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Abstract

In order to advance our knowledge about intercellular communication, high-throughput systems that
are able to perform single-cell measurements are of great interest. Microelectrode arrays (MEAs) integrate
micron-sized electrodes on a planar substrate to realize electrophysiological measurements with high spatial
and temporal resolution. The acquisition of adequate electrogenic cell signals, however, depends highly on the
interface between the biological and electronic system. Biocompatibility, inertness, low impedance and good
capacitive coupling, together with good mechanical and electrical stability, are all prerequisites when seeking
novel electrode materials.

Carbon nanosheets (CNSs) are an emerging type of carbon (nano)material, with many fascinating
properties that have yet to be explored. Carbon nanosheets consist of multiple layers of graphene which are
structured in such a way that they are oriented vertically on the substrate. Their high surface-area-to-volume
ratio and abundance of active knife-edge planes make CNSs an attractive candidate for a new electrode
material for bidirectional interfacing with electrogenic cells. Because CNSs are inherently hydrophobic,
methods to improve wettability, and thus biocompatibility, were investigated, including voltage-biasing and a
UV/ozone treatment. The CNSs were then electrochemically characterized using cyclic voltammetry and
electrochemical impedance spectroscopy in order to assess the material’s stimulation and recording
capabilities, respectively. Our results demonstrate that a 90% reduction in electrode impedance and a 330%
increase in cathodal charge storage capacity is achievable using these surface treatments. Furthermore,
biocompatibility was assessed by culturing primary mouse hippocampal neurons on CNS substrates, which, to
our knowledge, has not been demonstrated to date. We found that cell viability on surface-treated CNS
electrodes subsequently coated with poly-L-lysine was vastly improved from non-treated CNSs. Our findings
demonstrate that CNS-based MEAs can have a major scientific and technological impact, and combined with
complementary metal-oxide-semiconductor integrated circuit technology, can yield tools for both in vitro and

in vivo applications, including pharmacology, medical diagnostics, neuroscience and neuromedical research.
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Abstract

Om onze kennis over intercellulaire communicatie te verruimen is het van groot belang om systemen
te ontwikkelen die individuele celmetingen kunnen uitvoeren met een hoge verwerkingscapaciteit.
Microelectrode arrays (MEAs) integreren microelektroden op een vlak substraat om elektrofysiologische
metingen te realiseren met een hoge ruimtelijke en temporele resolutie. Het verwerven van adequate signalen
van elektrogene cellen is echter sterk afhankelijk van het grensvlak tussen het biologische en elektronische
systeem. Biocompabiliteit, chemische inertie, een lage impedantie en een goede capacitieve koppeling, samen
met een goede mechanische en elektrische stabiliteit, zijn allemaal belangrijke eigenschappen bij het zoeken
naar nieuwe elektrodematerialen.

Carbon nanosheets (CNSs) zijn een nieuw type koolstof (nano)materiaal, met vele fascinerende
eigenschappen die nog nader onderzocht moeten worden. CNSs bestaan uit meerdere lagen grafeen die zo
gestructureerd zijn dat ze verticaal georienteerd zijn op het substraat. Hun hoge oppervlakte-volume
verhouding en overmaat aan scherpe vlakken maken van CNSs een veelbelovende kandidaat als nieuw
elektrodemateriaal voor de bidirectionele interfacing met elektrogene cellen. Wegens hun inherente
hydrofobiciteit werden methoden onderzocht om de bevochtigbaarheid van CNSs, en dus hun
biocompatibiliteit, te laten toenemen. Zo kunnen CNSs elektrochemisch geoxideerd worden door middel van
een voltage, of behandeld worden met UV/ozon. De CNSs werden vervolgens elektrochemisch
gekarakteriseerd met behulp van cyclische voltammetrie en elektrochemische impedantiespectroscopie om
hun respectievelijke stimulatie- en opnamecapaciteit te evalueren. Onze resultaten tonen aan dat deze
oppervlaktebehandelingen de impedantie van de elektrode met 90% kunnen verminderen, en de kathodische
ladingsopslagcapaciteit met 330% kunnen laten toenemen. Bovendien werd de biocompatibiliteit geévalueerd
door primaire hippocampale neuronen van muizen te groeien op CNS substraten, iets wat, voor zover wij
weten, tot op heden nog niet is aangetoond. We stelden vast dat de levensvatbaarheid van cellen op
oppervlaktebehandelde CNS elektroden, gecoat met poly-L-lysine, sterk toenam vergeleken met onbehandelde
CNSs. Onze bevindingen tonen aan dat CNS-gebaseerde MEAs een belangrijke wetenschappelijke en
technologische impact kunnen hebben, en gecombineerd met complementaire metaal-oxide-halfgeleider
chiptechnologie een belangrijke bijdrage kunnen leveren voor (zowel in vitro als in vivo) toepassingen in de

farmacologie, medische diagnostiek, neurowetenschap en neuromedisch onderzoek.
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1. Introduction

Ever since the discovery that the brain is the center of our thoughts, movements and emotions, it has
been an arduous task to unravel its complex biology and physiology. While much is known about the brain’s
structure and functioning an sich, one question that still plagues researchers for decades is how this consistent
communication between an enormous amount of neurons is orchestrated. Although this research is still in its
early stages, important new methods and techniques to study neuron (or any other electrogenic cell in general)
dynamics are rapidly emerging. However, for a deep, comprehensive understanding of these mechanisms it is
highly desirable to address single cells."® One widespread technique and a de facto standard to study
electrophysiological phenomena in single cells is the patch clamp technique, which makes use of a glass
micropipette that makes contact with ion channels in the cell membrane to measure transmembrane
currents.*® Although this technique has proven its usefulness, it also suffers from significant drawbacks, such
as its technical difficulty, limited output and large costs.” Moreover, patch clamping is an invasive method as
the tip of the micropipette damages the cell membrane; in able to gain electrical access to the cell, the
membrane inside the pipette is ruptured. Moreover, there is significant washout or diffusion from pipette to
cell and vice versa.” For these reasons, new (in vitro and in vivo) cellular interfacing technologies are currently
being developed. One promising and fast-growing technology is the microelectrode array (MEA). As the name
suggests, MEAs are arrangements of micron-sized electrodes that allow for the observation of spatiotemporal
patterns of electrogenic cell activity. Using standard photolithographic techniques, MEAs can currently be
fabricated with electrode dimensions smaller than the size of a typical mammalian cell (10 um).[l' 289 This
allows for stimulation and recording on the single-cell level with high resolution.

In order to achieve a high signal-to-noise ratio it is necessary to have intimate cell-electrode
contact.'* ™! Spatial proximity affects both the recording as stimulation efficiency of the electrode; a relatively
large distance between electrode and cell decreases the ability to record low voltages (i.e. small signals), while
at the same time the voltage or current needed to deliver the same amount of charge for stimulation would be
higher.m] Thus, in order to achieve a good cell-electrode contact, the physicochemical environment of the cells
should be designed to foster and promote both cell growth and survival. This implies that the electrodes must
be stable, inert, corrosion-free and biocompatible. Furthermore, adequate (capacitive) signal sensing of the
electrodes requires a low impedance, while at the same time a high charge storage capacity (CSC) is necessary
for stimulation (see section 1.2).[13] These properties are mainly dependent on the electrochemical
characteristics of the electrode material, and several different materials have already been implemented as
MEA electrodes. Some examples include Ti02[8], TNt 15], Pt-black[w'lg], indium tin oxide[lgl, Au™ and carbon

nanotubes (CNTs)[Zl"ZA].

The biocompatibility and cellular adhesion can be further increased by
(bio)functionalizing the electrodes with charged chemical groups or specific biomolecules, which will be
explained in the following sections.

In the present study, we investigate the role of carbon nanosheets (CNSs) as the interface between
biological and electronic systems. The highly graphitized, flake-like structure of CNSs yields a high surface-area-

to-volume ratio and renders numerous interaction points for the cells to adhere to. This, together with the
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abundance of active knife-edge planes, makes CNSs a promising interface material for high-quality MEA
measurements. Using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), the CNSs
were electrochemically characterized and further modified for optimal recording and stimulation. Furthermore,
biocompatibility was assessed by culturing mouse hippocampal neurons on CNS substrates, which, to our
knowledge, has not been demonstrated to date.

The applications and advantages of MEAs over conventional electrophysiological methods (e.g. patch
clamping and single electrode recording) are numerous. Large amounts of individually addressable electrodes
are able to gain information from multiple cells at a time, at different locations in the same tissue and over a
long period of time. This makes MEAs ideal in vitro systems to study both acute and chronic (pharmacological)

effects of drugs and toxins, and the biophysical aspects of network formation, activity and remodeling.lzs]

1.1 Neuron Dynamics

The stimulation and recording of electrogenic cells requires a comprehensive understanding of the
basic bioelectrical phenomena underlying cell-to-cell communication. Electrically excitable cells such as
neurons, cardiomyocytes (heart cells) and muscle cells use action potentials (APs) to communicate with each
other. As neurons are the main excitable cells of the body with the simplest conduction mechanism, we will
only explain neuronal AP initiation and propagation.

The three main parts of a neuron are called the soma (cell body), dendritic tree and axon (Fig. 1). The
highly branched dendrites form the input side of the neuron and receive electrical signals from axons of other
neuronal cells. The axon can be regarded as the output side and conducts or transmits the AP to other neurons.
In their resting state, neurons have a potential difference across their membrane of approximately -70 mV.28
This potential is maintained by membrane-bound proteins that can either actively or passively transport ions

(i.e. Na*, €I, K',...) into or out of the cell””?!, When the input signals reach the soma through the dendrites,

they are spatiotemporal summated and can either cause excitation or inhibition; that is, increase (depolarize)

dendrites = * :_‘;':"-

S g / cell : axon—>4\\
52 body terminals
input integration signal conduction output

Fig. 1. Morphology of a typical neuron. The cell body or soma receives input from the dendrites and can propagate the
signal further to other neurons through the axon, which in its turn makes contact to other cells (figure adopted from

[30]).
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or decrease (hyperpolarize) the membrane potential of the neuron.?" Only when a depolarizing signal causes
the membrane potential to reach a certain threshold value, the neuron will produce an AP that propagates
through its axon to other neurons.*” The change of the membrane potential is mediated by the opening or
closing of voltage-gated ion channels, i.e. the flow of ions into or out of the cell (Fig. 2).[29’ 331 When the
membrane potential reaches the threshold potential (= -55 mV), the Na* channels open and a large influx of
Na' ions causes a rapid depolarization of the membrane potential.m] Right before the Na* channels close, the
K" channels open and K" starts to leave the cell. Once the Na* channels are completely closed the efflux of K*
causes the membrane potential to become more negative again. Once it reaches its normal resting potential of
approximately -70 mV, the K* channels close and the Na'/K" pump starts to actively transport Na* out of the cell

and K" into the cell, so that the next AP can occur.® This sequence of events takes 2-3 ms to complete.Bo]

| Na* channels

| close
+50 |- 2
K* channels
open, K*
begins to
leave cell |

K* leaves
cell

)
Na* '
channels
open, Na*
enters cell

Membrane potential (mV)

-+ Threshold of
excifatron

K* channels
close

.,
(=]

Excess K™ outside
diffuses away

Fig. 2. Form of a neuronal action potential (AP), generated by the cooperation between voltage-dependent Na” and K"
channels (figure adopted from [34]).

1.2 Microelectrode Arrays (MEAs) and the Electrode/Electrolyte
Interface

As briefly described previously, MEAs make use of an ordered array of non-invasive extracellular
electrodes to achieve high spatial and temporal resolution. Several MEA systems are currently commercially
available, one of the principal manufacturers being Multi Channel Systems (MCS) GmbH (Germany). However,
the amount of electrodes on these MEA systems is still rather limited (typically an array has approximately 60
electrodes with a 10 um diameter).Bo] Commercially available MEAs are thus not suited for high-throughput
experiments. As this is a highly wanted feature for, for example, large scale, in vitro pharmaceutical drug
screening applications, it is necessary to both increase the number of electrodes and make them smaller, so
that single-cell addressability can be achieved. This has already been demonstrated by several authors, who

presented an in vitro MEA with 16,384 individually addressable, subcellular-sized (diameters ranging from 1.2-
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4.5 um) electrodes. 1289 Ap example of such a MEA, fabricated by imec, is shown in Fig. 3. Another drawback
of commercially available MEAs are that they are passive systems, meaning that each electrode needs a
connection to external circuitry, which is one of the reasons that their number of electrodes is limited.®” The
use of custom-fabricated, passive components also makes them expensive, reduces their lifetime and, most
importantly, prevents them from processing the recorded signals autonomously.[SS]

As a consequence, microarrays are being integrated with complementary metal-oxide-semiconductor
(CMOS) integrated circuit (IC) technology. In these active microarrays, the circuitry components form an
integral part of the transducer system, as they are integrated with the electrodes on the same substrate.®”
Using this technology, the number of electrodes can be increased drastically.[l’ & 9 Furthermore, it gives
[30]

advantages with respect to connectivity, signal quality and (less significantly) ease of handling and use.

CMOS IC technology is also a standardized technique that will eventually allow for the large-scale production of

[35]

low-cost MEAs.

8 mm

n
=]

Intracellular
Potential (mV)

50

Extracellular
Potential (1 V)
o

|
@
=

~100'

time (s)

Fig. 3. Single-cell microelectrode array (MEA) for the recording of electrical signals from electrogenic cells (MEA fabricated
by imec).

As explained in the previous section, APs are the result of the subsequent depolarization and
repolarization of the cellular membrane through the in- and efflux of ions. It is these local variations of the
electrical potential that can be extracellularly measured by the MEAs. Ideally, the signals are recorded with a

high signal-to-noise ratio and a high spatiotemporal resolution. There is, however, an important restriction that
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must be taken into consideration. A high spatial and temporal resolution implies that the size of the electrodes
must be as small as possible, but scaling down their dimensions also yields a corresponding increase in

impedance, and thus more noise.™" This relationship can be expressed as:

Vel,noise = A 4kTRyAf [1]

where Ve noice is the electrode noise voltage, KT is the product of the Boltzmann constant and the temperature,
Ry is the equivalent noise resistance (i.e. the real part of the electrode impedance magnitude) and nf is the
recording bandwidth. It is therefore of high importance to choose a proper electrode material which yields a
low impedance for MEA measurements.

Regarding the assessment of the impedance and other characteristics of the electrode/electrolyte
interface, several equivalent circuit models have been developed that aid researchers to understand the
electrical phenomena that occur when an electrode stimulates or records a cell.B% 3637 Fig. 4(a) shows the
most commonly used equivalent circuit model of the electrode/electrolyte interface. The different elements
that make up the model are a constant-phase-angle impedance Z¢,, a charge-transfer resistance Rer, the
Warburg impedance Z,, and a solution resistance Rs. Generally, Zcps describes the behavior of a double layer or

imperfect capacitor and is given by:

1
- 2
Zepa Qo (iw)™ 2]

where Qg is a constant with dimensions S.s" *, i=vV—1, wis the angular frequency and -1 < n < 1 (related to
surface irregularities).Bs] When n = 1 the equation describes a perfect capacitor, but in reality n is always less
than 1. The Warburg impedance Z,, takes into account that chemical reactants or ions in solution (produced on
the surface of the electrode) need to diffuse away.[aol For high frequencies (above 1 Hz), the Warburg
impedance becomes negligible and does not significantly contribute to the overall impedance.[?’g] The
frequency range that is most concerned with in this work is 1 kHz, as this is the characteristic frequency in the
power spectrum of a neural AP (with a duration of 1 ms), and thus the frequency by which electrodes are
usually characterized.®” The resistance between the electrode under investigation and counter electrode, or
solution resistance R, can also principally be neglected as its magnitude is only several kQ.”” Overall, Fig. 4(a)
can be transformed to a simplified model which is presented in Fig. 4(b). It includes the charge-transfer
resistance Ry in parallel with a capacitor Cg, the latter of which corresponds to the thin electrical double layer
at the electrode/electrolyte interface that arises by the fast charge separation when a voltage is applied.m]

Regarding the constant-phase-angle impedance Zcp,, its value is actually the impedance of the so-
called constant phase element (CPE). Although the physical meaning of this element is not clear, it is a
frequently used component when experimental impedance data are fitted in equivalent electrical circuits. As
briefly mentioned above, it describes a perfect capacitor for n = 1, a resistor for n = 0, and an inductor for n =

-1.B8 4 420 Thig complex behavior is generally attributed to a number of phenomena, including surface

‘5= siemens; the Sl unit of electrical conductance; the reciprocal of one ohm.
s = the Sl unit of second.
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roughness and reactivity, varying thickness or composition of the coating, the porosity of the electrode and
non-uniform current distribution (i.e. ‘edge effects’).BS]

The characterization of electrodes also often involves the determination of their cathodal charge
storage capacity (CSC.), which is a measure of the total charged stored within the electrode available for a
stimulation pulse (the CSC, is the time integral of negative current in the cyclic voltammogram).m] For more

information about electrode characterization we refer to [13].

(a) non-Faradaic (b)

Zosn

electrode Z electrolyte
W

I:‘C‘,T

Faradaic

Fig. 4. (a) Equivalent circuit of the electrode/electrolyte interface. The constant-phase-angle impedance Zgp¢ lies in
parallel with the charge-transfer resistance Ry and the Warburg impedance Zy,. R is the resistance of the solution. (b)
Simplified model of (a), where Z¢p, is replaced by a capacitor Cg, parallel to Rer (figure adopted from [30]).

1.3 Carbon Nanosheets

Carbon nanosheets (CNSs; sometimes also referred to as carbon nanowalls, nanoflakes or petals)
consist of multiple layers of graphene which are structured in such a way that they are oriented vertically on

the substrate (Fig. 5). The initial method of synthesis of graphene involved elaborate techniques such as the

[43] 1 h [45]

micromechanical cleaving of bulk graphite™, chemical exfoliation[44, epitaxial growt and thermal
decomposition of silicon carbide (SiC).[46’ 47 Nowadays, the standard process is microwave plasma-enhanced
chemical vapor deposition (MPECVD), which enables the (catalyst-free) growth of CNSs with a growth rate of
about 1.5 um min™ at temperatures as low as 500°C.1*&*! Recently, Zhang et al. even reported a new technique
to grow CNSs at temperatures below 100°C, based on ultrasonic spray pyrolysis.[szl As shown in Fig. 5, the CNSs
consist of a relatively broad base which constantly narrows along the growth direction. The flake edges have a
highly graphitized knife-edge structure and are only 1-3 graphene layers (2-3 nm) thick. The spacing between
the planes is in the range between 0.345-0.36 nm. "

Two properties of CNSs make them very interesting for potential electrode material applications. First,
their flake-like structure results in a high surface-area-to-volume ratio, ensuring numerous interaction points
for cells to adhere to. Second, and most importantly, in contrast to the nearly inert basal planes, the edge
planes contain many open graphitic layers and steps (crystal defects) which are highly reactive.*” Due to the
difference in the density of states (DOS) near the Fermi level, these defects show remarkable electron transfer
(ET) kinetics, and active electrocatalytic and biosensing properties.[49' 50 Moreover, the edges can easily be
(bio)functionalized and can serve as potential adsorption sites for e.g. hydrogen and oxygen species.[49]
Concerning the use of carbon nanomaterials as electrodes for extracellular neuronal recording, carbon

nanotubes (CNTs) have also attracted significant interest in the last several years.m’ >355 Carbon nanotubes
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have proven to be an effective electrode material with high electrical conductivity, intrinsically large surface
areas and good biocompatibility.[SG] However, the synthesis of CNTs still relies on the use of metal catalysts (e.g.
Fe, Ni, Co or Mo).[57] The presence of these residual metal particles can lead to potential misinterpretations of
electrochemical experiments and can significantly affect their electrochemical repeatability and stability.lss]
Moreover, the bioavailability of these catalysts might also contribute to harm the cells.” The capillary action
of water can also cause accumulation of the CNTs, which can be favorable for the fabrication of complex
surface architectureslso'szl, but not for the purpose considered here. Unlike CNTs, CNSs are grown completely
catalyst-free and do not accumulate together, two properties that contribute to their high electrochemical
stability.

As the number of published articles about CNSs is relatively scarce to date, our experimental approach
will be partly built on research performed on CNTs. One example of a biomedical application that has already
been accomplished is the biological modification of CNSs with DNA strands'®, but to date the interaction of
CNSs with cells is still unknown. In order to make CNSs more hydrophilic and thus biocompatible, they can be
exposed to a UV/ozone (UV/0O3) treatment, which in the case of CNTs yields a lower interfacial impedance,
higher capacitance and higher neuron-cell densities.”” The same results were found with CNTs that were
functionalized with positively charged molecules.”” *” Cellular adhesion can also be increased by coating the
surface with poly-L-lysine (PLL)IGS] or exploiting the binding capabilities of integrins, proteins which are naturally
present on the cell surface.””® * For example, integrins are known to show a strong binding affinity with
laminin.®® ¢ By applying an oxygen plasma treatment to their CNT/chitosan fiber surface, followed by a
subsequent coupling of laminin, Huang et al. increased the cell adhesion ratio from 3.2% to 72.2%."® In the
present study, biocompatibility is assessed by the culture of primary (mouse) hippocampal neurons on both
pristine and surface-treated CNS substrates. Cell viability is evaluated by differentially labeling live and dead

cells and fluorescence microscopy.

(c)

Substrate

Length
Carbon nanowalls @1 Height

i N
Thickness 4

Fig. 5. (@) SEM image of freestanding CNSs, displaying the typical dimensions and orientation. (b) Top view SEM image
showing high density flakes. Both scale bars correspond to 1 um (figures adopted from [48]). (c) Schematic illustration of
the vertically aligned graphitic sheets. The general morphology of carbon nanowalls is virtually identical to CNSs (figure
adopted from [69]).
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1.4 Research Question

The acquisition of adequate electrogenic cell signals (using in vitro interface platforms) depends highly
on the interface used between the biological and electronic system. Biocompatibility, inertness, low impedance
and good capacitive coupling, together with good mechanical and electrical stability, are all highly wanted
features for novel electrode materials. The disadvantage of current commercially available MEA platforms is
that they suffer from a low simultaneous output of signals and are therefore not used for high-throughput
experiments.BO] Moreover, these systems make use of passive, custom-fabricated components which makes
them expensive and prevents them from processing the recorded signals autonomously.[ss] It is therefore
important to scale down the size of the electrodes without a consequent increase in impedance. Because of
these reasons, carbon nanomaterials are currently on the forefront as new electrode materials. Although CNTs
have recently been implemented as neuro-electronic interconnects, water can cause the CNTs to accumulate,
and their residual metal nanoparticles can cause harm to the cells and misinterpretations of electrochemical
experiments.[58]

Given the background information described above, CNSs are an attractive candidate for a new
electrode material for bidirectional interfacing with electrogenic cells in a MEA setting. The combination of a
high surface-area-to-volume ratio and abundance of highly reactive edge planes is expected to give rise to a
good electrical coupling for recording and stimulation. To test whether CNSs can be implemented in a high-
throughput MEA setup, electrochemical characterization using CV profiling and EIS will be performed. Together
with some wet chemistry based preliminary treatments, we will examine how the impedance can be reduced
as low as possible and how the highest CSC. can be obtained, i.e. if CNSs are suited for stimulation and
recording experiments on electrogenic cells. Next, primary mouse hippocampal neurons will be cultured on the
CNSs to test biocompatibility, cell adhesion, specific growth and interaction with the material. The outcome of
these results will eventually determine if the step to patterned, micron-sized electrodes is warranted for
further MEA experiments. Combined with CMOS IC technology, this new electrode material can lead to more
sensitive and cheaper MEAs, which is beneficial for pharmaceutical drug screening applications (e.g.
investigating dose-related effects of drugs), and both in vitro as in vivo applications in neuroscience and

neuromedical research.
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2. Materials & Methods

2.1 Preparation and Characterization of CNSs

Substrates consisted of 300 nm thermal SiO, grown on a 200 nm Si (p-type) wafer. A 300 nm TiN layer
was sputtered from a Ti target in a N, atmosphere (Applied Endura Extensa TTN). Carbon layers were grown in
a low pressure (0.5 Torr) 13.56 MHz RF generator (Oxford Instruments plasma technology UK NANOCVD). In a
typical CNS growth experiment a 200 mm wafer was allowed to reach a heater temperature of 750°C under
vacuum (1 x 10° Torr) for 1 min. To prepare the wafer surface, a H, plasma pretreatment (300 W) was carried
out for 15 min at 0.5 Torr. Methane (CH,; 50 sccm) or acetylene (C,H,; 10 sccm) were flowed into the chamber
in a CHy/H, ratio of 1:2 or 1:10 for C,H,/H, and a 300 W plasma at a total pressure of 0.5 Torr was maintained.
The substrate was removed from the chamber and allowed to cool under vacuum (1 x 10™ Torr) for 5 min.

Initially, CNSs were grown on two different substrates, i.e. amorphous silicon (aSi) and titanium nitride
(TiN). For the electrochemical characterization, the wafer substrates were cleaved to a size of approximately 2
x 4 cm, upon which an active electrode area of about 2 cm’ (@ 1.6 cm) was delimited with polydimethylsiloxane
(PDMS). The samples were subsequently cured in an oven at 110°C for 15 min.

Carbon nanosheet samples were electrochemically characterized using an Autolab PGSTAT302N
potentiostat/galvanostat instrument from Metrohm, controlled by the NOVA software (version 1.8, Ecochemie,
Netherlands). The setup consisted of a three-electrode system in a glass beaker placed inside a Faraday cage; a
commercial double-junction Ag|AgCl (3 M KCI) reference electrode (Radiometer Analytical, France), a large-
area Pt counter electrode coil, and a working electrode that was attached to the CNS sample. The electrolyte
consisted of a phosphate buffered saline (PBS; 0.150 M NaCl, 0.016 M Na,HPO,, 0.004 M KH,PO,, pH 7.4)
solution at 25°C. All chemicals were analytical grade and used as delivered (Sigma-Aldrich, USA). Cyclic
voltammetry and EIS measurements were performed with respect to the open-circuit potential (OCP). The
sweep rate of the CV measurements was fixed at 0.5 V/s, with linear scans between a lower vertex potential of
-1.0 V and an upper vertex potential of 1.1 V. The number of potential crossings was set to 20 (i.e. 10 cycles),
with the 10™ cycle values each time extracted for comparative results. For EIS measurements, a frequency
response analysis (FRA) frequency scan was performed between 100 kHz and 0.01 Hz with an AC amplitude of
0.01 V(ms).

Cross-sectional scanning electron microscopy (XSEM) was performed using a XL-30 (Philips) SEM. To
evaluate the degree of wettability, static sessile contact angle measurements were made with distilled water at
ambient temperature using an OCA 20 goniometer (Dataphysics, Germany). The water droplets had a volume
of 1 ul and were dispensed using a computer-controlled automatic liquid dispensing system. For each

experiment the average static contact angle for water was measured.
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2.2 CNS Sample Treatments

Different sample treatments on CNSs were performed to study the effect on CSC. impedance,
hydrophilicity and biocompatibility. UV/O; treatments were performed using an UVO Cleaner 144AX from
Jelight Company Inc. For the voltage-bias experiments, 10 s biphasic voltage pulses ranging from 1 to 2 V were
applied to the samples, which were electrochemically characterized after each set of 10 pulses. By integrating
and summing the resulting anodal currents (the cathodal currents can also be used), the charge density
delivered at the anodic phase was calculated (in C cm™ ph™’; Fig. 6). Voltage-biasing was performed with the
previously described setting, i.e. the Autolab PGSTAT302N potentiostat/galvanostat instrument from Metrohm,
controlled by the NOVA software (version 1.8, Ecochemie, Netherlands). For safety precautions, every CNS

sample was stored in sealed petri dishes.

2.3 Cellular Tests

In order to prove biocompatibility, CNS samples were first sterilized by a 30-min incubation in 70%
ethanol and subsequently biofunctionalized by incubating them for 30 min in PLL (500 pug/ml, prepared in
borate buffer, pH 8). Hippocampal neurons were isolated from 17-day-old FVB mouse embryos as described
previously.[m] Therefore, time-pregnant mice were euthanized and embryos removed. After decapitation of the
embryos, the brains were removed and the hippocampi were dissected from the cerebral hemispheres. After
being incubated in 0.05% trypsin-EDTA for 10 min in an incubator at 37°C and 5% CO, atmosphere, the
hippocampi were washed three times with Hanks Balanced Salt Solution (HBSS without ca” and Mg2+,
Invitrogen, Belgium). Fire-polished Pasteur pipettes with different tip sizes were used to mechanically
dissociate individual cells in HBSS. Next, the cells were centrifuged at 1000 rpm for 5 min to discard
supernatant and subsequently resuspended in MEM horse medium. Approximately 70 000 ceIIs/cmZ were
plated on a CNS substrate of 2 cm?” in Neurobasal medium containing 12.5 mM glutamate and B27 supplement
(Invitrogen). After three days of plating the medium was changed to Neurobasal medium without glutamate,
and 5uM cytosine arabinoside (Ara-C) was added to inhibit the proliferation of glial cells. After five days of
plating the cells were taken out of the incubator and examined using an apoptosis kit (Vybrant apoptosis kit,
Invitrogen). Fluorescent pictures were taken using a CellR (Olympus) set-up equipped with a BX51-WI

microscope. As a reference, primary hippocampal neurons were cultured on PLL-coated glass coverslips.

2.4  Statistical Analysis

Statistical analysis was performed using the Graphpad Prism 5 Software (Graphpad Software Inc.,

California, USA). A Grubbs’ test (a = 0.05) was used to determine the outliers which were excluded from the
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data. Normality of the data was examined by means of a D'Agostino-Pearson omnibus normality test. A student
t-test was used to compare two groups in case of a Gaussian distribution. Multiple groups were compared
using a one way analysis of variance (or one-way ANOVA) technique and a Tukey's multiple comparison post-
hoc test. When the data was not following the Gaussian distribution a Wilcoxon rank-sum test was performed
to compare two groups. A Kruskal-Wallis ANOVA test was applied with a Dunn’s post-hoc test to compare

multiple groups. Statistical significance was reached at p-values < 0.05.
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Fig. 6. The application of 10 s biphasic voltage pulses from +1.5 to -1.5 V yields a corresponding current. By integrating
and summing the positive parts of this current graph, the total charge density delivered at the anodic phase can be
calculated.
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3. Results

3.1 (Electrochemical) Characterization of Pristine CNSs

Untreated CNSs were electrochemically characterized using CV profiling and EIS measurements.
Initially, two different underlayer substrates were investigated, i.e. a 300 nm layer of aSi or TiN. Adherence on
both materials was assessed by a simple Scotch tape adherence test, followed by the electrochemical

experiments which allow for the calculation of the CSC,, impedance and CPE.

3.1.1 TiNvsaSiUnderlayer Substrates

One first important observation that was made was the clear difference in adhesion of the CNSs grown
on aSi and TiN substrates. While the CNSs grown on TiN demonstrated good adherence and robustness, the
CNSs on the aSi substrates were very fragile and tended to detach from the surface very easily. For this reason,
a simple Scotch tape test was performed to probe the adhesion strength of the sheets. The results, shown in
the supplemental Fig. S1, indicated two important points, namely: (i) that there is a clear difference in CNS
adhesion between aSi and TiN substrates, and (ii) that the adhesion strength is also dependent from where the
sample was acquired; i.e. the center or edge region of the wafer. For aSi substrates, CNSs grown on the edge of
the wafer completely detached from the surface, while the center region demonstrated better adherence of
CNSs; here only a small percentage was transferred to the tape. In contrast, CNSs deposited on TiN substrates
were very robust and the tape was not able to detach any sheets from neither the center nor the edge of the
TiN wafer. For these and other reasons described in the next section, further research on CNSs was conducted

with TiN substrates.
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Fig. 7. Cyclic voltammograms of four samples of CNSs grown on aSi substrates. Samples 1-3 were acquired from the edge
of the wafer and show a high degree of variation. Sample 4 originated from the center of the wafer and displayed a more
WiLl01-f CNS cyclic voltammogram.
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Fig. 7 shows four independent cyclic voltammograms of methane-based CNSs deposited on aSi
substrates. Although they all originated from the same wafer, the samples show a large degree of variation
with no clear voltage-current relationship. The only sample that resembled a ‘typical’ CV curve of CNSs is
sample 4, which originated from the center of the wafer. The other three samples were acquired from the
wafers’ edge. These results imply that the electrochemical properties of CNSs on aSi substrates are highly
variable, and that aSi is therefore not a suitable material to support CNS electrodes. These results were double-

checked to ensure reliability.

3.1.2 Methane-based CNSs Deposited on TiN

The electrochemical characteristics of methane-based CNSs deposited on 300 nm TiN substrates were
investigated. A visual inspection of the wafer revealed a clear color gradient from deep black at the edge to
reflective metallic at the center. This observation already suggested that, just like CNSs grown on aSi, the
electrochemical properties would differ depending on which part of the wafer is measured. The results, shown
in Fig. 8(a,b), clearly show a difference in electrochemical behavior depending on location; CSC, values were
approximately 0.14 + 0.008 and 0.24 + 0.001 mC cm for the wafers’ center and edge respectively (P<0.01).
Also a difference in impedance was found in the capacitive part (the increasing part of the graph starting at
approximately 100 Hz) of Fig. 8(c). It is in this low-frequency region where double-layer capacitance effects
become increasingly dominant. Impedance values at 0.1 Hz were 23.40 + 1.89 and 9.64 + 0.13 kQ for the center
and edge of the wafer respectively. Also at 1 kHz (the frequency scale for neuronal APs and thus the frequency
by which electrodes are usually characterized [32]), the impedance was slightly lower at the edge (19.21 + 2.34
Q) than at the center (32.18 + 6.82 Q). Also CPE values were proven to be higher for the edge region of the
wafer (Fig. 8(d); P<0.01). It is, however, important to note that the surface area of these CNS samples is very
large, especially when compared to the patterned, micron-sized electrodes that are used in typical stimulation
and recording experiments with MEAs. The impedance values in the high-frequency regime (here between 100
Hz to 100 kHz) are therefore not really representative. Elementally, a decrease in electrode size automatically
leads to a corresponding increase in impedance, which means that the graph of Fig. 8(c) will shift to the right.
Hence, the impedance measured in the high-frequency regime represents essentially the resistance of the
solution. This should be kept in mind throughout any further electrochemical experiments described in the next
sections.

The sharp current increases at the end of the cathodic and anodic scans of the cyclic voltammogram of
Fig. 8(a) are due to the onset of H, and O, gas evolution, respectively. The reductive and oxidative peaks
between 0-0.2 V originate from the reduction and subsequent oxidation of dissolved O,. Also a well-defined
reductive peak near -0.5 V and an only ill-defined broad oxidation band between -0.5 V and -0.2 V can be
observed. These peaks can be attributed to H adsorption and desorption.

Fig. 9 shows XSEM micrographs of CNSs deposited on both wafer positions. It was found that the

length of the CNSs at the edge was approximately two times the length of CNSs deposited at the center (170 vs.
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380 nm respectively), which provides an explanation for the observed differences in electrochemical behavior,

as well as the observed color gradient of the wafer.
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Fig. 8. (a) Comparative CV curves of methane-based CNS samples originating from the center (n=8) and edge (n=11) of
the TiN wafer. Samples obtained from the edge of the wafer demonstrated (b) higher CSC, values, (c) lower overall
impedance and (d) higher CPE values. **P<0.01

Fig. 9. Cross-sectional SEM picture of methane-based CNSs deposited on (a) the center and (b) the edge of the wafer.
Average CNS lengths were approximately 170 and 380 nm respectively. The layer underneath the CNSs is TiN, whereas
the bottom region of the wafer consists of SiO..
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3.1.3 Acetylene-based CNSs Deposited on TiN

Fig. 10 shows the electrochemical characteristics of acetylene-based CNSs grown on 300 nm TiN
substrates. As with the methane-based CNSs, differences were again found between the center and edge of
the wafer. Also here the edge regions demonstrated better electrochemical properties than the center area;
CSC, values were 0.50 + 0.04 and 0.32 + 0.018 mC cm” respectively (P<0.01). These results are higher than the
ones obtained for the methane-based CNSs (comparison Fig. 10(b); P<0.001). Also the impedance in the
capacitive region proved to be slightly lower for CNSs grown with the acetylene precursor gas; values at 0.1 Hz
were 5.3 + 0.23 and 3.8 + 0.38 kQ for the center and edge respectively (Fig. 10(c)). The observed peaks in the
cyclic voltammograms were identical to the ones described in the previous section.

Also here XSEM investigation revealed differences in length of acetylene-based CNSs depending on
their position (Fig. 11). The length of the CNSs at the edge of the wafer was approximately three times larger
than the length of CNSs at the center region (460 nm vs. 1.3 um respectively). As the length of these acetylene-
based CNSs is several orders of magnitude greater than the methane-grown ones examined in the previous
section, no ideal comparisons can be made between their intrinsic electrochemical properties, i.e. if the higher

experimental results are mainly due to their difference in length. However, it was found that when an
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Fig. 10. (a) Comparative CV curves of acetylene-based CNS samples originating from the center (n=9) and edge (n=11) of
the TiN wafer. (b) Comparison of the CSC. of methane and acetylene-based samples. Acetylene-grown CNSs obtained
from the edge of the wafer demonstrated the highest CSC., (c) lower overall impedance and (d) highest CPE values.
**P<0.01; ***P<0.001
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Fig. 11. Cross-sectional SEM picture of acetylene-based CNSs deposited on (a) the center and (b) the edge of the wafer.
Average CNS lengths were approximately 460 nm and 1.3 um respectively.

acetylene precursor gas was used for the CNS growth process, CNSs became much thicker with a more
branched, tree-like structure (and thus more ‘defective’, i.e. a higher concentration of graphitic edges).
Moreover, further research on growth conditions showed that, for both types of CNSs, the edge region of the
wafer possesses a higher amount of long CNSs with a relatively thin base, while CNSs grown at the center
region are short and thick at their base. A schematic illustration of this can be found in the supplemental Fig.
S2.

Generally, these initial experiments confirm that samples of CNSs, grown on TiN substrates, exhibit
different electrochemical properties dependent upon the precursor gas used and their location on the wafer.
Compared to methane, an acetylene precursor gas yields longer, thicker and more branched CNSs. Samples
from the wafers’ edge are demonstrate higher CSC. and lower impedance values, and are therefore better

suited to use as an electrode material than samples with CNSs that are deposited at the center of the wafer.

3.2 Effect of UV/0O3 Treatment

Both types of CNSs deposited on TiN substrates were treated with UV/O; in order to increase
wettability and to investigate the effect on CSC, capacitance and impedance. UV/O; is a relatively
straightforward and easy (dry-oxidation) process to functionalize the surface of the CNSs with oxygenated
functional groups, which facilitates the formation of hydrogen bonds between the water molecules and CNS
surface. Briefly, the UV radiation attacks the graphitic edges and sidewalls of the CNSs and allows the ozone to
subsequently oxidize the surface. The results, shown in Fig. 12, show that even prolonged UV/O; treatments of
up to 60 minutes can increase the CSC. of CNSs by a factor of 3 to 4. Also the CPE values increased in a similar
manner. The highest CSC. and CPE values (1.45 + 0.08 mC cm? and 2.60 £ 0.13 mF cm™ s** respectively) were
found for the longer and more branched, acetylene-based CNSs; the edge samples yielding higher results than
the ones originating from the center. Also, the UV/O; treatment decreased the impedance in the capacitive
region in an exponential manner (Fig. 12(c,d)). For methane-grown CNSs originating from the center of the

wafer, 60 min of UV/O; exponentially decreased the impedance by more than 90% (from 23.4 + 1.89 kQ to 1.66
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+ 0.09 kQ at 0.1 Hz). The intrinsic impedance of the longer, acetylene-based CNSs at the edge is much lower
(3.75 £ 0.38 kQ), and a 60 min UV/O; treatment was able to further reduce the 0.1 Hz impedance to 0.56 = 0.03
kQ (-85%). In case of the methane-based CNSs, UV/O; exposure times longer than 60 min yielded no
significantly better results and caused apparent damage to the samples. Static contact angle measurements
revealed that even one minute of UV/O; was enough to lower the contact angle of the CNSs from
approximately 125° to about 63°. Ten minutes of UV/O; allowed almost complete wetting of the surface, with a
mean contact angle of approximately 8° (supplemental Fig. S3).

Although this is an excellent method to increase the capacitance of the electrodes, while at the same
time significantly lowering their impedance, UV/O; is also quite destructive to the CNSs as it removes the
carbon ‘contaminants’ to create volatile organics (such as CO and CO, molecules) during the desorption
process. In other words, prolonged UV/O; exposure etches away the CNSs, as can be seen in the supplemental
Fig. S4. UV/O; exposure times ranging up to 40 min caused no apparent structural damage to the (methane-
based) CNSs, whereas 60-80 min of UV/O; removed their graphitic edges, leaving only a thin layer of carbon on

the TiN surface.
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Fig. 12. Calculated (a) CSC. and (b) CPE values for both methane as acetylene-based CNSs in function of the UV/O3
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Finally, UV/O; treated samples (50 min) were stored for up to two months in ambient conditions to
investigate the effect of aging on CSC. and impedance. Over a two month period the CSC, decreased in an
exponential manner (approximately -15%) but stabilized after four weeks. The impedance seemed to increase
gradually but the difference after two months was found to be insignificant. In general, the outcome of this

experiment was very similar to when pristine CNSs were stored in ambient air conditions (see section 3.4.1).

3.3 Effect of Voltage-Biasing

Apart from UV/O3, another method to increase the electrochemical properties of CNSs is by applying
an electric voltage bias. Voltage-biasing is a powerful yet nondestructive way to electrochemically oxidize the
CNSs and to cause a transition from the hydrophobic to the hydrophilic state.l’ 7 Here, 10 s biphasic voltage
pulses from +1 V, £1.25 V, £1.5 V and +2 V were applied to the samples respectively. Generally, for both
methane (results not shown) and acetylene-based CNSs, voltage-biasing with 1 V had only a minimal effect on
the CSC, and impedance; Fig. 13(a) shows that after 100 pulses (corresponding to an accumulated charge
density of 1.1 C cm” ph'l) the CSC. merely rose to 0.77 mC cm™. When the voltage was increased to 1.25 V and
1.5V, both the total charge density as CSC. increased dramatically, the highest CSC. value being 2.16 + 0.01 mC
cm” at a total charge density of 2.5 C cm? ph'1 (or 60 pulses) for 1.5V (Fig. 13(b)). After this point, a further
increase of the total charge density resulted in a slow but steady decrement of the CSC. and detachment of the
acetylene-based CNSs at the edge of the electrode. It was also observed that biasing with 1.25 V and higher
resulted in the formation of fine gas bubbles at the electrodes, indicating that water was being electrolyzed.
Compared to the Pt electrode, where the gas formation manifested itself by a continuous stream of bubbles, a
gaseous sheath was formed by static bubbles on the CNSs electrodes. Lastly, a 2 V bias increased the
accumulated charge density, but the maximum obtained CSC, was lower than the CSC, obtained for 1.5 V;
approximately 1.85 £ 0.02 mC cm? (not shown in graph). Moreover, the electrodes were irreversibly damaged
as the CNSs completely detached from the TiN substrate.

Fig. 13(c,d) shows that voltage-biasing with 1.5 V yields higher CSC. and lower impedance values than
the ones obtained for the UV/O; treatment. Although the saturation point of the CSC, (and impedance) for
UV/O; was not yet reached after 60 min, voltage-biasing yields apparent better electrochemical results.
Moreover, compared to the rather destructive character of UV/0Oj3, this method has a less dramatic effect on
the morphology and topography of the CNSs, as can be seen in Fig. 14. Here, 90 pulses of 1.5 V were given to
the CNS electrodes, i.e. well beyond the CSC. inflection point. Even though the electrode area showed a small
change in color, the morphology changed only slightly; the CNSs appeared more wrinkled but maintained their
flake-like structure and sharp edges. Based on these findings, we can reasonably expect that the morphology of
the CNSs does not change significantly when only 60 pulses of 1.5 V are applied (i.e. a total charge density of
2.5Ccm? ph™).

Lastly, the effect of aging was investigated. Carbon nanosheet samples were voltage-biased with 60
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pulses of +1.5V and stored in ambient conditions for two months. Over this two month period the CSC.

decreased in an exponential-like manner (approximately -20%) while the impedance did not change

significantly; results which are comparable as when the CNSs were stored after a UV/O; treatment.
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Fig. 13. (a) CSC, in function of the total charge density delivered to the electrodes and (b) the highest CSC, that was
obtained for each voltage. (c) Compared to a UV/0; treatment (red curve), voltage-biasing (black curve) yielded higher
CSC, results and (d) a lower impedance (here compared at 0.1 Hz). *P<0.05; **P<0.01

Fig. 14. SEM picture of the (acetylene-based) CNSs after voltage-biasing. Even 90 pulses of +1.5V caused no considerable
damage to the CNSs.
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3.4 Storage in Dry and Liquid Conditions

As it is important to know if the electrochemical properties of CNSs change over time when they are
stored in dry or liquid conditions, CNS stability in different media was investigated. Cyclic voltammetry and EIS
experiments were performed on CNSs that were stored for two months and two weeks in ambient air

conditions and liquid PBS, respectively.

3.4.1 Storage in Ambient Air Conditions

The electrochemical properties of pristine, as-grown CNSs were measured after one, two, four and
eight weeks of storage in ambient air. Fig. 15(a,b) shows a considerable difference in the cyclic voltammograms
of acetylene and methane-based CNSs after a storage period of two months. For both types of CNSs, the CSC.
decreased approximately 20% after eight weeks of air storage (Fig. 15(c)); from 0.55 + 0.02 to 0.44 + 0.01 mC
cm’? for the acetylene-based CNSs and from 0.27 + 0.01 to 0.20 + 0.003 mC cm’ for the methane-based ones.
This was accompanied by a corresponding increase of approximately 40% in impedance in the capacitive region
(Fig. 15(d)); at 0.1 Hz the impedance for the acetylene-based CNSs rose from approximately 2.8 + 0.08 to 4.8
0.14 kQ. After eight weeks the impedance of the methane-based CNSs increased from 8.1 + 0.4 to 13.7 £ 0.6

kQ. Similar results were found when the CNS electrodes were stored in N,.

3.4.2 Storage in Liquid PBS

Phosphate buffered saline is one of the most commonly used buffers in biological research. The
solution is non-toxic to cells and maintains their osmolarity (isotonic), while the phosphate groups in this buffer
solution help to keep the pH at a constant level (7.4).[73] It is therefore of interest to study the effect of storing
CNSs in a water-based, cell-friendly medium. The results, shown in Fig. 16, show no significant change in CSC.
when the CNSs are stored for up to two weeks in PBS. Also the impedance in the capacitive region remained
unchanged. Only in the resistive region a small increase of impedance can be observed for both types of CNSs,

which, as explained in the previous section, is probably due to the small differences in solution resistance.
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Fig. 15. Comparative cyclic voltammograms of (a) acetylene-based and (b) methane-based CNSs. The red curve
corresponds to the electrochemical characteristics after 4 weeks of air storage, and lead to (c) a decrease in CSC, and (d)

an increase of impedance in the capacitive region (0.1 Hz).
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Fig. 16. Electrochemical properties of (a,c) acetylene-based CNSs and (b,d) methane-based CNSs when stored in PBS for

up to 14 days.
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3.5 CNS Biocompatibility

Primary mouse hippocampal neurons were cultured on both pristine and surface-treated acetylene-
based CNSs. After five days in culture, the cells were stained with an acetomethoxy derivate of calcein (calcein
AM) and propidium iodide (PI) and subsequently assessed for viability. Calcein AM is a fluorescein complex that
is transported through the cellular membrane where it binds to intracellular Ca®*, which results in a bright
fluorescent signal. Intracellular enzymes (i.e. esterases) remove the acetomethoxy group of the molecule to
assure that the calcein cannot leak back out of the cell.” Consequently, calcein AM only labels live cells that
contain this active enzyme. Propidium iodide is a red fluorescent molecule which is impermeable to the
membrane, and can therefore only stain necrotic or apoptotic cells (which display large holes in their
membrane complex) by intercalating between the DNA base pairs.[75]

Fig. 17 shows that pristine CNSs, due to their intrinsic hydrophobic nature, do not support neuronal
cell growth; cell viability was approximately 9% + 9%. Surface treatments for making the CNSs hydrophilic are
also not sufficient for the cells to grow; neither a UV/O; treatment (50 min; 16% = 17%) nor voltage-biasing (70
pulses of £1.5V; 3% + 2%) of the CNSs was able to generate biocompatible substrates. In all of these cases, the
few hippocampal neurons that could be observed were free-floating clumps of cells, most of which were either
dead or apoptotic with no neurite extensions, an example of which can be seen in the supplemental Fig. S5(a).
The small fraction of cells in these clumps that were alive and stained green were responsible for the viability
results described above. Thus, viability of neuronal cells on both pristine as surface-treated CNSs can essentially
be considered to have a value close to 0%.

In order to increase cell adhesion the CNS samples were coated with poly-L-lysine (PLL); a widely used,
positively charged polymer that improves cell adhesion by altering surface charges on the culture substrate.”®
Although viability between pristine CNSs en CNSs coated with PLL was found to be significantly different
(P<0.05), neuronal growth was strongly concentrated on the PDMS layer that delimited the circular CNS area.
Once cells reached this boundary line they clearly evaded the CNSs; cell growth came to a halt and neurites
were projected either one way or the other along the demarcation line (Fig. S5(b)). On the CNSs themselves a
high concentration of dead cells and some free-floating clumps were observed. The addition of PLL to pristine
CNSs has therefore no effect on biocompatibility, and despite the significant difference that was found (due to
cell growth on the PDMS), the viability can be considered to be the same as when the pristine samples are not
coated with PLL. A more in-depth study with fluorescently (FITC-)labeled PLL revealed that PLL bound to the
PDMS layer, but not to the CNSs (Fig. S5(c)). Better results were found with PLL-coated samples that
underwent a prior UV/O; treatment or were voltage-biased; cell viability was 58% + 18% and 74% + 12%
respectively, a difference which was found to be significant (P<0.05). Neuronal cells showed good adherence to
the CNS substrates, with long and numerous neurites that extended in all directions. Also, in contrast to the
pristine CNS samples, where cells mainly grew onto the PDMS layer after being coated with PLL, the neuronal
cells were now preferably growing onto the CNS substrate. Compared to the reference (which had an average

viability of 77% + 7%), PLL-coated UV/O; samples showed a significantly lower cell viability (P<0.05), while no
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significant difference was found between the reference and PLL-coated, voltage-biased CNSs.

Voltage-biased, PLL-coated CNSs are thus a good substrate to foster and promote both cell growth and
survival. Although the UV/O; treated, PLL-coated CNSs yield significantly lower results, they also prove to be a
useful and biocompatible substrate. From these viability experiments we can conclude that both a hydrophilic
surface and an additional coating with adhesive proteins are required for neuronal cells to attach, grow and
form elaborate neurites on CNSs. Fig. 18 shows the fluorescent staining of calcein-AM and Pl accumulated in

the cells, seeded on the different CNS substrates.

10 - | * , B2 NoPLL
. RS PLL
S Table 1. Cell viability on both pristine and
\ surface-treated CNSs, with and without a
Z . PLL coating.
£ S
£ \
= No PLL PLL
3
Reference / 0.77 £0.07
% .
As-Is 0.09 +0.09 0.29 +0.15
uv/o; 0.16 +0.17 0.58 +0.18
Voltage Bias 0.03 +0.02 0.74 £0.12

Reference As-ls UVIO3 Voltage Bias

Fig. 17. Cell viability on differently treated CNS substrates. PLL-coated glass coverslips were used as a reference (n=8) and
compared to pristine CNSs (as-is; n=10), pristine CNSs + PLL (n=7), UV/O; treated CNSs (n=13), UV/O; treated CNSs + PLL
(n=13), voltage-biased CNSs (n=10) and voltage-biased, PLL-coated CNSs (n=14). Data are shown as mean (SD). *P<0.05;

***P<0.001.
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Fig. 18. Fluorescent images of the uptake of calcein-AM and Pl by primary mouse hippocampal neurons seeded on
different CNS substrates. (a) Reference. (b,d,f) Pristine, UV/O; treated and voltage-biased CNSs. (c,e,g) Pristine, UV/03
treated and voltage-bhiased CNSs coated with PLL. The scale bar corresponds to 100 um.
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4. Discussion

4.1 Intrinsic Properties of Methane and Acetylene-based CNSs

Using MPECVD, CNSs were deposited on 300 nm aSi and TiN substrates and subsequently compared
for adhesion and electrochemical behavior. Whereas CNSs grown on TiN demonstrated strong adhesion and
robustness, aSi did not prove to be a suitable substrate to support CNSs. Furthermore, differences in adhesion
were found between the center and edge of the aSi wafer; especially the edge of the wafer showed very poor
adhesion and highly variable electrochemical properties. We hypothesize that these last two parameters are,
probably, correlated in a sense that weak chemical bonding between the CNSs and the substrate makes the
electron movement less effective and more variable. At the center of the aSi wafer, where CNS adhesion was
much stronger, the results were also noticeably better.

In contrast to aSi, CNSs deposited on TiN wafers yielded very stable and reproducible results. The
Scotch tape adhesion test was not able to detach any CNSs from the TiN substrate, which indicates very strong
intermolecular bonding between the carbon and TiN lattice. But also here the edge and center of the wafer
rendered different electrochemical performances. Generally, for both methane and acetylene-based CNSs, the
wafers’ edge yielded better results than the center, with the acetylene-based CNSs demonstrating the best
electrochemical properties. As already briefly explained in the previous section, when methane is used as the
precursor gas, the resulting CNSs are thin and relatively unbranched. In contrast, acetylene yields thicker, more
branched (and thus more defective) CNSs (supplemental Fig. S2). Because of their thicker base, they can be
thought of as a variation on the so-called carbon nanowalls.”” 7® Only here the CNS growth process makes the
structures more branched which increases their effective surface area. Although more research should be
performed on the specific impact of CNS length, we can already make some generic remarks about the
parameters that primarily determine their electrochemical behavior. The specific surface area is correlated
with both CNS length as well as their degree of branching. The increment of these two variables automatically
leads to an increase in surface area, and thus a higher concentration of highly reactive graphitic edges. The rate
of electron transfer should therefore be considerably larger with CNSs that are long and highly branched. Based
on these assumptions, we can give a causal explanation of why acetylene-based, edge-deposited CNSs yield the
highest electrochemical results. In these experiments, the difference in CSC, between methane-based and
acetylene-based edge CNSs was found to be approximately a factor of two. However, this cannot be fully
attributed to the difference in precursor gas alone as the length of the compared CNSs was not identical.
Nevertheless, as the height between the methane-based edge and acetylene-based center CNSs was
approximately the same, we can reasonably state that the highly-branched, acetylene-based CNSs generally

yield a higher CSC. and lower impedance than methane-based CNSs.
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4.2 UV/03 Treatment & Voltage-Biasing

Carbon nanosheets were exposed to a UV/O; treatment to functionalize the surface with oxygenated
functional groups and thus to increase wettability and electrochemical characteristics. It was shown that UV/O;
improves the interfacial properties between the electrolyte and CNSs; exposure times of up to 60 min were
able to increase the CSC. of acetylene-based CNSs from approximately 0.43 to 1.5 mC cm” (+250%).
Furthermore, UV/O; exposure was able to reduce the impedance in the capacitive region by approximately
90%. It should be noted, however, that the duration of the UV/O; exposure is closely related to the CNS surface
area. For instance, the short, methane-based CNSs started to reach a saturation point in CSC. after 60 min of
UV/0s, whereas the saturation point of the longer, more branched acetylene-based CNSs was clearly not
reached after the same amount of time (see Fig. 12(a)). Generally, these results imply that after an exposure
time of roughly 60 min the CNSs will be virtually completely covered with oxygenated functional groups, which
facilitates the formation of hydrogen bonds (and thus electron transfer) between the CNSs and surrounding
water molecules. "7

Ten minutes of UV/O5; was sufficient to lower the contact angle from approximately 125° to 8°, i.e.
from hydrophobic to nearly superhydrophilic. This superhydrophilicity greatly enhances the double-layer
capacitance of the CNSs, as protons in the surrounding liquid can approach the CNS surface much more easily,
which consequently results in a better electron transfer.”> ’? In other words, the UV/O; treatment increases
the effective area of the Helmholtz layer, as the effective surface area between the CNSs and electrolyte is also
increased. ®* " In contrast, when the samples are left untreated and the interface between these two remains
(super)hydrophobic, electron transfer is considerably inhibited because of an interfacial thin film of air (even
visible with the naked eye).[80] The electric double layer capacitance is thus directly related to the hydrophilicity
in aqueous electrolyte systems.m' 80l

One disadvantage of prolonged UV/O; irradiation is that it is detrimental for the carbon
nanostructures. The energy of the UV photons is sufficiently high to alter the chemical bonds between the
carbon atoms, and makes it possible to functionalize the CNSs with oxygenated functional groups. However,
the UV/O; treatment is also capable of removing the carbon atoms to form volatile organic compounds (e.g. CO
and CO,). It is therefore of high importance to choose a UV/O; exposure time that is sufficiently long to
adequately functionalize the CNSs with oxygen-containing functional groups, while simultaneously avoiding
excessive etching damage. As stated above, the precise amount of time is primarily dependent on the length of
the CNSs. From the experiments presented here, we can state that the UV/O; exposure time should not exceed
60 min for CNSs that are approximately 0.4 - 1 um in height.

The introduction of various functional groups on the CNS surface can thus increase the double layer
capacitance, which is predominantly determined by the materials’ hydrophilicity; the easier protons in the
electrolyte solution can reach the surface of the CNSs, the easier an electric double layer can form through

(21, 7] Apart from UV/O; exposure, voltage-biasing is another method to increase the

non-faradaic processes.
materials’ electrochemical properties. Of the several voltages tested between 1-2 V, voltage-biasing the CNSs

with 1.5 V was able to generate higher CSC, and lower impedance results compared to UV/Os. The mechanism
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responsible for the observed results is mainly attributed to the irreversible electrochemical oxidation of the
CNSs due to the presence of water electrolysis, i.e. the reduction of water to hydrogen and oxygen.lsu This

overall reaction can be written as:
2 H,0 (1) > 2 H (9) + 0, (9) 3]
which can also be written as the sum of two half-reactions of the total water redox reaction:

2H,0(l)+2e > H,(g) +2 OH (aq) (Cathodal reduction; E; = -0.83V) [4]
40H (aq) > 0,(g)+2H,0(l)+4 ¢ (Anodal oxidation; E, = -0.40V) [5]

The minimum voltage needed for electrolysis to occur is thus E = E; + E; = -0.83V + (-0.40V) = -1.23V. In other
words, during the electrolysis of water hydrogen gas is produced at the cathode while oxygen gas is produced
at the anode. An important mechanism that must be taken into consideration is the electrostatic adsorption of
these two gases on the CNS surface (electrosorption). For example, graphite electrodes and carbon
nanostructures have been shown to have a large adsorption capacity for hydrogen[gl'gal, the latter which have
attracted significant interest in the field of hydrogen storage.[84'86] Especially graphene nanosheets are
considered as a very promising candidate as hydrogen can diffuse into the interlayer space (i.e.
intercalate/insert between the individual sheets).[86] The adsorption capacity for oxygen is smaller but
substantial.®” #

These features can, to a certain extent, explain the increase in electrochemical performance of
voltage-biased CNSs. Based on the cyclic voltammograms, the electrochemical potential window (or water
window) of the CNSs ranges from approximately -1 V to +1 V. Therefore, the application of 1 V barely lead to
the formation of oxygen or hydrogen gas at the electrodes. In contrast, when the potential window was
crossed from -1.25 V to +1.25 V, the CSC. increased dramatically (~200% after a total charge density of 2.5 C
cm’ ph™). Biasing with +1.5 V led to an even higher CSC. (¥330% increase after the same amount of total
charge density). Both at £+1.25 V and +1.5 V, fine bubbles were formed on the electrodes, indicating that the
water was being electrolyzed. Compared to the CNS electrode, where the bubbles were static and a gaseous
sheath was developing over the surface, the Pt electrode produced a continuous stream of fine gas bubbles.
This stream of gas was more profound when the Pt electrode served as the cathode, which is expected
according to the overall electrolysis reaction of water (i.e. twice as much hydrogen gas is produced as oxygen).

The observed gaseous sheath on the CNS electrode reflects the absorption of oxygen and hydrogen
gas on the surface, depending on the phase of the voltage pulse. Both oxygen and hydrogen atoms increase the
wettability of the CNS surface, and thus the effective surface area between the CNSs and electrolyte.m’ I As
the adsorption capacity of the CNS electrode is much higher for hydrogen than for oxygen, it will mainly be the
adsorbed hydrogen atoms that are responsible for the observed increase of electrochemical properties.[81‘83]
The higher CSC, and lower impedance compared to UV/O; can also be explained in this way; compared to
UV/0;, where functionalization only happens at the surface of the CNSs, voltage-biasing not only leads to the
[86]

adsorption of functional groups at the surface, but also in between the individual CNSs and interlayer space.

It is this higher concentration of wetting groups that leads to the better electrochemical properties.
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Furthermore, XSEM investigation showed that voltage-biasing with 1.5 V had almost no effect on the
morphological properties of the CNSs, while CNS (etching) damage is directly proportional to UV/O; duration.

Lastly, a +2 V voltage bias of the CNS electrodes rendered a lower CSC, compared to the +1.5 V bias.
Together with the apparent damage and detachment of the CNSs, this voltage was evidently too high for the

purpose intended here.

4.3 Storage of CNSs

Carbon nanosheets were stored in both dry and liquid conditions. After being stored for eight weeks in
ambient air conditions, the CNS electrodes lost approximately 20% of their initial CSC,., while the impedance
rose approximately 40%. Similar aging experiments in ambient conditions have already been performed with
CNTs, where it was hypothesized that CNTs are meta-stable materials (i.e. that CNTs are in a pseudo-
thermodynamic equilibrium) that become more thermodynamically stable when they interact with pristine
ambient conditions.® In this study, several unrelated properties such as surface area and pore volume, surface
oxygen, and structural defects all decreased with 24 months of aging (fixed values after 12-15 months of aging).
We hypothesize that similar mechanisms are responsible for the decreasing electrochemical properties of aging
CNSs. Due to their highly reactive graphitic edges, freshly grown CNSs can be considered to be in a highly meta-
stable state.’” During the aging process, the concentration of structural defects decreases and the CNSs
gradually become more thermodynamically stable. Furthermore, the exponential-like CSC, curves indicate that,
after a certain amount of time, the properties will stabilize and become fixed (as was the case for the CNTs).
Further examination with X-ray photoelectron spectroscopy and Raman spectroscopy should verify if these
phenomena are truly responsible for the observed decrease in electrochemical properties over time.

Because of their high intrinsic hydrophobicity, a small sheet of air is constantly trapped between the
CNSs, which is clearly visible when they are submerged in water. In contrast, when the CNSs are made more
hydrophilic after a voltage-bias or UV/O; treatment, this interfacial layer of air, which significantly impairs the
electrochemical properties, is not present. Compared to storage in ambient conditions, storage of CNSs in PBS
did not significantly change their electrochemical characteristics over two weeks. We can infer one possible
reason for this observation: if we assume that the concentration of structural defects decreases evenly over
time in a liquid (as in ambient conditions), than the observed results imply that the decrease in electrochemical
properties is somewhat counterbalanced and therefore not readily visible. If a small percentage of interfacial
air became gradually replaced by water molecules, the effective surface area of the CNSs became more and
more accessible over time, compensating for the aging of the CNSs. However, no firm conclusions can be drawn

as the time of storage in PBS was much lower than it was for air.
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4.4  CNS Biocompatibility

To our knowledge, no results on the biocompatibility of CNSs have been published to date. The
biological experiments and findings described in this study are therefore an important next step into the
assessment of the potential in vitro cytotoxicity of carbon nanomaterials. First, the growth of primary mouse
hippocampal neurons on pristine, uncoated CNSs was severely impaired; cell viability was very poor and the
few cells that could be observed were free-floating and clumped together. A relatively high proportion of these
clumped cells were also dead or in necrosis or apoptosis. This low ability of neuronal cells to adhere and grow
can partly be attributed to the high intrinsic hydrophobicity of pristine CNSs, for it is well known that cells need
a hydrophilic surface for optimal adhesion and proliferation.lgl] However, when CNS samples underwent a
UV/0O; treatment or were voltage-biased, cell viability was not significantly different, although the samples
were now much more hydrophilic. Wettability of the CNS substrates is therefore not the only factor that plays a
role in cell viability.

As most tissue cells are not adapted to living in suspension (unlike bacteria), they can only be cultured
on a solid surface which, in this case, is provided by the CNSs. Even though the CNSs were made hydrophilic,
cells vary in their requirements, and many do not adhere or grow unless the substrate is coated with, e.g.,
specific extracellular matrix components. Both pristine and surface-treated CNSs were therefore coated with
PLL, a polymer that tends to attach to hydrophilic surfaces and enhances cell adhesion.”*% Although the
coating of pristine CNSs with PLL initially seemed to increase cell viability, cell growth was strongly
concentrated on the PDMS layer and not on the CNSs. This is a seemingly counterintuitive result, as both
materials are highly hydrophobic and PLL generally attaches to hydrophilic surfaces. However, recent studies
have shown that PLL can also adsorb onto nonpolar, hydrophobic PDMS surfaces from aqueous solution.”>®”
This adsorption is thought to occur through hydrophobic interactions between a hydrophobic component of
the lysine units (the hydrocarbon chains, C;Hg-NH;") and the surface.”™ To determine whether this hypothesis
was also valid for the above-mentioned experiment, fluorescently labeled PLL was used to assess the relative
binding affinity of PLL to PDMS and CNSs. It was, indeed, found that PLL shows a strong affinity for the PDMS
but not for the CNSs, which consequently explains the strong observed affinity of the neuronal cells for the
PDMS over the pristine CNSs when PLL is added.

When CNSs underwent a UV/O; treatment or were voltage-biased prior to PLL coating, cell viability
increased dramatically. In both cases the cells preferably grew onto the CNSs, but a significant difference was
found between the two treatments; while voltage-biased samples performed equally well as the PLL-coated
glass coverslips (i.e. the reference), UV/O; treated CNSs coated with PLL yielded significantly lower results. A
possible reason for the observed differences in viability might be the treatment itself; while UV/O; was found
to be a good method to increase the electrochemical properties of the CNSs, their graphitic edges were also
gradually being edged away. This stands in contrast to voltage-biasing, which had a less dramatic effect on the
morphology and topography of the CNSs; even though they appeared more wrinkled, they maintained their

sharp edges and flake-like structure. Voltage-biasing of CNSs might therefore preserve their high surface-area-
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to-volume ratio better than a long UV/O; treatment, rendering more possible adsorption sites for the PLL
molecules and more neuronal anchorage sites. More in-depth experiments are, however, required to support
or refute this notion.

Carbon nanosheets have proven to be a suitable substrate for neuronal cell growth. Despite their high
intrinsic hydrophobicity, CNSs can be made more hydrophilic with different techniques, such as UV/O; and
voltage-biasing. This increase in hydrophilicity facilitates the adsorption of PLL, which has proven to be a
necessary and very effective way to increase cellular adhesion and survival. It would be worthwhile to test
other attachment factors in future experiments, such as laminin, fibronectin or collagen. Also other ways to
oxidize the CNSs would be interesting to study. For example, chemical oxidation of CNTs with nitric acid or
sulfuric acid can introduce oxygen-containing functionalities.”***® In addition, different plasma treatments, e.g.
oxygen plasma, are expected to be good ways to functionalize the CNS surface.10% 1%°]

Finally, while the biocompatibility of CNSs is demonstrated in this study, very little detail is known
about the specific interactions of the neurons with the material, and how (or if) CNSs have an effect on cell
physiology. The abundance of flake-like edges probably yields an excellent surface for cells to grasp onto, but
the precise interaction mechanisms between neurons and CNSs is still unknown. For example, cells might
simply grow on top of the CNSs, or the interaction can be more complicated, as in the case of CNS engulfment
by the cellular membrane. Cryo-FIB/SEM investigation of this interaction can yield valuable and interesting new
insights. Other questions that still need to be answered are: what is the effect of different CNS lengths on
biocompatibility; are detached CNSs cytotoxic for cells; and what is the viability of other cell types? We hope

that future research will address these gaps and will shed light on this emerging type of carbon nanomaterial.

44



5. Conclusion

In this study, the electrochemical properties and biocompatibility of CNSs have been investigated to
determine whether this type of carbon nanomaterial is suited to be implemented in a high-throughput MEA
setting. CNSs were hypothesized to be a promising new candidate to serve as neuro-electronic interconnects,
with a unique interface (i.e. a high surface-area-to-volume ratio and abundance of knife-edge planes) that
should make it possible to extracellularly measure the local variations of the electrical potential of electrogenic
cells. Ideally, these signals are recorded with a high signal-to-noise ratio and a high spatiotemporal resolution;
the latter meaning that the electrodes need to be scaled down to the size where they achieve single-cell
addressability. Scaling down their dimensions, however, also yields a corresponding increase in impedance, and
thus more noise. Besides of biocompatibility, highly wanted features of new electrode materials are therefore a
low intrinsic impedance and a large CSC,, i.e. a high recording and stimulation efficacy.

Initially, two different underlayer substrates were investigated, i.e. a 300 nm layer of aSi or TiN. While
the CNSs grown on TiN demonstrated good adherence and robustness, the CNSs on the aSi substrates were
very fragile and tended to detach from the surface very easily. Moreover, the strength of adhesion was also
dependent from where the sample was acquired, i.e. the center or edge of the wafer. For both methane as
acetylene-based CNSs, the wafers’ edge yielded better results than the center, with the acetylene-based CNSs
demonstrating the best electrochemical properties. More in-depth investigation revealed that CNSs, grown
with a methane precursor gas, were thin and relatively unbranched. In contrast, acetylene yielded much thicker
and more branched CNSs. Compared to the center, CNSs deposited on the wafers’ edge were also longer, more
branched and possessed a thinner base. All of these factors contribute to a higher effective surface area
between the CNSs and electrolyte. However, static contact angle measurements revealed that both types of
CNSs were very hydrophobic, with an average contact angle of 125°.

In order to increase their wettability and electrochemical properties, CNSs were exposed to a UV/O;
treatment or voltage-biased. Generally, it was found that a UV/O; exposure time of 40-60 min was sufficient to
increase the CSC, with approximately 250% and to decrease the impedance by approximately 90%. The UV/O;
treatment causes an abundance of oxygenated functional groups on the CNS surface, which lowered the
contact angle to approximately 8°. This (super)hydrophilicity enhances the double-layer capacitance of the
CNSs, as protons on the surrounding liquid can approach the CNS surface much more easily, which
consequently results in a better electron transfer. However, prolonged UV/O; exposure also causes excessive
etching damage to the CNSs, and the exposure time should be chosen in such a way that the CNSs are
adequately covered with oxygenated functional groups, without simultaneously causing too much damage to
their graphitic edges. The choice of the UV/O; exposure time primarily depends on the effective CNS surface
area (i.e. length of the CNSs and degree of branching). Another efficient method to increase the
electrochemical properties is by voltage-biasing the CNSs. The underlying mechanism is the irreversible
electrochemical oxidation of the CNSs due to the presence of water electrolysis. When water decomposes into

hydrogen and oxygen, both gases (but mainly hydrogen) are electrostatically adsorbed on the CNS surface.
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Again, the adsorption of these gases increases the wettability, and thus the effective surface area between the
CNSs and electrolyte. It was found that a 1.5 V bias (with a total charge density of 2.5 C cm” ph™) was able to
generate higher CSC. and lower impedance results compared to UV/O3;. Moreover, XSEM investigation showed
no apparent damage to the CNSs; they appeared more wrinkled but maintained their sharp edges and flake-like
structure.

Due to their high concentration of reactive graphitic edges, CNSs can be considered to be in a highly
meta-stable state. After a storage period of two months in ambient air conditions, the electrochemical
properties decreased in an exponential-like manner. We hypothesize that, during the aging process, the
concentration of structural defects decreases and the CNSs gradually become more thermodynamically stable.
After a certain amount of time, these properties will eventually stabilize and become fixed.

Finally, primary mouse hippocampal neurons were grown on CNS substrates to test biocompatibility
and viability. It was found that pristine, uncoated CNSs did not support cell growth. Although their high intrinsic
hydrophobicity is one rational reason, UV/Oj; treated and voltage-biased (i.e. hydrophilic) CNSs were also not
able to promote the growth and survival of neurons. Only when hydrophilic CNSs were coated with PLL, cell
viability was considerably higher. A significant difference, however, was found between PLL-coated samples
that underwent a prior UV/O; treatment or were voltage-biased; the latter showing a higher cell viability then
the former. We hypothesize that this difference is related to the treatment itself; while UV/O; gradually etches
away the graphitic edges of the CNSs, voltage-biasing seemed to preserve their flake-like morphology better,

rendering more possible adsorption sites for the PLL molecules and more neuronal anchorage sites.

Based on the experimental results and observations described above, CNSs have proven to be an
attractive candidate for a new electrode material for bidirectional interfacing with electrogenic cells in a MEA
setting. Important specific requirements, such as a low impedance, high CSC, and biocompatibility, have all
been met, and warrant the next step to patterned, micron-sized electrodes. Our findings demonstrate that
CNS-based MEAs can have a major scientific and technological impact, and combined with CMOS IC technology,
can yield tools for both in vitro and in vivo applications, including pharmacology, medical diagnostics,

neuroscience and neuromedical research.
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Supplemental Information

(d)

Fig. S1. Scotch tape adhesion test of CNSs deposited on aSi (a,b) and TiN (c,d) wafer substrates. (a) CNSs grown on the
edge of aSi substrates completely detached from the surface, while (b) CNSs deposited on the center demonstrated better
adhesion, with only a small percentage of sheets that was transferred to the tape (attached ring of no relevance). (c,d)
Adhesion tests on both the center and edge of TiN substrates were not able to detach any deposited CNSs from the
surface.
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Edge Center

Fig. S2. Schematic illustration showing the difference in CNS structure between the edge and center of the wafer. Sheets
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and have a much broader base.
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(a) (b)

Fig. S3. Contact angle measurements (a) before and (b) after 10 min of UV/0;. Measured contact angles were
approximately 125° and 8° respectively.
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500 nm

Fig. S4. XSEM photographs of UV/O; treated CNSs. (a) CNSs exposed to 40 min of UV/O3 kept their knife-like
structure with plenty of graphitic edges. The area in the white dashed box is magnified in (b). (c) Cross-
sectional view of the CNSs attached to the TiN substrate. (d) UV/O; treated CNSs for a total of 80 min. The
CNSs are almost completely etched away. The area in the white dashed box is magnified in (e). (f) Cross-
sectional view; the sharp edges disappeared, leaving only a thin layer of carbon behind.
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Fig. S5. (a) Free-floating clumps of cells. The scale bar corresponds to 200 um. (b) Digitally enhanced image of neurons
and their projections. After coating with PLL, neuronal growth was strongly concentrated on the PDMS layer, but not on
the pristine CNSs. The scale bar corresponds to 100 um (c) Coating with fluorescently labeled PLL revealed that PLL had a
strong affinity for the PDMS, but not for the pristine CNSs. The scale bar corresponds to 200 pum.
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