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Introduction

Electrochemical treatment in KOH improves
carbon nanomaterial performance to multiple
neurochemicalsy

Samuel M. Hanser, ‘&) Zijun Shao, He Zhao and B. Jill Venton = *

Carbon-fiber microelectrodes (CFMEs) are primarily used to detect neurotransmitters in vivo with fast-
scan cyclic voltammetry (FSCV) but other carbon nanomaterial electrodes are being developed. CFME
sensitivity to dopamine is improved by applying a constant 1.5 V vs. Ag/AgCl for 3 minutes while dipped in
1 M KOH, which etches the surface and adds oxygen functional groups. However, KOH etching of other
carbon nanomaterials and applications to other neurochemicals have not been investigated. Here, we
explored KOH etching of CFMEs and carbon nanotube yarn microelectrodes (CNTYMEs) to characterize
sensitivity to dopamine, epinephrine, norepinephrine, serotonin, and 3,4-dihydroxyphenylacetic acid
(DOPAC). With CNTYMEs, the potential was applied in KOH for 1 minute because the electrode surface
cracked with the longer time. KOH treatment increased electrode sensitivity to each cationic neuro-
transmitter roughly 2-fold for CFMEs, and 2- to 4-fold for CNTYMEs. KOH treatment decreased the back-
ground current of the CFMEs by etching the surface carbon; however, KOH-treatment increased the
CNTYME background current because the potential separates individual nanotubes. For DOPAC, the
current increase was smaller at CNTYMEs because it is anionic and was repelled by the negative holding
potential and did not access the crevices. XPS and Raman spectroscopy showed that KOH treatment
changed the CNTYME surface chemistry by increasing defect sites and adding oxide functional groups.
KOH-treated CNTYMEs had less fouling to serotonin than normal CNTYMEs. Therefore, KOH treatment
activates both CFMEs and CNTYMEs and could be used in biological measurements to increase the sensi-
tivity and decrease fouling for neurochemical measurements.

ance in detecting dopamine.'® This treatment creates surface
defect sites, brakes graphitic carbon bonds which cleans the

Carbon-fiber microelectrodes (CFMEs) have been the standard
electrode used with fast-scan cyclic voltammetry (FSCV) for the
real-time in vivo detection of electroactive chemicals.'™ They
are an ideal material to be placed in tissue because of their
biocompatibility, low cost, and small size.””” Carbon fibers are
a cylinder of flat graphene sheets and analytes often physically
adsorb to the carbon surface before electrochemical detection.
Oxygen surface functional groups on the CFME surface can
facilitate better analyte adsorption.®™** To improve CFME per-
formance, treatments have been developed, including laser,
electrochemical, and flame etching."*™™® Applying a constant
1.5 V potential difference vs. Ag/AgCl to a CFME for 3 minutes
while dipped in 1 M KOH improved the electrode’s perform-
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surface, and adds oxygen functional groups. However, that
study only considered dopamine and CFMEs, and there has
been little investigation into other analytes or types of carbon
electrodes.

Carbon nanotube yarn microelectrodes (CNTYME) are a
new type of carbon nanomaterial electrode made from a yarn
of vertically-aligned carbon nanotubes.'”° CNTYMEs are
made of graphene sheets that are rolled into a tube, and then
those tubes are vertically-aligned and twisted together into a
yarn.'”?"** They are disk electrodes because the yarn is
polished to be flush with the glass casing, and they have high
sensitivity, selectivity, and anti-fouling properties.>*>* Also,
CNTYMEs have a high temporal resolution and are frequency-
independent in FSCV because they momentarily trap analytes
between the individual CNTs."®**?® Treatments used to acti-
vate CNTYME include electrochemical etching, plasma, laser,
and antistatic gun treatments.”’®° In particular, oxygen
plasma etching changes the surface chemistry, but others such
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as anti-static gun separate individual CNTs and increase the
surface area; however, KOH treatment of CNTYMEs has not yet
been explored.

Dopamine is an important electroactive neurotransmitter
involved in motivation, movement, and reward.*' Dopamine is
an excellent test compound and is involved in many diseases
in the brain, including Parkinson’s disease and addiction.*"*>
Fewer studies have addressed electrode development for other
electroactive neurotransmitters. Electroactive monoamine
neurochemicals include catecholamines such as norepi-
nephrine, which is involved in reward, and epinephrine, which
is involved in sympathetic nervous system fight-or-flight
response.”>** Serotonin is a widely studied indoleamine
neurotransmitter because it is involved in many biological
functions such as perception, mood, and cognition.**
Dopamine (pK, = 8.9), epinephrine (pK, = 8.59), norepi-
nephrine (pK, = 8.58), and serotonin (pK, = 9.41) all have a
basic amino group which makes them all positively charged at
pH = 7.4. 3,4-Dihydroxyphenylacetic acid (DOPAC, pK, = 4.25)
is an electroactive metabolite of dopamine and its carboxylic
acid group makes it anionic at pH = 7.4. Studying a wider array
of neurochemicals gives a better idea of how generalizable an
electroactive treatment is to increase electrode sensitivity.

In this work, we examined how KOH treatment changes
sensitivity of CFME and CNTYME to dopamine, epinephrine,
norepinephrine, DOPAC, and serotonin. While both CFMEs
and CNTYMEs have increased electrochemical responses, the
background currents decreased on CFMEs and increased on
CNTYMEs. The signals for dopamine, epinephrine, norepi-
nephrine and serotonin all increased about 1.7-fold on a
CFME and about 3-fold on a CNTYME. The signal for DOPAC
increased by the same 1.7-fold on the CFME, but had a
smaller increase than the cations on the porous CNTYME.
Raman spectra and XPS showed that as the KOH treatment is
applied for longer lengths of time, the number of surface
defect sites and oxygen functional groups increased on the
CNTYME. Thus, KOH treatment activates the surface of a
CFME, even though it decreases the surface area, and it also
activates the CNTYME while increasing its surface area by sep-
arating individual CNTs. The KOH treatment is fast, simple,
and easy pretreatment for increasing sensitivity of multiple
carbon electrodes for many neurochemicals.

Experimental
Chemicals

Dopamine was purchased from Acros Organics (Morris Plains,
N]J), and epinephrine, norepinephrine, 3,4-dihydroxyphenyla-
cetic acid (DOPAC), and serotonin were all purchased from
Sigma Aldrich (Saint Louis, MO). A, 10 mM stock solution of
each analyte was prepared in 0.1 M HClO,. The stock solutions
were then diluted in phosphate-buffered saline (PBS)
(131.25 mM NacCl, 3.00 mM KCl, 10 mM NaH,PO,, 1.2 mM
MgCl,, 2.0 mM Na,SO,, and 1.2 mM CacCl,, with pH adjusted
to 7.4) to the desired concentrations for the working solution.
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The working concentrations were typically 1 uM for DA, EP,
NE, and 5HT, and 20 pM for DOPAC, but calibration curves
were also produced to test electrodes at various relevant phys-
iological concentrations. A 1 M KOH solution was prepared as
the treatment solution.

Electrode fabrication

Carbon fiber microelectrodes were constructed using a
vacuum to pull a T-650 carbon fiber (7 pm diameter, Cytec
Engineering Materials, West Patterson, NJ) into a glass capil-
lary. The capillary was then inserted into a vertical electrode
puller (model PE-21, Narishige, Tokyo, Japan) to create two
electrodes from one capillary. The carbon fiber was then cut to
a length of approximately 20-30 pm past the end of the glass.
The electrode was then sealed by dipping it in 80 °C Epon
Resin 828 (Danbury, CT) with 14% (w/w) m-phenylenediamine
(Acros Organics, Morris Plains, NJ) for 35 seconds, and then
was cured in acetone for 5 seconds. The electrode was placed
in a 100 °C oven for 2 hours, and then in a 150 °C oven
overnight.

Carbon nanotube yarn microelectrodes were fabricated
using 50 pm diameter carbon nanotube yarn (purchased from
Nanoworld Lab, Department of Chemical and Environmental
Engineering, University of Cincinnati). A glass capillary was
pulled by a pipette puller, and the yarn was inserted into the
opening at the tip. Isopropanol was applied to remove surface
impurities before the electrode was epoxied with Epon Resin
828 and cured in a similar fashion to the CFME. The CNTYME
was then polished at a 45° angle on a fine diamond abrasive
plate (Sutter Instruments model BV-10, Novato, CA) so that the
carbon is flush with the glass casing. The CNTYME was
soaked in isopropanol for 5-10 minutes to remove impurities
from fabrication.

Fast-scan cyclic voltammetry

FSCV experiments were performed on a ChemClamp potentio-
stat and headstage (Dagan, Minneapolis, MN) with a two elec-
trode system. The working electrode was either a CFME or a
CNTYME, and the reference electrode was Ag/AgCl. To make
an electrochemical connection between the electrode surface
and the system, the capillary was filled with 1 M KCIl. The
dopamine waveform was applied (ramping from holding to
switching potentials of —0.4 V to 1.3 V relative to reference Ag/
AgCl; scan rate 400 V s™; repetition frequency 10 Hz), and the
electrode was left to stabilize in PBS buffer until the back-
ground current was constant (5-10 minutes). A pre-treatment
test was run to determine the electrode’s response to the
working solution (1 uM DA, EP, NE, 5HT; 20 uM DOPAC). After
the electrode was treated in KOH, the same electrode was
stabilized in PBS before measuring its response to the working
solution. All solutions were injected from a syringe at 2 mL
min~" by a pump (Harvard Apparatus, Holliston, MA) and was
facilitated with an air actuator (VIVI Valco Instruments,
Houston, TX). Each trial was analyzed using HDCV Analysis
program (Department of Chemistry, University of North
Carolina at Chapel Hill).

This journal is © The Royal Society of Chemistry 2024
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Electrochemical treatments

The electrochemical treatment was applied using a Gamry
Reference 600 potentiostat (Warminster, PA) and a three elec-
trode system. The reference electrode was a Ag/AgCl reference
electrode, the working electrode was either a CFME or a
CNTYME, and the counter electrode was a platinum wire. All
three electrodes were dipped in the 1 M KOH solution. For the
CFMEs, a 1.5 V potential difference relative to the reference
Ag/AgCl electrode was applied for 3 minutes. For the
CNTYMEs, a 1.5 V potential was applied for 1 minute. After
treatment, the electrode was then dipped in isopropanol for 5
seconds.

Surface characterization

Scanning electron microscopy (SEM) images were taken using
an FEI Quanta 650 SEM (Thermo Fisher Scientific, Waltham,
MA) to visualize the surfaces of a CFME and a CNTYME before
treatment, after 1 minute of treatment, and after 3 minutes of
treatment. X-ray photoelectron spectrometry (XPS) (Physical
Electronics, Chanhassen, MN) was conducted to determine
functional group and binding energies on the electrode
surface. Al Ka monochromatic X-ray source (1486.6 eV) was
used. Energies were obtained for CNTYME that were untreated,
treated for 1 minute, and treated for 3 minutes. The C 1s peak
was analyzed using MultiPak software to deconvolute the
signal into the signals of sp>-hybridized carbon (284.8 eV), sp*-
C (285.4 eV), C-O (287.0 eV), C=0 (288.5 eV), and n-1* (290.0
eV). Raman spectroscopy was performed on a Renishaw InVia
Confocal Raman microscope (Renishaw, Hoffman Estates, IL)
to determine the surface defect sites. The D band occurs at
1360 cm™" and the G band occurs at 1580 cm™". The ratio of
the peaks was calculated by the intensity of the peaks.

Fouling and duration tests

Fouling test was performed by injecting a 1 pM serotonin-PBS
solution for 5 seconds every 30 seconds, repeated 30 times.
Cyclic voltammograms for the first and thirtieth injection were
compared to determine fouling. Stability was determined by
collecting a cyclic voltammogram every 0.5 hours for 4 hours
at a CNTYME after KOH treatment.

Results and discussion

Surface characterization reveals fundamental differences
between CFME and CNTYME

To understand how the treatment changes the electrode sur-
faces, SEM imaging was performed to visualize the surface
area of the two electrodes, and then XPS and Raman spectra
were performed to characterize the surface chemistry of a
CNTYME.

To visualize how the KOH treatment changes the surfaces
of CFMEs and CNTYMEs, SEM images were taken before and
after KOH treatment of 1 and 3 minutes (Fig. 1). In Fig. 1A, the
untreated CFME has a diameter of 7 pm and has grooves on
the surface, which run parallel to the direction of the fiber

This journal is © The Royal Society of Chemistry 2024
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(Fig. 1A). In Fig. 1B, the CFME was treated for 1 minute in
KOH with a 1.5 V potential difference applied, and the grooves
become less pronounced. While the diameter has not signifi-
cantly changed, the grooves become more shallow, so the elec-
trode surface appears more smooth, which decreases the
surface area. In Fig. 1C, the CFME was treated for 3 minutes in
KOH with the same waveform applied. With this treatment,
the diameter decreased from 7 pm to 5.9 pm, which decreased
the surface area. Thus, KOH treatment smoothes the surface
and decreases the surface area of a CFME.

Next, an untreated CNTYME (Fig. 1D) was compared to a
CNTYME that was treated for 1 minute (Fig. 1E) or for
3 minutes (Fig. 1F) in KOH with a 1.5 V potential difference
applied. In Fig. 1D, the untreated electrode appears relatively
smooth, with some surface roughness on the left half.
Polishing a CNTYME does not generate a perfectly smooth
surface, which leaves some degree of surface roughness on an
untreated CNTYME. In Fig. 1E, one minute of KOH treatment
increased the surface roughness. More of the surface appears
to have little spikes, and the peaks and valleys associated with
these spikes increase both surface roughness and surface area.
The white region in the bottom left is the epoxy seal. In
Fig. 1F, the 3-minute treated CNTYME looks very different
because the electrode developed major crevices on the surface.
The cracks in the electrode occur because applying the 1.5 V
potential difference for 3 minutes causes the individual CNTs
to split apart from each other. The cracks in the surface dra-
matically increase the surface area, which caused background
currents to increase so much so that the FSCV potentiostat’s
amplifier was saturated and the electrode could not be tested.
Thus, treating a CNTYME at such a high potential in KOH for
too long destabilizes the CNT yarn and causes the structure to
fail. Consequently, the 1 minute treatment was used in the
electrochemical tests to ensure the integrity of the carbon
structure.

KOH treatment decreased the surface area of a CFME while
it increased the surface area and surface roughness of a
CNTYME. The changes in the CFME surface are a result of the
1.5 V potential breaking carbon-carbon bonds, decreasing
striation, and shrinking the electrode diameter. The CFME
was stable and the electrode maintained its structural integ-
rity, so the 3 minutes treatment was used in electrochemical
tests. A high potential breaks carbon-carbon bonds, which we
propose is responsible for the etching.'*'® Etching the CNTs
generates surface roughness, and splitting individual CNTs
exposes the walls of interior CNTs. Previous studies have
shown that applying an anti-static gun can separate CNTs
using charge, which is a similar result to the one observed
here when a high potential is applied in a charged salt
solution.>®

XPS and Raman spectroscopy were then performed to
characterize the surface chemistry of an untreated, a 1 minute
KOH treated, and a 3 minutes KOH treated CNTYME. The total
carbon 1s XPS signals for each CNTYME can be deconvoluted
to show contributions from bonds of sp>-hybridized carbons
(284.8 eV), sp>-C (285.4 eV), C-O (287.0 eV), and C=O0 (288.5

Analyst, 2024,149, 457-466 | 459
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B. Untreated CNTYME

Fig. 1 Scanning Electron Microscopy (SEM) images of treated and untreated CFMEs and CNTYMEs. Left: CFMEs. (A) Untreated CFME, (B) 1 minute
of KOH treatment, and (C) 3 minutes of KOH treatment. Right: CNTYMEs. (D) Untreated CNTYME, (E) 1 minute of KOH treatment, and (F) 3 minutes

of treatment.

eV), and n-n* (290.0 eV) for some. Table 1 shows the relative
abundances by area under each peak. The trend in the XPS
data reveals that with longer treatment of CNTYMEs, the relative
abundance of total carbon (sp® and sp®) decreases while the
relative abundance of oxygen-bound carbon (C-O and C=O0)
increases. An untreated CNT is mainly sp>-hybridized carbon,
with less sp® carbon at the edge plane or in oxygen functional
groups. As the treatment is applied for longer periods of time,
the 1.5 V potential breaks carbon-carbon bonds, and the
amount of carbon-oxygen bonds (C-O or C=0) on the surface

Table 1 Deconvoluted XPS C 1s peak for CNTYMEs

Binding energy Untreated 1 min KOH 3 min KOH

(eV) (%) (%) (%)
sz C 284.8 57.5 48.8 35.0
sp®C  285.4 16.9 22.8 20.5
Sum of sp*> C and sp® C 74.4 71.6 55.5
C-0 287.0 12.4 23.4 25.9
C=0 288.5 8.0 0.9 12.4
Sum of C-O and C=0 20.4 24.3 38.3
T-m* 290.0 5.2 4.1 6.2
Total 100.0 100.0 100.0

460 | Analyst, 2024, 149, 457-466

increases from 20.4% to 38.3%. This indicates that this treat-
ment breaks carbon-carbon bonds and increases the amount of
oxygen functional groups on the surface.

Next, Raman spectra was performed to understand graphi-
tic and defect peaks for an untreated CNTYME (Fig. 2D), a
1 minute- (Fig. 2E), and a 3 minutes- (Fig. 2F) KOH treated
CNTYME. There are two characteristic peaks: a D band at
1360 cm ™" and a G band at 1580 cm™". The D band indicates the
level of non-graphitic carbon, which can be identified as surface
defect sites.” As the KOH treatment is applied for longer periods
of time at the CNTYME, the ratio of the intensities of the D: G
bands increases from 0.66 (untreated), 0.84 (1 minute), to 0.90
(3 minutes). The increasing trend in the ratio demonstrates that
the treatment creates non sp>-hybridized carbon. The XPS and
Raman data together indicate that as KOH treatment is applied
for more time, less graphitic carbon remains and more surface
defect sites appear on the surface of the CNTYME.

Electrochemical treatment in KOH improves CFME and
CNTYME performance

For the electrochemical tests, we first examined how KOH
treatment affected CFMEs and their response to each neuro-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 XPS and Raman data for surface characterization of treated and
untreated CNTYMEs. Left: C 1s regions of the XPS data of a CNTYME
that was (A) untreated, (B) after 1 minute of KOH treatment, and (C) after
3 minutes of KOH treatment. The total C 1s peaks are deconvoluted into
sp2-hybridized carbon (284.8 eV), sp>-C (285.4 eV), C-O (287.0 eV),
C=0 (288.5 eV), and n—=n* (290.0 eV). Right: Raman spectroscopy of a
CNTYME that was (D) untreated, (E) after 1 minute KOH treatment, and
(F) after 3 minutes of KOH treatment.

transmitter. FSCV faradaic and background currents were col-
lected before and after the KOH treatment for dopamine, epi-
nephrine, norepinephrine, DOPAC, and serotonin (Fig. 3). The
potential was held constant at 1.5 V vs. Ag/AgCl for 3 minutes
while the electrode tip was submerged in 1 M KOH. After treat-
ment, the current for each analyte increased between 1.5- and
2-fold, and the increase was very consistent for all the analytes,
including all the cationic neurotransmitters and the negatively
charged metabolite DOPAC. Although faradaic currents
increased, the background currents decreased (Fig. 3). DA, NE,
and 5-HT have similar CV shapes pre- and post-treatment, fea-
turing an increase in the primary peak (Fig. 3). However, the
treatment increases another oxidation peak of epinephrine at
the switching potential,®® and the primary oxidation peaks on
epinephrine and DOPAC shift toward a lower potential (Fig. 3).
Another interesting trend is that the pre- and post-treatment
background currents have similar shapes, but the magnitude
decreases after treatment (Fig. 3F). This decrease in back-
ground current is expected if the surface area decreases, as
shown by the SEM. Paired ¢-tests were run to compare the
current before and after treatment for each analyte (Fig. 4).
There were significant increases of the faradaic current for

This journal is © The Royal Society of Chemistry 2024
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Fig.3 FSCV results pre- and post-treatment for a CFME.

Measurements were collected on a CFME pre- (black) and post- (red)
treatment for (A) 1 uM DA, (B) 1 uM EP, (C) 1 uM NE, (D) 1 uM 5-HT, (E)
20 pM DOPAC, and for the (F) background.

each analyte (p < 0.05 or p < 0.01) and a significant decrease in
the background currents (p < 0.001).

Next, the KOH treatment was applied to CNTYMEs to
understand their responses to each neurochemical. Here, the
1.5 V potential in KOH was applied for 1 minute to increase
the surface area without cracking the electrode surface. In
Fig. 5, the faradaic signal for each analyte increases between 2-
and 4-fold, while the background also increases roughly 2-fold
(Fig. 5). The CVs pre- and post-treatment for DA, NE, and 5-HT
on a CNTYME have a similar shape to those on a CFME, but
the CNTYME CVs feature a greater increase in the primary
peak (Fig. 5). A secondary oxidation peak for EP increases as a
shoulder at a lower potential than the primary peak.>
CNTYME sensitivity to anions is improved with KOH treatment
because the signal for DOPAC is increased roughly 2-fold.
Paired t-tests were run to compare the faradaic and back-
ground currents of each analyte before and after treatment
(Fig. 6). There were significant increases in faradaic currents
for all five analytes (p < 0.05 or p < 0.01) and a significant
increase in the background (p < 0.0001). Fig. S1A-E} shows
calibration curves for all of the analytes, and the sensitivity for
each analyte was improved by as much as 3.5-fold. Stability
was also tested for dopamine, and the KOH-treated CNTYME
had the same signal for dopamine when it was measured every
30 minutes for 4 hours (Fig. S1Ff). Thus, these data demon-
strate that CNTYMEs has increased sensitivity for each
neurotransmitter.

A difference between CFMEs and CNTYMEs is that the
CFME background currents decreased while the CNTYME
background increased roughly two-fold with KOH treatment

Analyst, 2024, 149, 457-466 | 461
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Fig. 4 Statistics on current pre- and post-KOH treatment for each
neurotransmitter on a CFME. Paired t-tests were performed for each
analyte, normalized to pre-treatment (1), n = 6. (A) 1 uM DA (p < 0.05),
(B) 1 pM EP (p < 0.05), (C) 1 pM NE (p < 0.01), (D) 1 pM 5-HT (p < 0.05),
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Fig. 6 Statistics on current pre- and post-KOH treatment for each
neurochemical on a CNTYME. Paired t-tests were performed for each
analyte, normalized to the pre-treatment (1), n = 5. (A) 1 uM DA (p <
0.05), (B) 1 uM EP (p < 0.01), (C) 1 uM NE (p < 0.05), (D) 1 uM 5-HT (p <
0.05), (E) 20 uM DOPAC (p < 0.05), and (F) background (p < 0.0001).

(Fig. 3F and 5F). The significant decrease of the CFME back-
ground current provides electrochemical support that the KOH
treatment etches the carbon surface by breaking graphitic
carbon-carbon bonds, which decreases CFME diameter and
surface roughness. However, the electrochemical data shows
an increase in CFME sensitivity to each analyte, despite a
decrease in surface area. The KOH treatment adds oxygen
functional groups to the edge plane carbons which facilitates
better analyte adsorption, so the treatment activates the elec-
trode for the detection of each neurochemical. In contrast to
the CFME, the CNTYMEs have a larger surface area because
the etching separates CNTs and generates deeper pockets and
cracks between individual CNTs on the disk electrode. The
increase in CNTYME background current provides electro-
chemical support that KOH treatment increases surface area.
There is also an increase in sensitivity to each neurochemical,
indicating a similar electrode activation for the detection of
these neurochemicals.

This journal is © The Royal Society of Chemistry 2024
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A strength of this KOH treatment is that it increases CFME
and CNTYME sensitivity to a variety of types of analytes. The
treatment of both electrodes increases response to dopamine,
epinephrine, norepinephrine, and serotonin in a similar
fashion, which indicates that the monoamines respond favor-
ably to the treated electrodes. The KOH treatment increases
sensitivity to epinephrine because there is more analyte
adsorption, which makes the secondary oxidation peak more
pronounced. The secondary peaks of EP are more pronounced
for electrodes with high surface roughness because the analyte
can be momentarily trapped inside the small pockets.>>*!*>
Thus, the KOH treatment enhances trapping by making the
surface rough, which explains the increased secondary peak on
the treated CNTYME. The enhanced secondary peak on epi-
nephrine also proves that the treatment enhances selectivity
from the structurally-similar norepinephrine. Also, CVs are
more reversible for CNTYMEs after treatment, with more
similar magnitude for the reduction peaks compared to the
oxidation peaks, a feature previously seen at trapping electro-
des with crevices.”*?

For DOPAC on the CNTYME, however, the increase of fara-
daic current is roughly equal to the increase of background
current (Fig. 6). Thus, it is unlikely that changes in surface
chemistry contribute as much as the increased surface area to
the increased signal. Therefore, the KOH treatment does not
activate the CNTYME as much for anions. The treatment separ-
ates the individual CNTs to create cracks on the surface, inside
of which there are more adsorption sites.*! However, anions
may not diffuse into these small pockets nor adsorb to the
surface because their negative charge will be repelled when the
electrode is at a negative holding potential. It is also unclear
whether DOPAC adsorbs as strongly to oxygen functional
groups. Thus, a CFME is activated similarly for DOPAC and
cations, but the activation of a CNTYME depends on the
charge of the analyte.

KOH treatment reduces electrode fouling

Fouling is a common problem for carbon electrodes, caused
when biomolecules or polymerized byproducts coat the elec-
trode surface to block neurotransmitter adsorption sites.'®3°
Serotonin is known to cause electrode fouling because its elec-
trooxidation creates side products which polymerize into a

A. Fouling Pre Treatment
1.0

1.0 — st Test
— 30th Test
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Normalized Current

B. Fouling Post Treatment
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film on the electrode surface.’” Remedies to fouling have been
widely studied, and include new waveforms, electrode coat-
ings, and electrochemical treatment.'®***° To better under-
stand how the KOH treatment improves the electrode’s per-
formance, repeated injections of serotonin were performed to
assess fouling.

Fig. 7 compares fouling with 30 repeated injections of sero-
tonin on an untreated CNTYME and a KOH-treated CNTYME.
In the untreated CNTYME, the serotonin CV after the thirtieth
injection is roughly the same shape as that after the first injec-
tion, but the magnitudes of the oxidation and reduction peaks
are diminished. Thus, the untreated electrode experiences sig-
nificant fouling, which indicates the CNTYME signal decreases
over time after serotonin exposure. On the treated electrode,
the CVs of the first and the thirtieth injections appear about
the same shape, and the heights of the primary oxidation and
reduction peaks are similar (Fig. 7B). The secondary oxidation
peak decreases, but not as much as it did on the untreated
electrode. Compared to a KOH-treated CNTYME, there is sig-
nificantly more fouling on the untreated electrode (Fig. 7C;
unpaired #-test, p < 0.001, n = 4). Thus, the KOH treatment
adds oxide groups, which lead to antifouling properties for
serotonin.

Both surface area and surface chemistry contribute to the
increased electrode performance to the four monoamines.
Background current increases proportionally with surface area,
which means more analyte molecules will fit on the larger
CNTYME surface. But because the faradaic current increased
more than 2-fold while the background increased only 2-fold,
then a larger surface area is not the only factor involved in
improving the signal. For this reason, the electrode is activated
to cations because the surface chemistry changes also increase
electrode sensitivity. The increase of oxygen on the surface
shown by the XPS and Raman data will facilitate better cation
adsorption, and it will reduce fouling. Surface oxygen may
interfere with n-x stacking of the sp>-hybridized carbon at the
edge and disrupt the adhesion of fouling products. Thus, the
1-minte KOH treatment boosts sensitivity and limits fouling.

In summary, the KOH treatment increases sensitivity for
each neurochemical at both CFMEs and CNTYMEs, but has
different mechanisms for the increases. It etches the CFME to
decrease surface area, yet it activates the surface to increase

C. Fouling Pre and Post Treatment
15

Fokok

!

Current, Normalized
to 1st Test
o
o

0.0

E vs Ag/AgCI (V) E vs Ag/AgCI (V)

Fig. 7 Electrode fouling measurements at an untreated and a KOH treated CNTYME. 1 uM 5-HT was injected for 5 seconds every 30 seconds,
repeated 30 times. (A) CVs from an untreated CNTYME show a decrease on the 30th injection. (B) CVs from a 1-minute KOH treated CNTYME show
the signal is largely preserved on the 30th injection. (C) Unpaired t-tests compare the 1st and 30th signal (p < 0.001, n = 4) and there was a signifi-
cant difference in the fouling.
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signal by 1.5-fold. For the CNTYME, the signal increase is
larger for cations and the background increases because of a
larger surface area caused by pockets between individual
CNTs. Thus, KOH treatment is particularly advantageous for
CNTYMEs and increases the sensitivity to a variety of analytes.

Conclusions

In this work, we explored how two different carbon materials,
CFMEs and CNTYMEs, respond to dopamine, epinephrine,
norepinephrine, DOPAC, and serotonin after undergoing a
KOH treatment, and we found that both electrodes have
increased sensitivity to each neurochemical. The CFME has an
activated surface with more oxygen, but that surface actually
has smaller area due to etching. While the CNTYME cracks
with longer times of etching in KOH, a 1-minute etch time
increases the surface area and activates the surface to allow for
improved neurotransmitter detection. This treatment is quick,
easy, and inexpensive, so it should be a standard step used in
the fabrication of both of these electrodes. KOH-treated CFME
and CNTYME are important for improving real time, in vivo
detection of neuroactive chemicals, so as understanding of the
brain develops, better electrodes will improve understanding
of the relationship between brain chemistry, behavior, and
neural biology.****
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