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Faradaic Pixels for Precise Hydrogen Peroxide Delivery to
Control M-Type Voltage-Gated Potassium Channels

Oliya S. Abdullaeva, Ihor Sahalianov, Malin Silverd Ejneby, Marie JakeSovd,

Igor Zozoulenko, Sara I. Liin,* and Eric Daniel Gtowacki*

H, 0, plays a significant role in a range of physiological processes where it
petforms vital tasks in redox signaling. The sensitivity of many biological
pathways to H,O, opens up a unique direction in the development of
bioelectronics devices to control levels of reactive-oxygen species (ROS). Here
a microfabricated ROS modulation device that relies on controlled faradaic
reactions is presented. A concentric pixel arrangement of a peroxide-evolving
cathode surrounded by an anode ring which decomposes the peroxide,
resulting in localized peroxide delivery is reported. The conducting polymer
(poly(3,4-ethylenedioxythiophene) (PEDOT), is exploited as the cathode.
PEDOT selectively catalyzes the oxygen reduction reaction resulting in the
production of hydrogen peroxide (H,0,). Using electrochemical and optical
assays, combined with modeling, the performance of the devices is
benchmarked. The concentric pixels generate tunable gradients of peroxide
and oxygen concentrations. The faradaic devices are prototyped by
modulating human H,0,-sensitive Kv7.2/7.3 (M-type) channels expressed in
a single-cell model (Xenopus laevis oocytes). The Kv7 ion channel family is
responsible for regulating neuronal excitability in the heart, brain, and smooth
muscles, making it an ideal platform for faradaic ROS stimulation. The results
demonstrate the potential of PEDOT to act as an H,0O, delivery system,

to understanding their toxicity in connec-
tion with numerous medical conditions,
for example, neurodegenerative diseases,
atherosclerosis, or aging,’! an increasing
number of reports support the notion that
ROS exhibit important physiological roles
in maintaining redox homeostasis.[®! Es-
pecially with regard to hydrogen peroxide
(H,0,) the research field of redox biol-
ogy has gained valuable insight into ROS-
mediated mechanisms that underlie a va-
riety of functions ranging from immune
response to angiogenesis.>61% As early as
1970, pioneering work by Sies & Chance
provided the first evidence that hydrogen
peroxide is generated in aerobic biologi-
cal cells."12] So far, several intracellular
sites have been identified as physiologi-
cal sources of H,0,, most notably the mi-
tochondria and NADPH oxidase.['*] More-
over, it is established that H, O, is produced
during oxidative protein folding and via
peroxisomal enzymes.["3] The most promi-

paving the way to ROS-based organic bioelectronics.

1. Introduction

Reactive oxygen species (ROS) regulate vital biological processes
and are involved in essential signaling pathways during redox
metabolism.'*] While the majority of studies are dedicated

nent role of H,0, is known to be its
contribution to redox signaling as a sec-
ondary messenger.['*] The non-radical na-
ture and longer half-life under physiological
conditions allow H, O, to act as a signaling molecule.['>1® The re-
versible oxidation of thiol groups belonging to deprotonated cys-
teines residues in proteins stands out among the several mul-
tifaceted redox reactions that can be initiated by H,0, which
in turn results in altered protein activity.l'’] These signaling
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mechanisms have a major impact on cell proliferation, survival,
and differentiation. These effects can proceed with even low
H,0, concentrations in the range of 1-10 nm.[5%201 Here, the
fine redox balance is maintained via scavenging systems (e.g.,
catalase) that remove excess amounts of ROS which otherwise
would cause irreversible damage to nucleic acids, proteins, and
lipids.[2"]

In the past decades, H,0, has also been gradually coming
to the fore as an oxidative modulator of ion channels. Several
more recent electrophysiological studies have revealed the
ability of H,0, to directly activate ion channels, including
ATP-sensitive potassium (K,rp) and transient receptor potential
(TRP) channels.[??! In particular, the sensitivity of voltage-gated
Kv7.2/7.3 channels toward oxidative modification has gained
much attention since this type of potassium channel exerts
crucial tasks related to neuronal activity.[?2?}] Heterotetrameric
Kv7.2/7.3 channels are encoded by KCNQ2 and KCNQ3 genes
and control neuronal excitability in hippocampal as well as in
dorsal root ganglion neurons by increasing the threshold for
action potential firing.[226] The anti-excitable role of Kv7.2/7.3
channels is largely due to the fact that subthreshold membrane
voltages (~—60 mV) are sufficient to activate Kv7.2/7.3, and
that Kv7.2/7.3 channels remain in their activated state despite
extended time of activation.[??8] Consequently, Kv7.2/7.3 chan-
nels generate an outward potassium current, also referred to as
M-current, which contributes to the negative resting membrane
potential of neurons. M-current constitutes a neuroprotective
mechanism that prevents uncontrollable excess action potential
firing.[?-%1 The physiological relevance of Kv7.2/7.3 becomes
apparent in neurological conditions where their regulatory
functions are lost due to inherited mutations, for instance in
epilepsy.’®! Malfunction and consequently loss of function of
these ion channels leads to a pathological increase in neuronal
excitability.?3%1 Neuropathic pain, commonly observed in
cancer patients, is a further condition that is being associated
with impaired Kv7.2/7.3 function and hyperexcitability.*1-33]
According to more recent work by Gamper et al. physiological
concentrations of H,0, can activate Kv7.2/7.3 and enhance
M-currents, making it a potentially potent therapeutic with a
desired anti-excitable effect/silencing effect.[?)] For this reason,
we have chosen this type of ion channel as a target for faradaic
H,0,-based stimulation in this work.

The role of H,0, in mediating (electro)physiological path-
ways encouraged us to develop a method for controlled elec-
trical delivery of H,0, in physiological environment. In just
the past few years, a nascent field of faradaic delivery concepts
for neuromodulation has begun to emerge. Recently, Tian and
colleagues reported a photoactivated silicon/Au nanowire sys-
tem for intracellular H,0, delivery,** suggesting this as a po-
tent approach to enable novel experimental procedures to under-
stand ROS effects. In pioneering works from Antognazza and
coworkers, the photochemical production of peroxide/ROS by
organic semiconductors, namely polythiophenes, was demon-
strated at the level of several biological targets: charge-transfer
to redox proteins,3°! stimulation of transient-receptor vanilloid
subtype ion channels,[**! and ultimately control of stem cell
differentiation.l*”] Nitric oxide (NO) is another example of a re-
dox signaling molecule, which was recently exploited by Park and
colleagues(*®! in a device for in vivo electrochemical NO delivery.
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On the other hand, electrochemical devices for manipulation of
0,/H,0, for biological applications have not been developed to
date.

This paper reports a method to precisely control electrical
dosing of peroxide levels. The starting point for our device is
the conducting polymer (poly(3,4-ethylenedioxythiophene) (PE-
DOT). Recently, it was shown that PEDOT can efficiently me-
diate the reduction of oxygen to H,O, following a two-electron
oxygen reduction reaction mechanism.[*! In the present study,
the working electrode consists of a circular shaped PEDOT thin
film that is enclosed by a palladium counter electrode that func-
tions as a confining barrier for the H,0, generated by the cen-
tral PEDOT pixel. This device configuration offers localized, on-
demand production of H,0,. Through the experiments and we
have carried out, it becomes apparent that there is a fine interplay
between peroxide and oxygen levels. We validate the physiologi-
cal effect of electrochemically-delivered H,O, on Kv7.2/7.3 chan-
nels expressed in Xenopus laevis oocytes. The oocytes are large
and robust cells that allow us to test electrical peroxide deliv-
ery in a proof-of-concept fashion without confounding variables
present in more complex cells. The enhancement of potassium
M-currents during two-electrode voltage-clamp experiments val-
idates the ability of the faradaic pixel to modulate ion channel
activity via local dosing of peroxide. This work highlights the po-
tential of PEDOT to act as faradaic delivery material for modula-
tion of neuronal voltage-gated ion channels and thus takes a step
forward in understanding and establishing faradaic stimulation
mechanisms which will constitute the basis for future advance-
ment of ROS-mediated neuromodulation.

2. Results and Discussion

2.1. Electrochemistry of Faradaic Pixels: The Balance between
Oxygen and Hydrogen Peroxide

The faradaic peroxide delivery devices were designed using a con-
centric arrangement of a central cathode surrounded by an anode
ring (Figure 1a). This way, H,0, produced at the cathode will be
spatially confined by the anode, as H,0, which arrives at the an-
ode will be readily oxidized back to O,. It is critical to choose suit-
able cathode and anode materials. The first consideration is to
select a cathode that reduces oxygen selectively to H,O,. The ca-
thodic electrochemical reactions relevant in this work are shown
in the following:

0, +2e” 4+ 2H* - H,0, 1)
0, + 4H* + 4~ - 2H,0 )
H,0, + 2¢~ + 2H* — 2H,0 3)
2H* +2¢” - H, 4)

An ideal electrocatalyst for this application is one that enables
Equation (1), while not favoring the remaining Equations (2)—(4).
For this purpose we use the conducting polymer formulation PE-
DOT with poly(styrene sulfonate), shortened as PEDOT:PSS, or
just PEDOT in this paper. PEDOT is known to be a redox medi-
ator for selective two-electron reduction of oxygen to hydrogen
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Figure 1. Faradaic pixels electrically modulate hydrogen peroxide and oxygen concentrations. a) Schematic and photo of the device, featuring a circular
PEDOT:PSS cathode in the center, surrounded by a palladium anode. The cathode produces H,O, via the 2-electron oxygen reduction reaction, while
the anode completes the DC electrochemical circuit by the anodic reactions of water oxidation and peroxide oxidation. b) Cyclic voltammetry recordings
of PEDOT:PSS versus bare Titanium in pH 7.4 electrolyte with different O, contents: air saturated, 0% (purged with N,), and 100% (purged with O,).
The volume of solution that was placed on top of the active area (6.15 mm?) was 30 pL. Larger volumes were initially purged with either O, or N, and
subsequently an aliquot of 30 L used for recordings. c) Cyclic voltammetry (4 cycles) measurement of the palladium counter electrode before and after
addition of 10 mm H,0,. d) Fluorescent images of the electrolyte droplet containing Amplex UltraRed reagent placed on top of the PEDOT:PSS pixel.
The PEDOT:PSS pixel device was operated for 10 min and changes in the fluorescent signal of the Amplex UltraRed reagent were recorded over time.
Increase in fluorescence intensity (greyscale) was evaluated by plotting the intensity over time. €) Mean quantities (nmol, left axis) of H,0O, produced by
the device obtained via the HRP-TMB assay after running the PEDOT faradaic pixel device galvanostatically at 10 yA cm=2 for 5, 10, 15 and 20 min (+ SD,
n=3-5, number of measured samples in total = 5). Faradaic efficiency is calculated at each time point, and is plotted on the right axis. Threoretical values
indicate a situation with 100% faradaic yield. f) Digital camera imaging was used to calculate the distance, d = 250, 500, 750 um, of the amperometric
sensor from the surface of the pixel. Distance was calibrated using the known thickness of the microscope slide as a standard. g,h) mean H,0, and O,
concentration traces acquired via local amperometric recordings using H,0, and O, sensors 250, 500, and 750 um above PEDOT:PSS film surface for
a run time of 10 min. i,j) mean H,0, and O, concentration traces measured 250 um above the device surface during alternating on/off time periods
with a duration of 5 min (on)/5.35 min (off), respectively (+ SD, n = 3—6, number of measured samples in total: 4).

peroxide (Equation (1)).3%] Remarkably, compared to other 2- 2H,0 — O,+4H"+4e” (6)
electron catalysts, PEDOT allows for the net accumulation of per-
oxide because the further reduction (Equation (3)) is kinetically ~ 2H,0, - 0,+2H,0 (7)

hindered. The four-electron oxygen reduction reaction (Equa-

tion (2)) does not occur at any observable rate. The two-electron
hydrogen-evolution reaction (Equation (4)) can happen on PE-
DOT, however only at very low pH values.[**] This reaction is not
efficient at pH values exceeding 3. Therefore, under neutral pH
conditions, Equation (1) can be expected to predominate on PE-
DOT. Facile processability and good biocompatibility make PE-
DOT a logical choice for the peroxide-evolving cathode element
in this device.

The anode material should satisfy the conditions of good stabil-
ity under positive polarization, insensitivity to corrosion by perox-
ide, and the ability to catalyze both peroxide oxidation (Equation
(5)) and water oxidation (Equation (6)):

H,0, —» 0,+2H*+2e" 5)

Adv. Sci. 2021, 2103132

These conditions are met by many of the group VIII transition
elements, the so-called platinum-like metals such as palladium,
platinum, ruthenium, or iridium.[*!! Based on easy processabil-
ity, high stability, and relatively lowest cost, we chose palladium
as the anodic electrode.[*?] Another property of the platinum met-
als is that they efficiently catalyze the nonfaradaic disproportiona-
tion reaction of hydrogen peroxide to water and oxygen (Equation
(7)).1**] This is an important aspect of the faradaic pixel design,
as this means that the palladium ring will decompose peroxide
regardless of whether current is on or off.

The complete design of the faradaic pixel therefore consists of
a central PEDOT cathode, surrounded by a palladium ring (Fig-
ure 1a). We used titanium as a suitable underlying conductor for
both cathode and anode. Titanium is chosen due to its relative

2103132 (3 0f14) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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electrochemical inertness and good adhesion with PEDOT and
palladium. All conductive leads in the layout are passivated using
parylene-c encapsulation, which is patterned using conventional
photolithography methods (see Experimental Section, and Fig-
ure S1, Supporting Information). Anticipating conditions neces-
sary for the Kv7.2/7.3 channel measurements discussed in Sec-
tion 2.3, all experiments are carried out in a physiological buffer
solution (1K Solution, see Experimental Section), with relatively
high Na* and low K* concentrations, and a pH of 7.4. Using cyclic
voltammetry (CV), we probed the electrochemical properties of
the cathode (Figure 1b) and anode (Figure 1c). In particular, it
was necessary to verify the cathodic reduction of oxygen to per-
oxide (Equation (1)), and the oxidation of peroxide back to oxygen
(Equation (5)). It is important to consider that under these exper-
imental conditions, oxygen will be the limiting reagent. While
the selectivity of oxygen reduction to peroxide on PEDOT elec-
trodes has been characterized in the literature,3%*4 results were
reported under pure 1 atm O,. In this work, we are concerned
with oxygen reduction to peroxide under ambient 0.21 atm O,
conditions. This is critical since the nonpolar dioxygen molecule
has low solubility in water. The highest equilibrium concentra-
tion of oxygen in water under 1 atm of pure O, is around 2 mm.
Under ambient conditions in physiological media, [O,] is around
200 to 300 um. Oxygen is therefore the limiting reagent in the
cathodic reduction of O, to H,O,. The effects of oxygen concen-
tration are readily apparent in CVs of PEDOT cathodes in phys-
iological buffer solution, pH 7.4 (Figure 1b). Comparing deoxy-
genated solution (N,-purged), ambient air, and 1 atm O, bubbled
solutions shows the clear rise in cathodic current as the amount
of oxygen is increased. This evidences the presence of the oxygen
reduction reaction as the primary cathodic process, with an onset
potential of ~#—0.5 V versus Ag/AgCl. Measurement of a bare ti-
tanium cathode in air, in contrast, demonstrates a near complete
absence of cathodic currents relative to PEDOT-coated titanium.

The palladium electrode CV (Figure 1c) demonstrated the ex-
pected anodic water splitting behavior (Equation (6)). Upon ad-
dition of H,O, to the electrolyte, pronounced peroxide oxida-
tion (Equation (5)) and peroxide reduction (Equation (3)) peaks
appear. This indicates that palladium can fulfill the role of an-
odic counter electrode, supporting water and peroxide oxidation.
Based on these CV experiments, the PEDOT electrode is there-
fore a suitable cathode for sustained peroxide evolution, and pal-
ladium is an ideal counter electrode that will close the redox cycle
and consume peroxide.

We next verified that the cathodic oxygen reduction reaction on
PEDOT was indeed peroxide evolution (Equation (1)). A conve-
nient qualitative visualization is the use of Amplex Red, a fluores-
cent reporter for H,0, presence. We used this fluorescent dye to
track the production of peroxide on the PEDOT pixel (Figure 1d).
For the purpose of imaging, the size of the central PEDOT pixel
was scaled down to 1 mm @. The Amplex Red/horseradish per-
oxidase (HRP) mixture was added to the droplet prior to run-
ning the device under galvanostatic conditions with 1.9 pA (10
pA cm~2). The fluorescence signal was followed over the course
of 10 min and imaged every minute. This yields a clear fluores-
cent signal which first originates over the pixel and diffuses out-
ward. This experiment provides qualitative evidence that the cen-
tral PEDOT cathode generates peroxide, which then travels out-
ward over time.

Adv. Sci. 2021, 2103132
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To quantify the faradaic evolution of hydrogen peroxide, we
employed two separate techniques which give different impor-
tant information. The first is the HRP/tetramethylbenzidine
(HRP/TMB) optical absorption assay*! (Figure 1e). The sec-
ond is amperometric sensing with peroxide-specific and oxygen-
specific microsensor probes (Figure 1f—j). The HRP/TMB assay
is used to quantify the average concentration of H,0, in the vol-
ume of electrolyte. This can therefore be used to compute the
faradaic efficiency (FE) of peroxide production by using the total
charge that is passed through the electrochemical circuit. For ac-
curate measurement of FE, experiments are performed with the
palladium electrode covered with a rubber block, and a platinum
counter electrode placed in a separate anode compartment sepa-
rated from the cathode chamber by an agarose salt bridge. This is
critical to confine the produced H, O, to the cathode chamber and
prevent its diffusion and subsequent oxidation at the anode. This
would otherwise yield an underestimated FE. Figure 1e shows the
amount of peroxide produced over a 20-min long galvanostatic
(—=1.9 pA = 10 pA cm~2) experiment, as well as the correspond-
ing faradaic yield. As oxygen is consumed and [H,0O,] grows, the
faradaic yield is 76% + 2% over 20 min. The remaining charge is
consumed by two side processes, Equations (3) and (4): peroxide
reduction and hydrogen evolution, respectively.

The HRP/TMB assay allows quantitative faradaic yield calcula-
tions, this method cannot probe if there are gradients in [H,0,]
over the electrolyte volume. In reality, the concentration of perox-
ide should vary as a function of time and position relative to the
cathode. It is logical that the concentration of H,O, should be
higher closer to the cathode, especially at the start of the experi-
ment. For this reason, amperometric microsensors are very use-
ful to probe the concentration in a position-dependent way. We
used two types of amperometric sensors: one for peroxide and the
other for dissolved oxygen. We placed these sensors at fixed po-
sitions above the peroxide-evolving cathode (Figure 1f), and ran
galvanostatic experiments with the concentric PEDOT:PSS ver-
sus palladium design. Measuring at different distances reveals a
clear gradient in evolved peroxide and consumed O, (Figure 1g,i).
Over the course of a 10-min galvanostatic experiment with 1.9 nA
of current, large differentials in [H,0,]/[O,] are apparent. At a dis-
tance 250 um above the center of the cathode, peroxide concen-
tration rises to 150 um, while simultaneously the concentration
of dissolved oxygen drops from an initial equilibrium value to
260 um down to 140 um. The ratio [H,0,]/[O,] is 0.57 at this posi-
tion. Measuring at points further away from the cathode surface,
the ratio [H,0,]/[O,] declines. At a height of 750 um, the ratio is
0.22. We performed cyclic measurements with current set to 1.9
pA, 10 min on, followed by 10 min off (Figure 1h). These cycles
show a reproducible peroxide concentration increase followed by
decline when current is shut off. The corresponding oxygen con-
sumption and recovery curves (Figure 1j) represent a mirror im-
age to the peroxide measurements. Peroxide declines when cur-
rent is off due to its disproportionation at the palladium electrode
(Equation (7)), as well as the minor contribution of consump-
tion by the amperometric sensor current (nA level currents). In
this pixel configuration, the peroxide concentration has a half-
life of 2.3 min (Figure S2, Supporting Information). Oxygen con-
centrations recover when current is shut off, as [O,] is replen-
ished by dissolution and diffusion of O, from the air around the
electrolyte drop. As expected, placing the peroxide sensor over

2103132 (4 0f14) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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the palladium electrode yields much lower peroxide values, by
about an order of magnitude (Figure S3, Supporting Informa-
tion). Meanwhile, oxygen concentrations measured above palla-
dium increase above baseline values during oxidation of H,O,
to O, (Figure S4, Supporting Information). The factors at play in
the differential gradients of O, and H, O, are complex, as they will
depend on many variables such as current, faradaic efficiency, dif-
fusion coefficients, and temperature. The interplay of these fac-
tors is best evaluated using computational methods which will
be addressed in the following section. From these experimental
measurements, however, the picture that emerges is that perox-
ide and oxygen concentrations can be varied significantly, with
the largest changes being localized at the PEDOT cathode. The
palladium anode functions as a guard electrode, blocking perox-
ide diffusion and maintaining relatively constant levels of dis-
solved oxygen. PEDOT is therefore a good catalyst for accumu-
lation of peroxide, in accordance with earlier reports.[**! We per-
formed also control experiments with bare titanium as a cathode,
finding that equilibrium concentrations of peroxide are about an
order of magnitude lower than those formed over PEDOT elec-
trodes (Figure S5, Supporting Information).

2.2. Computational Modeling of Oxygen and Peroxide Gradients

The relative concentrations of peroxide and O, will depend on
time, position, and the respective electrochemical and dispropor-
tionation reactions. The concentrations can be computed over
time and position using diffusion coefficients of H,0, and dis-
solved O, and the geometry of the cathode, anode, and water
droplet. Based on this, we constructed a finite element model,
with parameters and boundary conditions given in Figure 2a. We
perform calculations on the “bare” device geometry, as well as
considering the addition of the X. laevis oocyte that is used in
the electrophysiology experiments in Section 2.3. Several values,
such as the initial concentration of oxygen c,, production rate R,
and temperature of the system T, are given. The initial equilib-
rium concentration of dissolved oxygen in the electrolyte solution
was measured to be ¢, = 265 um. A production rate of H,0, is
dependent on the current applied to the PEDOT cathode, which
in all experiments was —1.9 pA. The temperature of the solution
was set to 23 °C. These parameters were used to reproduce the
experimental setup in simulations. The simulation process was
divided into two parts, namely the production stage that goes for
600 s and the consumption stage for the next 600 s when pro-
duced peroxide is freely diffusing over the solution droplet and
can be decomposed at the palladium surface. 3D concentration
profiles of H, O, are depicted in Figure 2b and Video S1, Support-
ing Information. An increase of H,O, concentration is observed
on the time scale 600 s with a maximum value near the PEDOT
surface and gradient decrease with the distance due to diffusion.
During the next 600 s, no current is applied to PEDOT, and there-
fore no peroxide is produced. Over this time, the available H,O,
continues diffusing further into the droplet medium. Simultane-
ously, oxygen will diffuse down its gradient toward the PEDOT
to compensate for its consumption. The net decrease in total per-
oxide concentration in the droplet occurs in two possible ways:
consumption on the palladium electrode or evaporation from the
droplet surface. To better understand the process, the influence of
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each of the critical parameters: T, ¢,, and R were studied individ-
ually and compared with the data obtained in experiment (Fig-
ure 2c—e). The temperature of the solution strongly influences
the diffusion coefficients of the diluted species. Higher temper-
ature means higher diffusion coefficients and faster spreading
of the peroxide across the droplet. The change of the tempera-
ture from 23 to 37 °C leads to the increase of Dy, , and D of
~ 35%. At 37 °C, the recorded ¢y o, at the end of the production
stage (600 s) is almost the same, except the narrow pm region
in the vicinity of the PEDOT surface. As for oxygen, the impact
of increased temperature is more pronounced. Compensation of
oxygen losses happens noticeably faster. (Figure 2c).

The initial content of O, (c,) in the droplet plays a crucial role in
peroxide production. O, serves as a “fuel” for the reaction, and its
supply at the reaction area (PEDOT surface) defines H, O, flux.
Reducing the ¢, from 265 to 100 pm results in the decrease of
H, 0, production roughly by three times (Figure 2d). While the
production in the first seconds is still relatively high, from 200 s
all of the dissolved oxygen near PEDOT becomes fully depleted.
Under these conditions of O, starvation, peroxide production will
cease. When this happens under galvanostatic conditions, the
current will be primarily consumed via the reduction of perox-
ide to water (Equation (2)).

A similar situation takes place when the peroxide production
rate is increased instead of decreasing the oxygen content. Pro-
duction of peroxide can be boosted by the increase of current
applied to PEDOT. Assuming doubled current compared to the
experimental conditions (3.8 pA), peroxide production signifi-
cantly increased during the first 100 s simultaneously with the
consumption of all available dissolved oxygen near PEDOT (Fig-
ure 2e). After the first 100 s, the faradaic efficiency of the process
drops from 95% to 20%, and H,O, production therefore dras-
tically decreases. As a result, despite a rapid start, the resulting
concentrations of peroxide after 600 s of production are almost
the same for [ = 1.9 pA or I = 3.8 pA. Simultaneously, the oocyte
would suffer heavy oxygen starvation due to oxygen depletion at
the PEDOT surface. Even at a distance of 1 mm from the pixel,
€o, is twice smaller than its initial value. It is important to note
that due to the fact that both H,0, and O, are uncharged small
molecules, they diffuse readily through cell membranes. When
the oocyte is included in the model (as shown in Figure 2a),
its effects on the H,0, and O, gradients are negligible (Figure
S6, Supporting Information), that is, both molecules freely move
through the oocyte as through electrolyte alone.

The obtained simulation indicates how peroxide production by
a PEDOT pixel proceeds according to three interconnected fac-
tors: production rate, availability of dissolved oxygen, and diffu-
sion coefficients of the diluted species. The formation of the per-
oxide on the surface of PEDOT is followed by its diffusion fur-
ther into the droplet medium with an apparent gradient in con-
centration. Simultaneously, depletion of oxygen happens near the
surface of the pixel, which invokes diffusion of the available dis-
solved oxygen from the droplet toward PEDOT. The calculated
oxygen and peroxide concentrations over time closely match what
is found experimentally (Figure 1g,h) using microamperometric
probes. For the model to match experiment in terms of peroxide
accumulation over cycles, the boundary condition at the edge of
the droplet assumes peroxide concentration is zero outside the
droplet (Figure S7, Supporting Information). This indicates that

2103132 (5 0f14) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Finite element modeling illuminates the interplay of O, and H,0, gradients. a) 2D slice of the 3D model, used during the simulations of
H,0, and O, diffusion with given boundary conditions and regions of production/consumption of diffused species. The geometry reproduces that of
the electrophysiology experiments on oocytes (brown sphere in the center). b) 3D concentration profiles of H,0, at different times from 0 to 1200 s
(Current is turned on during the first 600 s, then switched off). c—e) Calculated [H,0,] (top row) and [O,] (bottom row) at a different height from the
center of the PEDOT pixel: 1 pum, 0.5 mm, T mm. The calculations closely follow the microamperometry experimental setup. Each calculation shows the
effect of a different critical parameter: c) temperature, d) initial O, concentration, and e) applied current. At a distance of 1um, O, concentration drops
to values below the measurable threshold, indicated by the flattening of the black lines.
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the model is in fact accurate and can be applied to understand
how oxygen and peroxide concentrations can vary under differ-
ent conditions and device geometries. If the goal is to maximize
the production of H,O,, the supply of sufficient dissolved O, is
critical. In the case of a too large production rate, a rapid decrease
of the faradaic efficiency occurs, accompanied by oxygen deple-
tion. The effect of droplet volume loss due to evaporation can also
be easily accounted for in the model. The results (Figure S8, Sup-
porting Information) demonstrate that marked effects to oxygen
and peroxide gradients are not present until evaporation loss is
around 50% of the original droplet volume.

2.3. Electrochemical H,0, Delivery Facilitates Opening of the
Human Heteromeric Kv7.2/7.3 M-Channel

Following characterization of H,0, generation at the PE-
DOT/electrolyte interface, we set our attention to using these de-
vices to modify electrophysiological properties of ROS-sensitive
voltage-gated ion channels. For this purpose, we chose X. lae-
vis oocytes to monitor the faradaic effects of H,0, at a sin-
gle cell level. X. laevis oocytes are a well-established single-cell
electrophysiology model system, known for its robustness, large
size (1 mm g), and ability to reliably express a chosen type of
ion channel.*] To test the PEDOT-mediated H,0, delivery we
expressed human heteromeric Kv7.2/7.3 M-channels in X. lae-
vis oocytes. The sensitivity of Kv7.2, Kv7.4, and Kv7.5 channels
to H,0,, and the lack thereof for Kv7.1 and Kv7.3 channels,
has been established previously in a Chinese hamster ovary cell
model conducted by Gamper et al.[?3! This paper reports that cur-
rents generated both by Kv7.2 and Kv7.2/7.3 are augmented by
application of extracellular H,O,. The proposed mechanism be-
hind the peroxide sensitivity is semi-reversible oxidative modifi-
cation of three cysteine residues in the intracellular S2-S3 linker.

All experiments on oocytes were conducted using the conven-
tional two-electrode voltage-clamp technique (TEVC) in the ar-
rangement as shown in Figure 2a (experimental setup photos
shown in Figure S9, Supporting Information). In the voltage pro-
tocol used to measure K* currents, the holding potential was set
to —100 mV. Depolarizing test steps between —100 and + 40 mV
(2's, 10 mV increments) were used to open the channel, followed
by a step back to —30 mV (1 s) to measure tail currents (Figure 3a
inset). Prior to testing the PEDOT pixel device, it was essential to
confirm that the Kv7.2/7.3 channels expressed in X. laevis oocytes
were sensitive to H, O, (Figure 3a—c). An initial control recording
before perfusion of H,O, was performed to quantify the current
generated under control conditions. This was followed by per-
fusion experiments in which different concentrations of H,0,
(5, 50, and 300 um) were consecutively introduced into the bath
chamber. After perfusing each concentration of H,0,, we per-
formed TEVC recordings using the same voltage protocol as in
the control experiment. Depolarizing the membrane potential re-
sulted in an opening of the voltage-gated Kv7.2/7.3 channels and
subsequent outward flow of potassium ions, which was recorded
as a positive current that reaches saturation (steady-state) 2 s af-
ter onset of depolarizing voltage pulses above —30 mV. Figure 3a
depicts representative current traces generated by stepping to a
test voltage of +40 mV. A clear augmentation of the steady-state
current (I) at +40 mV was visible with increasing H,0, con-
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centrations, 300 um H, O, increased the current by 2.26 + 0.06 -
fold (Figure 3a,b, Table 1). In the concentration-response curve
the maximum increase, given as the ratio I,/ Iscontrol 1S 2-41
+ 0.07, and the half maximal concentration 37.4 + 6.9 um (Fig-
ure 3b, Table 1). To determine if the H,O,-induced augmenta-
tion at +40 mV was a result of an increase in the maximal con-
ductance (Gyux) alone or accompanied by a shift in the volt-
age dependence of channel activation, we quantified the instan-
taneous tail current (when stepping to —30 mV after each test
voltage, Figure 3a) under control conditions, and after perfusion
with H, O, . Figure 3c shows representative tail currents (I,,;) plot-
ted versus the preceding test voltage, normalized to the control,
clearly demonstrating the ability of H, O, to increase the maximal
conductance (Gyx) in a concentration-dependent manner, while
having no effect on the voltage dependence for channel activation
(AVs,, Figure 3¢, Table 1). Taken together, this demonstrates that
Kv7.2/7.3 channels expressed in X. laevis oocytes are susceptible
to H, 0, delivered via perfusion, with H,0, augmenting the cur-
rent generated by Kv7.2/7.3 channels by increasing the conduc-
tance.

After having established a reliable oocyte model, expressing
H,0,-sensitive Kv7.2/7.3 channels, we proceeded with probing
the electrochemical delivery of H,0, with the PEDOT faradaic
pixel device. We measured oocytes using TEVC in the config-
uration as shown in Figure 2a, with the cell positioned in the
center of the PEDOT cathode. TEVC recordings were carried out
while simultaneously operating the faradaic pixel under galvano-
static conditions. Adapting the cycle protocol (on, off) introduced
previously (Figure 1i), we ran four cycles with the PEDOT de-
vice and measured steady-state and tail currents during each off-
period using the voltage protocol established in initial perfusion
recordings (Figure S10). Contrary to the perfusion experiments,
where the [H,0,] is assumed to be homogenous throughout the
measurement solution, from the experiments discussed in Sec-
tions 2.1 and 2.2, we know that a gradient of [H,0,] will exist in
the experiment. The bottom part of the oocyte that is closest to the
PEDOT film surface will experience the highest amount of H,0,
while the top half is exposed to lower H,O, amounts. Therefore,
for all experiments with the faradaic pixel (Figure 3d—{), instead of
concentration [H, 0O, ], we refer to molar amount of H,0, (nmol),
and in terms of the electrical charge (uC) that has passed through
the PEDOT during active operation. As in the prior perfusion ex-
periments, we started measurements with a control recording of
the oocyte without H,O,. Not only does a control measurement
serve as point of reference but is also a good indicator for the
quality of Kv7.2/7.3 channel expression and an assurance that the
PEDOT device does not harm the oocyte cell membrane.

Figure 3d shows representative steady-state and tail current
traces recorded at +40 and —30 mV, respectively. A clear rise
in I, at + 40 mV (Figure 3d,e, Table 1), and G,y (Figure 3f,
Table 1), is apparent with increasing amount of H,O, that is
being delivered to the oocyte after each on cycle with the PEDOT
device; 2.19, 4.53, 6.53 and 9.17 nmol of H,0, for cycle 1-4,
respectively (Figure 3d,e, Table 1). After the fourth cycle the
steady-state current increased by 2.10 + 0.07-fold, similar to
what is expected with around 100 um H,O, in the perfusion
experiments (Figure 3b). Since the oocytes become less stable
over time (e.g., because of membrane leakage) we did not run
more than 4 cycles with the PEDOT device (~45 min), which
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Figure 3. Faradaic delivery of H,O, modifies currents in H,O,-sensitive Kv7.2/7.3 ion channels. Panels a—c): Effect of H,O, delivered via perfusion on
the Kv7.2/7.3 M-channel. a) Representative current traces for one oocyte before (control, light orange) and after perfusing H,0O, with concentrations of
5, 50, and 300 um (indicated by darker color gradient, as in (c) at following test voltages +40 mV (steady-state), —30 mV (tail). Inset: voltage protocol
showing 3 s-long test pulses applied throughout all TEVC experiments. b) Relative change in steady-state current at +40 mV (/g est/lss ctri» Table 1) for
5, 50, and 300 um H,0, (mean + SEM, n = 3). Concentration-response curve fitted using Equation (8); A = 2.41 + 0.07, C5o = 37.39 % 6.86 um. c)
Representative normalized I,,; for one oocyte, curve fitted with Equation (9). Panels d—f): Activation of Kv7.2/7.3 channels upon electrochemical H,0,
delivery with PEDOT faradaic pixel devices. d) Representative steady-state (+40 mV) and tail current (=30 mV) current traces measured in a single
oocyte placed on top of the PEDOT cathode before (control) and after exposure to 2.19, 4.53, 6.53, and 9.17 nmol H,0, (indicated by darker color

gradient, as in (f). e

) Relative change in steady-state current ratios at +40 mV (I yest/lss ctrl» Table 1) (mean + SEM, n = 11). Concentration-response
curve fitted using Equation (8), although a saturation in the curve is not reached. f) N

ormalized I, plotted against preceding test voltage, data fitted

with Equation (9) (mean + SEM, n = 11, in total 10 different PEDOT faradaic pixel devices were tested).

explains why a saturation in the concentration-response curve is
not reached (Figure 3e). We also could see a small but statistically
significant shift in the voltage dependence of activation (—2-
3 mV), but independent of the number of PEDOT device cycles
(Figure 3f, Table 1). The electrochemical H,O, delivery via the
PEDOT device thus clearly increases the maximal conductance
of the Kv7.2/7.3 channel, similar to H,0, in the perfusion
experiments in the micromolar range.

In order to confirm that the Kv7.2/7.3 channel activation is
in fact being caused by electrochemically-produced H,0,, we
conducted time-match controls (Figure 4). These controls are
obtained by doing TEVC measurements of oocytes expressing
Kv7.2/7.3 using the same cycle interval as before, but without op-
erating the PEDOT device (Figure S10, Supporting Information).
After 3040 min (cycle 3-4), I at + 40 mV and Gy, increased
marginally, ~1.2-1.25-fold (Figure 4a,c, Table 1), while no signif-
icant effect was seen for the voltage dependence of channel ac-
tivation (AVs,, Figure 4c, Table 1). Such a small rise in current
amplitude is normal during longer oocyte recordings. The aug-
mentation is significantly lower compared to when the PEDOT

Adv. Sci. 2021, 2103132

device is running (Figure 4f), thus suggesting the electrochemi-
cally produced H,0, is responsible for effect.

As a further validation of the peroxide-induced current
enhancement, we also tested if the current increase for the
Kv7.2/7.3 channel can be attributed to the oxidative modification
of triple cysteine residues in the Kv7.2 subunit/?’! Guided by
experiments showing that a triplet of cysteines in the intracel-
lular S2-S3 linker is responsible for H,0, effects in Kv7.4, we
constructed a Kv7.2 mutant with the corresponding cysteines
mutated to alanines (i.e., Kv7.2/C150A/C151A/C152A). The lack
of the triple cysteine residues also made the Kv7.2 channel insen-
sitive to peroxide, 500 pm H,O, had no effect on I, at +40 mV,
Gyax- OF AV, in the perfusion experiments, even after 20 min in-
cubation time (Figure 4d, Table 1). When the faradaic pixel device
was tested on the Kv7.2 mutant channel (same 4 cycles as before,
Figure S10, Supporting Information) there was no significant
increase in I at + 40 mV or Gy« (Figure 4a,e,f, Table 1). The
voltage dependence of channel activation was also unchanged
(Figure 4e, Table 1). This suggests that the faradaic pixel is
acting upon the electrophysiology of the Kv7.2/7.3 channels
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Table 1. Overview of numerical values for relative steady-state current Iy, maximal conductance (Gyax), and voltage shift AVs toq; determined for
constructs Kv7.2/7.3 WT (wild type) and Kv7.2/C150A/C151A/C152A under different configurations, including delivery of H,0, via perfusion or the
faradaic pixel device (here “Faradaic”). For perfusion, a concentration of peroxide is given (um), for faradaic pixels, the molar amount (nmol) is indicated.

Construct Configuration H,0, amount (or time) Iss test/ ! ss,ctrl Guaxtest/ Gnmaxctrl AV rest [MV] n
[@+40 mV]

Kv7.2/7.3 WT Perfusion 5 um 1.20 + 0.04 1.21+0.07 1.05 +0.85 3
Kv7.2/7.3 WT Perfusion 50 pum 1.79 + 0.03 1.86 + 0.09 2.60 + 1.14 3
Kv7.2/7.3 WT Perfusion 300 um 2.26 + 0.06 2.38+0.14 347 +2.16 3
Kv7.2/7.3 WT Faradaic 2.19 nmol 1.25+0.02 1.24 +0.03 -221+0.61 11
Kv7.2/7.3 WT Faradaic 4.53 nmol 1.54 +0.03 1.51+0.05 —3.17 £ 0.65 11
Kv7.2/7.3 WT Faradaic 6.53 nmol 1.82 +0.04 1.78 £ 0.08 —2.85+0.69 1
Kv7.2/7.3 WT Faradaic 9.17 nmol 2.10 + 0.07 2.02+0.11 -2.33+0.71 mn
Kv7.2/7.3 WT Time-match 10 min 1.10 + 0.05 1.10 + 0.03 —4.29 + 1.31 3
Kv7.2/7.3 WT Time-match 20 min 1.15 + 0.04 1.17 +£ 0.04 —522+ 155 3
Kv7.2/7.3 WT Time-match 30 min 1.19 +0.03 1.22 +0.05 —5.82+1.92 3
Kv7.2/7.3 WT Time-match 40 min 1.23 +0.04 1.26 + 0.02 -5.57+1.29 3
Perfusion 500 um, 10 min 0.97 +0.09 1.08 + 0.09 2.30+0.76 3

Kv7.2/C150A/C151A/C152A
Perfusion 500 um, 20 min 1.02 +0.11 1.17+£0.10 3.96 £ 1.13 3

Kv7.2/C150A/C151A/C152A
Faradaic 2.19 nmol 1.06 + 0.04 1.09 + 0.04 —0.63 +0.99 3

Kv7.2/C150A/C151A/C152A
Faradaic 4.53 nmol 1.22 +0.08 1.28 +0.09 —1.01 + 0.65 3

Kv7.2/C150A/C151A/C152A
Faradaic 6.53 nmol 1.36 +£0.11 1.46 +0.11 -1.72 £ 0.64 3

Kv7.2/C150A/C151A/C152A
Faradaic 9.17 nmol 1.41+0.14 1.51+0.15 -127+0.75 3

Kv7.2/C150A/C151A/C152A

The H,0, effect on relative steady-state current at +40 mV (I ), maximal conductance (Gyax), and voltage dependence of channel activation (Vso) was determined as
described in Experimental Section. Data shown as mean + SEM. n denotes the number of oocytes recorded in each experiment. Statistically significant effects (defined as P
< 0.05) are highlighted in bold and determined using one-sample t-test to compare to a hypothetical value of 1 (for relative I, or Gy;ax) or 0 (for AVy,).

primarily through oxidation of the triple cysteine residues in the
Kv7.2 subunit by electrochemical delivery of H,O,.

Altogether, the oocyte experiments show that the faradaic pixel
device can modify the behavior of human neuronal Kv7.2/7.3
channels via electrochemical dosing of peroxide, demonstrating
the potential of the faradaic pixel device to control H,O,-sensitive
physiological responses.

3. Discussion and Conclusions

O, reduction is the key reaction in cellular respiration. Respi-
ration pathways also produce ROS as byproducts: peroxide, su-
peroxide, and hydroxyl radicals. The balance of these species is
critical to homeostasis, as high levels can result in toxic effects,
while lower concentrations mediate important signaling path-
ways. Artificial manipulation of oxygen chemistry in biological
systems using electrical devices could be a powerful tool for ba-
sic research and eventually biomedical devices. In this work, we
report an electrochemical device fabricated using conventional
microfabrication techniques which is capable of tuning O, /H, O,
levels in a localized way. Due to the manufacturing method, these
devices can be obtained in any desired size or layout. For ex-
ample, the faradaic pixel can be made in larger configurations

Adv. Sci. 2021, 2103132

to target tissues or organs, or alternatively shrunken down into
microelectrode array formats appropriate for experiments with
cultured neurons or brain slices. Regardless of size scale, the
device acts as an H,O, delivery electrode that consumes dis-
solved O, as a “fuel.” The electrochemical circuit is completed
by a counter electrode, which is made out of palladium in or-
der to efficiently eliminate the peroxide which is produced. This
design can be used to ensure the localization of peroxide deliv-
ery. Device size and shape effects can be anticipated using the fi-
nite element model we have herein introduced. To visualize how
the concept scales, the peroxide gradient for cathodes of size 5—
0.5 mm diameter is shown in Figure S11, Supporting Informa-
tion. Shrinking down the size of the peroxide-generating cathode
leads to the same peroxide concentration at the cathode’s sur-
face, but a much sharper spatial gradient. However, the effect
of oxygen depletion is much less pronounced for smaller cath-
odes. The device centers around the redox properties of organic
electronic materials. Based on their unique electrocatalytic!*/#%]
and photocatalyticl*-!] properties combined with relative stabil-
ity and biocompatibility, organic semiconductors seem uniquely
poised to provide tunable ROS production for biological applica-
tions. Several organic small-molecules as well as polymers have
shown the ability to photo(electro)catalytically reduce oxygen to
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Figure 4. Increased potassium currents are primarily caused by delivered H,0, acting on a cysteine triplet in Kv7.2. Panels (b—e) are fitted with sig-
moidal Boltzmann function (Equation (9)). Panel a) concentration-response plots for electrochemical H,0, delivery, showing the results for steady-
state currents at +40 mV in Kv7.2/C150A/C151A/C152A and a time-matched control with device switched off for Kv7.2/7.3 (mean + SEM, n =3
(Kv7.2/C150A/C151A/C152A), n = 3 (Kv7.2/7.3 time-match)). Panels b,c) comparison between TEVC recordings of Kv7.2/7.3 after delivering 9.17 nmol
of H,0, via the PEDOT cathode (panel b, = SEM, n = 11; includes same data as in panel 3(f) and during a 45 min-long time-match control without H,O,
where the cathode is not operated (panel ¢, mean + SEM, n = 3). Panel d) TEVC recordings of H,O,-insensitive Kv7.2/C150A/C151A/C152A after perfus-
ing 500 um H, O, for 10 and 20 min (mean + SEM, n = 3). Panel e) exposure of Kv7.2/C150A/C151A/C152A t0 9.17 nmol H, 0O, via PEDOT cathode (mean
+ SEM, n = 3). Panel f) statistical analysis and comparison of relative steady-state I 15t/ /ss oty Obtained for Kv7.2/7.3 and Kv7.2/C150A/C151A/C152A
upon delivery of 9.17 nmol H,0, by the faradaic pixel device. Middle bar “Time-match Kv7.2/7.3” shows relative steady-state I yest/lss ctrl OF 0OCYtes

recorded without operating the PEDOT cathode in time-match experiments, (mean + SEM, n = 3-11, asterisk: p < 0.0001(****), p < 0.005 (**%*)).

peroxide and/or superoxide.[>>3] Published results for using PE-
DOT as an electrocatalyst for peroxide evolution demonstrated
stable operation for at least 24 h of galvanostatic current.* In
line with this, we repeatedly tested the PEDOT-based faradaic pix-
els and did not observe any degradation or drop in performance.
The materials choices of PEDOT, with palladium and titanium,
with parylene-c as a passivation layer, represent a robust combi-
nation that can be expected to yield stable and reproducible per-
formance.

To demonstrate the functionality of this device, we turned
our attention to modulation of Kv channels responsible for
M-currents. These channels are recognized as therapeutic tar-
gets for regulating neuronal excitability.l?832] We suggest that
peroxide-mediated enhancement of potassium M-currents can
be a possible therapeutic approach to this end, and exploration
of faradaic devices in excitable cell models and in vivo is a fu-
ture goal. In this present work, using single-cell electrophysi-
ology protocols, we found that the peroxide-delivery pixel de-
vices unambiguously enhanced M-currents of peroxide-sensitive
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Kv7.2/7.3 ion channels. In contrast to findings by Gamper et al.,
perfusion with H,O, did not cause a shift in the voltage depen-
dence of the Kv7.2/7.3 channel gating, which can be most likely
ascribed to the variation in expression system, X. laevis oocyte
versus Chinese hamster ovary cells. Oocytes are a remarkably
robust single cell model which enabled us to obtain highly re-
producible results with low standard error. An important differ-
ence between electrochemically-delivered peroxide and peroxide
added by perfusion is that electrochemical generation involves
the formation of a gradient of concentration. The concentration is
higher at the electrode/oocyte interface and will be considerably
less at the upper regions of the oocyte. This kind of gradient effect
is analogous to our previous studies with extracellular stimula-
tion electrodes>***] acting on X. laevis oocytes, where membrane
depolarization is strongest at the electrode/oocyte interface.

The concepts we have introduced can be translated to other
in vitro, as well as in vivo experimental conditions. Many experi-
mental protocols are possible since the devices can be fabricated
on essentially arbitrary substrates, including flexible plastics. To
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enable less-invasive deployment of H,O, delivery in electrophys-
iological experiments, it will be possible to drive such devices us-
ing photovoltaics. The concept of photofaradaic pixels was intro-
duced by our group recently for the H,0,/glucose redox pait,>°]
and this can be adapted to the protocols discussed in this paper.
We believe the results we have presented should stimulate re-
search into reactive-oxygen species mediated neuromodulation.
In parallel, the findings should also encourage materials scien-
tists and electrochemists to tap into the vast body of knowledge
with oxygen redox chemistry to develop high-performance de-
vices for the manipulation of oxygen in physiological conditions.

4. Experimental Section

Materials and Device Fabrication: ~All chemicals were purchased from
Sigma Aldrich unless otherwise noted. Device samples were fabricated on
glass microscope slides 3 x 1.” Following stepwise sonication in acetone
(10 min), isopropanol (10 min), 2% Hellmanex |1l detergent (10 min), and
deionized water (DI) (30 min) the glass slides were dried under N, and
treated with O, plasma (0.6 mbar, 200 W) for ~18 min (Diener electronic
GmbH). Afterward, the slides were immediately coated with a 140 nm layer
of titanium (Ti) in a thermal PVD system (base pressure 8 x 1077 Torr)
at a rate of 2-5 A s™1. The Ti back and Pd counter electrodes were pat-
terned via photolithography. First, S1818 positive photoresist was spin-
coated (2000 rpm, 30 s) onto Ti and baked at 110 °C for 60 s. Using a
Karl Stiss MA6/BA6 mask aligner, the S1818 layer was exposed and sub-
sequently developed in Microposit MF319. After development the S1818
layer was washed with DI water, dried under N, and baked again for 60 s at
110 °C. The exposed Ti areas without S1818 on top were removed via wet
etching with NH;3:H,0,:DI (1:2:1) solution. After successful etching, the
Ti layer protected by S1818 was revealed by removing S1818 with acetone.
The Pd counter electrode was patterned via metal lift-off with acetone.
Here, a S1818 photoresist layer served as mask. The glass area reserved
for Pd was treated with O, plasma (0.6 mbar) at 50 W for ~18 min and
first coated with 40 nm Ti followed by 30 nm Pd. Ti functioned as sticking
layer between the glass substrate and Pd. After removal of S1818 the Tiand
Pd electrodes were rinsed with DI, dried, and treated with O, plasma (0.6
mbar) for ~18 min at 200 W. In the next step, the electrodes were encap-
sulated with 2.2 um of parylene C (Par-C) via chemical vapor deposition
(CVD, Diener electronic GmbH). During the CVD deposition, methacry-
loxypropyltrimethoxysilane (A-174) was introduced into the vacuum cham-
ber to increase the adhesion of the Par-C layer. The Par-C layer was pat-
terned via photolithography with positive photoresist AZ 10XT (baked at
110 °C for 5 min, exposure time: 30 s) and removed above the Pd counter
electrode and Ti/Pd contacts using reactive ion etching (RIE, O,, 200 W,
100 sccm, 700-800 s). The patterned Par-C encapsulation layer was spin
coated with micro-90 (2%), an anti-adhesive, and coated with a second
Par-C layer (CVD, 2.2 um). In a final photolithography step the Par-C layers
above the central Ti back electrode were patterned with AZ 10XT positive
photoresist and RIE (O,, 200 W, 100 sccm, 850 s). After removal of the
AZ 10XT photoresist with acetone, the Ti film surface was treated with O,
plasma (50 W, 18 min, 0.6 mbar, Diener electronic GmbH) and immedi-
ately spin coated with fresh (3-glycidyloxypropyl)trimethoxysilane (GOPS,
stored under inert atmosphere) followed by a freshly prepared PEDOT:PSS
solution composed of 0.25% 4-dodecylbenzenesulfonic acid (DBSA), 5%
dimethyl sulfoxide (DMSO) and 2% GOPS. The PEDOT:PSS formulation
was prepared by sonicating PEDOT:PSS dispersion (PH 1000) for 10 min
before adding DBSA. The mixture was stirred for 10 min until dissolution
of DBSA. Following addition of GOPS the mixture was stirred for addi-
tional 5 min before spin coating (5000 rpm, 1000 acc, 30 s). Thereafter,
the samples were annealed at 120 °C for 30 min and the top Par-C layer
was peeled off.

Electrochemical Measurements: All cyclic voltammetry experiments
were conducted with an lvium technologies Vertex One potentiostat in a
three-electrode configuration composed of a platinum mesh counter elec-
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trode and an Ag/AgCl reference electrode (wire in 3 M KCl). The reference
electrode was inserted into the droplet which was further connected to the
counter electrode via a freshly prepared agarose salt bridge. The electrolyte
used throughout all experiments in this paper, including electrophysiology
measurements, was the “1K” extracellular medium composed of 88 mm
NacCl, 1 mm KCl, 15 mm HEPES, 0.4 mm CaCl,, and 0.8 mm MgCl, (pH
7.4, NaOH) solution prepared in DI water.

Fluorescence Imaging of H202 Generation with Amplex UltraRed Reagent:
A 10 mwm stock solution was prepared by dissolving the content of one vial
containing 1 mg of Amplex UltraRed reagent (Thermo Fisher Scientific) in
340 L DMSO. The vial was stored in the dark at —20 °C. For the imaging
experiment a working solution was obtained by mixing 50 L of the 10 mm
Amplex UltraRed stock solution with 100 uL HRP in 4.85 mL phosphate
buffer solution (0.1 mol L1, pH 7). The working solution was kept in the
dark during the experiment. The imaging was conducted with an Eclipse
Ni-E Nikon fluorescence microscope in a darkroom using a TRITC filter.
Prior to operation, the PEDOT:PSS pixel was covered with a 200 uL droplet
of 1K electrolyte solution and 10 uL of the Amplex UltraRed/HRP mixture
added to the droplet.

HRP-TMB UV-Vis Assay: The average H,0, concentration generated
above the central PEDOT:PSS pixel was determined spectrophotometri-
cally via an HRP-TMB assay with a Synergy H1 Microplate reader (BioTek
Instruments, Inc.). The HRP-TMB solution used for the assay was freshly
prepared by mixing 2 uL HRP (solution 0.75 ng mL~') and 5 uL 3,3',5,5'-
tetramethylbenzidine (TMB, 10 mg mL™" solution) in 993 uL disodium
phosphate (Na,HPO,) (0.2 wm)/citric acid (0.1 m) buffer solution (di-
luted 1:4 with DI water and filtered, pH 5.6). The 5 mm wide circular PE-
DOT:PSS/Ti film was operated galvanostatically at —1.9 uA by placing a
50 uL droplet of 1K electrolyte solution on top of the film surface. The
droplet was connected to a platinum mesh counter electrode via a freshly
prepared agarose salt bridge. After operating the PEDOT:PSS device for
5, 10, 15, and 20 min, a 35 pL aliquot was taken out of the 50 uL droplet
and added to 265 puL HRP-TMB assay solution and mixed thoroughly in
a 96 well-microplate. The colorimetric change of the solution upon the
HRP-catalyzed oxidation of TMB by H,0O, was measured at 653 nm. In
order to quantify the H,0, concentration a 5-point calibration curve was
established by measuring the colorimetric changes in 5 mixtures of H,0,
(1 mm stock solution in 1K) with HRP-TMB assay solution with known
H, O, concentrations: 0, 10, 20, 30, and 40 um.

Amperometric Sensing of Peroxide and Oxygen: The quantification of
H,0, and O, concentrations locally at the 1K electrolyte/PEDOT:PSS in-
terface was performed with a 4-Channel Free Radical Analyzer (World Pre-
cision Instruments, WPI) equipped with 2 mm wide H,0, (ISO-HPO-2,
WPI) and O, (ISO-OXY-2, WPI) sensors (polarization voltages: Vi,0; =
+450 mV & Vg, = +700 mV). Lab-Trax4/16 (WPI) and LabScribe software
(version 4.31) were used for recording the sensor current. O, and H,0,
concentrations were determined separately. The sensors were mounted
onto a stereotaxic frame which allowed accurate positioning of the sen-
sor tip ~250, 500, and 750 um above the PEDOT:PSS film surface. A 5-
point calibration was established for the H, O, sensorin 15 mL phosphate-
buffered saline (PBS) solution. The sensor tip was completely inserted into
the PBS bath and the solution was continuously stirred. 165, 330, 750, and
750 uL ofa 1 mm H, 0O, stock solution in DI water were sequentially added
to the PBS bath and changes in the sensor current were recorded contin-
uously. A 2-point calibration (0% and air-saturated) was used to quantify
the O, concentration. Here, the O, sensor was inserted into a commer-
cially available calibration bottle (WPI) filled with DI water that was con-
tinuously stirred. First, the sensor current in air-saturated DI water was
measured before the content of the bottle was purged with N,. 1K solu-
tions used throughout all measurements in this study were adjusted to
room temperature (~23 °C) over the course of several days. Contrary to
HRP-TMB experiments, the whole device architecture including the pal-
ladium counter electrode was covered with 200 uL 1K solution during all
amperometric recordings.

Electrophysiology Measurements with X. laevis Oocytes:  X. leavis oocytes
were either obtained via surgery and prepared for injections at Linképing
University (approved by the Linképing Animal Care and Use Commit-
tee (Permit #1941)) or purchased from Ecocyte Bioscience. The X. leavis
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oocytes were injected 3-5 days prior to recording with 50 nL RNA con-
taining 2.5 ng Kv7.2 and 2.5 ng Kv7.3 cRNAs (Kv7.2: GenBank acces-
sion no. NM_004518, Kv7.3: GenBank accession no. NM_004519, 1:1
molar ratio) and incubated at 8 °C. To ensure sufficient ion channel ex-
pression, the injected oocytes were stored at 16 °C overnight 1 day be-
fore experiments and used for recordings that were performed at room
temperature. During perfusion experiments a pump (model ISM597D;
Labinett Lab AB) was used, with a perfusion rate of 0.5 mL min~'. The
Kv7.2/C150A/C151A/C152A mutant was constructed using site-directed
mutagenesis (QuickChange Il XL with 10 XL Gold cells, Agilent) with
correct sequence alteration ensured by sequencing at the Core Facility
at Linképing University. X. laevis oocytes were injected 3-5 days prior to
recording with 25 ng Kv7.2/C150A/C151A/C152A and incubated at 8 °C.
All two-electrode voltage clamp recordings (TEVC) were conducted with a
whole-cell amplifier (CA-1B Dagan Corporation). 1K electrolyte was used
throughout all measurements as extracellular medium. During measure-
ments with the PEDOT:PSS faradaic pixel device both the Pd counter elec-
trode as well as the PEDOT:PSS film were covered with a 200 pL droplet of
1K solution. The droplet was connected to both TEVC reference electrodes
via a freshly prepared agarose salt bridge.

In the voltage protocol, the holding voltage was set to —100 mV. A multi-
step voltage protocol with test voltages ranging from —100 to +40 mV
(10 mV increments, 2 s duration) was used to generate steady-state cur-
rents, followed by a subsequent test voltage at —30 mV to generate tail
currents (1 s duration). The sweep-to-sweep interval was 15 s, and the
whole protocol took ~3.5 min. Data were sampled at 5 kHz and filtered at
500 Hz.

After control recordings, the PEDOT:PSS faradaic pixel device was
turned on in 4 on/off cycles (5 min ON, 5.5 min OFF, Figure S10, Sup-
porting Information). To assess the effect on Kv7 channel opening, TEVC
recordings were made after each on cycle. The whole protocol (control
recording, plus 4 cycles) took ~45 min. For the time-match control exper-
iments, that were conducted without operating the faradaic pixel, steady-
state and tail currents were recorded approximately every 10 min using
the voltage protocol shown in Figure S10, Supporting Information. Nor-
malized tail currents for the time-matched control are shown in Figure 4c
after ~45 min. All electrophysiological data were analyzed with Clampfit
11.1.0.23, Matlab R2019a, and GraphPad Prism 9.

Analysis of Currents: Potassium currents were leak-subtracted and
steady-state currents (Ig;) at +40 mV were quantified at the end of the volt-
age sweep. The relative change was determined as the ratio I yest/ss ctrl»
and the concentration-response curve was plotted using the following
equation:

]

sstest A

®)

I - Cso
,t| =Y
ss, ctrl 1+ ra

where I ioct/lss cirl i the relative change in the steady-state current, A the
amplitude of the curve, Csq the concentration at which half-maximal re-
sponse occurs, and C the concentration (in um or nmol).

Instantaneous tail current (l,,;) was measured (after onset of the
—30 mV step) and plotted against the preceding test voltage. Data were
normalized to the control by dividing the data set by the current value of
the control at +40 mV. To generate the conductance versus voltage (G(V))
curve in Figures 3c,f, 4b—e the following Boltzmann function was fitted to
the normalized I,,; data:

Veg — V
G (V) = Gin + (Guax — Gmin) /{1 texp [%] } ©

where Gy is the normalized minimal conductance, Gy ax the normalized
maximal conductance, Vs, the midpoint (i.e., the voltage needed to reach
half the maximal conductance determined from the fit), V the test voltage,
and s the slope of the curve (shared between test and control curve).
The relative change in Gyax Wwas calculated as the ratio
Gyax test/ Gmaxcls and the shift in the voltage dependence of acti-
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vation (AVsq) was calculated as Visg,ieet — Vs0,ctr from the Boltzmann fit.
Oocyte data are summarized in Table 1.

Statistical Analysis of Electrophysiological Data: Mean values presented
in Section 2.3 are expressed as mean + SEM if not stated otherwise. A one-
sample t-test was used to compare to a hypothetical value of 1 (for relative
I or Gyax) or 0 (for AVsg). When comparing groups in Figure 4f, one-way
ANOVA with Dunnett’s multiple comparison test was used. Effects were
considered statistically significant if P < 0.05.

Computational Methods: ~ Simulations were conducted using the finite
element method, implemented in the COMSOL software package, version
5.5 (https://www.comsol.com/product-download).

Schematic 2D slice of the modeled system can be found in Figure 2a,
and the full 3D shape is in Figure 2b. The geometry of the simulation model
was chosen to replicate experimental setup and consisted of three main
regions: PEDOT pixel and palladium circle, covered with a water droplet.
The parameters and sizes of model regions are depicted in Figure 2a.

There were two variables in the system: concentration of dissolved oxy-
gen co, and concentration of peroxide ¢, 0, At a starting point, there
was no H,O, in the system, while the initial value of ¢p, = co, Where ¢y =

265 um was an equilibrium concentration of dissolved oxygen measured
experimentally. The following equations express the diffusion of O, and
H,0,

dc;

V.-J,=0
pri Ji

(10)

Ji= =DiVe Q)
where i goes for O, and H,0,, D; are diffusivity coefficients, J; are fluxes of
H,0, and O, molecules. Diffusion coefficients!>”8] at 23 °C are: Dp,0,=
1.8e-9 s m~2, Do,=2.5¢9s m=2.

Oocyte was simulated as a sphere covered with cell membrane. The dis-
tance between the oocyte and the PEDOT pixel was 3 um. The oocyte cell
membrane has diameter 3 um. Diffusion coefficients of peroxide and oxy-
gen molecule inside the oocyte were the same as in H,0. As for oocyte
membrane, it has a slightly denser structure compared to water, and
the corresponded diffusion coefficients of O, and H,0, were five times
smaller.l38] However, due to the small thickness of the membrane and
oocyte envelope, it does not cause a significant impact on the results (Fig-
ure S6, Supporting Information). Overall, the diffusion process in oocyte
domain was modeled with the same equations as in water, with the excep-
tion of increased diffusion coefficients in cell membrane.

Production and consumption of peroxide and oxygen were governed by
the current dependent reaction rates R; and were implemented through
the boundary conditions (positive or negative fluxes of H,O, and O,),
specified in Figure 2a for each of the model regions (PEDOT:PSS, Pd, wa-
ter). For each consumed oxygen, one peroxide molecule was produced on
the PEDOT pixel. The reverse reaction leads to producing one O, molecule
for each H,0O, molecules’ consumption on the Pd surface. The following
equations define reaction rates R,

R = FI/2A (12)
Cnear PEDOT
f;ﬂ' =02+038 Csaturated (13)
0,
Ruso, = Rxfur (4)
1—fer
o e 1+ 152 “

where F is the faraday constant, [ is current applied to PEDOT, A is a
pixel area, and f.¢ is faradaic efficiency of peroxide production. Faradaic
efficiency (Equation (13)) was designed to mimic H,O, concentration
plateau at the experimental results, caused by the lack of dissolved oxygen
on the distance of 1 um from pixel Cge;' PEDOT, Cg‘;”'atecj =300 um was the
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concentration of O, required for maximal faradic efficiency. Reactions on
the palladium electrode were reversed and lead to the decomposition of
peroxide. If H,0, molecules reach the Pd regions, they will be converted
into dissolved oxygen with unity efficiency.

Switching between the production and consumption of molecules was
implemented with the “events” interface and happened in two stages.
Each of stages has its own boundary conditions on PEDOT:PSS surface
(Figure 2a). The first stage happens when current was applied to PEDOT
pixel (from O s to 600 s). During this stage, peroxide was produced and
oxygen was consumed near the PEDOT surface simultaneously with the
reversed reaction on palladium surface. The second stage happens when
the current on the pixel was switched off (no inward or outward fluxes
on PEDOT:PSS surface) with the reversed reaction on Pd still taking place
(from 600 s to 1200 s). All boundary conditions, used during the imple-
mentation are defined in Figure 2a. The three simulation probe sites for
detection of ¢, o, and co, were located on top of the PEDOT pixel center
at the distance 0%1 um, 0.5 mm, and 1.0 mm, covering all height of an
oocyte starting from its lowest point.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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