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To restore baseline spiking while the endogenous SK
current was blocked with apamin, we adjusted the para-
meters that described the artificial SK current applied
with dynamic clamping (see Methods section). Figure 3C
shows that the artificial SK current (20-50 pA) restored
regular single spiking. Further, when the current injection
was removed, irregular bursting reappeared immediately.

In control and SK current injection conditions [Fig. 4A(a)
and (b), respectively], positive correlations were observed
between the negative peak after each spike and the
spontaneous spike rate of the DA neurons. This indicates
that spike frequency was controlled by the SK current, as
reported by Feng and Jaeger [26] for neurons of deep
cerebellar nuclei. Figure 4A(c) shows that, in some DA
ncurons (eight of 12 cells), an artificial SK current
injection slightly increased spontaneous firing. This
observation may be related to the fact that the restored
negative peak voltage after spikes was slightly higher than
that observed without the SK current injection.

The recovery of regular spiking in the presence of apamin
depended on both the extent of irregular bursting and the
injected SK current. As shown in Fig. 3D, longer periods
of bursting required an SK current between 50 and
100 pA. In all of the tested cases (# = 12), the application
of the artificial SK current during an apamin-induced
bursting led to regular spiking. Therefore, the coeffi-
cients of variation of the ISIs in the presence of apamin
were reduced to the control level (0.1-0.2) if the SK
conductance was adjusted to an appropriate cell-specific
value. Figure 4B shows that single-spike activity and
regularity recovered when the SK values were adjusted.

A calcium concentration decay time constant between
20 and 35ms was able to restore the time course of the
AHPs. Decays in the calcium levels have been directly
measured after evoking single spikes in response to a
briefly (30-50 ms) injected step current. The average
value of the decay time constant was 34.3 = 8.0 ms
(7 =5) immediately after the cell membrane was broken.
Therefore, the result was consistent with those obtained
in the SK current injection experiments, although the
measured average value was slightly larger than that used
in the model.

Discussion

Here, we reported a new dynamic clamp technique in
which Ca’* levels were used to adjust a conventional
dynamic clamp protocol. With the technique, we
estimated the injected SK current from both directly
measured Ca® " -derived fluorescence signals and a
mathematical model of intracellular Ca®* dynamics.
This approach enabled us to test our mathematical
models in real time by observing the neurons’ firing
modes and spike properties.
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A, (a) Spike statistics before and after small-conductance (SK) current
was injected while the endogenous SK current was blocked. Positive
correlations were observed between the negative peak voltages after
spikes and the spontaneous firing rate (a) before SK current block
and (b) after an artificial SK current was injected. The correlation
coefficients (r) are indicated. (c) The relationships between the original
and the recovered negative peak voltages and the firing rate are shown
(n=12 cells). B, Variable or consistent spiking in control samples, or in
the presence or absence of injected SK current. Coefficients of
variation (SD/mean) for the interspike intervals are plotted.




DA neurons showed several typical firing modes # vivo,
including burst activity and low-frequency tonic firing
(< 10Hz) with regular or irregular patterns. In contrast,
DA cells 2 viro fire autonomously and tonically with a
regular pattern. The calcium current that mediates the
autonomous regular firing is likely, at least partly carried
by L-type Ca®* channels, because it is inhibited by
L-type channel blockers, but not N-type channel
blockers [6,9,15]. Although the effects of P/Q-type
channel blockers on this activity have not yet been
determined # vivo, Puopolo e a/ [15] showed that a
selective P-type channel blocker markedly inhibited
firing in the midbrain slices. Treatment of DA neurons
in these brain slice preparations with apamin shifted the
firing mode from a regular firing pattern to a burst
pattern. In DA cells, therefore, the firing mode and action
potential frequency and initiation are regulated by an SK
Ca**-dependent K* current.

We showed that the SK current in DA neurons partly
accounts for the AHP and contributes to the regularity
of the ISIs. Our results also showed that, in response to
the current injection under baseline conditions, the AHP
is the predominant regulator of the spike frequency. A
recent study showed that the SK current in DA neurons is
primarily the result of inflow through T-type and N-type
channels together with minor contributions from several
other calcium currents [13]. In this study, we applied an
artificial SK current with dynamic clamping using four
types of Ca®* current as the calcium source. The results
revealed that pulsatile calcium inflow after each spike
and subsequent calcium decay with a time constant
ranging from 20 to 35 ms could explain the observed AHP
properties. As indicated in other studies [26], the decay
of the intracellular calcium pool may represent the short
period of time for which the SK channels are exposed to
an clevated calcium concentration at the membrane.
Thus, the short exposure may allow intracellular calcium
to accumulate without elevation of the SK current.

The minimum artificial SK current amplitude that was
required to eliminate irregular and burst spiking was such
that the ensuing AHP had a slightly larger amplitude than
that recorded during the baseline activity. This, however,
did not necessarily slow the recovery of regular spiking
compared with the pre-apamin treatment condition. Rather,
at times, it accelerated regular spontaneous firing in the
tested DA neurons [Fig. 3A(c)]. This observation may be
associated with the rapid recovery of a spike refractory
period, which always occurred when the inhibitory synaptic
input was injected. We showed that certain SK values
promoted regular ISIs in the DA neurons. This value
needed to be adjusted to restore regular tonic firing in the
presence of apamin, because the appropriate value was cell
specific. Although the maximum injected current amplitude
was 30pA, the time course of the injected current was
critical to control the firing mode.

The SK current regulates dopamine neuron firing Tateno 673

Calcium signals generated by voltage-dependent Ca®™*

channels may be amplified by secondary calcium release
from intracellular stores, which has also been shown to
activate SK channels. Indeed, SK channels in the DA
neurons can be activated by the intracellular calcium
release evoked through metabotropic glutamate receptors
[27]. This secondary calcium release may contribute to
the discrepancy observed in the latter portions of the
[Ca®*]; ume courses obtained using Ca’?™ -derived
fluorescence signals and numerical simulation with our

model [see Fig. 1B(b) and C(b)].

Recent studies have shown that the midbrain DA neurons
are a heterogeneous population of neurons and that there
is a media-lateral gradient in SK3 channel expression
[28]. However, in the presence of apamin, we could not
find any differences between the recorded DA neurons
in the SNc and those in the lateral part of the VTA. The
reason for this may be that the number of sampled VTA
DA neurons was small (eight cells) and they were located
in the lateral part of the VTA in which the SK3 channels
are highly expressed [28].

Ji and Shepard [29] reported that local and systemic
administration of apamin increases the incidence and
intensity of the bursting activity among the DA neurons
recorded in intact rats. However, they also pointed out that,
consistent with its effects in brain slices, the ability of
apamin to increase bursting activity # viwo could not have
been simply presupposed. Pacemaker activity exhibited
by the DA neurons # witro or pacing with a scale of
high precision such that the coefficient of variation in the
interspike intervals is less than 12%, is rarely observed
in vive, where the continuum of the patterned activity is
often attributed to synaptic inputs. Therefore, in addition
to the mechanism involving SK channels, DA cells also
require  N-methyl-n-aspartate  (NMDA)  recepror-gated
channels for burst activity. Under certain in-vivo conditions,
either or both of these mechanisms could induce burst
firing. NMDA receptor-mediated burst firing would be
induced by inputs from glutamate-containing synaptic
connections. The approach presented here may help eluci-
date these mechanisms, because the dynamic clamp tech-
nique can be used to mimic NMDA-like synaptic inputs.

Conclusion

To test the validity of a Ca®*-dependent K* current
model in in-vitro preparations of DA neurons in the SNc
and the lateral part of the VTA, we developed a new
dynamic clamp technique in which fluorescence imaging
of Ca®* levels was incorporated into a conventional
dynamic clamp protocol. As reported before, our experi-
mental results combined with mathematical modeling
indicate that an SK Ca” * -dependent K™ current markedly
shapes the firing modes and spike properties of these
neurons. In addition, our results support the fact that the
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measurement of intracellular Ca®* level can be possibly
replaced with the calcium dynamics model as an input to
the dynamic clamp system.
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1. Introduction

In this paper, we report a novel piezoelectric artificial cochlea which realizes both acoustic/electric con-
version and frequency selectivity without an external energy supply. The device comprises an artificial
basilar membrane (ABM) which is made of a 40 m thick polyvinylidine difluoride (PVDF) membrane
fixed on a substrate with a trapezoidal slit. The ABM over the slit, which mimics the biological system,
is vibrated by acoustic waves and generates electric output due to the piezoelectric effect of PVDF. The
width of ABM is linearly varied from 2.0 to 4.0 mm along the longitudinal direction of 30 mm to change
its local resonant frequency with respect to the position. A detecting electrode array with 24-elements
of 0.50 x 1.0mm rectangles is made of an aluminum thin film on ABM, where they are located in a
center line of longitudinal direction with the gaps of 0.50 mm. Since the device will be implanted into
a cochlea filled with lymph fluid in future, the basic characteristics in terms of vibration and acous-
tic/electric conversion are investigated both in the air and in the silicone oil which is a model of lymph
fluid. The in vitro optical measurements show that the local resonant frequency of vibration is varied
along the longitudinal direction from 6.6 to 19.8 kHz in the air and from 1.4 to 4.9 kHz in the silicone oil,
respectively. Since a resonating place vibrates with relatively large amplitude, the electric output there
becomes high and that at the other electrodes remains to be low. Thus, the electric voltages from each
electrode realize the frequency selectivity. Furthermore, the effect of surrounding fluid on the vibration
is discussed in detail by comparing the experimental results with the theoretical predictions obtained
by the Wentzel-Kramers-Brillouin asymptotic method. The theoretical prediction indicates that the sur-
rounding fluid of the higher density induces the larger effective mass for the vibration that results in
lower resonant frequency. From these findings, the feasibility of artificial cochlea is confirmed both
experimentally and theoretically.

© 2009 Elsevier B.V. All rights reserved.

sound processor and a battery. The acoustic sound is detected and
is analyzed with respect to the frequency by the extracorporeal

The sensorineural hearing loss is a type of deafness which is
often caused by the damage on hair cells of cochleae in inner ears.
The hair cells convert acoustic sounds to electric signals that stim-
ulate auditory nerves. As a clinical treatment for the hearing loss
in children and adults, the artificial cochlea is recently well used.
The device bypasses the damaged hair cells by generating the elec-
tric current in response to the acoustic sound [1,2]. The current
artificial cochlea consists of an implantable electrode array for the
stimulationand an extracorporeal device including a microphone, a
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device. The processed signals are transferred through a transcuta-
neous system. Then, the auditory nerves are stimulated through the
electrodes inserted in the cochlea. The disadvantages in the current
system are the indispensability of extracorporeal devices, the small
number of electrodes which closely connects to the limitation of
tones, and the relatively large power consumption. This situation
motivates us to develop a fully self-contained implantable artificial
cochlea.

The important functions of cochlea are not only the conversion
of acoustic wave to electric signals but also the frequency selectiv-
ity [3,4]. The basilar membrane which is a biological diaphragm in
the cochlea plays an important role for the frequency selectivity.
The local eigen frequency of membrane is changing along the place
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Nomenclature

A; Fourier coefficient

b(x) width of ABM, m

D bending rigidity, Nm

E Young's modulus, Pa

f frequency, Hz

h thickness of ABM, m

k(x) wave number, m~!

Ly width of fluid channel, m
Ly depth of fluid channel, m
L3 length of ABM, m

D pressure, Pa

w displacement of ABM, m
W(x) envelope function, m

(x,y,z) Cartesian coordinates, m

Greek letters

n(x,y) shape function for ABM's bending in y direction
v Poisson ratio

o density of fluid, kg m—3

Pm density of PVDF, kg m—3

¢r(x,y.z,t) velocity potential, m?/s

w angular frequency, rad/s

Subscripts

f region of fluid channel f=1oru

j mode number of Fourier coefficient
| lower fluid channel

m PVDF

u upper fluid channel

of it, because of varying mechanical boundary conditions and the
mechanical rigidity. Thus, when the eigen frequency at a local place
match to that of acoustic wave, the place vibrates with relatively
large amplitude due to the resonance. The vibration stimulates hair
cells especially at the resonated place. As a result, the frequency of
acoustic wave is recognized as the difference in tones.

To artificially realize the frequency selectivity, some
microscaled devices have been reported. Tanaka et al. [5] and
Xu et al. [6] developed acoustic sensors with the function of
frequency selectivity by the use of resonance of cantilever arrays.
Those sensors were evaluated in the atmospheric environment.
Chen et al. [7] developed a beam array fixed on a trapezoidal
channel and investigated the vibrating characteristics in the water.
Despite the frequency selectivity of cantilevers or beams, their
mechanical strength may not be enough for the implantation as
the artificial cochleae for the long period. On the other hand, White
and Grosh [8] developed a device made of polyimide membrane
with Si3N4 beams. The demonstration for the frequency selectivity
was conducted at the higher frequency range compared with the
audible one. Wittbrodt et al. [9] also developed a device made of
polyimide membrane with Al beams. They reported that the device
possessed some similarities with the biological cochlea in terms
of traveling waves, the frequency to place tonotopic organization,
and the roll off beyond the characteristic place.

The acoustic sensor which is developed in this paper realizes
both the frequency selectivity and the conversion of acoustic wave
to the electric signal in the liquid environment without an exter-
nal energy supply. The device is designed as a prototype model
to test the basic concept of the acoustic sensor for the devel-
opment of the self-contained implantable artificial cochlea. The
device consists of a piezoelectric membrane fixed on a trapezoidal
slit, where the membrane over the slit works as a detector. We

name this trapezoidal membrane as an artificial basilar membrane
(ABM). Discrete electrodes are fabricated on ABM by technologies
of micro electromechanical systems (MEMS) to measure the elec-
tric signals generated in response to the externally applied acoustic
waves. To model the liquid environment, the fluid channel which
locates under ABM is filled with a silicone oil as a model of lymph
fluid in the cochlea. The ABM’s vibration is measured using a laser
Doppler vibrometer (LDV) at the various frequencies in the range of
1.0-20kHz. The electric output is measured through the electrodes
using a preamplifier. To predict the performance of the present
device, the oscillatory dynamics of ABM is theoretically analyzed
based on the vibrating equation of a thin plate bending and equa-
tions for the fluid dynamics. The phenomenon of fluid-structure
interaction is treated by coupling those basic equations. To treat the
wave motion on trapezoidal ABM, the Wentzel-Kramers-Brillouin
(WKB)asymptotic solution [10] is used under the assumption of the
gradually varying wavelength. The comparison between the exper-
imental and theoretical results makes clear the detailed mechanism
underlying the frequency selectivity. In addition, discussions for
the further development as an implantable artificial cochlea are
described from the viewpoint of magnitude of electric signal and
the device size.

2. Principles and experimental methods

2.1. Basic mechanism of frequency selectivity and electric signal
generation

A schematic and a photograph of piezoelectric acoustic sen-
sor developed here are shown in Fig. 1. The device comprises
a polyvinylidine difluoride (PVDF) membrane (KUREHA, Japan)
bonded on a stainless plate with a trapezoidal slit and discrete
electrodes distributed along x axis. PVDF is a piezoelectric mate-
rial which can convert mechanical stresses to electric signals. The
trapezoidal slit is designed so that the membrane over it, i.e. ABM,
can be easily vibrated by the acoustic wave. The width b(x) of ABM
is linearly varied in the ranges of 2.0-4.0 mm along x of 30 mm
long. This shape is intended to mimic the passive basilar mem-
brane, that is, the local resonant frequency (LRF) of ABM gradually
changes due to the varying mechanical boundary conditions along
X. LRF is expected to be decreased as x increases. Applying acous-
tic wave with a certain frequency to ABM, a local place vibrates
with relatively large amplitude due to the resonance. Electric sig-
nals are generated by the piezoelectric effect with respect to the
local stress in ABM. Thus, the electrode on the resonating place
gives a relatively large electric output. This is the basic mechanism
of frequency selectivity realized by the association of resonance of
vibration and the discrete electrode array. The device is mounted
on a substrate with a fluid channel, where the channel dimen-
sionsare 47 x 17 mm rectangle and 4 mm deep. To model an in vivo
environment, the fluid channel is filled with silicone oil (Shin-Etsu
Chemical, Japan). The density and the viscosity of silicone oil are
873 kg/m3 and 1.75 x 103 Pas, respectively, where those of lymph
fluid in cochleae are typically reported as 1.0 x 103 kg/m3 [11] and
from 1.0 x 1073 to 1.97 x 10-3 Pas [12,13], respectively. Although
the bothsides of basilar membrane in vivo face to the lymph fluid, in
thisexperiment,only the bottom side of ABM faces to the silicone oil
for the stable optical measurement from the upper side. The effect
of this simplification is discussed by the theoretical analysis in the
later section. Furthermore, the size of this ABM is relatively large to
be implanted into the human cochlea. However, the main purpose
of this paper is to test the basic mechanism of proposed system
in terms of acoustic/electric conversion and the frequency selec-
tivity. The optimization and the miniaturization will be remained
as a future work. The advantages of miniaturized ABM are again
discussed in later section.
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Fig. 1. Schematic and photograph of piezoelectric acoustic sensor; (a) 3D view, (b) cross sectional view at AB, and (c) photograph (Unit: mm).

2.2. Experimental setup

The electrode array with 24 elements made of an aluminum
thin film is fabricated on an upper side of a 40 um thick PVDF
membrane based on a standard photolithography and an etching
process. For convenience, the electrodes are named as Ch.1-Ch.24
as shown in Fig. 1(a). The each electrode of 0.50 x 1.0 mm rectan-
gularshape is equally spaced 1.0 mm center to center, resulting ina
gap of 0.50 mm between two adjacent electrodes. The ground elec-
trode is prepared as acommon one for all discrete electrodes on the
lower side of ABM. The membrane is glued on the stainless plate
to be the trapezoidal ABM. Since the electrodes of about 100 nm
thick are extremely thinner than the PVDF of 40 um, they may not
strongly affect on the vibrating characteristics of ABM.

Fig. 2 shows a schematic of experimental setup. The sinusoidal
acoustic wave is applied to the device from a speaker (FOSTEX,
Japan) which is located 120 mm distant with 45° at a tilt. The
speaker is previously calibrated to realize the constant sound pres-

Function | .
PC Generator Oscilloscope
| I
LDV controller
Speaker LDV head CCD camera
T
F4 Piezoelectric output
. Preamplifier
oy oo | oL peaminer |
— BNC | }

Motorized stage

Fig. 2. Schematic of experimental setup for measurement of vibrating characteris-
tics of ABM.
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sure with the precision of +0.1 dBSPL at various frequencies. The
frequency is controlled by the function generator (NF, Japan) from
1.0 to 20kHz which is in the range of audible frequency. The device
on the substrate is set on a motorized stage which moves x and
y directions for the measurement of spatial distribution of vibra-
tion amplitude. The velocity of ABM in z due to the vibration by the
acoustic wave is measured by the LDV (Graphtec, Japan). The dis-
placement, which is converted from the velocity data, is analyzed
by an FFT to obtain the amplitude of vibration at the frequency of
acoustic wave. At the same time, the piezoelectric output from the
electrodes is measured in terms of voltage using a preamplifier and
an oscilloscope.

2.3. Oscillatory dynamics of artificial basilar membrane

Because the phenomena including the fluid-structure interac-
tion are relatively complex, it is important for practical engineering
to develop a theoretical model that effectively and easily predicts
the vibrating characteristics of ABM. To obtain a mathematical
solution, the following assumptions are made based on the exper-
imental observations.

(1) The vibration of ABM is modeled as the bending vibration of a
thin plate with small-amplitudes. The plain stress condition is
valid, since the thickness h of ABM is small compared with the
width or length.

(2) The fluid flow is assumed as incompressible, since O(w?L2/c?)
is 10-2-10-5, where the angular frequency w is 0(103)-0(10%),
the characteristic length L is O(10~2), and the sound velocity ¢
is 0(103).

(3) The effects of gravity and viscosity of surrounding fluid are
ignored.

The governing equation for the bending vibration of a plate with
isotropic mechanical properties can be described as

Pw
ox20y2

*w N
x4

2w
—+D
a2

o

proh | =P (1)
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where D, pg, w, and pm are the bending rigidity, the pressure of
acoustic wave, the displacement in z direction, and the density
of ABM, respectively. The bending rigidity D is related to Young's
modulus E as

. En

T12(1-12)
where v is the Poisson ratio.

The basic equation for the fluid flow is the Laplace equation of
velocity potential ¢ as
P P Py
- += — =0
(’X2 dyz (?Z2

The velocity potential ¢y is related to the velocity components
(Ux, Uy, Uz) as

0oy
Toox

(2)

(3)

_ 3% _ B
YTy Tz
respectively. The subscript fis u or [, where uand ! indicate the fluid
atthe upper and lower sides of ABM, respectively. Furthermore, the
velocity potential ¢y is related to the pressure as

g
wa = —Pr
where py is the density of fluid.

The governing equations are solved with the following boundary
conditions. The normal velocities at the wall of fluid channel are

written as

(4)

Uy

(5)

0y

U; = (—,Z— = at z = *Lz (6)
)

uy:%:o at y:i%‘ (7)

where L; and L, are the width and the depth of fluid channel,
respectively. The kinematic boundary condition at z=0 is written
as

ow  Ogr
T h Hal
The thickness h of ABM is ignored in the analysis of fluid flow,
since it is relatively small compared with the depth L; of fluid chan-
nel. The pressure pg is the pressure difference between the upper
and lower sides of ABM and can be written as
po= '/7]% + Pu d;f)tu (9)
Since p, is extremely large compared with p, in the present
experiment, Eq. (9) is approximated as
o,
e
To obtain the oscillatory solution at the periodic steady state,
following assumptions are made.

at z=0

at z=0

Po = —p at z=0 (10)

(4) A single mode 7)(x, y) is used for the shape function of ABM’s
bendinginy direction. 5(x,y)is determined based on the analyt-
ical solution of a vibrating beam with the first mode, the length
of b(x), and the fixed boundary conditions at y = +b(x)/2 as

. B > (ﬂ ) b(x)  b(x)
ncos(—y +cpcosh | —y at — — <ys——
nix.y)= o " bix) o o0 oan
X
0 atAi'syf—T and Txﬁys7‘

where ¢y, ¢, and f are constants of 0.8827, 0.1173 and 4.730,
respectively. These constants are determined to make (x, y)
satisfy the fixed boundary conditions at y = £b(x)/2.

(5) The wave is considered as a slowly varying wave in x direction.
That is, the wave number k(x) is slowly varying along x as b(x),
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where db(x)/dx =0 and dk(x)/dx = 0 are reasonable in the scale
of a one wavelength. In this case, the waves can be treated as
pseudo plane ones and can be described by the WKB asymptotic
solution [10].

Based on these assumptions described above, the displacement
w(x,y, t) of ABM can be written as

W= W) n(x. y)e Jo KO giot (12)

where i and W(x) are the imaginary number and the envelope func-
tion, respectively. W(x) is also treated as a slowly varying function,
that is dW(x)/dx =0, since the effect of dW(x)/dx on the dispersion
relationship is trivial for linear problems [14]. The main purpose
of the theoretical analysis is to predict the distribution of the local
resonant frequency and to clarify the effect of the surrounding fluid
on the resonance. Therefore, to simplify the mathematical devel-
opment, only the forward wave is included in the analysis. On the
other hand, the solution for Eq. (3) which satisfies the boundary
conditions of Eqs. (6) and (7) is written as

¢ = ZAJ' cosh [ (z + L )} cos (%y) ¢ fox KENE it (13)
j=0

where A; and ¢; are the Fourier coefficient for jth mode and
[K2(x)+(jmr/L1)2]'2, respectively. From Egs. (8), (12) and (13), the
following equation is obtained:

iwW(xn(x,y) = —ZAJ-CJ sin h(gjLy) cos (jl_—j:y)

j=0

(14)

Using the orthogonality of cosine function, A; is calculated as

. b(x)/2 .
) iwW (x) _z(;;%/z 1 (x.y)cos (jmy/Ly) dy )
= gjsinh (fjf-z) _Lz]//zz c0s2 (jyry/Ll) dy

Egs.(10)and (12) are substituted into Eq. (1). Then, multiplying
n(x,y)to Eq.(1),and integrating from —b(x)/2 to b(x)/2 with respect
to y, the following eikonal equation is obtained:

fx.w)

b(x)/2
=D {k“ (x)/ 7% (x.y)dy — 2k (x)

b(x)/2

b(x)/2 b(x)/2
4
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b(x)/2 b(x)/2

) 2
I:fbm,‘ 1(x.y)cos (j?TJ’/L]) dY]

b(x)/2 ®
5 5 -b(x)/2
-’ | pmh 7 (x.y)dy + pi E . (“— )fl‘ La— RY
~ gitanh 2 cos? (jmy/Ly) dy
janh (glz) [} cost (imy/L1)

bix)/2 j=0

(16)

Eq. (16) describes the dispersion relationship between k(x) and
w at various x. The effect of surrounding fluid is found in the last
term of Eq. (16). Since this term contributes to increase the effective
mass for the vibration, the resonant frequency may be decreased by
the surrounding fluid. From the average variation principle [14], it
is known that the eikonal equation has the relationship with W(x)
as

W(x) = _c (17)

o 1/2

dak
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Table 1

Parameters for prediction.
Parameter Symbol Value
Width of ABM (m) b(x) b(x)=0.002 +0.002x/L3
Young's modulus of PVDF (Pa) E 3 x 109
Width of fluid channel (m) Ly 0.017
Depth of fluid channel (m) Ly 0.004
Length of ABM (m) L3 0.03
Poisson ratio of PVDF v 0.29°
Density of PVDF (kg/m?) Om 1780 [15]
Density of silicone oil (kg/m3) Ps 873"
Density of air (kg/m3) D 1.2 [16]

4 From technical report by KUREHA.
® From technical report by Shin-Etsu Chemical.

where ¢ is a constant. Eq. (17) is the transport equation which
describes the qualitative distribution of W(x).

The parameters for the prediction are listed in Table 1. If the
angular frequency w is given as that of externally applied acoustic
wave, only the wave number k(x) is a variable to be solved in Eq.
(16), where Eq. (16) is reduced to flk(x))=0. At various w, Eq. (16)
is solved numerically by the Newton method. The iteration proce-
dure is repeated until the residual becomes less than a specified
tolerance of 10-°. The term including summation is treated from
J=0 to 30, which is adequate for the tolerance. The calculation is
conducted for the two cases of filling the fluid channel with the air
and of that with the liquid. The frequency is changed in the ranges
0f 3.5-14.0kHz in the air environment and 0.7-3.6 kHz in the lig-
uid environment, respectively. At those frequencies, Eq. (16) gives
solutions and W(x) has a peak on ABM.

Fig. 3 shows W(x) which describes the qualitative amplitude dis-
tribution defined by Eq. (17). W(x) in the air environment of Fig. 3(a)
shows a clear peak at each frequency, where the peak indicates
the resonance at the local place. Comparing W(x) at different fre-
quencies, it is found that the peak position shifts to smaller x as
the frequency increases. It is also found that the peak value of W(x)

—
)
~

Envelope W(x) {(a.u.)

Position x (mm)

187

decreases as the frequency increases. Fig. 3(b) shows the W(x)in the
liquid environment. As same with the result in the air environment,
the peak position shifts to smaller x as the frequency increases.
However, compared with the results in the air environment, W(x)
in the liquid environment shows peaks at smaller frequencies. By
comparing the results at 3.5 kHz in Fig. 3(a) and (b), the effect of the
surrounding fluid on W(x) can be discussed in detail. Although ABM
is vibrated at the same frequency, it is found that the peak position
inthe liquid environment is shifted to smaller x and the form of W(x)
is moderated compared with those in the air environment. These
results indicate that the stronger fluid-structure interaction due to
the higher density decreases the resonant frequency and relaxes
the resonance. Based on Eq. (16), the mechanism of decreasing the
resonant frequency in the liquid environment is that the effective
mass for the vibration is increased due to the much higher den-
sity of the liquid compared with that of the air. The reason for the
moderated resonance is discussed later.

Fig. 4(a) shows the distributions of k(x) in the air environment
at 3.5, 6.0, 9.0, and 12.0kHz. In Fig. 4(a), it is found that k(x) in
the air environment increases with x. There is a certain position
of xinc where k(x) rapidly increases. xj,. is mathematically defined
as the position where k(x) gives the largest gradient. At larger x
than x;pc, O(k(x)) is 102-103 m~" and the wavelength is 63-6.3 mm.
At smaller x than X, k(x) is very small which corresponds to
the extremely long wavelength. Comparing the results at differ-
ent frequencies, it is found that x;,. becomes smaller at the higher
frequency. It is also found that x;,. is close to the peak position of
W(x) in Fig. 3(a). Since the result is obtained by the analysis based
on the WKB solution, the wavelength should be short enough to
treat b(x) as a slowly varying function. Furthermore, k(x) should be
gradually changed by x. Thus, the precision of result should be rel-
atively bad around x;, and at smaller x than x;,.. Fig. 4(b) shows
the k(x) distributions in the liquid environment at 1.0, 2.0, 3.0, and
3.5kHz. k(x) in the liquid environment gradually increases with x
compared with that in the air environment. Although the resonant
frequencies are different between in the air and in the liquid envi-
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Envelope W(x) (a.u.)

Position x (mm)

Fig. 3. Theoretical results of envelope function W(x) in (a) air and in (b) liquid environments for various frequencies.

—
)
-
N
£
=)

e
T

Wave number k (m )
e

-

N !
0 10 20 30

Position x (mm)

—

o

~
N

Wave number k (m")

o

Position x (mm)

Fig. 4. Theoretical results of wave number k(x) in (a) air and in (b) liquid environments for various frequencies.
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Fig. 5. Theoretical results of local resonant frequencies in airand in liquid environ-
ments.

ronments, the orders of k(x) around x;,c and at larger x than x;. are
similar to the results in the air environment. From this result, it can
be said that the resonance is governed by the wavelength which is
strongly related to the geometry of ABM. xi is closely connected
with the peak position of W(x) shown in Fig. 3(b). Furthermore,
the reason for the moderated resonance in the liquid environment
can be explained by comparing Fig. 4(a) and (b). Since k(x) in the air
environment rapidly changes around the resonance place as shown
in Fig. 4(a), the evolution of W(x) also does. It is owing to the fact
that the resonance condition is governed by the wavelength. On the
contrary, since k(x) in the liquid environment gradually changes
around the resonance place as shown in Fig. 4(b), the peak of W(x)
becomes to be moderated.

Fig. 5 shows the relationship between the resonant frequency
fr and x. Both f; in the air and in the liquid environments decrease
as x increases and f; in the liquid environment is lower than that in
the air environment due to the increase of effective mass. Although
the auditory frequency is widely ranged from 20 x 10~3 to 20 kHz,
the device can cover only the part of it. It works at the frequen-
cies over the ranges of 3.5-14kHz in the air environment and
0.7-3.6 kHz in the liquid environment, respectively. For the clinical
application, the device should be optimized to realize the frequency
selectivity in the required frequency range for a daily conversation.
Furthermore, distribution of f; should be fitted to that in the biolog-
ical system from the viewpoint of natural hearing. To solve these
problems, the geometrical optimizations of ABM can be effectively
carried out in our future work based on the theoretical analysis
developed here.

The theoretical analysis is carried out based on the experimental
condition, where only the bottom side of ABM faces to the liquid. In
case of ABM facing to the liquid at both sides, the difference is found
in the last term of Eq. (16) which includes the effect of surrounding
fluid. In case of the same fluid channel is placed on the upper side
of ABM and is filled with the same liquid, the last term is double of
thatin Eq.(16). Consequently, the larger effect of surrounding fluid
is induced, that is, the further decrease of resonant frequency is
found due to the increase of effective mass for the vibration, where
the figure is omitted.

Furthermore, the theoretical analysis is carried out based on the
assumption of the small amplitude. The basic equations are solved
by WKB treatment which cannot quantitatively predict the vibrat-
ing amplitude. Therefore, it is difficult to precisely estimate the
piezoelectric output which is determined by the strain in the mem-
brane.The investigation on the piezoelectric output can be made by
the numerical analysis based on the finite element method, which
is our future research.
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3. Results and discussion
3.1. Performance test in air environment

The basicvibrating characteristics of ABM in the air environment
are investigated as a preliminary experiment. This experiment is
conducted without filling the fluid channel with the silicone oil.
The amplitude distributions of vibration are measured by applying
acoustic waves of 75 dBSPL. The frequency is controlled over the
range of 1.0-20.0 kHz, which covers the part of human’s audible
frequency. The amplitude of vibration becomes relatively small at
the frequencies both lower than 3.0 kHz and higher than 18.0 kHz.
It may be owing to that ABM is designed to have LRF for the
first mode over the range of 3.5-14.0 kHz in the air environment.
Fig. 6(a)-(d) show the amplitude distribution at f=4.0, 6.0, 9.0, and
12.0 kHz, respectively. The amplitude distribution clearly shows
dependence on the frequency. The place with maximum ampli-
tude, where ABM is locally resonating, shifts to the smaller x as the
frequency increases. This relationship between the position of res-
onating place and the frequency successfully has similarities with
that of biological basilar membranes. Furthermore, in Fig. 6(c) and
(d), it is found that there are several extrema indicated by arrows
at the larger x than that of resonating place. These may be induced
by the standing wave due to the traveling waves to positive and
negative directions of x. The reason why the standing wave is not
observed at the smaller x than that of resonating place is that the
wavelength is relatively long at those positions. This is confirmed
by the theoretical result of relatively small k(x) as shown in Fig. 4(a).
In the biological cochlea, the acoustic wave travels from the basal
to the apex. However, in our experiment, it is applied to the entire
ABM from the air.As aresult, the relatively large effects of the stand-
ing waves are induced in our experiment due to the small damping
effects from the surrounding fluid.

Fig. 7(a)-(c) show the frequency dependences of vibration and
the piezoelectric output at Ch. 6, Ch. 12 and Ch. 18, respectively.
The amplitudes of vibration and the piezoelectric output are plot-
ted by a solid line and by a broken line, respectively. It seems that
each electrode has a specific frequency where the electrode gives

Amplitude (nm)
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Fig.6. Experimental results of contour maps of vibration amplitude at(a) f= 4.0 kHz,
(b) 6.0kHz, (¢)9.0kHz, and (d) 12.0 kHz in air.
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Fig. 7. Experimental results of vibration amplitude and piezoelectric output from
(a) Ch. 6, (b) Ch. 12 and (c) Ch. 18 at various frequencies in air.

relatively large outputs. The specific frequency is defined as LRF of
electrode. LRF decreases as the channel number increases, i.e., as
the position x increases. Extremal amplitudes at other frequencies
of LRF may indicate the effect of standing waves. That is, in case of
the electrode locates on the antinode of standing wave, the ampli-
tude from the electrode increases. On the other hand, in case of the
electrode locates on the node, the amplitude decreases. As reported
inRefs.[7,8,17], pretension in the membrane may be a main reason
for the standing wave which results in the multiple-peaks as shown
in Fig. 7. However, it is difficult to precisely control the pretension
in our fabrication process. Therefore, the mechanism of this result
remained to be solved in this study. The frequency dependences of
vibration and the piezoelectric output are qualitatively similar to
each other. The reason of their similarity can be explained as fol-
lows. Since ABM is relatively narrow in y direction compared with
thatin the x direction, the vibration is mainly effected by the bound-
ary conditions at y = £b(x)/2. As the result of that, the piezoelectric
output is dominated by the ABM's local structural strain in y direc-
tion. Furthermore, the piezoelectric constant iny direction is larger
than that in x direction. This may make the strong dependence of
piezoelectric output on the strain in y direction.

Fig. 8 shows the relationship between LRF f; and position x.
Circles are LRF which are determined by the vibration and the
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Fig. 8. Comparison of theoretically and experimentally obtained results of local
resonant frequency f; in air.

piezoelectric output. LRF decreases from 19.8 to 6.6kHz as x
increases. This experimental LRF is in qualitative agreement with
the theoretical prediction of Eq. (16) which is drawn by the solid
line. In the quantitative comparison, however, almost all exper-
imental results are slightly higher than the predictions. One of
possible reasons is the underestimation of E. Since E from literatures
widely distributes as 3.0-11.0GPa [18,19], we used a reference
value of 3.0 GPa for the prediction. If we use higher value of 8.0 GPa,
the precision is improved as shown by the broken line in Fig. 8.

Fig. 9(a) shows the relationship between the external sound
pressure and the amplitude of vibration in ABM. This investiga-
tion is conducted at LRF of each electrode. To show the results
over the range of 60-90 dBSPL, those are drawn in the log-dBSPL
plot. From the gradient of results, it is found that the amplitude
of vibration at LRF linearly increases with the sound pressure. The
amplitude increases with the channel number, that is, with ABM'’s
width. Fig. 9(b) shows the relationship between the sound pressure
and the amplitude of piezoelectric output. The amplitude of piezo-
electric output also shows the linear relationship with the sound
pressure. These results suggest that the device can detect not only
the frequency of acoustic wave but also the magnitude of it.

3.2. Performance test in liquid environment

The performance of device in the liquid environment is inves-
tigated by filling the fluid channel with the silicone oil with the

output (uV)

Amplitude of piezoelectric

Sound pressure (dBSPL)

Fig. 9. Experimental results in effect of sound pressure on amplitudes (a) of vibration and (b) of piezoelectric output in air.
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Fig. 10. Experimental results of contour maps of vibration amplitude at (a)
f=1.5kHz, (b) 2.0kHz, (c) 3.0 kHz and (d) 4.0 kHz in silicone oil of 1.75 x 10~3 Pas.

viscosity of 1.75 x 103 Pas. This investigation is intended to test
the applicability of device for implanting into the cochlea. Since
the outputs from ABM are relatively small compared with that in
the air environment, the sound pressure is increased to be 85 dBSPL
for this experiment. This decrease of outputs in the silicone oil may
be caused by energy dissipation in liquid environment due to the
viscosity and the stronger fluid-structure interaction of ABM due to
the density, however, the detailed mechanism has not been clari-
fied. Fig. 10 shows the contour maps of amplitude distribution at
(a)f=1.5kHz, (b)2.0kHz, (c)3.0kHz and (d) 4.0 kHz, respectively.
The qualitative frequency dependence of vibration is similar to that
in the air environment. That is, the location with the maximum
amplitude is shifted to the smaller x as the frequency increases.
However, the frequency ranges where ABM shows peak amplitude
in the silicone oil are lower than that in the air environment. Com-
paring Fig. 6(a) and Fig. 10(d), the effect of surrounding fluid can
be discussed in detail. In spite of driving the device at the same
frequency of 4.0 kHz, these results clearly show the different vibra-
tion behavior. It is found that the maximum amplitude is found
at the smaller x in the silicone oil compared with that in the air
environment. This difference may be caused by the fluid-structure
interaction as discussed in the earlier section. That is, compared
with the result in the air environment, the effective mass for the
vibration is increased in the silicone oil. As a result, the place with
maximum amplitude is shifted to the smaller x in the silicone oil at
the same frequency. Furthermore, the effects of standing wave in
the silicone oil which are indicated by arrows seem relatively large
compared with that in the air environment. This fact is predicted
by the theoretical analysis that the resonance is relaxed due to the
surrounding liquid as shown in Fig. 3.

Fig. 11 shows the frequency dependences of vibration and piezo-
electric output, where they are indicated by a solid line and the
broken one, respectively. As same with those in the air environ-
ment, the two amplitudes show the similar tendency to each other.
The amplitudes have peaks at each specific frequency which is also
described as LRF for convenience. LRF of Ch. 6, Ch. 12, and Ch. 18
are obtained as 3.64, 2.32, and 1.88 kHz, respectively. From Fig. 11,
it is confirmed that the ABM'’s frequency selectivity is success-
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Fig. 11. Experimental results of vibration amplitude and piezoelectric output from
(a) Ch. 6, (b) Ch. 12 and (c) Ch. 18 at various frequencies in silicone oil of
175 x 1073 Pas.

fully realized even in the liquid environment. However, comparing
Figs.7and 11, the peak height at the LRFbecomes low, i.e., the selec-
tivity seems worse than that in the air environment. This result
qualitatively agrees with the theoretical result that the peak is
relaxed in the liquid environment as shown in Fig. 3. In order to
dramatically improve the frequency selectivity, it is expected that
the sensor including the active feedback control which mimics the
biological cochlea should be developed in future.

Fig. 12 shows the relationship between f; and x in the silicone
oil. From Fig. 12, it is found that the LRF decreases from 4.9 to
1.4 kHz as x increases, where the range is lower than that in the
air environment. The experimentally obtained LRF is compared
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Fig. 12. Comparison of theoretically and experimentally obtained results of local
resonant frequency f; in silicon oil of 1.75 x 10-3 Pas.
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Fig. 13. Experimental results in effect of sound pressure on amplitudes (a) of vibration and (b) of piezoelectric output in silicone oil of 1.75 x 10-3 Pas.

with the theoretically obtained one in Fig. 12. The predicted LRF
of E=8.0GPa which is drawn by the broken line reasonably agrees
with the experimentally obtained ones. From this agreement, it can
be said that the theoretical analysis well reproduces the effect of
the fluid-structure interaction on LRF. Since the theoretical analy-
sis is carried out with inviscid fluid model, it can also be said that
the decrease of LRF in the liquid environment is governed by the
increase of effective mass for the vibration under the condition of
constant sound pressure.

Fig. 13(a) shows the relationships between the sound pressure
and the amplitudes of vibration. The amplitude of vibration lin-
early increases with the sound pressure. However, the amplitude
of piezoelectric output shown in Fig. 13 (b) seems to be nonlinear
especially at the low sound pressure level of 60-70 dBSPL. It may
be due to the viscosity of liquid, however, it is difficult to confirm
the reason for the nonlinear relationship due to the lack of the basic
knowledge, where it is in our future work. As shown in Fig. 13(b),
the amplitude of piezoelectric output is about 16 p.V at 90 dBSPL
in the silicone oil. The acoustic wave of 90 dBSPL is relatively loud
for the normal hearing. Even applying such a high sound pressure,
the developed device can generate several tens of .V at most. To
effectively stimulate nerve cells [20], the electric output should be
amplified. One of the methods for the amplification is to use equip-
ment such as a hearing aid, where it amplifies the sound pressure.
Another solution is the downsizing of device using a fully micro-
machining process, since the thinner membrane can generate the
larger voltage. That is, the piezoelectric voltage Vp is proportional to
the stress o and the square of thickness h as V, «ch?. On the other
hand, the stress o of ABM is inversely proportional to the cube of
thickness as o och=3. Consequently, the voltage is inversely propor-
tional to the thickness as V, och~!. The reduction of thickness can
be easily realized by means of microfabrication and the thin films
technologies. Thus, the implantable device will be developed based
on those technologies in our future work.

3.3. Effect of viscosity on frequency selectivity

Fig. 14 shows the contour maps of amplitude distribution using
the higher viscous silicone oil of 1.75 x 10-2 Pas at (a)f=1.5kHz,
(b)2.0kHz, (c)3.0kHz and (d) 4.0kHz, respectively. The viscosity
of the silicone oil is ten times higher than that in the previous
section. The positions of maximum amplitude are x=28.0, 24.0,
20.5, and 10.5mm for f=1.5, 2.0, 3.0, and 4.0 kHz, respectively as
shown in Fig. 14. On the other hand, those are x=27.0, 21.0, 16.0,
and 10.0 mm in the results of 1.75 x 10~3 Pas as shown in Fig. 10.
From this result, it can be said that the effect of viscosity on the
position of the resonating place seems small. It is also found that
the local maximum amplitudes due to the standing wave are rel-
atively small in Fig. 14 compared with those in Fig. 10. That is
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Table 2
Ratio a1 /a; of height between the highest peak and the secondary highest one.

Frequency f(Hz) Ratio at 1.75 x 10-3 Pas Ratio at 1.75 x 10-2 Pas
ai/az arfa;

1.5 1.52 1.69

2.0 1.03 1.56

3.0 1.08 1.96

40 1.89 2.08

quantitatively confirmed by the ratio a;/a; which is the ratio of
amplitudes between the highest peak a; and the secondary highest
peak ap in Table 2. Comparing the results between 1.75 x 10-3 Pass
and 1.75 x 10-2 Pas, it is found that the highest peak is significant
in the higher viscous silicone oil. This may be caused because the
wave is damped more rapidly in the higher viscous one. From the
viewpoint of application, this result indicates that the effect of vis-
cosity may contribute to improve the frequency selectivity. It is
also possible to discuss the effect of viscosity by comparing the
result between in the air and in the liquid environments. However,
there are two different types of fluid-structure interactions of the
increase in the effective mass and the viscous damping between
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Fig. 14. Experimental results of contour maps of vibration amplitude at (a)
f=1.5kHz, (b) 2.0kHz, (¢) 3.0 kHz and (d) 4.0 kHz in silicone oil of 1.75 x 10-2 Pas.
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those conditions. Since they contribute to the frequency selectiv-
ity oppositely, it is difficult to discuss separately. The development
of theoretical analysis using full Navier-Stokes equation should be
made in future research.

4. Concluding remarks

In this paper, we reported a novel piezoelectric artificial cochlea
which worked as a sensor with the acoustic/electric conversion
and with the frequency selectivity based on MEMS technology.
The basic performances of prototype device both in the air and
in the liquid environments were investigated experimentally and
theoretically.

The vibrating characteristics of trapezoidal ABM were measured
by applying acoustic waves at a certain frequency. The location
with the maximum amplitude was shifted toward narrower area
of trapezoidal ABM as the frequency increased. This phenomenon
indicated that the developed device successfully realized the fre-
quency selectivity.

The frequency dependences of vibration and piezoelectric out-
put were investigated both in the air and in the silicone oil of
1.75 x 1073 Pas. The resonant frequencies were determined to be
over the ranges of 6.6-19.8 kHz in the air and 1.4-4.9 kHz in the sil-
icone oil, respectively. The decrease in the resonant frequency due
to the silicone oil must be the effect of fluid-structure interaction,
that is, the interaction between the acoustic wave in the fluid and
the membrane vibration. The interaction contributed to increase
the effective mass for the vibration. This consideration was con-
firmed by the reasonable agreement between the experiment and
the theory in terms of local resonant frequency.

The viscous effect of surrounding fluid on the vibration was
explored using the higher viscous silicone oil of 1.75 x 10-2 Pas.
The effect on the resonating place seemed to be small between
1.75 x 1073 and 1.75 x 10~2 Pas. However, it was found that the
higher viscous liquid suppressed the standing wave and improved
the frequency selectivity.

To develop the fully implantable device in our future work, the
amplification of voltage may be required to effectively stimulate
nerve cells. Furthermore, the present device is relatively large for
the implantation into a cochlea. These problems can be solved by
the use of microfabrication and thin films technologies. The minia-
turization is accomplished by the technology straightforward. And
the larger electric signals can be generated using the thinner ABM,
since the voltage is expected to be inversed proportional to the
thickness. As a matter of course, these further developments must
be conducted considering the frequency dependence. Thus, the the-
oretical approach which is described here is useful to design it in
our future work.
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Abstract

In this paper, we report an in vitro study on the biocompatibility of poly(vinylidene
fluoride-trifluoroethylene) (P(VDF-TIFE)) films for the implantable artificial
cochlea. The implantable artificial cochlea comprises a piezoelectric membrane
made of P(VDF-TrFE), platinum (Pt) thin film electrodes, and a silicon substrate
which are designed to stimulate neurons in a cochlea and fabricated by
microelectromechanical  systems (MEMS) and thin film technologies. The
biocompatibility of P(VDF-TrFE) film is evaluated by culturing cerebral cortical
neurons from rats on it. The fibronectin from human plasma and the collagen from
the calf skin are used as the cell adhesion factors. Since neurons extend dendrites
and axons from the somata, it is found that the neurons are successfully cultured on
the surface of P(VDF-TrFE) films modified both by the fibronectin and by the
collagen. Furthermore, it is also found that the neurons are also successfully
cultured over the Pt electrode on the P(VDF-TIFE) of the implantable artificial
cochlea modified by the fibronectin. Consequently, the biocompatibility and the
applicability of the MEMS fabricated P(VDF-TrFE) films and the implantable
artificial cochlea are confirmed.

Key words: Biocompatibility, MEMS, Cecrcbral Cortical Ncuron, Medical
Equipment, Biomechanical Engineering, Piezoelectric Device

1. Introduction

Piezoelectric materials are promising ones in the field of implantable artificial organs,
since they can be used for electric power generators and sensors using the direct
piezoelectric effect and for actuators using the inverse piezoelectric effect. For instance,
Lewandowski et al.""” proposed a piezoelectric power generator with a muscle-tendon unit.
Platt et al.” proposed a self-powered embedded sensor for orthopedic implants. Schubert et
@ and Schrag et al.“” proposed micropumps using piezoelectric actuators for an
implantable artificial pancreas and artificial bowel sphincter, respectively. Furthermore,
authors have proposed a piezoelectric artificial cochlea which realizes the acoustic/electric
conversion and the frequency selectivity without an externally supplying tmergy15 al

Figure 1 shows a schematic of implantable artificial cochlea we have proposed. The

al.
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device comprises a piezoelectric membrane (ABM) made of poly(vinylidene
fluoride-trifluoroethylene) (P(VDF-TrFE)) and discrete electrodes made of platinum (Pt)
thin films, which are fabricated on a silicon (Si) substrate by microelectromechannical
systems (MEMS) and thin film technologies. When the curved ABM is extended straight, it
can be seen that ABM has a trapezoidal shape. The shape which 1s designed to mimic the
biological system, i.e. the basilar membrane in cochlea, enables to analyze the frequency of
acoustic wave. To cure the sensorineural hearing loss in the future, the implantable artificial
cochlea is inserted into a cochlea which is filled with lymph fluid. ABM in the cochlea is
vibrated by externally applying acoustic waves which is transmitted through the outer ear
and the middle one. The mechanical deformation of ABM due to the vibration is converted
to electric signals by the piezoelectric effect of P(VDF-TrFE) and the electric signals
stimulate neurons in the cochlea. Since the proposed device is basically developed by
microfabrication technologies, the electrodes can be easily integrated and their number can
be increased, whereas the conventional system is limited by the relatively small number of
electrodes as 12-227'%. Furthermore, since the frequency of acoustic wave is analyzed by
a biomimetic system, the device may realize more "natural hearing” compared with the
11 conventional system.

% 205 The basic mechanisms of frequency analysis and acoustic/electric conversion have been
} studied using a prototype device fabricated by bulk processes™® The eflects of
surrounding fluid of ABM have been studied by the comparison between theoretical results
and experimental ones®.
amplification of electric signals, a fabrication process based on MEMS and thin film
technologies have been developed”. Although the ultimate goal of our studies is to develop
the fully self-contained implantable artificial cochlea, the biocompatibility of device has not
been discussed. Since Si and Pt are relatively popular materials in the MEMS field, there
are literatures that discuss their biocompatibility’". However, as far as authors are aware,
there are few papers that evaluate the biocompatibility of P(VDF-TrFE) films fabricated by
MEMS processes.

Thus, in this paper, we investigate the biocompatibility of P(VDF-TtFE) films for the
proposed artificial cochlea in terms of eytotoxicity. To transfer the electric signal from Pt
electrodes to auditory neurons in the cochlea over the P(VDF-T1FE) thin [ilm, the neurons
should be cultured or at least they should extend neurites on P(VDF-TrFE) films. Therefore,
the in vifro experiment 1s carried out by culturing cerebral cortical neurons from rats on the
P(VDF-TrFE) films. The cultured neurons are labeled by the fluorescent Nissl stain and
observed by a fluorescent microscope. To observe the detailed configurations of neurons by
the phase contrast microscope, P(VDF-TTFE) films are also fabricated on glass substrates,
instead of Si substrates. Since MEMS fabricated P(VDF-11FE) films can be applied to
develop other biomedical devices, the results obtained here provide not only the

o —— e mamenh
S i

Furthermore, for the miniaturization of device and the

fundamental knowledge on the biocompatibility of proposed artificial cochlea but also on
that of P(VDF-T1FE) films for other artificial organs.

(a) 0.3 mm (b)

Pt electrodes |
B Pt electrodes Flexible ABM

Shape of ABM e . P(VDF-TIFE)

Si substrate

r=1.4 mm Si substrate
Fig. 1 Schematic of fully self-contained implantable artificial cochlea™; (a) top view and (b) cross sectional
view at AB of (a).
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2. Materials and methods

The fabrication process of implantable artificial cochlea is described as follows. The
surface of Si substrate (100) is pretreated by hexamethyldisilazane (OAP, Tokyo Ohka
Kogyo) to enhance the adhesion of P(VDF-TrFE) film. Then, a N,N-dimethylformamide
(DMF) solution including P(VDF-TrFE) (KF-W#2200 P(VDF-TrFE), KUREHA) at the
concentration of 8.0 wt% is spun on the substrate. The substrate is heated on a hotplate at 50
°C for 12 hours to evaporate DMF and at 145 °C for 2 hours to crystallize P(VDF-TrFE).
The Pt electrodes are fabricated on the P(VDF-TTFE) film using a lift off process. The
etching process of Si which makes the P(VDF-T1FE) film to be a flexible ABM is omitted
in this study, since that is not necessary to discuss the biocompatibility. For the purpose of
optical observation using a phase contrast microscope glass substmtcs (Micro shde glass,

A piece of processed substrate is sterilized by spraying with 70 % ethanol and is put
into tissue culture dishes made of polystyrene. Then, the surfaces of substrates are modified
by cell adhesion factors. Since it is obvious that the adherent cells have difficulties in
growing on the hydrophobic surfaces such as P(VDF-TtFE), two types of popular cell
adhesion factors, the fibronectin from the human plasma”® and the collagen from the calf
skin?, are used to focus the discussion on the cytotoxicity of the material. The process of
surface modification is briefly described as follows. For the modification by fibronectin, the
substrate is immersed in phosphate buffered saline (PBS) containing fibronectin (F0895,
Sigma Aldrich Japan) at the concentration of 6.7%107 g/ml and is incubated at room
temperature for more than 45 min. After that, the residual solution is removed. On the other
hand, for the modification by the collagen, the substrate is immersed in 0.1 M acetic acid
containing 0.1 wt% collagen (C8919, Sigma Aldrich Japan) and is incubated at 4 °C for 12
hours. After removing the residual solution, the substrate is kept at room temperature to be
dried for 12 hours.

Dulbecco's modified Eagle’s medium (DMEM, Gibco) which contains fetal bovine
serum of 5.0 vol%, horse serum of 5.0 vol%, penicillin of 6.2x10™" g/ml, and insulin of
3.5x10° g/ml'" is poured into the tissue culture dish which contains the surface modified
substrate. Then, the DMEM containing dissociated cerebral cortical neurons from rats al
postnatal day 1 is introduced to the dish. Since it is quite difficult to obtain enough amounts
of neurons from a cochlea, cerebral cortical neurons are used. However, the resulls are
applicable to discuss the biocompatibility as a first step. The dish is placed in an incubator
which is maintained at 37 °C and 5% CO, to culture neurons on the substrates for 3 days.
After culturing 3 days, the neuron is fixed by 4% paraformaldehyde and labeled by
fluorescent Nissl stains (NeuroTrace™ 500/525 green, Sigma Aldrich Japan)'® for the
subsequent optical observation. Since the Nissl substance labeled by the stain is abundant in
neurons, cells with high {luorescent intensity indicate neurons. The viability is evaluated
based on the morphology of cells observed by the fluorescent microscope and the phase
contrast one. Although most of cells used here are neurons, cells include some glia ones.
Thus, the neurons are distinguished based on the observations using both fluorescent
photographs and phase contrast ones.

3. Results and discussion

Figures 2 (a), (b), and (c) show a phase contrast photograph, a fluorescent one, and a
merged one of Figs. 2(a) and 2(b), respectively, observed at a same place of P(VDF-TrFE)
fabricated on the glass substrate and modified by the fibronectin. Since the P(VDF-TrFE)
and the glass substrate are transparent, it is possible to observe neurons. dendrites, and
axons using a phase contrast microscope as shown in Fig. 2(a). Symbols of Ss and Ds in
Fig. 2(a) are considered as somata and dendrites which adhere on the substrate, respectively,
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(a)

- (b) (c)
Fig. 2 (a) Phase contrast photograph, (b) fluorescent one, and {c) merged one of (a) and (b) of cultured
neurons over P(VDF-TrFE) film modified by fibronectin and fabricated on glass substrate. Symbols A, D,
and 8 indicate axon, dendrite, and soma, respectively. Inset in (a) is enlarged view around axon of A.

[7) R — (b) (€)

X indicate dendrite, soma, and dead cell, nspeaiwe]y,

since the stained areas in Fig. 2(b) correspond to the place of somata and dendrites as shown
in Fig. 2(c). Furthermore, symbol A in the inset of Fig. 2(a) must be an axon. From these
observation, it can be said that the neurons are successfully cultured on the P(VDF-TrFE)
film modified by the fibronectin.

Figures 3 (a), (b), and (c) show a phase contrast photograph, a fluorescent one, and a
merged one of Figs. 3(a) and 3(b), respectively, observed at a same place of P(VDF-TrFE)
fabricated on the glass substrate and modified by the collagen. Symbols of Ss and Ds in Fig.
3(a) indicate somata and dendrites, respectively, where it is confirmed by the fluorescent
photograph of Fig. 3(b) and by the merged one of Fig. 3(c). From the fluorescent
photograph of Fig. 3(b), it is possible to roughly evaluate the viability of neurons based on
the shapes of stained areas, where living and dead neurons seem to be distorted shapes and
circular shapes, respectively. Xs in Fig.3 (b) must be dead neurons which are approximately
circular shape. However, since most neurons are living and extend dendrites, it can be said
that neurons are successfully cultured on the P(VDF-TFE) film modified by the collagen.
As shown in Figs. 2 and 3, the qualitative difference in terms of viability of neurons is not
found between the cell adhesion factors of the fibronectin and the collagen. Consequently, it
is found that P(VDF-TrFE) is applicable to a biocompatible material in terms of culturing
neurons on it.

Figure 4 shows fluorescent photographs of cultured neurons over the P(VDF-T1TE)
film fabricated on a Si substrate and modified by the fibronectin, that is, our proposed
implantable artificial cochlea. The relatively dark background at the right half of Fig. 4 (a)
indicates the PU electrode on the P(VDF-TrFE) film. Since the Si substrate is not
transparent, the evaluation on the cell viability is carried out based on this fluorescent
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s Interface

P(VDF-TIFE) Pt electrode
;
200 um

Fig. 4 (a) Fluorescent photograph of cultured neurons over P(VDF-TrFE) film and Pt electrode modified by
fibronectin on Si substrate; (b)~(d) distorted stined area corresponding 1o living neurons and (e) circular
area corresponding to dead one.

photograph. Although it is relatively difficult to strictly distinguish between the neuron and
the gha cell only from Fig.4 (a), it is found that there are many stained areas with distorted
shape. These distorted stained areas correspond 1o the living neurons or glia cells which
adhere on the surface of substrate, where typical distorted and stained areas are shown in
Fig.4 (b)~(d). In contrast, the dead cells should have a circular shape as shown in Fig.4 (e),
because they do not adhere on the surface of materials. It is found that there are few dead
cells in Fig. 4(a). In terms of cell viability, there is no qualitative difference between the
arca of the P(VDF-TrFE) and the Pt electrode. It may be because the surfaces are uniformly
modified by the fibronectin. Furthermore, it is confirmed that there are living neurons or
glia cells on the interface between P(VDF-TrFE) and the electrode. From these result, it can
be concluded that the Pt thin film electrode is biocompatible and the electrodes must work
well for stimulating neurons on it. Consequently, the biocompatibility of proposed artificial
cochlea is also confirmed in cytotoxicity. In addition, it is important to discuss the in vivo
biocompatibility in the context of sensitization, irritation, chronic toxicity, genotoxicity, and
fibrous encapsulation.

The present study provides the fundamental knowledge on the biocompatibility of
MEMS fabricated P(VDF-TTFE) films and proposed artificial cochlea. However, from the
viewpoint of ABM's vibrating characteristics, the neurons should not be cultured on the
flexible ABM as shown in Fig. 1(b), since the eigen frequency of vibration is designed
before the implantation into a cochlea™, where the effect of neurons on the vibration is not
considered. On the contrary, the neurons should be cultured on the electrodes to be
stimulated effectively. Thus, the area where neurons are cultured should be controlled by
patterning the cell adhesion factor using MEMS technologies'®
work.

, where it is our future

4. Concluding remarks

In the present paper, the biocompatibility of fully self-contained implantable artificial
cochlea which is made of P(VDF-TrFE) film, the Pt electrodes, and the Si substrate by
MEMS and thin films technologies was studied by culturing cerebral cortical neurons from
rats. The neurons were successfully cultured on the P(VDF-TrFE) film medified by the
fibronectin and the collagen. From the phase contrast photographs, it was found that
dendrites and an axon were extended from a soma of a neuron. No qualitative difference in
terms of viability of neurons was found between the fibronectin and the collagen.
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Furthermore, the neurons were successfully cultured over the P(VDF-TrFE) film and the Pt
thin film electrode for the implantable artificial cochlea. Consequently, it was confirmed
that the MEMS fabricated P(VDF-TrFE) films and implantable artificial cochlea were no
cytotoxic effects on cultured neurons. The results presented here would provide the useful
suggestions for further development of artificial organs research.
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