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Outline for the next 2 classes

= The nervous system
= Neural signals
= Neural electrodes

= Electrochemistry of bioelectrodes
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Equivalent electrical
model of an electrode

Track conductor —/\/\/\,—

Insulation Rtrack

Medium / tissue
Electrode

\Tandles model

Rtrack Rspread —m—

G.Schiavone et d, Neuron2020 &
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Equivalent electrical model of an electrode

|| Ci R.: sheet resistance

( | L, W: track length, width

G W\{ © p : medium resistivity (0.6 —3 Ohm m)
r: electrode radius (10 pum — 1 cm)
Rtrack spread td|1 double Iayer thickness (~ nm)
RCT ] ]
Series resistance

* Ryak=RsL/W

Rspread = sz# - depends on medium and electrode size

Capacitive charge injection

/

7 « ———
1zl o S Esa

ESA: electrochemical surface area
— depends on process, coating
roughness, electrode size

~

Faradaic charge injection

4 )

Rer

— depends on coating materials
and electrode size
— the material affects the voltage

/

\onset of electrochemical reactionS/
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=PFL  Equivalent electrical model of an electrode
|| Ci R.: sheet resistance
( l I I L, W: track length, width
—© p : medium resistivity (0.6 —3 Ohm m)
= IV\/\' r: electrode radius (10 ym — 1 cm)
Rtrack Rspread ty: double layer thickness (~ nm)
R
b Series resistance
* Ryax=RsL/W
Rspreaa = pm:# - depends on medium and electrode size

Capacitive charge injection Faradaic charge injection

( R.: charge transfer resistance

/

* C, interface capacitance: Cy (double layer) // CGC

* From the Butler-Volmer equation
/G , * Ao (8o8:) " (cosh (2 E, 2V (low overpotential approximation
- Ohm'’s law)

Helmoltz (Parallel plate) Gouy-Chapman
V-dependent « R,=RT (zFJy)"

: * Jy = equilibrium exch. Current
k S = Clensls Phieed BISmEs deps = (e / \ 90 fror?1 literature or measurable

/ Franks et al. IEEE Trans Biomed Eng ©
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Half-cell potentials

Metals used in physiological systems

Metal / reaction Potential E;. (V)
Al — AR+ + 3¢ 1.67
2H" + 2e-— H, 0 (reference)
Ag — Ag* +e -0.799
Pt — Pt>* + 2e -1.2
Au — Au®* + 3e -1.42
Au— Au* + e -1.68

electrode
electrolyte
—>
Half-cell
Ag + ClI- s AgCl + ¢ 0.223V

With reference to hydrogen



=PFL  Electrochemical
impedance

» a measure of the reluctance of a component to current flow
when subject to an AC stimulus

Potentiostat

Measure voltage .
0] b) Control Amplifier
Measure current [ Tnpur Voltage | -
o —
_g Apply excitation CE
n 0] VL/\/\/\ (0] RE [ 1= | Electro-
O f
5 i Electrometer we cell
9 Q
q|') @) el — LC, [ R"
]

(9] § | Cdl "g E [ {-[;QRI.; +

o ol B | < =

; Rion O o

R ) I/U converter

Conductive medium
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http:/Mwww.porous-35.com/electrochemistry-semiconductors-10.html
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Reminder

= AC domain — complex number notation
« Any given sinusoidal stimulus can be expressed as
s V(t) = V0 €t with Re(V) in phase with Im(V) at quadrature

= Resistor R: V =R, |Z] = % = R at any frequency

1
wC’

= Capacitor C: Q =CV, |Z| = % = Zynase = -90° at any frequency

« Capacitor impedance modulus has a f -' and Area! dependency



cp=
=F7L Impedance spectrum - modulus R
Bode plot P
RCT + RS E
0k~ —— hc
. I
10 kf- : C.
|
Cf,. Ski- |
E |
§ 1k} I R
| S
g 300 ! ¢
g_ I Corner frequency
£ 100 R B |

| | 1 1 1
10 30 100 300 1000 3000 10k 30k 100k
Frequencv. Hz
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How does the interface capacitance

affect the impedance?

30k~

10k

& = =
= Cad -

Impedance magnitude, 2

g

30k 100k

10
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Electrode impedance in

the case of inert coatings
10 ——r—+—1—
|
Epe

a I(
—~ 10° Ca
N

102 1 | | 1 | 1 |

-1 0 1 2 3

log,, frequency (Hz)

11
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Cyclic voltammetry

= « spectroscopy of the electrochemist »

= 3-electrode setup:
» Sweep the potential of WE applied against CE and measured against RE
« Measure the current at WE

Ec

Ea

Ex and E¢ within the water window

12

mv

app!

vs. RE



=PFL  Cathodic storage capacity
CSC

I ! I !
- AIROF

2L _
—CVat50 mV s
| == Area for CSC,
1L calculation —

Slow voltage sweep
10-1000mV/sec

Current density (WA cm™?)
o

I I I I I 1 I I I I I I
-06 -04 02 0 02 04 06 0.8

Potential versus Ag|AgCl (V)

B NX-422 ©LSBI

SF Cogan, Annu. Rev. Biomed. 2008 10:275



PFL Comparison of materials

75— —— SIROF (t <20 nm) —
| — Platinum _
—— TiN (smooth)

— 50 -
N'E | B Electrode material CSC (uCicm?)
o

- _ I 2
S 2 Gold 0
2 - - Stainless steel 50
wn
6 O | — = R Platinum 75
©
) - -
s Titanium nitride 250
E o250 - i )
S Iridium oxide Up to 3,000

0 PBS
=50 = - L .
2p: 7‘21 1,2 Pt oxidation and reduction
L mVs' | . o
A=1.43 cm? 3,4 H plating and stripping from Pt
—75 1 | ! | ! | ! |
-0.8 -04 0 0.4 0.8

Potential versus Ag|AgCl (V)
SF Cogan, Annu. Rev. Biomed. 2008 10:275
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Take-home messages

= EIS as a tool to understand the mechanisms of charge transduction
= The Bode plot of the impedance modulus
= Components of the impedance spectra and parameters affecting them

= Cyclic voltammetry: useful especially for electrochemical reactions
(peaks distributed across voltage spectrum)

= CSC: a benchmarking metric

15
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Neural stimulation
neuromodulation

= Current flowing between 2 electrodes will
stimulate the tissue at the cathode (negative electrode)
resist excitation at the anode (positive electrode)

= Cathodic stimulation: depolarization of the cell membrane
i.e. generation of an action potential



=PFL  Hectrical stimulation

Vm = Vintra - Vextra

17

\_Y_}

node of Ranvier
1-2um

adapted from M. Capogrosso



Vm = Vintra

\—

=P7L  Hectnical stimulation V

18

myelin

adapted from M. Capogrosso



stimulation

Vm = Vintra

=PrL  Cathodic electrical V ’

Vintra -

_inward current enters the node = Membrane depolarisation = Triggered action potential

adapted from M. Capogrosso




stimulation

Vm = Vintra

Inward currents enter neighboring nodes = Depolarised membrane in the lateral nodes

=PFL Anodic electrical ' ?

Vintra -

adapted from M. Capogrosso — triggered action potential



=PFL  Cathodic vs anodic
stimulation

Cathodic stim. Anodic stim. [
IPG J
| b
® , S @ im— :::-éi: C —
intracell:‘- T -'T /}( y\
potent l _l hyperpolarisationv
actiosr:t:oc:I T 4_, , —

Parkinsonism & Related Disorders (2018) 55 pp 61-67

21
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Constant current pulses

A fa
A Biphasic symmetric
: IC ZLC — Ia ta

c
9 v
= 7
] time

v Charge / phase: I t; = Q (UC/ph)

t

Charge density: Q/ GSA (uClcm?)

GSA: geometric surface area

>
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Stimulation waveforms

Journal of Neuroscience Methods 141 (2005) 171-198

< 00—
a) monophasic
@ P currentf

(b) charge balanced 0—
biphasic currentf

(c) charge imbalanced 0—
biphasic currentf

S — | —

biphasic with delay

(d) charge balanced 0—
current*

(e) charge balanced
biphasic; 00—
fast reversal currentf

ST, | R, S

(f) charge balanced biphasic;
slow reversal

efficacious

AP
initiation

++ +

+ +

tissue
damage

+++

corrosion

++ +
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=PFL  Neural stimulation

= Applying a train of current pulses to the target tissue

— 1 11|

Challenge: produce reversible charge-injection chronically

current

no electrode damage (corrosion)

Reversible = { no tissue damage

B NX-422 ©LSBI



=PFL  Voltage transient
measurements

= Estimate the maximum charge that can be injected in a current-
controlled stimulation pulse

= 3-electrode setup (in vitro)
* Determine maximum polarization (most negative and positive potentials)
» Safe boundaries: water window and reduction potentials

AV =iR +n. +n +AE,

R, electrolyte resistance
Ne concentration overpotential
Na activation overpotential

AE, shift in the equilibrium potential

B NX-422 ©LSBI
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Voltage transient

measurements

Pulse stimulator

[
ms

Pulse width: 0.3 ms
Inter-phase
delay: 0.06 ms

—

Working

Counter
Reference

<
S

Oscilloscope
input

BV vl Gile T

Conductive medium

G. Schiavone et d, Neuron 2020
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- Voltage transient in response
to a biphasic current pulse

é * Vpias: €quilibrium potential (half-cell potential)
5 :
5 Time (ms) « V,: Access voltage (ohmic drops)
* IR drop in the interconnect

S /L « IR drop in the tissue/electrolyte
% » Concentration overpotential n,
= Time (ms)
>

KH * E,: Electrode polarisation at the interface

+ Activation overpotential n,
» Potential equilibrium shift Eg

* Ein: Minimum cathodic excursion =V, + E

V, E,
Away from the electrode At the interface

p

27
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Polarization

= |f there is a current flowing from the electrode to the electrolyte, the potential is
altered, E = E, ;. + irRf

Overpotential: n = |E — E|

= Perfectly polarizable electrodes —| |—

* No actual charge crosses the interface when a current is applied
» The current across the interface is a displacement current
« eg.TiN

= Perfectly non polarizable electrodes —\/\/\/—

« Current passes freely across the interface, requiring energy to make the transition
* e.g. Ag/AgCl
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The water window

» Electrochemical window within which
the electrode material is neither
oxidized nor reduced.

= The electrolyte, the solvent and the
nature of the working electrode
influence the potential window

= Water electrolysis requires 1.23V
(potential across 2 inert electrodes)

- -0.6V - +0.8V

1220 @2 L PR 5 0O2(9)
VT se2mvpn “\“--0”2"';0’4,
B 0o g
e H20 Lo
= 2K+
w O .“‘f\zf’l'l,
== 0,
.ol a"
<< SH,
H . .
) PTS e
0 Acid p7H Base 14
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Charge Injection Capacity
CiC

* Epc:

* maximum cathodal electrochemical
potential excursions calculated by
subtracting V, from the maximum negative
voltage transients or the electrode
potential immediately, (when V, is zero)

* E .l
« maximum anodic electrochemical potential
excursions
Total charge: Qinj = Qinj(c) - Qinj(a)

= CIC:

« total charge density at which either E, .
reaches water reduction potential
(cathodal limit) and/or E,,, reaches water
oxidation potential (anodal limit).

CIC = Q;, . /GSA

Voltage (V)
Soo-

b)
22 1.0 -PEDOT:PSS/Au
< 05F ¢ iq
e F c
‘E" 0.0 e
g 05} ic] \ e
3 -1.0F Lip
OF
5F
O
5
0
5

Vall ™NE,. D=500um
" 1 2

-
8.8

______

0.0 05 10 15 20 25
Time (ms)

30



=PFL Take home messages on VT - key information

31

= Max potential excursions: how much voltage we need to drive the
current we want through the electrode interface

» - Constraints on batteries / V supply
» - Voltage- (energy-) efficient stimulation

= Cathodic and Anodic interface polarisation
« - Range for electrochemically safe stimulation > CIC

= All these metrics vary with the waveform design.

B NX-422 ©LSBI

» For a given Q, Longer PW reduces excursions

o
=]
<
=]
<
0
3
u
g
o - 0.15 48 nC/phase (2.4 mC cm)
D _15| . -
S
5 5 |
> 20f 0.1 -
—4—Locus of E  =-0.11V1t0-0.48V |
25 | \ | \ 1 , | .
0.5 1.0 15 20 25
Time (ms)

Figure 14 Cogan 2008

Comparison of voltage transients of an AIROF microelectrode pulsed at 48 nC phase~! at pulsewidths from
0.1-0.5 ms.
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Note: CIC and CSC are very different metrics

Same units (charge density), but:

= Different regimes (slow/fast sweeps in CV vs. onset/plateau in stim)

= Both must be accompanied by the measurement parameters
(CV speed and limits, stim waveforms)

= Choice of metric depends on relevance to the application, and against
which other electrode you are benchmarking
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Noise charactenistics

Extracellular signals have an amplitude in the 10pV to TmV
* Very low-level input signals

System noise = electrode noise + preamp noise

Thermal noise (electrode)

B : Important for
Uy = \/ 4 kT R Af (in volts) recording electrodes

Electrochemical/biological noise or 1/f noise

Low impedance prevents shunting through parasitics
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Recording Quality Is Related to Impedance )

(@) large diameter  (B)  small diameter (€©)  small diameter (d) small diameter
uncoated uncoated coated coated
high faradaic charge transfer

LFP

LFP and SUA LFP and SUA
1200 pv
02s
(e) , . .
| d fil . effective double layer other spatial  low freq  high freq
electrode profile coating surface area impedance capacitance capacitance resolution SNR SNR yield

- A A v v v A VVF

Olm ¥ ¥ ¥ ¥V AV Vvl
e A A A YA
b A A A A A A A AL

Lewis 2024
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Materials - Platinum

= « pseudo-capacitive » interface (surface redox process)

= Modest charge-injection capacity: < 100uC / cm?
= « the » clinical electrode material
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Materials - Indium oxide

= Most charge injection is by redox processes

= Fabrication
» Electrodeposition
» Sputtering
» Thermal deposition

- Requires activation

= Charge injection: 1-8mC/cm?
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Porous - Rough structures

TiN

Electrode material

Platinum grey

Qinj (MC/cm?)

Water window

Platinum 0.1-0.2 -0.6 to 0.8V
Titanium nitride 1 -0.9to 0.9V
Platinum black 1 -0.6 to 0.8V




=PrL  Conductive polymers

CP coatings for neural microprobes due to
superior electrochemical performance vs.
metals:

 Small electrodes, big performance: Low
impedance and high charge-injection
capacity

« Typified by PEDOT (poly(3,4-
ethylenedioxythiophene). Mixed conduction
(electronic+ionic) polymer

- Simple fabrication by Electrodeposition
of thin films onto metallized probes—Ilow-
cost and scalable.

Customizable interface: Easy
tuning/functionalization .

B NX-422 ©LSBI
°

Boehler 2016

nanostructured Pt

Speaker
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Take-home messages
The « optimal » electrode

= Low energy consumption for stimulation

= Effective charge injection at geometrically small electrode sites
= High reversible charge injection limits

= |ow and stable impedance

= Low frequency dependence of the impedance
= | ow electrochemically induced noise

= Long term stability over decades in the body
= Biotolerance of the materials

39
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