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ARTICLE INFO ABSTRACT
Keywords: Carbon fiber has become the standard electrode material to study neuronal communication. For techniques such
Carbon fiber nanotip electrode as single-cell amperometry at synapses and intracellular recordings of neurotransmitters in secretory vesicles,
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SH-SY5Y cells
Neurotransmitters
Amperometry

nanometric electrodes are required. The smaller electrode dimension also offers the added benefit of low
background noise during amperometric recordings. To fabricate nanotip electrodes with suitable size and ge-
ometry, the carbon fiber is generally etched using flame- or electrochemical etching. However, current methods
suffer from low reproducibility and poor success rates. In this work, we present a novel, simple-to-use method for
fabricating highly sensitive pointy electrodes with tip diameters of ~150 nm. This method uses the controlled
heat from a time- and temperature-regulated metal heating filament of a micropipette puller. Scanning electron
microscopy showed that electrodes produced by this approach exhibit a rough surface densely covered with
carbon nanocavities and nanodots, forming an intricate and unique surface structure. Further, characterization
using energy dispersive spectroscopy, Raman microscopy, square wave and cyclic voltammetry revealed an
increased abundance of graphitic edge plane defects at the electrode surface, resulting in a remarkable increase
in sensitivity and electron transfer kinetics for the detection of redox-analytes and multiple catecholamine
neurotransmitters while reducing surface fouling. Limiting the nanoelectrode tip length to ~10 pm and inserting
it into the cytoplasm of SH-SY5Y cells resulted in excellent low-noise amperometric recordings of intracellular
norepinephrine content stored in individual secretory vesicles, which serves as a great proof of concept for the
use of these nanostructured electrodes for studies on neurotransmission at single cells.

1. Introduction such as high electrical conductivity, wide operating potential window,
chemical inertness, biocompatibility, and resistance to biofouling make

Carbon fiber electrodes have been predominantly used in the past carbon fiber an attractive electrode material for studying neurotrans-
decades for qualitative and quantitative studies of neurotransmitter mission at single cells and for in vivo brain recordings [4,6,7]. By placing
release from both neuronal and non-neuronal cells using electro- a carbon fiber microelectrode in close contact with a secretory cell and
chemical amperometry and voltammetric techniques [1-5]. Properties simultaneously applying a constant positive potential to the electrode
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sufficiently high enough to drive a oxidation reactions,
stimulation-evoked vesicular secretion of neurotransmitters can be
recorded with high temporal resolution using amperometry.

Conventional carbon fibers typically range in size from 5 to 30 pm in
diameter and are widely used for fabricating glass-insulated disk mi-
croelectrodes. While this electrode size range is suitable for fabricating
disk-shaped microelectrodes for placement at the soma of single non-
neuronal cells [8], cylindrical microelectrodes with protruding,
exposed, non-insulated carbon fibers are commonly used for in vivo
measurements in specific brain regions [5], enabling the study of
neurotransmission coupled to behavior and other brain functions. The
small dimension of these electrodes makes them suitable for implanta-
tion, with minimal tissue damage upon insertion compared to larger
probes, like the ones used for microdialysis [9,10]. Since the first use of
carbon fiber for catecholamine detection by Ponchon et al. in the early
1980s [11], significant progress has been made in the field, including
carbon fiber surface modifications to enhance detection capabilities and
reduction in electrode size, with tip diameters reaching nanometric di-
mensions for intracellular recordings [6,10-12]. As conventional carbon
fibers have a smooth surface, past studies have focused on modifying
their surface using surface treatment, functionalization, or coatings with
carbon nanomaterials to create higher surface roughness [6,13-17].
These surface modifications introduce functional groups or exposure of
edge plane graphitic sites that enhance electrode sensitivity, selectivity,
and electron transfer kinetics compared to pristine carbon fiber micro-
electrodes and also confer resistance to fouling by neurochemicals [6,
18-21].

Fabrication of carbon fiber nanotip electrodes (CFNEs) for placement
at tiny spaces near neuronal neurites or for insertion into the cell cyto-
plasm for intracellular recordings is currently limited to a few tech-
niques. The most commonly used techniques in the past decades have
been electrochemical etching and flame etching of the exposed carbon
fiber at the electrode tip. Electrochemical etching, first performed by
Armstrong-James et al. in 1980 to produce pointed carbon fiber tips for
brain tissue penetration [22] was later refined by Meulemans et al. [23],
Kawagoe et al. [24], Wipf group [25,26] and Roberts et al. [27] to
produce submicron sharp carbon fiber electrodes with greater control.
However, electrochemical etching typically results in CFNEs with
exposed carbon fibers exceeding 100 pm in length. This large electrode
surface area results in elevated background noise and a lower
signal-to-noise ratio in electrochemical recordings. To minimize noise
and enhance sensitivity, excess surface area of the carbon fiber needs to
be insulated. This can be solved by electrochemically coating the excess
surface with resistive insulating materials, based on phenolic monomers,
while masking a desired length of the electrode tip [27]. However, this
step is technically challenging, which risks damaging the tip and suffers
from poor reproducibility due to the variability in the exposed tip
length.

Flame etching, introduced by Strein and Ewing [28], is the second
most commonly used CFNE fabrication method, which involves slowly
passing the cylindrical carbon fiber microelectrode tip through the core
of a butane flame by hand to create nanotip electrodes with a tip
diameter of roughly 100 nm. Compared to electrochemical etching,
flame-etched CFNEs offer higher sensitivity due to moderate
heat-induced nanometric surface modifications [29]. These electrodes
have been used for intracellular recordings of neurotransmitter release
from secretory vesicles upon contact with the electrode surface [30,31].
However, this fabrication method suffers from a low success rate and
poor reproducibility, producing CFNEs with tip lengths varying between
30 and 100 pm [29]. This technique relies on manual manipulation of
the electrode tip into the flame while constantly rotating it for about 1-3
s, making precise control over the etching process extremely chal-
lenging. Prolonged exposure to the open flame can damage the insu-
lating glass, leading to unstable baselines and increased background
noise. Therefore, reliably fabricating CFNEs with precise control over tip
dimensions and desired lengths, ideally shorter than 30 pm, remains a
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significant challenge. An alternative approach using advanced fabrica-
tion techniques has been reported by Venton group, offering precise
control over the fabrication of nanoelectrodes. However, the fabrication
of such electrodes requires sophisticated and expensive instruments not
commonly accessible to most research labs [20,32-34]. Strategies for
surface functionalization, manipulating the ratio of edge plane versus
basal plane sites or the introduction of nanostructures at the carbon
surface, have been important for improving the sensitivity, selectivity,
and fouling resistance of carbon fiber microelectrodes. However, the
current fabrication methods are either struggling with reproducibility,
have a low success rate, or have a need for state-of-the-art technologies.
In this study, we introduce a simple-to-use and reliable heat etching
method for fabricating highly sensitive CFNEs with nanostructured
surfaces and a high fabrication success rate. To produce CFNEs, glass-
sealed 5 pm cylindrical carbon fiber microelectrodes with a 200 pm
exposed tip were mounted to a micromanipulator and positioned near
the heating filament of a glass micropipette puller. By applying a time-
and temperature-controlled heating program to the metal filament, the
exposed carbon fiber was etched by the applied heat, producing a
conical-shaped CFNE with a tip diameter in the hundred nanometer
range. The surface chemistry and electrochemical properties of the heat-
etched electrodes were characterized and compared to electrodes with
similar dimensions prepared using conventional methods, ie., flame
etching and electrochemical etching. Cyclic voltammetry analysis of
dopamine, epinephrine, norepinephrine, and serotonin showed that
heat-etched electrodes exhibited higher sensitivity and faster electron
transfer kinetics than CFNEs fabricated via conventional methods. Sur-
face characterization using field emission scanning electron microscopy
(FE-SEM), energy-dispersive X-ray spectroscopy (EDX), and Raman
spectroscopy further demonstrated significant differences in surface
morphology and modifications to surface chemistry between the CFNEs.
To assess the suitability of heat-etched CFNEs for neurochemical
measurements, the electrode lengths were precisely controlled to a
range between 8 and 10 pm to minimize the surface area of the non-
insulated carbon fiber and reduce background noise during electro-
chemical recordings. These electrodes were then tested for intracellular
amperometric electroanalysis of the secretory vesicle content of the
neurotransmitter norepinephrine in SH-SY5Y cells. Upon insertion of the
CFNE:s into the cell cytoplasm, these electrodes recorded amperometric
current trace over time, capturing a multitude of spontaneous sharp
current transients, with each spike corresponding to the detection of
neurotransmitter release from individual dense core vesicles at the
electrode surface. This study presents a new straightforward approach
for fabricating nanostructured highly sensitive CFNEs that offer a higher
fabrication success rate compared to existing methods. By mounting the
electrode in a fixed position relative to the heat source during the
etching process, and using pre-programmed temperature and heating
time, the method enables precise and reproducible control over elec-
trode length, offering a significant advantage over traditional flame
etching, which relies on manual handling and introduces variability.
This is particularly beneficial for fabricating shorter, low-noise CFNEs,
which are crucial for high-sensitivity vesicular neurotransmitter anal-
ysis. Overall, our heat-etching method offers a reliable and reproducible
alternative to traditional fabrication methods of CFNEs, providing sig-
nificant advantages for electrochemical studies of neurotransmission.

2. Materials and methods
2.1. Chemicals and materials

Dopamine, serotonin, epinephrine, norepinephrine and buffer salts
were purchased from Sigma-Aldrich. Sodium phosphate buffer of 0.1 M
ionic strength and pH of 7.4 was prepared by using Na,HPO,4 and
NaH,PO, as reported by Christian and Purdy [35]. De-identified human
CSF samples of three healthy male patients were obtained from Sahl-
grenska University Hospital, Goteborg, and used as received without any
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purification. The 5 pm in diameter carbon fibers were received from
Cytec Engineered Materials, Tempe, USA. For electrochemical charac-
terization of CFNEs, solutions of hexaammineruthenium(III) chloride
[Ru(NH3)6]Cl3, ferrocene-methanol (FcMeOH), potassium ferricyanide
(II1) K3[Fe(CN)g] and potassium chloride (KCl), (Sigma-Aldrich) were
prepared in Milli-Q ultrapure water (18.2 MQ cm). All other chemical
reagents and solvents used in the experiments were of analytical grade
and were used as received. Milli-Q water (18 MQ) was used throughout
the experiments.

2.2. Instrumentation

All voltammetric experiments were recorded using a CHI 1030C
electrochemical workstation (CH Instruments, Inc. Austin, TX, USA).

A. Electrochemical etching

——— Potentiostat
|
Sensor
¥
» I (
,j .
4M KOH

B. Flame etching

/
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The experiments were carried out with a single compartment two-
electrode mode, equipped with a CFNE as the working electrode and
Ag/AgCl (3 M KCl) as the reference electrode (RE) (CH Instruments, Inc.
Austin, TX, USA). Surface characterizations were performed using a
JEOL JSM-7800F Prime field emission-scanning electron microscopy
(FE-SEM) operated at 5 kV acceleration voltage. Raman spectra were
collected using an inVia Raman microscope (Renishaw, Gloucestershire,
UK), excited by a 532 nm Ar-ion laser. Raman spectra were collected at 5
regions of interest for each electrode sample using ~20 s acquisition
time and 1 % power. The reported results represent the average of
recorded measurements. The cell measurements were performed using
an Axopatch 200B patch clamp amplifier (Molecular Devices, Sunny-
vale, CA, USA) equipped with a low-noise digitizer Axon™ Dig-
idata®1550B (Molecular Devices, Sunnyvale, CA, USA).

Butane gas torch

T -——

C. Heat etching

Pipette puller

Filament ¥

Fig. 1. Schematic for the fabrication of carbon fiber nanotip electrodes (CFNEs) using (A) electrochemical etching, (B) flame-etching and (C) heat-etching.



P. Gupta et al.
2.3. Fabrication of electrodes

2.3.1. Fabrication of 5 um glass insulated cylindrical carbon fiber
microelectrodes

Cylindrical carbon fiber microelectrodes were fabricated as previ-
ously described [36]. Briefly, single 5 pm in diameter carbon fibers
(Cytec Engineered Materials, Tempe, AZ) were aspirated into borosili-
cate glass capillaries (1 mm OD, 0.5 mm ID, Sutter Instrument Co.,
Novato, CA). A commercial micropipette puller (P-1000, Sutter In-
struments Co., Novato, USA) was used to pull the carbon fiber-filled
capillaries to create two tapered glass-coated carbon fiber electrodes.
The carbon fibers stretched between the pulled glass tips were discon-
nected using a scissor and excess carbon fibers extending from the glass
seal were cut to a ~200 pm protruding length using a scalpel, under a
microscope. The glass-coated carbon fiber tips were then sealed by
placing them into epoxy resin (EpoTek 301, Epoxy Technology, Bill-
erica, MA) for 3 min and subsequently dipped into an acetone solution
for 15 s to remove the excess epoxy from the electrode tip. Lastly, the
epoxy-sealed electrodes were cured in an oven at 100 °C overnight and
safely stored until use.

2.3.2. Electrochemical etching of carbon fiber microelectrodes into conical
CFENEs

Electrochemically etched CFNEs were prepared according to a pre-
viously described method [27]. In brief, the back sides of 5 pm cylin-
drical carbon fiber microelectrodes were first coupled to a silver metal
wire using silver paste to make an electrical connection. The protruding
~200 pm carbon fiber was then electrochemically etched into a
cone-shaped nanotip by attaching the electrode to a micromanipulator
holder and using it to lower the electrode into a 4 M KOH solution while
applying a +6.5 V potential versus a platinum wire for 1-1.5 s (Fig. 1A)
and subsequently removing the electrode out of the KOH solution. The
fabricated CFNEs were rinsed in distilled water and inspected under a
microscope to ensure the successful formation of a nanotip without any
damage to the glass.

2.3.3. Flame etching of carbon fiber microelectrodes creates conical CFNEs

Flame-etched CFNEs were prepared according to a previous protocol
[31]. Briefly, the protruding exposed cylindrical carbon fiber, ~200 pm
in length and 5 pm in diameter, of the carbon fiber microelectrodes was
manually inserted into the edge of the blue region of a butane flame for
about 2 s while rotating the electrode to ensure an even etching
(Fig. 1B). As soon as the tip of the carbon electrode surface turned red,
the electrode was quickly removed out of the flame, and the newly
formed CFNE was inspected under the microscope to ensure successful
fabrication.

2.3.4. Heat etching of carbon fiber microelectrodes into conical CFNEs
To fabricate heat-etched CFNEs, epoxy-insulated cylindrical micro-
electrodes with ~200 pm protruding exposed carbon fiber were fixed
into position using a micromanipulator and brought to the edge of a 2.5
mm x 2.5 mm metal (90 %Pt/10 %Ir) box-shaped heating filament (Cat.
# FB255B, Sutter Instruments Co., Novato, USA) of a micropipette puller
(P-1000, Sutter Instruments Co., Novato, USA) powered by 220-240 V
AC., 50 Hz line voltage (Fig. 1C). With the help of the micromanipulator,
the tip of a carbon fiber microelectrode was positioned at ~1 mm from
the heating mantle in both horizontal and vertical directions (as shown
in schematic Fig. 1C and Fig. S1). Here, the position of the electrode tip
with respect to the heating mantle is important to get a reproducible
CFNE length and tip diameter. First, a Ramp test was performed ac-
cording to manufacturer’s instructions. This test determines the mini-
mum heat required to soften borosilicate glass (typically above 820 °C)
and depends on both type of glass capillary and the heating filament
used. A Ramp value of 496 was obtained and the Heat value, which
depends on the RAMP value, was optimized, with a value of 510
providing the best results. The puller applies current to the filament to
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rapidly reach temperatures sufficient to melt borosilicate glass capil-
laries, which is estimated to be around 1000 °C, within approximately 2
s. Cooling occurs rapidly and aided by the micropipette puller’s internal
air-cooling system, which is controlled by the time setting, which was set
to 200. After subjecting the electrodes to the pre-programmed heat pulse
by the filament, the heat-etched electrodes were inspected under a mi-
croscope to ensure the successful formation of a nanotip with the desired
length.

2.4. Characterization of CFNEs using cyclic voltammetry

All etched CFNEs were tested by performing cyclic voltammetry in a
1 mM FcMeOH solution and scanning the voltage between —0.2 V and
-+0.8 V versus a saturated Ag/AgCl (3 M KCl) reference electrode ata 0.1
Vsl scan rate using a computerized multi-channel potentiostat (1030C,
CH Instruments, USA). The cyclic voltammetry experiments were per-
formed to make sure the etched CFNEs are well-functioning and showing
stable steady-state current with the expected current amplitudes. Only
such well-functioning electrodes were used for further experiments.

2.5. Electrode sensitivity measurements for neurotransmitters

Stock solutions (200 pM) of the different neurotransmitters: dopa-
mine, norepinephrine, epinephrine, and serotonin, were prepared in 50
ml Milli-Q water. These stock solutions were diluted with 0.1 M phos-
phate buffer of pH 7.4 to obtain neurotransmitter sample solutions at
desired concentrations, each with a final volume of 5 ml. Cyclic and
square wave voltammograms were then recorded using a computerized
multi-channel potentiostat. Square wave voltammetry (SWV) was per-
formed using the following optimized parameters: initial potential (E;) of
—0.1 mV, final potential (Ef) of 600 mV, square wave amplitude (Eg,) of
25 mV, potential step (E) of 4 mV, and a frequency (f) of 15 Hz. All
potentials are referenced against an Ag/AgCl electrode at an ambient
temperature of 25 + 2 °C. To prevent oxidation of the neurotransmitter
samples by dissolved oxygen, nitrogen gas was bubbled through the
testing solutions for 10 min prior to measurements.

2.6. Cell culture of SH-SY5Y cells

SH-SY5Y cells were cultured in DMEM/F12 with Glutamax™ (Fisher
Scientific, Pittsburgh, PA) supplemented with 10 % fetal bovine serum
(Sigma-Aldrich, St. Louis, MO) at 37 °C with 5 % CO, and high humidity.
The cells were passaged upon reaching 80 % confluency using trypsin-
EDTA (Sigma-Aldrich, St. Louis, MO). The cells were seeded onto 35
mm MatTek dishes with glass coverslip bottoms (MatTek, Ashland, MA)
at a density of 5000 cells/cm? one day before experiments.

2.7. Single-cell intracellular amperometry at SH-SY5Y cells

Single-cell intracellular amperometry experiments were performed
on sparsely cultured SH-SY5Y cells after three washes with warm
isotonic HEPES buffer (10 mM HEPES, 1.2 mM MgCl,, 2 mM CacCly, 150
mM NaCl, 5 mM KCl, and 5 mM glucose, pH 7.4, osmolality of 315
mOsm/kg). During the experiments, the cells were immersed in
approximately 2 mL of the isotonic buffer. The culture dish was placed
on the stage of an inverted microscope (Leica DM IRB, Leica Micro-
systems, Germany) inside a Faraday cage, with the temperature main-
tained at approximately 31 °C. Heat-etched CFNEs with an exposed
carbon fiber tip of approximately 10 pm in length, backfilled with 3 M
KCl, was connected to the head stage of a patch clamp amplifier and
lowered onto a single cell using a micromanipulator. The sharp tip of the
CFNE was then gently pressed against the cell membrane to perform
insertion into the cell cytoplasm. After proper insertion, a constant po-
tential of +800 mV was applied to the electrode surface versus a
chloridized silver wire reference electrode, as this potential is sufficient
to electrochemically oxidize the neurotransmitters, enabling their



P. Gupta et al.

detection as oxidation current. Data acquisition was performed using
Axoscope 11.2 software (Molecular Devices, San Jose, CA) with a sam-
pling rate of 20 kHz and using a 1 kHz internal lowpass Bessel filter and
scaled out at 0.5 mV/pA. The release of norepinephrine from individual
large dense core vesicles was detected as positive current spikes.

2.8. Data analysis

Amperometric current versus time traces were analyzed using Igor
Pro 6.3 (WaveMetrics, Lake Oswego, OR) and a macro developed by
David Sulzer’s laboratory [37]. The traces were smoothed using a
binomial smoothing filter at 5 kHz. As the cut-off threshold for auto-
mated spike detection, a threshold of five times the standard deviation of
the background noise was chosen, followed by manual inspection and
the removal of false positives. The important parameters obtained from
the amperometric current spikes include the I .y, which is the highest
amplitude of the current; the total charge Q per event, which is calcu-
lated by integrating the area under the spike; the temporal parameters
Ty /2, which is the spike half-width at 50 % of Inax; the Trise, which de-
scribes the rise time for the current from 25 % to 75 % of Ijyax; and Tgay,
which describes the fall time from 75 % to 25 % of Iyax.

3. Results and discussion

In this work, we developed an easy-to-use method utilizing heat
etching of carbon fiber microelectrodes for fabricating CFNEs. This
method enables the production of highly sensitive electrodes with pre-
cise dimensions and electrochemical properties suitable for intracellular
neurotransmitter measurements and neurotransmission recordings near
neuronal synapses. Our goal was to develop a technique that offers
improved control over CFNE fabrication with higher reproducibility and
greater success rate while allowing the fabrication of significantly
shorter electrode tips (<10 pm in length) compared to existing fabri-
cation methods.

3.1. Fabrication of heat-etched CFNEs

To explore heat etching as a method for creating nanoelectrodes, we
used a micropipette puller equipped with a time- and temperature-
controlled metal heating filament as the heat source. Since tempera-
ture, duration and electrode distance to the heat source all play crucial
roles in affecting CFNE dimensions, the position of the glass-insulated
carbon fiber microelectrodes was fixed at a constant distance, 1 mm
away (both vertically and horizontally) from the center of the heating
filament using a micromanipulator (Fig. S1B). The etching process was
optimized by systematically varying the temporal and thermal heating
parameters of the micropipette puller and subjecting the carbon fiber to
programmed heat pulses by the heating filament. The resulting electrode
shape and its dimensions were initially inspected under an upright light
microscope and further analyzed using FE-SEM imaging to determine
the optimal heat pulse settings for heat etching.

Our findings showed that setting a heat value of 510 on the Sutter
Instruments P-1000 micropipette puller, reaching estimated tempera-
tures of around 1000 °C within 2 s, consistently produced cone-shaped
CFNEs with sharp electrode tips about 100 nm in diameter. However,
these parameter settings are unique to the specific micropipette puller
and may be affected by factors such as the condition of the metal heating
filament since its shape can be altered from use over time or minor dents
during replacement. Therefore, thorough visual inspection of fabricated
electrodes is recommended between production batches, as minor de-
fects on the heating filament may necessitate slight alterations to the
heat etching parameters. Although tests were performed exclusively
using a P-1000 micropipette puller, the method should be transferable to
other heat-based glass micropipette pullers. Since the filament in such
devices provides extremely rapid heating (~500 °C/s) and cooling, it
offers a unique advantage over non-filament-based heating systems.
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However, adapting the method to other devices would require extensive
optimization of all parameters, due to differences in the heating and
cooling rates as well as maximum achievable temperatures. To compare
the electrode surface characteristics and electrochemical properties of
CFNEs created from heat etching with those produced using conven-
tional electrochemical and flame etching methods, all CFNEs were
fabricated with a standard length of 100 + 10 pm. Electrodes from all
three fabrication methods were characterized through visual inspection
methods and electrochemical analysis.

3.1.1. Analysis of CFNE geometry and size using FE-SEM imaging

To compare the tip geometry and final dimensions of the CFNEs
fabricated using the three different etching methods, FE-SEM imaging
was performed for individual electrodes. All three fabrication methods
resulted in the formation of sharp cone-shaped electrodes. Image anal-
ysis of the FE-SEM images was performed to measure the diameter at the
base of the cone-shaped electrode and at the tip. These dimensions were
further used to calculate the final electrode area, A, of the etched bare
carbon nanotip, according to the area equation for a cone: A=z (r + R)
(R-D2+ B2 4 nrz, where r is the tip radius, R, is the radius of the
carbon fiber at the glass seal, and [ is the length of the electrode [29].
The average diameters of the carbon electrodes at the glass-carbon fiber
junction are summarized in Fig. 2.

3.2. FE-SEM imaging shows heat etching creates rich nanostructured
carbon surfaces

To examine the surface morphologies of heat-etched CFNEs and
compare them to the surface properties of electrodes fabricated using
conventional electrochemical and flame etching, Field-Emission Scan-
ning Field Microscopy (FE-SEM) micrographs of the CFNEs surfaces
were recorded (Fig. 3). In general, the electrochemically etched CFNEs
exhibited a very smooth surface (Fig. 3D, G, 3J), while high magnifi-
cation images of the flame-etched CFNEs revealed sparse bumps and
nanostructured features at the carbon fiber surface (Fig. 3H and K).
However, in comparison to electrochemical etching and flame etching,
micrographs of heat-etched CFNEs showed a significantly rougher
nanostructured surface (Fig. 3I and L). Nanostructured roughness was
observed along the entire conical surface of the electrode, from its base
(Fig. 3F) to the tip (Fig. 3L). SEM images revealed a predominance of
nanostructured carbon dots at the electrode tip, where heat exposure is
the most intense during etching, while the upper region of the carbon
fiber located farther from the heat source, exhibited a higher density of
nanocavities. This gradient in nanostructure distribution results in a
highly porous electrode surface. From these FE-SEM micrographs, it was
concluded that electrochemically etched electrodes have a smoother
surface, flame-etched electrodes have a low density of small bumps, and
heat-etched electrodes show defect-rich surfaces with high surface
roughness, with the tip enriched in nanodots and the upper shaft char-
acterized by nanocavities. A FE-SEM micrograph of bare carbon fiber is
shown in Fig. S2 (Supporting Information).

3.3. EDX imaging shows that heat etching creates oxygen-rich carbon
surfaces

To analyze how the surface chemistry of the CFNEs fabricated using
the three different etching methods is affected, the relative presence and
surface distribution of oxygen were analyzed using energy dispersive X-
ray spectroscopy (EDX). Each newly fabricated CFNEs were analyzed at
three specific regions of interest: at the edge where the glass seal meets
the bare carbon fiber, at the electrode tip, and at a spot in between the
glass edge and the electrode tip. Measurements of the atomic percentage
(at. %) were performed on the carbon surface of the CFNEs fabricated
using electrochemical etching (n = 5), flame etching (n = 5), and heat
etching (n = 5) (Fig. 4). Analysis of the intensity of the elemental
spectroscopic peak for oxygen from the EDX data for the three types of
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Fig. 2. A schematic of the geometrical shape and dimensions of CFNEs fabricated by electrochemical etching, flame etching and heat etching showing the mean
measured diameter + S.E.M. Measurements were performed on the FE-SEM images of electrodes at two regions 1) at the glass-carbon fiber junction and 2) at the tip
of the electrode. Schematics are not drawn to scale. n = 14 for electrochemically etched electrodes, n = 19 for flame-etched electrodes, and n = 22 for heat-

etched electrodes.

CFNEs showed a clear difference. On average, electrochemically etched
CFNEs had an oxygen level of 0.6 & 0.07 at. % at the midway point of
the exposed carbon fiber tip, which increased to 1.1 + 0.2 at. % at the tip
of the electrode, while the average atomic presence of oxygen at flame-
etched carbon surfaces was 0.4 + 0.07 at. % at the midway point and
increased to 0.8 + 0.2 at. % at the electrode tip. Compared to the
electrochemically- and flame-etched carbon surfaces, the heat-etched
CFNE surface had a significantly higher level of atomic oxygen, with
an average of 2.5 + 0.6 at. % at the midway point between the glass
junction and the very tip (One-way ANOVA with Tukey test, p = 0.006
for electrochemically etched versus heat-etched CFNE and p = 0.003 for
flame-etched versus heat-etched CFNE), which increased to 4.4 4- 1.2 at.
% at the electrode tip (One-way ANOVA with Tukey test, p = 0.017 for
electrochemically etched versus heat-etched CFNE and p = 0.010 for
flame-etched versus heat-etched CFNE). Clearly, the maximal presence
of at. % oxygen groups were found at the tip of all three types of CFNEs, a
site where all three etching processes are the most effective. The abun-
dance of oxygen groups on the heat-etched carbon fiber surface suggests
defective sites or edge plane sites by oxygen functional groups as pre-
viously observed at the carbon nanotube fiber cross-section [38] Click or
tap here to enter text. The EDX graphs are shown in Fig. S3, S4 and S5
(Supporting Information).

3.4. Characterizing the carbon surface of CFNEs using Raman
spectroscopy

To characterize the surface structure of CFNEs and to identify the
relative presence of graphite-type lattice produced by the three etching
methods, Raman spectroscopy was performed. Ordered graphite-type
lattice is indicated by the intensity of the G band (Ig), corresponding
to the vibrational signals from its sp carbon, while disordered graphite-
type lattice is indicated by the intensity of the D band (Ip), corre-
sponding to the signal from the sp® carbon. Raman spectroscopy was
performed using a 532 nm laser with a 0.7 pm spot size and 1 % power
attenuation. Spectra were acquired from different positions (n = 5, 20 s
acquisition time) on electrochemical-, flame-, and heat-etched CFNEs (n
= 5) and compared to the surface of untreated bare carbon fiber. The
Raman spectra were fitted using the minimum number of required
Lorentzian peaks. For bare carbon fiber, two characteristic peaks were
observed: the D band at 1370 and the G band at 1594 cm ™. An addi-
tional peak at ~1522 cm ™! was also detected, which may be attributed
to amorphous carbon (AC) or specific functional groups [39,40]. For the
electrochemical-, flame- and heat-etched CFNEs, the D and G band

positions shifted to 1352 cm’l, 1356 cm’l, 1355 cm ™! (D band) and
1587 cm ™1, 1586 ecm ™!, 1591 cm™! (G band), respectively, indicating a
red shift (Fig. 5). The AC-related peak appeared at 1517 cm ™}, 1520
em™! and 1526 cm™! for electrochemical-, flame- and heat-etched
CFNEs, respectively. The full width at half maximum (FWHM) of the
D band increased modestly to ~8 ecm™?! for electrochemically etched
CFNEs and ~18 cm™! for flame-etched CFNEs. In contrast, heat-etched
CFNEs showed a substantial increase in D-band FWHM to ~40 cm™},
indicating a significantly higher degree of surface defects [40]. The
FWHM of the G and AC bands showed smaller variations across the
different types of etched electrodes ranging from ~5 to 6 cm™!. The
integral area ratio of the D band to the G band (Ip/Ig) commonly used to
quantify disorder in carbon materials, was highest for heat-etched car-
bon fibers (~3.4), compared to ~2.68 and ~2.8 for electrochemically
and flame-etched fibers, respectively. The substantial increase in the
D/G ratio after heat-etching likely reflects the increased surface
roughness and higher density of surface defects, consistent with FE-SEM
images (Fig. 3I and L), which show more defect-rich surface
morphology. Additionally, the integral area ratio of the AC to G band
(Iac/Ig), used to assess the presence of amorphous carbon, decreased
from 0.7 for bare carbon fiber to 0.4, 0.6, and 0.5 for electrochemical-,
flame-, and heat-etched carbon fibers, respectively. This trend indicates
a reduction in amorphous carbon content following the etching process
[39]. Fig. S6 (Supporting Information) presents a comparative graph of
the integral intensity ratios Ip/Ig and Ipc¢/Ig for bare, electrochemical-,
flame- and heat-etched CFNEs.

3.5. Characterizing CFNEs using cyclic voltammetry

Cyclic voltammetry is a convenient electroanalytical technique used
for qualitative analysis of redox processes, electron transfer kinetics, and
reversibility of reactions. By scanning the potential while measuring the
redox current and plotting the potential versus the current density in a
cyclic voltammogram (CV), information about the magnitude of the
current flowing per unit area of the electrode surface can be obtained.
This can be used to characterize the sensitivity of the electrodes as well
as other electrochemical properties. To investigate the background
current of these electrodes, repeated CVs were recorded in the potential
range of 0 mV-1000 mV in 0.1 M phosphate buffer at a scan rate of 100
mV/s using electrochemically (n = 5), flame- (n = 5), and heat-etched (n
= 5) CFNEs versus Ag/AgCl reference electrode (Fig. 6A). To compare
the magnitude of background current between the CFNEs, the average
anodic and cathodic currents recorded at +0.5 V were calculated and
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Fig. 3. FE-SEM micrographs of electrochemical- (A, D, G and J), flame- (B, E, H, and K) and heat- (C, F, I and L) etched CFNEs at different magnifications. A, B and C
show the entire electroactive surface area from the pulled glass seal to the electrode tip for the three electrode types. D, E and F display the junction between the
etched carbon fiber and the glass seal. G, H and I show a high-magnification image of the surface features of three electrode types. J, K and L show the tips of the three

types of electrodes, with the insets showing close-ups of the nanotips.

normalized to the total electrode area, assuming a conical geometry (as
detailed in Section 3.1.1). Electrode areas were determined based on
dimensions from FE-SEM images. The measured average background
current for heat-etched electrodes (black CV) was 922 + 110 pA, with a
normalized current equaling 0.79 + 0.08 pA/pm2 The measured
background current for flame-etched CFNEs (red CV) was 167.34 + 10
pA, with a normalized current of 0.2 + 0.01 pA/pm?. Electrochemically
etched CFNEs were found to have similar electrochemical properties as
the flame electrodes, with a background current of 275 + 40 pA and a
normalized current of 0.18 4+ 0.03 pA/ pmz (blue CV) (One-way ANOVA
with Tukey test, p = 0.96). Hence, flame-etched CFNEs showed slightly
higher but statistically non-significant background current than elec-
trochemically etched CFNEs (Fig. 6A inset). In comparison, heat-etched
CFNEs demonstrated about four times higher background current than
the CFNEs produced using the two alternative methods (One-way
ANOVA with Tukey test, p < 0.0001 for electrochemically etched versus
heat-etched CFNEs and p < 0.0001 for flame-etched versus heat-etched
CFNEs). The significantly higher background current of the CVs recor-
ded in phosphate buffer was indicative of electrode capacitance.

The capacitance, C, was calculated from the measured current results

obtained with cyclic voltammetry using the formula i = vC, where i is the
measured background current at 0.5 V, and v is the scan rate, which was
set to 100 mVs L. The calculated capacitance value was then divided by
the geometric area of the CFNEs. The average capacitance value for
heat-etched CFNEs was calculated to equal 789 + 75 uF/cm?, which was
significantly higher than the values for flame-etched and electrochem-
ically etched CFNEs which were estimated to be 198 + 10 pF/cm? and
169 + 25 pF/cm?, respectively (One-way ANOVA with Tukey test, p <
0.0001 for electrochemically etched versus heat-etched CFNEs and p <
0.0001 for flame-etched versus heat-etched CFNEs). The four to five
times higher capacitance for heat-etched electrodes might be related to
their nanostructured electrode surface having a very high surface
roughness, as confirmed by FE-SEM imaging, which significantly in-
creases the total effective surface area of these electrodes.

To further investigate the sensitivity and electron transfer kinetics of
the three CFNE types (n = 5 for each), cyclic voltammetry was per-
formed using the redox probes FcMeOH, Ru(NH3)Cls and K3[Fe(CN)g].
Fig. 6B depicts representative CVs recorded at all three electrodes in 1
mM FcMeOH containing 0.1 M KCl at a scan rate of 10 mV/s. The CVs for
the oxidation of [FcMeOH]" displayed sigmoidal steady-state CVs with
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Fig. 4. A schematic showing the regions of interest analyzed using energy dispersive X-ray spectroscopy to determine the relative abundance of atomic oxygen at the
carbon surface after electrochemical, flame and heat etching (values are expressed as at. % + S.E.M.).

current densities in the picoampere range. Notably, the heat-etched
electrodes demonstrated significantly higher sensitivity for the redox
analyte compared to the other types of electrodes. This enhanced
sensitivity is attributed to the highly nanostructured electrode surface
composed of carbon nanodots and nanocavities that lead to a larger
exposed electrode surface area. In contrast, electrochemically and
flame-etched electrodes that are lacking this nanostructured surface
resulted in a lower sensitivity. The steady-state current response indi-
cated nonlinear diffusion behavior at the electrode surface. The half-
peak potential used to calculate the rate of electron transfer kinetics
indicated reversible and fast electron transfer kinetics at all three elec-
trodes, as demonstrated by the narrow difference between the 1/4- and
3/4-wave potentials (Es 4 — E1,4 =~ 59-60 mV, for all three electrodes).
Although the capacitance of the heat-etched CFNE increased by more
than fourfold, the oxidation current of FcMeOH increased by only about
twofold. This disparity can be attributed to the fact that capacitive (non-
Faradaic) current scales with total surface area, particularly in elec-
trodes with rough or porous structures that act as ion-buffering reser-
voirs. Such surface features reduce the diffusion path length of ions,
promoting rapid transport of electrolyte ions and solvent molecules, and
thereby enhancing double-layer charging and discharging processes.
However, not all of the additional surface area is electrochemically
accessible for Faradaic reactions. Diffusion limitations within deeper
pores or crevices can restrict analyte access and hinder electron transfer,
effectively reducing the electroactive area. As a result, the Faradaic
(oxidation) current of FcMeOH does not increase proportionally with
capacitance [41-43].

Although the FeMeOH/[FcMeOH] ™ redox couple is typically surface-
insensitive and exhibits outer-sphere electron transfer, the enhanced
sensitivity at the heat-etched electrode surface may likely be due to n-n
and CH-z interactions between the cyclopentadienyl rings in FcMeOH
and the graphitic carbon surface, where polar groups on the carbon
facilitate CH-n and hydrogen bonding interactions [44,45]. EDX analysis
revealed a higher percentage of oxygen functionalities on the
heat-etched CFNE surface, which can favor hydrogen bonding in-
teractions with FcMeOH molecules. The observed hysteresis in the cyclic
voltammograms recorded with heat-etched CFNEs can be attributed to
the electrochemical double-layer charging and discharging. The repro-
ducibility of the heat-etched electrode fabrication was confirmed by
obtaining overlapping CVs (n = 5) for FcMeOH, as shown in Fig. S7.

Fig. S8A and S8B show the CVs recorded for Ru(NHj3)eCl3 and K3[Fe
(CN)e] using the different types of CFNEs. The steady-state CVs observed
for Ru(NH3)2"/?*, an outer-sphere redox couple insensitive to surface
electrocatalytic effects, showed consistent electrochemical behavior
across all three electrodes. Specifically, the difference between the 1/4-

and 3/4-wave potentials (E3/4 — E;/4) was approximately 59-60 mV for
all three electrodes. The slight variations in current densities are
attributed to differences in active surface area caused by surface
roughness at the flame and heat-etched electrodes (Fig. S8A). In
contrast, the CVs recorded in Fe(CN)g’/ 4', an inner-sphere redox couple
highly sensitive to surface functionalities on the carbon surface, showed
sigmoidal-shaped CVs with irreversible and slow electron transfer ki-
netics (Fig. S8B). Although Fe(CN)g’/ 4 is often used to characterize
various electrode surfaces, it is also known to exhibit complex and non-
ideal redox behavior due to the adsorption of ferricyanide decomposi-
tion species on the electrode surface. This adsorption effect hinders the
electron transfer kinetics, particularly at carbon surfaces [38].

3.5.1. Cyclic voltammetric detection of neurotransmitters

The sensitivities of the CFNEs fabricated using the three etching
methods were evaluated for the detection of four different neurotrans-
mitters: dopamine, epinephrine, norepinephrine, and serotonin, using
cyclic voltammetry and square wave voltammetry. To ensure a fair
comparison of sensitivities, all CFNEs electrode were fabricated with the
same length (100 + 10 pm) and a similar total electrode surface area.

3.5.1.1. Dopamine. Characterization of the three CFNE types for dopa-
mine detection was performed using cyclic voltammetry in 5 pM
dopamine dissolved in 0.1 M phosphate buffer at pH 7.4. The applied
potential was scanned between —0.2 V and 40.6 V against an Ag/AgCl
reference electrode at a scan rate of 100 mV/s. All three electrodes
exhibited well-defined anodic and cathodic peaks corresponding to the
oxidation of dopamine to o-dopamine-quinone and reduction back to
dopamine, respectively (Fig. 7A). The heat-etched electrode displayed a
well-defined reversible redox couple reaction for dopamine, with
oxidation and reduction peaks at ~162 mV and ~132 mV respectively,
resulting in a peak potential separation (AEp) of ~30 mV. In contrast,
the CVs recorded for flame- and electrochemically etched CFNEs showed
quasi-steady-state behavior, suggesting non-transient processes. The
half-peak potential (E1/4 — E3/4) was ~30 mV (Fig. 7A), confirming
reversible two-electron oxidation of dopamine with fast electron trans-
fer at all three types of CFNEs. The oxidation peak current densities were
0.35 =+ 0.05 pA/pm?, 0.19 + 0.04 pA/um? and 0.12 + 0.02 pA/pm?, for
heat-etched, flame-etched, and electrochemically etched electrodes,
respectively.

To investigate the electron transfer pathway involved in the elec-
trochemical redox process of dopamine at these three types of CFNEs,
cyclic voltammetry was performed over a range of scan rates from 10 to
1000 mV/s. At slow scan rates, both the electrochemically and the
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flame-etched CFNEs showed steady-state or sigmoidal CVs, character-
istic of radial diffusion at conical geometries. As the scan rates increased
beyond 50 mV/s, the CVs transitioned from radial to semi-infinite linear
diffusion, as evidenced by peak shape [46-48] (Fig. 7B and C). This shift
reflects differences in mass transport dynamics within the diffusion layer
at lower vs higher scan rates. The increase in the scan rates also caused
the oxidation peak potential to shift positively and the reduction peak
negatively, consistent with the behavior of heterogeneous kinetic con-
trol. Correspondingly, the peak-to-peak separation (AEp) increased from
~30 mV at low scan rates, indicating near-ideal reversibility, to ~64 mV
at the highest scan rate (1000 mV/s) reflecting a shift toward irrevers-
ible dopamine oxidation (Fig. 7B and C). Additionally, pronounced
hysteresis was observed during the reverse scan which may be caused by
electrochemical double-layer charging and discharging. The heat-etched
CNFEs displayed steady-state CVs at 10 mV/s. At scan rates above 50
mV/s, well-defined oxidation and reduction peaks emerged, with peak
currents increasing linearly with scan rate. Notably, peak potential shifts
were minimal, and AEp for dopamine remained close to 30 mV up to
500 mV/s. At 1000 mV/s, AEp increased slightly to ~35 mV, indicating
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a transition from reversible to quasi-reversible behavior at high scan
rates (Fig. 7D). The enhanced sensitivity (i.e. higher current density) and
faster electron transfer kinetics (i.e. lower value of AEp) observed for the
heat-etched electrodes can be attributed to the nanostructured surface
roughness and the presence of graphitic defects or edge plane sites. For
all three electrode types, the anodic peak current (i) increased linearly
with of scan rate (v'/?) and dopamine concentration, as described by the
following equations.
Electrochemically-etched CFNEs:

ip = (4.887E-4 + 2.94E-5) (v/ mV/s) + (0.1278 + 0.0150) R* = 0.988
i, = (0.0193 + 8.19E-4) (V//2/ mV/s) - (0.0202 + 0.0157) R? = 0.996

Log(ip) = (0.511 £ 0.0192) log(v/ (mV/s)) - (1.7716 + 0.0459) R?=
0.995

Flame-etched CFNEs:
ip = (0.0011 + 1.12E-4) (v/ mV/s) + (0.2812 + 0.0570) R* = 0.969
ip = (0.0438 £ 0.0012) ("/2/ mV/s) - (0.0600 + 0.0227) R* = 0.997

Log(ip) = (0.594 £ 0.0164) log(v/ (mV/s)) - (1.534 & 0.0393) R%=
0.996

Heat-etched CFNEs:
ip = (0.0015 + 1.54E-4) (v/ mV/s) + (0.3341 + 0.0788) R* = 0.967
i, = (0.0583 + 5.24E-4) (V/// mV/s) - (0.1208 + 0.0101) R* = 0.999

Log (ip) = (0.518 + 0.0338) log(v/ (mV/s)) - (0.1343 £ 0.0749) R?=
0.997

The linear dependence of i, vs. V12 (shown in the insets of Fig. 7B, C
and 7D) and log i, vs. log v having a slope value below or near to ~0.5
confirms that the oxidation of dopamine proceeds via a diffusion-
controlled process at higher scan rates. At 10 mV/s, CV feature was a
sigmoidal steady state; therefore, only the recorded data from CVs ob-
tained with scan rates ranging between 50 mV/s to 1000 mV/s were
used to plot the graph of scan rate vs. anodic peak current amplitude.

Electrochemical characterizations of electrochemically, flame- and
heat-etched CFNEs for the detection of epinephrine, norepinephrine,
and serotonin were also carried out in a similar way (Section 7, sup-
porting information). Cyclic voltammetry data revealed that heat-etched
electrodes offered a significantly higher sensitivity over electrochemi-
cally and flame-etched electrodes for epinephrine (Fig, S9), norepi-
nephrine (Fig. S10), and serotonin (Fig. S11) detection as well. To
elucidate the nature of the electron transfer process, the effect of scan
rate ranging from 10 to 1000 mV/s on the peak current was also studied.
Similar to dopamine at slow scan rates, the oxidation of epinephrine and
norepinephrine at all three electrodes showed ideal reversible behavior.
With the increase in scan rates, the peak-to-peak separation (AEp)
increased from ideal reversibility at slow scan rates to irreversible at fast
scan rates (1000 mV/s) for electrochemically and flame-etched elec-
trodes, while the peak shifting was not significant in the case of heat-
etched electrodes at higher scan rates, thus showed quasi-reversible
nature. The linear dependence of i, on v!/2 confirmed that the oxida-
tion of epinephrine and norepinephrine follows a diffusion-controlled
pathway at all three electrodes. The scan rate experiment for seroto-
nin revealed irreversible oxidation of serotonin at the three CFNE sur-
faces, with the current versus scan rate plot indicating that the electron
transfer reaction was a mixture of diffusion- and adsorption-controlled
processes.

3.6. Testing the sensitivity of CFNEs using square-wave voltammetry

Square wave voltammetry (SWV) subtracts non-faradaic charging
current and therefore shows higher sensitivity compared to cyclic
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voltammetry. The SWV experiments were performed in 5 pM dopamine
(in 0.1 M phosphate buffer, pH 7.4) to compare the sensitivity of the
three types of CFNEs (Fig. 8A). A well-defined oxidation peak for
dopamine was observed for the heat-etched CFNEs when applying a 150
mV and a 157 mV potential to electrochemically and flame-etched
electrodes versus a Ag/AgCl reference electrode. A remarkable in-
crease in the dopamine oxidation peak current was observed at the heat-
etched electrode surfaces, where the current density was ~5 times
higher than the value at the electrochemically and flame-etched elec-
trodes. From these observed results, it can be concluded that the greater
sensitivity of heat-etched electrodes relates to the electrochemical
properties of the exposed graphitic edge plane sites at the highly
nanostructured rough surface that electrocatalyze the dopamine oxida-
tion. In contrary, the lower abundance of such edge plane sites and
absence of nanostructured rough surfaces resulted in a lower sensitivity
for electrochemically and flame-etched electrodes.

To further investigate the effect of dopamine concentration on the
peak current, dopamine quantification was carried out at the three types
of CFNEs using SWV with increasing concentrations of dopamine pre-
pared in 0.1 M sodium phosphate (pH 7.4). Upon spiking the solution
with 100 nM dopamine, the oxidation peak recorded at 148 mV (vs Ag/
AgCl reference electrode) by the heat-etched electrode further devel-
oped into a well-defined, enhanced peak current (Fig. 8D). The anodic
peak current response increased noticeably with increasing dopamine
concentration, as shown in the insets.

The dependence of anodic peak current on dopamine concentration
was found to have two linear ranges for electrochemically, flame- and
heat-etched CFNEs (Fig. 8B-D), which can be expressed by the following
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equations:
Electrochemically etched CFNE:

i, (NA) = 0.0938[Caopamine(0.1-1 pM)] + 0.0122 R? = 0.983

ip (nA) = 0.0397[Cyopamine(1-10 pM)] + 0.0872 R? = 0.989
Flame-etched CFNE:

ip (nA) = 0.1283[Cdopamine(0.1-1 uM)] + 0.0579 R? =0.982

ip (NA) = 0.0417[Cqopamine(1-10 pM)] + 0.1613 R? = 0.986
Heat-etched CFNE:

ip (nA) = 0.5243[Cdopamine(0.1-1 pM)] + 0.0492 R? = 0.986

i, (nA) = 0.1861[Caopamine(1-10 pM)] + 0.4160 R? = 0.997

where i, is the peak current response and Cgopamine iS the dopamine
concentration in pM. The limit of detection (L.O.D), calculated by 36/b
where ¢ is the standard deviation of the blank solution and b is the slope
of the calibration curve, for dopamine at electrochemically, flame- and
heat-etched electrodes was determined to be 35 nM, 20 nM, and 8 nM,
respectively. The sensitivity, expressed as the current density (current
divided by the electrode surface area), was five times higher for heat-
etched electrodes than for flame- and electrochemically etched elec-
trodes. The reduced sensitivity at higher concentrations can be attrib-
uted to the adsorption of dopamine and intermediate products at the
active sites on the CFNE surfaces.
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3.7. Resistance to chemical fouling

To evaluate the resistance of electrochemically, flame-, and heat-
etched CFNEs against chemical fouling by dopamine, steady-state
amperometric measurements were conducted at a working potential of
+0.8 V vs Ag/AgCl (3 M KCl) in a 200 pM dopamine solution (in phos-
phate buffer, pH 7.4) (Fig. 9). Heat-etched CFNEs exhibited significantly
greater stability against fouling caused by the neurotransmitter’s
oxidation products, which can be attributed to the abundance of
defective graphitic sites-an observation also supported by Raman spec-
troscopy. These electrodes nearly maintained their initial steady-state
current for ~30 min, whereas electrochemically and flame-etched
CFNEs displayed a continuous decline in signal from the outset, with
an approximately 50 % decrease under identical conditions (at 2000 s, p
= 0.0035 for heat-etched vs. electrochemically etched CFNE, p = 0.003
for heat-etched vs. flame-etched CFNEs, one-way ANOVA, post-hoc
Tukey test, n = 3). After 1 h of continuous oxidation of 200 pM dopa-
mine, the current dropped by only 30 % for heat-etched CFNEs,
compared to a reduction of over 85 % for electrochemically and flame-
etched CFNEs. Initial currents values in the raw data were in the
nanoampere range, with a 1-2 nA difference. However, due to the
presence of signal noise during the early phase of the experiment, and a
selection of discrete time points for plotting, followed by normalization,
the starting points in the plotted graph appear nearly identical across all
three electrode types (Fig. S12).

3.8. Neurotransmitter analysis in cerebrospinal fluid

In recent decades, carbon fiber has become the gold standard ma-
terial for microelectrodes in in vivo or in situ monitoring of neurotrans-
mission using techniques such as cyclic voltammetry and amperometry.
However, carbon fiber electrodes are prone to fouling due to the
adsorption of neurotransmitter oxidation products formed during elec-
trochemical analysis as well as adsorption of proteins and other extra-
cellular small molecules. Since the fouling of electrode surfaces
significantly impacts measurement quality, carbon fiber microelectrode
surfaces often are coated with carbon nanomaterials that enhance sur-
face roughness and increase edge plane sites, which improve fouling
resistance [6,13,17]. However, producing a uniform layer of carbon
nanomaterials on a carbon fiber microelectrode surface is challenging
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Fig. 9. Amperometric currents recorded during prolonged dopamine oxidation
at +0.8 V using electrochemically, flame-, and heat-etched CFNEs in 200 pM
dopamine (phosphate buffer, pH 7.4). Data are presented as mean + S.E.M. (n
=3).
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and can also contribute to interference during measurements. Therefore,
a few research groups have studied carbon nanotube fiber disk micro-
electrodes for electrochemical analysis of neurotransmitters and found
that the defect sites significantly modulate the fouling effect [18,49,50].
The heat-etching method developed in this work yields CFNEs with
highly nanostructured surfaces and exposed edge plane sites that may
help prevent surface fouling. To evaluate their performance, these
CFNEs were tested in human cerebrospinal fluid (CSF) samples, assess-
ing their behavior in this complex biological matrix and their response to
the exogenously added neurotransmitters: dopamine, norepinephrine
and serotonin.

Prior to analysis, the CSF solution was diluted 1:1 with 0.1 M
phosphate buffer solution (pH 7.4). The heat-etched CFNEs were then
placed into the CSF solution, and three consecutive SWV measurements
were recorded. The first SWV recording (red line) revealed two oxida-
tion peaks at ~110 mV and ~290 mV (Fig. 10A), likely corresponding to
norepinephrine/dopamine and serotonin detection, respectively. These
neurotransmitters and their metabolites are commonly present and
detectable in CSF [51-55]. In the second SWV recording, both oxidation
peak currents decreased while the third consecutive SWV showed only a
minor reduction in the oxidation peak currents. The oxidation peak
potential at ~290 mV, attributed to serotonin, remained unchanged
across consecutive SWVs, whereas the broad peak at ~110 mV became
narrower and shifted to ~148 mV, aligning with the expected dopamine
peak potential in phosphate buffer.

To test the electrodes response to dopamine in the presence of CSF,
the CSF solution was spiked with 1 pM, 5 pM and 10 pM dopamine. The
oxidation peak current at ~148 mV increased with the increasing
dopamine concentrations (Fig. 10B). At the other side, the oxidation
peak at ~290 mV slowly diminished with consecutive SWVs, which
could be due to the adsorption of serotonin on the surface of the heat-
etched CFNE. This behavior was also observed in the previous voltam-
metric scan rate experiments with serotonin.

In comparison to heat-etched electrodes, electrochemical and flame-
etched electrodes were unable to resolve the separate oxidation peaks
for dopamine and serotonin in the CSF sample solution, instead dis-
playing a single broad overlapping peak ranging from 60 mV to 300 mV.
In addition, when spiking the CSF sample with 1 pM, 5 pM and 10 pM
dopamine, electrochemically and flame-etched electrodes showed a
broad oxidation peak at ~175 mV with increasing peak currents as
depicted in Fig. 10C and D. In contrast, heat-etched electrodes provided
improved resolution of the two oxidation peaks in CSF, corresponding to
dopamine and serotonin, and exhibited a sharp oxidation peak in
response to spiked dopamine. This suggests that the nanostructured
surface of heat-etched electrodes enhances electron transfer kinetics for
dopamine oxidation. Therefore, heat-etched CFNEs offer superior
properties for reliable electrochemical analysis of neurotransmitters.

3.9. Amperometric detection of norepinephrine in large dense core vesicles
of SH-SY5Y cells

To achieve sensitive amperometric recordings of quantal neuro-
transmission in small cellular spaces such as near synapses of inter-
connected neurons or inside cells, the conventional carbon fiber
microelectrodes need to be miniaturized into nanometric dimensions.
Modifying a cylindrical-shaped carbon fiber microelectrode into a cone-
shaped geometry with a sharp nano-sized tip enables precise placement
at neuronal neurites and also facilitates insertion into the cell cytoplasm
for intracellular amperometric measurements of intravesicular neuro-
transmitter content. Minimizing the electrode length reduces the total
electrode surface area and thereby reduces background noise during
amperometric measurements. Additionally, intracellular recordings
require sharp nanotip electrodes with minimal exposed carbon surface
to ensure complete insertion of the electrode into the cell and prevent
the detection of molecules released exocytotically [27].

To evaluate the potential of heat-etched CFNEs for single-vesicle
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Fig. 10. Testing the sensitivity of heat-etched electrodes for neurotransmitter detection in human CSF. (A) Voltammogram recorded using heat-etched CFNEs in
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electrodes and (D) flame-etched electrodes in human CSF solution before and after spiking with different concentrations of dopamine. Voltammetry measurements
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each type of CFNE.

neurotransmitter analysis in single cells, short heat-etched CFNEs were
fabricated and applied for intracellular measurements in undifferenti-
ated SH-SY5Y human neuroblastoma cells. SH-SY5Y is an immortalized
cancer cell line derived from cells isolated in the 1970s from a neuro-
blastoma patient’s bone marrow biopsy [56,57]. Undifferentiated
SH-SY5Y cells have been described as resembling immature catechol-
aminergic neurons and are widely used for modelling neurodegenerative
disorders and neurotoxicity due to their neuronal phenotype and ease of
culture [58,59]. These cells have been widely reported to store norepi-
nephrine and neuropeptides in large dense core vesicles (LDCVs) within
both the neurites and cell soma [60].

For intracellular recordings, ~10 pm long heat-etched CFNEs were
created and inserted into the cell soma using a micromanipulator
(Fig. 11A, Fig. S13). Once positioned inside the cell cytoplasm, a con-
stant potential of +800 mV versus an Ag/AgCl reference electrode was
applied, enabling the recording of amperometric traces (current versus
time) of norepinephrine release. These recordings capture current-
versus-time traces as intracellular vesicles rupture upon contact with
the electrode surface, triggered by adsorption and the applied electric
field (Fig. 11B) [61]. CFNEs showing a stable baseline in bulk cell
extracellular media were used for measurements (Fig. 11C). Upon
insertion into the cell cytoplasm, these electrodes successfully detected
sub-millisecond current spikes with positive amplitude, norepinephrine
release from individual vesicles rupturing at the electrode surface
(Fig. 11D). Representative data from one successful intracellular
recording is shown in Fig. 11, with a second example from another cell
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provided in Fig. S13.

Fig. 11E presents the averaged amperometric spike (n = 178) ob-
tained from intracellular amperometric recording of norepinephrine
release from individual vesicles in a single SH-SY5y cell. As illustrated in
Fig. 11D, these spikes reflect vesicle rupture at the electrode surface, and
the total charge (Q) of each spike can be used to estimate the neuro-
transmitter content stored in LDCVs. A summary of the analyzed current
spike parameters is provided in Fig. 11F. This includes kinetic parame-
ters such as the time duration of the spike (Tpase), the spike half-width
(T1/2), the peak rise time (Tyse), the peak fall time (Tgy), together
with the quantitative peak parameters such as the maximum peak
amplitude (Inax) and the integrated charge Q. Based on the Q value and
Faraday’s law, the mean number of norepinephrine molecules per LDCV
from was estimated to be ~36000. Given that LDCV diameters in SH-
SY5Y cells has been reported in a range of 80-130 nm, this corre-
sponds to an estimated intravesicular norepinephrine concentration of
0.05-0.22 M. Similarly, data from a second cell using another heat-
etched CFNE (n = 26 vesicles, Fig. S14), yielded a higher estimated
molecule count of ~157800, corresponding to intravesicular norepi-
nephrine concentrations ranging between 0.23 and 0.98 M. These values
are consistent with the range typically reported for LDCVs in PC12 cells
and chromaffin cells (0.1-1 M) [62-64], although some studies have
reported lower concentrations such as 0.039 M [65] and 0.06-0.07 M
[66]. The variability between the two SH-SY5Y cell recordings could be
attributed to inherent biological variability between cells or slight var-
iations in electrode properties. A statistically robust analysis would
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duration, Ty, is the spike half-width at 50 % of the maximum spike amplitude, Ti;s. is the time to reach to go from 25 % to 75 % of Iiyay, Tran is the time to return from
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amperometric events presented as the mean =+ standard error of the mean (SEM) and median. The number of norepinephrine molecules was estimated using Far-
aday’s law Q = nNF, where Q is the charge, n is the number of electrons participating in the redox reaction (2 for norepinephrine), N is the number of moles of

norepinephrine oxidized, and F is the Faraday’s constant (96485 C/mol) [74].

require recordings for 15-20 cells to more accurately determine the
LDCV quantal content of the SH-SY5Y cells.

Interestingly, the temporal characteristics of amperometric spikes
recorded from SH-SY5Y cells using heat-etched CFNEs were shorter than
those typically reported for intracellular amperometry for catechol-
amine vesicles from PC12 and chromaffin cells [67,68]. This is typically
seen also during amperometric detection of exocytosis [69] and may be
attributed to the inherent differences in LDCV size between the different
cell types, with the smaller LDCVs in SH-SY5Y (~80-130 nm) [60], than
PC12 cells (~150-240 nm) and chromaffin cells (~340 nm) [70]. These
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size differences influence both I,y and Q, as smaller vesicles contain
fewer number of molecules despite having similar intravesicular con-
centrations [69]. Notably, electrochemical investigations of LDCV con-
tent from undifferentiated SH-SY5Y remains unexplored. Only a handful
of reports have examined exocytotic catecholamine release from these
cells, and none have employed carbon fiber electrodes for detection [69,
71-73]. Reported amperometric exocytotic spike parameters from un-
differentiated SH-SY5Y cells vary substantially and, in some cases,
suggest intravesicular concentration far exceeding the generally
accepted concentration range of 0.1-1 M (Table 1). This discrepancy
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Table 1

Comparison of reported intravesicular catecholamine concentrations in undifferentiated SH-SY5Y cells.
Source Cell type T1/2 (ms) Q (pO) Number of molecules detected Concentration
This study SH-SY5Y cell 1 (intracellular amperometry) 0.61 0.012 36000 0.05-0.22 M*"
This study SH-SY5Y cell 2 (intracellular amperometry) 0.68 0.051 157800 0.23-0.98 M*
Zhao et al. [71] SH-SY5Y cells (exocytotic recording with ITO micropore electrode) 33 0.654 ~2000000 2.89-12.39 M*
White et al. [69] SH-SY5Y cells (exocytotic recording with CMOS chip) 1.63 0.288 ~900000 1.30-5.57 M*
Shi et al. [72] SH-SY5Y cells (exocytotic recording with sputtered titanium/platinum) 74 4 ~12000000 17.32-74.33 M*

# The concentration was estimated assuming LDCV diameter of 80-130 nm [60].

may stem from differences in instrumentation or oxidation efficiency
across electrode types, warranting further exploration. Finally, although
Faraday’s law relates the charge detection to the number of molecules
undergoing redox reaction in ideal case, real world inefficiencies in
electron transfer can influence the accuracy of absolute quantification of
the vesicle quantal content.

Despite several attempts to obtain additional recordings, several
factors made detection challenging. These include the inherent hetero-
geneity of undifferentiated SH-SY5Y cells, biological variability in the
LDCV number and intravesicular content, and the stochastic nature of
vesicle rupture on the electrode surface. Two further recordings resulted
in only a single spike each. However, the quantal and temporal prop-
erties of these spikes were comparable to those reported, suggesting that
they likely represent genuine vesicle rupture events rather than artifacts
(Figs. S15 and S16). The primary aim of these experiments was to
demonstrate the feasibility of using heat-etched CFNEs for intracellular
amperometric detection of vesicular content. A detailed electrochemical
characterization of the LDCVs in SH-SY5Y cells lies beyond the scope of
this study. How the heat-etched surface modification influence amper-
ometric detection, both during exocytotic catecholamine release and
direct LDCV rupture remains to be explored, ideally using chromaffin
cells, which are larger, better-characterized and more amenable to such
intracellular investigations.

4. Conclusion

The surface morphology of carbon fiber has a great impact on the
electrochemical analysis of neurochemicals. This work demonstrates a
novel fabrication method for creating short, highly sensitive CFNEs
using a time- and temperature-controlled metal heating filament of a
glass microcapillary puller. The placement of cylindrical carbon fiber
microelectrodes near the filament and applying a heat pulse, results in
part of the carbon material being etched away and produces short, cone-
shaped, pointy electrodes with tip diameters in the nanometric di-
mensions. This makes these electrodes well-suited for single-vesicle
neurotransmitter analysis at single cells. FE-SEM imaging revealed
that the surface of these electrodes features nanocavities and nanodots,
which increase the total electrode surface area. Further characterization
using Raman spectroscopy indicated that the roughened surface exposes
abundant edge plane graphitic sites. Electrochemical analyses
comparing CFNEs fabricated using the heat etching method with those
produced using conventional electrochemical- and flame-etching
methods demonstrated that heat-etched electrodes exhibit higher
sensitivity and faster electron transfer kinetics. The electrochemical
performance of these electrodes was investigated using cyclic voltam-
metry and SWV. Compared to conventionally fabricated electrodes,
heat-etched electrodes showed higher current density, smaller AEp, and
lower detection limit for neurotransmitters, indicating that the defect-
rich heat-induced surface modifications improve their electrocatalytic
properties. Additionally, the heat-etched electrodes exhibited sharper
voltammetric peaks in human CSF samples and enabled the simulta-
neous detection of dopamine and serotonin, unlike conventionally
fabricated electrodes. Their highly roughened surface also demonstrated
resistance to surface fouling and improved stability during electro-
chemical analysis. To further validate their practical applicability, short
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(~10 pm in length) heat-etched CFNEs were used for intracellular
recording of single-vesicle neurotransmitter analysis in single SH-SY5Y
cells. These electrodes successfully detected the sub-millisecond
release of norepinephrine from single vesicles upon contact with the
electrode surface. Therefore, the method of producing sharp CFNEs
using heat-etching offers a simple method that provides a high fabri-
cation success rate and does not cause damage to the glass seal, which is
a common challenge in conventional fabrication techniques (Fig. S17).
Moreover, they provide enhanced sensitivity due to the heat-induced
surface modifications. Altogether, heat-etching presents a reliable
alternative to traditional methods for fabricating sharp CFNEs, which
creates electrodes with improved performance for neurotransmitter
detection and intracellular electrochemical analysis.
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