N
N

N

HAL

open science

Carbon nanofiber-PEDOT composite films as novel
microelectrode for neural interfaces and biosensing

Valentin Saunier, Emmanuel Flahaut, Marie-Charline Blatché, Christian
Bergaud, Ali Maziz

» To cite this version:

Valentin Saunier, Emmanuel Flahaut, Marie-Charline Blatché, Christian Bergaud, Ali Maziz. Car-
bon nanofiber-PEDOT composite films as novel microelectrode for neural interfaces and biosensing.

Biosensors and Bioelectronics, 2020, 165, pp.112413. 10.1016/j.bios.2020.112413 . hal-03022944

HAL Id: hal-03022944
https://hal.science/hal-03022944v1
Submitted on 25 Nov 2020

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

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


https://hal.science/hal-03022944v1
https://hal.archives-ouvertes.fr

Journal Pre-proof

Carbon nanofiber-PEDOT composite films as novel microelectrode for neural
interfaces and biosensing

Valentin Saunier, Emmanuel Flahaut, Charline Blatché, Christian Bergaud, Ali Maziz

Pl S0956-5663(20)30407-3
DOI: https://doi.org/10.1016/j.bios.2020.112413
Reference: BIOS 112413

To appearin:  Biosensors and Bioelectronics

Received Date: 11 April 2020
Revised Date: 24 June 2020
Accepted Date: 25 June 2020

Please cite this article as: Saunier, V., Flahaut, E., Blatché, C., Bergaud, C., Maziz, A., Carbon
nanofiber-PEDOT composite films as novel microelectrode for neural interfaces and biosensing,
Biosensors and Bioelectronics (2020), doi: https://doi.org/10.1016/j.bios.2020.112413.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier B.V.


https://doi.org/10.1016/j.bios.2020.112413
https://doi.org/10.1016/j.bios.2020.112413

Valentin Saunier: Experiment, Investigation and Writing-reviewing-editing
Emmanuel Flahaut: Investigation and Writing-reviewing-editing
Charline Blatché: Experiment and In-vitro cytotoxicity assay

Christian Bergaud: Supervision, Resources, Methodology, Investigation and Writing-reviewing-
editing

Ali Maziz: Supervision, Resources, Experiment design, Methodology, Investigation and Writing-
reviewing-editing



PEDOT-CNF microelectrode Low Impedance High charge injection

1
A\
3 107 ........... r_// .......... 31.5
g IS N IO N _
108 g °%
> — I(pA)
104 - — E(Vvs SCE)
-31.5
10°4 — PEDOT-CNF A - s )
10 100 1000 1000 1 2
Frequency (Hz) 150 pe
1004
i
504
AUAPEDOT 0 [Ooparmine] kM
0

2 4 6 8 10
Electrochemical detection



Carbon nanofiber-PEDOT composite films as novel

microelectrode for neural interfaces and biosensing

Valentin Saunief, Emmanuel Flahaut Charline Blatché&, Christian Bergaud* and Ali MaziZ*

2LAAS-CNRS, Université de Toulouse, CNRS, 7 avenué€dlonel Roche, F-31400 Toulouse, France

b CIRIMAT, Université de Toulouse, CNRS, 118 routeNarbonne, F-31062 Toulouse, France

* Corresponding authors. Department of Micro Nano Bechnologies (MNBT), MEMS Group, LAAS-

CNRS, 31031 Toulouse, France

Emails: ali.maziz@laas.fr; christian.bergaud@I|aas.f



ABSTRACT

A clear need exists for novel nanostructured maltethat are capable to meet the performance
criteria of a number of neuronal therapies inclgdmeural recording, stimulation and sensing of
bioactive molecules at the electrode-tissue interfa By combining Poly (3,4-
ethylenedioxythiophene) (PEDOT), with Carbon Naberfs (CNFs), we demonstrate a versatile
approach for the synthesis of a novel compositeen@t PEDOT:CNF with remarkable
electrochemical properties, combining low impedarigh surface area, high charge injection
capability and reliable neurotransmitters monitgrinsing amperometric techniques. The
oxidized CNFs were utilized as dopants of PEDOPprtepare the composite coatings through
electrochemical deposition on neural microelectsaaigays (MEA). The PEDOT:CNF modified
microelectrodes demonstrated the low specific iraped of 1.28 Mb.unt at 1 kHz and results

in unrivalled charge injection limit of 10.03 mC/¢mvhen compared to other reported organic
electrode nanomaterials. Furthermore, amperomdstection performances were determined
for the neurotransmitters dopamine and serotonxinipéing linear concentration range from 0.1
to 9 uM and from 0.06 to UM respectively, high sensitivities (44.54 pA/nM.panid 71.08
pA/nM.um2, respectively) and low detection limi@&@45uM and 0.056uM, respectively). Cell
viability was investigated on PEDOT:CNF coated métectrodes to show that the composite
material does not advocate any cytotoxicity. Takegether, these results suggest the great
potential of PEDOT:CNF composite for developing thgeneration multifunctional

microelectrodes for applications in neural therapie

KEY: PEDOT:CNF, microelectrodes, neural interfacelectrical stimulation, electrochemical

sensing, carbon nanofibers.



1. INTRODUCTION

Technological approaches based on either electstalulation or neural recording
involve the use of microelectrodes interfaced wattpopulation of single neurons in close
proximity (Ludwig et al. 2006; Nicolelis et al. 2BD Noble metals such as Platinum, or Iridium
have been used for decades to make arrays of roopuselectrodes, which are now used in
routine for neural recording and stimulation in e@ clinical contexts such as cochlear
implants, deep brain stimulation for Parkinson’'ssedise, or functional evaluation of
epilepsy.(Andrews 2009; Rebscher et al. 2008; Waaeet al. 2005) However, the drawback of
metallic electrodes is their limited capability sdfe neural stimulation (Heim et al. 2012), high
intrinsic noise level for neural recording (Coga®D@) and the mechanical mismatch between

the electrode and surrounding tissue causing &adfithe device (Polikov et al. 2005).

To overcome these limitations, research in nanostrad materials have received much
attention for developing next-generation neuragrfasices, which focused on improving charge
storage capacity and reduction of electrode sizthatlevel of single neuron. Among these,
organic nanomaterials including conductive polym@#®s) (Abidian et al. 2010; Green and
Abidian 2015), carbon nanotubes (CNTs) (Ansald@let2011; Jan et al. 2009) or graphene
(Hess et al. 2011) have been popular choices tHatwv adirect delivery of electrical,
electrochemical and electromechanical signals at electrode-tissue interface. Poly (3,4-
ethylenedioxythiophene) (PEDOT), which has excellactronic conductivity (Fabretto et al.
2012; Maziz et al. 2015) providing low impedancel digh capacitance (Abidian and Martin
2009; Yoon and Jang 2009) along with excellent thlmfty (Lecomte et al. 2017) and
biocompatibility (Asplund et al. 2009) has been thest studied CP in the last decade (Fabretto

et al. 2012). PEDOT-coated microelectrodes have kbeasidered for biomedical (Smela 2003)



and bioelectronic applications (Berggren and Rich@ahlfors 2007), especially for the
fabrication of devices for neuronal recording (Abm et al. 2010; Abidian et al. 2009;
Castagnola et al. 2015; Lecomte et al. 2017) antuktion (Cogan 2008; Gerwig et al. 2012b;
Venkatraman et al. 2009) as well as electrochemseaising systems for neurochemicals
monitoring (Larsen et al. 2012; Meng et al. 20168d&y et al. 2019; Su et al. 2017; Vreeland et

al. 2015).

Through electrochemical deposition, PEDOT can lexipely localized onto metallic
microelectrode sites with coating thicknesses dowthe nanoscale. The oxidative deposition of
PEDOT results in a positively charged polymer bacidy which allows for the incorporation of
negatively charged doping agents for charge batgndio date, the most commonly used dopant
material for PEDOT material is poly(styrene sulfma(PSS) because of its stability and
reported biocompatibility (Schmidt et al. 1997).\wver, other negatively charged dopants have
been also utilized for this purpose, such as tésy(darsen et al. 2012) CiQdMaziz et al. 2017;
Maziz et al. 2014) Nafion (Vreeland et al. 2015)damore recently some carbonaceous
nanomaterials such as carbon nanotubes CNTs (Getvaig 2012b; Xu et al. 2013) or graphene
oxide (GO) (Taylor et al. 2017) for the purposdaroproving the electrochemical stability (Luo
et al. 2011b), charge storage delivery (Gerwig.e2@l2b) and sensitivity of PEDOT electrodes

for neurochemicals sensing (Wang et al. 2014; Weeatval. 2014; Xu et al. 2013).

Carbon nanofibers (CNFs) are increasingly gettmtihe spotlight in bioanalytical area as
through their properties of high surface area, tieity and chemical and electrochemical
stability. CNFs exhibit extraordinary strength aprbvide an extremely large surface area
(compared to that of GO or PEDOT) for charge tranahd cell attachment, making them a very

promising candidate material for recording and station electrode sites (Nguyewu et al.



2006). CNFs have also excellent electrical congitgtiwhich enables a better electron transfer
at the interface of the electrode, and thus a betesduction of the electrochemical signal for
redox-active molecules (Huang et al. 2008; Liu let2808; Wu et al. 2007). Although direct
substrate growth of the carbonaceous nanomatematsetal-coated substrates has been used for
the construction of biosensing devices (Koehne let2@11), very few studies have been
performed regarding the micro-localized deposit@fhnCNFs on any type of substrate.d.
microelectrode array (MEA) or neural probes) dudhte incompatibility of the CNF growing

processes with most standard sensing devices (kosthed. 2011).

In this work, we report for the first time the dl@chemical synthesis of PEDOT:CNF
composite, and its deposition onto gold MEAs byessatile and reproducible electrochemical
route. PEDOT is electrochemically deposited to t@NFs within its matrix, creating a
nanocomposite in one step without the need of toresuming grafting process (Fig .1). We
show that high-performance PEDOT:CNF composite @khremarkable electrochemical
properties, yields microelectrodes combining lowpé@dance, high surface area, high charge
injection capability and can be effectively used ifeliable neurotransmitters monitoring using
amperometric techniques. Taken together, theseltseswggest the great potential of
PEDOT:CNF composites for developing next-generatiomultifunctional bidirectional

microelectrodes.
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Fig. 1. PEDOT:CNF deposition pathway. (A) CNF functionalization scheme used for thisdgtufrom
raw CNF to oxidized, negatively-charged CNFs olgdirby chemical oxidation, which are used as
dopants for co-deposition with positively-chargeBD®T. (B) Picture of the microfabricated gold
microelectrodes array with optical picture of thizmoelectrode matrix and SEM picture of a singlédgo
microelectrode (20 um diameter). SEM pictures o PEDOT:CNF composite obtained on (C) a

macroelectrode and on (D) a microelectrode.

2. MATERIALSAND METHODS

The detailed experimental details are providedupgiEmentary Information (SI).



3. RESULTSAND DISCUSSION

3.1 Electrochemical deposition

We initially fabricated PEDOT:CNF coatings and exaad their morphology. As shown in Fig.
1B, we used microfabricated gold microelectrodeaayarwell-known tools allowing classical
electrophysiological measurements. The microeldesohave the same 20 um diameter as
commonly used for MEA arrays. We use this simplgigleto directly compare PEDOT:CNF to
bare gold microelectrodes properties. First oxidiZZNFs were synthesized for the following
electrochemical synthesis of PEDOT:CNF compositig. (EA). The oxidation of raw CNFs
through oxidative acid treatment (mixture of,90, and HNQ) was crucial for the
electrodeposition procedure. Previous reports stdat the oxidation of carbon nanomaterials
not only enhanced their hydrophilicity but alsoatesl on their surfaces a range of oxygenated
functions such as carboxylic groups through thedatxdon reactions (Bortolamiol et al. 2014;
Rasheed et al. 2007; Santangelo et al. 2012). Xitized CNFs were consequently negatively
charged due to the presence of carboxylate furedtigroups grafted at their surface, which
made them a very interesting candidate for chasegercing anionic PEDOT dopant. In this
study, the PEDOT:CNF films were galvanostaticalgpdsited onto gold microelectrodes at a
constant current density of 10 pA/um?2 until a tothlarge 1200 nC (3.821 nC/um?2) was
consumed (Fig. S1). The deposition took place ftnoa simultaneous oxidative PEDOT
polymer chain propagation and CNF trapping meclmasisgenerating a fibrous and porous
surface structure resulting from a three-dimendignawth mechanism of PEDOT around the
oxidized CNFs (Fig.1 C and D) (Temmer et al. 201135 worth mentioning that an increase in
the electrodeposition charge will result in a digant expansion of the PEDOT content in

PEDOT:CNF composite while keeping it still rathecdlized. Nonetheless, the electrodeposition



charge should not exceed 6 pC as it induces a gubstexpansion of the overall deposit, which
weakens the overall mechanical stability of thenfileading to the delamination of the film,

and/or causes short-circuits on the neighbor miect®des (Fig. S2).

3.2 Morphology

To confirm the structural integrity of the PEDOT:ENoating and its interface with the
underlying bare gold contact, a critical factor floe properties of the modified microelectrodes,
we investigated the morphological stability of tREDOT:CNF coating. Images with optical
microscopy showed no obvious morphological craclkingisible delamination after the direct
current deposition method (Fig. 2A). A quite unifoand highly dense CNFs coating could be
observed on the modified microelectrode surfacestbaly further at the surface stability, the
morphology of the PEDOT:CNF coating was observe&BW. As shown in Fig. 2 (B and C),
SEM images confirmed that the PEDOT:CNF compos#s wniformly distributed on the gold
microelectrode with CNF randomly distributed in ttheposit. The PEDOT:CNF appeared as a
porous fibrous 3D network encapsulated on the mleatrode. We have previously
demonstrated that the electrochemically synthesREBOT:PSS film has a smoother surface
with a globular structure resulting from a threeidnsional nucleation growth mechanism
(Castagnola et al. 2014). The morphology of the EECNF was thus very different from
PEDOT:PSS. The CNFs integration in the PEDOT maisixbelieved to be driven by
electrostatic diffusion toward the electrode andagsulation in the PEDOT matrix, resulting in
a mechanically coherent composite. CNFs act asrddpanks to the negative charges on the

nanofibers surface, behaving like counter anioEBP®OT radical-cation during electrochemical



polymerization. In addition, the PEDOT density arduhe CNFs of the PEDOT:CNF network
increased when increasing the electrochemical deposharge (Fig. S3), confirming that the
negatively charged CNFs act as dopants with pestivcharged PEDOT during the
electropolymerization, with a strong templatingeeffon this polymerization. The evidence on
the growth of the polymer and its interaction wile CNFs is further deduced from the Energy-
dispersive X-ray spectroscopy (EDS) analysis (Bi4). EDS mapping was used to distinguish
the sulfur content in PEDOT (and not present in ¢hebon nanofibers) and shows that the
conducting PEDOT and carbon nanofibers are condesgamlessly, thereby facilitating intra-
and interlayer ionic/electronic transport. The RI-$pectra of the nanocomposite (Fig. S5)
display the characteristic peaks of PEDOT at 92 86 cnit, which correspond to the C-S
vibration modes of the thiophene ring in the PED@diety. The absorption bands at 440, 850,
1070 and 1120 cihrepresent the stretching modes of the C—O—-C ar@-O-group of PEDOT

in the nanocomposite whereas the peak at 1260 indicates the C—C stretching mode of the

thiophene (Anothumakkool et al. 2013; Shin et 8L 2, Tran-Van et al. 2001).
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Fig. 2. Morphological characterization of PEDOT-CNF microelectrodes. Microscope picture of (A)

PEDOT-CNF modified gold microelectrode (20 um digene (B) SEM picture of PEDOT-CNF



modified microelectrode. (C) SEM picture of a CNRcapsulated in PEDOT, with a PEDOT layer

underneath it, deposit done with a current derdity0 pA/um?2 on a 1 cm2 gold macroelectrode.

3.3 Electrochemical properties

High-performance electrodes materials play a ctuoia at the interface of neural electrodes.
To achieve efficient bidirectional transduction vee¢én the neural tissue and neural
microelectrodes, the electrode material must satisf function of both ionic/electronic charge
injection, to stimulate nerve tissue, and recordroeal activity. Ideally, the electrode material
should offer seamless neural interfaces with dekdreharacteristics including low impedance to
lower signal-to-noise ratio and so increase reabrg@etentials, and high charge storage

capabilities which would be helpful for stimulatiohneuron cells (Agrawe et al. 2018).

We first evaluated the impact of the PEDOT:CNF d#pmn on the electrochemical properties
of the microelectrodes by electrochemical impedapextroscopy (EIS) and cyclic voltammetry
(CV). Non-coated gold microelectrodes (identicardeter) were also tested as controls. Fig. 3A
and B show the Bode plots of the electrochemicaleidance and phase angle across frequencies
of interest for electrophysiological recordings (H@-10 kHz). EIS analysis showed that the
impedance of PEDOT:CNF microelectrode was more tianorders of magnitude lower than
the bare microelectrode in the range of frequendested. The impedances of the
microelectrodes at 1 kHz were used for comparisarpgses as action potentials have a
characteristic frequency band centered at thau&egy. The mean impedance at 1 kHz for the
unmodified gold microelectrode was around 6@ kvhile after PEDOT:CNF electrochemical

deposition, the mean impedance fell to 42 Khis phenomenon is expected to be due to a
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significant increase in the effective surface angth the formation of PEDOT:CNF material,
leading to the decrease in impedance of the miectelde (Castagnola et al. 2014).
Furthermore, the specific impedance of the PEDOTFECModified microelectrodes (1.28
MQ.unt at 1 kHz) wasa 150 times lower than gold microelectrodes (188.Mnf) and lower
than any of the best reported organic electrodemadd (Wang et al. 2019) including conducting
polymerse.g. PEDOT:PSS (Venkatraman et al. 2011) and PPy:PS8¢@Vet al. 2019), CNTs
(Wang et al. 2006) and neat graphene (Wang e0aB)hanomaterials, presented in Fig. 3D and
Table S1. The combination of CNFs and PEDOT as@esicomposite material thus resulted in

a strong synergetic effect leading to a superiaroslectrode with lower impedance.

The phase plot of the impedance showed that PEDRFR:@as capacitive in the low
frequency range (10 Hz) (Fig. 3B), with a phasdeagound 80-90°. The phase angle decreased
for the coated microelectrodes in the frequencygeanf 10 Hz-2 kHz te: 20°, while the phase
angle of bare gold was about 90°. The shift in giese of the impedance for modified
PEDOT:CNF suggests an increase in effective surdaea. Such changes were consistent with
previous findings where carbon nanotubes were purated in the PEDOT matrix as a single
composite material (Kozai et al. 2016; Xu et all20Zhou et al. 2013). These results show that
PEDOT:CNF acts as a capacitive material for fregiemsnlower than 2 kHz and as a more-
resistive material for frequencies higher than Z kiFhe Nyquist plot recorded in,BO, media
is presented in Fig. 3D. In the higher frequengiar, a semi-circle is observed which is related
to the charge resistance between the electroderiadaad the surrounding electrolyte while at
low frequencies the capacitive behavior becomesimm The incorporation of CNF in the
PEDOT produced very small radius of the semi-ciosieghe Nyquist plot with a charge transfer

resistance of about 1.9kas estimated from an equivalent circuit (Fig. S8)is result proves
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the low electron-transfer resistance associatett tie PEDOT.CNF composite material, by

which the electronic exchange in the systems igebeal to be favored.

We next evaluated the charge transfer capabilitfethe PEDOT:CNF microelectrodes. CVs
have been carried out within the 0.0 to + 0.3 Veptal range at a scan rate of 50 mV/s.
Compared to the bare gold microelectrode (Fig. 8@ Big. S7), a significant increase in the
electroactive area could be clearly observed. Tapadty of charge transfer observably
increased using PEDOT:CNF, as can be seen in Eg.TBe cathodal CSC (CSCc) of the
composite film was calculated by the time integrhithe cathodal currents within the cycled
region. Obviously, the CSCc of the PEDOT:CNF coatedroelectrode is significantly higher
than that of bare gold microelectrode80 times). At a density of 10 pA/um?2 that was &ggpto
electrodeposit the materials, the CSCc of the lggolel microelectrode increased from 0.1
mClcnf to 7.89 mClcrh for PEDOT:CNF within the 0.0-0.3 V potential rang®his
improvement is due to the higher surface area mgatie PEDOT:CNF that allows effective
diffusion of electrolyte ions at the electrode-simn interface, leading to a higher charge storage
capability. It is worth mentioning that the symnyef the cyclic voltammograms of the
PEDOT:CNF coating is an indication of the high msuglity of the doping process, which
makes the composite material a promising matesiamic-to-electronic transducer at the neural

interface electrode.
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Fig. 3. Electrochemical characterization of PEDOT:CNF modified microelectrodes. (A) EIS
measurements on modified PEDOT:CNF and unmodifedd microelectrodes over a frequency range of
10 Hz-10 kHz in HSO, (0.5 M) at 0 Vs SCE A) |Zlvsfrequency and (B) Phass frequency plots. (C)

Capacitive measurements by cyclic voltammetry #® (0.5 M) at 50 mV/s between 0 and 0.3v¥
SCE on modified and unmodified (Fig. S7) microeledes. (D) Nyquist plots of modified PEDOT:CNF
and unmodified gold microelectrodes over a frequyeaage of 10 Hz-7 MHz in $$0, (0.5 M) at 0 Ws
SCE. (E) Comparison of the electrochemical perfortea of PEDOT:CNF microelectrodes in terms of
charge injection limit, specific impedance at 1 kHdmd geometrical area of the starting modified

microelectrodes with some of the state-of-art nanosired organic materials used for neural intenig

electrodes. The corresponding values and referereagported in Table S1.

3.4 Electrical stimulation

The previously calculated charge capacity value ardg be regarded as relative value, as it

measures the charge capacity of the electrodes suigacted to a slow voltage ramp. In neural
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stimulation applications, cathodal-first, biphasiarent pulses are frequently used for effective
and safe stimulation of neural tissue (Gerwig eR@l2a; Luo et al. 2011a; Mandal et al. 2015).
The electrodes conduct a high number of electgtiaduli when using only millisecond current

pulses, therefore only a small fraction of the ltatesarge capacity is available. Here, we used
voltage transient responses to millisecond biphasicent pulses to have a more reliable

information about the microelectrode stimulatiomfpenance.

Fig. 4 reports the voltage transients measurentbatsvere collected by the PEDOT:CNF and
bare gold microelectrodes, using 1 ms-long biphasicent pulses with cathodic pulse first in a
physiological media-mimicking buffer, Tris buffeXlat pH=7.4. For a given pulse current, the
preferred electrode should have a higher chargetion capability and generate lower electrode
voltage, thanks to its higher charge transfer céipalStarting with a series of small pulses of
+1.256 pA corresponding to 4 pC/umz2 (Fig. 4A), tiighest cathodic voltage transient was
observed for non-coated gold microelectrode, primdumaximum negative voltagem¥y negOf
-1.92 V (Fig. 4 B-D). Under the same stimulatiomditions, the amplitude of voltage transient
is much less in PEDOT:CNF coated microelectrod@ycing Vinaxnedf —0.067 V. These values
correspond to Y. (maximum negative polarization voltage) acrossctebele-electrolyte
interface of-37 mV for PEDOT:CNF (Fig. 4 C and D). The negatpaential excursion M
was calculated by subtracting the access voltage &8sociated with the ohmic resistance of the
electrolyte from the maximum negative voltag@aVheg(Carli et al. 2018). Indeed, voltage
excursion displays first an initial ohmic voltagep followed by a more gradual polarization of
the interface as shown in Fig. 4D. Due to increaskdrge carriers at the interface, less
polarization is seen at the PEDOT:CNF interface mamad to gold microelectrodes. In this

condition, the voltage drop Mvas observed for PEDOT:CNF in the order of 29 raNd 30

14



times higher for gold microelectrodes with 0.9 \Uggesting a substantially lower overpotential
to be overcome in PEDOT:.CNF microelectrodes. Thesult is in agreement with the
electrochemical CV characterization that gives ghér electroactive surface area (Fig. 3C) for
PEDOT:CNF with respect to bare gold control. Thétage transient experiments reflect the
obvious improvement by PEDOT:CNF coating in delingrin a safer manner, for a stimulation

current, a higher charge at the electrode-eledgohterface.
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Fig. 4. In vitro biphasic stimulation assessment. (A) Biphasic excitation current waveform (+1.258,

1 ms) testedn vitro in Tris buffer 1X, cathodic pulse first. (B) Voffa responses of PEDOT-CNF
modified microelectrodes and bare gold microelatgro (C) Voltage transient of PEDOT.CNF
microelectrodes only. (D) Voltage transient of aDEH:CNF-modified microelectrode at 31.5 pA

injection, when reaching the CIL. (E) Cyclic voltamatry of PEDOT:CNF modified microelectrodes in

15



Tris buffer 1X, at 200 mV/s. (F) Polarization pdiats measured under different current pulse

amplitudes.

To fully assess the applicability of the PEDOT:CNficroelectrodes for tissue stimulation
purposes, their charge injection limit (CIL) wasasered using increasing pulse currents (Fig.
4F). The CIL is defined as the quantity of chatug tan move from the electrode to the solution
in a stimulation pulse without exceeding the wadézctrolysis limits. To ensure the safe
polarization, the water window of the PEDOT:CNF ro&ectrodes in Tris buffer solution was
determined using CV at 200 mWs Ag/AgCl reference electrode (Fig. 4E). The wagstuction
and oxidation voltages were found to be at —1.4@B6dV respectively. The polarization voltage
Ve Was used to determine the CIL by increasing tHsepourrents before ¢ is reaching the
negative electrolysis frontier at -1.4 V. The meadicorresponding maximum current before the
water reduction potential was 31.5£3.4 pA (Fig. .4Fhe calculated charge injection was
calculated at ¥ --1.3 V, before the water reduction potential tol8e032 + 1.083 mC/cm? for
the PEDOT:CNF microelectrodes. The calculated Glthe composite material was higher than
any of the best reported organic materials (Wangle®2019) including PEDOT:PSS (2.92
mC/cm?) (Venkatraman et al. 2011), CNTs array @-inC/cm?) (Wang et al. 2006),
PEDOT:CNT (1.25 mC/cm?) (Gerwig et al. 2012b) oatngraphene fibers (8.9 mC/cm?) (Wang
et al. 2019) presented in Fig. 3D and Table S1s&hmltage transient experiments reflect the
obvious improvement by PEDOT:CNF coating of delingrin a safer manner, for a stimulation
current, a higher charge at the microelectrodetrelgte interface. We believe that the

combination of CNFs with high charge transfer capss and PEDOT results in as strong
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synergetic effect between the two components incthraposite leading to remarkable charge

injection capacity.

3.5 Electrochemical sensing

To demonstrate the extended functional aspectee@PEDOT:CNF composite, we explored
the electrochemical sensing capabilities of the ifremtl microelectrodes in a non-specific
fashion of biomolecules, specifically neurotranseng such as dopamine (DA) and serotonin
(ST). DA and ST are ubiquitous neurotransmittersyammalian brain tissues, and together with
other neurotransmitters, play an important phygigla role in the functioning of central
nervous as extra cellular chemical messengers (Baaand Gainetdinov 2011; Carhart-Harris
and Nutt 2017). These biological analytes are contynftound together and their biodetection
using macro-scaled unitary carbon fiber microetet#r has been the focus of a tremendous
number of reports in the last decades (Vreelandl.e2015; Wang et al. 2014; Weaver et al.
2014). However, it remains challenging to use simdlectrode material deposited on localized
electrodes on any type of substratg. MEASs, neural probes or drug delivery devices, as/v
few reports have been produced using non-unitarpocabased microelectrodes materials

(Koehne et al. 2011).

17



200 — — 150 15
- DRI
NS ‘\.. B C
150 - S
SRR S e BT 10
= LR o~ -
‘é_mo-;:::j:t:i'\k 3 3
= A i i = = 54
Py ey 50+
so4 i {113 khh
AR R :
A 0d
0 T T T T 0 T T T T T T
200 400 600 800 0 2 4 6 8 10 0 500 1000
Time (s) [DA] pMm [DA] nM
254 )
E »l F
< <
o -3
= = 104
i
Do e
T T T 0 T T T T T T T
0 500 1000 1500 0 2 4 6 8 10 0 60 500 1000
time(s) [ST] UM [ST] nM

Fig. 5. In vitro electrochemical sensing. Typical chronoamperometric response of a PEDOT-CNF
microelectrode to (A) dopamine and (D) serotonijedtions in Tris 1X. At +130 mWs SCE for
dopamine detection and 328 m¥ SCE for serotonin detection. The currents stepshen figure
correspond to (A) 100, 200, 300, 400, 600, 800 mel &, 2, 3, 4, 5, 9 uM and (B) 60, 100, 400 nM and

2, 4, 9 uM. Linear regression curve of PEDOT-CNécebde response at 130 m¥SCE to (B) DA and

(E) ST in Tris buffer. Zoom in on the region betwekto 1 uM for (C) DA and (F) ST.

Initially, CV experiments in Tris buffer solutiopli= 7.4) with varying concentrations of
DA and ST were used to identify the oxidation ptitds of both DA and ST (Fig. S8 and S9).
PEDOT:CNF coated microelectrodes were used as ngrdectrode, while SCE and platinum
were respectively used as reference and counterades. According to the CV results, 130 mV
and 328 mWs SCE were chosen for the following chronoamperoimettection of DA and ST,

respectively. In separate experiments, specificuartsoof DA and ST were added to Tris buffer
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(pH= 7.4) at various intervals after stabilizatioinbackground current. A sharp anodic increase
in the current was obtained for each addition @flye, which was attributed to the fast, direct
electrochemical oxidation of the analyte at thetebtele vicinity. A typical chronoamperometric
responses obtained with a PEDOT-CNF modified mieisde is shown in Fig. 5 (A and D).
The response of the PEDOT:CNF at the modified relecirode was reached within 15 seconds,
revealing the fast diffusion of the PEDOT:CNF oe thicroelectrode site. The current response
increased linearly in the concentration range fbinto 9uM for DA and from 0.06 to @M for

ST (Fig. 5 B, C, E and F). The DA and ST directrent responses resulted in calibration plots
i.e. amperometric current responss. different concentration of DA or ST with corretati
coefficients >0.999 for both DA and ST. The corging sensitivities were calculated as 14.3
pA/uM with the limit of detection (LOD) of 0.04pM for dopamine and 22.32 pA/uM with a
LOD of 0.056uM for serotonin. In terms of concentration ranghsse LOD were well suited to
the reported assay of these analytes in the meftedal(Polidori et al. 2001). The stability of the
proposed electrochemical biosensor was evaluatied §10). A 10% drop in sensitivity was
observed after 5 h of continuous exposure of arzeld electrode to 1 uM of DA in Tris buffer.
Sensitivity can be restored by acidic rinsing o tmicroelectrode with $$0O, 0.5 M. This
sensitivity drop is believed to be due to dopanaidsorption, which correlate with the fact that it
is reversible by electrode rinsing. The analytipalformance of the fabricated PEDOT:CNF
microelectrode (LOD, sensitivity and linear respomange) of the sensor was compared with
previously reported DA sensors using chronoampettieniechnique (Table S2). It can be seen
that the PEDOT:CNF is comparable or better withpheviously reported DA sensors, hence it
can be used for sensitive detection of neurotraibersi in biological analysis. The good

analytical performance of the PEDOT:CNF towardsroeliemical detection was attributed to
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the huge reactive surface area and excellent eted¢tansfer rate, which has been shown to

catalyze electron transfer at the electrode-elbt&anterface.

3.6 In vitro cytotoxicity assay

In addition to excellent electrical and electrocieahproperties, the PEDOT:CNF composite
material should being free of toxic elements, taubed as am vivo neural interface. PEDOT-
based materials on gold microelectrodes are comynased for neural cell culturing and have
been proven to be a biocompatible material witlngwsystems usable to design neural interfaces
(Asplund et al. 2009). Through cell viability assae set the preliminary objective to establish
the non-cytotoxicity of the produced compositegiathe electrochemical deposition. For that
purpose, cytotoxicity was investigated with the Mcd8ll viability assay (ISO 10993-5 norm).
Two populations of cells were cultured for 24 h @ineh one population was exposed for 24 h to
culture media containing PEDOT:CNF material exsagffter 48 h, MTT test was performed on
both populations, in the test media and in a sta@hdeedia as control. The results show that the
population of living SH-SY5Y cells increases ovémd in a similar fashion for controls,
demonstrating that no cytotoxicity could be obsdrae viability percentage highly exceeds 75

% (>99 %).

3.7 Cellsgrowth & Morphology studies

To study to possibility of cells to grow on moddisurfaces, human neuroblastoma SH-SY5Y

cells were cultivated on PEDOT:CNF-modified MEAs itovestigate the cell adhesion and
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neurite outgrowths on the modified microelectrodesshown in Fig. 6 (A and C), After 24 and

72 hours, SH-SY5Y cells grew uniformly and appeatedhave spread homogeneously,
demonstrating a good viability on the MEA substraeen at 24 h, as no cell repulsion was
found around coated electrodes. In order to ingatdi the state of SH-SY5Y cells cultured in
detail, further work was conducted by fluoresceatnéing. As shown in Fig. 6 (B and D), SH-

SY5Y cells grew evenly overall, and neurites wdeady observed on the composite materials.
These results indicate that PEDOT:CNF compositwweah-suited for the adhesion and neurite

outgrowth of SH-SY5Y cells.

Optical images Confocal images MEB images 48H

24H

72H

Fig. 6. In vitro cytotoxicity assay & cell morphology assessment. Optical images showing SH-SY5Y
cultivated on top of the PEDOT:CNF coated microetstes array for (A) 24 h and (C) 72 h. The
corresponding phalloidin-AM fluorescent images simmgv SH-SY5Y cultivated on top of the
PEDOT:CNF coated microelectrodes array for (B) 2dnd (D) 72 h. SEM images of SH-SY5Y cells

cultured 48 h on functionalized PEDOT:CNF microtiedes surface. (E) Cell completely interfaced in
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3D-manner with a PEDOT:CNF-modified microelectrodéh clear interfacing with fiber network of the

electrode. (F) PEDOT:CNF microelectrode being cialed a cell.

The morphology of the cells on the PEDOT:CNF mitzogodes was also assessed through
SEM. SH-SY5Y cells were seeded in the MEA and catluor 48 h, then the fixation procedure
was performed before proceeding to the SEM obsernaindividual cells can be clearly
recognized on the top of the PEDOT:CNF microelet#soin Fig. 6 (E and F). The SH-SY5Y
cells display extensive processes and appear tavdle attached on the surface of the
PEDOT:CNF material. It is worth mentioning that thells did not exhibit any particular
preference for different material®. gold or MEA passivation layer and, as can be oleskr
they spread homogeneously on the surface of the MIBA attachment of cells on PEDOT:CNF
coated microelectrode shown in SEM images mearnsttigpossible to the get direct, reliable
and functional contact with the target tissue reguifor interfacing purposes. For example,
when accurate electrophysiology recordings areiregua single unit may be detected and

recorded when the recording device is very clogmfthe targeted single neuron.

4. CONCLUSIONS

We have successfully demonstrated the feasibifiyEDOT:CNF composite material on gold
microelectrode arrays by a simple and reproduceldetrodeposition method. PEDOT was used
to electrochemically entrap oxidized carbon nareBbas dopants in one step, without the need

of time-consuming multi-step processes. The contimnaof CNFs and PEDOT resulted in as
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strong synergetic effect between the two compongnthie composite leading to remarkable
electrochemical properties, combining low impedarigh charge injection capability, as well

as a reliable neurotransmitter monitoring. The lteduom this study suggest the great potential
of PEDOT:CNF composites for developing next-genenamicroelectrodes for applications in

neural therapies. We are currently runniiig vivo studies to show that PEDOT:CNF

microelectrodes implanted in the cerebral cortex datect neuronal activity with remarkably

high signal-to-noise ratio in an area as smallragédividual neuron. We also envision the use
the PEDOT:CNF microelectrodes for neurochemicalsitodng in vitro andin vivo using fast

scan cyclic voltammetry techniques.
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Highlights

» Wedeveloped a simple approach for the electrochemical synthesis of PEDOT:CNF
composite material on microelectrodes for neural interfaces and biosensing.

» PEDOT:CNF microelectrodes exhibit unrivalled electrochemical properties,

combining low impedance, high surface area and high charge injection capabilities.

« PEDOT:CNF microelectrodes allowed the reliabl e detection of the neurotransmitters
Dopamine and Serotonin with improved sensitivity and limit of detection.
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