in 10 ml of a phosphate-buffered
saline solution (PBS) and incubated at 37° C. At each time
point (24 h, 48 1, 72 h, 168 h, and 336 h), the suspension of
the microspheres was centrifuged (10 min, 1000 rpm). Then, 5
ml of the supernatant was collected and replaced with 5 ml of
fresh PBS. The microspheres were again suspended by
vortexing for 5 min. The total amount of NGF released from
the microspheres was measured by an Enzyme-Linked
Immuno Sorbent Assay. Between 2-6 ng/ml of NGF was
constantly released at each time point, and more than 160 ng
of NGF had been released after 336 hours.

The bioactivity of NGF released from the microspheres
was assessed using the PC12 cells (Riken Cell Bank). The
PC12 cells were incubated on a collagen dish under serum-free
conditions. The control material consisted of the PCI2 cells
with the microspheres without NGF

3 RESULTS AND DISCUSSIONS
3.1 Neural Probe
The flexible intracortical neural probe was designed and
fabricated as shown in figure 3 The device has a single probe
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with electrode sites of 20x20 pm, a probe length of 3.7 mm, a
probe width of 554 pm, a groove width of 120 pm, and a
thickness of 20 pum. The impedance of the electrodes was
about 100k-300 kQ after being plated with platinum black.
The groove was formed, and the bioactive degradable
microspheres with PEG were manually seeded in the groove,
which provides a route for tissue regeneration around the
neural probe after implantation, and improves the mechanical
stiffness for insertion.

Sites of electro

Groove

)

Electrode pad

for recording Groove seeded

with PEG

microspheres

Figure 3. Photos of neural probe. (a) is the neural probe (b) is
magnified view of the electrode sites in tip of the neural probe.

The biodegradable polymeric microspheres were seeded in the

groove.

3.2 Microspheres

The degradable polymeric microspheres were fabricated.
It was succeeded in loading the biodegradable microspheres
with bioactive components of NGF with OVA, and optimized
the size between 10pum and 30 um for embedding in the
groove, as shown in figure 4.

Figure 4. Photos of size distribution of biodegradable

polymeric microspheres by scanning electron microscope.

3.3 NGF Release

The bioactivity of NGF released from the microspheres
was mvestigated. After the microspheres were incubated in a
dish for 8 days, it was observed that the neurites of the PC12

cells were longer and more numerous than those of the control
neurites. This indicates that the NGF released from the
microspheres retained bioactivity.

Extendedneurites

(a) PCl2cells | (b)

Microspheres

Figure 5. Photos showing PC12 cells with extended neurites
on a collagen dish eight days after NGF was released from
the microspheres. (a) shows a control of the microspheres
without NGF encapsulation (i.e., there was no NGF in the
dish). (b) shows that NGF released from the microsheres
extended the neurites of the PC12 cells.

3.4 Neural Probe implantation and Recording

The neural probe was successfully inserted in the rat’s
cortex. No buckling and breakage of the neural probe was
observed. Figure 6 shows the neural probe implantation. This
result has shown that the neural probe has sufficient
mechanical stiffness for insertion as well as good flexibility in
the brain tissue after the PEG is dissolved.

Cerebral cortex

Point of insert

Figure 6. Image of neural probe with PEG microspheres being

successfully implanted in cerebral cortex of the rat.

Records from the rat’s cerebral cortex were successfully
collected using the neural probe, as indicated in figure 7. The
recorded neural signals were manually sorted to observe the
characteristics of neural activity. In this study, a 5-ms portion
of ten sorted waveforms was randomly selected. [t was
observed that the recorded signal was from spontaneous
activity, since the wave length was about | ms and the wave
magnitude was about 100 pVolt

145



200
>
=
3]
]
=
p=

200 L i ) L

0 2 4 6 8
Time [s}

(b) ©

100, 50
3 50 - E I T
o o o o O T
T PR o
13 ~-50 \‘3'/; g
5 k4 5 50
=10 P

R R R R I R I R B

Time [ms] Time [ms]

Figure 7. (a) Spontaneous activity from cerebral cortex of the rat
recorded by the flexible neural probe. (b) 5 ms of ten sorted
waveforms from spontaneous activity. (c¢) The averaged sorted
waveform of (b).

4 CONCLUSIONS
The flexible intracortical neural probe containing the
biodegradable polymer for delivening bioactive components
was designed and developed. In the in vitro experiment, the
efficacy of the released bioactive components was observed,
since the neurites of the PC12 cells were extended and
increased by the NGF released from the microspheres. In the
in vivo experiment, it was succeeded in inserting the neural
probe and recording neural signals from the cerebral cortex of
the rat. Thus, these experiments have shown the possibilities
of the neural probe in that it provides an optimal implant
environment, extends the longevity of the tissue-electrode

interface, and enables neural regeneration.
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Development of a Flexible Neural Probe Composing Biodegradable Polymer
for Delivering Bioactive Components
Yasuhiro Kato™, Takafumi Suzuki, Kunihiko Mabuchi (The University of Tokyo)

Abstract

A flexible neural probe containing a biodegradable polymer for delivering bioactive components, such as nerve

growth factor (NGF), was developed. This was designed to promote regrowth of damaged neural tissues around

the implanted neural probe for a long-term recording and stimulation. The neural probe based on the flexible

material of parylene has a groove structure to seed biodegradable polymeric microspheres with NGF, to promote

recovery of the damaged tissues and improve mechanical stiffness for the probe implantation. In in vitro

experiment, NGF from the microspheres was slowly released in 2 weeks. The neural probe was successfully

inserted in and recorded neural signals from a cerebral cortex of a rat.
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(Bisdegradable polymer, Brain-machine interface, Drug delivery system, Micro Electro Mechanical System, Nerve

growth factor, Neural interface, Neural probe)
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Figure 1. Concept of effect of released bioactive

components on damaged neurons. The left figure
shows a neuron damaged by probe’s insertion. The
right figure shows a neuron recovered by released

bioactive components from the neural probe.
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pm thick photoresist
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um aluminum.
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and the thick photoresist.
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Figure 2. Schematic of the neural probe fabrication.
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Figure 3. Photos of the neural probe. (a) is the neural
probe. (b) shows the magnification of the electrode’s
site in the tip of the neural probe. The biodegradable

polymeric microspheres were seeded in the groove.
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Figure 4. Photos of the size distribution of the

biodegradable polymeric microspheres by a scanning

electron microscope.
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Figure 5. Photos showing PC12 cells with extended
neurites on a collagen dish eight days after NGF was
released from the microspheres. (a) is a control of
the microspheres without NGF encapsulation (G.e.,
there are no NGF in the dish). (b) shows that NGF
released from the microsheres extended the neurites
of the PC12 cells.
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Figure 6. Image that the probe with the microspheres
and PEG was successfully implanted in the cerebral

cortex of the rat.
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Figure 7. Spontaneous activity from the cerebral
cortex of the rat was recorded by the flexible neural

probe.

4. Byl

AT, MEMS & FZ v T U NY—U R T ADER
DEEI LB, ESRERY v —% AV BEG AR ZE
MR o —-TORELEER{TT o, ERILCEHRT o —
TERRMEBERICEA L, BRETAFEEN, £k
A RAT 4T Hb NGF DR EEERENRD N, &
ICE Y, BELLRESOREZRET 2BEFREG T
5, LVEFECEHMBRE L -HRBRESOZ A &R
BNTEABRA VA 72— AOEBRTEESFE L, 4

ke

BOBBELLT, A4 70 XT 4 T~ NGF EEDEHE,



HRETO—TICRBENETA TR T 4 T hbiflEn
7- NGF OF ., 7 L TBEER TOMREEOEz &2
M‘% (l: zm«bﬂ@o

[
75
~H

R —7EHEICE LT, RREARREER ST
R —AHREMATEFBESTOERIEEDS
Z. FERMEF, YOI ETEENEEICEBANA
LERLRT RS ZEHEEBELET, Eh~vRX 7 ERE
CEBRLTIE, ERRFARBEEE L AT LARHEE L #
—(VDEC) LV MXEEBE W, AFEO—BHE, TEE2
EREMRBRENE EBEFE (A), BESEE 17206022),
RUBEFOREARRENE (HFOEREREITHEE
BIEEE HIT-F/-010) OBIRREZE T2, Z IR L TH
BEExERT.

X 8

(1) Cabinet Office : “Annual Report on Government Measures for
Persons with Disabilities in 2005", p.2, National Printing
Bureau, Tokyo(2005-6)(in Japanese)

PBRT - TR 17 EER BEF A%, p 2. BYARE, HEX
(2005 %6 B)

(2) K.D. Wise, K. Najafi: “Microfabrication techniques for integrated
sensors and Microsystems”, Science, Vol.254, pp.1335-1342(1991)

(3) PK. Campbell, KE. Jones, R.J. Huber, KW. Horch, RA.
Normann: “A silicon-based, three-dimensional neural interface:
manufacturing processes for an intracortical electrode array”,
IEEE Transactions on Biomedical Engineering, Vol.35, No.§,
pp.758-768 (1991)

(4) 8. Takeuchi, T. Suzuki, K. Mabuchi, H. Pujita: “3D flexible
multichannel neural probe array, Journal of Micromechanics and
Microengineering”, Vol.14, No.1, pp.104-107 (2004

(5) 8. Takeuchi, D. Ziegler, Y. Yoshida, K. Mabuchi, T Suzuki:
“Parylene flexible neural probe with micro fluidic channel”, Lab
on a Chip, Vol.5, pp.519-523 (2005)

(6) Y. Kato, T. Suzuki, K. Mabuchi: “Preliminary study of a neural
probe using biodegradable polymer for delivering bioactive
components”, Journal of Japanese Society for Medical and
Biological Engineering, Vol.43, suppl. 1(2005)

MFREEIR, $SARMES, BHEME  £5EERY < —2 By EHl%R
BERE T o — T MY 3 EEORE, £FEELIE, Vol43,
suppl. 1{2005)

(7) Y. Kato, M. Nishino, T. Suzuki, K. Mabuchi: “Preliminary Model
of a Flexible Neural Probe Containing Biodegradable Polymer
for Delivering Bioactive Components”, 20th Annual Symposium
on Biological and Physiological Engineering, pp.17-18(2005)
TNEERRIE, WBESEM, SRS, BEME ESREERY -z L3

KT o 7 FV Ny = RF LBV BRGHESE v 9 T =
AORE B 20 BEE - £BTES VRV LABXE, pp17-18
(2005)

(8) X.Cao, MS. Schoihet: “Delivering neuroactive molecules from
biodegradable microspheres for application in central nervous
system disorders”, Biomaterials, Vol.20, No .4, pp.329-39(1999)

89

FEHBxH

R 18 €E 3

22




Proceedings of the 28th IEEE
EMBS Annual International Conference
New York City, USA, Aug 30-Sept 3, 2006

ThA12.6

Preliminary Study of Multichannel Flexible Neural Probes
Coated with Hybrid Biodegradable Polymer

Yasuhiro Kato', Itsuro Saito®, Takayuki Hoshino®, Takafumi Suzuki®, and Kunihiko Mabuchi’
'Dept. of Advanced Interdisciplinary Studies, Grad. School of Engineering, The University of Tokyo
*Division of Artificial Biomechanism, Dept. of Life Science,

Research Center for Advanced Science and Technology, The University of Tokyo
*Dept. of Information Physics and Computing,

Grad. School of Information Science and Technology, The University of Tokyo
Yasuhiro_Kato@ipc.i.u-tokyo.ac.jp

Abstract—Two types of intracortical multichannel flexible
neural probes coated with a hybrid biodegradable polymer were
designed and fabricated. The hybrid biodegradable polymer
was made of polyethylene glycol and biodegradable polymeric
microspheres containing nerve growth factor (NGF) and
incorporated to improve the stiffness for flexible neural probe
insertion, and promote regrowth of damaged neural tissues
around the probe. The type-A neural probe has a groove
structure designed to be seeded with a large amount of the
hybrid biodegradable polymer. The type-B neural probe has a
unique configuration like skeleton to minimize the volume of the
flexible probe and buffer injurious micromotion between the
probe and the tissues after implantation. In this preliminary
study, the efficacy of the released NGF from the microspheres
with the PC12 cells was examined. Further, neural probe
implantation and neural signal recording with an acute
experiment were studied.

I. INTRODUCTION

M icro Electro Mechanical System (MEMS)
technologies have been established to fabricate
multichannel neural probes for interfacing with the nervous
systems for the past decade. A wide variety of neural probes
have been applied in Brain-Machine Interfaces,
electrophysiological investigations, and medical treatments.
However, no suitable probes are for chronic neural recording.
One main reason is the death of neural tissues damaged by
probe insertion and placement in the brain. Thus, we have
been developing a new flexible neural probe to regrow
damaged neural tissues for chronic recording, while
incorporating a drug delivery system (DDS) based on MEMS
technologies (Fig. 1) [1-4].

In this preliminary study, we designed and fabricated two
types of flexible neural probes. Both of the neural probes
were based on parylene C (poly-monochloro-paraxylylene),
which was flexible and biocompatible material [5] The
type-A neural probe has a groove structure on the probe. This
was designed to be seed with a large amount of the hybrid
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17206022 from the Ministry of Education, Science, and Culture of Japan, by
a  Grant-in-Aid for Research on Advanced Medical Technology
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and by a grant from Tateishi Science and Technology Foundation
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polymer, since the small wells were limited to fill and deliver
the volume of bioactive components for the long-term. The
type-B has a skeleton configuration to minimize the volume
of the flexible probe. This design was aimed to provide a
space with recovery for the neural tissues damaged and
pressed by neural probe insertion, and flexibility to buffer
injurious micromotion between the probe and the neural
tissues after implantation, as shown in Fig. 2.

Biodegradable polymeric microspheres with bioactive
components of nerve growth factor (NGF) and polyethylene
glycol (PEG) were mixed, and seeded into the groove or
coated on the skeleton-like probe. These were added with the
aim of providing a route for the damaged tissue around the
neural probe and improving the mechanical stiffness of the
flexible neural probe for insertion. The DDS material was a
biodegradable polymer of poly(lactic-co-glycolic acid)
(PLGA), which was used to deliver the NGF for an optimal
period. In this study, the efficacy of the two types of flexible
neural probes and the biodegradable polymeric microspheres
were examined.

Bioactive components
Neural probe

(Re leased bioacti ve}
components

Damaged neuron

Recovered neuron

Fig. 1. Concept of effect of released bioactive components on
damaged neurons. Left figure shows a neuron damaged by probe
insertion. Right figure shows a neuron recovered by bioactive
components released from the groove of the type-A neural
probe.
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Fig. 2. Concept of type-B skeleton-like probe. Left figure shows
implanted skeleton-like neural probe coated with hybrid
biodegradable polymer of microspheres and PEG. Right figure
shows that each minimized probe is flexible to brain tissue and
the hybrid polymer is dissolved to promote recovery of damaged
tissues around the neural probe.

II. METHODS

A. Neural Probe Fabrication

Both of the type-A neural probe and the type-B neural
probes were constructed using a surface micromachining
technique with parylene C and gold layers on a silicon wafer.
The fabrication processes of the neural probes were as
follows, respectively.

1) Type-A neural probe: A 10-um layer of parylene C was
deposited on a silicon wafer by a parylene coater
(LABCOTER2 PDS2010, Specialty Coating Systems). A
200-nm gold layer was then deposited with a vacuum
evaporator and patterned to delineate the individual recording
pads, connecting pads, and wire traces. Next, a thick
photoresist (AZP4903, Clariant Japan) was spin coated onto
the surface to a thickness of 30 um. A 10-um layer of
parylene C was again deposited. A 300-nm aluminum layer
was then deposited and patterned on the parylene C layer as a
mask to define the outline of the neural probe. The parylene C
layer was patterned by O, reactive ion etching (RIE). After
wet-etching the aluminum layer by a mixed acid aluminum
etchant (838-38012, Wako Pure Chemical Industries, Ltd),
the neural probe was peeled off the silicon substrate with
tweezers. A cross-sectional schematic diagram of the
manufacturing process is shown in Fig. 2.

2) Type-B neural probe: The method to fabricate the
skeleton-like probe was basically the same as the type-A
neural probe. First, a 300-nm aluminum layer was deposited
on a silicon wafer as a sacrificial layer to release a thin final
device from the wafer. Then, a 5-um layer of parylene C and a
200-nm gold layer were deposited. An additional 5-pm layer
of parylene C was deposited. A 300-nm aluminum layer was
deposited and patterned on the parylene C layer as a mask of
the configuration for the skeleton-like neural probe. The
parylene C layer was patterned by O, RIE. After dissolving
the aluminum layers by a mixed acid aluminum etchant, the
neural probe was easily released from the silicon substrate
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Deposit a 10-pm layer of parylene C
and a 0 2-pum layer of gold ona
silicon substrate.

Pattern the gold.

Deposit and pattern a 30-um-thick
photoresist (AZP4903).

Again deposit the 10-um parylene
C.

Deposit and pattern a 0.3-pum of
aluminum.

Pattern the parylene C by 0, plasma
etching. ‘

Remove the aluminum and thick
photoresist.

Peel off the neural probe.

Fig. 3. Schematic of type-A neural probe fabrication.
[3: silicon, E: Parylene ¢, [J: Gotd, EJ: Thick photoresist
(AzP4903), 1. Aluminum

B. Neural Probe Implantation

For preliminary in vivo testing, all animal experiments were
performed in accordance with the institutional guidelines of
the Animal Experiments Committee of the University of
Tokyo. In the acute experiments for the probe insertion and
neural recording, Wistar rats were conducted. Anesthesia was
induced by isoflurane gas. The body temperature of the rat
was maintained and the heart rate was monitored. The
anesthetized rat was then fixed to a stereotaxic instrument,
and the skin on the head was incised to expose the surface of
the skull. After the dura matter was carefully removed, a
neural probe with the hybrid biodegradable polymers was
slowly inserted into the cerebral cortex of the rat and used to
record the neural signals. The neural signals were amplified
from 10000 to 20000 times and filtered from 500 Hz to 3 kHz.
The signals were recorded and stored on a computer via an
AD converter at a sampling rate of 10 kHz,

C. Preparation of Hybrid Biodegradable Polymer

NGF with ovalbumin (OVA) was encapsulated in the
biodegradable polymeric microspheres of PLGA by a
modified solvent evaporation method [6]. First, 0.2g of OVA
and 30 pg of NGF in 4 ml of a chloroform solution with 1 g of
PLGA were dispersed by a polytron homogenizer for 5 min at
10000 rpm. The formed emulsion was stirred in 300 mi of a



0.1% PVA solution for 3 h at room temperature The
microspheres were centrifuged, washed repeatedly with
distilled water, freeze dried for 48 h, and then stored at -20°C
prior to use. Before coating the neural probe for implantation,
the hybrid biodegradable polymer was made by mixing the
biodegradable microspheres and PEG.

In an experiment on the NGF release from the
biodegradable polymeric microspheres, the 0.2 g of the
microspheres were immersed in 10 ml of a
phosphate-buffered saline solution (PBS) and incubated at
37°C. At each time point (24, 48, 72, 168, and 336 h), the
suspension of the microspheres was centrifuged (10 min,
1000 rpm). Then, 5 ml of the supematant was collected and
replaced with 5 ml of fresh PBS. The microspheres were
again suspended by vortexing for 5 min. The total amount of
NGF released from the microspheres was measured using an
Enzyme-Linked Immuno Sorbent Assay (ELISA).

The bioactivity of the NGF released from the microspheres
was assessed with the PC12 cells (Riken Cell Bank). The
PC12 cells were incubated on a collagen dish under
serum-free conditions. The control material consisted of the
PC12 cells and the microspheres without NGF.

1. RESULTS AND DISCUSSIONS

A. Neural Probe

The type-A and type-B flexible neural probes were
designed and fabricated as shown in Fig, 4.

(

Sites of electrodes for recording
Connector

amp

(©)

po y}he coating )

Fig. 4. Photos of neural probe. (a) is the type-A neural probe. (b)
is magnified view of the electrode sites in tip of the neural probe.
The hybrid biodegradable polymeric microspheres were seeded
in the groove. (c) is the type-B neural probe. (d) is magnified

picture of the electrode sites and each skeleton-lie probe coated

with the hybrid biodegradable polymer.

The type-A neural probe has a single probe with ten
electrode sites of 20x20 pm’, a probe length of 3.7 mm, a

probe width of 554 pm, a groove width of 120 um, and a
thickness of 20 pm. The impedance of the electrodes was
about 100k-300 k< after being plated with platinum black.
The type-B neural probe was formed with five electrode sites
of 20x20 pm? a probe length for implantation of 2.9 mm,
each probe width insulated by parylene C of 16 pm, a widest
span of the probes of 186 um, and a thickness of 10 pm. The
impedance of the electrodes was about 100k-600 kQ, which
was not constant. Further, adjustment of the RIE and plating
platinum black was required.

The hybrid bioactive degradable polymers were manually
seeded in the groove for the type-A neural probe and coated
on the type-B neural probe, which was aimed to promote
tissue regeneration around the neural probe after implantation,
and improve the mechanical stiffness of the flexible probe for
insertion.

B. Hybrid biodegradable polymer and NGF Release

The degradable polymeric microspheres were fabricated
and optimized to sizes between 10 pm and 30 pm for
embedding in the groove or coating on the skeleton-like
probe, as shown in Fig. 5. It was succeeded in loading the
biodegradable microspheres with bioactive components of
NGF with OVA. Also, as measured by NGF ELISA, 2-6
ng/ml of NGF was constantly released at each time point, and
more than 160 ng of NGF was released after 336 hours.

I "o 2 Sk Vin

Extended newrites

Microspheres :
Fig. 6. Photos showing PC12 cells with extended neurites on a
collagen dish eight days after NGF was released from the
microspheres. (a) shows a control of the microspheres without
NGF encapsulation (i.e., there was no NGF in the dish). (b)
shows that NGF released from the microsheres extended the
neurites of PC12 cells.

The bioactivity of NGF released from the microspheres was
investigated with the PC12 cells. The neurites of the PC12
cells were observed, after the microspheres were incubated in
a dish for eight days. Fig. 6 shows the results that the neurites
were longer and more numerous than those of the control

662



neurites. This indicates that the NGF released from the
microspheres retained bioactivity.

C. Neural Probe Implantation

Both of the neural probes were successfully inserted in the
rat’s cortex. No buckling and breakage of the neural probes
were observed. The implantation of the type-A and type-B
neural probes is shown in Fig. 7. These results have shown
that the neural probes have sufficient mechanical stiffness for
insertion as well as good flexibility in the brain tissue after the
hybrid biodegradable polymer was dissolved.

inse

Fig. 7. Images of neural probes with PEG microspheres being

successfully implanted in cerebral cortices of the rats.
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Fig. 8. (a) Spontaneous activity from the cerebral cortex of the
rat recorded by the type-A neural probe. (b) 5 ms of ten sorted

waveforms from spontaneous activity (c¢) The averaged sorted

waveform from (b).

Records from the rat’s cerebral cortex were collected using
the type-A neural probe, as indicated in Fig. 7, but the neural
signals were not observed from the type-B neural probe. This
was assumed due to the large physical distance between the
electrode pads and the neuron activated, since the hybrid
biodegradable polymer was on the electrode pads whereas
there was no polymer on the electrode pads of the type-A

probe. Thus, the type-B neural probe may need more
sufficient time to dissolve and diffused the polymer from the
electrode pad for recording.

The recorded neural signals from the type-A neural probe
were sorted to observe the characteristics of the neural
activity (Fig.8). A 5-ms portion of ten sorted waveforms was
manually selected. It was observed that the recorded signal
was from spontaneous activity, since the wavelength was
about 1 ms and the wave magnitude was about 100 uVolt.

IV, CONCLUSION

The type-A and type-B multichannel flexible neural probes
containing a hybrid biodegradable polymer were designed
and developed. The efficacy of the released bioactive
components was observed in the in vitro experiment with the
neurites’ extension and increment of the PC12 cells by the
NGF released from the microspheres. In the in wvivo
experiment, it was succeeded in inserting both of the neural
probes showing sufficient stiffness, and recording neural
signals from the cerebral cortex of a rat using the type-A
neural probe. While much work remains, these preliminary
results have shown the possibilities that flexible neural probes
coated with hybrid polymer can be applied for chronic
recording along with neural regeneration.
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Novel Regeneration-type Nerve Electrode with Integrated Microfluidic Channels
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Abstract  Neural interface devices that will allow signals from the human nervous system to control external
equipment is extremely important for the next generation of prosthetic systems. A novel regeneration-type nerve
electrode designed to record from and stimulate peripheral nerves has been developed to allow the control of
artificial hands and to generate artificial sensations. In this study a novel regeneration-type nerve electrode based
on the nerve regeneration principle was designed and fabricated using MEMS technologies. The electrode, which
was fabricated on a 25-um-thick Parylene C substrate, has multiple fluidic channels. Each fluidic channel was 100
pm wide x 30 pm high x 1500 pum long and featured multiple electrodes inside them as recording and stimulating
sites. They also served as guidance channels for the regenerating axons. The authors are currently attempting to
evaluate the probes using the sciatic nerve of rats.
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Fig. 3: Concept sketch of the regeneration nerve electrode in this
work

The electrode has a microfluidic channel for injection of
chemicals and microfluidic channels for neuro guidance.
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