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Abstract—In the context of in-vitro neural interfaces for
neurostimulation via extracellular calcium modulation, we in-
vestigated by finite element numerical simulations the electrical
cross-talk between a polymeric ionic actuator for calcium release
and a microelectrode for neural recording. Several device designs
have been explored to mitigate the cross-talk. A separation wall
between the ionic emitter and the sensing electrode has been
found to remarkably improve the ratio between the sensed action
potentials and the disturb induced by ionic actuation.

Index Terms—neuromodulation, ionic actuation, calcium re-
lease, microelectrodes, cross-talk, conductive polymers

I. INTRODUCTION

Conductive polymer/polyelectrolyte blends (CP/PE) are a
topic of intense research for bioelectronics and neurobiology
applications [1]-[3], notably for the development of transpar-
ent electrodes [4] and organic-electronic ion pumps [5].

Integrating this new technology on the same chip with exist-
ing microelectrode arrays (MEAs) for extracellular sensing and
stimulation [6]-[8] would open new pathways in experimental
neuroscience towards coordinated in vitro ionic neurostimula-
tion and electrical neurosensing [9]-[12]. However, the typical
magnitude of the neuronal extracellular signals (= hundreds
of microvolts [8]) is much smaller than that of intracellular
ones recorded by patch clamps [13] [14]. Extracellular signals
are thus vulnerable to electrical disturbs (e.g., from neurons
not directly facing the electrode, chemical reactions and local
concentration gradients at the electrode surface, capacitive
coupling of the actuation signals, etc.) and demand a careful
system design, attentive to the coupling among the stimulation
and sensing electrodes.

In this work, we investigate by means of finite elements mul-
tiphysics simulations a template prototypical neurostimulation
and sensing system formed by a planar sensing microelectrode,
an electrode coated with a calcium-selective conductive poly-
mer (CP) for ion release, and a neuron. As a relevant case
study, we focus on extracellular calcium ion gradients [15],
which have been shown to switch the neuron firing mode from
bursting (at low calcium levels typical of epileptic seizures)
to tonic interspike intervals (ISI) at the physiological calcium
concentration (= 2 mM) [16]. A wide range of geometrical
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configurations is explored in search for optimal designs to
mitigate the cross-talk.

II. METHODOLOGY

We used COMSOL® [17] as a finite element method (FEM)
simulation environment with multiscale and multiphysics ca-
pabilities. This choice allows us to easily scale the model in
terms of geometrical dimensions and to quickly add descrip-
tions of new physics and electrochemical phenomena. The
equation sets in the different physical domains and related
boundaries are listed below and summarized in Figure 1.

The intra- and extra-cellular electrolytes model is based
on the Poisson-Nernst-Planck (PNP) equations that govern the
electrostatics and diffusion of H, OH, K, Cl, Na and Ca ions.

The neuronal membrane is described by an augmented
Hodgkin-Huxley (HH) model, including calcium ion channels
and calcium-controlled K ion channels [18] with larger area
density in the vicinity of the sensing electrode [19].

The polymer coating is poly (3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS), which is assumed
calcium-selective. It is described as a two-phase system, and
reproduces the volumetric capacitance effect observed in [20].

The microelectrode sensor and its surface charge induced
by site binding reactions are described by a Markov chain
dynamic model as in [21] and [22].

We successfully validated the implementation of all these
models vs the experiments reported in the referenced papers.
The system dimensions are defined in Figure 2 and their values
are reported in the caption. Parameter sweeps are specified in
the legends of the figures.

III. RESULTS

The conductive polymer ion emitter is stimulated at the bot-
tom contact with a 18 ms, s=10 mV/ms voltage ramp (unless
stated otherwise) which are realistic values to raise the ex-
tracellular calcium concentration from an abnormal low level
of 0.5 mM (typical of epileptic episodes) to the physiological
2mM value [23]. The voltage ramp triggers the release of
calcium ions stored in the polymer. The ramp couples to
the sensing electrode potential (¢sc,s) via the high dielectric
permittivity electrolyte, thus interfering with the recording of
extracellular action potentials (EAPs). Figure 3 shows that
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Fig. 1: Summary of the adopted multiphysics model equations, including the two-phase model of the conductive polymer,
the site binding charge model on the electrode surface, the Poisson-Nernst-Planck (PNP) model for the electrolyte and the
augmented Hodgkin-Huxley (HH) model for the neuronal membrane. The central part of the figure is a conceptual sketch of

the system connecting the domains and their boundaries to the corresponding model equations.
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Fig. 2: Sketch of the half cross section and definition of dimen-
sions for the template neurostimulation/neurosensing system
under study. Cylindrical coordinates around the r=0 axis
are used. Dimensions are: H.pgmper= 40 um, Wenamper=40
um, Hpe=7 pm, W,e,=8.5 um, Wy=1 pum, Hg.,s=0.6
um, W s=3 um, Hy,1,=0.6 um, Wy, =3.5 pm, £ ¢ r4=50 nm.

without neuron, the few hundred millivolt actuation potential
generates a few hundred microvolt ¢, s disturb, regardless of
the presence or not of dynamic site binding phenomena which
appear too slow to appreciably affect the waveforms.

Figure 4a indicates that the magnitude of the disturb in-
creases with the slope s and magnitude of the actuation signal
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Fig. 3: Actuation potential ramp and sensed potential wave-
forms during a typical calcium ion release event without
neuron, and with or without dynamic site binding reactions
(parameters from [22]).

(at constant duration of the ramp, 18 ms). This is consistent
with experiments in [20] where the polymer undergoes cyclic
voltammetry at different scan rates.

In order to mitigate the electrical crosstalk during ionic
actuation, we firstly increased the distance between the ac-
tuator and the sensor, dg.,s, Figure 4b, however achieving
only a modest reduction of the interference, with the additional
downside of higher calcium diffusion times to the neuron.

An alternative solution is to insert a conductive, grounded,
ring-shaped wall between the sensor and the polymer or,
alternatively, an insulating one (¢, = 3.9). By interrupting
the field/current paths between electrodes, both wall imple-
mentations reduce the electrical crosstalk for increasing wall
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Fig. 4: Potential waveforms on the sensing electrode for
different simulation parameters in the absence of the neuron.

height by about the same amount, as shown in Figure 4c.
The conductive wall yields a faster decay of the interference
compared to the insulating one, which is beneficial to contain

the blind di iod.
%})gg}e rgcc((%{)plnggra?;ﬁiorepons the sensing electrode wave-

forms in the presence of an active or inactive neuron located
at t.¢ =50 nm and without the shielding wall. We see that
the presence of an inactive neuron (i.e., with blocked ionic
channels) increases the level of interference compared to the
case without neuron. Indeed, when the neuron approaches the
sensing electrode and the polymer the spreading resistance
towards the reference electrode increases. Therefore, the sens-
ing electrode becomes more disconnected from the RE, thus
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Fig. 5: Sensing electrode potential during ionic actuation with
neuron and without (top) or with (bottom) the wall. The APs
superimpose to the actuator signal. The APs are amplified as
tgap 1s Teduced.

being more prone to capture the disturbance from the actuator.
When the neuron is active, we still have a large interfering
signal, but superimposed APs are visible with an approximate
signal-to-interference ratio SIR = 201log;, 388 Z“f ~ —11dB.
Figure 5 (bottom graph) shows that, upon insertion of an
insulating wall, biphasic waveforms with increasing amplitude
are captured by the electrode as 44, decreases, in agreement
with the trend in [24] when the sealing resistance increases.
The insulating wall remarkably improves the amplitude of the
sensed action potential, leading to an enhanced SIR=~ 4.3 dB.

IV. CONCLUSIONS

The exploration of a new neuromodulation-neurosensing
platform by multiphysics, multiscale simulation highlighted
the existence of a large cross-talk between the ionic actuator
and the sensing microelectrode. Indeed, the polymer actuation
signal generates an interfering waveform difficult to mitigate
when realizing ion delivery towards an overlaying neuron.
Increasing the distance between the stimulation and sensing
electrodes yields modest SIR improvements at the expense of
a trade-off between the speed of ion diffusion to the neuron
and the sensor immunity to interference. The fabrication of an
insulating separation wall surrounding the sensor effectively
amplifies the useful signal and remarkably improves the SIR.
These results shed new light on the microelectrode transduc-
tion mechanisms in the presence of ionic actuation and pave
the way to efficient signal filtering and system design.
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