Open Access Article. Published on 16 November 2023. Downloaded on 2/6/2026 7:58:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Ad\v., 2023, 13, 33688

Uma Nudurupati,

@ Terdha Narla,” David Punihaole®® and Yangguang Ou

ROYAL SOCIETY
OF CHEMISTRY

(3

A facile approach to create sensitive and selective
Cu(n) sensors on carbon fiber microelectrodest
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A facile platform derived from deposition of ethynyl linkers on carbon fiber microelectrodes has been

developed for sensitive and selective sensing of Cu(i). This study is the first to demonstrate the
successful anodic deposition of ethynyl linkers, specifically 1,4-diethynylbenzene, onto carbon fiber
microelectrodes. Multi-scan deposition of DEB on these microelectrodes resulted in an increased
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sensitivity and selectivity towards Cu(i) that persists amidst other divalent interferents and displays

sustained performance over four days while stored at room temperature. This method can be extended
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Introduction

Metal ions such as copper(n) (Cu(m)) are imperative for normal
brain health and function, including as cofactors for enzymes,
signaling molecules, factors for neurite growth, modulators of
vesicular trafficking, and regulators of signaling receptors.
Glutamate-induced activation of N-methyl-p-aspartate (NMDA)-
receptors is hypothesized to trigger the translocation of copper-
bound transporters to the synapse (on millisecond timescale).*
This results in free Cu(u) being released into the synaptic cleft,
the nanometre-sized gap between two communicating neurons.
In one hypothesis, this Cu(u) release prevents the over-
excitability of the NMDA receptors from excessive glutamate,*
a phenomenon that is toxic to the neurons and causes cell
death. High glutamate release, NMDA activation, and resulting
excitotoxicity are hypothesized to be one of the significant
causes of neurodegeneration in disorders such as Alzheimer's
disease (AD)* (reviewed in Parameshwaran et al.®).

One of the hallmarks of AD is the aggregation of amyloid-f into
senile plaques. Studies have indicated that Cu(u) is among the
primary cations found inside senile plaques.* Interestingly, some
studies suggest that Cu(n) binding to amyloid-p makes it more
prone to aggregation and increases the production of reactive
oxygen species,™ thereby leading to cognitive decline and neu-
rodegeneration. It has even been suggested that amyloid-B is
increased to combat toxic levels of metal ions such as Cu(u).”*°

There is thus still an ongoing debate on whether Cu(u) is
neuroprotective (preventing excitotoxicity) or deleterious
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to other ethynyl terminal moieties, thereby creating a versatile chemical platform that will enable
improved sensitivity and selectivity for a new frontier of biomarker measurement.

(stabilizing amyloid aggregates) in the context of neuro-
degeneration. The role of Cu(u) in AD is generally controversial,
as some studies observed a copper deficiency in AD patients™
while others show a copper overload*>** (also reviewed in Ejaz
et al** and Bagheri et al.*). Moreover, studies have revealed
different Cu content in different regions of the brain.">'® This is
important because the hippocampus and cortex, for example,
are more susceptible to plaque formation."”

Copper quantitation in biological samples is commonly
accomplished by separations and spectroscopic techniques
with high sensitivity. Separation methods like high-
performance liquid chromatography (HPLC) and inductively
coupled plasma mass spectrometry are championed for their
multiplexing capabilities and are widely utilized in analysing
clinical samples for copper.’®*?* However, these methods are
restricted to measuring total copper concentration (free Cu and
those bound to proteins) and require multiple sample prepa-
ration steps (including sampling, extraction, digestion, and
dilution) and longer analysis time. On the other hand, while
colorimetric assays®*** are cost-effective and have a more rapid
readout than HPLC,> they are limited by analyte-chromogen
interaction kinetics.?® Fluorescent probes have faster response
times and have been deployed in cells*~*° but rely on compli-
cated fluorophore design and synthesis. Additionally, fluores-
cence assays are limited in their time resolution as they require
incubation for 30 min-1 h for the fluorophore to localize
appropriately. Probe-free methods like surface-enhanced
Raman spectroscopy has also been applied to quantify Cu(u)
in aqueous medium,*-** but its relatively longer data acquisi-
tion time prevents its applicability to study shorter time-scale
phenomena.

Many of these studies above quantify total Cu content, ie.,
bound and free Cu together, rather than free Cu(u) alone. The
majority of Cu(u) is usually in the bound form and coordinated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to biomolecules (i.e., protein).** While total Cu(n) may not
change much or as rapidly, free Cu(u) can in response to
different stimuli (i.e., depolarization, immune response, etc.)
and can readily participate in events such as coordination with
amyloid-B, production of reactive oxygen species, protect
against excitotoxicity, etc.****” Thus, making measurements of
free Cu(u) dynamics in a spatiotemporally resolved manner in
vivo is essential to elucidate the role of Cu(u) in the etiology of
AD and other neurodegenerative diseases.

Fast scan cyclic voltammetry (FSCV) at carbon-fiber micro-
electrodes (CFMs) has been gaining traction as a technique with
high spatiotemporal resolution capable of in situ measure-
ments. It typically operates with 100 ms time resolution and can
measure from 10 s-100 s synaptic clefts simultaneously.*® One
of the limitations of this method, however, is selectivity.
Researchers have leveraged different approaches to improve
selectivity for quantitation of different analytes (reviewed in Ou
et al.*). Recent research have demonstrated that FSCV at CFMs
is sensitive to metal ion reduction, including for Cu(u).**** To
improve selectivity for Cu(u) sensing, Hashemi and colleagues
grafted Cu(u)-selective ionophores onto the CFM surface.*” This
methodology yielded a highly selective Cu(n) sensor while
maintaining good sensitivity. The limitation, however, is that it
involved a three-step synthetic approach, including electro-
chemical deposition of diazonium moiety, protection of
unreacted hydroxyl groups with silyl ethers, and ionophore
grafting via Click chemistry.

Here we detail a facile single-step method that generates
a sensitive and selective Cu(u) sensor on CFMs for utilization
with FSCV. We perform anodic deposition of 1,4-dieth-
ynylbenzene (DEB), a symmetric compound with two ethynyl
moieties, directly onto CFMs. The primary inspiration for this
work is from Geiger and colleagues,***® who demonstrated that
ethynyl functional groups can be anodically deposited on glassy
carbon electrodes with complete surface coverage (and even
multi-layer coverage) in a controlled manner. We demonstrate
here that we can anodically deposit ethynyl-containing
compound like DEB onto CFM surface in a similar fashion.
Moreover, the covalent attachment of DEB improves both
sensitivity and selectivity of CFMs to Cu(u). This approach
bypasses the need for a protection step and an ionophore step
and reproducibly generates Cu(u)-selective biosensors in a more
facile fashion. The long-term goal is to use these Cu(u)-selective
biosensors to measure Cu(nu) levels in cell and rodent models of
neurodegeneration to elucidate the role of Cu(u) levels in the
etiology of AD and other neurodegenerative disorders.

Experimental
Chemicals and solution

The salts used in the study were analytical grade, purchased
from Krackeler Scientific (Albany, NY). We prepared all the salt
solutions (0.1 M KCl, 11.5 pM CuCl, solutions, mixed ion
solutions (each ion being 1x equivalent to CuCl, concentra-
tion)) by dissolving the appropriate amount of salt(s) in nano-
pure water (Milli-Q 1Q7000, MilliporeSigma, St. Louis, MO).
Phosphate buffered saline (PBS) tablets were purchased from
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Fisher Bioreagents (Waltham, MA, USA). 1x PBS (pH 7.40) was
prepared by dissolving five PBS tablets in 1.0 L nanopure water
(Milli-Q 1Q7000, MilliporeSigma, St. Louis, MO). We prepared
a stock solution of 1.79 £+ 0.03 mM DEB (Krackeler Scientific,
Albany, NY) in 0.1 + 0.001 M [NBu,][PF,] (Krackeler Scientific,
Albany, NY) in dry dichloromethane (DCM, Fisher Scientific,
Waltham, MA). DCM was dried using molecular sieves method
described by Geiger and colleagues.*” The organic electrolyte
did not need to be dried.

Electrode fabrication

We used a vacuum pump (Gast, Benton Harbor, MI) to aspirate
a single 7 pm thick carbon fiber (GoodFellow, Pittsburgh, PA,
USA) into a 0.5 mm inner diameter (1 mm outer diameter)
borosilicate glass capillary (A-M Systems, Inc., Carlsberg, WA,
USA). Then the borosilicate capillaries were inserted into
a vertical puller (PC-100 or PE-22, Narishige Group, Japan),
resulting in two electrodes with a tapered seal insulating the
carbon fiber. The exposed carbon tip was manually cut to
between 130 pm to 160 pm under a CX43 microscope with EP50
camera (Evident, formerly Olympus, Tokyo, Japan). All the
results in this study are reported as current densities, where the
measured current was normalized to the geometric surface area
of the electrode, reported in unit of nA pm 2, We completed the
electrode fabrication by attaching a silver epoxy paint (GC
Electronics, Rockford, IL, USA) coated nichrome wire into the
distal end of the fiber-filled capillary and sealing the nichrome
wire using heat-sealed polyolefin shrink tubing (Mouser,
Mansfield, TX, USA) at the electrode-nichrome wire interface.

Electrochemical deposition of 1,4-diethynylbenzene on
carbon fiber microelectrodes

The flask containing DEB, [NBuy][PF¢], and DCM was sealed
with a rubber septum, covered with aluminium foil during
a coating experiment, and flushed with nitrogen for 10 minutes.
We prepared a fresh solution each day of the experiment, and
for coating each electrode, the required amount was withdrawn
from the stock using a glass syringe. Because any water can
quench the radical reaction, all electrodes must be air dried
before use. DCM must be dried well.

We placed a CFM of the desired length along with a pseudo-
Ag/AgCl electrode in an amber, septum-capped 20 mL vial
(Fisher Scientific, Waltham, MA) containing approximately
10 mL of the above stock. We flushed the entire vial for 10 min
with nitrogen or until we observed condensation outside the
vial. We then applied the waveform from —1 Vto +1.9 Vat a scan
rate of 100 mV s~ using the Wavedriver 100 Potentiostat (Pine
Research Instrumentation, Durham, NC). We performed these
waveform applications either once (which we will denote later
on as “l1 scan” or “single scan”), twice (2-scan), or thrice (3-
scan). The cyclic voltammograms were collected and processed
on the Aftermath software.

Fast scan cyclic voltammetry

We performed FSCV using a custom-built integration unit that
includes a Dagan Chem-Clamp (Dagan Corporation,
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Minneapolis, MN, USA), National Instrument data acquisition
cards (National Instrument, Austin, TX), Dagan-compatible
headstage (Pine Research Instrumentation, Durham, NC), and
WCCYV 4.0 software (Knowmad Technologies LLC, Tucson, AZ,
USA). All experiments were performed in a Faraday cage
(AutoMate, Berkeley, CA, USA) with a two-electrode system
comprised of a pseudo-Ag/AgCl reference (made in-house) and
the CFM working electrode. We cycled the electrodes in each
solution for 10 min prior to any data acquisition. The waveform
we used for Cu(un) measurements was developed by Hashemi
and colleagues (—1 V to 0.8 Vat 400 V s~ * scan rate and a resting
at 0 V, 10 Hz).** All data was processed in Microsoft Excel and
GraphPad Prism 9. Error bars and uncertainties are all reported
as SEM.

In vitro testing of Cu(u) using fast scan cyclic voltammetry

We equilibrated the CFM at 60 Hz and 10 Hz for 10 min each
respectively with the applied waveform before the measure-
ment. We performed FSCV in a beaker containing 0.1 M KCI
with a stir bar rotating at 350 RPM. For calibration curve, we
tested 0.115-11.5 uM concentration range. We added the ana-
lyte to the beaker at approximately 4 s after beginning data
acquisition, with a total acquisition time of 30 s for each FSCV
data file. For analysis, we exported all plots (the current vs. time
curves and cyclic voltammograms) and converted the ordinate
to current densities by dividing the current obtained by the
geometric surface area. We performed linear regression using
GraphPad Prism 9 on the current density vs. time plot for each
measurement. The y-intercept of this regression line obtained
was used as the average current density for that experimental
condition.

Electrochemical impedance spectroscopy (EIS)

We conducted EIS measurements for the bare and modified
electrodes in 1x PBS buffer using the WaveDriver 100
Bipoteniostat/Galvanostat (Pine Research Instrumentation,
Durham, NC). We applied the sinusoidal waveform of 5 mV
amplitude from 100 kHz to 1 Hz on the Aftermath software
(Pine Research Instrumentation, Durham, NC) and collected
data using the Aftermath software. Equivalent circuit modelling
was also performed in this software.

Scanning electron microscopy (SEM)

We cut the CFMs leaving only the visible carbon fiber tip, which
was then scatter coated with 60% : 40% Pt : Au prior to imaging
on SEM using Zeiss Sigma 300 VP Field-Emission Scanning
Electron Microscope (Zeiss, Oberkochen, Germany). We utilized
an excitation energy of 10 keV and adjusted the working
distance to ensure that striations of the carbon fibres were in
focus.

Fast scan controlled adsorption voltammetry (FSCAV)

We performed FSCAV measurements per the methods devel-
oped in the studies by Heien, Hashemi, and colleagues.** For
data analysis, we manually integrated the Cu(u) reduction peak

33690 | RSC Adv, 2023, 13, 33688-33695

View Article Online

Paper

on the WCCV 4.0 software, and performed a linearized Lang-
muir fit to obtain the K45 (discussed below).

Results and discussion

Anodic deposition of 1,4-diethynylbenzene is feasible on
carbon fiber microelectrodes

Anodic deposition of DEB onto CFMs displayed a characteristic
peak for generation of the ethynyl radical, as seen in Fig. 1. This
characteristic peak appeared at a different potential for
different electrodes, as seen in Fig. 1, but generally appeared in
the potential range of 1.5-1.7 V. This is comparable to obser-
vations previously reported by Geiger and colleagues for glassy
carbon electrodes.*®*”>°

Geiger and colleagues previously reported successful depo-
sition of multiple monolayers when they applied multiple
scans of the deposition waveform.*® In this paper, we refer to
each application of an entire waveform for deposition as
a ‘scan.’ Thus, when we applied the waveform thrice, we refer to
it as three scans. Geiger and colleagues observed the poly-
merization of ethynyl terminal molecules during multi-scan
depositions, characterized by an increase in current at the
potential at which ethynyl radical formation is observed.** In
contrast, as seen in Fig. S1,f we observed a decrease in the
current at the ethynyl radical potential for subsequent scans,
suggesting the absence of polymerization. This was advanta-
geous as we did not want the DEB to self-polymerize before
attaching to the electrode. Instead, our data suggests that the
DEB formed covalent bonds to the carbon surface. With each
scan, there were less surface area on the CFM for the DEB to
attach, thereby reducing ethynyl radical formation and result-
ing current.

Electrode 1

1.0- ~ Electrode 2

) — Electrode 3
0.5-

Maxima normalzied current

0.0
|
-1.0

0.5 0.0 05 1.0 15 2.0
Potential (V)

Fig.1 Representative cyclic voltammogram for the first scan of anodic
electrodeposition of DEB on 3 different CFMs. The y-axis is hormalized
current density to maximum value for each data set. The distinctive
peak for electrode #2 (orange) at ~1.50 indicates the formation of an
ethynyl radical. This potential shifts from electrode to electrode but
generally shows up between 1.5and 1.7 V.
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Multi-scan DEB deposition resulted in elevated sensitivity and
improved selectivity of CFM to Cu(u)

We performed FSCV on bare and DEB-modified CFMs and
discovered that the multi-scan DEB modified CFM possessed
increased sensitivity to Cu(u) reduction compared to an
unmodified electrode. As seen in Fig. 2a, the current density
observed for the Cu(u) reduction peak (—0.7 V vs. pseudo-Ag/
AgCl) increased for the same Cu(m) concentration as the
number of scans of DEB deposition increased. The highest
number of scans we tested was three, which yielded three-fold
higher signal for Cu(u) than a bare electrode. We performed
FSCV on the same bare and DEB (3 scans)-modified electrodes
over 6 days and found that the enhanced sensitivity for DEB-
modified electrodes (green, Fig. 2b) remained stable for up to
4 days when stored under room-temperature. After day 4, the 3-
scan coated DEB electrode observed a significant drop in signal
(p = 0.0069 comparing day 3 and 5, p = 0.0203 comparing day 3
and day 6). There were no statistical differences between days 1-
4 for DEB-coated electrodes. There were no statical differences
between days 1-6 for bare electrodes.

Next, we monitored the response of the bare and modified
electrodes to Cu(u) in the presence of equal molar interfering
divalent species (ions (Mg(u), Zn(u) Ca(u))). This means that the
total concentration of the other metal ions is three times as high
as Cu(u) in the solution. We compared the relative current
density (the ratio of current density of the electrode of interest
to that of the bare electrode) to quantitatively evaluate whether
the presence of interfering species affected the elevated signal.
The signal from Cu(u) reduction in mixed metal solution using
a single-scan DEB-coated electrode (Fig. 2c, purple) was not
statistically different than that for bare (p = 0.0836). For 2-scan
DEB-coated electrodes, its elevated sensitivity to Cu(u) remained

(@)

Cu(ll) response

>k
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unchanged by the presence of other divalent ions Fig. 2¢c, pink.
For 3-scan DEB, the presence of the other metal ions did
attenuate the signal of the modified electrode. However, the 3-
scan DEB-coated electrodes (green in Fig. 2c) still displayed
higher sensitivity compared to that for bare (p < 0.0001). When
we further monitored the response of the electrodes to the
mixture of divalent metal ions without Cu(u), we discovered
some interesting results. The bare electrode yielded anodic
current densities (Fig. S31) for mixtures of metal ions, with
broad peaks. In the presence of equal molar Cu(u) and the same
mixture of Mg(u), Zn(u), and Ca(u), the anodic current was
supplanted by a cathodic current. Note that the total concen-
tration of other divalent metal ions in these mixtures were 3-
fold that of Cu(u). DEB-modified (3 scans) electrodes yielded
cathodic currents for the mixed metals as well as mixed metals
plus Cu(u). The signal of the modified electrodes for mixed
metals with Cu(u) was 17.4 (+0.1)-fold higher than that for
mixed metals alone. This increase was higher than that
observed for bare electrode (Fig. S31). These results suggest that
perhaps the DEB coating increase electroplating or preconcen-
tration of other divalent metals on the CFM surface. As indi-
cated by the change of cathodic to anodic currents, this increase
was greatest for Cu(u), yielding the highest sensitivity for it over
other divalent ions. Combined with data from Fig. 2c, these
results suggest that the attenuation of Cu(u) signal by the other
metal ions can be attributed to the presence of other ions
shielding Cu(u) and/or due to some faradaic interactions
between other ions and DEB-coating. Nevertheless, even with
a 3-fold higher molar equivalence of other divalent ions, the
sensitivity of DEB-modified CFM for Cu(u) remained elevated.
We also tested to see if the elevated signal for 3-scan DEB
coated CFMs persisted at different concentrations. Indeed, as

(b) Multi-scan DEB stability (c) Cu(ll) and mixed ions
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Fig. 2

(a) Current density in response of bare (blue) and DEB-modified electrodes (1-scan DEB (purple), 2-scan DEB (pink), 3-scan DEB (green))

to injection of 11.5 uM Cu(n); solvent was 0.1 M KCL. (b) Current density response of bare and 3-scan DEB-modified electrodes to injection of 11.5
uM Cu(i) over 6 days after coating. The electrodes were stored at room-temperature in a box during this period. (c) Response of electrodes to
Cu() in the presence of other divalent ion interferences (Mg(i),Ca(n),Zn(n)). The y-axis was calculated as the ratio of current density of modified
electrode to that of the bare electrode. *p < 0.05 **p < 0.01 ***p < 0.0005 ****p < 0.0001.
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Fig. 3 Plot of absolute value of current density as a function of
concentration of Cu(i). Responses from bare electrodes is in blue and
the responses from 3-scan DEB coated CFMs are in green.

seen in Fig. 3, the 3-scan DEB coated CFMs displayed signifi-
cantly higher signal at all concentrations tested. The bare CFM
had a sensitivity of 4.1 & 0.8 pA uM ™' um 2. For 3-scan DEB
coated CFMs, the sensitivity is 11.4 & 0.8 pA uM ™' um ™2, which
is a 3-fold increase. The bare electrodes had a zero intercept (5 +
5 pA um~?) but the coated CFMs had a nonzero intercept (16 + 5
PA um?).

Investigating increased sensitivity of 3-scan electrodes

Next, we investigated the mechanism by which multi-scan DEB
coating afforded the modified electrodes their increased sensi-
tivity to Cu(u). We probed this via a few different approaches.
First, we imaged the surface morphology using scanning
electron microscopy. As seen in Fig. 4b, the bare electrode dis-
played a highly striated surface characteristic of carbon fiber in
agreement with those reported by others.>* The single scan
electrodeposition of DEB yielded a film-like smooth layer
(Fig. 4c) over the striated features, which were no longer visible.

(a) (b)

120

@ Bare electrode
¢ 1-scan DEB
100
£ 8 (c)
o X
S Kogs = (221£0.03)x 108 W ‘
2 60
% -1
[N i - -
3 ’ |
40 s S T
¥ K4 = (2.28£0.01) x 108
ads = ( ) x (d)
20 |
0
k! 2 4 6 —
Concentration (uM) !
Fig. 4 (a) Linearized adsorption isotherm for a bare or unmodified

electrode (blue) and 1-scan DEB modified electrode (purple) scanning
electron micrographs of (b) an unmodified carbon fiber electrode (c)
1-scan DEB modified electrode (d) 3-scan DEB modified electrode.
Scale bar =1 pm.
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The 3-scan DEB coating yielded more apparent striations
compared to the single scan DEB coating but less than the bare.
It also yielded small island-like features of varying sizes
(Fig. 4d). This finding was surprising and points to the forma-
tion of an uneven surface for the 3-scan DEB deposition on the
CFMs.

Next, we evaluated Cu(u) adsorption behaviour on both
modified and unmodified electrodes using FSCAV (please see
ESI).T For an unmodified CFM, Cu(u) forms a monolayer on the
electrode surface that follows the Langmuir adsorption
isotherm (Fig. 4a, blue), in agreement with those reported by
others.*® Cu(u) adsorption on DEB-modified CFM (1 scan) was
found to follow Langmuir adsorption isotherm (Fig. 4a, purple)
as well. The adsorption coefficient between DEB-modified
electrode and Cu(n) (Kags = (2.21 + 0.03) x 10%) for 1-scan
DEB-modified electrode was comparable to that of a bare CFM
at the 95% confidence level (K,qs = (2.28 & 0.01) x 10° (p =
0.0913)).

Three-scan DEB deposition modified CFM on the other
hand, could not be fitted with a Langmuir adsorption model
(Fig. S27). This suggests that this modification yielded a surface
with greater heterogeneity, on which Cu(u) coverage could not
form a monolayer. This agreed with the SEM results, which
showed the island-like features for the 3-scan DEB-deposited
electrodes.

To evaluate the impact of DEB modification on the CFM
electrical conductivity, EIS was performed. Theoretically,
modifications that increase the conductivity of the surface
would yield lower impedance response in EIS across the applied
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Fig. 5 Bode plot containing surface area normalized impedance vs.
frequency of sinusoidal perturbation for (a) 1-scan DEB modified
electrodes (purple) and an unmodified electrode (blue) (b) 3-scan DEB
modified electrode (green) and bare electrode (blue).
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Table 1 Parameters obtained from equivalent circuit model fit using the circuit model proposed by Sombers and colleagues®® for the data in

Fig. 4aand b
Electrode type
Parameter Bare 1-scan DEB coating 3-scan DEB coating
(o} nFcem 28! 2.3 +£0.7 1.6 + 1.3 1.2+ 0.4
o 0.85 + 0.04 0.8 £ 0.2 0.3 £0.4
Q, nF cm ™2 8% 1.1+ 1.1 0.7 + 0.6 0.8 +0.3
oy 0.6 £ 0.3 0.96 + 0.04 0.4 £ 2.6
Ry kQ 5.8 £ 0.6 40+ 34 2.7 £1.8
R, kQ 22.0 £27.1 187.0 + 165.3 126.5 £ 86.7

perturbation frequencies.”®*” As seen in Fig. 5a and b, respec-
tively, neither the single-scan electrodeposition of DEB on
CFMs nor the multi-scan DEB coated electrodes yielded statis-
tically different impedance than that of an unmodified elec-
trode across perturbation frequencies. Such similarity indicates
that unmodified electrodes and single scan DEB coating
modified CFM are similar in surface electrical conductivity.
Additionally, this is further evidence that self-polymerization
was not observed during our electrodeposition experiments of
DEB, as self-polymerization would yield a highly conductive
polymer and is expected to decrease impedance response across
perturbation frequencies.

The EIS data were fitted with the equivalent circuit model
proposed by Sombers and colleagues® comprising of two
resistors and two constant phase elements. Table 1 lists the
fitted parameters for the 3-scan DEB electrodes and unmodified
electrodes. These terms include Q; (double layer capacitance),
R, (CFM surface and solution resistance combined), Q,
(capacitance arising from the seal of the CFM), and R, (shunt).
The parameters o, and «, are modifiers for the constant phase
element, which is used to model nonideal capacitors. For
instance, an ideal capacitor would have a modifier « equal to 1.
One-scan DEB coated electrodes displayed a marginal decrease
of 11% in «y. Three-scan DEB deposition decreased a; by 60%
compared to an unmodified electrode. These results suggest
that increasing scans of DEB increased the nonideal capacitor
nature of the CFM. Nonideal behavior can arise from a few
different phenomena, one of which is increased surface
roughness.*® This makes sense for our system as 3-scan DEB
had the greatest deviation from ideal capacitor behavior and
has the greatest surface roughness in the form of island-like
structures (Fig. 4d).

Another phenomenon that can contribute to nonideal
capacitor behavior is electrolyte absorption into the polymeric
coating.” We speculate that this could also be occurring with
our 3-scan DEB-coated system. This electrolyte absorption could
also explain another feature of the equivalent circuit modelling
results (Table 1). We observed that 3-scan DEB-modified elec-
trode had a significant decrease (by almost half) in the double
layer capacitance compared to the bare electrode. If electrolytes
were absorbing into the polymeric layer, it is possible that the
overall permittivity could be reduced due to reduced polariz-
ability, resulting in decrease in the observed double layer
capacitance. The shunt capacitance (R,) also increased for both

© 2023 The Author(s). Published by the Royal Society of Chemistry

1-scan and 3-scan DEB coated compared to that of bare. More
studies will be needed to understand these complex
phenomena and verify these hypotheses.

Conclusions

Successful anodic deposition of ethynyl terminal 1,4-dieth-
ynylbenzene on carbon fiber microelectrodes has been
demonstrated for the first time. Single scan deposition of DEB
resulted in a smooth film layer on the CFM surface that resulted
in similar characteristics as that of an unmodified electrode,
including adsorption coefficient to Cu(u) and net impedance
across perturbation frequencies in EIS. One-scan DEB coated
electrodes also had similar sensitivity towards Cu(u) in an FSCV
measurement as that of an unmodified electrode. Three-scan
deposition of DEB resulted in island-like structures on the
CFM surface, a rough surface that prevented monolayer
coverage by Cu(u), and a three-fold higher sensitivity towards
Cu(u) compared to the bare CFM. This elevated sensitivity per-
sisted even in the presence of other divalent interfering species
(zn(u), Mg(u), Ca(u)) and for up to four days when stored at room
temperature. Characterization experiments revealed that 3-scan
DEB modified electrodes had reduced double layer capacitance
and increased nonideal capacitor behavior compared to bare
electrodes.
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