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region when k approached Shannon’s damage limit, independent of solution
pH. The results support the hypothesis that Shannon’s limit corresponds to the
beginning of platinum dissolution following repeated cycles of platinum oxidation
and reduction, for which the cathodic excursion is a key tipping point. Despite
similar potential excursions between solution and gel electrolytes, we found‘a joint
influence of pH and gelation on the cathodic potential alone, while we observed
no effect on the anodic potential. We hypothesise that gelation creates a positive
feedback loop exacerbating the effects of pH ; however, the extent lof that influence
needs to be examined further.

Significance: This work supports the hypothesis of charge injection{mechanisms
associated with stimulation-induced damage at platinum elect@es. The validity
of a major hypothesis explaining stimulation-induced,damage was tested and
supported on a range of electrolytes representing potential eléétrode environments,
calling for further characterisation of platinum, dissolution during electrical

stimulation in various testing conditions.

Submitted to: J. Neural Eng.
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1. Introduction

Neural stimulation electrodes are used to treat a range of neuropathologies,
including neurodegenerative diseases such as Alzheimer’s, and to restore impaired
functions, including following spinal cord injuries and hearing loss. Neural
stimulation with implanted electrodes is an invasive treatment, which may be
harmful, therefore safe stimulation guidelines have been established.  »Water
electrolysis reactions are known to cause neural damage through, large current
flow and large pH shifts (Cogan et al.; 2016), therefore, the electrode potential
should be kept within the water window (typically [-0.6 V t6 +0.8 Ve vs Ag|AgCl]).
Because monophasic stimuli reached safe limits relatively rapidly due to electrode
polarisation (Mortimer and Bhadra; 2018), charge-balanced biphasic stimuli were
introduced to maintain the electrode potential within safe.bounds (Lilly et al.; 1955;
Donaldson and Donaldson; 1986b). However, asseries.of in vivo experiments in cat
brains demonstrated signs of neural damage despite re.specting the water window
potential limits (Yuen et al.; 1981; Agnewet al.; 1983, 1986, 1989; McCreery et al.;
1988, 1990). A new safe stimulation limit was'proposed by Shannon (1992) who
found a relationship between stimulation parameters and observed damage described

by a parameter, “k” (Shannon’s parameter), according to equation 1.

log D =k—log Q, (1)

k=1log D+ log Q,

Hence, with D = Q/S and Q = i.At:

VS 10k
DR (2)

le =

In equations 1 and 2, D is the charge density per phase, Q is the charge per
phase, ig is the cathodic current, S is the electrode surface area, and At is the
pulserwidth. Note that this expression of i, is only valid for square cathodic pulses
(Q = i. At is only valid if i, is constant) and that S is the geometric surface area.

k represents a diagonal line with negative slope on a plot of log(D) against log(Q),
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which shifts parallel with changes in k, see Fig.1. At k£ = 1.75 for platinum, this
line divides the plot between non-damaging stimulation and damaging stimulation
(Fig. 1).

The advantage of Shannon’s equation 1 is the direct relationship between stimulation
parameters and neural damage, reported as shrunken neurons in the vieinity of
the electrode immediately after the stimulation period (McCreery etfial.; 1990).
In an anterior study, McCreery et al. (1988) showed that neuronsywhich shrunk
following stimulation mostly recovered one week after the end of stimulation;
however, McCreery et al. argued that prolonged stimulation ma{ hawve resulted
in more irreversible damage to neurons. Shannon’s equationfdoes not include a
number of stimulation parameters (frequency, duty cycle) and, information about
the electrode (geometry, roughness), which restrict the scope of application (Cogan
et al.; 2016). Frequency has been showed to influence damage thresholds on retinal
cells (Butterwick et al.; 2007) and in peripheral nervgs (McCreery et al.; 1995).
Butterwick et al. (2007) also showed that macroelectrodes and microelectrodes had
different damage threshold scaling, which pushed forward a new damage limit for
microelectrodes (4 nC/ph) (McCreeryret,al.; 2010), while Kumsa et al. (2017) showed
that electrodes with areas ranging from.0.2 mm? to 12.7 mm? followed the same
scaling with k. Duty cycle was also addressed, showing no damage when the charge
density remained low enoug& even close to 100% (Kuncel and Grill; 2004), but a

decrease in neuron exgitabilityqis observed at higher charge densities (Tykocinski

et al.; 1995).
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;g steel (blue line). Figure reproduced from Kumsalet al. (2016), CC BY 35.0.
31
32
:2 o Moreover, the mechanisms umderlying the £ = 1.75 damage limit were not
gg o3 explained by this relationship. Two theories are presented to explain neural damage
;7; o following neural stimulation: meuron overstimulation leading to a loss of excitability
ig s of neurons (stimulation-induced depression of neuronal excitability or SIDNE); and
2; o production of harmfulfspecies through electrode degradation or other reactions
22 or at the electrode gsurface’  Rather than being opposed, both theories may occur
22 e simultaneously, and the,observation of one of these mechanisms does not exclude
j; o the other (Cogan et al;; 2016). These theories actually relate to different ways of
:g wo measuring' damage: SIDNE corresponds to a functional evaluation of damage, where
g ; 11 one measures theactivity of neurons, while the electrochemical theory corresponds
gi 102 to a thistological evaluation of damage, where tissues are visually inspected to find
gg w3 fraces of damage, and both are usually mutually exclusive because they cannot
;7; e be performed simultaneously (Cogan et al.; 2016). Shannon’s limit is based on a
Zg 105 histelogical evaluation of damage, therefore, it addresses rather an electrochemical

s cause of neural damage and did not consider parameters such as frequency or duty
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cycle, related to SIDNE. The present study addresses electrochemical mechanisms
behind Shannon’s limit, therefore, we will focus on electrochemical reactions at the
electrode-electrolyte interface that may produce harmful species for neurons.
Platinum electrode corrosion, which releases platinum in the body..was
suspected to cause the damage observed by McCreery et al. (1990) as traces of
platinum were found at & > 1.75 in vitro (McHardy et al.; 1980; Dounaldson and
Donaldson; 1986a) and in vivo (Robblee et al.; 1983), and the injection of platinum
salts in brain tissue caused damage similar to that observed during stimulation
(Agnew et al.; 1977). Merrill et al. (2005) proposed a mechamnism \to explain the
emergence of platinum dissolution: as there is no control over electrode potential
in current-controlled pulses, the electrode potential changes, depending on the
molecular arrangements at its surface. In charge-balanced biphasic stimulation,
although the injected electrical charge is equaléin both phases, an imbalance in
charge injection mechanisms occurs due to/irreversible electrochemical reactions
(Musa et al.; 2011; Kumsa et al.; 2016) 4The imbalance between phases in irreversible
mechanisms leads the electrode potential to, change, positively for an cathodic
imbalance (more irreversible chargenduring cathodic phase) and negatively for a
anodic imbalance, in a process called potential ratcheting or potential slide back
(Craggs et al.; 1986; Donaldsenand Donaldson; 1986a; Merrill et al.; 2005; Harris
et al.; 2019). Thus, £ = 1.75 may correspond to potential ratcheting leading
the electrode potential int@ ?egions favourable for platinum dissolution. Potential
ratcheting can be minimisedsby discharging the electrodes between pulses or by using
charge-imbalanced pulsesi(Kumsa et al.; 2019), which adapt the charge injection to

avoid changing the electrode potential through excessive charge injection in the

reversal phases

Kumsa et al. (2016) developed a framework to identify the relationship between k
and electrochemical reactions by monitoring the electrode potential during biphasic
pulse trains and projecting the observed potentials on cyclic voltammograms, which
indicate available reactions. Kumsa et al. (2016) found that exceeding the Shannon’s

stimulation limit £ = 1.75 corresponded to the onset of platinum oxidation. Sulfuric

Page 6 of 39
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acid was used as electrolyte ; however, there are a few electrolyte parameters that
may influence the charge injection mechanisms, and a fortiori damage, including pH,
ions, and biological molecules (Harris et al.; 2018b,a, 2019). pH for instance is known
to vary upon implantation of a microelectrode, with shifts between +0.1 and-0.6
pH units, which tend to stabilise around -0.2 (pH = 7.2) after a few minutesy(Gupta
et al.; 2004; Johnson et al.; 2007), and furthermore, electrical stimulationmay cause
local pH changes (Ballestrasse et al.; 1985; Huang et al.; 2001; Weltingand Kieninger;
2021), which may affect reaction pathways and damage. In vivo electrode behaviour
is still poorly understood, leading to suboptimal use of electrodes’ c\harge injection
capacity (DiLorenzo et al.; 2014; Harris et al.; 2022), for ‘example, the causes of
larger electrode polarisation in vivo (Cogan; 2008; Renz et al:;2018) have not been
clearly identified, with safe charge injection limits betweem8.7/(Leung et al.; 2014)

and 24 (Vatsyayan et al.; 2021) times lower in @uwo than in vitro, suggesting that

other parameters may affect electrode behaviour and damage mechanisms.

The present work aims to broaden the understanding of the mechanisms behind
the observed Shannon (1992) kp=_1.75 limit by studying the influence of two
electrolyte parameters: pH and gelation. pH is usually very stable in the body
around 7.4 due to vairous buffer systems, however, local pH is known to vary,
including during neural stimulation with shifts of -1 pH unit measured 0.2 mm
away from electrodes, Which\may be larger close to the electrode surface (Huang
et al.; 2001; Ballestrasse‘et alg 1985). Unbuffered saline was chosen to study the
influence of a pH.shifthat the electrode surface, which would have been impeded
by using a baffer (Huang et al.; 2001). Since the magnitude of the pH shift at
the electrode surface is not fully known, the whole pH range was covered. In
vivo implantation’ introduces tortuous diffusion paths for charge carriers (Cogan;
2008), which may change reaction pathways due to reactant unavailability. We
used a gelating agent (agar), which is often used in cell cultures to mimick the
extracellular matrix to represent tissue structures more accurately than fluid test
solutions. Such a gel electrolyte aims to model the tissue structure around electrodes

in acute experiments, such as the experiments on which Shannon’s limit is based
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(Agnew et al.; 1983, 1986, 1989; McCreery et al.; 1988, 1990). A suitable tissue
model for chronic studies would require a much denser fibrous structure to factor
in fibrous encapsulation, which occurs within the first few weeks of implantation
(Campbell and Wu; 2018). The secondary aim of this study is to identify which
parameters in body fluids and tissues affect charge injection mechanisms. Therefore,
if these parameters are shown to influence damage mechanisms, theynwill need
to be incorporated in characteristic electrolytes when developing and testing mew
electrodes. The framework used to conduct this study is inspired by Kumsa et al.
(2016) to precisely discriminate influential reactions based ondky the neural damage

~
indicator.

2. Methods

2.1. Electrolytes

Unbuffered saline solutions were prepared by mixing? a sodium chloride (NaCl)
saline solution with hydrochloric acid (HCL), or sodium hydroxide (NaOH) to adjust
pH to the desired value. Medical grade NaCl (MW: 58.45 g.mol~!, Promega) was
diluted in deionized water (DW, 15.6,0/€), Millipure system) at a concentration of
18 g.L~! or twice the isotoniéeoncentration (0.9%w/v, equivalent to 9 g.L~'). HCI
(1 M, Sigma-Aldrich) and NaOH (erystals, BDH) were diluted at twice the desired
concentration in DW and mixediin@ 1:1 ratio with 18 ¢.L~' NaCl to have an isotonic
9 ¢g.L~! solution, of.desired pH. Solutions were not degassed before experiments
and were carried out'im,equilibrium with the ambient oxygen concentration (21%).
Solution pH was measured before and immediately after every set of measurements

(5 or 7 k-yalues) to'détect possible chemical changes in the unbuffered electrolyte.

Agar powder was added (0.5% w/v) to the base electrolytes, and gelation was
achieved by heating to boiling point followed by cooling to room temperature. pH
was measured following gelation. Agar gel electrolytes were prepared with four base
solution electrolytes: phosphate-buffered saline (PBS), sulfuric acid (H2S0,), pH 1

saline (HCI in isotonic 9 g.L~' NaCl) and pH 11 saline (NaOH in isotonic 9 g.L™!

Page 8 of 39
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NaCl).

2.2. Pulsing experiment

Trains of 1000 biphasic current-controlled cathodic-first asymmetric charge-
balanced pulses with capacitive discharge anodic balancing phase, see Figad, were
applied with a custom stimulator inspired from Hudak (2011) and Kamsa et al.
(2016). The capacitive discharge anodic phase effectively ensures charge balaneing
with a capacitor connected in series with the electrodes charged in the eathodic
phase and discharged in the anodic phase(Merrill et al.; 2005; Kumia e al.; 2016).
The amount of injected charge was controlled by changingsthe cathodic current
through a transistor, acting as voltage-controlled current source (Hudak; 2011) ;
cathodic currents and charge densities are given in Table 1s Pulse width was set to
100 ps. Cathodic and anodic phases were separated by a 100 us interphase delay,
used in stimulation protocols to lower excitation threshelds and enhance nerve fiber
recruitment (van den Honert and Mortimer; 1979; Gorman and Mortimer; 1983).
The anodic discharge was designed to last for,15 ms to ensure full discharge of the
capacitor, followed by a stand-by phase.before the next pulse to avoid phase switch

artifacts. Total duration of a single pulse was 20 ms, resulting in a 50 Hz pulse

frequency.

Table 1: k-values and corresponding cathodic currents, charge densities using
geometric surface area, weal charge densities considering electrode roughness, and

real k-values

k Cathodic current | Charge density | Real charge density | Real k

- (mA) (uC/em?) (uC/[em?) -
0.566 8.5 4.33 3.36 0.46
1.25 18.5 9.41 7.3 1.13
1.55 264 13.44 10.42 1.44
1.66 30 15.26 11.84 1.55
175 33.2 16.92 13.11 1.64
1.85 37.3 18.99 14.73 1.74

2 44.3 22.57 17.49 1.89




oNOYTULT D WN =

213

214

215

216

217

218

219

220

221

222

223

224

225

226

AUTHOR SUBMITTED MANUSCRIPT - JNE-106995.R2

10
0.4 0.02 0.34
0.35F 0.33F
10.01
Vaa oaf 'y 5032
+ o2
5 025> | 4 Foatt
2 1IN z &
= | 1 001 <
0.2 0.3F
< : | = 2
@ | o =
= o1op | I 0023 502
w 1 | 951
g 4 —
= | 1 Vao 2 — Polarisationvoltage
01F | < 028 —Smoothed |
1 I 0.03 2 £
oosp T 1 2 027 st
; I x Eano
1 1-0.04 E
o | — 0.26 O Eeng
v Raw Voltage O.E
------ — Current cat
-0.05 L L . = -0.05 0.25 " 8 L
-0.5 0 0.5 1 15 -0.5 0.5 1

Time (ms)

Time (ms)

Figure 2: Ezamples of A) raw working electrode poténtial (blue) and current (red)

waveforms, with access voltages indicated by arrows, and B) polarisation curve,

where the access voltages were removed from dhesraw. potential measurement, and
- 4

how Eupno, Eena and E.u are read. In A) @ black dotted line indicates the zero-

current line.

The cathodic current was measured by voltage drop across a 100 €) current
measurement resistor using am,oscilloscope (10 M probes, 5 orders of magnitude
larger than the source impedance)s, The working electrode (WE) potential was
measured versus the Ag/Ag@lieférence electrode (RE) with a differential probe
(Pico®, 47 M2 input impedance, also 5 orders of magnitude larger than the source
impedance). The data,were analysed with custom Matlab (MathWorks, R2022a)
scripts. Four potentials were of particular interest and were recorded for each k-value
to monitor'potential'evolution with increasing charge injection: potential before the
start of thespulse grain (Ey,¢), potential at the beginning of the last pulse (Ee,q),
maximum anedic polarisation observed during the last pulse (E,p,) and minimum
gathodic polarisation observed during the last pulse (E..), see Fig.2. E,,, and
Eeu are polarisation potentials, meaning that the ohmic polarisation (or access

voltage) in the electrolyte was removed from the observed electrode potentials before

reading the polarisation potentials: changes in electrode current are accompanied by

Page 10 of 39
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instantaneous changes in electrode voltage due to Ohm’s law and the uncompensated
electrolyte resistance R, which do not represent the true electrochemical potential
of the electrode interface (Cogan; 2008). As we can see on Fig.2 A), the anodic
access voltage V), is different from the cathodic access voltages V.1 and Vyeoy.as
previously reported (Cogan; 2008), therefore we estimated the three accessavoltages
separately to have the most accurate polarisation curve. Some inaccuraciés,remained
in the polarisation curve in the form of spikes, which were ignoredswhen reading
the polarisation potentials. FE.,; was recorded at the beginning of the last pulse
rather than after the last pulse to avoid reporting a potential dliing the 15 ms
anodic discharge phase, which may have not stabilised. Furthermore; it is expected
that potential ratcheting is minimial between the 999** and 000" pulses, as an
equilibrium between cathodic and anodic irreversibly, injeeted charge mechanisms

would have been established after a few pulses (Merrill et al.; 2005; Kumsa et al.;

2016). IS

For the pulsing experiment, electrodes were disconnected from a Gamry 600+
potentiostat, which was performing the conditioning sequence (see 2.3), and
connected to a custom stimulator through toggle switches. The evolution of
the open-circuit potential (OCP) was monitored during the switching phase until

stabilized.
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2.3. Electrochemical characterisation

CE
(carbon) WE

Custom
stimulator

Figure 3: FEzperimental setup schei

10 uC'/em? (Topalov et al.; 2014; Weltin et al.; 2019), which yielded a
ness factor of 1.29, hence a real surface area of 25.3 mm?. Before being

placed in solution, the WE surface was cleaned with acetone and isopropyl alcohol.
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Electrochemical characterization was conducted with a Gamry 6004 potentiostat.
Cleaning and electrode conditioning of platinum electrodes were shown to be crucial
for accurate and repeatable potential readings (Hudak et al.; 2017; Lai et al.; 2019;
Weltin and Kieninger; 2021; Doering et al.; 2023). Therefore, to characterize-the
electrode-electrolyte interface and to keep the interface in a repeatable “bage state”,
a series of electrochemical tests including cyclic voltammetry was run systematically

between pulse trains.

Open-circuit potential

Open-circuit potential (OCP) measurements were intercalated Between character-
isation tests to allow the WE potential to stabilise. OCP measurément durations
were determined empirically checking the rate of changey with the same durations

used consistently for subsequent experiments.

Electrochemical tmpedance spectroscopy y

Electrochemical impedance spectroseopy. (EIS)was performed at OCP with a 5

mV,_, amplitude across a frequency sweep fromy1 Hz to 100 kHz.

Cyclic voltammetry

I until

Cyclic voltammetry (CV)awas performed with a sweep rate of 100 mV.s~
the voltammogram was stabl& typically for 20 cycles, across the water window. The
water window was determined empirically for each electrolyte by running a test CV
before the experiment, identifying the regions of water electrolysis and delimiting
the potential range when'the current exceeded + 200 pA (=~ 0.01 mA.cm?). CVs
started from OCP by a oxidation sweep and finished at 0 V vs Ag|AgCl, leaving an
oxide-free surface and minimising polarisation (Harris et al.; 2022). We hypothesise

that the stabilisation period placed between the CV and the pulsing trains allowed

the.interface/fo recover a natural oxide coverage.

Ezperimental procedure
All electrochemical characterisation tests and the pulsing test were assembled

in a 9-step sequence to ensure maximal repeatability. An initial characterisation
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sequence (steps (i) to (vii)) was performed to establish the base state at the interface,
and the same sequence was used between pulsing tests to characterise possible
changes and reestablish the base state. Steps (i) to (viii) were performed gvith

the potentiostat and step (ix) with the custom stimulator:

(i) OCP for 30 minutes to allow the WE potential to stabilize and the surface to

hydrate;
(ii) EIS pre CV;
(iii) OCP for 2 minutes;
(iv) CV for 20 cycles;
(v) OCP for 15 minutes to allow the WE potential to stabilize dgain;
(vi) EIS post CV;

(vii) OCP for 2 minutes;

205 (viii) OCP for 10 minutes during which the ele¢trodes are @onnected to the stimulator;

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

(ix) Pulsing experiment, 1000 biphasi¢ pulses at 50Hz, ~ 20 s;

(x) Adjust current level and repeat from step (#).

3. Results

3.1. Electrode-electrolyte interface stability

N
For reliable comparisons between results the electrode-electrolyte interface needed

to return to a comSistentistate between pulsing experiments. The conditioning
sequence was developed with that intention, with CV reestablishing the surface state
through repetitive oxidation and reduction, and EIS and OCP used to monitor for
interface changes.« We, do not assume that stable EIS and OCP implies that no
surfage dissolution occurs, instead that the surface is returned to a similar starting
condition between current-controlled pulse trains to allow for comparison between
sequential experimental steps.

The first conditioning CV, performed before the first pulse train, decreased the
high-frequency impedance of electrodes (not shown). After a change following the

first conditioning CV, the EIS response remained consistent, neither CV nor pulse
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trains affected the EIS values, showing that the interface conditioning protocol was
suitable.

Fig. 4 shows the relationship between measured OCP and pH and compares the
trend to the Nernstian response. Each data point corresponds to the average. of
stabilised OCP values after pulsing trains (n = 7, OCP taken at the end ofithe first
step of the testing sequence). Mean and variability of OCP within experiments (OCP
after each pulsing test, n = 7) are given in the supplementary material figure»??.
OCP remained stable throughout experiments, with a maximum gtandard deviation
of £11.75 mV within a single pulsing test series (typically Conducted\in a single day
of experimentation). For each pulsing test series, the mean OCP was plotted against
pH (Fig.4) to verify that OCP varied with pH following Nernst’s relation. A linear
fit yielded a gradient of -48.1 mV.pH ! such that thesexpéeted Nernstian response,
~59 mV.pH ™!, was not within the 95% confiden¢e interval (CI) [-53 mV.pH~!; -43
mV.pH '] due to large residuals observed at low pH»A fit excluding pH < 4 showed
a gradient of -56.2 mV.pH 1 with a 95% CI of [-62 mV.pH~1; -50 mV.pH '], hence

a Nernstian response.
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Figure 4: FEzxperimental open-circuit potemtial values plotted against pH and
compared with Nernst’s equation. Linearyfits are represented with their respective

95% confidence intervals.

Gelation of the electrolyte with agar generally yielded a lower mean OCP except
for PBS by 22.5 mV on average (average of mean(FEy,) - mean(E,)), see Table 2.

N
Table 2: Mean average QCP and standard deviation (std) within experiments for

each electrolyte in solutiontand gel form.

Electrolyte PBS H5S0,
pH 7.4 1
Gel or Solution S G S G

OCP_(mV) 284.1£7.69 | 281.94£29.43 | 607.3£9.21 | 584.94+8.61

Electrolyte NaCl

pH 11 1

Gel or Solution S G S G

OCP (mV) 196.5 £1.87 | 175.3£2.36 | 568.6+10.31 | 524.24+1.10
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Figure 5: A. Bode plot of the impedance spectrum forvisotonic saline solutions of
pH from 1 to 12 with impedance magnitude at the top and. phase at the bottom. B.
Cyclic voltammograms for solution electrolytessof wH from 1 to 12.
L

Saline solutions from pH 4 to pH 12:showed similar impedance Bode plots
(Fig.5A.), with only a slightly lower impedance at high frequencies (f > 1 kHz)
for pH 12. pH 1 was substantially different, showing a 2 to 3 times lower impedance
at high frequencies and transitioning to capacitive behaviour at higher frequencies
than other pH values, by about one order of magnitude. Gelation of the electrolyte
with agar did not chasfge theMBIS graphs at a concentration of 0.5% w/v (not
shown). Higher congentrations increased the high-frequency impedance (not shown),

attributed to air_trapped at the electrode surface.

CVs weresstable . throughout pulsing experiments. CVs were expected to exhibit
similar peaks; only shifted along the potential axis according to Nernst’s relation
(Fig./5B.). pH 1 H-evolution and pH 12 O-evolution were expected to differ from
other pHyvalues. pH 1 and 12 had narrower water windows than pH 4, 6 and 10,
which exhibited similar voltammograms. pH 1 was shifted towards higher potential
as expected, and the pH 1 voltammogram showed differences in the H-evolution

region (E < 0V vs Ag|AgCl), exhibiting a wider voltammogram in that region and
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peaks closer to one another, and an oxide reduction peak split into two distinct
peaks (E ~ 0.2 V and E =~ 0.55 V). For pH 12, and slightly less for pH 10, 6 and
4, H-peaks were more spaced due to a scarcer presence of H' ions, with higher
overpotentials for HT ion interactions with the electrode surface (Ledezma-Yanez

et al.; 2017).

3.2. Evolution of peak potential with k for various pH

The WE potential at the last (1000!") pulse was higher than &t the fizst pulse,
which indicates positive potential ratcheting (Fig. 6). Potential ratcheting is
characteristic of asymmetrical charge injection mechanismg between the cathodic
and anodic phase, leading to more irreversible charge injeetion in one phase, causing
changes in the electrode-electrolyte interface potential. When starting from OCP,
with a cathodic-first pulse, in an oxygen containing medium, the electrode potential
moves negatively into the oxygen reduction reaction region, which is generally
believed to be irreversible because the reaction products move away from the

electrode surface and are not available for oxidation: thénce the ratcheting positive
(Merrill et al.; 2005).

0.4

0.35f

0.3k

JE>;

0.25f

0.2F

0.15(, P —First
0.1 —Last

Potential (V vs AgAgCl)

0.05F

02 0 02 04 06 08 1 12 14
Time (s)
Figure 6: Working electrode potential in PBS (pH = 7.4) during the first and last

@000 ) puises of the pulse train, uncorrected for ohmic drop. The gradual increase

mnpotential, or potential ratcheting, is shown by arrows.
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Figure 7: Fuvolution of peak anodic potential (red) amd peak cathodic potential
(black) with k in saline solutions of pH from 1 to(12 andilocation on the respective
cyclic voltammogram (100 mV.s™').  Shannow'splimit k = 1.75 is indicated by a

L
dashed grey line.

The maximum anodic potential (Fy,,) was positively correlated with k. Egp,
increased gradually with k, at a steeper rate for higher k-values (Fig.7). The
trends are similar for all pH walues, especially for pH 1, 6, and 12. In comparison,
pH 4 transitions to a steeper increase at a lower k-value (k ~ 1.3 vs.k =~ 1.7 for
other pH values), and pH 10"shows a step increase around k =~ 1.75 between two
linear evolution regions. For every pH, F,,, was located in the oxide formation
region independently of k,,which suggests that even though FE,, increased with
k and showed. some steeper variations around Shannon’s damage limit, the same
electrochemical mechanism was available for charge injection.

The minimum cathodic potential (F.,) was negatively correlated with &
(Figi7). A décrease of E.,; with k was expected as increasing k equates to increasing
i'(Eq 2), thus driving the potential more negative. At all pH except pH 1, the
trend was similar with a steady decrease of E.,; with k, pH 6 and 12 showing a
slightly steeper decrease from k =~ 1.5. At pH 1, E.; decreased steeply at k <

1.5, then decreased at a much slower rate, almost plateauing. The location of E, .
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on the voltammogram is interesting: while E., for pH 4 and 6 was between two
peaks independent of k£, pH 1, 10 and 12 FE.,; entered an oxide reduction peak
around Shannon’s damage limit £ = 1.75. The mechanism is apparent for pHal
where F., transitions from one peak to the other, showing that there is a change

of electrochemical mechanism when a certain amount of charge is injected.

3.3. Evolution of peak potential with k for gelated electrolytes

2.2
2r ~
Shannon’s limit
1.8f k=175
161
Y4
1.4} W
1.2¢ 1
1 b
0.8 - ; : —
-0.2  -01 0 0.1 0.2 0.3 0.4
Potential vs AgAgCI (V) &
—— Solution Peak anodic pot.
— End pot.
-O-- Gel :
O Ge = Peak cathodic pot.

Figure 8: Fuvolution of peak anedic potemtial (yellow), peak cathodic potential
(green), and end potential (blue) with kVin gelated vs solution PBS (pH = 7.4).
Shannon’s limit k = 1.75 is indicated. by a dotted line.
N

Eqno and E.,; showed similar evolutions with & for gel and solution in four different
electrolytes, for example in PBS in Fig.8. FE,,, and E.,; were not significantly
different with 95% confidence by two-sample Kolmogorov-Smirnov test (data not
shown). Plotting petential excursions (Fu,, or F.) in gel electrolytes against
solution electrolytes showed a substantial discrepancy in E.; (Fig.9). While the
linear fit was@lmost superimposed with the identity line (Eye; = Egop) for Egno (Eger
="0.959 Egi, 95% C.1. [0.856; 1.061]), the E.y linear fit showed a steeper gradient
(Eyer = 1.294 E,, 95% C.1. [1.094; 1.493]), which left the identity line outside the
95% CI. The four electrolytes figure as separate groups, with pH 11 saline at the

bottom (gel E.u; < sol E.) and HySO, and pH 1 saline at the top (gel E.y > sol
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E.4t), which indicates a cumulative effect of electrolyte gelation and pH.
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Figure 9: Direct comparison of A) anodic anddB) cathodie polarisation potentials
in gel electrolytes vs solutions. Fach data point is a pgz'r (Egei;Eso1) for the same
k-value. A linear fit of all data pointssis shown (yellow line) and compared Ege =

Eso (green dotted line).

Eqno and E.,; were placed on cylie woltammograms for gel electrolytes, similarly
to what was done with pH solutiens (Fig. 10). CVs of gel electrolytes showed similar
peaks to solution electrolytes but less defined, suggesting an alteration of reaction
kinetics. For all electrolytes,\Eam was consistently located in the oxide formation
region and FE.,; Was consistently located in the oxide reduction region. Despite
a noticeable oxidation peak starting at E ~ 0.6 V, E,,, of H,S0, gel and pH 1
saline gel and selution varied almost linearly with £, as did the E.,;, and HySO,
solution showed a linear increase in E.,; and a step increase in Fj,, around k£ = 1.75,
entering an oxidation peak. HS50, solution behaviour is similar to the observations
of Kumsa et al. (2016) and different than pH 1 saline for example, showing that

electrodeés in Hy,SO4 may have a different charge injection behaviour than in saline

electrolytes.
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4. Discussion

This paper studied the influence of two characteristics of the tissue surrounding
implanted electrodes as an electrolyte, pH and gel structure, on charge injection
and especially damage mechanisms. It was found that when the injected /charge
approached the safe limit determined by Shannon (1992), the electrode potential
entered a region favourable for platinum oxide reduction during the cathodiephase,
while being in the platinum oxide formation region during the. anedic phase.
Electrolyte gelation showed a substantial effect on cathodic potentials, ‘while close

to none on anodic potentials, which may affect damage mechanisms>

4.1. Electrochemical impedance spectroscopy

The high-frequency impedance decrease obseryed after the first CV cycles is
hypothesised to be due to electrochemical surface ¢leaning and surface activation
following repeated oxidations and reductions. /CV catlsed a conditioning of the
surface, achieving a reproducible state,nwhich“explains why the EIS did not
change through further stimulation. The lower high-frequency impedance and high-
frequency transition to capacitive behaviour-observed for pH 1 are attributed to the
greater H' ion concentrationywhich have a high affinity with the electrode surface
since H" ions participate in pseudocapacitive charge injection through H-plating
(Puglia and Bowen; 2022). “The évolution of calculated double-layer capacitance
values with pH was counter-intuitive, as one would expect a higher capacitance
in acidic pH, due to the increased presence of H™ ions, which act as a pseudo-

capacitance on platinum.

4.2. Cyclie voltammetry

The voltammograms present some differences to typical CVs reported in literature.
Often, thewbaseline current in the H-evolution region is noticeably negative due to
oxygen reduction (Musa et al.; 2011; Hudak et al.; 2010). Here, the baseline current
was effectively more negative in that region, but the shift was not very sharp, due to

the large electrode size (Weltin and Kieninger; 2021). The water window for isotonic
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saline [-0.9 V;+1.2 V] was wider than the usually reported [-0.6 V;+0.9 V] window in
PBS, however, wider windows have been reported in the literature (Boehler et al.;
2020) and may be due to crystallographic structures and electrode surface states
(Weltin and Kieninger; 2021). The water window is also known to be wider in NaCl
(Hudak et al.; 2017). The absence of pH shift for pH 4, 6 and 10 is counter-intuitive
but has been observed in fundamental electrochemistry: Strbac (2011Jswept the
potential on a Pt rotating disk electrode and found that diffusion limited currents
were different for pH < 3.5 and pH > 10 but no difference was obgerved in between.
In low buffer concentrations, outside of extreme solution pHg'the gcal pH at the
electrode surface converges to a stable value, without changing the global solution
pH. Therefore, even if the solution pH is measured at variouswalues, the local pH
will converge to the stable value, different from thesselution pH and the electrode
behaviour will remain unchanged (Strbac; 2011; Liet al.; 2013; Briega-Martos et al.;
2020). .

The cleaning protocol was designed.to leave the electrode surface with a natural
partial oxide coverage, which may influence the charge injection mechanisms during
pulsing, as electrode conditioning andiexperimental protocols may influence the ratio
of oxidation and reduction charge injection capacity (Musa et al.; 2011; Harris et al.;
2018a) and electrode behaviour, demonstrating more influence than the presence of
dissolved oxygen for instance\(Doering et al.; 2023). The technique used in this work
to let the OCP return fo a s;ble value after stopping the CV at 0 V yielded OCPs
sufficiently stable for comparison; however, OCP variability may have been reduced
by carefully controlling the electrode potential with a potentiostatic step following
CV, as implemented by Doering et al. (2023). The protocol was slightly modified
for experiments comparing gel and solution electrolytes, with a 20 minute step (i)
instead of 30 minutes (the potential could still stabilise in that time), 10 instead of
20 CV gycles/(voltammograms were stable after 6-7 cycles), and suppression of steps
(ii) and<(iii) as EIS did not change after the first CV. Thus, it is possible that the
results’observed for pH 1 and pH 11 saline in the gel vs solution experiment were

slightly different than the pH experiment because of the modified protocol; such
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discrepancy is expected to be minor, since CVs and OCP traces were similar before

and after the protocol modification.

4.3. Evolution of peak potentials

Shannon’s damage threshold has been associated with platinum oxide fermation
in studies performed in sulfuric acid (Kumsa et al.; 2016) and subcutanedusly in rats
(Kumsa et al.; 2017), which showed that above a charge injection threshold, platimum
oxide is likely formed, which would eventually result in platinum dissolution (Kumsa
et al.; 2016), which may cause subsequent neural damage (Agneéw % als 1977). In
this work, we reproduced the same approach in alternative electrolytes to understand
how electrolyte characteristics affect charge injection mechanisms near Shannon’s
limit, thereby extending the validity of our understanding, of electrode behaviour
near Shannon’s limit. Unbuffered saline solutionsiwere used for a variety of reasons.
First, the electrode behaviour discrepancy between, impvitro and in vivo may be
explained by the imperfect buffering capacity in the body, which has been shown to
be overestimated by PBS (Harris et al.; 2019). and may be temporarily exhausted
locally during neural stimulation (Weltin_and Kieninger; 2021). Second, since the
body buffer may be exhausted at theselectrode surface, pH changes may arise,
which may change the electrode, behaviour, and using unbuffered saline allowed
us to voluntarily steer the \pH across a wide range to study its influence. pH
shift is not considered as @ major source of neural damage, as pH is regulated
by the body’s buffers and the pH showed to steer away from 7.4 only in the first
few pum away from the electrode (Ballestrasse et al.; 1985; Huang et al.; 2001).
However, the pHishift at the electrode surface may be significant (> 3) (Ballestrasse
et al.; 1985), and pH is known to affect electrochemical reactions at the electrode
surfagé including Pt dissolution (Topalov et al.; 2014), therefore, local pH shifts
may generate different reaction paths, and possibly different reaction mechanisms
by altering reaction kinetics. Huang et al. (2001) compared the pH shifts at Pt
electrodes during biphasic stimulation in PBS, unbuffered saline and in vivo, and

demonstrated that pH shifted by 1 pH unit at 0.2 mm from the electrode surface both
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in saline and in vivo. These results were achieved at a stimulation equivalent to k =~
1.36, at 1000 pulses per second, with the pH shift shown to depend on stimulation
intensity, pulse frequency, and distance of the pH sensor to the electrode. 4Our
experiments have larger stimulation intensity (up to 10 times) and 20 times_fewer
pulses, so we expect increased magnitude of pH shifts close to the electrode, as
suggested by Huang et al. (2001) and Ballestrasse et al. (1985). Huang etyal. (2001)
also showed that buffering the electrolyte cancelled the pH shift, @s did a series
capacitor. Thus in this study, we apply a stimulus that we expect would cause a pH
shift at the electrode surface; however, our addition of a series capa\citor for anodic
discharge, may have cancelled the effective pH shifts we wantedo study. Therefore,
to study the effect of a pH shift on the charge injection mechanisms in this pulsing
regime, we used unbuffered saline, manually adjusted.the pH@cross a wide range,
and measured the potential excursions in these ¢onditions.

In this work, we also use the same analysis strategy as Kumsa et al. (2016)
by using CVs to localise electrode polatisations during pulsing and identify possible
electrochemical reactions. There are three main anodic reactions for Pt electrodes
in chloride (C1~) containing eleétrolytes: hydrogen (H) desorption, platinum oxide
(PtO) formation, and adsorbed Cl~ oxidation through chloride complexation, which
is outside of traditional water window (E° ~ 0.95V vs Ag|AgCl (Geiger et al.;
2015)) for Pt but may be Tteached jin acidic media. The anodic polarisation were
recorded in the PtO format;n peak for all pH and all k-values, which shows that
PtO formation is the main faradaic reaction supplying anodic current. The cathodic
reaction path isanore.complex to determine, as there are several competing processes
that may occur, including mainly PtO reduction, reduction of molecular oxygen (Os)
and Cl™ adsorption. Itis likely that both reactions occur during pulsing, and Cogan
et al. (2010) andMusa et al. (2011) evaluate contribution of molecular O, reduction
respectively at 7% in Op-saturated saline on 25 umm diameter electrodes and 19-34%
in ambient O, concentration on 50 pm diameter electrodes. Dissolved O was present

in the@lectrolytes we used at ambient conditions (21%), therefore it may contribute

to charge injection during pulsing. We observed positive potential ratcheting,
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indicating a cathodically-biased imbalanced irreversible charge injection, meaning
more irreversible charge was injected during the cathodic phase. The imbalance is
observed in the polarisation curve (Fig 2 B)) in the form of a potential overshoet in
the anodic phase, which would not be present with a completely reversible charge
injection, and is most likely due to molecular oxygen reaction.

Molecular oxygen reduction and PtO reduction contributions are superimposed on
a CV (-0.6 V< Ep, < +0.05 V, vs Ep;o = 0.1 V), where the cathodic polarisation
was found. We hypothesise molecular oxygen reduction to be aource of eathodic
irreversible charge injection ; however, the change of behaviour oEserved around
Shannon’s damage limit is related to the onset potential of Pt@ reduction, whereas
O; reduction is present for all k-values. Indeed, for pH 1, 10, and 12, the cathodic
polarisation enters the PtO reduction peak for theshighest, values of k, suggesting
a correlation between Shannon’s damage limitéand the ‘onset of PtO reduction.
Topalov et al. (2014) studied Pt dissolution mechanigms by varying anodic and
cathodic potential extremes separately,during eycli¢ voltammetry. Topalov et al.
(2014) showed that increasing the upper limit of the CV did not affect anodic
dissolution greatly but had a<significant effect on cathodic dissolution, which
was explained by a larger PtO coverage created, so a larger amount of PtO for
reduction: amount of Pt disselution was proportional to oxide coverage. Therefore,
we hypothesise the following.compound mechanism: molecular O, reduction causes
irreversible cathodic ¢hargée injection, which drives the potential more positive
through potential ratchetings® As a consequence, the anodic potential is driven
further into the PtO, formation region, leading to larger oxide coverage, and at
k-values approaching Shannon’s limit of & = 1.75, PtO reduction occurs at a
substantial rate, which, yields toxic levels of platinum dissolution. These findings
suppott our hypothesis about the importance of the cathodic potential in dissolution
mechanisms.

This interpretation supplements the findings by Kumsa et al. (2016), which
suggested that the tipping point for Shannon’s damage limit was the onset of PtO

formation during the anodic phase. In this work, we did not observe substantial
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changes in the available anodic reactions when k exceeded the damage limit, as
E.no was consistently found inside the oxide formation peak, independent of k. The
PtO formation region is a broad peak (0.1 V< E < 0.9 V), which is able to supply
substantial anodic charge, and may explain the relatively small variation in_Fg,,.
The combination of E,.,; entering oxide reduction and FE,,, reaching oxide fermation
creates cycles of oxidation-reduction of platinum to platinum oxide, whichreventually
leads to platinum dissolution (Doering et al.; 2022). Therefore, we suggest thatrthe
tipping point explaining neural damage as observed by McCreery et al. (1990) is
when the electrode potential enters the PtO reduction region duriig the cathodic
phase.

In pH 1, the cathodic behaviour was substantially different that, other pH, with the
cathodic polarisation clearly transitioning from one reduction peak to another, more
negative, peak. Cl~ is known to adsorb onto platinum and compete particularly with
Pt oxidation, and this phenomenon is enhancéd by electgolyte acidity (Hudak et al.;
2017; Doering et al.; 2022). It is possible that in pH 1 saline, we observed another
Pt dissolution path, as C1~ interfering the eyelic oxidation-reduction process of Pt
(possibly blocking some dissolved Ptiredeposition) is enhanced at low pH (Geiger
et al.; 2015). In wvivo, this phenomenoniis less likely to take place, as proteins such
as albumin adsorb onto Cl~_preferential adsorption sites (Hudak et al.; 2017).

If we accept the hypothesis'that Shannon’s limit is correlated with harmful faradaic
reactions, then one of the main flaws of Shannon’s relationship needs to be addressed
to make Shannon’s relationship suitable for new electrode designs: the absence of
roughness consideration. Indeed, Shannon’s relationship (eq 1) uses the electrode’s
geometric surfaee area, however, techniques have been developed since which
allow to increase the electrochemically available area, including laser roughening
(Green et alju2012) or Pt black deposition (Arcot Desai et al.; 2010). With
such ‘surface /treatments, the charge injection mechanisms would be altered for a
given geometric current density, especially with increased double-layer capacitance,
whieh™would enable more non-faradaic charge injection. Therefore, an adapted

version of Shannon’s limit may be appropriate, based on electrochemical surface
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area, rather than geometric. In the present work, we report a roughness factor of
1.29, which yielded inferior real k-values by roughly 0.1 compared to geometric k-
values (Table 1). As roughness was not reported in the studies on which Shannon’s
relationship is based, it is not possible to suggest the real charge densities and.real
k-values. k is correlated with —log R; (Ry being the roughness factor): from Eq

1, D = % = with Sy, the geometrical surface area. Thus, déubling the

_Q
RySgeo’
roughness factor would only make & smaller by 0.3. Therefore, we suggest caution
in the use of Shannon’s limit, in particular for roughened electrodes, and the use of
a region between of real £ around 1.75 rather than a hard limit; as Ehannon (1992)

recommended, and as our results seem to show, with a shift inmmechanisms between

k~1.5and k ~ 1.85.

O ——k ~ 0.566
206f k=125 | ]
o) =——k =~ 1.55
<04} ——k=~1.66 | -
n ——k = 1.75
% k ~1.85
.EO.2- E:Z .

-------- ernstian
2 0
O o0 2 4 6 W8 10 12

pH

% 04F ——k ~ 0.566 | 1
< ——k ~1.25
N —— ~ 1.55
2 02} oy .
< ——K ~ 1.66
o ——k ~ 1.75
(—>“ 0- k= 1.85 -
= k=2
% -------- Nernstian
45—0.2 .
o

Figure 11:< Fvolution of peak anodic potential (top) and peak cathodic potential
(bottom ) with pH (solution electrolytes) for all values of k and comparison with

Nernst’s equation.



oNOYTULT D WN =

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

AUTHOR SUBMITTED MANUSCRIPT - JNE-106995.R2

30

The evolution of E,,, and F.; with respect to pH was analysed separately for
each k-value in Fig. 11. E,,, followed Nernst’s equation closely with a mean average
gradient of -42.1 4 1.59 mV.pH ! (see Table ??), and Nernst’s gradient inside, the
95% C.I. for 6 out of 7 k-values (except k = 0.566). E.; presented a less steep mean
gradient of -31.7 & 4.52 mV.pH !, with Nernst’s gradient outside the 95%C.I. for
all k-values. pH 4 and 6 showed similar F,,, and E.,;, which marked a plateau in

the E vs pH plots.

There is a similarity between the pH experiment and the gel \VGI"SUS solution
experiment: F,,, followed the expected trend, respectivelynNernst’s relation for
the pH study and gel = solution for the gelation study, ‘but FE., exhibited a
different slope, indicating that F.; is more influeneed by, electrolyte properties.
Except for proton adsorption/desorption, Pt amedic and ¢athodic reaction paths
are asymmetrical, therefore different behaviours of cath@dic and anodic polarisation
can be expected. The gel structure may limiti mags transport, which may affect
molecular O, reduction, which is the only mass-transport limited cathodic reaction
(Merrill et al.; 2005). Gels also induceerlarger polarisations, which may affect faradaic
reactions in presence, without substamtially changing CVs. While PBS and pH
1 saline had similar cathodie-behaviour between gels and solutions, pH 11 saline
gels showed consistently more negative E.,; than solutions and pH 1 sulfuric acid
consistently higher E.4 in gels./T'hus, in basic electrolytes, a larger polarisation was
needed to deliver the sameseharge, and a lower polarisation in acidic electrolytes.
Basic electrolytés have lower concentrations of H™, which is consumed in both
cathodic reactions (molecular oxygen reduction and PtO reduction, which may
explain the overpotential discrepancy. However, the amount of O; reduction did not
vary significantly as Eano, which characterises the degree of irreversibility remained
highly similar. We also noticed that a smaller overpotential was only noticed for
H>50,4,mot for similar pH NaCl with HCI, which suggests that gel electrolytes may
indeed affect Pt dissolution processes. Pt dissolution was shown to be affected by

pH, being more prominent in acidic media (Topalov et al.; 2014; Doering et al.;
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2022) and occurring at higher rates in sulfuric acid than perchloric acid (Topalov
et al.; 2014). Our results may indicate that gels exacerbate the influence of pH
and influence Pt dissolution mechanisms, decreasing the necessary polarisation in
favorable acidic conditions (for sulfuric acid) increasing the necessary polarisation
in defavorable basic conditions. Gels may act as a positive feedback loopg further
favoring Pt dissolution processes in acidic media, as the decreased ovérpotentials
suggest, and hindering the same processes in basic media, where largemoverpotentials
were required. The exact mechanism by which the feedback doop is ereated is
unknown, however, it could be due to hindered diffusion in gels; Cfating different
local environments at the electrode surface, depending on pH. Im‘this paper, we make
the case that FE., in association with E,,, rather than E,,, alone drives damage
mechanisms at platinum electrodes, hypothesising that the difference in slope of
E..; with pH compared to FE,,, relates to thedrelationship of E., with damage
mechanisms, whereas E,,, follows Nernst’s selation.  dJ'herefore, the discrepancy
between gels and solutions in E.,; may, indicate that gelation affects the cathodic
charge injection mechanisms and may therefore affect damage mechanisms. The
effect of reduced buffering capacity andwrestricted diffusion should be studied more in
detail to further understand the behaviour of platinum electrodes in vivo, especially

concerning damage mechanisms.

5. Conclusion

In this work, we studied the influence of electrolyte pH and electrolyte gelation
on charge inje¢tion mechanisms related to Shannon’s safe stimulation limit, using
a custom experimental setup. The setup showed accurate, stable and repeatable
potential measurementsrand electrochemical characterisation. Potential ratcheting
was observed, indicating an imbalance in irreversible charge injection mechanisms
betweennthe/cathodic and anodic phases, with higher cathodic irreversible charge
injection due to molecular oxygen reduction. The maximum anodic electrode
potential was systematically located in the oxide formation region, while the

minimum cathodic electrode potential entered the oxide reduction only when &
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approached Shannon’s damage limit, independently of solution pH. We hypothesise
that the irreversibility caused by molecular oxygen reduction causes increased
anodic potential and thus platinum oxide formation, which increases the magnitude
of platinum oxide reduction in the cathodic phase; when approaching Shannen’s
limit, a substantial amount of platinum is undergoing repeated cycles of oxidation
and reduction, dissolving the electrode material and possibly releasing noxious
products in the electrode surroundings. Therefore the results showed here support
previous hypotheses identifying platinum dissolution as the damage meehanism
behind Shannon’s limit.
~

Although gelation of the electrolyte did not appear to affectspotential excursions
during stimulation, a comparison showed that cathodic potentials were behaving
substantially differently in gels compared with solutions at the same pH values,
although it was not statistically significant. Sine¢e the minimum cathodic potential
is key for Shannon’s limit, gelation of thé electrolye may have an effect on
damage mechanisms, which needs to be investigated further. Understanding how
extracellular matrix-mimicking gel electrolytes affect charge injection mechanisms
would benefit the development and testing of neural electrodes and help bridge the

gap between bench-tests and in vivo stimulation.
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