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Abstract

Conducting polymers (CPs), including poly(3.,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), are promis-
ing coating materials for neural electrodes. However, the weak adhesion of CP coatings to substrates such as platinum—iridium
is a significant challenge that limits their practical application. To address this issue, we used femtosecond laser-prepared
hierarchical structures on platinum—iridium (Pt—Ir) substrates to enhance the adhesion of PEDOT:PSS coatings. Next, we
used cyclic voltammetry (CV) stress and accelerated aging tests to evaluate the stability of both drop cast and electrodeposited
PEDOT:PSS coatings on Pt—Ir substrates, both with and without hierarchical structures. Our results showed that after 2000 CV
cycles or five weeks of aging at 60 °C, the morphology and electrochemical properties of the coatings on the Pt—Ir substrates
with hierarchical structures remained relatively stable. In contrast, we found that smooth Pt—Ir substrate surfaces caused
delamination of the PEDOT:PSS coating and exhibited both decreased charge storage capacity and increased impedance.
Overall, enhancing the stability of PEDOT:PSS coatings used on common platinum—iridium neural electrodes offers great
potential for improving their electrochemical performance and developing new functionalities.
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Introduction

Implanted electrodes are essential components for neu-
romodulation devices and brain—computer interfaces [1].
For these applications to offer safe neural stimulation and
effective recording, the electrode interface must permit suf-
ficient charge injection with a stable and low impedance [2].
Conducting polymers (CPs) offer excellent electrochemical
performance, biocompatibility, and versatility, which make
them a popular coating for bioelectronic devices [3]. CP
coatings have been found to be useful not only for neurobio-
chemical detection [4, 5] and closed-loop neuromodulation
[6], but are also ideal coatings for ultralow frequency [7] or
direct current stimulation [8§—10] because of their high charge
injection capacity [11]. In addition, they have been consid-
ered as potential drug delivery system candidates [12].

Although many CPs have been identified,
poly(3.,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is the prototypical CP used to coat neural
electrodes [13, 14]. However, the lack of stable adhesion
between PEDOT:PSS coatings and metal surfaces such as
platinum or gold poses risks of delamination and shedding
[15]. This can interrupt clinical treatment [16] and cause
tissue damage [17], thereby endangering patient safety.

Various attempts have been made to address the weak
adhesion of CP coatings. These efforts can be divided into
two main categories: chemical and physical methods [14,
18]. Chemical methods involve the modification of the sub-
strate material itself via chemical modification to enhance
the stability of the coating. Examples of chemical methods
include the use of 3,4-ethylenedioxythiophene (EDOT) acid
[19], electrografting an amine-functionalized EDOT deriva-
tive [16], adding a hydrophilic polyurethane adhesive coating
[20], and electrodeposition of poly(5-nitroindole) conductive
films [21] or thin layers of polydopamine adhesive [22]. How-
ever, chemical methods always involve the risk of introducing
an intermediate adhesion material that may compromise bio-
compatibility [23].

The second approach is physical in nature and involves
increasing the mechanical anchoring of CP coatings via the
creation of micronanostructured surfaces. Iodine solution
[24] and nitric acid [14] have been used to fabricate nanos-
tructures on Au surfaces, which significantly improve the
stability of PEDOT coatings. Nevertheless, these methods
are mainly applicable to gold electrodes, but not to other sub-
strates such as platinum and platinum—iridium (Pt-Ir) alloys,
which are widely used for clinical applications. Femtosecond
laser structuring, an emerging surface modification tech-
nique, is capable of producing various micro-nanostructures
on the surfaces of different materials [25-27] via rapid reso-
lidification after ablation and redeposition of nanoparticles
generated during ablation [28]. Recently, it has been used
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to directly write on the Pt—Ir materials to generate hierar-
chical surfaces with a superwicking property [29]. The rich
micro-nanostructure generated on the Pt-Ir substrate may
provide abundant anchoring sites for CP coatings. More-
over, the superwicking property may improve the coating of
substrates following immersion in an aqueous CP solution.
However, additional tests are required to explore the stability
of CP coatings on femtosecond laser-fabricated hierarchical
structures.

In this study, PEDOT:PSS coatings were fabricated by
drop casting (DC) and electrodeposition (ED) and applied
to Pt—Ir substrates that were either hierarchically structured
(hPt-Ir) or smooth Pt-Ir (sPt-Ir). Next, cyclic voltammetry
stress and accelerated aging tests were performed to inves-
tigate the effects of substrate structures on the adhesion and
stability of CP coatings.

Materials and methods
Electrode fabrication

The fabrication of Pt—Ir electrodes followed a previously
established protocol [29, 30]. Bare Pt-Ir alloy tubes with an
outer diameter of 1.27 mm and a wall thickness of 100 pm
(composed of 90% Pt and 10% Ir, Johnson Matthey, USA)
were used. Hierarchical structures were then created on the
Pt-Ir substrates using a femtosecond laser system with the
following optimized parameters: repetition rate, 100 kHz;
pulse energy, 10 wJ; scanning speed, 5 mm/s; scanning inter-
val, 8 wm. The laser-treated Pt-Ir tube was subsequently
cut to a length of 1.5 mm to form electrode contacts. These
were then cleaned by ultrasonication in water for 30 s to
remove surface debris. Importantly, the sPt-Ir contact was
directly cut from an untreated Pt-Ir tube. The contacts were
connected to a copper bar using conductive silver glue (Aus-
bond 3813, China) and then placed on a polyurethane tube
(Lubrizol, USA) with an outer diameter of 1.3 mm. Silicone
rubber (K705, Kafuter, China) was used to seal all joints.
Prior to the addition of coatings, all electrodes were rinsed in
isopropanol and deionized water and then dried. The result-
ing sPt-Ir and hPt-Ir platforms are shown in Figs. la—1d and
Fig. S1 (Supplementary Information). In brief, the presence
of the hierarchical structure greatly increased the electro-
chemical performance of the hPt-Ir electrodes (as illustrated
in Figs. le and 1f).

Preparation of PEDOT:PSS coatings

PEDOT:PSS coatings were prepared by drop casting (Fig. 1g)
and electrodeposition (Fig. 1h) on both hPt—Ir and sPt-Ir
electrodes.
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inum—iridium (sPt-Ir) at magnifications of a 150x and b 10kx
and hierarchical structures of platinum—iridium (hPt-Ir) at ¢ 150x
and d 10kx. e Cyclic voltammetry (CV) and f electrochem-
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To prepare the drop cast PEDOT:PSS coating, the Pt—Ir
contact was treated with air plasma for 2 min at a power
of 100 W (Shanghai Zhongbin Technology, China). An
aqueous dispersion of PEDOT:PSS (20 mL; Clavios PH
1000, Heraeus, Germany) was mixed with 5 mL of ethy-
lene glycol, 50 nL of dodecylbenzene sulfonic acid, and 1%
(mass fraction) of (3-glycidyloxypropyl)trimethoxysilane
(Aladdin, China). Then, 1 pL of the solution was pipette-
dropped onto sPt-Ir or hPt-Ir electrodes and cured at 45 °C
for 4 h, 60 °C for 1 h, and for a final hour at 140 °C.

We used an electrochemical workstation (CHI 660E, CHI,
China) with a three-electrode setup for the electrodeposition
of the PEDOT:PSS coating. An sPt-Ir or hPt-Ir electrode
was used as the working electrode, an Ag/AgCl electrode
filled with a saturated KCIl solution (Model 218, Leici,
China) acted as the reference electrode, and a large tita-
nium sheet (20 mm x 30 mm x 0.3 mm) was used as the
counter electrode. PEDOT:PSS was then electrodeposited
from 100 mmol/L. EDOT (Aladdin, China) and 50 mmol/L
sodium p-toluenesufonate (PSS, Aladdin, China) solutions
in a solution containing a 1:1 ratio of acetonitrile and deion-
ized water. Electrodeposition occurred under potentiostatic
conditions at a potential of 1.4 V versus Ag/AgCl for 60 s.
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and hPt-Ir substrates. Two preparation methods of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) coat-
ings including g drop casting and h electrodeposition. WE, RE, and
CE represent the working electrode, reference electrode, and counter
electrode, respectively

Electrochemical performance testing

Electrode electrochemical performance was evaluated using
a CHI 660E electrochemical workstation with the three-
electrode configuration described above. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
were performed in 0.01 mol/L. phosphate buffered saline
(PBS) solution (P1000, Solarbio, China). This solution was
prepared by dissolving one PBS tablet in 100 mL of deion-
ized Milli-Q (Human Power I Plus, Republic of Korea) water.
CV scans were then initiated using the open-circuit potential
under voltages ranging from —0.6 to 0.8 V versus the ref-
erence electrode at a scanning rate of 50 mV/s. The charge
storage capacity was determined by integrating the cathodic
current density over time. For EIS testing, a 10 mV root-
mean-square sinusoidal signal with zero direct current bias
was applied, and the frequency sweep ranged from 0.1 Hz to
100 kHz.

Surface morphology characterization

The surface morphology of the PEDOT:PSS coatings was
characterized using a high-resolution scanning electron
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microscope (SEM, Helios G4 CX, FEI, USA) at a working
voltage of 5 kV. To better characterize the cross-sectional
structures of the coatings and substrates, focused ion beam
(FIB) slicing was performed using the same equipment.

Cross-sectional morphology was observed at a tilt angle of
40°.

Electrochemical stress testing

Cyclic voltammetry stress testing was performed within
potential windows of —0.6-0.8 V relative to the Ag/AgCl
electrode at a constant scanning rate of 100 mV/s in
0.01 mol/L PBS solution; this setup is depicted in Fig. S2a
(Supplementary Information). The CV and EIS perfor-
mances of the electrodes were characterized as previously
described at different time points during the test, i.e., after 0,
250, 500, 1000, and 2000 CV cycles. Inspection by optical
microscopy was also performed at the beginning and end of
testing to assess the morphology of the coating. Finally, to
gain further insight into the morphology of the coating, SEM
and FIB slicing protocols were performed following stress
testing.

Accelerated aging testing

Three electrodes of each type were used with different sub-
strates for accelerated aging testing. As shown in Fig. S2b
(Supplementary Information), electrodes were stored in PBS
at 60 °C for five weeks and retrieved at 1-week inter-
vals to perform EIS measurements and optical microscopic
inspection (MV3000, Jiangnan Yongxin, China). For each
combination of coating and substrate, the EIS values of the
three samples were measured, and the impedance magnitude
averages and their standard deviations at 1 kHz were then
calculated. After aging testing, the coating morphology was
observed using SEM.

Results
CV stress stability of DC coatings

The morphology and electrochemical performance of the
DC coatings after CV stress testing are shown in Fig. 2.
Inspection by optical microscopy revealed that after 2000 CV
cycles, the DC coating of the sPt—Ir separated from the sub-
strate and formed an arch shape (Figs. 2a and 2b). Further
analysis using SEM revealed that the coating had bulged
and delaminated from the substrate (Figs. 2c—2e). Electro-
chemical testing results showed that the area enclosed by the
CV curve gradually decreased with increasing cycles, indi-
cating a decrease in charge storage capacity (CSC) values
(Fig. 2f). Meanwhile, the impedance magnitude gradually
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increased and the phase curve shifted to higher frequencies.
This indicated degradation in the electrochemical behavior
of the coating (Fig. 2g). Taken together, these results sug-
gest that the PEDOT:PSS coating on the sPt-Ir electrode was
unstable and experienced delamination and electrochemical
performance deterioration during CV stress testing.

In contrast, the optical surface morphology of the DC coat-
ing on the hPt—Ir electrode remained stable after 2000 CV
cycles (Figs. 2h and 2i). SEM image analysis at a magnifica-
tion of 500x showed that the coating was uniform and free
from damage (Fig. 2j). At higher magnifications (e.g., 10k x
and 50k x, Figs. 2k and 21), we found that the drop cast coat-
ing was well integrated into the micro-nanostructure of the
substrate. This formed a highly enhanced mechanical anchor
with a hierarchical structure. From an electrochemical per-
spective, the CV and EIS curves showed little change with
increasing CV cycle (Figs. 2m and 2n). Stable morphology
and electrochemical performance may be due to mechani-
cal anchoring provided by the hierarchical structure present
on the Pt—Ir surface, which acts to prevent deformation and
maintain the integrity of the coating during cycling.

CV stress stability of ED coatings

Figure 3 shows the morphology and electrochemical per-
formance of ED coatings following CV stress testing. We
found that the ED coating of the sPt-Ir electrode experi-
enced significant damage and electrochemical performance
degradation after 2000 CV cycles. Analyses using optical
microscopy and SEM revealed that over repeated cycles, the
coating delaminated from the substrate around the cracks
(Figs. 3a—3e). Thus, the area enclosed by the CV curve grad-
ually decreased as the number of stress cycles increased,
indicating a decreased CSC value (Fig. 3f). Similarly, the
magnitudes of impedance also gradually increased, and the
phase curve shifted to higher frequencies (Fig. 3g).

On the other hand, the ED coating of the hPt—Ir electrode
exhibited stable morphology and electrochemical perfor-
mance over 2000 CV cycles. The coating was uniform and
showed no obvious damage. Moreover, it was present not
only on the surface but also in the internal micro- and nanos-
tructures beneath the surface. This is significant because it
provides many anchor sites between the ED coating and
the hierarchical structure (Figs. 3h-31). Finally, changes in
CV and EIS performance were quite small with increasing
CV cycle number (Figs. 3m and 3n). Taken together, these
results suggest that the enhanced interfacial adhesion pro-
vided by the hierarchical structure contributes to the stability
of the morphology and electrochemical performance of the
ED coating when present on the hPt-Ir electrode.
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Fig.2 Cyclic voltammetry (CV) stress testing results of e 50kx. f CV curves and g electrochemical impedance spectroscopy
drop cast coatings. Optical morphology of  poly(3,4- (EIS) of the coating during 2000 CV cycles. Optical morphology of

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) on
sPt-Ir electrodes a before and b after 2000 CV cycles. Scanning
electron microscope (SEM) morphology of the coating on sPt-Ir
after 2000 CV cycles at magnifications of ¢ 500x, d 10kx, and

Accelerated aging stability

Figure 4 shows the results of the accelerated aging trials for
the PEDOT:PSS coatings. The average change in impedance
magnitude at 1 kHz frequencies in response to aging is shown
in Fig. 4a. Results for other frequencies and complete scat-
terplots including all data points are shown in Figs. S3 and
S4 (Supplementary Information), respectively. These results
show that the sPt-Ir substrate, regardless of whether the
PEDOT:PSS coating was added by DC or ED, exhibited a
higher impedance increase than the hPt-Ir substrate. In addi-
tion, we observed that the DC coatings experienced a more
pronounced rise in impedance than the ED coatings. More-
over, if the magnitude of the electrode impedance increased
by more than 50% at 1 kHz, we designated it was nonfunc-
tional. After five weeks of accelerated aging, we found that
all of the DC and ED coatings on the sPt—Ir substrates were
nonfunctional, whereas on the hPt—Ir substrate, all ED coat-
ings and 67% of the DC coatings remained functional at the
same time point (Fig. 4b, Fig. S5 in Supplementary Informa-
tion). The surface morphologies of the DC and ED coatings
on the sPt-Ir substrates showed delamination and cracking
(Figs. 4c and 4e), respectively, whereas coatings added to the

PEDOT:PSS on hPt-Ir electrodes h before and i after 2000 CV cycles.
SEM morphology of the coating on hPt-Ir after 2000 CV cycles at
j 500x, k 10kx, and 1 50kx. m CV curves and n EIS of the coating
during 2000 CV cycles. DC: drop casting

hPt—Ir substrate were relatively stable, with only one sam-
ple of cracking among the DC coating samples (Figs. 4d and
4f; Fig. S5 in Supplementary Information). Taken together,
these results suggest that the hierarchical structures of the
platinum—iridium substrate significantly improved the sta-
bility in performance of both coatings after aging.

Discussion

The use of conducting polymers as neural interface coatings
has attracted attention because of their excellent electro-
chemical properties, high level of biocompatibility, and ease
of fabrication. However, the long-term stability of these
coatings is crucial for their use as neural probes in clin-
ical applications. In this study, we prepared hierarchical
structures on platinum—iridium substrates using femtosec-
ond laser direct writing, and then investigated the effect of
such structures on the stability of CP coatings when exposed
to electrochemical stress and accelerated aging conditions.
Repeated scanning by cyclic voltammetry is often used
as an accelerated testing protocol to evaluate the adhesion
of conducting polymer films [14, 16, 21, 31, 32]. During
scanning, ions are released or withdrawn from the electrolyte
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(a) 10% 1kHz (b) 125%
sPt-Ir DC
& 103 =e= hPt-Ir DC o 100% E =
1 g =e= sPt-Ir ED g 5
3 & 75%
= =e— hPt-Ir ED 5
g) " B 50% sPt-Ir DC
g 10 —8 S =m= hPt-Ir DC
% o59, === sPt-Ir ED
—a= hPt-Ir ED
10° 0%
Oweeks 1week 2weeks 3 weeks 4 weeks 5weeks Oweeks 1week 2weeks 3weeks 4 weeks 5 weeks

Aging time Aging time
(C) sPt-Ir DC (d)APE-Ir DG ST, {(e) sPt-Ir ED (f) hPt-Ir ED

Ry
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into the polymer bulk while reduction and oxidation reactions
occur. The repeated shrinkage or expansion of the coating
and chemical reactions that occur under applied potentials
pose challenges to the adhesion of the CP coating on the
substrate [31]. It is worth noting that biphasic current pulses
commonly used in neurostimulation therapies generally do
not involve high levels of stress. However, there are some
notable exceptions to this principle, including applications
such as the use of CV cycling to expel drugs from drug-
loaded CP membranes [12].

In this study, the hierarchical structures present on plat-
inum—iridium substrates were found to significantly improve
the stability of both DC and ED coatings when exposed
to repeated CV cycles; it is hypothesized that this occurs
via enhanced mechanical anchoring. Previous studies have
shown that PEDOT coatings on nanostructured platinum
grass exhibit significantly increased impedance after hun-
dreds of CV cycles [31]. However, hierarchical structures on
platinum—iridium prepared using femtosecond laser direct
writing have many available anchoring sites for the CP coat-
ing, especially beneath the surface (Figs. 2k and 3k). A recent
study [29] explored the effect of femtosecond laser param-
eters on the surface morphology of Pt-Ir substrates. The
prepared hierarchical structures generated microlumps at a
period of 8 wm, which corresponded to the femtosecond laser
scanning interval (Fig. S1d in Supplementary Information).
Moreover, nanoparticles were generated with sizes ranging
from tens to hundreds of nanometers (Fig. S1f in Supple-
mentary Information). Among the microlumps, we observed
microgrooves with depths greater than 10 pm (Fig. Sle in
Supplementary Information; Figs. 2k and 3k). According to
the CV results shown in Fig. le, the charge storage capac-
ity of the femtosecond laser-prepared hPt—Ir electrode was
29.7 times greater than that of the smooth electrode. This
increase in charge storage capacity indicates the greater sur-
face area of the hPt-Ir substrate, which provides abundant
mechanical anchor points for the coating. Enhanced mechan-
ical anchoring can in turn help to resist electrochemical stress
during the CV process, resulting in improved stability of
PEDOT:PSS after 2000 cycles. Nevertheless, considering the
complex interactions between hierarchical structures and CP
coatings, surface area may not be the only factor affecting
coating stability. Adjusting the femtosecond laser processing
parameters can alter the pattern of micro- and nanostruc-
tures present on the surface [33, 34]. The effect of surface
structures on the stability of coatings deserves further inves-
tigation in future work to decouple potential factors [18].

After CV stress testing, the presence or absence of dif-
ferent types of damage was determined for the DC and ED
coatings on the smooth platinum substrates. Unlike the DC
coating (Fig. 2¢), the ED coating showed cracking in addition
to delamination (Fig. 3c). These differences in damage may
be attributed to film properties that differ due to differences

in the two methods of coating fabrication. Compared with
the direct molding of drop cast coatings, electrodeposited
coatings gradually polymerize and thicken over time. Thus,
as the thickness increases, the ED coating tends to crack
[35, 36]. Accordingly, the initial defects of ED coatings may
become more obvious as the coating delaminates following
multiple CV cycles. Interestingly, ED coatings on substrates
with hierarchical morphologies tended to avoid cracking dur-
ing deposition and CV-induced stress (Fig. 3j). Recently,
Mousavi et al. [35] found that coating cracking was related
to the size and material properties of the substrate. However,
the impact of different substrate structures on coating growth
kinetics should be explored further in future studies.

In addition to active CV stress testing, passive testing in a
humid environment was performed to rule out the effects of
electrochemical stress [31]. A temperature of 60 °C is gen-
erally recommended for accelerated aging testing [14, 31,
37] because higher temperatures are believed to potentially
cause internal decomposition of the polymer [38]. Accord-
ing to Arrhenius’ law, the acceleration factor compared to
body temperature (37 °C) is approximately 4.92; therefore,
5-week-long experiments simulated chronic implantation for
a period of approximately six months.

As observed in CV stress testing, we found that the DC
and ED coatings on the sPt-Ir substrate surface tended to
delaminate and crack (respectively) after five weeks of aging.
In contrast, on the hPt-Ir substrate, the stability of these two
coatings was significantly improved. Nevertheless, one of the
DC coatings on hPt-Ir tended to crack (Fig. S5 in Supplemen-
tary Information), whereas the ED coatings were more stable
and exhibited a smaller rise in impedance than the DC coat-
ings (Fig. 4). These findings are consistent with the results
reported for Au nanorod substrates [14]. The low stability
of conducting polymers may lead to biotoxicity within the
bodies of implant recipients [39]. Doping carbon nanotubes
in PEDOT has been proposed as a way to enhance coating
stability, thereby facilitating neural recording and stimulation
[40-42]. The impact of the composition and preparation pro-
cess on the stability of conducting polymers deserves further
investigation [39, 43—-47].

Commonly used cyclic voltammetry and aging testing
characterize coating performance to some extent, but quan-
titative characterization of the interfacial force may provide
a direct evaluation of coating adhesion. Because of the small
size of the electrode (i.e., approximately 1 mm in length) and
the fragility of the thin coating around 1 pm, such measure-
ments may be difficult to obtain. Nevertheless, quantitative
assessment of interfacial force may provide a direct way to
evaluate the adhesion mechanisms of hierarchical structures,
which requires future exploration.

The in vivo stability and biocompatibility of CP coatings
are also crucial for their use in clinical applications [23].
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PEDOT:PSS coatings on substrates with hierarchical struc-
tures have exhibited significantly improved stability in vitro.
This method shows good potential for neural stimulation in
practical applications, especially for electrodeposited coat-
ings. Furthermore, recent studies have validated the biosafety
of conductive polymer coatings [14, 48] and hierarchical
structures using Pt—Ir substrates [30]. However, the morphol-
ogy of coatings on hierarchical structures can change, which
may affect protein adhesion and cell and tissue growth [48,
49]. The in vivo environment contains various inorganic salts,
proteins, and reactive oxygen species that may affect coating
stability [50]. In addition, active tests, such as the applica-
tion of biphasic pulse stimulation, can simulate the working
conditions of clinical applications. Therefore, implantation
experiments under neural stimulation may be useful for ver-
ifying the safety and efficacy of novel coatings for future
applications [23, 50].

Femtosecond lasers with ultrashort pulses and ultrahigh
power are not only suitable for micromachining of metal-
lic materials but can also be used with soft materials such
as polydimethylsiloxane (PDMS) [51] and polyimide (PI)
[52]. Thus, they have attracted wide attention in the emerg-
ing field of soft bioelectrodes. Direct writing on the surfaces
of soft materials with a femtosecond laser can not only
directly pattern the conductive material, as has been demon-
strated for laser-induced graphene [52], but can also adjust
the roughness and wettability of surfaces [51]. Thus, these
lasers are promising tools for the preparation of advanced
bioelectrodes, and further investigation into their optimiza-
tion should be an important research priority in the future.

Conclusions

PEDOT:PSS coatings on platinum—iridium substrates with
hierarchical structures were found to exhibit highly stable
electrochemical performance and morphology after 2000
cycles of CV stress tests or an aging test equivalent to half
a year of implantation. In contrast, PEDOT:PSS coatings on
smooth platinum—iridium substrates showed signs of damage
and reduced electrochemical performance under the same
conditions. We hypothesize that the improved mechanical
anchoring provided by the hierarchical morphology of the
platinum—iridium substrate can enhance the adhesion of the
CP coating. These stable coatings may provide a crucial tool
for the development of multimodal neural electrodes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/542242-024-00296-0.
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