Chapter 2
Bio-Electronics Interfaces

The so-called bio-electronic field has its roots in the late 18th century, with the famous
experiments of italian physicists Luigi Galvani and Giovanni Aldini on what at that
time was called animal bioelectricity [1]. After these pioneering studies, the academic
world had to wait about 150 years for the most important step ahead in this field. In
fact, in the early ’50s of the last century, Alan Lloyd Hodgkin and Andrew Huxley
laid the foundation of modern electrophysiology with their groundbreaking work on
the modeling of action potentials propagation in the squid’s giant axon [2]. Starting
from that point, the advances in the fabrication techniques allowed the realization
of glass microelectrodes [3] and the consequent development of the patch-clamp
technique through which it was possible to resolve the current of a single membrane
channel [4]: modern neuroscience was born.

During the following years, the patch-clamp turned out to be an incredibly power-
ful tool giving us a close insight on how the membrane ion channels work, allowing
to exactly resolve the ionic currents flowing in and out the membrane of an excitable
cell. However, despite its numerous features, this useful tool has a big limitation. In
fact, with such a technique it is almost impossible to investigate more than few cells
at the same time (as clearly depicted in Fig.2.1). It means that, using patch-clamp,
the dynamics of cell aggregates can not be resolved, and with the advent of modern
neuroscience this approach became therefore limiting.

This chapter is dedicated to the way in which the technology has evolved during
the last 40 years in order to reliably interface the peripheral and the central nervous
system (PNS and CNS respectively). Particular attention will be drawn to the most
used devices for the transduction of extracellular signals, namely the Micro Electrode
Arrays (MEAs) and the Field Effect Devices (FEDs).
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Fig. 2.1 Patch clamp.
Typical experimental setup

2.1 Micro Electrode Arrays

The study of the central nervous system with extracellular (glass or metal) micro-
electrodes dates back to the *40s of the last century [5] and, thanks to the strong effort
put in the study of innovative materials and techniques, it rapidly improved during
the ’50s and the ’60s [6-9]; nevertheless, it’s with the introduction of fabrication
techniques coming from the integrated circuits field [10] that the concept of pla-
nar micro-electrode had the possibility to come out and rapidly grow [11, 12], thus
marking the beginning of the Micro Electrode Array era. MEAs, at the moment, rep-
resent the gold standard for extracellular monitoring of electroactive cells aggregates
because of their well consolidated transduction principle [13] and the possibility to
record and electrically stimulate cells both in vivo and in vitro. Standard materials
for MEASs fabrication are Pt, Au, Ir, and Indium Thin Oxide (ITO) for the elec-
trodes, and Si4N4 and EPON SU-8 and polymide for the passivation layer. Another
important peculiarity of the MEA approach is the possibility to perform-long term
recordings (up to several months for in vitro applications), with high stability and
good reliability.

Classic MEAs are typically embedded in glass substrates. Nevertheless, dur-
ing the last years, several kinds of innovative materials have been investigated in
order to realize mechanically flexible MEAs for both in vivo (such as polymide
based [14], 3D flexible MEAs [15], and all-polymer MEAs made of Poly(3,4-
ethylenedioxythiophene) Polystyrene sulfonate—PEDQOT:PSS, an organic semicon-
ductor), and in vitro applications (such as for example Polydimethylsiloxane-based
devices [16]). More recently, an interesting approach for an easy-to-fabricate Micro-
electrode Array based on a conducting polymer has been proposed by Sessolo et al.
[17]. The flexibility is a very important feature dealing with bio-applications because
of the huge differences in terms of mechanical properties between intrinsically “soft”
living tissues and conventional materials for recording electrodes. This mechanical
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incompatibility is strongly related to the so-called foreign-body response (especially
in vivo applications), and this undesired effect must be minimized in order to obtain
reliable and long-lasting bio-electronic interfaces.

2.1.1 Metal-Electrolyte Interface

In order to deeply understand the mechanisms behind the extracellular transduction
of an action potential by means of metallic microelectrodes, it is crucial to understand
what happens at the electrode/electrolyte interface. Two different phenomena may
happen when a metal electrode is put inside an electrolyte solution and connected to a
voltage source: either a current will flow through the circuit (thus the potential at the
electrode/electrolyte interface does not change by changing the voltage), or no current
will flow through the circuit (in this case a charge separation at electrode/electrolyte is
obtained and the surface potential will follow exactly the voltage source variations).
According to these two possible behaviors, electrodes are classified in not polarizable
(asinthe first case) and polarizable (as in the second case). A schematic representation
of this classification is shown in Fig.2.2.

Of course, in real applications the distinction between polarizable and not polar-
izable electrodes is not as sharp as it is in theory (in fact, only mercury can be
considered a perfect polarizable metal, and only in a limited range of polarizations).
A generally accepted way to describe the behavior of an electrode in contact with
an electrolyte is to model it as the parallel between a capacitor (which models the
extent to which the electrode is polarizable) and a resistor (which takes into account
the presence of faradic currents). The resulting impedance shall be as follows:

Rel

= 2.1
jWRelCel +1 ( )

The charge situation at the metal/electrode interface in the case of polarizable
electrodes (i.e. R — 00) is described by the electrical double layer (EDL) theory
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proposed by Grahame in the late 40s [18]. According to the EDL theory, thanks to
the electric field at the interface, charges (mainly bare ions, hydrated ions, and water
molecules) in the electrolyte approach the electrode surface and form three distinct
layers, each of which having different characteristics (as depicted in Fig.2.3). The
first plane is called inner Helmholtz plane (IHP) and is characterized by the presence
of bare ions and small water dipoles; going toward the bulk of the solution, hydrated
ions begin to aggregate and a second charge plane, called outer Helmholtz plane
(OHP), is thus formed. The IHP and OHP are almost enough to compensate the
charge in the metal. However, an additional amount of charge is located in the solution
bulk, and this layer, which is needed to completely neutralize the metal charge, is
called diffuse layer or Gouy—Chapman layer. As stated before, it is hard to obtain
perfectly polarizable interfaces. In fact, faradic phenomena usually take place at the
metal/electrolyte interface, due to redox reactions (see Fig.2.4). Without any applied
potential, the resulting net faradic current is zero, due to the fact that charge transport
takes place at the same velocity in both directions, and it depends on the equilibrium
potential. Out of equilibrium the dependence of the current to the applied potential

Fig. 2.4 Redox reactions at mass transport
A

the electrode/electrolyte
interface
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is described by the Butler—Volmer equation:

I = Aj, [exp [% (E — Eeq)i| —exp [—(I_R# (E - Eeq)} ] 2.2)

where

e A: electrode area.

e jo: exchange current density. It represents the current upon equilibrium conditions.
e E: electrode potential.

E,4: equilibrium potential.

T: absolute temperature.

n: number of electrons involved in the redox reaction.

a: symmetry coefficient.

e F and R: Faraday constant and universal gas constant.

For the sake of completeness, it is mandatory to specify that the Butler—Volmer
equation does not consider mass transport effects (which are limited by the diffusion)
from the bulk of the solution to the surface.

2.1.2 Cell/Planar Microelectrode Electrical Model

One of the strength points of the micro electrode approach is the relatively simple
electrical model. The extracellular action potential transduction depends in fact only
on few parameters with which it is possible to precisely control the cell/electrode
coupling [19, 20] (for more information about the electrophysiological basis of action
potentials, refer to Appendix C). In Fig.2.5 a typical model for the neuron/planar
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Fig. 2.5 Equivalent circuit of micro electrode-neuron interface. The cell membrane has been mod-
eled as a Hodgkin-Huxley (HH) single compartment
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microelectrode coupling is shown. By referring to Fig.2.5 the parameters involved
in the model are:

e () is a capacitance made up of the series of the Helmholtz plane capacitance (Cp,)
and the Gouy—Chapman plane capacitance (C,). Taking into account the dielectric
constants of both planes (e;yp, €onp) the following expressions for C;, and C, are
obtained:

(ermp€o) (€onpeo)

Ch Ab

~ (empeo) dimp + (conp€o) donp

and
4
Cd = g\/ EdEQkTChA5

where djgp € dogp are the Helmholtz planes thicknesses, € is the vacuum per-
mittivity, A is the electrode area, and ¢ indicates the coverage percentage of the
electrode.

e R, is the sealing resistance. It models the way in which the cell adhere to the
electrode surface. For a planar electrode

Ps
Rseul - d 0
where p; is the electrolyte resistivity, d is the mean distance between cell and
electrode, and ¢ indicates the coverage percentage of the electrode.
® Ryyreqa 1s the spreading resistance. It is perpendicular to the cell membrane and the
electrode surface and models the signal loss due to the cell-electrode distance. For
circular, planar electrodes R has the following expression:

R _ psN/T
Jd = —F—.
e 4\/ Aeleclrode

Although MEAs are very powerful tools, they suffer from several drawbacks.
The first one is related to the high costs associated to their production. In fact,
the techniques and the materials employed to fabricate such devices are usually
expensive, and this fact prevents the realization of, for example, disposable sensors.
Another limitation is the need of an external reference electrode (usually an Ag/AgCl
or a Pl electrode), which is generally bulky and limits the reduction of the device size.
The difficulty to obtain high spatial resolution MEAs represents, as will be discussed
later on in this chapter, another severe issue, and is mainly due to the external wiring
that leads to the need of a complicated front-end electronics, which limits the number
of recording sites to, typically, less than one hundred.

Another problem stems directly from the undesired redox reactions taking place
at the cell-electrode interface during the electrical stimulation. As previously shown,
the MEAs working principle strongly depends on the presence of the double layer
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capacitance, which determines a capacitive coupling. Nevertheless, especially during
stimulation trials (during which high levels of charge injection are needed in order
to elicit a cellular action potential), unwanted faradic reactions may take place [21].
These faradic currents lead to a gradual degradation of the electrode (mainly because
of corrosion) and may induce undesired biological response, such as membrane
electroporation, or even cause water electrolysis.

2.2 Field Effect Devices for Electrophysiological
Application

A different approach to extracellular measurements stems from the silicon technol-
ogy. The introduction of an integrated-circuit approach to microelectrodes in 1970
[10] marked the beginning of a new paradigm in the way to interface the living matter.
In the same year, Bergveld, with his famous letter [22], first proposed a completely
new device for neurophysiological measurements called Ion Sensitive Field Effect
Transistor. The full paper on the same topic was published two years later [23], and
consolidated the ISFET theory, thus laying the foundation of a completely new field
of research based on the exploitation of field effect devices for the transduction of
extracellular biopotentials. In Fig.2.6 an ISFET compared to a classic MOSFET is
shown.

In the following years, tens of studies deepened the ISFET working mechanism
and extended its applicability to different kinds of sensing applications (since, as
Bergveld himself further confirmed, the ISFET device was specifically conceived
as an electrophysiological tool), from cell metabolism monitoring both in vitro
[24, 25] and in vivo [26] to the sensing of different enzymes [27] and ions concentra-
tion. The remarkable versatility (which is mainly due to the fact that the sensitivity

(a) 1: Reference electrode (b)
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4: Transistor's channel
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Fig.2.6 Comparison between a classic MOSFET (a) and an ISFET (b). In ISFETSs, the gate contact
is replaced by the series of a metal electrode and an electrolyte
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of an ISFET device depends on the composition of the oxide or on the species immo-
bilized on the top of the gate area) allowed obtaining also heparin sensors [28], urea
sensors, and glucose sensors [29, 30].

2.2.1 ISFET Transduction Principle

Despite ISFET’s countless applications, its electrical behavior found a relatively
simple characterization in classic MOSFET equations, since, as a matter of fact,
it is nothing more than a MOSFET in which the gate metallization is replaced by
the series of a reference electrode and an electrolyte (the bare gate oxide is directly
exposed to the aqueous environment).

The general expression of the ISFET output current Ipg is, therefore, the same
used for common MOSFETs. For a n-type device the Ipg is given by:

w 1,
Ips = Cox,uf [(VGS — V) Vps — 3 Dsj| (2.3)
where C,, is the capacitance of the gate oxide, p is the charge carriers mobility, W
and L are the channel width and length respectively. The threshold voltage has the
following expression:
Os

Viw = Vi — +2¢y 2.4)

ox
where Vg is the flat-band voltage, O is the depletion charge in the silicon and ¢y is
the fermi-potential. The last term determines the onset of inversion and it depends on
the doping level of the silicon. The flat-band voltage is a very important term in the
definition of the working principle of a semiconductor device and can be expressed as

Py — Psi Qss — Qox
q Cox

Vg = (2.5)

where ®), and ®g; are the metal and the silicon workfunction respectively, Qs is
the charge density at the silicon-oxide interface, and Q,, is the fixed oxide charge.

Unlikely classic MOSFETs, in which Vyy is a constant device property that
depends on several process parameters and materials properties, in ISFETs its modu-
lation is responsible for the pH sensitivity of the device. In fact, the expression of the
ISFET threshold voltage contains additional terms that reflect the interface between
the liquid and the reference electrode (E,.r, which contains ®,/) and between the
liquid and the gate oxide. The latter itself consists of two terms: Y., Which is the
dipole potential of the solution, and W,,,, which is called surface potential and results
from a chemical reaction, governed by the dissociation of oxide surface groups (as it
will be explained later on in this section). The resulting expression for the ISFET
flat-band voltage is then
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¢Si B QSS + Qox

Vip = Eref — W, + Xsol — 7 C (26)
ox

To summarize:

e L, is the potential of the reference electrode with respect to the vacuum (it is
obtained by summing up 4.7V to the potential of the electrode with respect to the
hydrogen standard electrode).

e ¢g; is the silicon workfunction.

e ¢y is the metal workfunction.

e U, is the potential drop (with respect to the reference electrode) at the interface
between the electrolyte and the insulator layer; this is the term of the equation
that describes the pH sensitivity of the device and is determined by the interaction
between H™ ions and the insulator superficial groups.

® X, 1S the (constant) potential due to the dipoles that are present in the liquid
environment.

e Qg is the charge density at the silicon-oxide interface.

e O, is the charge trapped inside the oxide layer.

e C,, is the capacitance of the oxide.

As previously mentioned, the pH sensitivity of the ISFET depends on the term
W,,, which in turn depends on the concentration of charged surface groups in the
oxide. The role of these groups is explained by the so called site-binding theory,
introduced by Yates et al. [31]. By considering the most general case of amphoteric
surface groups [A-OH], it is possible to calculate the Ht concentration at the surface:

[H'] = /&w (2.7)
' K, [A—07] )

Due to the presence of a surface buffer capacity,' the bulk and the surface pH
are not exactly the same. Using the Boltzmann equation it is possible to obtain the
relation between the pH at the device oxide surface and its potential W,,:

Peo

T, (2.8)

(H] = [H, lexpl—q

where [H;] is the bulk concentration of H, k is the Boltzmann constant, T is the
absolute temperature and q is the elementary charge. The ¢,, is then

kT
Peo = 2-3? (pH; — pHp) (2.9)

I The buffer capacity is described as the concentration of strong acid/base to be added to the solution
in order to obtain a given variation of surface pH.
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and, given the buffer capacitance /3 and the surface differential capacitance C,? [32],
the following expression for the device sensitivity is obtained:

! 23kT (2.10)
— = —2. —— = —23—u« .
dpH, q 2.3%%“ q

In 2.10, « is dimensionless and it varies between 0 and 1 depending on (3 and C;,
thus limiting the maximum sensitivity of an ISFET to a 2.3'% mV/pH (~40 mV at
room temperature for silicon dioxide).

2.2.2 ISFET-Based Sensors for Extracellular Monitoring
of Excitable Cells: The Bergveld Model

The introduction of the ISFET within the scientific community changed irreversibly
both bioelectronics and electrophysiology. In the specific case of extracellular record-
ings, ISFETsS offer several advantages with respect to classic passive microelectrodes
such as the absence of faradic currents due to the capacitive coupling between cells
and the transistor channel, the precise control of size, geometry, and electrical proper-
ties of the device (thanks to the fabrication technology employed), and the possibility
to interconnect many devices in array configurations [33]. This approach dramati-
cally reduces the number of interconnections within the chip allowing to integrate
more recording sites onto the same substrate.

The very first attempt of using a FET device in an open-gate configuration to
the purpose of extracellular recording of electroactive cells activity was performed
by Bergveld in the late *70s [34]. In the employed configuration, the cells (nerves
or muscle fibers) are positioned onto the transistor gate oxide (a thin layer of sil-
icon dioxide, which is biocompatible and provides a physical separation between
the culture medium and the semiconductor). The device (called electrolyte-oxide-
semiconductor FET, or EOSFET) differs from a classic ISFET, since the oxide surface
is treated in order not to be hydrated. In this way, the extracellular signal can be treated
as a small signal directly applied to the gate. Due to the almost ideal capacitive cou-
pling, the spontaneous (or evoked) cell activity elicits a superficial variation of the
channel conductivity, thus directly modulating the output current of the transistor.

As previously mentioned, this kind of cell/device interaction prevents charge
transport phenomena, thus eliminating possible cell damaging effects (but also slow-
ing down semiconductor degradation). Bergveld tested his device with invertebrate
muscle cells, being able to record the evoked electrical activity of the tibial flexor
of the hind leg of a locust. The employed transistor was an enhancement p-type
FET and, as mentioned before, the oxide surface was treated in order to prevent its

2The differential capacity is the variation of superficial charge due to the variation of the potential
at the interface between the insulator and the solution: do/d\W,,,.
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hydration thus obtaining a quasi-ideal capacitive coupling between the cell and the
semiconductor. In this way the device behaved almost exactly like a classic MOSFET.

The active surface of Bergveld’s sensor is characterized by the presence of two
distinct regions called normal and parasitic gate. The former region corresponds
to the region between source and drain (called normal MOS transisto—MOST—or
region Gy ), while the latter is the external region (parasitic MOST, or region G,). The
drain current of the device is determined by the source-drain current of the normal
MOST and by the contribution of the parasitic MOST, as described in Eq.2.11
(g1 and g, represent, respectively, the normal MOST, and the parasitic MOST gates):

Li= 61 (Vg = Vin) Va+ B2 (Vg2 — Vi) Va + (B1 + B2)

1 2
: [—Evj —3o{o -V + w)”}] (2.11)

where V is the gate potential, Vy, is the device threshold voltage, and V,; and V,,
are the potentials of the drain contact and of the bulk with respect to the source. The
remaining parameters, « and (3, reflect the Ipg dependence on the device geometry
and on the semiconductor.

2.2.2.1 The OSFET Model

The theory behind the OSFET working principle comes from Rosenfalck studies,
who calculated the potential distribution in a liquid medium due to the electrophys-
iological activity of nerve or muscle fibers (for more information, refer to [35]).
Being the employed device a p-type enhancement transistor, during its operation, an
inversion region is present at the semiconductor/oxide interface. Within this condi-
tion, the electrolyte/oxide/semiconductor junction may be conceived as a capacitor.
More precisely, the capacitances C; and C, are associated, respectively, to the G,
and G regions. In order to derive the I, variations induced by potential changes in
the electrolyte in close proximity to the device surface, it is convenient to split up
C, and C; into n equivalent capacitors (Cy, C,, ..., C,) having a common terminal
on one side via the conducting inversion layer, and the other contact connected with
different points in the conducting fluid in proximity to the oxide surface each having
a known potential value (Vi, Va, ..., V,) with respect to a point P in the bulk of the
solution.

One of the most interesting feature of the Bergveld device is that, in principle,
it may work in floating mode, i.e. without any reference electrode in the culture
medium. By assuming that there is no connection to ground, there is no current flow
through the external circuit. Furthermore, if the fluid where the OSFET is placed is
uncharged, it is possible to sum up the initial charges Q; at each capacity C; caused
by the corresponding potential V;, thus obtaining the following charge conservation
equation:
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Zn:Qi =0 (2.12)
i=1

By applying the charge conservation principle stated in Eq.2.12 to the expres-
sion of the potential across each capacitor and considering n — oo, the following
expression for the electrolyte potential is obtained:

%=v,~+vp—vs 2.13)

1
V,,z__//mA+vS, (2.14)
A A

where A = A + A; is the total oxide surface in contact with the electrolyte, and V;
is the potential difference between dA and P. As it can be noticed, the first element
of the second part of Eq.2.14 represents the mean potential difference V; between
the sensor surface and P.

As a result, the potentials V| ...V, cause local variations inside the transistor
channel. By expressing the mean potential of G| and G, regions as

1
Vi, = — / / VidA
’ A A

and by applying it to Eq.2.14 is it possible to obtain

AVVE 4+ AV
V,:—%JFVS. (2.15)

as outlined in the simplified model in Fig.2.7. Therefore, the mean gate potentials
of G| e G, can be expressed as

Vo, =Vio+ Ve = Vs (2.16)

Fig. 2.7 OSFET model.
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By substituting in the Eq.2.16 the Vp expression previously obtained in 2.15, it
is possible to obtain the following expressions for the gate potentials

Vo= CZ(W—W) (2.17)
9 Cl +C2 1 2 .

_ Cl

V, = —— (=VF 4V 2.18
92 Cl + Cv2 ( 1 2 ) ( )

which model the electrolyte/OSFET interface for floating measurements. It is worth
noting that the presence of a parasitic gate (C, # 0) in floating mode operation is
needed in order to obtain a non-zero ‘_/91' As a conclusion, from Eqs.2.17 and 2.18
it is clear that \791 ,and \792 are determined by the potentials across the capacities C;
and C; due to the potential difference in the fluid V* — V', which is expected to be
generated by nerve (or muscle) bio-electric activity.

However, when the electrolyte is capacitively grounded, different expressions for
Eqgs.2.17 and 2.18 are obtained

Vy = Vi =V — Vg (2.19)

Vo = Vi = Vs (2.20)

In the case modeled by 2.19 and 2.20, the OSFET behaves like a normal MOST, and
the electrophysiological activity of a muscle cell may be measured extracellularly
with respect to the reference electrode with which the electrolyte is grounded.

2.2.3 ISFET-Based Sensors for Extracellular Monitoring
of Neurons Activity: The Fromherz Model

After the inspiring work of Bergveld on ISFETs and OSFETsS, the interest in the
employment of such devices in neurophysyological applications quickly grew up.
Several groups around the world began to study different FET-based devices [36] and
different animal models, such as invertebrate neurons [37]. A huge step forward in
the integration of silicon devices to neuronal cells was reached in the early *90s of the
last century by Peter Fromherz and its group [38] who proposed a very interesting
model for the silicon/neuron coupling. In a very famous set of experiments, they
coupled a leech neuron to the gate oxide of an n-type field effect transistor, and the
cell’s electrical activity was monitored simultaneously by a patch pipette and the
transistor itself. This first pioneering work, together with subsequent works by the
same group [39-43], helped to understand the nature of the coupling between cells
and FET devices, both for recording and stimulation of the central nervous system.
In Fig.2.8, a rat hippocampal neuron cultured onto a FET array is shown.
In the following, the model proposed by Fromherz will be briefly discussed.
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Fig. 2.8 Rat hippocampal
neuron cultured onto a linear
FET array in an open-gate
configuration. Reprinted
with permission from [44].
Copyright 2002, John Wiley
and Sons

10 pm

2.2.3.1 The Core-Coat Conductor

Considering a neuronal cell and a transistor in an open-gate configuration, their
coupling should be a direct capacitive coupling. In this ideal situation, two dielectric
layers, namely the lipid double layer and the oxide layer, separate two conductive
materials, i.e. the intracellular medium on one side and the silicon on the other side,
as depicted in Fig.2.9a. A classic capacitor is then formed, and the cell electrical
activity would be able to directly polarize the FET oxide, thus inducing an electric
field variation and a subsequent modulation of the output current of the transistor.
In turn, under these ideal conditions, a signal applied through the gate oxide will
easily elicit an action potential, by acting on the voltage-gated ion channels in the
cell membrane.

(a) (b)
Intracellular Medium Intracellular Medium
Membrane
Membrane
Sio, B Displacement Current
Si0,

Fig. 2.9 Cell-silicon interface: a Ideal case: the FET oxide is directly polarized by the cell during
an action potential. b Real case: the presence of a cleft filled with a small volume of culture medium
transforms the ideal capacitive structure of the previous case in a core-coat structure
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Unfortunately, the cell-FET coupling nature is quite different from the pre-
mentioned scenario. The cell-FET coupling is in fact mediated by membrane proteins
and/or protein layers adsorbed onto the oxide surface. The presence of these proteins
mediators determines the formation of a cleft between the cell and the device. The
presence of a conductive cleft (which is filled with extracellular medium) prevents
the oxide (cell) to be directly polarized from the cell activity. This more realistic
situation is depicted in Fig.2.9b.

The resulting structure cannot be represented as an ideal capacitor anymore. The
cell-FET coupling is more likely a core-coat structure, in which a thin conductive
layer (the cleft) that represents the “core” is confined by the cell membrane and the
oxide layer. Using the core-coat conductor theory, the transduction mechanism would
rely on the propagation in the cleft of a trasductive extracellular potential (TEP),
which would modulate the electric field across the oxide thus affecting the output
current of the transistor. The stimulation of the cell’s electrical activity through an
open-gate FET would be easily described in terms of TEP as well. These phenomena
are driven by two main events:

e The cell electrical activity (or a stimulus applied through the transistor’s open-gate)
induces a displacement current through the cell membrane (or through the gate
oxide) [45]. This current will induce a TEP inside the conductive cleft between
the cell and the transistor [46].

e The TEP (either induced by the cell’s activity or by an impulse applied through
the transistor’s open-gate) induces an electric field that can be sensed by the FET
(as a modulation of its drain current) or by the cell (thanks to the presence, in the
cell membrane, of voltage-dependent ionic channels).

Two models have been proposed and developed in order to explain the mechanism
behind the TEP propagation in the cleft, namely the area contact model (ACM) and
the point contact model (PCM). The two models differ from each other by their
dimensionality: two-dimensions for the ACM and zero-dimensions for the PCM [46].

2.2.3.2 Area Contact Model

In this model, the current flowing inside the cleft is balanced from the displacement
currents through the gate oxide and the cell membrane (as shown in Fig. 2.10a). The
equation

1 8VS an aVM aVJ
-V (;VVJ‘) - (E B E) m (7 - w) g (Vo = V)
(2.21)

represents the charge conservation (per unit area) when the electrolyte is grounded by
means of a reference electrode (Vg = 0 V). The left-hand side of the Eq. 2.21 refers to
the current (per unit length) balance in the cleft, while the right-hand side represents
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Fig. 2.10 Circuital models for a area contact model and b point contact model. Reprinted with
permission from [47]. Copyright 2003, Elsevier

the current (per unit area) through the gate oxide and the cell membrane. V), is the
membrane potential, Vy is the voltage applied to the substrate (if any), V; is the TEP
in the junction, r; is the cleft resistance (calculated as the ratio between the cleft
specific resistance p; and its thickness d;), Cy and Cy are the specific capacitances
(per unit area) respectively of the cell membrane and the substrate, and gy, is the
leakage area-specific conductance of the portion of the membrane in contact with
the exposed gate oxide of the FET.

2.2.3.3 Point Contact Model

A more convenient approach to the TEP definition is to model the conductive cleft
with a global conductance G; and the cell membrane and the oxide layer with,
respectively, a global capacitance Cjy, and a global capacitance Cy [48], as depicted
in Fig.2.10b. Considering Ay, the superposition area between the cell membrane
and the transistor, it is possible to define the following area-specific parameters:
cy = Cu/Am, cs = Cs/Ajy, and g; = G;/Asm. The resulting equation for the
currents in the cleft will be as following

dvV. dv
91 (Vg = VE) =cg (7S - 7;)

dt dt ( dt dt )+Zi:gJM (VM Vi VO)

(2.22)

where ¢, = G',,/A;u models the ion-selective conductances of membrane chan-
nels, and V is the inversion potential of the ith ion (which depends on the ith ion
concentrations present in and out the cell membrane).

The TEP depends on the current variations inside the cleft only if V), and Vj are
externally imposed (it is possible to control V,, by means of patch clamp techniques).
The situation changes a bit by considering a non-invasive measurement, in which
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the V), follows its own dynamics that depends on ions balancing and ionic currents
through the cell membrane (both the cell membrane portion facing the FET and the
“free” portion of the membrane, that is, the cell membrane facing the bulk of the
culture medium). By applying the Kirchhoff law to the PCM equivalent circuit it is
possible to obtain the following equation:

A% dV, ) .
Cym (d_tM - d_tE) + ZilglFM (Vi — Ve = Vp)

dVy dVg

= —fu |:CM (7 - 7) + Zng (Vi — Vi — Voi):| (2.23)

where the left hand side describes the current flowing out through the free portion
of the membrane, while the right hand side models the current flowing inside the
cell from the membrane that faces the transistor. The terms g, and gry, represent
the ionic conductances of the junction cell membrane and the free cell membrane
respectively, and By = Ay /Apu is the ratio between the areas of the pre-mentioned
cell membrane portions.

2.2.4 Cell-FET Hybrids

Fromherz’s studies opened up a completely new branch in the bioelectronic field.
The possibility to realize real neuron-FET hybrids thrilled the scientific community,
and in the following years a lot of effort was put on the development of new systems
specifically tailored in order to let the living tissue communicate (bi-directionally)
with silicon based devices.

The first attempt to reach the goal of a bi-directional system for neural communi-
cation dates back to 1997, with the work of Stett et al. [49]. A p-type transistor in an
open-gate configuration was employed to record the neurons’ activity, while a little
spot of heavily p-doped silicon, insulated with a thin layer of thermally grown silicon
oxide, placed in close proximity to the recording site, was employed for neural stim-
ulation. The proposed hybrid circuit was therefore of a chip/neuron/chip kind, since
the capacitive stimulation from the chip elicited the neuronal activity, and this neu-
ronal activity was subsequently recorded using a device in the same chip (as shown
in Fig. 2.11a). More precisely, the application of a stimulus V{ from the stimulating
spot, induced a TEP that can be modeled as follows:

Cs gJ
V() = V2 — ). 2.24
1o SC:+CMexp( CS+CM) (229

As an example, using the following parameters V¢ = 3V, g; = 30mS/cm?, ¢5 =
0.34 wF/ecm? e ¢y = 4 WF/em?, the resulting V; (f) will be equal to 230 mV with a time
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Fig. 2.11 a Chip/neuron/chip hybrid circuit. Reprinted with permission from [49]. Copyright 1997,
American Physical Society. b Chip/neuron/neuron/chip hybrid circuit: a fast capacitive stimulation
elicits a response (an action potential) in the cell marked as A; A’s activity stimulates the cell marked
as B (through a soma-soma interaction), and B’s activity is recorded by the FET. Reprinted with
permission from [40]. Copyright 2004, American Physical Society

constantequal to 110 s. This evoked TEP is enough to cause the depolarization of the
cell membrane portion facing the stimulating spot, thus eliciting an action potential.
It has been demonstrated that the previous stimulation mechanism cause no harm to
the cell, though it may induce temporary electroporation of the cell membrane [40].
The evoked neuronal activity V), () will induce another TEP that can be recorded
from the FET:

dVy

1 i i
Vit = ew—g Z‘gm (Vi — V) (2.25)

where g%, and V| are the membrane conductance and the reverse potential of the ith
ion respectively. The bidirectional circuit to which the Eqgs. 2.24 and 2.25 refer to, is
shown in Fig.2.11b. During the following years, several hybrid circuits have been
studied, such as chip/neuron/neuron/chip [40] and neuron/chip/neuron circuits [5S0].

To summarize, the Fromherz model relies on the induction (either by the cell’s
electrical activity or by an impulse applied through the transistor’s gate) of a trans-
ductive extracellular potential in the cletf between the cell and the transistor, which
together form a core-coat conductor. A high TEP is related to high displacement
currents along the cell membrane and along the gate oxide layer, and on the junction
conductance (which should be as high as possible). Good recordings and stimulations
of neuronal electrical activity are fostered by a little cleft width d;, by a high specific
resistance p;, and by a high junction area. An effective recording needs high ionic
conductances g}M (in the membrane portion that face the FET), while a high oxide
capacitance cg facilitates an effective capacitive stimulation.



2.3 High-Density FEDs: The APS MEA 23

2.3 High-Density FEDs: The APS MEA

As previously extensively highlighted, MEAs constitute a very important tool in
neuronal networks studies, since these kind of devices are able to perform long-term
recordings on electroactive cells aggregates and to elicit responses through electrical
stimulations, both in vivo and in vitro. During the last decades, lots of effort have
been done to improve the performances of such devices. In particular, bioMEMs
(bio Micro Electro-Mechanical systems) integration allowed the realization of more
and more complex structures, such as the so-called neuro-cages [51], or particular
micro-structures for neuronal networks patterning [52, 53].

Despite the enormous effort and the undeniable advances, classic MEAs still
suffer from several drawbacks such as the high impedances (which limit the scale
down of the recording sites), the current shielding phenomenon [54], and the difficult
management of the external wiring, making it difficult to obtain high-density MEAs.
For example, for a standard neuronal in vitro application, it is easy to have more than
50,000 neurons against up to few hundreds recording sites, and this results in a high
spatial under-sampling of the culture’s activity.

In order to overcome these problems, CMOS technology has been introduced in
the realization of a new family of MEA devices with a high recording sites density
and on-chip signal conditioning (such as, for example, pre-amplification stages, AD
conversion, and multiplexing), thus reducing the external wiring complexity. Repre-
sentative examples of a CMOS device for neurophysiological applications are the so
called Michigan probes [55], a widely employed tool for in vivo applications, and the
chip proposed by Heer et al. [56], which was able to record from 128 electrodes with
a sampling frequency of up to 20 kHz. These two devices are showed in Fig.2.12a, b.

Another interesting approach involving CMOS technology is the Active Pixel
Sensor approach (APS—this method was originally conceived for video applica-
tions [57]). In 2005, Berdondini et al. [58] developed an APS-MEA for in vitro
applications, consisting of 6464 pixels on an active surface of 2.5mm x 2.5 mm.

(b)

Glass Ring

Fig. 2.12 a A 3D Michigan probe for in vivo. b A CMOS MEA for in vitro applications. The chip
consisted of 128 addressable electrodes (sampling frequency: 20kHz). Reprinted with permission
from [56]. Copyright 2007, Elsevier
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Fig. 2.13 APS-MEA
working principle. Cells are
cultured on the active surface
of the device, and the
electrophysiological signals
are recorded as frame
sequences. With this
technique it is possible to
visualize the overall cultures
activity by simply coding the
extracellular signals
recorded by each electrode
with a false color map.
Reprinted with permission
from [59]. Copyright 2009,
Royal Society of Chemistry

data acquisition

data extraction

Each pixel had a dimension of 40 um x 40pm, a microelectrode of 20 wm x 20 um
and a low noise pre-amplifier (11 wV,,;), resulting in an electrode separation of
20 wm. An important progress compared to other high density chip, was the possi-
bility to address each pixel with a sampling frequency up to 125 kHz and a full-frame
sampling frequency of 7.8kHz. The on-chip pre-amplification allowed to simplify
the external wiring and to perform a reliable on-board signal conditioning. Moreover,
the APS approach, by exploiting video and image editing paradigms, offered a real
time representation of the cellular activity with a temporal resolution up to 8 Ls/pixel
for a 64 pixels subset [59]. The APS-MEA working mechanism is shown in Fig. 2.13.

2.4 Extended Gate Transitors for Electrophysiological
Applications

Previously in this chapter, two important models of the FET-cell interface have
been presented, namely the Bergveld model and the Fromherz model. Both of them
describe the interaction between an electrogenic cell and a transistor in an open-gate
configuration, which means that the cells are directly cultured onto the gate oxide of
a transistor (no gate metallization is present). An alternative approach is represented
by the employment of extended gate structures. This approach has, undoubtedly,
several advantages with respect to the open-gate approach, since the transistors chan-
nels are physically separated from the culture region, and they can be thus properly



24
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Fig.

2.14 Cross section (a) and top-view (b) of the extended gate device proposed by Cohen et al.

Reprinted with permission from [63]. Copyright 2004, Elsevier

passivated in order to protect them against the light and againt the harsh environment
where the cells are cultured in. In extended gate transistors, each microelectrode can
be either directly connected to the gate of a FET [60, 61] or realized using a floating
gate approach [62]. In the last approach, the cells are cultured onto the thin insula-
tion layer of an elongated gate that is left floating. As an example, in 2004 Cohen
et al. [63] proposed an FGFET device for in vitro application consisting of a p-type
transistor with an insulated poly-silicon gate (covered by 420 A of thermally growth
oxide) that acted as the recording site (Fig.2.14a, b).
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