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In this work, we propose a new carbon-carbon (C-C) composites as a potential materials for electrodes for neural
stimulation in neurodegenerative disorders. The C-C composites were made via chemical vapour deposition
(CVD) synthesis of pyrocarbon on carbon fibers, with subsequent thermal spray deposition of carbon nanotubes
(CNT). Different CNT types were tested to evaluate their impact on electrochemical and biological performance.
Materials were analyzed for microstructure, surface chemistry, and electrochemical properties, then tested using
SH-SY5Y neuroblastoma cells for biological assessment. The C-C composites coated with a hydroxy-terminated
CNT demonstrated significantly enhanced electrochemical properties, in particular increased cathodal charge
capacity up to 12.51 mC cm™2, a wide safe potential window of —1.53 to 1.26 V, and decreased impedance, and
cut-off frequency (fout-off = 0.16 kHz). No acute negative biological responses of the materials were detected after
48 h of exposition. Such properties significantly outperform the properties of platinum, which is the basic
element of platinum electrodes, demonstrating the excellent performance of the obtained composites and
showing it may constitute the basic element of carbon electrodes for nerve stimulation in the future. Our work
presents the method for obtaining biologically inert carbon composite micro-electrodes which can potentially be
adapted to neural stimulation.

1. Introduction

Neurodegenerative disorders are conditions leading to gradual and
slow neuronal damage in the human brain. The initial phases of these
diseases are asymptomatic, and the first symptoms appear after damage
to a specific part of the nervous system. As the disease progresses, i.e. as
the number of dying neurons increases, the patient’s ability to function
generally deteriorates, potentially leading to a fatal outcome [1,2].
Neurodegenerative disorders include, among others: Alzheimer’s dis-
ease, Parkinson’s disease, Huntington’s disease, amyotrophic lateral
sclerosis, multiple sclerosis and others [1,3]. Approaches to address
neurodegenerative disorders focus on alleviating symptoms and slowing
down the progression of the disease. Treatment methods include phar-
macological and surgical treatments. In the case of Parkinson’s disease,
the pharmacological treatment is based on replenishing the dopamine
levels, inhibiting the breakdown of this transmitter in the brain or

* Corresponding author.
E-mail address: afraczek@agh.edu.pl (A. Fraczek-Szczypta).

https://doi.org/10.1016/j.apsusc.2024.160713

providing the body with substances that stimulate dopamine receptors.
The drug most often administered in Parkinson’s disease is levodopa,
which is a precursor of dopamine. However, the advanced stage of the
disease may make drug treatment ineffective or may cause undesirable
side effects [4]. Then, surgical treatment methods are used, including
deep brain stimulation (DBS), which involves implanting thin electrodes
into deep parts of the brain [5,6,7]. The electrodes are connected via
wires to the stimulator located in the chest. The use of DBS is aimed at
modulating pathological neural circuits [6]. Implanted electrodes
transfer electrical impulses generated by a stimulator (pulse generator)
placed in the patient’s body as a constant source of current [8]. The most
commonly used materials for electrodes for stimulation of neural tissue
are metals such as platinum or platinum-iridium alloys [5,9,10]. Some
of the major problems after the implantation of currently used electrodes
including metallic electrodes are hemorrhage, edema, and a foreign
body reaction, leading to the formation of glial tissue around the
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electrodes, increasing the impedance between the tissue and the elec-
trode, requiring the use of higher voltages and currents [9,10]. How-
ever, the higher the voltage and currents used, the greater the risk of
heating the tissue surrounding the electrode and inducing undesirable
electrochemical reactions. Furthermore, the mismatch of stiffness and
hardness between the metal and the tissue also has a significant impact
on the formation of scar tissue [11,12]. Miniaturization of stimulating
electrodes may reduce tissue damage and stimulate precisely defined
areas of the brain. Therefore, new solutions are constantly being sought,
in terms of miniaturization of electrodes and materials, extending the
life of electrodes, and the safety of their use in tissue [5,13]. Various
material solutions appear in the literature, based primarily on the
modification of the surface of classic metallic electrodes with oxides,
carbon layers, conductive polymers or various types of composites
[12,13,14,15,16,17]. Research to date shows the possibility of using
carbon fibers (CF) as a material for stimulation and recording electrodes,
for the detection of neurotransmitters, and monitoring signals of the
nervous system [14,18,19,20,21]. Due to a number of advantageous
properties such as high electrical and thermal conductivity, corrosion
resistance, low density, and flexibility, carbon materials are an inter-
esting alternative to classic electrodes, allowing minimization of the
drawbacks of metal materials [10,21,22,23,24]. Despite the above,
the electrochemical capacity of many carbon materials e.g. carbon fibers
is insufficient to be used as the sole material of electrodes for stimulation
of nerve cells [23,25]. The use of carbon fibers as an alternative to metal
electrodes in DBS also requires a certain stiffness to allow them to be
inserted into deeper areas of the brain. One of the solutions may be the
use of electrode materials based on a C-C composite, which allows, on
the one hand, stiffening of the material, and at the same time reduction
of the electrode diameter below 500 pm [23,25,26]. A small electrode is
associated with high electrochemical impedance due to the limited
surface area available for the interaction with the liquid. As a result,
higher voltages are needed to drive the current through the interface,
increasing the risk of electrochemical side effects such as corrosion or
electrolysis. Therefore, research on CF electrodes focuses on their
modification using other carbon materials, such as carbon nanotubes
(CNT), graphite, or diamond, to lower impedance and increase the safe
charge injection capacity (CIC), allowing for increased stimulating ca-
pabilities [24,27,28]. The introduction of high surface area coatings
improve the performance of the electrodes by increasing their electro-
chemically active surface area, therefore in this context, carbon nano-
materials such as CNTs may be of great importance [29,30,31]. An
example of CNT-based carbon materials with potential use for stimu-
lating cells of the nervous system are CNT yarns, which have satisfactory
electrochemical properties, including a high charge storage capacity
(CSC) value [22,32,33,34,35]. However, despite progress, the methods
of obtaining them are not easy [36,37,38,39]. In the case of these ma-
terials, as in the case of carbon fibers, there is a problem of insufficient
stiffness to penetrate deeper brain regions despite their high mechanical
properties. From this point of view, it seems reasonable to search for
other methods of obtaining carbon-based electrode materials. The so-
lution proposed in this work is innovative because it combines the fea-
tures of three carbon materials, namely carbon fiber, pyrolytic carbon
(PyC) and CNT. The first of them gives the composite directionality and
mechanical strength. The second one is a matrix that stiffens the com-
posite and makes it surgically handy, and at the same time has hemo-
compatible properties confirmed in the literature [40,41,42], which
may have an additional positive meaning in the proposed application.
The third and last phase, i.e. CNT, has high electrochemical properties,
which can be additionally modified by chemical treatment [32].

In such electrodes, during the electrical stimulation, short pulses of
current are injected into the tissue through the contact surface, which
physically form the electrode-electrolyte interface. In practice, the
pulses must cross the solid-liquid interface to reach the cell membrane,
which means that a transition from electronic to ionic signal trans-
mission must occur [43]. Therefore, electrochemical studies are the key
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tests to assess the effectiveness and safety of using electrode materials to
stimulate neural tissue cells. Recently, Boehler published guidelines for
standard in vitro electrode performance tests that should be performed
to evaluate the potential of stimulation and recording electrode mate-
rials [43]. Standard measures for the charge injection capacity (CIC) and
charge storage capacity (CSC) are recommended for stimulation elec-
trodes, describing the capability of a particular materials to safely
deliver charge at the electrode/electrolyte interface [43,44,45]. For the
determination of the above, fast biphasic current pulsing and voltam-
metric measurements are used. In turn, for the recording electrodes, the
most important parameters include the impedance and cut-off frequency
feut-ofr, describing the ability of the electrode to accurately sample sig-
nals while minimizing its impact on the recorded information [43].

The main goal of this work was to create composites as a potential
electrodes fully based on carbon materials, which would constitute an
alternative to metallic electrodes classically used in the area of stimu-
lation of neural tissue, and at the same time combining the beneficial
features of three carbon materials. As a result of this investigation,
innovative composite materials based on carbon fibers and pyrolytic
carbon (PyC) were created, which, thanks to surface modifications with
various types of CNTs, allowed us to obtain carbon composite rods with
electrochemical characteristics exceeding platinum, used as the basic
material for DBS electrodes. The obtained materials were characterized
by improved charge injection capabilities due to the increased double
layer capacitance, and lowered impedance and cut-off frequency, which
evidenced enhanced stimulation-recording characteristics of the elec-
trodes. As part of the study, we investigated the effect of chemical
treatment of CNT aiming at introduction of functional groups, on the
electrochemical and biological performance of carbon based electrodes.
Up to this date, there is no information in the literature about electrodes
of this type or how to obtain them, and particularly about the method of
surface coating of the C-C composite electrodes with CNT. The carbon
materials as a potential electrodes were subjected to a number of
comprehensive electrochemical, structural and microstructural ana-
lyses, which have been supported by in vitro biological tests of cyto-
toxicity in contact with human SH-SY5Y neuroblastoma cells.

2. Materials and methods
2.1. Materials

Composite materials have been manufactured on the basis of a high-
modulus carbon fiber (CF), carbon pyrolytic (PyC) matrix, and various
types of multiwalled carbon nanotubes (MWCNT). Dog-bone shape
cross-section PAN-based carbon fibers Celion 80 — GY80 (Celanese Co. —
presently BASF, USA) were used as the core of the nanocomposite car-
bon rods [46]. The mean larger and smaller diameter of fibers were 12.4
um and 4.4 pm, respectively [26]. The matrix of carbon-carbon (C-C)
composite was synthesized from a CHy4, and nitrogen was used as a
carrier gas (Air Liquide S.A.). MWCNT were used to modify the surface
of the composites in each case. The multiwalled carbon nanotubes in the
powder form and dispersed (7.5 % MWCNT) were purchased from
Nanostructured & Amorphous Materials, Inc., USA. Acetone and ethyl
alcohol (Avantor Performance Materials Poland S.A.) were used as
dispersion media for the preparation of carbon nanotube suspensions for
spray coating. Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine
serum (FBS) and FluoroBrite™ DMEM used in biological tests were
obtained from Gibco (Invitrogen, Paisley, UK). Cytotoxicity Detection
Kit was acquired from Roche Diagnostic (Basel, Switzerland), and
penicillin, streptomycin, trypsin and ethylenediaminetetraacetic acid
(EDTA) were purchased from Sigma-Aldrich, Germany.

2.2. Methods

2.2.1. Characterization of carbon nanotubes
The specific surface area was measured using the ASAP 2020 Plus 2.0
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(Micromeritics Instr.) surface area and porosimetry system. Physical
adsorption isotherms of nitrogen were recorded, and specific surface
area was estimated using the Brunauer-Emmett-Teller (BET) isotherm
method. Three measurements were made for each sample, from which
the mean value and standard deviation (+SD) were determined. The -
obtained data were processed with original software provided with the
ASAP 2010 v5.03 instrument.

The CNTs particle size distribution was measured using the dynamic
light scattering (DLS) method with a Zetasizer Nano-ZS (Malvern Instr.
UK).

In order to assess stability of the CNTs suspensions a zeta potential &
was measured using the Zetasizer and the folded capillary cell. Both
measurements were performed at 25 °C in the diluted suspensions of a
given CNT and mixture of solvents used for the spray coatingi.e.; 62.6 %
pure ethanol, 20.8 % acetone and 16.6 % distilled water. Prior to the
DLS and the zeta potential measurements the suspensions were
dispersed for 5 min with an ultrasonic processor (VCX 500, Sonics, USA).
In both cases the results are an average from three measurements. Three
measurements were made for each sample, from which the mean value
and standard deviation (£SD) were determined. The obtained data were
analyzed with Zetasizer Software 7.02.

The morphology and structure of carbon nanotubes before and after
functionalisation were evaluated using a transmission electron micro-
scope FEI Tecnai TF20 X-TWIN (FEG) at an accelerating voltage of 200
kV. Imaging was performed in the bright field (BFTEM) and high reso-
lution (HRTEM) modes. The results were analyzed using a Gatan Digi-
talMicrograph 3.20.1314.0.

2.2.2. Characterization of C-C composites

The examination of the microstructure and morphology of C-C
composites before and after modification with CNT was performed using
a scanning electron microscope (SEM) Apreo 2S (ThermoFisher -
Scientific, Netherlands). The acceleration voltage was 5 kV.

The Raman spectra of composites were registered using a WITec
Alpha 300 spectrometer working with a 488 nm diode laser and a 100x
Zeiss magnifying lens. The spectra were collected in the range of
110-4000 cm ™!, and each measurement consisted of 3 accumulations
and a 30 s integration time. Every sample was measured 3 times and
averaged. The recorded spectra were processed with Fityk 1.3.1 soft-
ware, and the pseudo-Voigt function was used for fitting and deconvo-
lution of the peaks [47].

The chemical state of the surface of the composites after the modi-
fication with CNT was determined using the X-ray photoelectron spec-
troscopy (XPS) spectroscope PHI5000 VersaProbe II Scanning XPS
system equipped with an Al radiation source (Ka line, 1486.6 eV). The
estimated depth of analytical information was about 5 nm, and the area
of analysis was about 100 um. The spectra were calibrated assuming the
binding energy of Cls level = 285 eV, and the background was sub-
tracted using the Shirley method. Peak fitting and processing of obtained
data was performed using PHI MultiPak software 9.9.2.

Electrochemical measurements were conducted with the Autolab
General Purpose Electrochemical System (AUT302N.FRA-2-AUTOLAB)
using a three electrode set-up: Ag/AgCl/3M KCl reference electrode, Pt
auxiliary electrode, and carbon nanocomposite rods with a restricted
working surface area as an experimental working electrode (1 = 5 mm, d
= 0.25 mm). Moreover, a Pt wire with the same diameter and contact
area was used as a control sample for carbon electrodes. Measurements
were carried out in artificial cerebrospinal fluid containing 0.148
M NaCl, 3.0 mM KCl, 1.4 mM CaCl,x2H50, 0.8 mM MgCl,x6H-0, 0.8
mM Nap,HPO4x7H50 and 0.2 mM NaH,PO4xH-50 dissolved in distilled
water. The impedance spectroscopy measurements were performed in
the frequency range of 1 to 10° Hz, with an amplitude of 10 mV, and a
voltage bias of 0.5 V. The fitting of spectra was performed using Nova
2.1.4. software. Cyclic voltammetry (CV) measurements were performed
at a scan rate of 100 mV s~%, and the cathodic charge storage capacity
(CSC,) of the tested electrodes was determined as a time integral of the

Applied Surface Science 670 (2024) 160713

cathodic current density at the range of water window potentials,
excluding the extreme peaks attributed to electrolysis of water [21].
Three to four measurements were made for each sample, from which the
mean value and standard deviation (+SD) were determined.

2.2.3. Preliminary in vitro study

The human SH-SY5Y neuroblastoma cells (ATCC, passage 12) were
cultured as described elsewhere [48]. Cells were maintained in DMEM
supplemented with 10 % heat-inactivated FBS and 1 % penicillin/
streptomycin solution at 37 °C in an atmosphere containing 95 % air and
5 % CO9 with saturated humidity. After reaching an 80 % confluence,
cells were trypsinised (0.05 % Trypsin/EDTA), counted (Biirker cham-
ber), and seeded at a density of 8 x 10* cells in 350 pL of cell culture
medium per well into 48-well plates containing UV-sterilized materials
(11 types). Each experimental group consisted of 3replicates. The
impact of the materials on cell viability was estimated after 24 h (Lactate
dehydrogenase (LDH) release assay) and 48 h (LDH release assay, light
microscopy) of incubation when compared to control groups (wells
without any material, cells growing on a polystyrene surface).

The cytotoxicity of materials was assessed by measuring the level of
LDH released from cells into the culture media with a Cytotoxicity
Detection Kit (Roche) [48]. 24 and 48 h after cell seeding on materials,
50 pl of cell culture supernatant from each experimental well were
collected in 96-well plate followed by the addition of a mixture of
Cytotoxicity Detection Kit reagents (25 pl/well) for 15 min at RT.
The absorbance was measured in a multiwell plate-reader (Infinite®
M200 PRO, Tecan, Switzerland) at 490 nm. The data after the subtrac-
tion of blank values (cell culture medium) were normalized to the
control group and are presented as the mean + SEM of three wells per
group.

The differential interference contrast (DIC) images were taken for
each experimental group in triplicates after 48 h of cell incubation using
an inverted microscope (AxioObserver, Carl Zeiss, Jena, Germany)
equipped with a 10x objective and digital black-white camera (Axio-
CamMRm, Carl Zeiss, Jena, Germany).

2.2.4. Statistical analysis

The obtained data were analyzed using Statistica software. The
analysis of variance (one- or two-way ANOVA) and a post hoc Duncan
test for multiple comparisons were used to show statistical significance
with an assumed p < 0.05.

2.3. Fabrication of C-C composites

2.3.1. Synthesis of CF/PyC composites

The chemical vapour deposition (CVD) method with direct electrical
heating of carbon fibers was carried out in a CFCPP-1100 device, Carbon
Fiber Pyrolytic Carbon Coating, by Fine Instruments, Poland. The sys-
tem includes a quartz glass reactor, a CF bundle assembly system, a
vacuum pump, the DC generator, a gas exhaust and supply system, flow
meters, gas cylinders, and a pyrometer that control the temperature of
the fiber bundle. Gasses were supplied directly to the system with the
appropriate flow rate. This method was used by us for synthesis of C-C
composites in our previous work [26]. For the synthesis, a bundle of CFs
weighing 0.68 + 0.07 mg, which corresponds to approximately 90-110
individual fibers, was placed between the graphite assembly and heated
up to 1120 °C by applying current up to 2.4 A. Prior to each synthesis,
the air in the reactor chamber was removed using a vacuum pump, and
replaced with nitrogen. Subsequently, a mixture of methane and nitro-
gen (flow rate 2:10 1/h) was introduced into the reactor for 120 s, and
after that a pure nitrogen flow was left for another 60 s. Thereafter, CF/
PyC composite samples of 1.42 + 0.19 mg were obtained, which resul-
ted in approx. 48.3 % contribution of the carbon fiber and 51.4 % of the
pyrolytic carbon matrix phase.
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2.3.2. Chemical functionalization of carbon nanotubes

The type and concentration of surface functional groups can signif-
icantly influence the biological and electrochemical performance of
carbon materials. In order to investigate this effect, three types of carbon
nanotubes with different surface chemistry were tested: non-modified
carbon nanotubes without additional functional groups - CNT;
oxidized carbon nanotubes with hydroxyl/carboxylic groups — CNT-OH;
and amidized carbon nanotubes — CNT-NH. The CNT-OH were obtained
by chemically oxidizing CNT in a mixture of concentrated HySO4 and
HNOj (3:1 vol), according to the procedure described in previous works
[49,50]. The amidized carbon nanotubes CNT-NH were prepared
by treatment of the as-obtained CNT-OH with ethylenediamine, details
of this procedure can be found in [50]. The final products were centri-
fuged, washed in ethanol, and dried under vacuum.

2.3.3. Preparation of carbon nanotube dispersions

The non-functionalized carbon nanotubes, CNT-OH and CNT-NH
were dispersed in a mixture of 62.6 % pure ethanol, 20.8 % acetone,
and 16.6 % distilled water [51]. The concentration of carbon nanotubes
was 3 mg ml~!. The suspensions were sonicated with an ultrasonic
processor (Vibra-cell VCX 130, USA) with an output power of 10-11 W.
A single run lasted 5 min, and the sonication treatment was repeated 10
times. The pauses during the sonication were introduced in order to
reduce the overheating of the suspensions and avoid possible degrada-
tion of the nanomaterials.

2.3.4. Thermal spray coating

A thin layer of CNT was applied to the surface of carbon rods by the
thermal spray coating technique using a Fengda airbrush, model BD-
134 K. The pressure used during the process was set at 1.2 bar, and total
deposition time was 240 s for each C-C composite. The temperature of
the heating plate was 300 °C. The preparation procedure (Fig. 1) ob-
tained four types of C-C samples: reference composite rod without CNT
layer — CF/PyC; and composites coated with various CNT types — CF/
PyC/CNT, CF/PyC/CNT-NH, and CF/PyC/CNT-OH. The photographs of
CF/PyC composite rods under and without deformation are shown at
Fig. 2 X.
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3. Results and discussion
3.1. Characterization of carbon nanotubes

Carbon nanotubes before and after functionalization in the mixture
of acids and ethylenediamine were characterized in terms of basic pa-
rameters that may affect their biological and electrochemical properties.
The morphology and structure of carbon nanotubes were evaluated
using transmission electron microscopy in bright field and high resolu-
tion modes. Representative images are shown in Fig. 3. The observations
showed that the nanotubes had multiple walls, and were characterized
by average diameters of 14-27 nm. All types of CNT were well sepa-
rated, and no major agglomerates were found. The high resolution im-
aging revealed that the chemical treatment of nanotubes, apart from the
introduction of oxygen and nitrogen functional groups, led to the
disruption of the near-surface structure, exposing the edge-planes of the
CNT walls. In pristine, non-functionalized CNT, the graphene planes
building the walls were arranged parallel to the axis of the nanotubes
(Fig. 3 G). In turn, after the chemical treatment, the arrangement of
graphene planes in near-surface areas of the walls was disrupted in the
case of both CNT-OH, and CNT-NH. These exposed edge planes are a
source of micropores and defect sites. These, being electrochemically
active sites, can enhance the catalytic and capacitive properties of C-C
composites. Furthermore, the measurements of interplanar distance
doo2 revealed that it slightly increased after the functionalization, which
is consistent with the observed disruption of the CNT plane arrange-
ment: CNT: dggo = 0.3416 nm; CNT-OH: dgg2 = 0.3418 nm; CNT-NH:
dooz =0.3449 nm.

The specific surface area of nanotubes was examined using the BET
isotherm method. The analysis showed significant differences in the
surface development depending on the type of functionalization of CNT
(Table 1). The lowest value of specific surface area (SSA) was obtained
for the non-functionalized CNT — 84.0 m?g~!, CNT-NH had SSA =
143.1 m? g7, and CNT-OH were characterized by the highest SSA of
508.3 m? g~ L. In general, the specific surface area of carbon nanotubes
depends on a number of parameters, such as diameter, length, the
presence of micro- and meso-porosity, tendency towards agglomeration,
etc. [52]. In our case, the increased surface area of nanotubes was
mainly caused by the disturbed morphology and structure of nanotubes
induced by the strong oxidizing agents used, which can cut, introduce

5. CF/PyC/ICNT COMPOSITE SAMPLES
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Fig. 1. Scheme for obtaining CF/PyC/CNT composites in form of rods.
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Fig. 2. CF/PyC composites before deformation (A), during deformation (B, C) and after deformation (D).

defects, and make pores into the sidewalls of the CNT [53]. Furthermore,
the —-OH, —COOH, and -NH polar surface functional groups facilitate
dispersion, and prevent agglomeration of CNT, therefore, also acting as a
factor potentially increasing the available surface area.

The pristine, and functionalized CNT were used for preparing sus-
pensions for the spray coating of C-C composites, and thereafter the zeta
potential &£ was determined in order to assess the stability of the obtained
dispersions. The CNTs suspensions were stabilized using solely the
electrostatic method based on the electrical charge present at the
nanoparticles surface and the formation of the electrical double layer
(EDL). Particles of the same type are charged in the same way and repel
one from another. In this case, a measure of the electrical charge
magnitude is an absolute value of the zeta potential, which is deter-
mined at the slip plane within the EDL.

It is generally assumed, that for the good stability of suspensions, an
absolute value of the zeta potential should be higher than 30 mV.

The absolute value of this parameter showed trends similar to the
specific surface area of nanotubes, namely, the zeta potential was the
highest for the functionalized nanotubes: —29.8 and —21.4 mV for CNT-
OH, and CNT-NH, respectively, while for the pristine CNT it was only
—11.8 mV. The observed differences in zeta potential were directly
mirroring the polarity of functional groups on the surface of CNT,
namely stronger polarity of -OH bonds as compared to amine bonds. The
obtained absolute values of & potential suggest good stability of only the
CNT-OH dispersion (¢ potential ~ 30 mV), nonetheless, all inks,
including those based on CNT-NH and CNT were stable right after the
sonication and also during the deposition process [54]. The suspensions
were also characterized using the DLS method, and the obtained hy-
drodynamic particle size distributions are shown in Fig. S1. The tests
showed the significant differences between the suspensions of carbon
nanotubes before and after the functionalization. The nanotubes sub-
jected to chemical treatment exhibited significantly smaller mean par-
ticle sizes around 165 nm, as compared with 350 nm for pristine CNT,
which may have resulted from the cutting of CNT induced by strong
acids, and sedimentation of longer nanotubes during the centrifugation
process.

3.2. Characterization of C-C composites as potential electrodes
3.2.1. Physicochemical properties

3.2.1.1. Scanning electron microscopy. The microstructure of the ob-
tained C-C composites before and after the modification with CNT was
examined using SEM, and the collected images are shown in Fig. 4. The
surface of the blank CF/PyC composite was rough and contained
numerous globular protuberances characteristic of pyrocarbon (Fig. 4)
[55]. The morphology of these precipitates depend strictly on the con-
ditions of PyC synthesis, which was described in detail in our previous

work [26]. The applied spray deposition resulted in the formation of a
continuous layer of CNT on the surface of CF/PyC in the case of all
samples, however, the resulting microstructure differed depending on
the type of nanotubes used. In the case of CF/PyC/CNT, the nanotube
layer was the roughest and contained numerous spherical agglomerates,
which were not observed for CNTs after the functionalization. In the
case of CF/PyC/CNT-OH and CF/PyC/CNT-NH composites, the obtained
layers were smooth and homogeneous, the surface of CF/PyC/CNT-OH
seemed to be the most compact when compared to other composites.
The SEM images also suggest that CF/PyC/CNT-OH exhibited the lowest
surface microporosity relative to other samples. Achieving lower
microporosity and more smoothness of the layer was possible due to
better dispersion of CNT-OH in the solvent mixture, due to the presence
of functional groups and the shorter dimensions of nanotubes, as evi-
denced by the results of zeta potential and DLS tests (Table 1 and
Fig. S1). Moreover, the presence of oxygen groups on the surface of the
CNT-OH may also contribute to a stronger interaction between the
nanotubes in the layer.

3.2.1.2. Raman spectroscopy. Raman spectroscopy was performed in
order to assess the structural changes of C-C composites after the
applied spray deposition with various types of carbon nanotubes
(Fig. 5). Spectra of all composites were characterized by the presence of
bands characteristic for sp? carbon materials — the D band around 1350
cm™ !, the G band at about 1590 cm !, the weak shoulder D’ band at
1620 cm™?, the 2D second order band at around 2680 cm™!, the D + G
band at 2920 cm™?, and the 2G band at 3210 cm ™. The G band, char-
acteristic for sp? carbons, originates from the in-plane tangential
stretching of the C=C bonds. The D band indicates the presence of de-
fects that break the translational symmetry of the graphene sheet, and is
related to the presence of disordered and amorphous carbon. The D’
band is a shoulder peak of the G band, and is due to defect-sensitive
resonance effects involving phononic vibrations around the center of
the Brillouin zone. Bands 2D, D + G, and 2G lying at higher Raman shifts
are attributed to the second order vibration modes [56,57,58].

The unmodified CF/PyC composite was characterized by a spectrum
typical of low-structured pyrolytic carbons, and the deposition of CNT
caused significant changes in the intensity and positions of the D, G, and
D’ bands [26]. The ratio of integral intensity of the D and G bands (Ap/
Ag) was used as a parameter quantitatively describing the variations in
the disordering of the structure of carbon composites (Fig. S2, Table S1).
The CF/PyC composite modified with pristine CNT was characterized by
the lowest Ap/Ag value of 0.63, which can be attributed to the highly
ordered structure of non-functionalized carbon nanotubes. The CNT-OH
and CNT-NH modified samples were characterized by higher values of
Ap/Ag of 1.19 and 0.82, evidencing the disturbed structure of the carbon
nanotubes after the chemical treatment. The high intensity of the D band
in these samples was caused by an increased population of defects
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Fig. 3. BFTEM and HRTEM images of CNT (A, D, G), CNT-OH (B, E, H), and CNT-NH (C, F, I).

Table 1

BET specific surface area and zeta potential of carbon nanotubes before and after
modification. The data are presented as the mean + SD from n = 3 for each type
of sample.

Sample Specific surface area (BET) Zeta potential &
[m?/g] [mV]

CNT 84.01 + 0.26 -11.8 + 3.4

CNT-OH 508.30 = 1.05 —29.8+24

CNT-NH 143.14 £ 2.72 —-21.4+0.9

formed on the sidewalls and tips of the nanotubes, which were oxidized
as a result of the action of a strong oxidizing medium (mixture of HySO4
and HNO3) [5759]. During the oxidation of CNTs, not only are defects
formed on the surfaces of the sidewalls and ends of the nanotubes, but
the destruction of the graphitic integrity and the subsequent formation

of small graphitic fragments may also occur, which also contributes to
the increase in the D band. In the case of NH-modified nanotubes, their
modification was a multistage process involving functionalization
in a mixture of SOCly:DMF for 24 h, washing with tetrahydrofuran and
functionalization in CoH4(NH3),, all of which may lead to an appre-
ciable elimination of the smallest graphitic clusters which arose as a side
effect of oxidation in acids [57]. Besides the observed changes in the
characteristics of the D and G bands, the composites also showed sig-
nificant differences in the intensity of the D’ band. In turn, the variation
in the ratio of intensity of the D and D’ bands Ip/Ip’” (Fig S2) indicate
changes in the dominant types of defects present in the samples [60].
The higher values present for unmodified composite CF/PyC points out
the dominance of sp® defects, while lower values observed for samples
after modification with CNT suggest a higher proportion of vacancy
defects and grain boundaries [60].
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Fig. 4. SEM images of C-C composites subjected to spray coating with various types of CNT. Magnification: upper row — 5000 x; lower row — 100,000x.
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Fig. 5. Raman spectra of C-C composites before and after modification with
different carbon nanotubes. The spectra were normalized with reference to the
G band.

3.2.1.3. X-ray photoelectron spectroscopy. The presence of functional
groups and structural defects on the surface of composite rods were
studied using XPS spectroscopy. The Cls, Ols and N1s core level spectra
of the as-received CF/PyC composites and CF/PyC after modification
using different types of CNT are shown in Figs. 6 and S3. The Cls peak
(Fig. 6 A-D) was fitted with the six components assigned to C=C sp?
bonds (284.4 eV), sp> carbon structural defects (285.0 eV), hydroxyl
bonds (286.5 eV), carbonyl bonds (287.8 eV), carboxylic groups (289.2
eV), and n — n* satellite component (290.8 eV) [61,62]. The O1s region
was fitted with two lines corresponding to the carboxyl and hydroxyl
groups at 533.6 eV and 532.3 eV. In turn, the position of the nitrogen
line (Fig. S3) suggests the presence of -NHy and NHC=O species. The -
chemical composition of the surface of the tested composites is shown in
Table 2.

The blank CF/PyC composite was characterized by the 56.1 % con-
tent of sp? carbon, and a quite high, 9.7 % content of oxygen present in
the form of functional groups on the surface of the pyrocarbon. No ni-
trogen was detected in this sample. The modification of the CF/PyC

composite with pristine CNT resulted in an increase up to 60.5 % in the
sp? carbon content, and a significant reduction to 1.7 % in the concen-
tration of oxygen. In the same time, the concentration of sp® defective
carbon decreased, which consistently evidences the more ordered
structure of CNT as compared to pyrolytic carbon in CF/PyC. For the CF/
PyC/CNT-OH sample, the use of carbon nanotubes oxidized in a mixture
of acids resulted in a significant decrease in sp? hybridized carbon and
an increase in the concentration of defects, which is evidenced by the
increase in sp3 hybridized bonds (Table 2). Also, the total amount of
oxygen on the surface of CF/PyC/CNT-OH increased to 14.3 %, more
than eight times more than in the CF/PyC/CNT sample. The O/C ratio
was highest for this electrode among all tested samples. The deconvo-
lution of the Cls line indicates the major contribution of functional
groups in order of —-OH (7.4 %), ~-COOH (4.6 %) and -C=0 (3.0 %). In
turn, the modification of CNT with ethylenediamine (CF/PyC/CNT-NH)
caused a decrease in the number of oxygen groups, especially C-OH,
C-O-C and O-C=0 at the expense of the appearance of nitrogen func-
tional groups -NH3 and NHC=O0 [63].

The sp? carbon forms the graphitic structure of the CNT sidewalls,
while sp® carbon atoms and functional groups constitute structural de-
fects of the nanotube walls, therefore the total content of sp? carbon can
be used as a measure of the structural integrity and structural order of
the CNT [64]. The variations in the total content of sp? bonded carbon
corresponding to the applied modification methods are depicted in
Fig. 7. For the samples, the sp? carbon percentage was 59.4, 74.8, 47.5
and 58.2 % for CF/PyC, CF/PyC/CNT, CF/PyC/CNT-OH and CF/PyC/
CNT-NH respectively, which demonstrates very good consistency with
Ap/Ag Raman ratio trends and strengthens the primary conclusions
about the structural disorder of the samples. The lowest sp? content for
the sample oxidized in a mixture of acids (CF/PyC/CNT-OH) indicated a
strongly disturbed structure of the CNT-OH due to the strong oxidants
used during the chemical functionalization process [59]. Interestingly,
the use of a multi-stage amidisation treatment seemed to lead to a partial
regeneration of the graphitic character of nanotubes, probably as a
result of the removal of highly defective graphitic nanoclusters, which
was also confirmed by the results of Raman spectroscopy (Fig. 5).

3.2.2. Electrochemical properties

The cyclic voltammetry of the composite rod electrodes in model
artificial cerebrospinal fluid was performed in order to study the effect
of applied CNT modifications on the charge injection mechanisms and to
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Fig. 6. XPS spectra of C-C composites before and after the spray coating with CNT. Deconvoluted C1s peaks for (A) CF/PyC, (B) CF/PyC/CNT, (C) CF/PyC/CNT-OH
and (D) CF/PyC/CNT-NH. Deconvolution Ols peaks for (E) CF/PyC, (F) CF/PyC/CNT, (G) CF/PyC/CNT-OH and (H) CF/PyC/CNT-NH.

Table 2
XPS Surface chemical composition of C-C composites before and after modification with different types of CNT.
XPS Line Cls Ols Nls o/C
Bonds/groups Cc=C (sz) Cc-C (sp3) C-OH C=0 0-C=0 P i C=0; 0-C=0 C-0O-C; -COOH; C-OH -NH,; NHC=0 -
CF/PyC 56.1 23.1 2.8 3.4 1.6 3.3 9.7 0.0 0.0 0.11
CF/PyC/CNT 60.5 16.6 1.4 4.5 1.0 14.3 0.8 0.9 0.1 0.02
CF/PyC/CNT-OH 42.5 23.2 7.4 3.0 4.6 5.0 7.6 6.7 0.0 0.17
CF/PyC/CNT-NH 45.8 18.5 3.7 6.6 3.0 12.4 3.5 1.5 5.0 0.06
T T T T 0,20 T T T T 100,0
A [Jcarbon B [orc
1004 98,3 [Joxygen | 409 [)sp? carbon o217

- = 0,16 - 80,0

$ 90,3 857 90 § 74,8

S 804 8o =

& 8 — 0129 o144 584 282 600 =

c c - o

g 60+ reo 8 o 475 g

o o O o

g o 0,08 - 400 «

S 404 Lao 8 @

8 3 0.06

S S

204 L 20 0,04 - 20,0
07 14,3 0.02
5
=l 0,00 | ! 0.0
CF/PyC CF/PyC-CNT CF/PyC-CNT-OH CF/PyC-CNT-NH CF/PyC CF/PyC-CNT CF/PyC-CNT-OH CF/PyC-CNT-NH

Fig. 7. (A) Surface atomic percentage of carbon and oxygen as determined from XPS. (B) O/C ratio and sp? carbon percentage of composites coated with various

types of nanotubes.

assess the water windows of electrodes, limiting the range of voltages
which can be safely applied in biological systems without causing
electrolysis of water. The recorded voltammograms of CF/PyC elec-
trodes after the modification with various types of CNT and reference
platinum wire electrode are shown in Fig. 8. The boundary exponential
tails visible on all voltammograms mark the hydrogen and oxygen
evolution reactions at negative and positive potentials, respectively.
These voltages are defined as a water window range of the electrode —
Vww, and its values limits the maximal potentials which can be reached
at the electrode—electrolyte without causing electrolysis of water at the
equilibrium conditions. Here it should be stressed out that because of

that DBS simulation consist of short, charge balanced pulses and whole
system is burdened with Ohmic and overpotential losses, the actual
applied voltage (Vapp) to the electrodes during stimulation may exceed
the values of Vy, without necessarily causing the electrolysis of water
[44,45]. The Pt wire electrode was characterized by a water window
potential range of from —0.72 to 1.23 V, while carbon electrodes showed
a significantly widened Vi range between —1.63 to 1.41 V for un-
modified CF/PyC, and approximately —1.55 to 1.26 V for all composites
after modification with nanotubes. A slight decrease in V., after
deposition of nanotubes was caused by the abundance of active sites on
their surface - defects and functional groups, which can be
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electrocatalytically active in electrolysis of water. Nonetheless, no sig-
nificant influence of CNT’s surface functional groups was noted on the
Vuww potential ranges of carbon composites. The exact values of esti-
mated water windows for all materials are shown in Fig. 9 A [44].
Excluding the water electrolytic peaks, carbon electrodes showed
predominantly capacitive behavior, with a minor contribution from
reversible faradaic processes related to reduction and oxidation of f-
unctional groups on the surface of the carbon. The redox peaks from
these reactions were more pronounced in the case of non-modified CF/
PyC electrodes, while after modification with CNT, their presence was
strongly masked by capacitive current components. Notably, the
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contribution of Faradaic processes was significantly smaller in the case
of carbon electrodes as compared to platinum electrodes, which is
particularly advantageous since it involves less disruption of the
biochemistry in stimulated neural tissue [45].

The cathodic charge storage capacity (CSC¢) corresponds to total
charge transferred during cathodic sweep, and its value is frequently
reported as a comparative measure, approximating the charge injection
capacity of neural stimulation electrodes [43]. The measured values of
CSC. for the obtained electrodes are shown in Fig. 9 B. The reference
platinum wire electrode exhibited a CSC, of 4.12 mC cm ™2, and unmo-
dified CF/PyC electrode showed a value of 1.34 mC cm 2. The surface
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Fig. 9. (A) Water window potential range — V,,, and (B) cathodal charge storage capacity CSC. of the composite rod electrodes. The CSC, are presented as a mean +
SD obtained from 3 to 4 measurements for each sample. Statistical analysis was performed with one-way ANOVA and Duncan’s post hoc test. *p < 0.05, and ~"p <

0.001 vs. CF/PyC; *p < 0.05, **p < 0.01 and *##p < 0.001 vs. Platinum.
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treatment of composites caused a pronounced increase in CSC. up to
2.72,6.17,10.21 mC em~? for modifications with neat CNT, CNT-NH,
and CNT-OH, respectively. Moreover, we tried to increase the amount
of nanotubes deposited on the surface of composite rods by prolonging
the spray deposition and using a higher amount of CNT-OH suspension
(0.8 ml instead of 0.5 ml), and these samples are denoted CF/PyC/CNT-
OH-i. Such treatment resulted in further enhancement of capacitive
properties of electrodes, and caused an increase in CSC. up to 12.51 mC
cm 2. Remarkably, this stands for a more than threefold improvement of
CSC. as compared to platinum, and a greater than ninefold improvement
as compared to the unmodified CF/PyC composite electrode. The
enhanced CSC, was a direct result of the extensive surface area of carbon
nanotubes causing a significant increase in the double layer capacity of
electrodes, and thus increasing their charge injection capabilities. This is
confirmed by the highest recorded value of CSC,. observed for carbon
nanotubes subjected to oxidization treatment (CNT-OH), which, due to
morphological and structural disorder, were characterized by the largest
specific area of 508.3 m? g~ 1. Enhanced charge storage capacity of such
electrodes, as well as their wide range of water window potentials allows
for injection of larger portions of charge during a single stimulation
pulse, without causing harmful biochemical reactions in neural tissue.

Electrochemical impedance spectroscopy was performed in order to
gain further insight into the electrical performance of electrodes, and
recorded spectra are shown in Figs. 10 and 11. The shape of the obtained
Nyquist plots indicate predominantly capacitive behavior of electrodes
without a significant contribution of interfacial charge transfer pro-
cesses. The spectra were fitted with an equivalent circuit shown in the
inset of Fig. 10, consisting of three elements: Ry — corresponding to
summary series resistance of the electrodes, connection and electrolyte;
CPEq — constant phase element modeling the non-ideal behavior of
double layer capacity of electrode-electrolyte interface; Z,, — a short
Wartburg element, modeling the minor contribution of impedance of a
finite-length diffusion, which can be attributed to a mass transport due
to the migration of ions [65,66]. The measured series resistance Ry was
relatively similar for all materials and ranged from 63.9 to 85.4 Q. The
reference unmodified CF/PyC composite electrode was characterized by
the lowest Rg of 63.9 Q, while the modification with all types of carbon
nanotubes resulted in a slight increase in the resistance. The type of
nanotubes used for the modification showed no statistically significant
effect on the series resistance of electrodes.
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Fig. 10. EIS Nyquist plot of the electrodes in an artificial cerebrospinal fluid
solution. The inset shows the equivalent circuit used for the fitting of
the spectra.
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The double layer capacitance of the electrodes were estimated from
CPE parameters using Eq. (1) proposed by Hsu and Mansfeld [67], and
its values are of high importance for the performance of stimulation
electrodes, as Cq directly contributes to charge injection capacity
through a capacitive mechanism.

C = Yo (@) e
where Yy is the characteristic capacitive parameter of CPE, ©”pax is the
frequency for the maximum of the imaginary part of the impedance, and
n is an exponent parameter of CPE.

The platinum wire electrode showed double layer capacitance of
159.6 pF cm ™2, while for CF/PyC we recorded 25.7 pF cm™2 Notably,
the modification with carbon nanotubes increased capacitance up to
77.6,152.7, 416.7 and 487.1 pF cm ™2 for CNT, amidized CNT, CNT-OH,
and CNT-OH-i (with increased density of CNT), which corelate with the
results obtained from CV. The values of the n exponent defining devia-
tion from the capacitive behavior of CPE, and Z,, comprising contribu-
tion of diffusion impedance are both illustrated in Table 3 summarizing
all the fitting parameters.

In the case of recording neural electrodes, one of the most important
parameters is a signal-to-noise ratio (SNR), which is directly influenced
by the magnitude of present thermal noise, which scales with the
impedance of an electrode. The impedance at 1 kHz | Z|1xy is considered
as a standard comparative parameter for recording electrodes, and for
the Pt wire and CF/PyC electrodes we noted 241.3 Q (168.9 Q cm~2) and
898.3 Q(228.1 Q Cm’z), while after the modification with CNT-OH-i its
value decreased to 80.4 Q (22.2 Q cm2). The recorded impedances |
Z|1xu for other types of modifications are summarized in Table 4, while
the full Bode plot showing the dependence of impedance on frequency is
shown in Fig. 11 A. Another important parameter of recording elec-
trodes is a cut-off frequency feut.of, which is defined as a frequency at
which the magnitude of the signal decreases by 3 dB with reference to
the signal transfer in the pass-band [43]. The value of this parameter can
be estimated from the Bode plot of phase shift (Fig. 11B) at the angle of
—45°, and physically it outlines the transition in the behavior of the
electrode from resistive to capacitive character. The neat CF/PyC com-
posite rod electrode exhibited the highest four.off = 14 kHz, which was
significantly higher than that for the reference Pt wire with foyt.off = 1.9
kHz. Inturn, all electrodes after modification had significantly
decreased cut-off frequencies, and the best performance was achieved
for the CF/PyC/CNT-OH-i electrode with a mean fy.of of 0.16 kHz.
The obtained values of cut-off frequency and impedance at 1 kHz clearly
indicate enhanced recording characteristics of electrodes surface
modified with CNT.

The obtained results clearly show a highly positive impact of modi-
fication of surface of CF/PyC nanocomposite electrodes with CNT, and
the essence of this enhancement was related to increased double layer
capacitance of electrodes. The type of nanotubes used had a major
impact on both Cg and CSC,, and it was shown that CNT with hydroxyl
groups was most effective, the amidized CNT exhibited moderate
effectiveness, while non-functionalized CNT produced a significantly
weaker improvement. Most likely, the observed effect on the electro-
chemical performance of electrodes was related predominantly to the
extensive specific surface area and microporosity of carbon nanotubes
induced by the chemical treatment, as evidenced by the BET
measurements.

3.2.3. Biological properties

The chemical composition of the surface of carbon electrodes exerts a
significant influence on the biological response of the neural tissue. The
biosafety of the composites as electrode material for neural stimulation
and recording were investigated in a human neuronal-like model
employing human neuroblastoma SH-SY5Y cells. This cell line is a
widely accepted in vitro model for testing potential neurotoxicity of
various compounds and materials [68], thanks to its catecholaminergic
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Table 3

Summary of the fitting parameters extracted from EIS data. The results are
presented as a mean + SD obtained from 3 to 4 measurements for each sample.
Statistical analysis was performed with one-way ANOVA and Duncan’s post hoc
test. p < 0.01 and ""p < 0.001 vs. CF/PyC; *#p < 0.01, and *##p < 0.001 vs.
Platinum.

Sample Rs Ca n Zw (Yo)
[Ql [uF cm 2] -1 [mS s'/
!
Platinum 85.4 + 159.6 + 8.3 0.89 + 0.6 +
53" 0.02"" 0.6
CF/PyC 63.9 + 25.7 + 8.0%* 0.81 + 1.0 +
4.7%#% 0.01%# 0.1
CF/PyC/CNT 822+ 4.6  77.6 +20.7 0.91 + 2.6 +
0.03" 3.6
CF/PyC/CNT- 75.5 + 6.7" 152.7 + 51.2" 0.89 + 2.8 +
NH # 0.04" 2.3
CF/PyC/CNT- 78.2+1.8"  416.7 +50.8" 0.93 + 7.9 +
OH ### 0.03"™" 8.5
CF/PyC/CNT- 75.3+6.0°  487.1+£653"" 0.94 + 8.0 +
OH-i # ## 0.02"" 3.4
Table 4

Summary of the electrical parameters of the electrodes. The results are presented
as a mean + SD obtained from 3 to 4 measurements for each sample. Statistical
analysis was performed with one-way ANOVA and Duncan’s post hoc test. *p <
0.05, “p < 0.01 and “"p < 0.001 vs. CF/PyC; *p < 0.05, **p < 0.01, and *##p
< 0.001 vs. Platinum.

Sample Potential Cathodic Cai (EIS) |Z|1k112 feut-off
window CSC
vl [mCem 2] [pFem™@] [Qem™@]  [kHz]
Platinum (=0.72)- 412 + 159.6 + 168.9 + 1.90 +
1.23 0.14" 8.3" 17.9" 0.02""
CF/PyC (~1.63)- 1.34 + 25.7 + 228.1 + 14.00 +
1.41 0.47%## 8.0%# 53.9%## 4.99%##
CF/PyC/ (~1.55)— 272 + 77.6 + 39.7 + 1.20 +
CNT 1.28 0.50"* 20.7 21" 0.21""
CF/PyC/ (~1.58)— 6.17 + 152.7 + 21.1 + 0.33 +
CNT-NH  1.27 0.317""## 51.2" 1.8 0.17""
CF/PyC/ (~1.53)- 10.21 + 416.7 + 24.6 + 0.18 +
CNT-OH  1.26 0.89"### 508" 3.5 0.05""
H#H#H#
CF/PyC/ (~1.53)- 12,51 + 487.1 + 22.2 + 0.16 +
CNT- 1.26 1.07H# 65.3"" 167" 0.01""
OH-i #HH#
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phenotype it is also a common cellular model for Parkinson’s disease
[69]. However, it should be kept in mind that this cell line is of tumor
origin and could contain various cell population like neuroblast- (N-
type) and epithelial- (S-type) like [70]. Nevertheless, the used for the
present study SH-SY5Y cells seems to be in prevalence of N-type, as
could be assumed by morphological observations (loose surface adher-
ence, elongated shape with neurites) [48] and by showed in our previous
work sensitivity of these cells to dopaminergic neurotoxins like MPP+ or
6-OHDA [71,72]. A quantitative biosafety assessment was made by the
release of cytotoxic marker LDH after 24 and 48 h of incubation with the
samples, and the results are shown in Fig. 12. The two-way ANOVA
analysis of LDH release levels did not show a significant difference in
cytotoxicity between control cells and cells in contact with any of the
tested C-C composites at both of the studied time intervals. The DIC
imaging (Fig. 12 A-E) revealed that in the control group, 48 h after
seeding, most cells were adhered to the surface of PS well had elongated
neurites, and some cells with a rounded shape were loosely attached to
the surface. The latter ones could be cells in the process of cell division,
or some of them could also be apoptotic (Fig. 12 A). No significant dif-
ferences compared to the control wells were observed for cells growing
in contact with the C-C composites, which demonstrate a lack of
negative effects on cells of the tested materials (Fig. 12). The performed
tests did not find any detrimental impact of any of the experimental C-C
composite electrodes on SH-SY5Y cell viability, as confirmed by DIC
images and biochemical measurement of LDH release. In turn, in the
case of modification of C-C composites with oxidized carbon nanotubes
with hydroxyl/carboxylic groups (CF/PyC/CNT-OH), greater adhesion
of nerve cells to the electrode surface can be observed than in other
samples (Fig. 12D, arrows). This may be due to the presence of hydroxyl
and carboxyl groups on the surface of the composites, which improve
the wettability of the surface and thus increase the adhesion of neural
cells to the material surface [51,34]. Since the used cellular model for
preliminary biological testing is of tumor origin [68,69,70], it will be
crucial in the future to test the probes in more physiological models like
rodent derived primary neuronal cell cultures or in hiPSC-derived
neurons.

4. Conclusion

In this paper, we present novel hybrid C-C composites obtained by
the CVD method with direct heating of carbon fibers, modified with
carbon nanotubes as a potential electrode material for neural tissue
stimulation and recording. In particular, the study focused on analyzing
the influence of applied chemical functionalization of carbon nanotubes
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Fig. 12. Differential interference contrast (DIC) images of SH-SY5Y cells in contact with (A) PS-negative control, (B) CF/PyC, (C) CF/PyC/CNT, (D) CF/PyC/CNT-
OH, (E) CF/PyC/CNT-NH composite rods. Images were acquired 48 h after cell seeding. (F) Quantitative biosafety assessment of materials using cytotoxicity LDH
release biochemical assay. The data were normalized to the control group and are presented as a mean S.E.M. Statistical analysis was performed with two-way

ANOVA and Duncan’s post hoc test.

on the physicochemical, electrochemical, and biological characteristics
of the electrodes.

The obtained composite electrodes coated with carbon nanotubes
exhibited significantly improved performance as compared to unmodi-
fied C-C composite, and also compared to platinum wire electrode.
The enhanced stimulation properties included improved charge injec-
tion capability, as evidenced by enlarged CSC, up to 12.51 mC cm ™2 due
to increased double layer capacity (Cq = 487.1 pF cm™2) resulting from
the increased electrochemically active surface area and abundance of
active sites on the surface of the nanotubes. Moreover, the electrodes
demonstrated improved recording parameters such as decreased
impedance at 1 kHz (|Z|1xuz = 21.1 Q cm™2), and a lower cut-off fre-
quency (feyt-off = 0.16 kHz). The chemical treatment of CNT used for
surface coating of electrodes was revealed to have a major influence on
the performance of electrodes, and this was probably mostly due to the
differences in the specific surface area and defect density in the nano-
tubes. The best results were obtained for CF/PyC/CNT-OH electrodes,
prepared using nanotubes subjected to the oxidization treatment in
a mixture of strong acids, after which a significant increase in surface
area was noted. The preliminary investigation of the biosafety of the
electrodes for neural stimulation and recording was carried out using a
human neuronal-like model employing human neuroblastoma SH-SY5Y
cells, measuring the LDH release biochemical assay, and assessing the
morphology of the cells after the contact with materials. The performed
test did not show a negative impact of materials on the biological
response of cells. The obtained results indicate the high potential
of carbon fiber/pyrocarbon/carbon nanotube composites as materials
for electrodes for neural stimulation and recording. Future directions of
study should focus on obtaining electrodes with desired specific shapes
and further evaluation of biological safety, both in vitro and in vivo tests.
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