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ARTICLE INFO ABSTRACT

Keywords: Poly(3,4-ethylenedioxythiophene) (PEDOT)-coated carbon microfibers (PCMFs) are a key technology for
Microfiber developing advanced neuroprosthetic electrodes and electroactive tissue scaffolds. However, for their successful
Carbon application in human therapeutics, PEDOT adhesion to the carbon substrate must be enhanced without
ggg%u;tlng polymer compromising electric charge transfer. Here, electrically functional linkers are synthesized to modify the surface
Covalent at the nanoscale, facilitating the covalent bonding of EDOT to carbon. The properties of the resulting microfibers
Azidirine are compared before and after PEDOT polymerization. PCMFs deterioration is studied by applying controlled
Neural mechanical stress in vitro or by implanting them in the rodent spinal cord in vivo. Amino phenyl-EDOT derivatives

allow for efficient covalent carbon surface functionalization and PEDOT electropolymerization but substantially
reduce charge transfer as assessed by chronopotentiometry, electrochemical impedance spectroscopy, and cyclic
voltammetry. Nevertheless, the azido-EDOT (EDOT-Ph-N3) derivative is similarly effective for carbon surface
modification, enabling PEDOT polymerization to develop a nanostructured CMF surface based on robust covalent
bonds, and enhancing both electric charge transfer and PEDOT adhesion to the carbon substrate. This makes
PCMFs more resistant to polymer delamination when assessed in vitro or when implanted into the neural tissue.
Azido-EDOT modified PCMFs also show excellent biological integration within the spinal cord, causing negligible
tissue damage and cell reactivity. Overall, azido-EDOT provides a superior electroconducting linker for
anchoring PEDOT and optimizes the electrical, mechanical, and biological performance of PCMFs.

1. Introduction

Electrodes coated with the conducting polymer poly(3,4-
ethylenedioxythiophene) (PEDOT) result in composite materials with
remarkable electrochemical properties, low electrochemical impedance,
and substantially enhanced charge injection capacity [1-4], thus
providing a powerful technology that may effectively face challenging
medical applications demanding high-quality sensing or stimulation of
bioelectrical activity. For instance, carbon microfibers coated with
PEDOT doped with poly[(4-styrenesulfonic acid)-co-(maleic acid)]
(PEDOT:PSS-co-MA) (PCMFs) allow for ultrasensitive recording of
neuronal activity [5] and can be advantageously used for electrical
micro-stimulation of the neural tissue [6]. Because of their small

diameter (usually below 10 pm) and suitability for modification with
biomolecules [7,8], PCMFs cause negligible tissue damage and show
superior integration when implanted in the uninjured central nervous
system [9]. These features make PCMFs also useful for the fabrication of
implantable electroactive scaffolds aimed at promoting guided cell
migration and axonal regeneration across spinal cord lesions [10].
Nevertheless, neurological applications of PCMFs are still hampered by
the insufficient mechanical stability of the conducting polymer, which
cracks and delaminates from the carbon surface when surgically handled
for implantation or when chronically submitted to electrical stimulation
in physiological electrolytes [11]. Conducting polymer detachment
substantially limits the lifetime and performance of PCMFs and other
electroactive materials [12-14] and may trigger inflammation

* Corresponding author. Neural Repair and Biomaterials Laboratory, Hospital Nacional de Parapléjicos (SESCAM), Finca La Peraleda S-N, 45071, Toledo, Spain.

** Corresponding author.

E-mail addresses: miriam.barrejon@uclm.es (M. Barrejon), jcollazos@sescam.org (J.E. Collazos-Castro).

https://doi.org/10.1016/j.carbon.2024.119820

Received 26 August 2024; Received in revised form 18 October 2024; Accepted 10 November 2024

Available online 12 November 2024

0008-6223/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:miriam.barrejon@uclm.es
mailto:jcollazos@sescam.org
www.sciencedirect.com/science/journal/00086223
https://www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2024.119820
https://doi.org/10.1016/j.carbon.2024.119820
http://creativecommons.org/licenses/by/4.0/

M. Barrejon et al.

accompanied by tissue damage when the immune system becomes
exposed to polymer fragments, fostering the development of advanced
material engineering strategies to improve its interfacial adhesion.

Increasing the roughness of metallic electrodes and/or using dopants
of low molecular weight for PEDOT electro-synthesis enhances the
conducting polymer adhesion on platinum, iridium, and their alloys,
upgrading their endurance for electrical stimulation [15,16]. Modifying
the surface chemistry of the substrate may also enhance polymer
adhesion [17-19]. For instance, electrodepositing an initial film of P
(EDOT-NH>) on indium thin oxide or platinum provides an anchoring
layer for subsequently electrodeposited PEDOT, which becomes more
strongly adhered to the surface [17]. However, the resulting P
(EDOT-NHy) films show no electroactivity and reduce the charge storage
capacity and electrical admittance of the underlying metal [17], thus
detracting from their usefulness in the fabrication of neural microelec-
trodes, which are intended to supply electric current at a fast rate,
usually in pulses of hundreds of pA with duration of 0.1-0.4 ms [20,21].
Similarly, electrografting diazonium salts on metal electrodes enhances
the adhesion of the ensuing PEDOT coating, but greatly reduces the
electroactivity of the metal surface [18,19]. Therefore, developing
electroactive linkers that covalently bond PEDOT without passivating
the underlying substrate is critically needed for the successful deploy-
ment of this technology in advanced medical devices.

The intrinsic hydrophobicity and chemical inertness of carbon ma-
terials [22,23] significantly contributes to the poor adhesion of the
conducting polymer coating, and covalent modification of the carbon
surface is a timely approach to overcome this limitation. However,
introducing covalent bonds may disrupt the n-conjugated structure
responsible for carbon electrical conductivity. Grafting of diazonium
salts and related compounds is widely used to tailor the mechanical,
chemical, and optoelectronic properties of carbon-based materials,
producing strong covalent bonding and robust structures. For instance,
reductive linking of aryl diazonium salts or amidation reactions are used
for mechanical reinforcement of carbon fiber-based composites [24-26].
Nevertheless, surface modification with diazonium salts comes at the
price of disrupting C=C double bonds by converting sp? carbon atoms
into sp® ones, which leads to the destruction of the optoelectronic
properties [27,28]. In recent years, the [2 + 1] cycloaddition of
electron-poor aromatic nitrenes has been exploited to chemically modify
carbon nanotubes without altering the n-conjugated electronic structure
[29,30]. This approach initially forms a three-membered ring, which
subsequently evolves by opening the bridge, restoring the sp? hybridi-
zation and recovering the n-conjugated system. As a result, the
outstanding electrical conductivity of the original material is preserved.
Nitrene derivatives have also been used to functionalize carbon micro-
fibers (CMFs) and facilitate their incorporation in composite materials
[31]. The functionalized microfibers showed no deterioration of their
mechanical properties, particularly in terms of tensile strength. Hence,
covalent chemical modification of CMFs through the [2 + 1] cycload-
dition of nitrene derivatives appears as a promising approach to yield
fully conjugated hybrid structures with superior electrical, mechanical,
and optical properties, appropriate for the design of neurological
implants.

Herein, PCMFs with strengthened adhesion of PEDOT and enhanced
electric charge transfer are fabricated using electroconducting EDOT
linkers. Besides electrical impedance spectroscopy (EIS), biphasic rect-
angular electric pulses of short duration (200 ps) resembling those used
in neuroprosthetics [20,21] are applied for testing the performance of
the microfibers. In a first step, novel EDOT derivatives are synthesized
and tested for covalent functionalization of CMFs based on aryl diazo-
nium salts chemistry or [2 + 1] nitrene cycloaddition reactions. Both
chemical routes result in the formation of an EDOT-based molecular
layer anchored to the carbon surface as demonstrated by thermogravi-
metric analyses (TGA), Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS). Although both types of linkers enable successful
PEDOT growth on the CMFs via oxidative electropolymerization,
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resulting in a robust nanostructured surface architecture, diazonium
derivatives drastically impair electric charge transfer. In contrast,
nitrene cycloaddition, via aziridine formation, increases the conductiv-
ity of the carbon surface and the final PCMFs. This chemical approach
also makes the polymer more resistant to detachment upon vibration
stress or when implanted into the spinal cord, thereby optimizing their
integration into the neural milieu.

2. Experimental section
2.1. Materials and methods

All chemicals were reagent-grade, purchased from commercial sup-
pliers and used as received. Column chromatography was performed on
Merck silica gel 60 (ASTM 230-400 mesh). Uninsulated, 7-pm-diameter
CMFs (C-00-FB-000122 from Goodfellow, United Kingdom) were used
for all the experiments.

Analytical thin layer chromatography (TLC) was performed using
silica-coated Merck 60 F254 plates and flash chromatography was per-
formed using silica gel (Scharlab 60, 230-400 mesh). NMR spectra were
recorded on a Bruker Avance 400 (‘H: 400 MHz, 13¢: 100 MHz) spec-
trometer at 298 K, unless otherwise stated, using partially deuterated
solvents as internal standards. Coupling constants (J) are denoted in Hz
and chemical shifts (§) in ppm. Attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectra were recorded using an Avatar
370 spectrophotometer within a spectral range of 400-4000 cm .
Raman spectra were obtained on a Renishaw inVia Raman microscope at
room temperature with an exciting laser source A = 532 em~!. Mea-
surements were taken with 10 s of exposure time, and the laser spot was
focused on the sample surface using a 50x short working-distance
objective and an output power set at 10 %. Thermogravimetric anal-
ysis (TGA) was utilized for the characterization of the thermal stability
by measuring the weight change as a function of temperature, using a
TGA/DSC Linea Excellent instrument by Mettler-Toledo under a nitro-
gen flow (90 mL/min). The CMF-based materials were cut into small
pieces, introduced into a platinum crucible, and heated up to 1000 °C at
a heating rate of 10 °C/min. Photoelectron spectra (XPS) were acquired
with a PHI VersaProbe II spectrometer equipped with a monochromatic
AlKa X-ray source (Al 1486.6 eV mono at 47.3 W). The spectrometer
energy scale was calibrated using Cu 2ps32, Ag 3ds,, and Au 4f7,,
photoelectron lines at 932.7, 368.3, and 84.0 eV, respectively. The ki-
netic energies of photoelectrons were measured using a hemispherical
electron analyzer working in the constant pass energy mode (High-
Resolution Spectra Pass Energy (eV): 29.35; Survey Spectra Pass Energy
(eV): 187.85). The residual pressure in the analysis chamber was
maintained below 5 x 1077 Pa during data acquisition, and binding
energies (accurate + 0.1 eV) were determined with respect to the po-
sition of the adventitious C 1s peak at 285.0 eV.

2.2. Chemical modification of CMFs

2.2.1. General procedure for the synthesis of f-CMF 1-2

A carbon fiber bundle (10 mg) was accurately weighted and added to
a round bottom flask with EtOH (25 mL). The corresponding amino
derivative (10 mg, 1:1 wt ratio) was added, and the reaction flask was
heated to 70 °C in an oil bath. Isoamyl nitrite was then added slowly
(0.5 mL), and the mixture was stirred for 24 h. After cooling down to
room temperature the final product was filtered and washed with EtOH
and CH,Cl, several times, and then dried in a vacuum oven for 24 h.

2.2.2. Synthesis of f-CMF 3

A carbon fiber bundle (10 mg) was accurately weighted and added to
a round bottom flask with EtOH (25 mL). Edot-Ph-N3 (100 mg, 1:10 wt
ratio) was added, and the reaction flask was heated to 70 °C in an oil
bath for 72 h. After cooling down to room temperature the final product
was filtered and washed with EtOH and CH;Cl; several times, and then
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dried in a vacuum oven for 24 h.
2.3. Electrical and mechanical characterization of CMFs and PCMFs

Starting and chemically-modified CMFs were used to fabricate 1-mm
long electrodes for PEDOT electrodeposition and electrochemical
studies. In brief, single microfibers were introduced into borosilicate
capillaries (A-M Systems) applying negative pressure. One of the sides of
the capillary was sealed with silicone, allowing the CMF to protrude
outside. The CMF was then trimmed to a length of 1 mm. At the rear end
of the capillary, the CMF was cut, and the internal and external surfaces
of the capillary were painted with colloidal graphite (Agar Scientific) to
provide adequate electrical connection. A small strip of conductive ad-
hesive tape was placed around this side to allow a firm contact with the
clamps of the potentiostat during the performance of all the electro-
chemical techniques.

PEDOT doped with poly[(4-styrenesulfonic acid)-co-(maleic acid)]
(PSS-co-MA) was deposited on the 1-mm microfiber tip by galvanostatic
electropolymerization at room temperature. An Autolab PGSTAT302
potentiostat/galvanostat (Eco Chemie) was used in three-electrode cell
configuration in NaCl-free phosphate buffer (PB) solution containing 15
mM 3,4 ethylenedioxythiophene (EDOT monomer; Sigma-Aldrich) and
20 mM PSS-co-MA sodium salt (Sigma-Aldrich). A platinum foil was
used as counter-electrode (CE), and an Ag/AgCl electrode (MI-402,
Microelectrodes, INC.) was used as reference (RE). A constant anodic
current (calculated to provide 1 pA/mmz, which meant 22.02 nA
through the 0.022 mm? surface of the 1-mm-long surface of the elec-
trode) was applied for 1920 s (192 mC/ em?, for a total charge of 42.275
pC) while recording the electrode potential every second. The Autolab
potentiostat was likewise used for EIS and for measuring electric current
during rectangular electric pulse application in the same NaCl-free PB
electrolyte. Cyclic voltammetry (CV) was used to confirm the correct
polymer deposition. With the electrode configuration described before,
the voltage of the microfibers with or without polymer was swept at 50
mV/s, from —0.5 to +0.55 V, while the current response was recorded at
potential intervals of 20 mV. Electrochemical tests were performed in a
custom-made mini-electrochemical cell designed to reduce the volume
of the electrolyte and minimize charge dispersion. The cell had a hollow
a hollow cylindrical shape (2.5 mm inner diameter, 3.5 mm outer
diameter, 22 mm length), with a 2 mm-diameter Ag/AgCl electrode (MI-
402) placed in one edge as RE. A platinum wire (0.127 pm diameter),
coiled around the base of the RE shaft, acted as CE. Finally, this side of
the cylinder was sealed with silicone to make it watertight. Two lateral
tubes were connected to the cylinder near the RE side to allow refilling
with PB if necessary. The CMF-based electrodes to be tested were indi-
vidually introduced through the opposite side, with the tip of the elec-
trode facing the RE at a distance of 2 mm. For EIS, 20-mV sine waves
were applied at 26 logarithmically spaced frequencies from 10° to 1 Hz
through the microfibers. For chronoamperometry, trains of ten consec-
utive biphasic, cathodic-first, 200-us-width voltage pulses were applied
at 0.1, 0.2 and 0.3 V through the microfibers while recording their
current responses at 10° kHz sampling rate. The total charge per pulse
was calculated by integrating and adding the cathodic and anodic cur-
rents in absolute value along time.

To evaluate the mechanical behavior of the conducting polymer
coating on CMFs, controlled vibration stress was applied to the micro-
fibers and electrical measurements were taken periodically as a correlate
of the coating stability. The 1-mm long microfiber-based electrodes were
individually fixed by a screw to a grooved holder connected by a bolt to
the vibrating block of a Leica-VT1000S vibratome. Vibration at 80-Hz
was applied with the microfiber tips immersed into artificial cerebro-
spinal fluid solution (ACSF), whose composition was (in mM): NaCl 120,
KCl 2.5, NaH3PO4 1.0, MgCl; 1.2, CaCl, 2.5, NaHCO3 26.2, glucose 11,
pH 7.4 when equilibrated with 95 % O3/5 % COs. Vibration was paused
at some time points (30 s and 1, 2, 5 and 10 min) and the microfiber
electrodes were collected for electrochemical tests (EIS and

Carbon 232 (2025) 119820

chronopotentiometry) in the minicell. Chronopotentiometry consisted
of three symmetric biphasic pulses administered at 300 Hz, while
voltage was monitored at 10> kHz. The pulses were square waves,
cathodic-first 200 ps/50 pA per phase, with a 20-ps zero current (i = 0)
interphase between the cathodic and anodic voltages. Cathodic and
anodic polarizations were measured immediately after each phase when
the current intensity was zero.

Scanning electron microscopy was used to acquire images of PCMFs
after the vibration stress protocol. For this, a FEI Verios 460 microscope
in high-vacuum mode and using a “through the lens” detector was
employed at 2 kV. Due to the conductive nature of CMFs and PCMFs, no
additional metallic covering was needed for visualization.

2.4. Testing PCMFs in vivo

The experimental protocols adhered to the recommendations of the
European Commission and the Spanish regulations for the protection of
experimental animals (86/609/CEE, 32/2007, and 223/1988) and were
approved by the local Ethics Committee for Animal Experimentation
(approval number 227BCEEA/2023). Adult male Wistar rats (12 weeks
old, 300-320 g) raised at the animal facility of the Hospital Nacional de
Paraplejicos (Toledo, Spain) were used. Rats were housed in groups of
two at a 12 h light/dark cycle with food and water available ad libitum.
All surgical procedures were performed under general anaesthesia with
intraperitoneally applied sodium pentobarbital (55 mg/kg) mixed with
atropine (0.025 mg/kg) and xylazine (5 mg/kg), administering a 30 %
supplemental dose of these drugs when needed. An unguent was applied
to the eyes to prevent corneal abrasion and infection. Animals were kept
at 37 °C with the aid of a thermal pad. Antibiotic (enrofloxacine, 0.1 mL/
kg) was administered subcutaneously immediately after surgery and
daily for one week. Analgesic (meloxicam, 25 mg/kg) was also admin-
istered after surgery and at 8 and 16 h later.

The procedures for PCMFs modification with biomolecules and im-
plantation in the uninjured rat spinal cord have been reported elsewhere
[8,9]. Briefly, PCMFs were sterilized by formaldehyde gas and then
covered with poly-i-lysine (Sigma-Aldrich, P2636), heparin (Sigma-Al-
drich, H5515), recombinant human bFGF (R&D, 4114-TC-01 M), and
bovine fibronectin (Sigma-Aldrich, F1141). Subsequently, they were
repetitively rinsed with sterile distilled water, dried and used for im-
plantation. The spinal cord segments T10-11 were surgically exposed
and a small cut was made with microscissors in the dura mater. Indi-
vidual PCMFs (1.8 mm long) were introduced from dorsal to ventral into
the spinal cord, at approximately 0.5 mm from the midline and sepa-
rated at least 0.5 mm in the longitudinal plane (Fig. 7a). The muscle
planes were sutured, and the skin was closed with metallic clips. Two
groups of animals received control (washed, non-functionalized PCMFs)
or washed, aziridine-functionalized PCMFs. Four animals were used per
group, each animal receiving 4-7 MFs. Microfibers that were in contact
with the ventral dura matter were excluded from cellular analyses
because this facilitated invasion of meningeal cells into the neural tissue.

Three months after microfiber implantation, the animals were
transcardially perfused with isotonic saline followed by 4 % para-
formaldehyde in 0.1 M, pH 7.4 phosphate buffer (0.8 mL of perfusion
solution per gram of body weight). The spinal cord was removed,
immersed in 30 % sucrose for 48 h and processed for histology. To assess
the optimal methods for histological processing and quantification, the
spinal cord was cut in horizontal sections for two animals of each group,
and in transverse sections for the other two. Quantifications are shown
only for the spinal cords cut in the transverse plane because this allowed
an optimal preservation and identification of the microfibers. Therefore,
methodological descriptions are only provided for this case. In brief,
transverse 60-pm spinal cord sections were cut with a cryostat and
incubated for 1 h in 0.1 M, pH 7.4 PBS containing 0.2 % Triton, rinsed
with PBS and then incubated for 2h in PBS with 0.2 % Triton with
NeuroTrace™ fluorescent Nissl stain (Molecular Probes, N-21479) at
concentration 1:60 and Hoechst 33342 (Molecular Probes, 1.5 mg/mL).
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Finally, the sections were rinsed and mounted with Immuno Mount™
and processed for microscopy. Mosaic images of tissue sections were
captured with an Olympus 1X83 microscope equipped with a 10x
objective and a digital camera (Orca-Flash 4.0, CellSens Dimension
software). Mosaics were imported into the QuPATH software, and the
regions of interest (i.e., the microfibers and tissue in the nearby 10-um)
were further processed with the Image J software for cell nuclei
counting. In the same images, the length of the microfiber with signs of
polymer detachment was measured and expressed as percentage of the
microfiber length. Additionally, the tissue sections were imaged using a
confocal laser-scanning microscope. Z-stacks of images taken each 0.5
mm were acquired with a 63x-objective and 3.5 zoom for a better
visualization of the PCMFs and the cellular elements within the tissue.

3. Results and discussion

3.1. Chemical modification of CMFs and characterization of the resulting
materials

For the sake of comparison, CMFs surface modification is accom-
plished via two different chemical strategies, namely aryl diazonium salt
chemistry from the corresponding amino derivatives, or [2 + 1] nitrene
cycloaddition generated in situ from the corresponding azides. These
chemical strategies are aimed at evaluating different physicochemical
paradigms: i) through the incorporation EDOT-Ph and EDOT»-TPA
moieties via diazonium salts chemistry (top and middle routes in
Scheme 1), the effect of introducing highly conjugated molecules, such
as TPA, in the final electrical properties of the hybrid materials is
studied; and ii) the effect of using different types of chemical anchors (i.
e. carbon-carbon bonds or three-membered aziridine rings) to cova-
lently attach the polymer. To implement these approaches, three EDOT
derivatives are prepared (Scheme 1, left part) and anchored onto the
carbon surface. The amino derivatives (EDOT-Ph-NH; and EDOT,-TPA-
NH; in Scheme 1) are synthetized adapting the chemical procedures
described in the literature [32-35], as further described in the experi-
mental section of the supporting information and Scheme S1 (charac-
terization data is given in Figs. S1-S5, supporting information). The
as-prepared amino derivatives are covalently attached to the CMFs
surface by reacting the different amines with the CMFs in ethanol for 24
h in the presence of isoamyl nitrite. Purification of the functionalized
CMFs is performed by the common washing/filtration/sonication

Isoamy! nitrite

Y
NH,
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workup procedure to yield f~CMF 1 and f~-CMF 2 (Scheme 1). As a next
step, the azido derivative EDOT-Ph-N3 is synthesized from the corre-
sponding amine by modifying a published procedure [36] and the
resulting azide is characterized (Figs. S1-S5) and employed for covalent
modification of the CMFs via [2 + 1] nitrene cycloaddition, that, after
the washing/filtration/sonication =~ workup  procedure, yields
aziridine-functionalized CMFs, hereinafter referred to as f~CMF 3
(Scheme 1, bottom).

The first evidence of successful covalent modification of the CMFs is
obtained from thermogravimetric analysis (TGA), consisting of heating
ramps of 10 °C/min up to 1000 °C, performed under nitrogen flow
(Fig. 1). The starting CMFs present no significant weight loss between
room temperature and 1000 °C. In contrast, the functionalized CMFs
show gradual decomposition as the temperature raises. The weight
losses (wt %) measured for the thermal decomposition of the modified
CMFs at 750 °C are 17.1 % for f~CMF 1, 24.2 % for f-CMF 2, and 19.5 %
for f~CMF 3, compared to 3.6 % of the starting CMFs, demonstrating the
existence of the EDOT-based anchoring layer on the surface of the CMFs.
Furthermore, the degree of surface functionalization of carbon-based
materials significantly influences their final properties. Therefore,
achieving comparable levels of functionalization is crucial for this study,
especially for those CMFs bearing similar molecular structures (i.e. f-
CMF 1 and f-CMF 3), as this enables a more accurate comparison of their
physicochemical properties. The above percentages have been used to
estimate the loading of functional groups (FGL) onto the surface of the
CMFs in mmol/g, calculated according to Equation (1) described in the
literature [37-39], and the results confirm the presence of rather similar
FGL for f-CMF 1 and f~-CMF 3 (Table 1).

wt % x 1000

FGL=——————— 1
Mw (100 — wt %) )

where wt % is the weight loss percentages measured for the thermal
decomposition of EDOT derivatives at 750 °C and Mw is the molecular
weight for each EDOT derivative.

The Raman spectra of the starting CMFs and the functionalized CMFs
(f-CMF 1-3) are shown in Fig. 2. The spectrum of the starting CMFs
shows two characteristic peaks, which are assigned to the graphitic E2; G
mode at ~1590 cm~ ! and the disorder D mode at ~1365 cm ™! [40-42].
The latter represents the conversion of C atoms from the sp? to the sp®
hybridization state, thereby providing information about the structural
disorder and the changes in the n-conjugated framework of the carbon
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Scheme 1. Synthetic pathways for the covalent chemical modification of CMFs.
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Fig. 1. TGA curves for f-CMF 1 and f-CMF 2 (left), and f-CMF 3 (right), compared to the starting CMFs and the corresponding EDOT derivatives under N, atmosphere.

(A colour version of this figure can be viewed online.)

Table 1

Weight loss percentages and loading of functional groups (FGL) on the CMFs.
MATERIAL Wt % FGL (mmol/gr)"
Starting CMFs 3.6 -
f-CMF 1 17.1 0.89
f-CMF 2 24.2 0.61
f-CMF 3 19.5 0.98

2 mmol of functionalizing groups per gram of material.

surface. Thus, the relative intensity of the D-band to the G-band (Ip/Ig
ratio) demonstrates the successful covalent functionalization of the
CMFs due to the surface treatment. The higher Ip/I; of the functional-
ized materials as compared to the starting CMFs suggests a higher
number of functional groups on the surface of the CMFs. When the
chemical modification is accomplished via aryl diazonium salts chem-
istry, the Ip/Ig ratio increases from 0.92 to 0.96 for f-CMF 1 and to 0.98
for f-CMF 2, due to the introduction of sp® defects through
carbon-carbon covalent bond formation (Fig. 2, left). However, as
already mentioned, the [2 + 1] cycloaddition of nitrene derivatives
occurs without the disruption of the carbon sp? network, and conse-
quently there is no increase in the Ip/I; ratio when moving from the
starting CMFs to f-CMF 3 (Fig. 2, right). This clearly evidences the
preservation of the n-conjugated electronic structure after covalent
anchorage of the EDOT derivatives via aziridine formation.

XPS has been used to further identify the presence of EDOT moieties
on the surface of the CMFs. The XPS survey spectra of functionalized
CMFs in comparison to the starting CMFs are shown in Fig. 3a. The
survey spectrum of the starting CMFs shows carbon and oxygen peaks as
major constituents; however, other major elements such as nitrogen and
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silicon are also present on the CMFs, probably originating from the
manufacturing process. After covalent chemical modification through
the afore-mentioned approaches, two relevant sulfur signals (S2p and
S2s, highlighted in red in Fig. 3a) appear as low-intensity peaks in all the
functionalized materials (f~-CMFs 1-3). This is the most direct evidence
of the EDOT derivatives anchored to the microfibers. The percentages
for each chemical element are summarized in Table S1 (supporting in-
formation). The high-resolution S2p XPS spectra (Fig. 3b—c) display the
typical spin-split sulfur coupling S2ps,» and S2p;,, in the range of
160-167 eV. The additional signals appearing at higher binding energies
(167-169 eV) can be attributed to oxidation products, likely resulting
from partial oxidation of the sulfur in the thiophene ring [43]. Finally,
the chemical shifts observed for both S2p components (S2p;,2 and
S2p3,2) following the covalent modification of the CMFs, compared to
the free precursor EDOT derivatives, indicate changes in the chemical
environment. These shifts can be attributed to the formation of covalent
bonds between the EDOT derivatives and the surface of the CMFs [44].

3.2. Charge transfer and PEDOT electropolymerization in f-CMFs

Bonding the EDOT-based linkers to the CMFs induces no significant
changes on their open circuit potentials (Fig. 4b, upper panel), indi-
cating that the three types of f~CMFs remain grossly similar regarding
their electrochemical reactivity in the liquid electrolyte. However, f-
CMFs 2 show a drastic reduction in electric charge transfer, reaching
only between 35 % and 38 % of that of the starting CMFs for the 200-ps
pulses of 0-1 to 0-3 V (Fig. 4g), and also increase their electrical
impedance at low and medium frequencies (Fig. 4j). f~CMFs 1 become
less impaired electrically but still lose charge transfer ability after the
functionalization (Fig. 4f), whereas f-CMFs 3, functionalized with

1,2 -
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Fig. 2. Raman spectra for f~CMF 1 and f~-CMF 2 (left), and f-CMF 3 (right) compared to the starting CMFs (black line). Laser line: 532 nm. (A colour version of this

figure can be viewed online.)
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aziridine, are not impaired at all and tend to reduce their electrical
impedance instead (Fig. 4h—k). These results are in agreement with the
Raman spectroscopy characterization and suggest that the marked
worsening of charge transfer in f~CMFs 2 results from the additive effects
of distorting the carbon graphite-like lattice when adding covalent
bonds, as reported for other carbon materials [27,45,46], together with
the presence of the neutral TPA molecule itself, which has a relatively
large bandgap (4.65 eV) that hinders electric conduction [47,48].
Notwithstanding the abovementioned differences in the electrical
behavior of the f~CMFs, PEDOT can be successfully electropolymerized
on all fiber types by galvanostatic method (Section 2), reaching a voltage
plateau between 0.86 and 0.90 V soon after starting the polymerization

Carbon 232 (2025) 119820

(Fig. 4a). A slight but reproducible and maintained increase in the
voltage measured during polymerization occurs in f-CMFs 2 compared
to starting (non-functionalized) CMFs, suggesting that the TPA linker
certainly provides an electrical pathway of higher resistance to current
flow from the carbon surface to the PEDOT chains (Fig. 4b, lower panel).
Further proof of successful conducting polymer deposition on the
different CMFs is given by cyclic voltammetry (CV), a technique
commonly used to assess the electrochemical properties of electrodes.
The large increase in CV area and the associated redox processes
(Fig. 4c—e) are characteristic of PEDOT:PSS-co-MA [49]. Moreover, the
PEDOT coating substantially enhances the electric capacitance of the
microfibers, similarly to other PEDOT-coated carbon fiber electrodes
[50,51]. Despite the successful polymer deposition in all microfibers, CV
also evidences a lower charge storage capacity in PEDOT-coated f~-CMFs
1 and 2 compared to f-CMFs 3.

For all f-CMFs, adding the conducting polymer coating increases 2-3
times the charge supplied per voltage pulse (Fig. 4f,g,h and Figure S6a,b,
c) and reduces the electrical impedance 2-3 orders of magnitude, mainly
at medium and low frequencies (Fig. 4i,j,k). Despite this, PEDOT coated
f-CMFs 1 and f-CMFs 2 still yield about 49 % and 70 % of total charge per
pulse and have higher impedance than starting PCMFs; whereas PEDOT-
coated f~CMFs 3 match the starting PCMFs in both parameters. Thus, CV,
EIS and chronoamperometry measurements indicate that CMF func-
tionalization via diazonium salts impairs the interfacial electrical
coupling of PEDOT electrodeposited on the carbon surface, whereas
aziridine functionalization seems optimal to covalently anchor PEDOT
while preserving the electric charge transfer capacity at the interphase.

3.3. Mechanical correlates of carbon-PEDOT covalent bonding

The adhesion of the developed nanostructured surface in the func-
tionalized CMFs is evaluated through a series of studies. f~CMFs 1 and f-
CMFs 2 are ruled out as promising candidates for the intended appli-
cation and the adhesion of the conducting polymer is assessed only on f-
CMFs 3. Starting PCMFs and f-PCMFs 3 are submitted to mechanical
vibration at 80 Hz, and electrical data (charge per pulse and electro-
chemical impedance) together with SEM imaging are used as functional
and morphological correlates of the resistance of the PEDOT coating to
rupture and detachment from the microfibers. Vibration tests are useful
to study the electrical parameters as well as the elastic stability of
carbon-based electrodes [52]. Here, the microfibers are immersed in a
solution of artificial cerebrospinal fluid (ACSF) during the test to
partially mimic the neural tissue environment. Maximum cathodic (Ep,)
and anodic (Ep,,) polarization potentials produced by the application of
cathodic-phase-first biphasic current pulses, and electrochemical
impedance, which are inversely correlated with the presence of the
polymer on the microfibers, are measured at different times of vibration
(Section 2). The test is finished when voltage surpasses the electro-
chemically safe values for PEDOT:PSS-co-MA (—0.9 to +0.55 V) [6],
because this will preclude the usefulness of the microfibers as stimu-
lating electrode in vivo [53].

Emc produced by the polymer-coated microfibers progressively in-
creases with vibration time (Fig. 5a). The starting PCMFs reach the
potential limit of —0.9 V during the first minutes of vibration and fully
overpass this value by 10 min. However, E,. evolves more slowly and
remains within the 0.9 V-limit in PEDOT-coated f-CMFs 3 (Fig. 5a),
indicating a higher adhesion of the PEDOT layer. In pace with the higher
cathodic polarization, a progressive increase in the impedance modulus
is observed in starting PCMFs at low frequencies, becoming about one
order of magnitude higher at 1-10 Hz by the end of the 10-min vibration
(Fig. 5b). In sharp contrast, impedance of PEDOT-coated f-CMF 3 barely
increases during the same time (Fig. 5¢). [ES spectra of the two kinds of
microfibers are directly compared in Fig. 5d at 0, 2, and 10 min of vi-
bration. Statistically significant differences, with lower electrochemical
impedance due to the chemical modification of the CMFs surface, are
found after 10 min of vibration along the frequencies from to 2.5
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Fig. 4. a) Voltage recorded during PEDOT:PSS-co-MA polymerization in starting CMFs and chemically modified CMFs. Anodic current of 1 pA/mm? was applied for
1920 s. b) Open circuit potential of the microfibers measured before (upper panel) and along the last minute (lower panel) of the polymerization process. p (ANOVA)
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and after polymer deposition. p (two-way ANOVA) ** < 0.01; *** < 0.001; # No statistically significant differences. i-k) Bode plots from EIS measurements for the
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PEDOT-coated f~-CMFs 3 at the time points shown in a), middle panel. d) Comparison of EIS data from starting PCMFs and modified PEDOT-coated f~-CMFs 3 at 0, 2
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Hz-251.2 Hz confirming the enhanced mechanical stability of the
PEDOT coating on f~-CMFs 3.

Besides the electrochemical impedance modulus, phase angle at low
frequencies is a reliable parameter to follow-up the degradation and
detachment of PEDOT coatings from carbon materials [11,54]. Phase
angle progressively deviates in vibrated non-functionalized PCMFs and
is much more stable in fPCMFs 3 (Fig. S7). In agreement with the
impedance modulus increase, the phase angle progressively diminishes
by approximately 27° (from 66.6° to 39.7°) at 1 Hz in starting PCMFs
(Fig. S7a), indicating a continued loss of diffusional pseudo-capacitance

because of PEDOT detachment from the microfibers. In f-PCMFs 3, phase
angle decreased only 14.2° at 1 Hz, from 68.6° to 54.4° (Fig. 7Sb),
suggesting that the polymer coating remained to a great extent adhered
and electrically coupled to the carbon surface. More interestingly, phase
angle increased with vibration by 36.6° at 100 Hz in the starting PCMFs
(Fig. S7a), compared to only 9.1° increase for f~PCMFs 3 (Fig. S7b).
Because the impedance modulus was higher after vibration, the increase
in phase angle at 100 Hz likely reflects the degree of PEDOT delami-
nation, which will progressively enhance the contribution of the carbon
double layer capacitance to electric charge transfer.
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Vibration produces visible damage on the nanostructured surface as
demonstrated by SEM imaging. Cracks and fissures appear in the poly-
mer coating in both the starting PCMFs and PEDOT-coated f-CMFs 3
(Fig. 5e-h). Lesser integrity of the polymer layer, with extensive trans-
verse and longitudinal cracks, as well as polymer separation from the
carbon surface, is commonly observed in non-functionalized PCMFs
after submitted to vibration (Fig. 5e). PEDOT-coated f-CMFs 3 show few
longitudinal fissures, and the polymer is better preserved and most
frequently remains in close contact with the carbon surface (Fig. 5f),
although accurate quantification of this observation is extremely diffi-
cult on SEM images.

Nevertheless, when PEDOT separates from the carbon surface, it
creates a space at the interphase (Fig. 5k) that eventually increases the
total microfiber diameter [11]. The latter parameter reliably indicates
that polymer detachment occurs to a greater extent when no carbon
surface functionalization is performed. Measured close to the tip, the
diameter of PEDOT-coated f~-CMFs 3 submitted to vibration stress
(Fig. 5h) is significantly smaller than that of PCMFs (Fig. 5g) (8.64 +
0.12 pm vs. 9.13 £ 0.14 pm, respectively, p < 0.05, Fig. 5i), and is quite
similar to intact, non-vibrated PCMFs (8.52 + 0.43 pm, Fig. 5j).

The above-mentioned SEM imaging observations support the inter-
pretation that a higher dissociation of the PEDOT coating from the
carbon surface is responsible for the large impedance increase in non-
functionalized PCMFs submitted to mechanical stress. Taken together,
EIS and SEM data indicate that PEDOT covalent bonding to CMFs,
mediated by aziridine, results into an intimate interfacial contact with
sufficient adhesive strength to resist the mechanical stress imposed by
vibration in liquid solutions.

3.4. Controlling for non-covalent CMFs-PEDOT electrical interfacing
PEDOT:PSS-co-MA is non-covalently bonded to the carbon surface in
the starting PCMFs and still electric charge is successfully transferred

through the composite material. Electrostatic and/or hydrophobic in-
teractions likely keep the polymer in close contact to the carbon surface,
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thus enabling charge transfer. Therefore, it is expected that the chemical
composition of the carbon surface substantially influences electron
mobility at the interphase [53,55,56]. In addition to carbon and oxygen,
heteroatoms like Na, Si, Ca, S, and N are found in CMFs [55,57,58].
Some of those atoms have been identified by XPS in the fibers used in the
present study (Fig. 3a and Table S1) and might influence their electrical
behavior. Additionally, contaminants physiosorbed onto the microfiber
surface during storage and handling [59] may disturb the interfacial
coupling. Therefore, to better understand the role of the engineered
electroactive linker versus non-covalent interactions in the final elec-
trical properties of the PEDOT-coated f~-CMFs 3, an additional experi-
ment is performed where the microfibers are washed before the
chemical modification. The CMFs are cleaned by a two-step procedure
consisting of washings in fresh Milli-Q water followed by HPLC ethanol.
To achieve a more effective cleaning, the process is accomplished in an
ultrasonic bath for 10-s periods. Subsequently, the washed materials are
dried in a vacuum oven and used for the [2 + 1] nitrene cycloaddition
reaction to yield aziridine functionalized CMFs. The washing procedure
itself significantly reduces electric charge transfer in CMFs (compare
Fig. 4e with Fig. 6¢). For instance, for a 0.3 V/200-ps pulse, non-coated
washed microfibers yield only 1.20 + 0.24 nC compared to 1.94 &+ 0.33
nC for the starting, non-washed counterparts (two-way ANOVA, p <
0.05). Moreover, although PEDOT is successfully deposited on both
types of microfibers, washed PCMFs produce only 44 % charge per pulse
compared to the starting (non-washed) material (2.06 + 0.36 nC vs.
4.64 £+ 0.52 nC, respectively (Two-way ANOVA p < 0.001). These re-
sults suggest that soluble molecules in CMFs play a relevant role in their
electrical conductivity before and after PEDOT coating. Nevertheless,
azido-EDOT functionalization allows for a remarkable electrical
improvement of washed PCMFs. The voltage recorded at open circuit
and during PEDOT electropolymerization is similar for washed micro-
fibers with or without aziridine modification (Fig. 6a and b). However,
PEDOT coating of washed f~-CMFs 3 increases by 317 % the charge
produced during 0.3 V pulsing (1.14 + 0.09 nC vs. 3.62 + 0.23 nC
before and after coated with PEDOT, respectively, p < 0.001); whereas

b)
S 03 0.92
= #
o #
> 0.90
< 02
[=2]
<_ 0.88
n
2 04
© 0.86
=
c
2
o 0.0 0.84
o & '(\“"b'b ‘\06
P &2 PO &? G
W qt o W
d) —e— Washed CMFs
8 —o—Washed CMFs + Polymer
1074 —e— Washed £-CMFs 3
; —o— Washed f-CMFs 3 + Polymer
]
' 6
=101
8
N 101
101

10° 10" 10° 10° 10* 10°
Frequency (Hz)

Fig. 6. a) Polymerization curves obtained for washed CMFs and washed f-CMFs 3. b) Electric potential of both microfiber types at open circuit (left panel) and during
PEDOT electrodeposition last minute (right panel). ¢) Total charge per pulse (cathodic plus anodic) produced during the application of voltage pulses of the indicated
amplitudes through washed, non-coated or washed, PEDOT-coated microfibers. d) EIS Bode plots for the same microfibers shown in c). Averages are from n = 9
washed CMFs, n = 11 washed-f-CMFs 3. p (two-way ANOVA) *** < 0.001 # Not statistically significant differences. All data are expressed as mean =+ standard errors.

(A colour version of this figure can be viewed online.)
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Fig. 7. a) Surgical photograph illustrating some sites of entrance of the PCMFs after their insertion into the spinal cord. b) Drawing depicting the transverse aspect of
the rodent spinal cord and the intended location of the microfibers. ¢) And d), reflected-light confocal microscopy images of microfibers after three months of
implantation within the spinal cord, exemplifying extensive PEDOT detachment from the washed non-functionalized (i.e. control) CMFs (c), whereas the coating
largely remains adhered to the washed, aziridine-modified (f~CMFs 3) microfibers (d). e — h) Cellular reactivity to control (e, f) or f~-CMFs 3 (g, h) microfibers.
Microfiber location within the spinal cord is visualized by transmitted light microscopy (e, g), and reactive cells are labelled using Hoechst fluorescent nuclear
staining (f, h). i) Quantification of PEDOT detachment from the CMFs, expressed as percentage of microfiber length. Six microfibers were analysed in the control
group and seven for f-CMFs group. j) Quantification of reactive (mostly scarring) [9] cells closely associated to the microfibers, considering those in the white and the
grey matter separately. k-m) Photomicrographs illustrating the excellent integration of PEDOT-coated, washed f~-CMFs 3 chronically implanted into the spinal cord,
combining transmitted light imaging (k) with NeuroTrace™ fluorescent staining (1) to obtain merged images as that shown in (m). There is not visible disruption of
the spinal cord architecture, and healthy neurons (green fluorescent) are in the vicinity and even touch the microfibers. *p < 0.05 (ANOVA).

in washed, non-functionalized microfibers, the respective increase is
limited to 72 % (1.20 + 0.24 nC vs. 2.06 + 0.36 nC, p < 0.001) (Fig. 6¢).
Additionally, PEDOT-coated washed f-CMFs 3 show lower electrical
impedance compared to those without functionalization (Fig. 6d), con-
firming the suitability of this covalent chemistry approach to produce an
effective and reproducible electrical coupling between carbon and
PEDOT.

3.5. In vivo assessment of aziridine-EDOT-modified PCMFs (f-CMF 3)

Finally, the mechanical stability of the PEDOT coating in vivo, and
the cellular reactions evoked by the microfibers within the neural tissue,
are assessed after their chronic implantation for three months within the
rat spinal cord. The objective of this experiment is to investigate the
effects of the azido-EDOT functionalization on the biological perfor-
mance of the microfibers, and therefore only washed microfibers are
used to avoid confounding results because of non-covalent interactions.
Comparisons are performed only regarding the presence or absence of

10

the aziridine-EDOT linker. In both types of microfibers, PEDOT is further
coated with a multi-molecular layer of poly-1-lysine, heparin, bFGF, and
fibronectin, because this molecular complex substantially improves the
integration of PCMFs with neural tissue [8-10].

PCMFs are sufficiently strong to be handled and implanted individ-
ually using micro-tweezers, producing negligible damage to the spinal
cord during the surgical procedure (Fig. 7a). 1.8-mm long microfibers
are introduced from dorsal to ventral in the spinal cord, so that they
come into contact with axonal tracts in the white matter and neuronal
somas in the grey matter (Fig. 7b). Cutting 60-pm transverse tissue
sections reduces damage to the microfibers during the histological
processing and allows for the visualization of a large part of the mi-
crofiber within a single tissue section, thus facilitating its assessment.
After the three-month period, all microfibers could be accurately iden-
tified in the site of implantation by transmission light microscopy
(Fig. 7e-g). In general, slight tissue impairment is seen because of mi-
crofiber implantation, as previously reported for non-washed PCMFs
[9]. Nevertheless, azido-EDOT-modified PCMFs are clearly superior to
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non-functionalized microfibers regarding the mechanical stability of the
conducting polymer coating in vivo. When assessed by confocal micro-
scopy (Fig. 7c and d), the control material exhibits substantial PEDOT
detachment within the tissue, with numerous polymer fragments
remaining in the vicinity of the microfibers (Fig. 7c); whereas the con-
ducting polymer coating is for the most part intact in azido-EDOT
modified microfibers (Fig. 7d). About 50 % of the microfiber length
shows polymer detachment in controls, compared to 16 % in the func-
tionalized microfibers (p < 0.001, Fig. 7i), meaning that azido-EDOT
bonding sufficiently strengthens the interphase and is able to coun-
teract traction forces on the polymer exerted by attached cells [60,61].
Importantly, the reduced polymer delamination evokes a weaker reac-
tivity of scarring cells [9] to aziridine-EDOT modified fibers compared to
controls (Fig. 7f-h,j), and the functionalized microfibers become fully
integrated into the spinal cord in close proximity to neurons (Fig. 7k,l,
m).

Preliminary immunohistochemical identification of the reactive cells
was performed at one month post-implantation of non-functionalized
PCMFs or f-PCMFs 3. For this, 10-pm spinal cord sections were stained
for cellular markers of microglia and macrophages (IB4, ED1), pericytes
and fibroblasts (PDGFRp), and astrocytes (GFAP) (Fig. S8). In agreement
with the reduced PEDOT detachment and cellular reactivity detected
with Hoechst and NeuroTrace for f~-PCMFs 3, little inflammatory and
scarring response was evidenced by immunohistochemistry (Fig. S8,
right). Moreover, tissue reaction frequently manifested as a tiny (<10
pm) layer of cellular processes contacting the functionalized micro-
fibers, without visible disturbance of the neighbouring tissue. A some-
what larger inflammatory and scarring response apparently occurred
around non-functionalized PCMFs (Fig. S8, left).

4. Conclusions

In summary, the clear worsening of the electrochemical performance
of f-CMFs 1 and f-CMFs 2 compared to the starting PCMFs confirms the
notion that diazonium salts chemistry disrupts the carbon n-conjugated
structure and thus reduce carbon electrical conductivity. Moreover,
bonding EDOT,-TPA derivatives at the carbon surface further de-
teriorates electrical charge transfer when using CMFs and PCMFs for
electrical stimulation in liquid electrolytes. On the contrary, [2 + 1]
nitrene cycloaddition with azido-EDOT derivatives emerges as a prom-
ising method for covalent carbon surface functionalization, preserving
the carbon n-network and therefore the conductivity of CMFs. Addi-
tionally, it effectively enables PEDOT polymerization, developing a
nanostructured CMF surface based on robust covalent bonds, enhancing
its resistance to detachment both in vitro and in vivo, and finally opti-
mizing its integration with neural tissue. This method opens up new
possibilities to tailor the electrical and mechanical properties of neuro-
electrodes based on CMFs and nanostructured-carbon materials.
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