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Abstract

Micro-sized electrodes are essential for highlysgam® communication at the neural interface with
superior spatial resolution. However, such smadictebdes inevitably suffer from high electrical
impedance and thus high levels of thermal noiseribeating the signal to noise ratio. In order to
overcome this problem, a nanostructured Pt-coatiag introduced as add-on functionalization for
impedance reduction of small electrodes. In comgparito platinum black deposition, all used
chemicals in the deposition process are free frgtotaxic components. The grass-like nanostructure
was found to reduce the impedance by almost twersrdf magnitude compared to untreated samples
which was lower than what could be achieved witnvemtional electrode coatings like IrOx or
PEDOT. The realization of the Pt-grass coatingddgfgsmed via a simple electrochemical process
which can be applied to virtually any possible glede type and accordingly shows potential as a
universal impedance reduction strategy. Elutiostesvealed non-toxicity of the Pt-grass and the
coating was found to exhibit strong adhesion tontie¢allized substrate.
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1. Introduction

Selective recording of neuronal signals, as welltres systematic stimulation of neurons, enable
researchers to better understand basic neuronatidos. Furthermore such technology provides a
versatile tool box [1] for applications in diagniost therapy and rehabilitation. Current research
addresses pain therapy by means of spinal cordulstiion [2], deep brain stimulation to treat
symptoms of Parkinson’s disease and severe psyichidisorders [3, 4], epilepsy diagnostics,
artificial limb control [5], lost body function régcement [6] and modulation [7] or the development
of brain computer interfaces [8, 9], for exampldl. & these applications are enabled by electrodes
that mediate the connection between the biologiodl the technical side of the neural interface. The
amount and diversity of such electrodes seem alrapbmited owing to the fact that different
applications demand different electrode types weéhpect to their size, invasiveness, selectivity,
materials and performance. Aiming for the bestaigm noise ratio (SNR) with the highest selectivit

it comes close at hand to use implantable micreeselectrode arrays with multiple recording and
stimulation sites close to the neuronal tissue.f@becation of such electrodes, being preferabtplé
enough for communication with single neurons, ishtmlogically feasible regarding the overall
dimensions of the implant. However, a size reductdd the actual conducting site is inevitably
accompanied by an increase in the impedance dl¢itérode, so that small electrodes suffer from low
signal to noise ratios. Furthermore, with highepéuance, higher voltages are needed to reach the
necessary current-density for triggering a neureaesponse. The voltages are however restricted to
the range where no detrimental electrochemicali@acoccur to either the biological or the techihic
side. Since tissue reactions are very applicajactific, in practice these voltage limits are comigo
determined by the so called “water-window”. Thigsgraeter is individually defined for each material
and represents the potential-range where oxidatioeduction currents will not lead to the formatio
of hydrogen or oxygen at the electrode interfacg. (®.6 V to 0.9 V vs. Ag/AgCI for Pt in aqueous
solution). Taking these restrictions into accouhg size of an electrode for clinical use is intfac
determined by a trade-off between high selectititytained by small size) and optimized electrical
characteristics, the latter demanding a large cordarface to the electrolyte. Hughes et al. [10]
described an electrode of 20x20 tmbe the smallest suitable size to meet thisetet

In order to improve the performance of small elmtds, especially with respect to decreasing the
impedance, various strategies have been investigéteereby a distinction between surface and bulk
processes can be made. In the latter, the metallizaf an electrode (bulk material) is selectively
removed by laser roughening or metal etching, ingldan enlarged active surface area and
respectively lower impedance compared to untrestadiaces of equal dimensions [11-13]. The
surface modification in contrast relies on the @ddal deposition of either a material that progide
highly roughened surface (topographical approacih) ao material that features additional
electrochemical means to improve the impedancechadge delivery capacity (chemical approach).
Relevant work is e.g. reported by Park et al. [L4]jng 3D structures and Marrese et al. [15]
introducing platinum black for modification of th@pography. The latter method provides an
impedance reduction of more than one order of ntadej however, practical applicability of Pt-black
is limited as consequence of the low mechanicdilgia[16-18]. In addition, Pt-black has been
reported to cause cytotoxic reactions if tracekeafl, used in the electrolyte during fabricatidnjee
from the final coatingn vivo [19]. While acute animal experiments were congddeasible, use of
Pt-black for chronic human implants was not recomaeel [19]. A similar approach using non-toxic
components during film formation has been introdulbg Zhou 2005, known as Pt gray, however the
roughness was found substantially lower compared@ttolack [20]. Cui et al. [21] and Cogan et al.
[22] demonstrated successfully the reduction of ¢hextrode impedance using either conducting



polymers as e.g. poly(3,4-ethylenedioxythiophe®BROT) or using Iridium Oxide (IrOx) targeting
both the chemical and the topographical approaampoove the electrode performance.

These modification techniques altogether resultaimeduction of the electrode impedance and
accordingly enable the use of small implantabletadeles with superior electrical characteristics
compared to unmodified equivalents. However, ttehn@ues used to modify the electrodes are
typically time and cost intensive, especially ifceeanroom processes is required. Furthermore,
alteration steps that are integrated into the divé&ahrication process of certain electrodes cannot
easily be applied to other types of electrodes (@mtlvidual) single site modification is not always
possible or comes at unreasonably high effort arstisc Electrode coatings like IrOx or PEDOT have
additionally been reported to be brittle or promelélaminate, further restricting their use [23, 24

In this study, we target these deficiencies byouiticing a simple add-on functionalization process f
cheap, fast and universal impedance reduction ofasiectrodes by growing a three dimensional
nanofibrous coating herein referred to as Pt-naassgrA wet chemical process, inspired by the work
of Sun et al. (2008) [25], was used to deposit riaaostructured Pt layer on top of conventional
smooth Pt electrodes in either a passive or atretdemically accelerated active deposition apgroac
for improving the electrochemical properties of réumnicroelectrodes. This modification process
resulted in an astonishing enlargement of the melsemical surface area and consequently a
substantial reduction in impedance with more thantdr 60 compared to non-modified samples. The
grass like appearance was revealed by high regsplatianning electron microscopy. The effect on the
electrochemical properties of the microelectrodes waaluated by a multitude of electro-analytical
methods chosen to target the qualities considepetiet most essential for stable and selective
recording and stimulation of neurons. A direct cangpn to state of the art materials like IrOx or
PEDOT revealed competitive performance for the &tagrass modified electrodes in all categories
tested. In terms of impedance the nanograss inofstpierformed both these materials. Furthermore,
the chemical reduction process employed does nmairee any specific control parameters or
cleanroom environment, making our process applkcablvirtually any kind of available probe or
multi electrode array. In comparison to the platmblack deposition, all used chemicals for the Pt-
grass formation are free from cytotoxic componeiitse cost-efficiency and simplicity of the Pt-
nanograss formation, combined with its (chemicabcbmpatibility and high stability, accordingly
offers tremendous potential for improving the eieat performance of small electrodes.

2. Materialsand methods

2.1 Test samples

Flexible polyimide based probes carrying platinuncroelectrodes, fabricated as described in [26],
were used as test platform for the applied modificaprocesses and further served as reference
samples in their unmodified state (Fig. 1). Allattedes were manufactured with a sputtered Pt-layer
as basic metallization (300nm thick, sandwicheavbeh 5 um polyimide on each side) and featured
electrode sites with diameters ranging from 5und@06 pm. Sputter deposition was performed on a
Leybold Univex 500 sputter device (Oerlikon Leybddcuum GmbH, Cologne, Germany) at 300 W
RF-power.
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Figure 1: Design schematic (a) and electrode layout (bhefftexible polyimide probes used as substrate for
depositing and evaluating the Pt-nanograss coating.

2.2 Deposition of the Pt-nanograss

The platinum nanograss was deposited in a chemedalction reaction using an aqueous solution of
2.5mM HPtClk and 1.5mM formic acid (HCOOH), purchased from Sigamd used without further
purification. For the passive deposition approdké,solution was filled into a vial with the eleude
mounted vertically in the solution. Deposition wasried out at room temperature for 48 hours until
the reduction reaction was complete, indicated bglaur change of the solution from yellow to clear

For the active deposition process, a three eleetedctrochemical setup was used. The electrode
receiving the Pt-nanograss coating was therebyemdad as working electrode and a stainless steel as
well as an Ag/AgCI electrode were used as counter r@spectively reference electrode. Pt-grass
formation was conducted potentiostatically from #sme composition of the,PtCk solution as
described above at a potential of -0.1 V vs Ag/Ad@l 300 s using a PGSTAT302N potentiostat
(Metrohm, Filderstadt, Germany). After formation thie Pt-grass, the electrodes were rinsed with
water and dried at room temperature.

2.3 Deposition of IrOx and PEDOT for reference measurements

Reference samples, carrying either IrOx or PEDOdtings, were fabricated in parallel to the Pt-
nanograss deposition on probes of the same desigg standard deposition protocols. The IrOx
deposition was integrated in the cleanroom prooé#ise polyimide probe. Sputtering was performed
using a Leybold Univex 500 sputter device (Oerlikaeybold Vacuum GmbH, Cologne, Germany)
and was introduced subsequent to the sputteritigedPt substrate electrode. Thereby an IrOx lafer o
800 nm in thickness was realized on top of thevaatiectrode sites. The PEDOT film deposition was
performed as previously described in [27] using alectro-polymerization process with
polystyrenesulfonate (NaPSS) as counter-ion. Thegss results in an adherent coating confined to
the active electrode site, often referred to as ®EPSS. A polymer layer of 800 nm thickness was
realized. This process is well in line with stadBEDOT electrodeposition protocols described én th
literature.

2.4 Electrochemical analysis:

The electrochemical characteristics of Pt-nanograsslified electrodes, in comparison to IrOx,
PEDOT and bare Pt, were assessed by a range tfoelemical methods. Complex impedance (Z)
was evaluated by electrochemical impedance specpgqEIS). Charge storage capacity (CSC) was
estimated by cyclic voltammetry (CV) and chargedtipn capacity (CIC) was evaluated by a pulse
based stress test as described in [28, 29], hegfiired to as pulse testing.

EIS and CV measurements were performed in a coiowvehtthree electrode setup using the test
material as working electrode. A stainless steeleslf2 crf) and an Ag/AgCl electrode served as



counter and reference electrode while saline swiutfphosphate buffered saline, PBS) at a

concentration of 0.1M was used as electrolyte. &#epotentials for CV were chosen according to the

water window for Pt (-0.6 V to 0.9 V, 0.1 V/s swesgte) and kept constant during all measurements
to facilitate comparison between the different mate. CSC is here defined as the area enclosed
within one CV-cycle.

Impedance measurements were performed in a freguange of 0.1 Hz to 10 kHz with a sinusoidal
excitation signal of 10 mV. For further analysisadeas fitted with an R(RC) equivalent circuit mbde
using the software Nova (Metrohm, Filderstadt, Gary). The model was used to extract the double-
layer capacitance at the electrode/electrolytefmte (see Fig. 2). Additionally, the cutoff-freauoy,
determined by the transition of the impedance feoapacitive behaviour (45° slope) to a resistive
behaviour (no slope) with a phase angle of -45%the impedance magnitude and phase plot,
respectively, was identified to compare pre- anst{g@position properties.
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Figure 2: Electrochemical analysis methods. a) EIS measurest®wing the impedance data fitting according
to the R(RC) equivalent circuit model. b) Curreiginal and corresponding voltage drop at the eleetr(/p)
(after subtraction of the IR-drop) as used forpghése-testing.

Pulse-testing was done with a PlexStim electritiahidator (Plexon Inc., Dallas, USA) in order to
assess the maximum charge injection capacity aaldi&e the long-term performance of the coating.
For measuring the charge injection, a biphasic gehdralanced rectangular current-pulse of 200us
pulse duration, and a frequency of 200 Hz, wasiegphhile the current density was subsequently
increased until the measured voltage drop at tlseboundary (M) reached the water window at a
value of -0.6 V (see Fig. 2). Therefore, the ohruttage drop (“IR-drop”) over the electrolyte was
subtracted. Long-time pulsing of the Pt-nanograas @one with a biphasic rectangular (cathodic)first
current pulse of 200 us pulse duration and 1 mAetitramplitude at a frequency of 200 Hz. Pulse
durations were chosen according to previously tepovalues for evaluation of the electrochemical
properties of neural electrodes [29, 30]. The puwisdths corresponds to typical nerve excitation
properties in the range of the chronaxy at whiah ¢hergy to elicit nerve excitation by rectangular
current pulses is at minimum. The applied charge2@ nC/phase is thereby 10 times higher
compared to previously reported parameters forilgtabvaluation of microelectrodes [28] and is
consequently considered to provide stability infation regarding the long-term behaviour of the
electrode. The voltage drop at the phase boundasymonitored and used to evaluate the stability of
the coating over time. A total of 240 M pulses wpplied over a test period of 2 weeks.

2.5 Imaging of the probes



Scanning electron microscopy (SEM) and FocussedBleasm (FIB) imaging methods were used to
study the topography as well as the cross sectistmatture of the Pt-nanograss coatings. SEM
pictures were taken at a Nova NanoSEM (FEI, Hiltsb&JSA) with a nominal maximum resolution
of 1 nm. In total, 16 samples were investigateBM in top view as well as under 30° and 45° tilted
angles. FIB was done on a Strata 400 STEM (FERNIMF (KIT, Karlsruhe, Germany) where 10
samples were examined. The graphs displayed here sfpresentative pictures for SEM and FIB
imaging.

2.6 Cell studies

Potential toxicity of the Pt-nanograss was assefgedheans of an elution test according to the
guidelines in the standard ISO 10993-5 and usieghtiiman neuroblastoma cell line SH-SY5Y as
model. For this analysis, large area samples walteichted by depositing Pt nanograss on single
pieces of a platinized silicon wafer. Sterile crdtumedium was exposed to the Pt-grass surfaces at
three different concentrations, 1.25%mi, 2 cnf/ml and 3.2 cfiml, for 24 h at 37 °C. Elutions
exposed to the same amount, temperature and time/égCl electrodes (E-244, scienceproducts)
were used as a positive control and ordinary celtnedium was used as a negative control. Three 96-
well plates were prepared with 4 wells per conaiun. Cells were resuspended in their respective
elution and added to each well at a concentratid0®00 cells per 0.2 ml elution and well. Viatyili
was evaluated at test start (2 h exposure), aditér &posure and finally after 72 h exposure, utieg
3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazaliubromide (MTT) colorimetric assay [31]. At each
evaluation point MTT was added to all wells of gatate which was subsequently incubated for 4 h at
37 °C. After the addition of 20@ of dimethyl sulfoxide (DMSO) to each well, andther two hours

of incubation, absorbance at 595 nm was measuried) @ ELISA microplate reader (Enspire,
PerkinElmer GmbH, Rodgau, Germany) and used ag/fooxhe number of living cells in each well.

3. Results

A fast and simple process for the realization atiplm nano-structures has been investigated $n thi
work with respect to modification of neural micreefrodes yielding an electrical impedance that was
found lower than for any of the generally considel@v-impedance-materials like IrOx or PEDOT.
Following results briefly summarize the processdings before focussing on the electrical
performance with respect to relevant measuresdorah electrodes.

3.1 Deposition process

Two different deposition approaches were employegassive approach, were growth is governed
solely by diffusion processes and an electrochdipi@tive deposition process were growth is
accelerated by the presence of an electric fielexible polyimide electrodes featuring individual
platinum sites of either 35 um or 500 um diametereacharacterized by means of CV and EIS both
before and after they were subjected to the Ptgraiss add-on process. The electrode sites thereby
showed a black coating revealing the successfuhdton of the Pt-nanograss on the sputtered
platinum. Since nanofibers were found to grow un#jpally also on the insulating surfaces, a post-
deposition cleaning step was introduced to avoidrtshircuits and ensure that the coating was
confined only to the individual electrode sitespfocess comprising the use of ultra-sonication in a
water bath for 30min (contact free method) was tbefficient. As faster alternative, it was founaitth
the insulation could be mechanically cleaned byingghe electrode with a wet tissue given that the
individual electrode sites are not in level witke tholyimide insulation but protected in trenches
approximately 5um in depth. (Fig. 3b). The nancsgriyer on the metallic sites was thereby not



affected by any of the cleaning procedures andgatde be stable and well adherent to the sputtered
platinum layer underneath.

In contrast to the passive Pt-grass process, ttieeadeposition of the Pt-grass employing the
electrochemical reduction mechanism resulted iarbledefined local Pt-grass formation only on the
connected electrode sites. Neither the non-condetigtallic surfaces nor the polyimide substrate
showed any sign of contamination as can be se€igirBc. It was possible to perform simultaneous
active depositions by short-circuiting several glete sites before connecting them to the working
electrode of the potentiostat. The yielded Pt-gfagsation was homogenous over all connected sites
and showed no colour differences even for simutieealeposition on differently sized electrode sites
(5um to 500 um diameter) as could be verified watth optical microscope (DM4000, Leica
Mikrosysteme, Wetzlar, Germany).

Figure 3: Optical images of passively deposited Pt-nanogoasa polyimide probe before (a) and after (b) the
mechanical cleaning procedure. The probe in (cwshtwo neighbouring electrode sites with and withou
actively deposited Pt-grass on the upper and leiterespectively.

250 nm

Figure 4. SEM images showing the topography and the cros#eseof passively deposited Pt-nanograss (a,c)
in comparison to the actively formed coating (b;the close-up in (e) shows the recessed metatiizgilane
(bottom, with Pt-grass) and the polyimide side wallhe fibrous texture is known to be the typidalcture of



an RIE edge in polyimide. The comparison betweenldhver Pt-grass coated and the upper insulatiagepl
reveals that there is no unspecific coverage ofdhmer with grass like structures.

3.2 Structure evaluation

In order to examine the roughness increase and a@npe topography of passively and actively
deposited Pt-grass, samples of both types wereelgleesxamined using SEM and FIB imaging
techniques. Representative micrographs are givéigind showing passively formed Pt-grass on the
left (Fig. 4a, c) and an actively deposited layetttee right (Fig. 4b, d and e). A clear differeces be
seen from both the topography and the cross sattioew between the two deposition mechanisms,
revealing a grass-like structure with an aspeab @ft13.7 ¢1.1) for the passive process and a grain-
like structure (aspect ratio: 23D.1) for the active process. Aspect ratios wererdahed by image
analysis of the cross-section in seven FIB ima@espite this difference, both types of Pt-grass
samples result in a substantial roughness increasgared to the sputtered Pt for non-modified
electrodes (bare Pt not shown). A close integratiothe Pt-grass to the sputtered platinum could be
verified for both process alternatives as no vamsdefect sites could be identified in the cross
sectional images. Fig. 4e provides a detail ofabievely deposited sample showing the side wall of
the circular trench in the polyimide (fibrous pohide structure as a consequence of the RIE-etching
process) where the lower plane represents the limatain level (including the Pt-grass) and the eppp
plane shows the polyimide or respectively the sabstsurface. The difference in the structure of
these two planes confirmed the previously repodieservation that no Pt-grass was formed next to
the metal sites during the active Pt-grass dejpositi

3.3 Electrochemical characterization

CV and EIS measurements were performed before fégrdtlae Pt-grass modification process in order
to evaluate the effect of the nano-grass on thetradal performance of the electrode. Fig. 5a
represents the impedance recording of a 35 pm demreéectrode without (black) and with the Pt-

nanograss (blue) showing a significant decreastefimpedance of almost 2 orders of magnitude
following the nanograss modification. The cutofiduency could be reduced from >10 kHz to 300 Hz
as indicated in Fig. 5a.
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Figure 5: EIS (a) and CV-measurements (b) on 35um diamédéetrede spots carrying the passive Pt-grass
(blue squares) in comparison to sputtered Pt (blaieingles). The impedance reduction was found éo b
homogenous over a large size range (c). The CSCactad from the area under the CV-curves, shows
comparable improvement for actively and passivelyasited Pt-grass with respect to bare Pt (d). n=7.

In Fig. 5c¢, the impedance reduction, based on #position of Pt-nanograss (employing the passive
approach), is shown for a frequency of 100 Hz @veelection of differently sized electrodes in the
range of 5 um to 500 um. Thereby the impedanceacteistic of the bare Platinum as well as the Pt-
grass modified electrodes with respect to the divelectrode size could be approximated with adine
trend-line in the double logarithmic plot. Theseotivend-lines showed the same slope and only
differed by an offset factor which confirms thaketimpedance reduction effect by the Pt-grass
deposition is size-independent.

In accordance with the low impedance recordings,GV measurements given in Fig. 5b, showed a
dramatic increase in the charge delivery capa@iy) for the modified electrode.

The CV-enlargement factor, given by the area utiieiCV for the modified electrode normed to the
non-modified state (sputtered Pt), was used touat@lthe difference between actively and passively
deposited Pt-grass. According to Fig. 5d, this daawvas found comparable for both processes,
showing an overall increase of ~40 times for etal#s regardless of which deposition approach that
was used for forming the Pt-nanograss.

3.4 Comparison to state of theart materials

Polyimide based electrodes featuring either spedtgratinum, IrOx or PEDOT:PSS as conducting
sites were compared to the herein proposed Pt-nas®dn the following disciplines: impedance

(Fig. 6a); CV enlargement factor (Fig. 6b); capagicrease (Fig. 6¢) and CIC (Fig. 6d). Enlargement
factors are given with respect to sputtered Pna®ated state.
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Figure 6: Comparison of Pt-grass coated electrodes (papsbgess) with IrOx and PEDOT electrodes of equal
dimensions using EIS (a), CV (b), capacity enlargeiric) and CIC (d) as reference value. Enlargerfaatbrs
are given with respect to bare Pt. Measurement®are=5 with standard deviation as indicated iapirs.

The impedance at 100 Hz for the Pt-grass samplesthegieby found to be the lowest in comparison
to all other materials with a difference of almésb orders of magnitude to the bare Pt-surface.
Similarly, the Pt-grass was found to provide thghkst CDC value amongst the tested materials
showing a CV-enlargement of ~40 as compared to fo20Ox and < 5 for the PEDOT coating. The
capacity enlargement factor, determined via impedatata fitting according to Fig. 2, displayed the
highest increment for the Pt-grass modified el@reeven though the difference to the conducting
polymer was less apparent as seen for the CV-enfagt. Only in the CIC, the Pt-grass was found
not to outperform the competing materials but shibwee smallest improvement. Nevertheless, the
CIC for the Pt-grass was substantially higher tivaen measured on the bare Pt surface.

The stability of the Pt-nanograss was assessed ppyyiag a rectangular current pulse with
200 nC/phase at a frequency of 200Hz for two weelsaline solution. Thereby the potential at the
phase boundary was found to decrease only by 2veé%240 M applied pulses. Subsequent optical
microscopy confirmed that the pulsed sites lookeskrtially equal to the un-pulsed state after two
weeks of testing, displaying no signs of delamorair other macroscopic changes as seen by 100x
magnification.

3.5In-vitro ceal studies

Non-toxicity of the nanograss coating was confirnfgdan elution testing spanning over different
concentration levels. As can be seen from Tabhdretwas no significant difference between the
negative control and the Pt-grass, indicating tmattoxic substances were released from the Pt-



nanograss. In contrast, cells that were exposetutnts from Ag/AgCl electrodes (positive controls)

showed clear toxicity in the assay.

Table 1: Cell viability for different eluent-concentration$ Pt-grass samples at various exposure times.afyee

over 4 wells with standard deviation is shown.

2h 240 | 720 |

1.25cm¥ml | 94 (+6)%) 85 (+10) % 55 (x9) %
20cm?ml | 83 (¢3)%| 69 (x5) % 69 (+4) %
32cmiml | 80 (+5)%| 68 (5) %| 106 (+9) %
0S contr. 9(x0)%| 7(x1)%| 3(x0)%

_ 100%  100% 100 %

4. Discussion

The electrochemical characteristics of implantabiero-electrodes influence decisively the quality o
recordings from neural interfaces and determineialuimits for stimulation of neuronal tissue with
respect to biological as well as material safepgeats. One key measure is the electrical impedance,
which has a strong dependency on the size of gwretles in a way that smaller electrodes feature
significantly higher impedance values than largeeso This leads to low signal to noise ratios and
restricted stimulation possibilities so that selecicommunication with neurons requires a trade-off
between size and electrical performance. In ordesvercome this problem, various strategies have
been proposed to increase the surface roughnessealéctrode to minimize its impedance. However,
these techniques add significant costs and wortk loahe overall fabrication process of an electrod
so that practical applicability is limited.

In this study we introduce a new method in termamfadd-on functionalization process to increase
the electrode roughness at significantly reducestscand effort compared to previously described
alternatives. The herein proposed Pt-nanograsstiergby found to provide excellent electrical
properties as electrode coating material, bein@lgl@pof reducing the impedance of an electrode by
almost two orders of magnitude. This practicall\al@es the usage of much smaller electrode sites
with higher selectivity for neural recordings otoals the transfer of significantly larger amounts o
charge over the electrode interface for stimulatbneurons under electrochemically safe conditions
In practice, a 200 um diameter electrode site (Payean be replaced by a 20 um electrode carrying
the nanograss coating without changing the eleetiotbedance. Thereby only 1% of the initial
geometrical area is consumed on the probe whichles@oth the more selective communication with
neurons as well as increasing the number of eldetsites per given area on the probe for higher
spatial resolution.

The comparison to the commonly used materials PEROT IrOx revealed similar or superior
properties for the Pt-nanograss. Hence, the h@minosed add-on functionalization offers a suitable
alternative for boosting the performance of smigteodes whereas the commonly known and widely
accepted platinum is retained as metallization rrateThis aspect is specifically interesting if
platinum is already used for the basic metallizatih the electrode since bimetallic corrosion efec
can thus be eliminated. Furthermore, the depos#ioroom temperature enables a stress-free film
growth and hence does not involve thermally intoedlistrain-forces to the probe. It is worthwhile
mentioning here that the electrochemical charasttesi of conducting polymer films are highly



depending on the used monomer and counter iorpdlyenerization method, the film thickness and
the oxidation state. The herein analysed PEDOT:&&fling accordingly only serves as reference
point for the classification of the Pt-nanograsggrenance and does not necessarily stand for the be
possible representative for the class of condugioigmers.

The chemical deposition of the Pt-nanograss caapipéied to potentially any kind of electrode type
independent of the substrate material, shape, aigeamount of contact sides, depicting a rather
universal process. Modification of single indivitigites is straight forward, as well as simultareeou
deposition on multiple electrode sites on one ebelet, or batch processing of multiple different
electrodes. Parallel or individual site modificatioan be done with the same setup and accordingly
comes without further effort and required time omtrast to the cleanroom processes that are e.g.
required for individual IrOx depositions. The aetigrocess can be performed in a few minutes (300s
actual deposition time) and accordingly offers ayviast modification of an electrode. The passive
process in contrast requires a process time ofdaws. Nevertheless it does not require a specific
device and the actual work load is limited to a f@mutes for immersing and subsequently cleaning
the electrode. Unspecific coverage, leading to tstimuit of the entire electrode, could only be
observed for the passively deposited Pt-nanogid®s.proposed cleaning strategies using either a
wipe or exposing the electrode to ultrasonicatiooved to be efficient for removing the excess Pt-
grass. At the same time, both cleaning-processessuficiently simple and fast so they do not
interfere with the overall target of providing anple add-on process for impedance reduction.
Excessive wiping and exposure to several hoursmitation furthermore revealed excellent adhesion
of the Pt-grass to the electrode sites which cbeld¢onfirmed optically and electrically by means of
impedance measurements.

In contrast to platinum black, involving lead compats [15] during the fabrication, the Pt-nanograss
as described in our work does not require suchrtlama substances. Accordingly, there are no elution
products expected which could have a potentialkict@ffect on cells. This is confirmed by the
biocompatibility test performed for different comteations and exposure times. A toxic material
would lead to clear correlation of reduced numbderniable cells with increased surface areas exposed
and with prolonged exposure time, something we ribtl see in our measurement. We therefore
conclude that our material does not elute toxicplyducts which is a first step for showing its
relevance also from the biological perspective.

The test format used here, quantifying only the peinof living cells, is sensitive to differences in
initial seeding density, especially for the longeste frame of 72 h, suggesting that a weak negativ
effect on cell viability and proliferation could beasked by overall high variability of the test. It
should however be noted that the exposed surfaeesandied is extreme (3.2 Yo be compared to
the 32000 smaller area of a microelectrode of 100 um2. It is clear that the topographical peofil
of the surface is beneficial in terms of electripabperties. Whether it also has an influence @n th
cellular adhesion to the surface remains to bestiy&ted since there is no conclusive result in the
literature stating what the optimal topography vaohé from this perspective. In a couple of recent
studies, gold nanoparticle coated surfaces wemdiestuvith regard to their ability to preferentially
anchor neurons instead of astrocytes and to mititpegt proliferation of microglial cells [32, 33]h&
conclusion was that nanostructures do indeed infle@evhich cells that adhere and that the proportion
of neurons in comparison to astrocytes were sigpnifily higher on the nanostructured surfaces in
comparison to the flat ones. Whether this is tige for the feature shape and size presented hete a
furthermore, is an effect that translates fromitromo in vivo models is not yet clarified.

Although active and passively deposited Pt-nanagsi®ws similar electrochemical properties, the
structure is clearly different resulting in an adpetio that is seven times larger for the pasgive
fabricated structures than for the electrodepositeds. The reason for this effect was not further



investigated since the electrochemical performam@s of main interest from the electrode
perspective. Nevertheless, we believe that theleraded nucleation in the active process is the
driving mechanism behind the different structuiidss observation is in good agreement with a study
from Lee et al 2007 [34] describing the controlig@wth of Pt-nanowires from hexachloroplatinic
acid. By slowing down the reduction rates theyeavable to form uniform nanowires with similar
appearance compared to our Pt-nanograss whickasf@med at slow reduction rates in contrast to
the active process.

In summary we introduced a nanostructured Pt cgdtinimproving the electrochemical performance
of neural microelectrodes with respect to recordingtimulation purposes. A simple and accelerated
process has been described yielding an impedaatéstlower than for any other material known to
this community. In fact it is possible to reduce #lectrode area to 1% of the untreated electritele s
and yet retain equal impedance. This enables sulta improved spatial resolution in neural
recordings. The high CSC in combination with str@apesion further show the potential for use in
chronic stimulation and consequently demonstragerétevance of the herein proposed Pt-nanograss
for improving neural electrodes.
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