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Ultra-Flexible µ-ECoG Arrays Based on PEDOT:PSS
Micropillars

Alice Lunghi,* Michele Bianchi,* Pierpaolo Greco, Riccardo Viaro, Michele Di Lauro,
Luciano Fadiga, and Fabio Biscarini

Devices capable of recording electrophysiological signals with high signal-
to-noise ratio (SNR) and spatiotemporal resolution are crucial in neurological
research. The introduction of flexible materials and conductive polymers in the
fabrication of multi electrode arrays (MEAs) for electrocorticography (ECoG)
enabled higher quality of recorded signals thanks to device conformability and
to low-impedance electrodes. Advances in microfabrication techniques allow
a dramatic reduction in electrode size, leading to highly-dense microelectrode
arrays with increased spatial resolution. Here, the synergic contribution
of surface micropatterning and of conductive polymers on the recording
performance of a home-built µECoG device is explored. The device is fabricated
through a combination of conventional and unconventional micropatterning
techniques, leading to an ultra-conformable polydimethylsiloxane
(PDMS) array featuring different-size flexible micropillars forests coated
with a thin layer of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS). The performance of the device is assessed
in vitro by electrochemical impedance spectroscopy and in vivo by detecting
somatosensory evoked potentials from the somatosensory cortex of a rat.
The increasing of the geometric area has only limited effect on the recording
capability in the in vivo model investigated. Nevertheless, the extremely
high SNR values obtained place the proposed approach as an innovative
and versatile strategy for the prototyping of ultra-conformable µECoG devices.

1. Introduction

Brain interfaces enabling the high-quality recording of neural
signals from the surface of the cortex are highly desired for re-
search and medical applications.[1–3] Μicroelectrocorticography
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(μECoG) recording commonly relies
on high-density multi-electrode arrays
(MEAs) put in direct contact with the
brain surface.[4] For this reason, the
meticulous optimization of the brain-
device interface in terms of mechanical
and electrochemical characteristics is
mandatory to achieve suitable recording
performances.[5,6] In the last decade,
advances in material science and mi-
crofabrication technologies allowed the
progressive miniaturization of the size
and pitch of the electrodes introducing
high-density microelectrodes array[7,8]

and giving great impetus to research
aimed at the design and the fabrication
of innovative μECoG devices.[4,9,10] Me-
chanical compliance and low impedance
are two of the essential characteristics
contributing to the optimization of such
devices. Mechanical compliance refers
to the capability of the array to adapt to
the curvilinear shape of the brain[2,7,11,12]

and to avoid displacement caused by the
micro-motion of the organ originated
by vascular pulsation, fluctuation in
respiratory pressure, and movements
of the head.[13,14] By ensuring intimate

contact with the brain, compliant μECoG MEAs demonstrated
superior electrochemical coupling at the electrode-cortex inter-
face, also outperforming traditional rigid platforms in terms
of the quality of recorded signals.[7,15] To this end, polymeric
materials likewise silicone-based elastomers, parylenes, and
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polyimides[15–17] represent an attractive alternative to silicon-
based devices as they offer stiffness values orders of magnitude
lower than metals, reducing the mechanical mismatch with the
neural tissue.[18] In particular, silicones (e.g., polydimethylsilox-
ane, PDMS) exhibit the lowest Young’s modulus (≈ 1 MPa,) ex-
cellent flexibility, and greater biocompatibility. For all these rea-
sons PDMS has become widely used as the material of choice in
epicortical recording.[19]

The recording of electrophysiological signals can be affected
by different sources of noise that are introduced in the mea-
sures at various levels of the recording chain.[20] The overall
noise originates from a complex integration of different types of
noise, both biological likewise the spontaneous electrical activ-
ity of the brain,[21] and nonbiological such as flicker noise, ther-
mal noise, electronic noise from the amplifier circuit, etc.[20,22,23]

Thermal noise is introduced at the level of the electrodes and,
since it depends on the random thermal motion of the charge
carriers, its contribution is always present.[11,23] Although the im-
portance of its contribution to the overall noise quantification is
still controversial,[24–26] thermal noise remains the most address-
able source of noise since it scales with impedance.[27] There-
fore, the use of electroactive materials characterized by low in-
trinsic impedance is an accessible strategy to reduce the contri-
bution of this form of noise, further contributing to the optimiza-
tion of the recording interface.[22] A popular and effective strat-
egy to achieve this goal is to coat microelectrodes with electro-
active thin films[28] or, more effectively, with conductive polymers
(CPs), and in particular with poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS).[2,7,15,29] Besides its intrin-
sic low impedance,[30] PEDOT:PSS owes its popularity in the
field of neural recording to the mixed ionic-electronic con-
duction mechanism.[34,35] PEDOT:PSS, indeed, belongs to the
subset of CPs called organic mixed ionic-electronic conductors
(OMIECs), which thanks to their peculiar conduction mecha-
nism are broadly used as signal transducing elements in bioelec-
tronic devices that operate in aqueous electrolytes.[35,36] OMIECs
are characterized by a conduction mechanism that couples elec-
tronic and ionic transport. In particular, the mixed conduction
in PEDOT:PSS results from the presence of two distinct, yet
intimately interpenetrated physical phases: the PEDOT domain
that, thanks to the 𝜋-conjugated polymer chains account for elec-
tronic transport, and the PSS-rich phase, that accounts for ionic
transport.[34,35] As such, PEDOT:PSS is capable of transducing
ionic currents, typical of biological systems, into electronic ones,
thus bridging the gap between the biotic and the abiotic com-
ponents of the recording system.[36–38] Besides the conduction
mechanism, the structural organization of PEDOT:PSS gives it a
highly porous structure that is responsible for PEDOT:PSS high
charge storage capacity and high charge injection limit.[39] Also,
PEDOT:PSS porous structure allows for facile doping of the poly-
mer to enhance its conductivity (up to 104 S cm−1).[40,41] Other
CPs like PANI and PPy have been employed in bioelectronics,[42]

however, their use is strongly limited by important drawbacks.
Both of them are difficult to dissolve in water, limiting access
to traditional fabrication techniques such as electrodeposition
and electrospinning and resulting in challenging and unsatis-
factory processing.[43,44] Furthermore, PANI has a very poor con-
ductivity in the physiological pH range[43] and PPy is extremely
rigid and brittle,[45] making them not appropriate for interfacing

with soft tissues. On the contrary, PEDOT:PSS can be easily pro-
cessed in aqueous solutions and can be processedwith traditional
techniques; in particular PEDOT:PSS is extremely feasible for
electrochemical polymerization, thus enabling optimal control
of the coating.[46] Finally, PEDOT:PSS has demonstrated good
biocompatibility toward neural cells,[33,47] thus becoming the
workhorse material of bioelectronics applications.[29,36] Another
fundamental aspect of μECoG recording is spatial resolution.[11]

The introduction of high-density μMEAs opened the possibil-
ity to obtain high spatially resolved maps of the brain.[11] How-
ever, since impedance scales with electrode area,[48] the tendency
to the miniaturization of the electrodes in favor of their den-
sity goes in the opposite direction to the need of lowering the
impedance. In this scenario, an intriguing yet little explored strat-
egy is offered by surface micropatterning.[49–51] Endowing mi-
croelectrodes surface with geometrically definedmicrostructures
(i.e., micropillars) allows to increasemicroelectrodes surface area
while preserving miniaturization[51,52] and spatial resolution.[51]

In addition, tridimensional microstructures, such as nanowires,
nanoneedles, mushroom-shaped microstructures and micropil-
lars help create a biomimetic environment that can promote close
interaction between cells and themicroelectrodes surface.[41,53–57]

Optimal entanglement of cells with surface microstructures re-
duces the effect of spatial averaging of the signal[56,58] and, espe-
cially in chronic implants, might contribute to limit signal extinc-
tion caused by glial scar formation.[59–61] However, most of these
studies test this hypothesis only with cells cultured in vitro[55,56,58]

while others are limited to electrochemical characterization of the
micropatterned microelectrodes.[62]

In the last decade, research focused on engineering novel in-
terfaces to record neural signals with high spatiotemporal res-
olution has flourished, leading to the development of sophisti-
cated devices. For example, Khodagholy and colleagues[63] de-
veloped an highly-conformable μECoG array endowed with Au
microelectrodes coated with PEDOT:PSS. The inherent lower
impedance of PEDOT:PSS compared to Au led the PEDOT:PSS-
coated microelectrodes to outperform the bare Au microelec-
trodes, while the extremely high density of the microelectrodes
enabled an optimal spatial resolution.[7] The benefit of using
PEDOT:PSS-coated microelectrodes instead of other conductive
materials such as platinum and iridium oxide and combining the
use of the CP with extreme conformability has been assed also by
Vomero and co-workers,[15] that demonstrated the importance of
mechanical compliant in preserving the reliability of the recorded
traces over long term implantation. While the advantages of us-
ing PEDOT:PSS as active material, the importance of the sub-
state’s mechanical compliance and of the size and the density of
the microelectrodes in achieving reliable and informative record-
ings have been widely demonstrated, very little has been done
in terms of exploring the potential role of endowing the micro-
electrodes with hierarchically organized microstructures. A first
attempt in this direction was made by Yang and Martin[49] who
investigated how microporous PEDOT:PSS coating of the elec-
trodes might influence the recording of neural signals, obtaining
only a neglectable improvement. Later on, a similar study was
published by Aqrawe and colleagues,[50] drawing a similar con-
clusion. An interesting work published in 2019[51] demonstrates
how the presence of micropillars-like microstructures on the sur-
face of Au microelectrodes resulted in higher values of SNR
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compared to flat Au microelectrodes. The micropillars, in this
case, were obtained by using lotus leaves as biotemplates. How-
ever, all these studies only consider irregular and not repro-
ducible microstructures. We recently described the fabrication of
flexible PDMS-basedmicroelectrodes provided with PEDOT:PSS
micropillars and the possibility to modulate relevant electro-
chemical properties, namely capacitance and electroactive sur-
face area, by adjustingmicropillars’ diameter and areal density.[52]

These electrodes showed great biocompatibility toward neural
cells, also favoring a tight contact between the cells and the sur-
face thanks to the presence of micropillars.[52] These electrodes
join together all the requirements to optimize the performances
of a μEcoG MEA as just described; hence, we envisioned their
integration in an ultra-conformable μECoG MEA where the mi-
croelectrodes are patterned with PEDOT:PSS micropillars array
on a thin and flexible PDMS substrate, with the aim to shed light
on the length-scale dependence of epicortical neural recording.
Notably, although highly regular micropillar arrays have been
investigated for many different applications such as influenc-
ing and guiding neural growth and orientation,[64,65] recreating
biomimetic environment[66,67] and electrophysiology,[68–70] their
use in neural recording applications has not been reported in
literature yet. In summary, the founding idea of the study is to
investigate a strategy to reduce the impedance of the recording
microelectrodes in order to obtain a better quality (i.e., higher
signal-to-noise ratio, SNR) of the recorded signals. To obtain
low impedancemicroelectrodes, we envisioned a straightforward
strategy that couples the use of PEDOT:PSS with surface mi-
cropatterning. Indeed, PEDOT:PSS is characterized by intrinsic
low impedance, while micropillars are expected to contribute to
further reducing the impedance of microelectrodes by increas-
ing microelectrodes’ effective area (notably, impedance scales in-
versely with the area) while maintaining their lateral micrometer
size and, consequently, spatial resolution. Impedance reduction
is expected to correlate to neural signal recoding with a higher
SNR, since noise, particularly thermal noise, is impedance de-
pendent. Therefore, we devised two differentmicropillars geome-
tries to provide a different increase in the geometric area of the
microelectrodes and test our hypothesis. In addition, we decided
to further lower the impedance by coating the microelectrodes
with PEDOT:PSS and leveraging on a flexible substrate such as
PDMS to ensure an optimal coupling between the electrodes and
the brain surface. The effective decrease of impedance is pre-
dicted to be superlinear with the increase of geometrical area,
as the capacitance of PEDOT:PSS electrodes is known to scale as
the volume and not the area.[71,72] Here, we report the process that
we specifically designed to fabricate such a device starting from
scratch and demonstrate its capability to record somatosensory
evoked potentials exhibiting outstanding values of signal-to-noise
ratio.

2. Results and Discussion

2.1. Design of the “Neuropillar” Probe

The architecture of the Neuropillar array is detailed in
Figure 1A(i). The device can be divided in three functional parts:

contact pads at the right end, electrode tracks in the central stem,
and the array of 16 microelectrodes at the left end. Aiming to
study the effect of PEDOT:PSS micropillars on the recording
performances, we designed Neuropillars so that half of the mi-
croelectrodes were endowed with micropillars (micropatterned
electrodes), while the remaining eight were without micropil-
lars (i.e., flat electrodes) (Figure 1A(ii)). To investigate the ef-
fect of different surface geometries, we devised two families
of Neuropillar; one with micropatterned microelectrodes featur-
ing micropillars with a nominal diameter of 4 μm (4μm_NP,
(Figure 1B(i))) and the other one with micropillars showing a
nominal diameter of 7 μm (7μm_NP, (Figure 1B(ii))). In both
cases, the aspect ratio of the micropillars was fixed to 1 and
the pitch, defined as the center-to-center distance between two
adjacent pillars, was 15 μm. To comply with the constrain im-
posed by the fixed aspect/ratio, the height of micropillars must
vary accordingly, hence micropillars with nominal diameters of
7 and 4 μm were designed to have a nominal height of 7 and
4 μm, respectively. Both micropatterned and flat microelectrodes
are squares of 80 μm side and projected area of 6.4 103 μm2

(Figure 1A(ii), zoom). Due to the presence of the micropillars,
the geometric surface area of the single micropatterned electrode
increases to ≈7.6 ∙ 103 μm2 (+ ≈20% vs flat electrode) for mi-
croelectrodes with 4 μm diameter micropillars and to ≈10.2 ∙

103 μm2 (+ ≈60% vs flat electrode) for those with 7 μm diame-
ter micropillars. The device is endowed with a grounding elec-
trode composed of 16 interconnected electrodes (half of which
are flat due to fabrication restrictions, (Figure 1A(ii))) that, in case
of bipolar recording configuration, serves to record the physio-
logical background activity from the local surroundings and to
subtract it from the signal recorded by each microelectrode.[9]

The device was designed with the view to record electrophys-
iological activity form the somatosensory barrel cortex of rats;
thus, the whole sensing area including the reference elec-
trode, covers an area of 2×2 mm2 (Figure 1A(ii)).[73] During a
recording session, it could happen that a micropatterned micro-
electrode is placed in correspondence of a neuron cluster that
elicits high intensity signals, whereas a flat electrode records
from a population that generates feebler waveforms. Since mi-
cropatterned electrodes are hypothesized to yield higher power
of the recorded signals and a better signal-to-noise ratio (SNR)
because of their major area compared to flat electrodes, such
a recording scenario would unavoidably lead to biased record-
ing outputs, not directly related to the geometry of the sensing
electrode but rather to the nature of the “sensed” population of
neurons.
To prevent such a possibility, we designed an equal distri-

bution of the two microelectrode types (with micropillars and
flat) in the shape of a checkerboard of four quadrants (Figure
S1A, Supporting Information), populated two without micropil-
lars and two with micropillars. Overall, we fabricated a de-
vice encompassing flat and micropillar microelectrodes on the
same sensing area, thus taking down the chance of introduc-
ing recording biases as the one cited above. Furthermore, to
investigate the effect of surface topography on the recording,
we devised two distinct families of devices, namely 4μm_NP
and 7μm_NP, that differ for the diameter of the micropillars
(Figure 1B(i,ii)).
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Figure 1. Design and fabrication of Neuropillar. A) Schematic representation of Neuropillar showing (i) the whole architecture of the device with the
multielectrodes array (left), the central stem with microelectrodes’ tracks and connections (right), and (ii) zoom of the multielectrodes array highlighting
the arrangement of the 16 recording microelectrodes and of the ground electrode running around the perimeter of the array; distances are given in μm.
B) Scanning electron micrographs of (i) 4 μm and (ii) 7 μm micropillars arrays; scale bar: 10 μm, magnification: 2500x. C) Neuropillar fabrication
process. (i) The PDMS micropillars array (micropillars omitted) is encapsulated between two PET adhesive layers so that the micropillars array remains
free standing; (ii) the surface of the PET/PDMS/PET sandwich is metalized with a thin layer of Ti and Au; (iii) the electrodes are obtained by removing
the metal in excess by means of IR laser ablation; (iv) a protective layer of SU-8 is spin-coated on the device; (v) the SU-8 is selectively etched to
expose only the recording sites and the connections (v); (vi) PEDOT:PSS is electrodeposited on each microelectrodes by means of chronocoulometry.
(vii) Schematic representation of the final layered architecture of the microelectrodes. Not in scale. D) Optical micrograph of a 7um_NP μECoG MEA
supported on a glass wafer after IR laser ablation (scale bar: 2 mm). The transparent area corresponds to the PDMS or to the PET layer (depending
on the position considered) from which the gold was removed, while microelectrodes appear dark, shadowing the light source. E) The final aspect of a
7um_NP μECoG MEA snapped to the CaLEAF ZIF connector. From the picture, it is possible to guess the different mechanical properties of the central
stem the connection pads (rigid) and the microelectrodes array (flexible).

2.2. Fabrication Procedure

An ad hoc multistep fabrication procedure was designed to ob-
tain the Neuropillar array (Figure 1C(i-vi)). The most success-
ful protocol we developed relies on a combination of different
fabrication techniques, including soft-lithography (particularly
replica molding),[74] metal sputtering, IR laser ablation, and elec-
trochemical polymerization. Briefly, a PDMS micropillars array
(thickness ≈80 μm), either with micropillars’ diameter of 4 and
7 μm (aspect ratio of 1), was obtained by replica molding of sili-
con masters featuring micro-holes of the corresponding diame-

ter (Figure S1B, Table S1, Supporting Information). The PDMS
filmwas then encapsulated between two PET thin layers (≈7 μm)
so that the area with micropillars array remained free-standing
(Figure 1C(i)). In such a way, the flexibility and the mechani-
cal properties of the PDMS micropillars array were not compro-
mised and, at the same time, the central stem and the connec-
tions were stiff enough to both allow easy handling of the probe
and ensure stable contact with theZIF connector (see Experimen-
tal Section for further details). After metallization (Figure 1C(ii));
microelectrodes, tracks and contact pads were patterned by re-
moving the metal in excess through high-precision IR laser
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Figure 2. Morphological and electrochemical characterization of the microelectrodes. A) Representative SEM images of (i) 7μm_ME, (ii) 4μm_ME and
(iii) f_ME; scale bar: 30 μm, magnification: 1000x. B) Bode plot showing EIS spectrum of the best performing (i) 7μm_NP and (ii) 4μm_NP device;
dashed line is a guide-for-the-eye for |Z|1kHz. EIS of 7μm_NP refers to the same device used for acute in vivo recording.

ablation (Figure 1C(iii)). A protective layer of SU-8 was added so
that only the recording sites (microelectrodes) were exposed to
the EDOT solution during the subsequent electrochemical poly-
merization process (Figure 1C(iv-vi)). The exploded layered archi-
tecture of the microelectrodes, either flat or endowed with mi-
cropillars, is shown in Figure 1C(vii). Figure 1D shows an optical
view of the Neuropillar array after that connection (right), tracks,
and microelectrodes (left) were patterned by means of IR laser
ablation. Each recording channel (i.e., connection pad, electrode
track, and microelectrode) is clearly identified and separated by
the others, indicating that all the 16 electrodes are independent
and insulated. The final appearance of the device, shaped into
its final design and inserted into the CaLEAF ZIF connector, is
shown in Figure 1E. The layered architecture of the device orig-
inates a step at the interface between the PDMS film and the
upper PET layer; however, despite the step being taller than the
thickness of the metallic layer (7 vs 30 nm) electrical conductiv-
ity was provided along the whole recording channel, as demon-
strated by the electrochemical measurements reported hereafter
(see “Electrochemical characterization”). Indeed, the sputtering
process allows the deposition of Ti and Au in all directions of the
space and not only perpendicular to the surface,[75] thus provid-
ing electrical connectivity at the PDMS/PET interface.

2.3. Characterization of the Microelectrodes and of the
Neuropillar Array

Micropillar arrays obtained through PDMS replica (Figure 1B) ac-
curately reproduced the characteristic dimensions of themaster’s

microholes (Figure S1 and Table S1, Supporting Information).
The average diameter and height of the micropillars were both
≈8.5 μm for the 7 μm array and ≈5 μm (diameter) and ≈4.8 μm
(height) for the 4 μm array. Figure 2A(i–iii) shows the three types
of PEDOT:PSS-coated microelectrodes investigated in this study:
f_ME, 4 μm_ME and 7 μm_ME. The different materials making
the layered structure of the microelectrodes (PDMS, Ti/Au, PE-
DOT:PSS) are characterized by distinguished mechanical behav-
iors. Clearly, PDMS is significantly softer and more flexible[76]

than the Ti/Au and the PEDOT:PSS layers,[77] and these differ-
ences resulted in the formation of microcracks in the microelec-
trodes’ conductive coating due to residualmechanical stresses.[78]

Notably, as previously observed,[52] the presence of the micropil-
lars reduces the number and the length of the microcracks com-
pared to flat electrodes, confirming that the micropillars act as
quenchers for the formation of microcracks. Moreover, as clearly
visible in Figure 2A(i) and Figure S2 (Supporting Information),
microcracks are almost absent in the 7μm_ME. The magnitude
of the mechanical forces experienced by the electrodes is difficult
to quantify. However, we speculate that the overall mechanical
stress experienced by each device is comparable, thus we hypoth-
esize that larger microstructures (i.e., 7 μm diameter micropil-
lars) might be more capable to absorb mechanical stress than
smaller ones (i.e., 4 μm diameter micropillars) (Figure 2A(ii) and
Figure S3, Supporting Information). Nonetheless, the presence
of fractures in the microelectrodes still allowed electrical con-
ductivity of the microelectrodes as indicated by the Bode plots
reported in Figure 2B.[52,78] Since the presence of the microc-
racks do not abruptly interrupt the physical continuum of the

Adv. Mater. Interfaces 2025, 12, 2500051 2500051 (5 of 11) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2025, 12, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202500051 by U
niversita D

i Ferrara, W
iley O

nline L
ibrary on [13/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

PEDOT:PSS coating, the formation of percolative pathways is
preserved and, consequently, so is the electrical conductivity.
Overall, the presence of the micropillars contributes to the me-
chanical and structural stability of the microelectrodes, reducing
the occurrence of pits and cracks, and preventing detrimental de-
lamination of the different layers.
As mentioned in the introduction, mechanical compliance is

a fundamental aspect of epicortical recording devices as a good
coupling between the cortex and themicroelectrodes accounts for
the improved quality of the recorded signals.[2,7,10,15,63] Prelimi-
nary evaluation of the conformability of an epicortical recording
device to the cortex is provided by assessing its capability to spon-
taneously wrap around a curved and wet surface.[79,80] According
to the elastocapillarity model (see Supporting Information),[80]

the spontaneous wrapping of a thin film around occurs when
its bending stiffness (B) yields an elastocapillarity length (LEC)
smaller than the curvature radius (r) of the surface, represented
by rat’s barrel cortex (r = 3 mm).[15] Bending stiffness greatly de-
pends on the thickness of the film; in our case, considering a
thickness of the PDMS film of ≈80 μm, B is ≈ 4.3 ∙ 10−8 Nm,
resulting in LEC value ≈ 0.84 ∙ mm (see Table S2, Supporting In-
formation). Hence, according to this model, the PDMS film used
as a substrate accounts for the great conformability of the device.

2.4. Electrochemical Characterization

Bode plots reported in Figure 2B(i,ii) show the impedance spec-
trum of representative 7μm_NP and 4μm_NP prior and after
coating the microelectrodes with PEDOT:PSS. During the elec-
trodeposition process, the charge was limited to 250mC cm−2, re-
sulting in an estimated PEDOT:PSS thickness of ≈165 nm. This
value was obtained based on preliminary experiments aimed at
determining the thickness of PEDOT:PSS layers resulting from
the deposition of different charge densities on flat gold-coated
PDMS. Furthermore, for lower values of charge density (e.g., 125
mC cm−2) it was difficult to appreciate the contribution of the PE-
DOT:PSS coating to the impedance of the microelectrodes, while
for higher values (e.g., 500 mC cm−2) the thickness of conduct-
ing polymer layer was such that it deformed the desired aspect
ratio of the micropillars. The electrochemical impedance of the
microelectrodes plays a pivotal role in the quality of the recorded
signals since it scales with thermal noise;[22] thus, electroactive
coating capable of reducing impedance modulus (|Z|) of the mi-
croelectrodes is highly desired as they can lead to higher signal-to-
noise-ratio in vivo.[15,81] Electrodeposition of the conductive poly-
mer resulted in a bold decrease of |Z| across the investigated
frequency spectrum; being this the typical behavior of metallic
electrodes when coated with PEDOT:PSS.[30] Regardless of the
surface microstructure, EIS spectrum of PEDOT:PSS-coated mi-
croelectrodes is smoother than their metallic counterparts: dur-
ing the electrodeposition process, PEDOT:PSS conceals the mi-
crocracks of the gold layer and forms new percolation paths
providing better electrical conductivity.[52] The impedance spec-
trum of 4μm_NP and 7μm_NP appear quite different. One of the
main reasons of such difference can be found in the presence of
more and longer microcracks in 4μm_MEs than in 7μm_MEs:
the higher the number of microfractures and the longer their
extension, the more hindered the formation of percolative path-

ways, thus resulting in the better impedance spectrum of the
7μm_NPs. In the frequency band between 100 Hz and 1 kHz of
4μm_NP there is a bump that can be ascribed to a non-optimal
charge transfer between the conductive polymer and the underly-
ing Au layer, likely due to the presence of themicrocracks spotted
in the SEM images.[71] Commonly, impedance characterization
of neural recording microelectrodes is limited to the investiga-
tion of impedance values at the frequency of 1 kHz (|Z|1 kHz).
As the main information content in action potential is conserved
around this frequency, |Z|1 kHz is generally taken as a compara-
tive measure.[82] Both for 4μm_NP and 7μm_NP, the electrode-
position of PEDOT:PSS decreased the value of |Z|1 kHz by two
orders of magnitude, dropping from ≈2×105 Ω (gold microelec-
trodes) to ≈2×103 Ω (PEDOT:PSS microelectrodes), either for
flat and micropillars microelectrodes. Such values of |Z|1 kHz are
in good agreement with what reported in literature for similar
PEDOT:PSS-based microelectrodes.[29] However, since relevant
information are not limited to the frequency of 1 kHz, but rather
spread over a broader frequency spectrum, the value of the cut-
off frequency (i.e., the frequency encompassing the shift between
the resistive behavior – high frequencies – and the capacitive
behavior – low frequencies) represents an appealing alternative
to |Z|1kHz.

[22] Interestingly, the value of the cutoff frequency is
very different between the two μECoG MEAs. Cutoff frequency
of 4μm_NP is ≈2 ∙ 103 Hz either considering flat or micropillars
microelectrodes. 7μm_NP exhibits different cutoff frequencies
of flat microelectrodes (≈500 Hz) and micropillars microelec-
trodes (≈250 Hz). Broadening of the frequency-independent re-
gion should accounts for lower level of thermal noise during the
recording as |Z| remains low in a wider area of the spectrum.[71]

The overall impedance trend of 4μm_NP, however, suggests the
presence of a resistive component dependent on the electrolyte,
raising concerns about the occurrence of pinholes in the pro-
tective layer. This phenomenon is likely related to the reduced
mechanical stability toward microcracks conferred by 4-μm mi-
cropillars compared with 7-μmmicropillars and led us to exclude
4μm_NP from in vivo recording experiments. To be highlighted,
EIS also indirectly provides an important clue about the effec-
tive insulation of the recording channels (i.e., absence of crosstalk
among close tracks). Indeed, impedance spectrum for each mi-
croelectrode of all the devices before and after PEDOT:PSS elec-
trodeposition were comparable in terms of |Z| magnitude and
overall trend, although not well overlapped (Figure S4, Support-
ing Information), suggesting independent signal recording from
each channels.

2.5. In Vivo Validation of the Neuropillar Array

Acute recording of somatosensory evoked potentials (SEPs) was
selected as recording mode to achieve the proof-of-concept of
the capability of the Neuropillar arrays to properly record elec-
trophysiological signals from the rat cortex (Figure 3A). SEPs
represent an excellent target for the validation of recording de-
vices since their characteristic waveform and high-intensity (hun-
dreds of μV) have been extensively characterized (e.g., number of
peaks, onset time after trigger, amplitude, etc.).[83] In addition,
SEPs can be easily triggered by stimulating the whiskers of the
animal. Given the better in vitro electrochemical performance
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Figure 3. In vivo recording of SEPs using a 7μm_NP. A) Picture of the 7μm_NP array placed on the somatosensory cortex of the rat during the acute
recording. B) SEP waveform (red solid line) obtained by averaging SEPs recorded by all micropatterned electrodes of the 7μm_NP array during an acute
recording. All SEPs are time locked at the moment of the trigger, marked as 0 ms; spontaneous activity recorded in the 100 ms before the trigger is
defined as noise, and elicited activity recorded in the 100 ms after the trigger is defined as a signal. C) Typical response of a 7μm_NP array showing
characteristic SEP waveforms recorded by microstructured (purple) and flat (green) microelectrodes. The trigger is marked at 0 ms; SEP (colored line)
is obtained by overlapping 100 trials (gray) for each microelectrode. D) Power of the signal of flat (green) and microstructured (purple) microelectrodes;
E) SNR values of flat (green) and microstructured (purple) microelectrodes. In D and E data points refer to three acute recording sessions performed
with the same device placed over three different positions of the somatosensory cortex (24 data points for each microelectrode category).

and mechanical stability, we opted to test in vivo only 7μm_NP
and not 4μm_NP. Furthermore, we had previously demonstrated
that microelectrodes endowed with micropillars of 7 μm diame-
ter provide better modulation of electrochemical properties (i.e.,
capacitance and electroactive surface area).[52] Even though we
considered an in-probe ground electrode, we opted for unipolar
recording (i.e., using a screw implanted in the skull as ground-
ing) because the in-probe ground might record some signal of
interest and, since electrical activity collected by the ground elec-
trode is subtracted to the recordings of themicroelectrodes, bipo-
lar recording could lead to the loss of some information.[9] The
presence of SEP’s characteristic hallmarks, namely the first pos-
itive peak (P1) and of the first negative peak (N1)[73] at the cor-
rect latency time with respect to the trigger (P1 after ≈13 ms; N1
after ≈17 ms; Figure 3B) confirmed the nature of the recorded
signals. Figure 3C shows the typical response of microstructured
and flat microelectrodes of the Neuropillar array; notably all the
16 recording channels could detect and record SEPs waveforms.
To quantitively explore the contribution of micropatterning on

the recording output, we characterized flat and micropillar mi-
croelectrodes by means of two features: power and SNR.[15,84,85]

Noise and signal were defined as the electrical activity 100 ms
before and 100 ms after the trigger (Figure 3B), respectively. Ei-
ther for flat or micropillar microelectrodes, the average power of
the noise (PwrN) was close to zero (0.19 ± 0.07 μV2), account-
ing for the little information content associated to spontaneous

activity. The average power of the signal (PrwS) was similar be-
tween the two types of microelectrodes (9.9 ± 3.5 μV2 for flat
microelectrodes and 10.3 ± 3.6 μV2 for micropatterned micro-
electrodes) and in both cases was significantly higher than PwrN
(p-value < 0.01). PwrS values of micropillar microelectrodes can
be clustered in three different groups (Figure 3D), with each
cluster corresponding to one acute recording session. Notably,
the same clustering could not be appreciated for PwrN. Since
we defined SNR as PwrS/PwrN, the difference between the aver-
age SNR of flat microelectrodes and micropillar microelectrodes
was negligible and the clustering of SNR values was compara-
ble with that of PwrS (Figure 3E). It is worth noticing that, be-
cause of the one-order-of-magnitude difference between PwrS
and PwrN, the average SNR values of flat (60 ± 32) and micropat-
terned (62 ± 33) microelectrodes resulted considerably high.[4,29]

The comparable behavior of the microelectrodes suggests that,
despite dramatically increasing microelectrodes’ surface area (+
60% for 7μm_ME with respect to f_ME), surface micropattern-
ing has only limited effects in terms of recording performances.
Similar results on the effect of surfacemorphology were reported
by Aqrawe and colleagues[50] when comparing recording outputs
of flat and macroporous PEDOT:PSS electrodes. Therefore, we
ascribe the high values of SNR to the combined effect of mechan-
ical compliance and low impedance achieved by the use of ultra-
flexible PDMS as substrate and of PEDOT:PSS as electroactive
material. However, the presence of micropillars positively affects
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the stability of themicroelectrodes. At the end of the recording ex-
periments, EIS spectrum of flat and micropillars electrodes was
shifted to higher impedance values (Figure S5A, Supporting In-
formation), but while |Z|1 kHz of flat microelectrodes increased of
two orders of magnitude, |Z|1 kHz of micropillars microelectrodes
increase of just one order of magnitude. This behavior is in line
with the major delamination of the PEDOT:PSS coating experi-
enced by flat microelectrodes (Figure S5B, Supporting Informa-
tion), confirming that micropillars contribute to the stability of
the conductive coating.

3. Conclusion

In this work, we successfully demonstrated the fabrication of an
ultra-flexible μECoG device obtained starting from scratch and
by designing an ad hoc fabrication procedure. Since mechanical
compliance and low impedance are the two characteristics of a
μECoG that impact the most on the quality of the recording out-
put, we combined several techniques to assemble a μMEAs based
on a PEDOT:PSS-coated PDMS micropillars array. We reported,
for the first time, the introduction of highly regularmicropillar ar-
rays in the field of epicortical neural recording, investigating their
role as key elements to increase the area of the microelectrodes
to further lower the impedance of the latter, also combining the
use of the conductive polymer. The recording capability of the
device was validated by recording SEPs from the somatosensory
cortex of a rat. Neuropillar precisely detected the waveforms with
high values of power and signal-to-noise ratio, even though it was
not possible to observe differences between recording outputs
of flat and micropillar microelectrodes. However, SEPs are high-
intensity signals, thus the contribution of noise on the record-
ing is less impacting than for single spikes. Further experiments
aimed at recording such signals will provide more insights into
the role of micropillars in epicortical recording. Finally, we in-
troduced the possibility of precisely controlling the surface area
and the tridimensional structure of soft microelectrodes, adding
a further level of dimensional control. The use of soft lithogra-
phy as a tool for integrating defined structures on the surface
of microelectrodes paves the way for finer tuning of microelec-
trode geometrical features than standard photolithography and
wet patterning techniques (e.g., electrochemical deposition, spin
coating, wet etching, etc.). The results obtained so far suggest
that other patterning geometries and microstructures are worth
testing to elucidate the role of micropatterning in epicortical
recording.

4. Experimental Section
Fabrication of the Device: Microholed silicon (Si) masters were fabri-

cated by reactive ion etching as previously described.[52] PDMSmicropillar
arrays were obtained by replica molding method using Sylgard 184 elas-
tomer kit (Dow Europe GmbH, Horgen, Switzerland). The silicone elas-
tomers base and the curing agent were mixed in a 10:1 v/v ratio; the mix-
ture was degassed in a vacuum, then a volume of 1.5 mL was poured onto
the Si master and spin coated using a two-step protocol (first step: 20 sec,
100 rpm, 500 rpmmin−1; second step: 45 sec, 1000 rpm, 500 rpmmin−1).
The first step allowed the mixture to penetrate intro the microholes and
the second one to remove the mixture in excess. After curing overnight at
60 °C, the PDMS film was gently removed by the master and fixed onto

an adhesive layer of polyethylene terephthalate (PET) paying attention to
have the micropillars oriented upward and to leave the area of the ar-
ray free standing. The PET adhesive layer was previously fixed (adhesive
side up) on a microscope glass slide employed as support. A 7 μm-thin
layer of PET was used to encapsulate the PDMS on the adhesive layer. The
PET/PDMS/PET sandwich was sputtered with a thin layer of Ti (≈3 nm,
time: 1 min, average current: 30 mA) and, subsequently, with a layer of
gold (≈30 nm, time: 3 min, average current: 18 mA) using a Q150RS DC
magnetron sputter (Quorum Tech, London, United Kingdom) operating
in argon rarefied atmosphere (≈ 10−1 mbar). Electrodes, tracks, and con-
tact pads were obtained by removing the metal in excess by means of in-
frared laser ablation (1064 nm, 0.1 mW) with built-in-house equipment.
It was worth noting that the resulting microelectrodes were independent
of each other since by removing the metal in excess each of them was in-
sulated from the neighbors, and results were individually addressable (as
described later in this paragraph). At this point, a 2 μm-thick SU-8 (Kayaku
AdvancedMaterials, MA, USA) layer was spin coated on the stack and soft
baked (1 min, 95 °C) with a thermal ramp to preserve the gold film. The
device was then aligned with a shadowmask designed to shade the micro-
electrodes and the contact pads using aMjB4mask aligner (Suss Microte,
Garnich bei Munchen, Germany) and exposed to UV light (356 nm) to al-
low the cross-linking of the exposed photoresist. After development, the
device was trimmed in its final form using a surgical blade, removed from
the support glass slide, snapped to the CaLEAF zero-insertion-force (ZIF)
connector (IMTEK-BKT, Freiburg, Germany), and connected to the ZIF-clip
Analogic Headstage (Tucker-Davis Technologies, FL, USA). The latter ter-
minates with a printed circuit board (PCB) that features 17 pins, each of
which corresponds to one of themicroelectrodes of the array (16 recording
channels plus 1 ground reference electrode), allowing each to be contacted
individually at a time. To precisely control the amount of the deposited
charge and of the corresponding thickness of the PEDOT:PSS layer, elec-
trodeposition was carried out by means of chronocoulometry. The charge
was limited to 250 mC cm−2, using a large area platinum mesh (15×15
mm2) as a counter electrode (CE) and a standard Hg|Hg2Cl2 electrode
as a reference electrode (RE). The microelectrodes of the array were used
as working electrodes (WE) one at a time by contacting the corresponding
pin on the PCB. The electrochemical cell was filled with a solution of 0.01m
ethylenedioxythiophene (EDOT, Sigma–Aldrich, MO, USA) and 0.8% w/w
poly(sodium 4-stryrenesulfonate) (NaPSS, Sigma Aldrich, MO, USA) in
MilliQ water and the potentiostat (Gamry Reference 600, Gamry Instru-
ments, PA, USA) was set to supply a constant potential (0.9 V) to the WE.

Device Characterization: Scanning electron microscopy (SEM) images
of the microelectrodes and of the Neuropillar array were acquired using a
SEM XPV Zeiss EVO 40 (Carl Zeiss, Germany) operating in high vacuum
and electron high tension (EHT) of 15 kV. Before imaging, samples were
mounted on metal stubs and sputtered with a 10 nm layer of gold using
a Q150RS DC magnetron sputter (Quorum Tech, London, United King-
dom). The electrochemical properties of the microelectrodes were mea-
sured by means of electrochemical impedance spectroscopy (EIS). EIS
of gold and PEDOT:PSS-coated microelectrodes was measured in the fre-
quency range 1–105 Hz using a three electrodes electrochemical cell filled
with a physiological solution (NaCl, 0.15 M). An Ag|AgCl (3 m KCl) was
used as RE and a large area platinum mesh (15×15 mm2) as CE. Neu-
ropillar array was immersed in the saline solution; each electrode was in-
dividually contacted as described above and used as WE.

The thickness of the PEDOT:PSS layer was investigated by means of
atomic force microscopy (AFM) using a Park XE7 AFM system (Park Sys-
tem, Suwon, Republic of Korea). AFM was operated in tapping mode, in
air and at room temperature, using a premounted silicon cantilever with
Al backside reflective coating, typical curvature radius ≈7 nm, elastic con-
stant ≈26 N m−1, and resonance frequency ≈300 Hz (OMCL-AC160TS,
Olympus Micro Cantilever, Tokyo, Japan). To obtain this value, defined
amount of charge densities ranging from 125 to 500 mC cm−2 with in-
tervals of 25 mC cm−2 were electrodeposited on flat surfaces of gold-
metallized PDMS using the same electrodeposition setup that was em-
ployed for the fabrication of μECoG devices. The Au-coated PDMS sheets
were contacted with silver conductive paste and used asWE. A scratch was
then obtained in the PEDOT:PSS layer and the AFM was used to measure
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the height of the step, corresponding to the thickness of the conductive
layer.

In Vivo Validation: Animal experiments were designed in compliance
with the guidelines established by the European Communities Council (Di-
rective 2010/63/EU, Italian Legislative Decree n. 26, 4/3/2014), and the
protocol was approved by the institutional review board of the University
of Ferrara and the Italian Ministry of Health (permission n. 989/2020-PR).
An adult Wistar rat (≈400 g) was used as an animal model. At this stage of
the project, the aim was to verify the capability of our newly developed ar-
ray to record electrophysiological signals, the reason for which it was opted
for the use of just one animal to accomplish the 3Rs principle and avoid
further sacrifice of animals. On the day of the experiment, the animal was
anesthetized with an intraperitoneal injection of a mixture of 30 mg k−1g
of tiletamine/zolazepam hydrochloride (Zoletil) and 5 mg k−1g xylazine
hydrochloride (Rompun). Anesthesia was maintained upon the whole du-
ration of the experiment with additional administration of anesthetic (typi-
cally every 30–40 min); the level of anaesthetization was periodically mon-
itored by testing the absence of hind limb withdrawal reflex. To expose the
left somatosensory cortex, the anesthetized animal was placed on a stereo-
taxic apparatus to avoid movements of the head. After trimming head
hairs, the skin was incised for a total length of 2 cm following the midline
of the cranium, and the skull was exposed by retracting muscle and con-
nective tissue. A 5×5 mm2 craniotomy in the parietal bone was executed
to expose the somatosensory cortex. During the entire surgical process,
the operated area was maintained clear and hydrated by dispensing ster-
ile saline solution. The animal was then placed in a faradic cage to reduce
electromagnetic interference from the environment and the μECoG MEA
was placed on the exposed area of the somatosensory cortex. Neural traces
were collected using a Tucker Davis Technologies multi-channel recording
system 3 (Tucker Davis Technologies, FL, USA) that was connected with
the array via intermediate supplies. Briefly, starting from the brain side, the
device was first snapped in the CaLEAF ZIF (IMTEK, Freiburg, Germany)
that was then connected to the ZIF-Clip Analogic Headstage (Tucker Davis
Technologies, FL, USA). The ZIF-Clip, in turn, was connected to a PZ2-256
battery-powered pre-amplifier (Tucker Davis Technologies, FL, USA) and to
the R2Z real-time processor (Tucker Davis Technologies, FL, USA). SEPs
were elicited by deflecting the whiskers of the animal (i.e., right whiskers,
contralateral to the exposed somatosensory cortex) using an in-house built
system endowed with a brush allowed to move only along the horizontal
plane. The stimulation protocol consisted of a sine waveform of 12ms and
amplitude of 500 μm (matching the displacement of the whiskers brush)
that was repeated 100 times with 4 s pause between each repetition so
that the total time of a recording block was ≈6 min. At least three record-
ing blocks were acquired on the same number of different positions on
the exposed somatosensory barrel cortex. to acquire a significant set of
independent data without sacrificing additional animals.

During the acquisition, data were band-pass filtered from 300 to
6000 Hz to remove environmental noise. To obtain the typical SEP wave-
form, the 100 trials recorded were averaged point-by-point for each elec-
trode. Power spectrum density (PDS) was computed for intervals of
100 ms before and after the trigger (Hamming windowing function, win-
dows overlap 50%) and integrated over the 3–300 Hz frequency band (lo-
cal field potential, LFP) to obtain the power of the noise (before the trigger)
and the signal (after the trigger). The signal-to-noise ratio was calculated
as the ratio between the power of the noise and the power of the signal.
Data were computed using OriginPro 2020 (OriginLab Corporation, MA,
USA).
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