31st Annual International Conference of the IEEE EMBS
Minneapolis, Minnesota, USA, September 2-6, 2009

A Cell-Electrode Interface Noise Model for High-density
Microelectrode Arrays

Neil Joye, Student Member, IEEE, Alexandre Schmid, Member, IEEE, and Yusuf Leblebici, Senior
Member, IEEE

Abstract—A cell-electrode interface noise model is developed
which is dedicated to enable the co-simulation of the cell-
electrode electrical characteristics, along with the electronics of
novel CMOS-based MEA. The electrode noise is investigated
for Pt and Pt black electrodes. It is shown that the electrode
noise can be the dominant noise source in the full system.
Moreover, Pt black electrodes benefit from up to 5 UV
decrease of the electrode output noise, for small electrodes.
Furthermore, the cell-electrode interface noise spectral density
is shown to be 10 dB to 20 dB larger at 1 kHz when a cell is
lying on top of the electrode. This increase depends on the
neural cell adhesion on the MEA surface.

I. INTRODUCTION

ICROELECTRODE arrays (MEAs) have become

essential for monitoring electrogenic cells. They
provide a significant tool for measuring neural activity of
cells cultured in-vitro [1]. However, one of the main
limitations of MEAs is related to their low spatial resolution.
Commercial MEAs usually contain approximately 60
electrodes, in total, with electrode sizes ranging from 10 pm
to 50 um, and inter-electrode spacings of up to 100 pm.
These dimensions are much larger than the 10-20 um typical
size of vertebrate neurons used during electrophysiological
experiments. However recently, a new generation of CMOS-
based MEAs containing a high-density of sensors has
emerged [2]-[4]. These new devices take the advantage of
CMOS electronics, which offers on-chip multiplexing,
amplification, and filtering, for handling a large number of
closely spaced electrodes. Thus, CMOS-based MEAs have a
pitch dimension as low as 7.8 pm with an electrode diameter
of 4.5 um [2]. It is therefore now possible to carry out
experiments at subcellular resolution.

The design of these novel CMOS-based MEAs demands
accurate compact electrical models of the cell-electrode
interface in a format enabling co-simulation with the CMOS
circuits. Thus the electrical characteristics, such as noise or
power consumption, of CMOS-based MEAs could be
modeled and simulated as a whole system including the cell-
electrode interface and the electronics.

In this scope, an electrical model of the cell-electrode
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interface for recording neural activity from high-density
MEAs has been developed by the authors [5]. However, the
noise analysis of the cell-electrode interface has not been
taken into account in this earlier analysis. Thus, the scope of
this work consists of developing a cell-electrode interface
noise model for high-density MEAs. The noise model is
described in Section II, and simulation results are presented
in Section III.

II. THE MODELS

The point-contact model depicted in Fig. 1 is considered
in this study [5]. It is the standard model used to describe the
electrical characteristics of the cell-electrode interface.

The noise model developed in this Section takes into
account the noise from the electrode and the electrolyte
solution. Noise arising from the neuron cell such as channel
noise is not considered in this study [6], which can not
appropriately be described by the noise of electrical circuit
elements such as resistors and capacitors. Thus, the
equivalent circuit of the attached membrane (R, C,, and
Cha) 1s not described in this Section [5].

A. The Point-Contact Model

The sealing resistance Ry, as depicted in Fig. 1,
represents the resistance between the cleft and the
surrounding solution. It is described as

Py
R ond (1
where p is the resistivity of the electrolyte (1 Qm for typical
solutions), d is the cell-electrode distance, and & is a
correction factor related to geometry which is fixed to 5.78
[5].

The equivalent circuit of the electrode is based on an
electrode model, which is typically used to describe the
electrode-electrolyte impedance as described in [7]. It
includes a constant phase angle impedance Zcp,, which
represents the interface capacitance, in parallel with a charge
transfer resistance R., both in series with a spreading
resistance Ryp.... The Warburg impedance due to diffusion
of the chemical reactants in solution is not included in this
model. It is negligible for the materials and frequency range
used in electrophysiological experiments.

The constant phase angle impedance Zcp, is described as

1
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Fig. 1. Point-contact model of the cell-electrode interface (not to scale).

where C, is the double layer capacitance, and n is an
empirical factor which value is between 0 and 1, and related
to surface irregularities [5].

The charge-transfer resistance R, represents the faradic
process where charges transfer between the electrode and
the electrolyte by means of oxidation-reduction reactions.
For small values of overpotential during a faradic charge
transfer, R., may be expressed as
g =M1 3)

q zJ,4,
where z is the number of electrons involved in the oxidation-
reduction reaction, Jy is the equilibrium exchange current
density, and 4, is the electrode surface.

The spreading resistance Rj,...s represents the resistance
to the current spreading from the electrode to the counter
electrode. Assuming that the counter electrode is infinitely
large, the spreading resistance is given in [7] by

Py
R =4 @
for circular electrodes (R,; is the radius of the electrode).

The load impedance Z,,,s represents the load impedance
of the cell-electrode interface system. In CMOS-based
MEAs, it is usually equal to the input impedance of the
amplification stage.

B. The Cell-Electrode Interface Noise Model

The noise model developed in this Section is depicted in
Fig. 2 and covers two cases: case one, when no neural cell
lies on top of the electrode as depicted in Fig. 2(a), and case
two, when one cell covers the entire surface of the electrode
as described in Fig. 2(b).

The electrode is described by Z,;, which is the electrode
impedance, and V., Which is the electrode noise voltage.

Vinput,ampli

Vinput,ampli

(a) Without cell (b) With cell

Fig. 2. Equivalent cell-electrode interface noise model for (a) no cell and
(b) one cell lying on top of the electrode.

For Pt electrodes, thermal noise has been empirically shown
to be the dominant noise source [8], [9]. Thus, the electrode
is considered to be nonfaradaic and the nonequilibrium
excess noise caused by charge transfer processes produced
by electrochemical interactions at the electrode surface is not
taken into account [10].

Thus, Z,; and V,; ,.0ise are expressed as

(Rct + Rspread ) + Rct Rspread (] a)Cdl )n

1+R, (joC,)"

I/el,noist’ = V 4kTRN Af [I/rms ] (6)

where Ry is the equivalent noise resistance that is equal to
the real part of the electrode impedance magnitude, and Af'is
the recording bandwidth [8], [11].

The seal resistance, which appears when a cell lies on top
of the electrode, is described by R,..,; and Vigseas noise» Which is
the seal resistance noise voltage, expressed in the following
equation

VR.veul Jnoise = vV 4kT R.seal Af [I/rms ] (7)

The input referred noise of the amplification stage of a
CMOS-based MEA is represented by Viupus ampii-

In order to be able to compare the electrode and
electrolyte solution noise with the noise of the CMOS
circuitry, the equivalent noise of the cell-electrode interface
at node Vg needs to be calculated. Thus, for the case where
no cell lies on top of the electrode, the electrode noise
spectral density at node Vs is expressed as in (8). For the
second case, where one cell entirely covers the surface of
the electrode, the electrode and electrolyte solution noise
spectral density at node Vs is described as in (9).

V4 14
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The cell-electrode interface noise is maximum when Z;,,4
is much larger than Z, and R,. Moreover, amplification
stages with very large input impedances are usually
designed for CMOS-based MEAs [12]. Thus the worst case,
where Z,,,, is infinite, is considered in this study.

Z
V. =—_ Tad  JART(R. +R
S,noise Zel + R + Z ( N seal) |:

seal load
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III. SIMULATION RESULTS

The cell-electrode interface noise characteristics described
in Section II are simulated under Matlab and using the
numerical values detailed in the following. Considering a Pt
electrode, the values given in [7] are considered for Zcpy,
Cu, and R,; dogp is equal to 0.5 nm, dyyp is neglected, gonp =
78,z=4,n" =154 nM, and n = 0.9 [5].

The electrode noise spectral density of a Pt electrode, as
described in Section II, and considering different electrode
radius is depicted in Fig. 3(a). The electrode noise spectral
density has an approximate dependence of -10 dB/dec for
small frequencies. However, for frequencies higher than 1-
10 kHz, Ry is dominated by the spreading resistance Rpcqq.
Thus, the electrode noise spectral density is constant for
high frequencies. Moreover, when the electrode size is
decreased, the electrode noise spectral density increases due
to an increase of the electrode impedance as shown in (2)-
(5).

In order to reduce the electrode noise, the electrode
impedance needs to be decreased. One solution is to increase
the electrode size. However, this leads to an increase of the
pitch dimension in the electrode array. Thus, a solution
which is also acceptable for high-density MEAs consists of
using electrode materials such as Pt black or TiN. These
electrodes have a much higher electrode-clectrolyte contact
surface while having the same geometric area as Pt
electrodes. This leads to an approximate two order of
magnitude decrease of the electrode impedance [7]. The
comparison of the electrode noise spectral density for Pt and
Pt black electrodes is depicted in Fig. 3(b). The electrode
radius is fixed to 1 pm and 25 pm. In order to simulate Pt
black electrodes, the electrode surface A, is increased by
two orders of magnitude. The other electrode parameters are
the same as for Pt electrodes. Thus, the goal of this approach
is not to simulate the exact Pt black electrode characteristics,
but to have an approximation of its electrical behavior
compared to Pt electrodes. As shown in Fig. 3(b), Pt black
electrodes have an electrode noise spectral density reduction
up to 20 dB for small frequencies. However, no noise
reduction is achieved for frequencies higher than 10-100
kHz. This is due to the fact that R,,..;, depends on the
electrode geometric area as described in (4). Similar results
are found with TiN electrodes [7].

In order to compare the electrode noise with the input
referred noise of typical amplification stages given in
literature [11]-[13], the electrode output noise, where its
spectral density is expressed in (8), is depicted in Fig. 4
versus the electrode size. However, most input referred
noise values found in literature are measured over different
bandwidths. Therefore, the electrode output referred noise is
calculated in this work considering two different
bandwidths: 1 Hz to 100 kHz [3] and 100 Hz to 10 kHz
[11]. As shown in Fig. 4, the electrode output noise
increases when it is calculated over a larger bandwidth.
Moreover, as explained earlier, electrode noise is decreased
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Fig. 3. Electrode noise spectral density for (a) different electrode radius
and (b) different electrode materials (Pt and Pt black). A Pt electrode is
considered in (a) and an electrode radius of 1 um and 25 pm is used in (b).

with larger electrodes.

The electrode output noise is also depicted in Fig. 4 for Pt
and Pt black electrodes. For electrodes which have a
diameter larger than 30 um, the noise reduction offered by
Pt black electrodes is negligible. However for small
electrodes, Pt black electrodes enable up to 5 uV,,,s decrease
of the electrode output noise when the electrode radius is 1
pum. Thus, Pt black electrodes are especially useful for
decreasing the electrode noise in high-density MEAs.

Most amplification stages found in the literature have
input referred noise Viypuampi Smaller than 10 uV,g [3],
[11]-[13]. As shown in Fig. 4, the electrode output noise can
be larger than this value when the electrode has a diameter
smaller than 10 pm. Thus, careful consideration has to be
devoted to the noise generated by the electrode-electrolyte
interface when designing high-density CMOS-based MEAs.

The electrode noise spectral density at node Vs, as
expressed in (8) and (9), with a cell lying on top of an
electrode is depicted in Fig. 5. A typical neural cell diameter
of 10 um covering the whole surface of an electrode with a
radius of 5 pm is considered. As shown in Fig. 5, the
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Fig. 4. Electrode output noise versus the electrode radius for Pt and Pt
black electrodes. The output referred noise is calculated over two different
bandwidths (1 Hz — 100 kHz and 100 Hz — 10 kHz).

electrode noise spectral density is increased compared to the
case where no cell lies of top of the electrode surface.
Similar results have been demonstrated using electrolyte-
oxide-silicon field effect transistors (EOSFET) [14]. This
increase depends on the cell-electrode average distance d
and on the frequency. For strong cell adhesion on the
electrode surface, which is modeled as a cell-electrode
distance of 10 nm, the electrode noise spectral density
increases due to a larger seal resistance Ry, as expressed in
(1). In this case, the electrode noise spectral density at 1 kHz
is 15-20 dB larger than the noise spectral density without a
cell, as depicted in Fig. 5. This property can be used to
measure neural cell adhesion on the surface of the electrode
[14].

IV. CONCLUSION

A cell-electrode interface noise model is developed in
order to enable the co-simulation of the cell-electrode
electrical characteristics along with the electronic circuits of
novel CMOS-based MEAs. For high-density MEAs and
small Pt electrodes, it has been shown that the electrode
noise can be the largest noise source of the whole system. A
solution consists of using Pt black or TiN electrode
materials. The electrode noise is thus decreased whereas
having the same electrode geometric area. The choice of the
frequency bandwidth has also been demonstrated to play a
significant role when calculating and measuring the
electrode output noise. Furthermore, the cell-electrode
interface noise spectral density is shown to be 10 dB to 20
dB larger, at 1 kHz and higher, when a cell lies on top of the
electrode. This value depends on the cell adhesion and could
be used to measure the neuron adhesion on the surface of the
MEA [14].

Finally, electrical measurements need to be performed on
fabricated MEAs in order to confirm the simulation results
obtained with the noise model presented in this paper.
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Fig. 5. Electrode noise spectral density with and without a cell covering
the electrode. For the case where a cell is lying on the surface of the
electrode, three different cell-electrode distances are used (10 nm, 50 nm,
and 100 nm). A cell diameter of 10 um and an electrode radius of 5 pm are
considered.
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