
HAL Id: hal-04234494
https://laas.hal.science/hal-04234494

Submitted on 10 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Combining PEDOT:PSS Polymer Coating with Metallic
3D Nanowires Electrodes to Achieve High

Electrochemical Performances for Neuronal Interfacing
Applications

Inès Muguet, Ali Maziz, Fabrice Mathieu, Laurent Mazenq, Guilhem Larrieu

To cite this version:
Inès Muguet, Ali Maziz, Fabrice Mathieu, Laurent Mazenq, Guilhem Larrieu. Combining PE-
DOT:PSS Polymer Coating with Metallic 3D Nanowires Electrodes to Achieve High Electrochemical
Performances for Neuronal Interfacing Applications. Advanced Materials, 2023, 35 (39), pp.2302472.
�10.1002/adma.202302472�. �hal-04234494�

https://laas.hal.science/hal-04234494
https://hal.archives-ouvertes.fr


RESEARCH ARTICLE
www.advmat.de

Combining PEDOT:PSS Polymer Coating with Metallic 3D
Nanowires Electrodes to Achieve High Electrochemical
Performances for Neuronal Interfacing Applications

Ines Muguet, Ali Maziz, Fabrice Mathieu, Laurent Mazenq, and Guilhem Larrieu*

This study presents a novel approach to improve the performance
of microelectrode arrays (MEAs) used for electrophysiological studies
of neuronal networks. The integration of 3D nanowires (NWs) with MEAs
increases the surface-to-volume ratio, which enables subcellular interactions
and high-resolution neuronal signal recording. However, these devices
suffer from high initial interface impedance and limited charge transfer
capacity due to their small effective area. To overcome these limitations, the
integration of conductive polymer coatings, poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) is investigated as a mean of improving
the charge transfer capacity and biocompatibility of MEAs. The study
combines platinum silicide-based metallic 3D nanowires electrodes with
electrodeposited PEDOT:PSS coatings to deposit ultra-thin (<50 nm) layers
of conductive polymer onto metallic electrodes with very high selectivity.
The polymer-coated electrodes were fully characterized electrochemically
and morphologically to establish a direct relationship between
synthesis conditions, morphology, and conductive features. Results show that
PEDOT-coated electrodes exhibit thickness-dependent improved stimulation
and recording performances, offering new perspectives for neuronal
interfacing with optimal cell engulfment to enable the study of neuronal
activity with acute spatial and signal resolution at the sub-cellular level.

1. Introduction

Recording and stimulating the electrical activity of neurons
with acute spatiotemporal resolution is a fundamental step to-
ward an in-depth understanding of the mechanisms involved in
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neuronal networks and neurodegenerative
diseases. Indeed, capturing both action po-
tentials and complex synaptic interactions[1]

as well as performing efficient electri-
cal stimulation demands adequate cell–
electrode interfaces. For that purpose, pla-
nar Microelectrode Arrays (MEA) have been
widely used to study neuronal networks
both in vivo[2,3] and in vitro.[4,5] As research
progresses, MEA are getting miniaturized
to achieve high spatial resolution, enabling
studies at several locations of a single
neuron.[6] However, reducing the electrodes
size decreases their effective area, which in-
creases the electrochemical impedance, af-
fecting the recording properties due to the
combined effect of a higher thermal noise
level and a lower signal amplitude due to
shunt loss. This degrades the signal to noise
ratio (SNR),[7,8] which results in a trade-
off between device scalability and recording
amplitude. As for stimulation purposes, a
high impedance reduces the charge trans-
fer at the electrode interface, which affects
the possibility of injecting a safe amount
of charge to the cell without causing any
deleterious effect on the electrode or sur-
rounding membrane[9] (heat accumulation,
changes in local pH, gas formation, etc.).

To overcome these limitations, remarkable advances were
made, thanks to the development of a new generation of
MEA, in which the sensing elements are 3D-structured. Vari-
ous electrode geometries have been studied at the microscale
(mushroom shapes,[10–12] microneedles[13]) or at the nanoscale
(nanotubes,[14,15] nanostraws,[16] or nanowires[17–22] (NWs)).
These 3D structures exhibit higher effective area and spatial res-
olution, as well as promote tight interactions with the cells[11]

that help achieve very high signal resolution compared to planar
MEA, even without membrane poration.[17,22] Hence, the perfor-
mances are design-dependent[14] and it is of prime importance to
keep the actual optimal design (size and pitch of the nanowires),
as it promotes high electrode engulfment by the cells.[23] In terms
of materials, 3D-electrodes are commonly made of noble metals,
such as gold (Au),[10,12,21] platinum (Pt),[19,24–27] or alloys like irid-
ium oxide (IrOx),[15,28] titanium nitride (TiN),[29,30] platinum sili-
cide (PtSi),[17] or indium tin oxide (ITO).[31–33] However, conven-
tional metallic electrodes suffer from intrinsic limitations due to
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their small effective area, high initial impedance, and low charge-
transfer capacity. Moreover, the mechanical mismatch between
the stiff metallic electrode and the surrounding soft neural tis-
sue may trigger immune responses, which lead to encapsulation
of the electrodes, neuronal degeneration, and subsequent device
failure.[34,35]

Consequently, 3D-electrode performances must be improved
through surface modification at the nanoscale to enable precise
recordings and maximum charge transfer, as well as keeping
the optimal designs of the electrodes, while being minimally
troublesome to the tissue. Metallic and organic coatings on the
electrode active site, such as IrOx,[36–39] Pt black,[40] graphene
oxide,[41,42] carbon nanotubes,[43] or conductive polymers such as
Poly (3,4-ethylenedioxythiophene) (PEDOT)[7,10,44–46] have been
gaining considerable interest for interfacing with neurons as they
can improve charge transfer and reduce the electrode impedance.
PEDOT:PSS possesses well-known properties such as high con-
ductivity, biocompatibility, and excellent stability. Last, due to its
soft nature, PEDOT:PSS has the potential to reduce the mechan-
ical mismatch at the electrode–cell interface.[34] Therefore, it is
envisioned as minimally disturbing to the tissue and is an ideal
candidate for improving 3D-structured electrodes performances.

Here, we combine metallic nanowire-based electrodes , made
of platinum silicide (PtSi), with the remarkable properties of
polystyrene sulfonate-doped PEDOT (PEDOT:PSS). We demon-
strate for the first time the ability to deposit, with high selectivity,
a nanoscale layer of conductive polymer coating onto the NWs
using electrodeposition. The deposition was first optimized on
PtSi planar microelectrodes with diameters ranging from 80 to
5 μm, for surface scaling, comparison with the literature, and in-
vestigation, as diameters under 10 μm are not commonly studied.
Electrochemical depositions were then performed on PtSi NWs,
and parameters were tuned to obtain nanolayers of PEDOT:PSS.
All coated probes were electrochemically assessed, and PtSi elec-
trodes were tested as controls. Electrochemical impedance mea-
surements were used to evaluate the improvement of the record-
ing performances, and cyclic voltammetry measurements were
performed to evaluate the charge storage capacity. Voltage tran-
sient experiments were completed to investigate the electrodes
behavior under electrical stimulation conditions. All coated elec-
trodes were also morphologically characterized using scanning
electron microscopy, in order to establish a direct relationship
between the synthesis conditions, the layer morphology, and the
electrical features.

2. Results and Discussion

2.1. PEDOT:PSS Coating Optimization on Planar Microelectrodes

For the first part of the study, we used a microfabricated MEA de-
vice composed of planar platinum-silicide microelectrodes, struc-
tured on a silicon-on-insulator substrate, with diameters ranging
from 5 to 80 μm. All access lines are insulated from the liquid
media; however, it is worth mentioning that part of them is ex-
posed, which thus adds 4 μm2 of conductive surface to each elec-
trode, as shown in Figure 1a. This additional active area has been
considered in all experiments and calculations. Details about the
microfabrication can be found in the experimental section. All
PEDOT:PSS electrochemical depositions were optimized on this

planar design first prior to coating nanowire-based electrodes to
facilitate the implementation on 3D-nanostructures by targeting
the same range of surfaces, study the effect of surface scaling,
and make the positioning with literature easier.

The electrodeposition route is an important parameter, as it
affects the growth of the polymer, its morphology, and its elec-
trochemical properties. In this study, we investigated two electro-
chemical depositions, each performed through an oxidation pro-
cess by either the application of a constant current (galvanostatic
mode) or a potential scanning through cyclic voltammetry (poten-
tiodynamic mode). Both depositions were performed in aqueous
media using a conventional three-electrode cell configuration, as
illustrated in Figure 1b, in which the microelectrodes were coated
individually. The PtSi microelectrode was used as the working
electrode (WE), a thick Pt wire was used as the counter electrode
(CE), and a commercial Ag/AgCl electrode was used as the refer-
ence electrode (RE).

Galvanostatic (GS) deposition was carried out at a current den-
sity of 10pA μm−2 and a temperature of 21 ± 1°C until a total
charge of 1.9 nC μm−2 was consumed. A relatively low synthe-
sis potential at the initial stage of the GS synthesis (750 mV)
suggests the polymerization of the adsorbed oxidized monomer
layer. The GS electropolymerization process has not yet been
fully elucidated; nonetheless, several mechanisms are commonly
accepted.[45,47–49] In such mechanisms, the initial potential rise
is caused by the evolution of the monomer concentration gradi-
ent, and is followed by a primary nucleation process divided be-
tween the induction period (monomer oxidation and oligomer-
ization) and progressive steady nucleation, followed by 2D and
3D growths of the conductive polymer on the PtSi surface. This
forms a positively charged PEDOT polymer structure, with a neg-
atively charged PSS doping agent acting as a counter ion. In po-
tentiodynamic deposition (PD), electrodes were cycled from −0.7
to 1 V, at a scan rate of 10 mV s−1 for two cycles. The cyclic voltam-
mogram (CV) shown in Figure 1d is typical of what has been
reported elsewhere in PD electropolymerization conditions.[48]

The oxidation current is observed at positive potentials higher
than 750 mV. This feature is attributed to the oxidation of the
monomer prior to polymerization through mass transport and
charge transfer processes. A nucleation loop is then observed be-
tween the forward scan and reverse scan in the CV, which is as-
sociated with the initial stage of the nucleation process of the PE-
DOT:PSS film.

The morphologies of the PEDOT:PSS coatings obtained by
both GS and PD modes have been inspected using optical and
scanning electron microscopy (SEM). Both electrochemical de-
position routes provide an individual, precisely localized coating
onto the conductive part of the electrode, as seen in Figure 1e.
SEM images in Figure 1f demonstrate that all electrode diame-
ters, from 5 to 80 μm, were uniformly covered in PEDOT:PSS.
However, the surface morphology was found to be dependent on
the deposition route used for the PEDOT synthesis. The struc-
ture of PEDOT in GS conditions appears thin and smooth, with
a very localized and uniform surface. This is due to the low poly-
merization rate and low deposition charge, which induce a con-
trolled deposition. On the other hand, PEDOT:PSS deposited
in PD conditions produced a highly porous globular 3D struc-
ture with an uncontrolled and inhomogeneous distribution. In
addition, the polymer quantity deposited onto small electrodes
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Figure 1. Coating optimization on planar electrodes. a) Picture of the MEA device with SEM images showing the electrodes design. b) Schematic of the
conventional three electrodes system, showing the working electrode (WE), the counter electrode (CE) and the reference electrode (RE). c) Galvanostatic
deposition curve represented as potential versus time. d) Graph showing the cyclic voltammetry deposition. e) SEM picture showing an electrode array
in which bare, GS coated and PD-coated electrodes can be observed. This demonstrates the selectivity of the deposition. f) SEM images of GS-coated
electrodes (blue) and PD-coated electrodes (red) with diameters ranging from 80 to 5 μm. g) AFM measurements of PtSi and PEDOT:PSS (GS coated)
surfaces. h) SEM image showing the scan path (red) of the profilometer on a ∅5 μm PD-coated electrode. i) Profilometer trace of a ∅5 μm PD-coated
electrode showing the height and length of the deposition.

(∅ < 20 μm) exceeds the electrode diameter, making it difficult to
evaluate the real active surface. The micron-scale surface struc-
ture of PtSi, GS-coated electrodes has been characterized and
compared with Atomic Force Microscopy (AFM). Results are rep-
resented in Figure 1g, and the rugosity has been calculated (RMS
Sq, 2.811 nm, 4.683 nm for PtSi and GS-coated electrodes, re-
spectively). A slight increase in the rugosity of the surface, hence
an augmentation in the active area when coated, can be observed
in the case of GS-coated electrodes. The quantity of PEDOT:PSS
deposited via PD ∅5 μm electrodes has been estimated with a

profilometer scan, as exposed in Figure 1h,i. The PEDOT:PSS
coating is ≈50 μm long and 3.5 μm high, which greatly exceeds
the initial planar dimensions of the electrode and opens new per-
spectives for 3D-microstructurations of planar microelectrodes.

Both deposition routes present very different features, al-
most opposite. PD-deposited PEDOT:PSS layers tend to form 3D
micro-structures, which exceptionally increase the active area of
the electrode. On the other hand, the GS is more controlled, ho-
mogeneous, and precise, which likely makes it more compatible
with and integrated with nanowires.
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Figure 2. Complete electrochemical characterization of planar electrodes. a) Impedance modulus versus frequency of a bare, PD-coated, and GS-coated
∅30 μm electrode. b) Phase versus frequency of a bare, PD-coated, and GS-coated ∅30 μm electrode. c) Impedance modulus value at 1 kHz as a function
of diameter for bare, PD-coated, and GS-coated electrodes. d) Cyclic voltammogram of an uncoated PtSi ∅30 μm electrode. e) Cyclic voltammograms
of a bare, PD-coated, and GS-coated ∅30 μm electrode. f) Charge Storage Capacity values of bare, PD-coated, and GS-coated electrodes as a function
of diameter. g) Voltage transient of a ∅60 μm PtSi electrode at 4 μA injection. Va and Vp represent the access potential and the polarization potential
respectively. Here, Vp, the polarization potential, equals the cathodic water window limit value, meaning it reaches the CIL. h) Current injection limit as
a function of diameter for uncoated and coated electrodes. i) Charge Injection Limit as a function of diameter for uncoated and coated electrodes.

2.2. Recording and Stimulation Performances of Planar
Microelectrodes

The effect of PEDOT:PSS coating on PtSi planar electrodes was
investigated through Electrochemical Impedance Spectroscopy
(EIS), Cyclic Voltammetry (CV), and Voltage transient experi-
ments (see details in the Experimental Section). Uncoated PtSi
electrodes of identical diameters were also tested as controls. EIS

was performed on coated electrodes to assess their recording per-
formance. Data were acquired in a two-electrode configuration
using a Pt electrode as the counter electrode in the frequency
range 100–105 Hz with an amplitude of 20 mV in a 0.9%w NaCl
solution. Figure 2a,b shows the impedance modulus (|Z|) and
phase spectra of bare PtSi, GS-coated, and PD-coated Ø30 μm
electrodes. The PtSi electrode possesses a high impedance modu-
lus, and fluctuations within the frequency range 100–102 are due
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Table 1. Comparison of the electrochemical performances of both our PEDOT:PSS coated planar MEA and nanowires configuration, with comparable
neuronal interfacing configurations (i.e., homogeneous conductive coating layers) reported in the literature.

Material Shape Electrode surface area
[μm2]

Specific |Z| @1 kHz
[MΩ μm−2]

CIL [mC cm−2] Reference

PLANAR MEA

Pt Disk 7850 424 0.2 [66]

Pt Disk 7850 1570 0.83 [46,52]

Au Disk 7850 1570 0.2 [46,52]

PtIr Wire 4500 405 0.13 [67]

IrOx/NPG Disk 706 6.8 2.3 [68]

PEDOT:PSS/Au Disk 61 575 121 2.5 [69]

PEDOT:PSS/Au Disk 7850 170 0.9 [70]

PEDOT:PSS/Au Disk 314 15.7 1.9 [46,52]

PEDOT:PSS/Au Disk 314 9.42 6.2 [57]

PEDOT:ClO4/Au Disk 177 70.8 / [7]

PEDOT:CNT/Au Disk 706 10.6 / [71]

PEDOT:PSS/Pt Disk 314 15.7 / [72]

PEDOT:PSS/Pt Disk 314 18.84 2.71 [46,52]

PEDOT:PSS/PtSi Disk 318 6.36 6 This Work

3D MICRO-ELECTRODES

Au Mushroom 20 60 / [10]

PEDOT:PSS/Au
(thickness 100 nm)

Mushroom 20 8.84 / [10]

3D NANO-ELECTRODES

TiO2 Nanostraw-nanocavity 96 31 / [16]

Au Nanopillar 4.86 422 / [15]

IrOx Nanotube 5.13 29.7 / [15]

Pt/Ti Ultra-sharp Nanowire 0.628 * estimated 9.54 0.6 [73]

PEDOT:PSS/PtSi (thickness 300 nm) Nanowires 23.8 7.14 1.4 This Work

to a lack of sensitivity of the equipment in low frequency range.
The phase angle within the frequency range 102–105 indicates
a mixed capacitive-ohmic-like behavior, which is similar to what
has been observed on Pt electrodes.[46] As expected, the presence
of a PEDOT:PSS layer induces a lower mean impedance, as well
as a change in the phase shape, implying an increase in the con-
ductivity and electroactive area of the electrode. Thus, the transi-
tion from the capacitive regime to the series-resistance dominant
regime happens at lower frequencies (from above 105 Hz for PtSi,
to 103 and 10 Hz for GS-coated and PD-coated electrodes, respec-
tively). The GS-deposited PEDOT:PSS shows a lower impedance
in the capacitive regime of approximately an order of magnitude
compared to bare PtSi. Due to its cauliflower-like shape, the PD
deposited PEDOT: PSS layer not only augments the effective area
but broadens the real electrode area as well. Hence, it exhibits an
even lower mean impedance in the capacitive regime (almost two
orders of magnitude lower than bare PtSi), and the earliest shift
to the series-resistance dominant area. Figure 2c represents the
impedance values at 1 kHz, the frequency of an action poten-
tial commonly used as a reference. The data have been fitted us-
ing allometric power functions. Fitted data demonstrate that PD-
coating the electrodes lowers the impedance of about ten times
across the entire diameter range. GS-coating, however, lowers it
by ten times for small electrodes (from 1 to 0.1 MOhm for Ø5 μm
electrodes), by 20 times for medium-sized electrodes (Ø20 μm)

and by 60 times for bigger electrodes, from 0.3 to 0.005 MΩ for
Ø80 μm. Similar studies have been conducted on PEDOT:PSS/Pt
electrodes with diameters of 2.5–20μm[33] resulting in impedance
reductions of ≈2.2 times for small diameters (5 μm). Electrodes
with 20 μm diameters and above, composed of PEDOT:PSS on
Au, Pt, and nanostructured Pt, have been reported in the liter-
ature. Waafi et al. have reported an impedance reduction of 15
times for Ø30 μm PEDOT:PSS covered Pt electrodes.[50] Ganji
et al. have observed a reduction of the impedance of 25 times
for medium-sized electrodes (Ø20 μm); however, they reported
a reduction of only 20 times for bigger electrodes (Ø80 μm).[46]

The impedance reduction we report for all diameters, along with
the calculated specific impedance (see Table 1), indicate that our
PEDOT:PSS coated electrodes can be considered at the state-of-
the-art when compared to the literature.

To assess the coating influence on the electrical stimulation
performances of the electrodes, cyclic voltammetry and voltage
transient experiments were performed, in order to determine the
cathodal Charge Storage Capacity (CSC) and Charge Injection
Limit (CIL). The CSC, which represents the maximum charge
available that could be reversibly injected during a cathodic pulse,
is defined as the time integral under the cathodic current within
the cycled region.[51] The potential range used for cycling is
preferably within the water electrolysis window, whose limits are
defined by the water reduction potential (cathodal limit) and the
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water oxidation potential (anodal limit). Outside those limits, ir-
reversible faradaic reactions take place, which may be deleterious
for the neuronal tissue or the electrode itself.[52] The cathodic
CIL is a subset of the CSC, which represents the real available
charge that can be reversibly injected during cathodic pulsing.
The CIL is determined using voltage transient experiments, dur-
ing which the maximum injected current is determined before
polarizing the electrode potential beyond the cathodal water win-
dow limit. A large CSC and CIL, and therefore a large amount
of injectable charge, are desirable for maximum stimulation
performance.

CV measurements were conducted using the conventional
three-electrode setup mentioned above. The uncoated PtSi CV
curve in Figure 2d has been obtained on a Ø30 μm electrode,
within the −0.9 and 1.2 V potential range, at a scan rate of
200 mV s−1 in a 0.9%w NaCl solution. The water electrolysis win-
dow of the PtSi is considered to be −0.9/1.1 V, which is similar
to the typical Pt water window when cycled in PBS.[53] The typ-
ical hydrogen adsorption and desorption peaks appear between
−0.5 and −0.8 V. Nonetheless, it is interesting to notice the ab-
sence of a surface oxidation area and oxide reduction peak when
compared to the conventional Pt CV shape.[53] Figure 2e illus-
trates the CV curve of PtSi, PEDOT:PSS/PtSi (GS coated), and
PEDOT:PSS/PtSi (PD-coated) Ø30 μm electrodes characterized
between −0.5 and 0.6 V at 200 mV s−1 to avoid any undesir-
able faradaic reactions. Indeed, organic electrodes usually ex-
hibit a smaller water electrolysis window, from −0.9 to 0.6 V in
the case of PEDOT:PSS/Pt or PEDOT:PSS/Au.[52] As expected, a
great increase in the electroactive area can be observed. In ac-
cordance with the coating morphology, PD-coated electrodes fea-
ture a larger effective area than GS-coated probes. Additionally,
the symmetry of the PEDOT:PSS/PtSi cyclic voltammograms im-
plies that the doping process is highly reversible, which indicates
promising properties regarding the ionic to electronic charge
transfer at the electrode interface.[43] The cathodic CSC values
of the probes has been extracted from these data, considering
the initial planar area of the electrode, and results, which have
been fitted using allometric power functions, and are displayed in
Figure 2f. As anticipated, the CSC of the PEDOT:PSS coated elec-
trodes is significantly higher than bare electrodes. PD-coating the
electrodes increases the CSC up to 10 times for small electrodes,
with 176 mC cm−2 for Ø5 μm PD-coated electrodes compared to
16.3 mC cm−2 for Ø5 μm PtSi electrodes. The CSC is increased
up to five times for larger electrodes, with 4.16 mC cm−2 for
Ø80 μm compared to 0.25 mC cm−2 for Ø80 μm PtSi electrodes.
GS-coated electrodes demonstrate a distinct behavior when com-
pared to PD-coated electrodes. They exhibit a slight increase in
CSC for small electrodes (Ø5 μm), reaching 19.7 mC cm−2, while
for larger electrodes (Ø80 μm), the increase is magnified up to
52 times, resulting in a CSC of 13.03 mC cm−2.We demonstrated
a very prominent improvement for small PD-coated electrodes;
nonetheless, the morphology of the coating is extremely rough,
and the coating exceeds the initial planar electrode active area.
The improvement appears less significant in the case of small
GS-coated electrodes <Ø20 μm due to the thin morphology of
the coating. Nonetheless, it is important to note that the CSC can
only be regarded as a relative value, as it relies on the electrode
material, shape, electrolyte composition, and experiment condi-
tions (potential range and scan rate). In addition, when cycled,

the electrode is subjected to a slow voltage ramp, which contrasts
with the usual neuronal stimulation conditions.

Consequently, voltage transient experiments are more likely to
represent the true electrode behavior during cell stimulation, as
the probe is exposed to multiple cathodal-first, biphasic current
pulses. Here, we applied symmetric cathodal-first biphasic
pulses of a millisecond, with an interphase gap of 10 μs, and
an interpulse delay of 95 ms.[52,54–56] An example of the voltage
transient response to injected current of a Ø60 μm PtSi electrode
is displayed in Figure 2g. Two slopes can be observed. The first
voltage drop corresponds to the access potential (Va), associated
with the ohmic resistance of the liquid media. The second
slope, which indicates a gradual polarization at the electrode
interface, is designated as the polarization potential (Vp). In-
terestingly, the PtSi voltage transient is similar to the usual Pt
response.[26,52] The maximum injectable current determined
to calculate the CIL is considered to be when ΔVp reached the
cathodic water window limit value[52] and is plotted in Figure 2h.
Coated probes reach their limit at higher current (examples
of voltage transient response for PEDOT:PSS-coated probes
are displayed in Section S2, Supporting Information), mean-
ing more charge can be injected before creating undesirable
faradic reactions that are deleterious for the cell membrane
or electrode itself. The corresponding CIL values have been
calculated, and the results are exposed in Figure 2i. The CIL
of PtSi electrodes ranges between 0.5 and 0.03 mC cm−2, and
analogous results have been reported on Pt microelectrodes[52]

(CIL 0.83 mC cm−2). The CIL of GS-coated probes ranges
between 8 and 5 mC cm−2 and PD-coated electrodes exhibit a
CIL ranging from 50 to 5 mC cm−2 for Ø5–Ø80 μm, respectively.
Optimized PEDOT-based coatings have been reported in a
similar range between 1.2 and 8.4 mC cm−2.[52,57] Yet, in the
case of small electrodes (Ø5 μm), a GS-coating increases the
CIL by 16 times, and this increase is greater than what has
been observed on PEDOT:PSS-coated Pt electrodes of similar
diameters.[52] The improvement is even greater with PD-coated
results. Indeed, PD-coating increases the CIL of small electrodes
by 100 times, which is particularly boosted by the cauliflower-like
morphology.

The improvement of the performances induced by PE-
DOT:PSS coating is highly beneficial for sub 10 μm diameter
electrodes, which were until now difficult to implement in MEA
devices, due to the strong degradation of the global performance
(impedance, SNR, current injection…) linked to the miniaturiza-
tion of the surface. This opens new perspectives for electrophys-
iology studies with high resolution.

2.3. PEDOT:PSS Coating Optimization on 3D-Nanostructured
Microelectrodes

For the second part of the study, we used a microfabricated de-
vice called a Nanostructured Electrode Array (NEA),[17] as shown
in Figure 3a, where the sensing part is composed of seven in-
terconnected vertical core–shell type PtSi nanowires of 3.5 μm
height and 350 nm diameter each. However, the base of each
nanowire remains insulated and only the upper part is exposed
(further details can be found in Section S1 and Figure S2, Sup-
porting Information), hence the recording site is 3 μm high, as
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Figure 3. Coating thickness optimization of NWs-based electrodes. a) Picture of the NEA device with SEM images showing the electrodes design.
b) SEM images of a 200 nm PEDOT:PSS coating with a high-angle annular dark-field imaging STEM-HAADF image showing the cross section of a
coated nanowire. c) Graph showing the obtained PEDOT:PSS layer thickness as a function of the applied deposition charge per electrode. d) SEM
images showing the coating optimization, with thicknesses varying from 700 to 40 nm.

seen on Figure 3b. The total conductive surface per electrode
is estimated to be 23.8 μm2. Details about the fabrication pro-
cess can be found in the Experimental Section. The key aspect
ratio of the probes contributes to achieving a high interaction
with cells[18,19,23,58,59] and thus reaching high signal resolution,
therefore it has to be maintained. For that matter, nanoprobes
were coated using only galvanostatic deposition to obtain a thin
and conformal coating. Indeed, as expected, the PD-route leads
to a rough morphology of the layer, which is incompatible with
an integration on nanostructures, as illustrated in Section S1
(Figure S1, Supporting Information). Electrochemical deposition
was performed in the same three-electrodes configuration as de-
tailed above (Figure 1b), in the same electrolyte solution of 10 mm
EDOT and 10 mm Na:PSS. The conductive part of the probes
was successfully coated, as presented in Figure 3b. The scan-
ning transmission electron microscopy with high-angle annu-
lar dark-field image (STEM-HAADF) showing the cross-section
confirms that the PEDOT:PSS layer is dense, homogeneous, and
wraps around the nanostructure tightly. Energy Dispersive X-Ray
Analysis (EDX) has been performed on the coated NWs and re-
sults can be found in Section S1, Figure S2 (Supporting Infor-

mation). The conductive polymer thickness has been tuned by
applying currents between 10 and 5 pA μm−2 and total consumed
charges between 60 and 2 nC per electrode, which corresponds
to charges varying between 2.52 and 0.084 nC μm−2 (Figure 3c).
As a result, PEDOT:PSS coatings with a thickness range between
700 and 40 nm have been obtained, as represented in Figure 3d.
Thin coatings were successfully achieved, meaning the preserva-
tion of the key aspect ratio of the NWs, which would imply opti-
mal cell engulfment. Thin PEDOT:PSS depositions (the reported
layer thickness is 100 nm) on 1 μm high mushroom-shaped mi-
croelectrodes have been reported[10] as well; however, to the best
of our knowledge, layers thinner than 100 nm have not yet been
demonstrated.

2.4. Electrochemical Impedance Spectroscopy

Similarly, to what has been done with planar electrodes, the influ-
ence of PEDOT:PSS coatings on PtSi nanowires has been mea-
sured through EIS, CV and Voltage transient experiments (see
Experimental Section), and uncoated PtSi electrodes were tested

Adv. Mater. 2023, 35, 2302472 2302472 (7 of 13) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Complete electrochemical impedance characterization of NWs-based electrodes a) Impedance modulus versus frequency of bare and PE-
DOT:PSS coated NWs. b) Phase versus frequency bare and PEDOT:PSS coated NWs. c) Impedance modulus value at 1 kHz as a function of PEDOT:PSS
coating thickness. d) Equivalent circuit model for bare PtSi electrodes and PEDOT:PSS coated electrodes using a simple 5-elements circuit, composed
of an electrolyte resistance (Rs), a charge-transfer resistance (Rct), a double layer capacitance (Cdl), as well as a system capacitance (Cp) and system
resistance (Rp). e) Graph representing the experimental and modelized impedance modulus and phase of a PtSi NWs electrode. f) Graph representing
the experimental and modelized impedance modulus and phase of a coated NWs electrode (410 nm thick). g) Graph exposing the variation of Cdl and
Cp with respect to the coating thickness. h) Graph exposing the variation of Rct and Rs with respect to the coating thickness. In all the panel, the diameter
of PtSi NWs is 350 nm.

as controls. As previously explained, EIS data were acquired
in a two-electrode configuration using a Pt electrode as the
counter electrode in the frequency range 1–106 Hz with an
amplitude of 20 mV in a 0.9%w NaCl solution. The measured
impedance modulus and phase spectra for bare PtSi and coated
NWs, over the frequency range 101–105 are represented in
Figure 4a,b. In accordance with what has been observed on
planar electrodes, the mean impedance of PtSi NWs decreases

proportionally with the coating thickness. The phase angle of
bare NWs exhibits a high variability between 101 and 102, which,
corresponds to noise induced by the potentiat. The phase angle
is close to −90° across the frequency range 102−105 Hz, which
indicates a highly capacitive behavior. When coated, the phase
angle changes correspondingly with the coating thickness,
which demonstrates an increase in the effective area and a shift
to an ohmic-like behavior. Analogous trends have already been
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obtained on PEDOT-coated microthreads,[60] PEDOT-coated
3D-structured microelectrodes,[10] and PEDOT nanotubes-
covered electrodes.[61] The thermal noise can be extracted from
these impedance measurements, for PtSi- and PEDOT:PSS-
coated electrodes (layer thickness 400 nm) following the method
described in Section S3 (Supporting Information). The thermal
noise is found to be slightly lower with PEDOT: PSS coated
electrodes (4.10 μV ± 0.10 μV) that PtSi NWs-based electrodes
(4.37 μV ± 0.29 μV). Impedance values at 1 kHz have been
extracted, and the data have been fitted using a linear func-
tion, as represented in Figure 4c. The impedance of bare PtSi
NWs is 0.9 MOhm, and, as expected, the impedance value
decreases when coated. Fitted trends indicate that thick coatings
(700 nm) can extensively reduce the impedance by 18 times,
from 0.9 MOhm for PtSi NWs to under 0.05 MOhm. However,
thick coatings are less desirable for neuronal interfacing, as they
affect the aspect ratio of the probes and may result in lower
cell engulfment. Therefore, thinner coatings (<300 nm) are
more relevant, already reducing the impedance at 1 kHz by
three times to 0.3 MOhm. Similar trends have been observed
on coated gold 3D-microelectrodes,[10] yet Jones et al. reported
a maximal impedance decrease of only six times. The thinnest
layer we obtained (40 nm) can also reduce the impedance at
1 kHz by almost half its value, from 0.9 to 0.5 MOhm. This is
an excellent and promising result for applications in need of
remarkably thin layers of PEDOT:PSS.

2.5. Equivalent Circuit Model

To further interpret these results, we conducted a theoretical anal-
ysis of the equivalent circuit model corresponding to our sys-
tem, as shown in Figure 4d. Here, we demonstrate that our data
can be fairly well described and modeled using a simple five-
elements circuit, composed of an electrolyte resistance (Rs), a
charge-transfer resistance (Rct), a double layer capacitance (Cdl),
as well as a system capacitance (Cp) and system resistance (Rp)[54]

(see Section S4, Supporting Information, for the resulting equa-
tion). The electrolyte resistance, Rs, is measured between the
working electrode and the platinum reference electrode; hence,
it also includes all resistances originating from the access lines
and contact pads.[33,62] Rct and Cdl are both associated with phe-
nomenon at the electrode/electrolyte interface. Rct reflects the
ability of the electrode–electrolyte interface circuit to resist the
flow of charges from the ionic solution to the electronic conduc-
tor while Cdl accounts for the stored charge in the double-layer
region, at the electrode–electrolyte junction. Rp, as well as Cp, are
associated with the entire setup, comprising the initial contribu-
tion of the NEA regarding resistive and capacitive effects, as well
as the measurement equipment, that is, connecting wires and
a potentiostat. All |Z| data are accurately fitted (r2

> 0.99), over
the frequency range 102−3.105 Hz, to avoid the impact of noise
and artefacts caused by the potentiostat to the fitting algorithm,
and examples of fitted data for bare PtSi and PEDOT:PSS coated
NWs (410 nm layer) are displayed in (Figure 4e,f). Results indi-
cated that Rp is very high (>50MOhm), and its effect is mainly
prominent over low frequencies (<102Hz), where background
noise also affects the signal; hence, we chose to disregard this
parameter in our calculations.

Parameter values with respect to the coating thickness are plot-
ted in Figure 4g,h. The trends in Figure 4g show that Cp remains
constant (average value 100 ± 9.5 pF), and is lower than Cdl,
which confirms that it represents the contribution of the set-up.
Results demonstrate that Cdl is significantly greater than Cp, and
Cp only affects the current flow starting around frequencies of
30 kHz. Therefore, system capacitances should not disturb neu-
ronal recordings as events happen at lower frequencies. A sharp,
thickness-dependent increase of Cdl value can be observed when
the electrodes are coated, in comparison with bare PtSi (varia-
tion up to 11 764% measured between the PtSi and 620 nm-thick
PEDOT:PSS layer). This demonstrates an important increase in
the effective area when coated, as the capacitance value is directly
proportional to the surface, as well as reflects the charge stor-
age properties of PEDOT:PSS. Indeed, a higher capacitance value
implies that more charge can be stored at the interface. On the
other hand, Figure 4h indicates a decrease in Rct, proportionally
to the coating thickness, (96.5% decrease measured between the
PtSi and 620 nm-thick PEDOT:PSS layer). This illustrates that the
addition of PEDOT:PSS onto the probes promotes ionic to elec-
tronic charge transfers between the electrode and electrolyte, as
well as confirms the increase in effective area as Rct is inversely
proportional to the surface. Hence, this study highlighted that
the improvement in performance is induced by a combined ef-
fect of the PEDOT:PSS intrinsic properties and the increase in
effective area, in particular the potential inherent porosity of the
PEDOT:PSS layer.[57] Finally, Rs remains constant (average value
536 ± 48 Ω) and is lower than Rct, in accordance with the fact
that Rs represents the electrolyte resistance. The slight variations
could be linked to the working electrode/counter electrode dis-
tance, as the placement of both is manual.

As a conclusion, we demonstrated that the circuit components
match the physical characteristics of the system and can therefore
be used as a baseline for further design optimization of the device
and result interpretation.

2.6. Stimulation Performances of Nanowires-Based Probes

CV measurements were conducted to assess the charge storage
capacity of the electrodes, using the conventional three-electrodes
setup mentioned above. Figure 5a illustrates the cyclic voltam-
mogram of uncoated PtSi NWs, within the −0.9 and 1.2 V po-
tential range, at a scan rate of 200 mV s−1 in a 0.9%w NaCl so-
lution. The water electrolysis window (−0.9/1.1 V) remains un-
changed compared to planar configurations and is similar to the
nanostructured Pt water window when cycled in PBS.[63] Coated
NWs were characterized between −0.5 and 0.6 V at 200 mV s−1

to avoid any undesirable faradaic reactions, as seen in Figure 5b.
As expected, the presence of a coating increases the electroactive
area and improves the charge storage properties, as confirmed in
Figure 5c. Additionally, the coated NWs CV in Figure 5b indicate a
high reversibility in the doping process, which implies beneficial
properties with regard to ionic to electronic charge transfer at the
electrode–electrolyte interface.[43] The cathodic CSC of the NWs-
based electrodes has been calculated for different thicknesses,
and the data have been fitted using linear functions, as repre-
sented in Figure 5c. As predicted, the CSC of the PEDOT:PSS
coated electrodes is thickness-dependent. Fitted trends reveal
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Figure 5. Complete electrochemical characterization of NWs-based electrodes regarding the stimulation performances. a) Cyclic voltammogram of PtSi
NWs. b) Cyclic voltammograms of NWs before and after coating. The coating thickness here is 500 nm. c) Charge Storage Capacity values of bare and
coated NWs as a function of coating thickness. d) Voltage transient comparison between PtSi and coated NWs (300 nm) at 0.08 μA injection. Va and Vp
represent the access potential and the polarization potential, respectively. e) Current injection limit as a function of coating thickness. f) Charge Injection
Limit as a function of coating thickness.

that thick coatings exhibit a CSC up to six times higher than bare
electrodes, from 6 to 30 mC cm−2 for bare and 700 nm coatings,
respectively. 300 nm coatings double the CSC to 15 mC cm−2

while (<100 nm) do not significantly improve the CSC.
The alteration of the PEDOT coating on the underlying PtSi

nanowires was assessed via prolonged redox CV scanning within
the −0.5 to 0.6 V potential range, at a scan rate of 200 mV s−1

in a 0.9%w NaCl solution. In Section S5, Figure S4 (Supporting
Information) shows the evolution of the CV scans and the corre-
sponding CSCs values during the time of redox charge sweeping
over 3000 redox cycles. For comparison, the CSCs of bare PtSi
controls are provided. For PEDOT-coated nanowires, a slight in-
crease in CSCc during the redox cycling can be seen, which is
associated with the initial reorganization of the polymer upon
CV sweeping.[64,65] The corresponding CSCc value stays con-
stant along the redox cycles window. In addition, SEM images of
PEDOT-coated nanowires and bare PtSi controls after the redox
CV stimulations, suggested that all nanoelectrodes exhibited no
physical delamination or degradation even after thousands of re-
dox cycles, confirming excellent structural control and longevity.
Robustness over prolonged CV redox scanning demonstrates ex-
cellent polymer stability under CV stimulation conditions and

suggests longer survival of the nanoelectrodes for recording ap-
plications.

To assess the NWs behavior during neuronal electrical stim-
ulation, we performed voltage transient experiments. Bare and
coated NWs were exposed to multiple cathodal-first, biphasic cur-
rent pulses of a millisecond, with an interphase gap of 10μs, and
an interpulse delay of 95 ms. An example of voltage transient re-
sponse is represented in Figure 5d. Interestingly, NW-based elec-
trodes exhibit a very small access potential, which is a common
behavior in metallic microelectrodes.[32,52] Results show that, for
a same injected current of 0.08 μA, PtSi NWs present a higher
Vp than PEDOT:PSS/PtSi NWs. This implies that coated probes
reach their limit at higher currents; therefore, the CIL should be
higher. This result is confirmed in Figure 5e,f. Indeed, the cur-
rent injection limit and correspondent charge injection limit are
greater for PEDOT:PSS coated NWs. Bare PtSi NWs present a CIL
of 0.34 mC cm−2. In accordance with what has been observed on
the CSC graph, 300 nm coatings already increase the CIL by 4×
(from 0.34 mC cm−2 for PtSi NWs to 1.4 mC cm−2), and the CIL
is increased up to 10×, to 3.53 mC cm−2 at 700 nm. PEDOT:PSS
coatings therefore improve both the recording and stimulation
performances of PtSi 3D-nanoelectrodes. As anticipated, thicker
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coatings enhance the properties more in comparison with ultra-
thin coatings; however, the morphology of the layer can possibly
interfere with cell engulfment for layers >300 nm.

To further position these results among other research groups
developments, we compared the electrochemical performances
of both our PEDOT:PSS coated planar MEA and nanowires
configurations, with comparable neuronal interfacing configura-
tions reported in the literature (see Table 1). Among the three
categories, it is only the 3D nanostructures (third category) that
significantly enhance cell engulfment on the electrodes, which is
crucial for achieving high-resolution signal recording. We con-
sider configurations to be comparable to ours when homoge-
neous layers of conductive coatings are deposited on metallic
electrodes, indicating possible compatibility with an integration
on nanostructures. We compared the results for ∅20 μm GS-
coated electrodes and 300nm-coated NWs, the latter allowing us
to keep the high aspect ratio of the electrodes. In both cases, we
obtained specific impedance values at the state-of-the-art, with
6.36 MΩ μm−2 for planar electrodes and 7.14 MΩ μm−2 for NWs.
Regarding the CIL values, planar electrodes also exhibit state-of-
the-art performances with 6 mC cm−2 while NWs possess a CIL
of 1.4 mC cm−2. The exact contribution of the 3D-configuration
in the CIL value decrease when compared to planar configuration
remains under investigation. Nonetheless, the CIL value for NWs
is within the range of reported values (from 0.9 to 6.2 mC cm−2)
for a noticeably small surface area.

3. Conclusion

PtSi planar microelectrodes and NWs were successfully coated
in PEDOT:PSS using electrodeposition. Various simple and re-
producible polymerization routes have been investigated, from
galvanostatic to potentiodynamic, showing a large range of layer
morphology and performances. Electrochemical properties of
bare and coated microelectrodes were assessed with EIS mea-
surements, CV analysis, and voltage transient experiment, show-
ing improvement for all diameters, notably for small diameters
(down to 5 μm), where the state-of the art performance could en-
vision the use of miniaturized MEA for studying the neuronal
activity with much higher spatial resolution. Optimal deposition
conditions were applied to 3D nanostructured electrodes based
on NWs, resulting in conformal and homogeneous layers of PE-
DOT:PSS with thicknesses ranging from 700 to 40 nm, demon-
strating the feasibility of selectively integrating ultra-thin layers
of conducting polymer onto 3D-nano objects. Hence, the optimal
cell engulfment should be maintained, as the aspect ratio of the
NWs is kept for thicknesses of 300 nm and under. Electrochemi-
cal properties analysis showed that the presence of a conductive
polymer coating leads to remarkable thickness-dependent char-
acteristics combining low impedance, high charge storage ca-
pacity, and high charge injection limit. Ultra-thin layers of PE-
DOT:PSS, of thicknesses 100 nm and under, effectively main-
tain the nanometric dimensions of the structure, minimizing
intrusiveness and perturbation of the sensing structure toward
the cell. Moreover, it enhances the surface performance by re-
ducing impedance by 50% at 1 kHz and provides a reduced me-
chanical mismatch at the electrode/cell interface due to the soft
nature of the PEDOT:PSS material. Layers that are several hun-
dreds of nanometers thick, with an optimal thickness of 300 nm

for the PEDOT:PSS layer, exhibit an impedance at 1 kHz that is
three times lower than that of bare electrodes. Additionally, they
demonstrate a CSC that is twice as high and CIL that is four
times higher. Furthermore, these layers ensure the impeccable
alignment of cells on the nanostructures, which promotes opti-
mal electrode/cell interactions.

By combining, for the first time, nanometric high aspect ra-
tio geometry with a high performance coated surface, PEDOT-
coated 3D-nanostructured devices open new perspectives for
neuronal interfacing, as they should enable the stimulation and
recording of neuronal activity with acute spatial and signal reso-
lution, while not impeding optimal cell engulfment.

4. Experimental Section
NEAs Fabrication: The 3D-nanostructured electrodes presented in this

paper were fabricated using a CMOS-compatible process, similar to previ-
ously published.[17] A summary is included here for completeness (see
Figure S5 in Section S6, Supporting Information). First, the nanowires
were patterned on a 4″ silicon-on-insulator wafer using a large-scale and
cost-effective top-down approach through photolithography (i-line step-
per) and anisotropic plasma reactive ionic etching steps. The aspect ratio
of the probes could be tuned by adjusting the etch duration and perform-
ing sacrificial oxidation. Then, following the same protocol, the electrode
base and conducting lines were structured down to the oxide layer. It is im-
portant to note that this structuration step was the first step of the process
when fabricating planar microelectrodes. Next, a conformal platinum (Pt)
layer was deposited on the wafer by Physical Vapor Deposition, followed
by annealing to create a stable platinum silicide (PtSi) layer of ≈90 nm,
forming a core–shell type nanostructure. The unreacted Pt layer was then
removed using a selective chemical etching process. Next, the wafer was
covered in conformal oxide layers to ensure the insulation of the electrode
structures from any liquid environment. Last, the upper part of the probes
was opened, creating vertical and conductive nanostructures. Finally, the
chip was integrated onto a printed circuit board using the flip-chip method,
resulting in a conventional MEA-like device with external contacts. Addi-
tionally, a glass cylinder was introduced for conducting electrochemical
experiments or cell cultures.

Electrochemical Characterization: All electrochemical characterization
and depositions were performed with a VMP3 Multichannel Potentio-
stat (Biologic Sciences Instruments). Cyclic voltammetry measurements
were conducted with a Platinum counter electrode and a commercial
Ag/AgCl reference electrode (LF-1.6-48, Innovative Instruments, Inc.) in
0.9%w NaCl solution. Impedance spectra were acquired from 1 Hz to
100 kHz with an amplitude of 20 mV, using a platinum counter elec-
trode in 0.9%w NaCl solution (Sodium Chloride 99%, Sigma–Aldrich).
PEDOT:PSS depositions were achieved using the same three-electrode
setup, in a 10 mm 3,4-Ethylenedioxythiophene (EDOT) (Sigma–Aldrich),
10 mm Sodium poly(4styrenesulfonate) (Na:PSS) (Mw 70 000, Sigma–
Aldrich) in deionized water prepared from a Millipore Milli-Q A10 sys-
tem (18.2 MW cm−1 resistivity). Voltage transient experiments were done
using the conventional three electrode configuration, in a SP-240 poten-
tiostat (Biologic Sciences Instruments) in Dulbecco’s phosphate buffer
saline solution.

Morphological Characterization: Focused-ion beam (FIB) milling and
scanning electron microscopy (SEM) were performed with a Helios
NanoLab 600i Dual Beam (FEI). AFM scans were performed using Di-
mension ICON (BRUCKER), and profilometer analysis was conducted on
a Tencor P16+ (KLA TENCOR).

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