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Abstract: This study presents a simple and cost-effective method for producing carbon fibre mi-
crocylinder bundle (CEMB) electrodes that are highly stable and reproducible for electrochemical
sensing applications. The CFMBs were integrated into a 3D-printed electrochemical cell and tested for
dopamine (DA) detection. The results demonstrated a linear increase in current with increasing DA
concentration, reaching a sensitivity of 428 nApM~! and a limit of detection (LOD) of 8.85 uM. The
CFMBs also showed high electrochemical selectivity for DA due to the similar oxidation potentials
of dopamine and the chemical groups present on the surface of the CFMBs. The reproducibility of
the CFMBs was also demonstrated by the low variation in background currents between different
electrodes. These findings highlight the potential of CFMBs as a low-cost and effective platform for
electrochemical sensing applications.

Keywords: carbon fiber bundle electrodes; electrochemical sensing; dopamine detection; electro-
chemical selectivity; reproducibility; stability; non-modified electrodes; limit of detection

1. Introduction

Recently, carbon-based materials have become the most commonly used electrode
materials in electrochemical applications due to their excellent electrical conductivity, low
cost, and ease of modification [1-6].

Among carbon-based materials, carbon fibres have been highlighted for their mechan-
ical properties, high flexibility, and conductivity, as well as their high oxygen and hydrogen
assessment overpotential and corrosion resistance [7-13].

However, from an electroanalysis point of view, the performance of electrodes made
of carbon fibre microcylinder bundles (CFMBs) has been comparatively lower than that of
other solid carbon electrodes, such as glassy carbon electrodes (GCEs) or screen-printed
carbon electrodes (SPCEs). Although the CFMB material is available at low cost, as roving
from several suppliers and application of it for biosensing would have a huge impact on
research, studies of its use as an electrode material have been limited to a few analytes (e.g.,
FAD, NADH, ascorbic acid, p-aminophenol, glutathione) [14-16] or neural recordings [17].

Furthermore, CFMB electrodes are typically protected with a polymer coating layer
(epoxy, polyester, urethane) for fibre shielding and alignment [18], and it has been suggested
that this coating may interfere with the electrochemical signal [15].

To overcome this issue, CFMB electrodes are usually pre-treated using oxidative
treatments, such as chemical, thermal, laser, electrochemical, or plasma treatments, prior to
electrochemical sensing [15,19-23]. However, these modifications include coating the fibre
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surface with polymers, such as polymethylmethacrylate [24], poly(9-tosyl-9H-carbazole-
co-pyrrole) [25] or poly[N-vinylcarbazole-co-vinyl benzene sulfonic acid] [14,26,27] and
nafion [28], or pyrrole, phenylpyrrole, and methoxyphenyl pyrrole [29]. Unfortunately,
these coating methods can cause a heterogeneous distribution of nanomaterials on the
electrode surface, leading to low reproducibility or a reduction in long-term stability [30].

One of the possible solutions is to use non-modified CFMB, which refers to electrodes
without additional treatment or modification. However, the electrochemical characteri-
sation of non-modified CFMB in the literature is poorly reported and requires additional
examination.

Therefore, the objective of this study was to investigate the performance of non-
modified carbon fibre microcylinder bundle (CFMB) electrodes for the electrochemical
detection of dopamine (DA) in a 3D-printed electrochemical cell. The novelty of this
study lies in the demonstration of the feasibility of using non-modified CFMB electrodes
for sensitive and selective DA detection without the need for electrode modification
or pre-treatment.

DA was chosen as a type of neurotransmitter, which plays a critical role in cardiac and
nervous system activity and in body weight regulation, and is a biomarker for disorders
such as Parkinson’s disease [31] as well as in various types of addiction [32].

Moreover, the detection of DA and its precursors, such as phenylalanine and tyrosine,
is of immense importance in both clinical and research settings [23,33,34]. These precursors
are integral to the biosynthesis of DA, and their detection can provide valuable insights into
the functioning of the dopaminergic system and related disorders [35]. Phenylalanine and
tyrosine are converted into DA through a series of enzymatic reactions, and changes in their
levels can reflect alterations in DA synthesis and metabolism [36]. Therefore, the simultane-
ous detection of DA and its precursors can provide a more comprehensive understanding
of dopaminergic neurotransmission and its dysregulation in various neurological disorders.

The main objective of this manuscript was to investigate the performance of non-
modified carbon fibre microcylinder bundle (CFMB) electrodes for the electrochemical
detection of dopamine (DA) in a 3D-printed electrochemical cell. The novelty of this study
lies in the demonstration of the feasibility of using non-modified CFMB electrodes for
sensitive and selective DA detection without the need for electrode modification or pre-
treatment. This study also investigates the reproducibility and stability of CFMB electrodes
as well as their potential for electrochemical selectivity towards other analytes. In this work,
electrochemical methods were used to characterise untreated carbon fibre bundle electrodes
composed of hundreds of 7 um diameter single-fibre units. The heterogeneous electron
transfer rate constant, an indication of the speed of electron transfer between an elec-
troactive species and an electrode surface, was analysed and compared to various carbon
electrodes described in the literature. Also, an untreated, non-modified carbon electrode
was demonstrated to be applicable for dopamine sensing in a neutral pH phosphate buffer.

Our results showed that these electrodes were able to detect dopamine with good
sensitivity and accuracy and were stable over long-term use. These findings suggest that
non-modified carbon fibre bundles could be a valuable alternative to traditional electrodes
for electrochemical sensing of dopamine and, potentially, other analytes.

2. Experimental
2.1. Materials

All reagents were of analytical grade and used as received without any further pu-
rification. For the fabrication of the CFMB electrodes, carbon fibre (SIGRAFIL®C30, EPY
382-000A /50k /3300 with 1% epoxy sizing agent, (SGL Carbon, Meitingen, Germany) was
used. All solutions were prepared in MilliQ water (18.2 MQ)-cm). Phosphate buffer (PB)
was made by mixing 0.2 M NaHPO, monobasic (Sigma Aldrich, Burlington, MA, USA) and
0.2 M NayHPOj dibasic (Sigma Aldrich, Burlington, MA, USA) aqueous solutions to obtain
a pH of 7.4 and diluted up to 0.1 M of total concentration. The 2.5 mM [Fe(CN)g]P~/4~
was made by mixing fresh NasFe(CN)g-10H,O (Sigma Aldrich, Burlington, MA, USA) and
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2D view

K3Fe(CN)g (Sigma Aldrich, Burlington, MA, USA). For 3D printing, an electrochemical cap
flexible Ninjaflex (NinjaTex, Lititz, PA, USA) filament was used. For the DA investigation,
the dopamine hydrochloride (>99%) (Alfa Aesar, Ward Hill, MA, USA) was freshly pre-
pared in PB before the electrochemical measurements to prevent a self-oxidation reaction
of DA. The DA concentrations analysed were 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 pM.

2.2. Instrumentation

The morphology of the CFMB electrode was analysed using a scanning electron
microscope (SEM) equipped with an EDX detector (Hitachi High-Technologies Corp, Tokyo,
Japan) at an accelerating voltage of 15 kV. Before the SEM measurements, the CFMB was
exposed to liquid nitrogen and sliced using tweezers for cross-section imaging. The
SEM images were analysed using the open-source software Image]J Fiji (version 2.0.0.-
RC-65/1.53c). The electrochemical cell design was provided by Deep Scientific (Vilnius,
Lithuania). For 3D printing, the Prusa i3 MK3s (Prusa Research, Prague, Check Republic)
printer was used with support from the software PrusaSlicer (version 2.5.0). Electrochemical
measurements were obtained with an electrochemistry workstation Biologic BP-300 (Bio-
Logic, Seyssinet-Pariset, France) using a platinum grid as a counter and Ag/AgCl/(3 M
KCl) as a reference electrode.

2.3. Optimisation of 3D-Printed Electrochemical Cell and Electrode Design

The electrochemical cell was assembled using a 3D-printed cap (Figure 1) designed
(using SolidWorks 2021 SP2.0) to be suitable for the multiplexing of 6 units of CFMB
electrodes. The electrochemical cell has a diameter (S1) of 26 mm and consists of 6 channels
with a diameter (a;) of 3 mm and a length (S;) of 44 mm. These dimensions were chosen to
prevent interaction between the flexible CFMB electrodes. Additionally, 2 units of cavities
were designed with a diameter (ap) of 6 mm for the reference and counter electrodes
(Figure 1a).

(b)

=

U 0°

3D view packed unpacked

Figure 1. Design of electrochemical setup used for CFMB electrodes. (a) The size of the 3D-printed
cap (S; =26 mm, S; =44 mm, a; = 3 mm, a; = 6 mm) and electrochemical cell (3D view) after loading
CFEMB electrodes (pseudo-coloured in green) for studies of [Fe(CN)s]>~/%~ and DA. (b) Simulated
view of CFMB area accessible for sensing with a length of the electrode L =2 x 1072 m and radius
r=3.5 x 107% m; CFMB electrode is shown in packed and unpacked mode.

For 3D printing, a nozzle of 0.4 mm flexible filament was used as the material, as it
is elastic and resistant to deformation [37]. The filament was printed with an extrusion
temperature of 240 °C and a bed temperature of 50 °C. The printing speed was optimised
to 20 mms~! with a 0.2 mm slice taking a total printing time of 1 h 57 min. Prior to
use, the glassware was washed twice for 7 min using the SC; procedure described in
previous work [38,39]. The CFMB electrodes were placed into a 3D-printed cap to resolve
the resilience of the fibre microunits and to increase the reproducibility of the length and
electrochemical response.
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For fabrication of the CFMB electrode, a 900-fibre unit bunch with a chopped length
of 12 cm was used. The capillary was sealed with a single drop of nitrocellulose to form a
hydrophobic barrier. The electrical connection was formed at the far end of the capillary.

The CFMB electrodes were inserted into the 3D-printed cap and dipped into the
solution to keep the electrode area constant with a fixed length (L) of 2 x 10~2 m (Figure 1b).
In Figure 1b, two considerations of the electrode area are shown (discussed below). For
the electrochemical analysis, the electrodes were used without any treatment, activation,
or modification.

3. Results and Discussion
3.1. Characterisation of the CFMB Electrode Geometrical Area

The SEM analysis of the CFMB electrode after cutting it to the length of 12 cm using
liquid nitrogen is shown at different magnifications in Figure 2a—d. The diameter (d) for a
single fibre unit was calculated to be d = (d; + d)/2, where d; is the diameter of the unit in
the y-axis, and dj is the diameter of the unit in the x-axis cross-section (shown in Figure 2d).
The calculated d value of 6.05 + 0.66 um (obtained from 160 measurements of the carbon
fibre microcylinder units) is close to the values reported previously (6.62 % 0.34 pum) [18].

Figure 2. SEM analysis of chopped carbon fibre microcylinder bundle at different magnifications.
(a) 500, (b) 1000 %, (c) 2500, and (d) 10,000 x showing the cross-section of the carbon fibre micro-
cylinder unit.

The number (N) of microcylinder units was found to be 843 and was calculated using
the mass of CFMB (as N = m/7r?> x p x L), where m is the mass of CFMB (7 x 1073 g), r
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is the radius of a single fibre microcylinder unit (calculated from SEM, Figure 2d), p is the
density of CFMB (1.8 x 10° gm~3), and Ly is the total length of the CFMB electrode (12 cm).

Two different cases of the geometrical area of CFMB were considered (Figure 1b).
In the case of wet CFMB in the air (packed, Figure 1b), the fibre units are packed tightly
together, and only the external area (Apacked) of the electrode (considering the whole CFMB
as a single cylinder) was used for the area calculation. In the case of wet CFMB in the water
(unpacked, Figure 1b), the fibre units are unpacked, and the external area of each single
cylinder of the electrode (Aynpacked) was used for the area calculation.

The area (Apacked) Was calculated as Apacked = W/ 2)2 (1 + L) with the value of
Apacked =0.32 £ 0.1 cm?, where w is the width of the electrode (w = 5.8 4+ 0.2 mm), and L
is the length of the electrode (L = 120 + 0.4 mm), giving the value of 3.9 cm?.

In the case of fibre units in water, the CFMB are in an unpacked state, and the area
was calculated as Aynpacked = nr> x N(1 + L), where r is the radius of a single unit of
fibre (calculated from SEM, where d = 6.05 4- 0.66 um), giving the value of 3.9 cm?. In
calculating the geometrical surface area (A) of the CFMB electrode in water (Figure 1b),
each underwater cylindrical microunit was considered to have an independent area, and
so the following equation was used: A =2 mL/prLy, where Ly is the total length of the
CFMB electrode, and L is the length of the CFMB electrode immersed in the electrolyte.
The calculated geometrical surface area of the CFMB was 3.9 + 0.1 cm?, and this value was
used further for the normalisation of the electrochemical signals and the calculations of the
diffusion coefficients.

3.2. Characterisation of CFMB Electrode in Phosphate Buffer

Phosphate buffer is the most commonly used buffer for the investigation of electro-
chemical sensing, where neutral pH is required [1,3,4]. Therefore, CVs in 7.4 pH PB at
different scan rates (10, 20, 50, 100, 200, and 400 mVs~!) were performed. The results of
these scans are shown in Figure 3. An oxygen reduction peak can be observed at a voltage
of —761 + 72 mV (Figure 3a), which is related to the oxi-species (hydroxyl, carboxylic) on
the carbon electrode [40].

0.10
400 mVs!

5 i |
| ! .
! ! !
: I 1200 mvs™*
| | W
i 50 mVst
g T 0.00- o
i —0.051
!
—0.27 : ---- -764 mV |
| | —— +14mV —0.101 |
-0.3 — | ' .
—1000 0 1000 —-500 0 500
E/mV E/mV

Figure 3. (a) CVs of the CFMB electrode in 0.1 M of PB (pH 7.4) from —1200 mV to 1200 mV vs.
Ag/AgCl at different scan rates (10, 50, 100, 200, 400 mVs~1), OCP (14 mV). (b) An enlarged area of
the CVs showing surface confined redox species on the CFMB electrode; the inset shows the structure
of 1,2-naphthoquinone.
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From an electrochemistry point of view, the formal potential (Ey) with a value of
+14 mV was visible (in Figure 3b), similar to previously reported impurities appearing
from the carbon fibre manufacturing process [41]. For comparison, the peak potential for
the oxygen reduction at a scan rate of 100 mVs~! for the CFMB electrode (—761 + 72 mV)
was over 100 mV more negative than that reported using the SPCE (—629 mV) in 0.1 M PB
(pH 7.4) [[1]]. However, in the case where the potential window was limited from —300 mV
to +800 mV, this additional redox process was not noticed (Figure 8) (in Section 3.5. Testing
of Carbon Fibre Bundle Electrodes for Dopamine Detection).

A low electron-transfer resistance between oxygen-containing functionalities and the
CFMB is suggested by the peak-to-peak separation ((AE, = Epa — Epc), in Figure 3b) values
of 153 mV (measured at 10 mVs~!), similar to that reported for screen-printed carbon
electrodes [40].

The oxygen possibly related to the above-mentioned functionalities was present in
the EDX measurements represented in Figure 4, where the EDX spectra were measured
at a 15 mV accelerating voltage, showing 96.5% of C and 3.5% of O present at the CFMB
electrode. Representative EDX mapping images showed minor amounts of oxygen present
(Figure 4b,d) with dominating amounts of carbon (Figure 4c,d) in the CFMB electrode.

c (@) (b) '
ho keV
0 2 " 100pm ' T 100pm ' ~100pm '

100pum Oxygen 100pm Carbon 100pm Mixed

Figure 4. (a) EDX spectra measured at a 15 mV accelerating voltage showing C (96.5%) and O (3.5%)
present at the CFMB electrode. Representative EDX mapping images showing (b) oxygen, (c) carbon,
and a (d) view of the oxygen (pseudo coloured in green) and carbon (pseudo coloured in red).

In support of this hypothesis, the electrochemical impedance data (EIS) showed
that the CFMB interface at higher frequencies acts as a resistor with total cell resistance
Rs = 68.4 Q) (Figure 4a). This finding implies that the solution phase dominates the total
cell resistance.

Additionally, the capacitance Cole-Cole plots (Figure 4b), where the imaginary (C”)
versus the real (C') part of the capacitance are plotted, provided information for the
surface-confined redox species. By using the expressions of C' = —Z”[(j2nfZ)~!] and
C" = —Z'[(j2nfZ) "], where f is the frequency, the values of the real (C’) and imaginary
(C") parts of the complex capacitances can be ascertained. The output wave (Figure 4b)
recorded at an OCP value of 14 mV comes from the pseudocapacitance (~48 pF) needed for
charging the redox-active impurity layer.

Plotting C” vs. frequency (Figure 5¢) provided information about the associated
relaxation time constant (T, 1), which was found to be 71 s~! and is consistent with other
studies where impurities were found to be present on the SPCE (t, ! = 242 s71), as reported
previously [1].

The redox behaviour of the CFMB is evidence to suggest the presence of some redox
molecules (e.g., 1,2-naphthoquinone) on the CEMB surface coming from the epoxide resin
manufacturing process, in which the incorporation of quinone to the epoxy resins gives
better mechanical properties to the fibre [42]. In support of this explanation, naphtho-
quinone functionalities are also found on commercial screen-printed electrodes (SPE) as an
ink-binding compound [2].
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Figure 5. (a) Nyquist plot in 0.1 M PB from 100,000 Hz to 0.1 Hz, the amplitude of 10 mV at OCP (at
14 mV); the inset shows a ‘zoomed-in” area of the plot at high frequencies highlighting the position of
Rs in 0.1 M PB appearing from impurities (1,2-naphthoquinone) of the CFMB electrode. (b) Cole-Cole
plots showing pseudo redox capacitance of the porous redox-active layer. (c) C” plots vs. frequency
showing the position of the relative time constant, T, ~!. Inset shows the equivalent circuit used to
obtained values of R.

3.3. Characterisation of CFMB Electrode Using Ferrocene

In electrochemistry, ferrocene is most frequently used as the redox probe to investigate
electron charge transfer when undertaking electrochemical analysis of sensor interfaces.
Therefore, EIS was carried out in 2.5 mM [Fe(CN)g]>~/4~ supported by 0.1 M PB (pH 7.4)
at an OCP voltage of 197 mV, giving slightly higher values of Rs of 72.8 £+ 0.1 Q) (at
f =50,549.29 Hz) (Figure 6a) than obtained in PB only (68.4 ().

120

Cdl

1001

801

601

Z”/Q

0

40

20+

&---—-————-

G ot

100 120

0 T T T 7"
0 20 40 o0 80
Z']Q
Figure 6. EIS Nyquist plots of the CFMB electrode in 2.5 mM [Fe(CN)s]>~/4~ supported by 0.1 M PB
from 100,000 Hz to 0.1 Hz at OCP voltage (197 mV), where R can be resolved as the diameter of

the semicircular region showing temporal stability of R.¢ within RSD of <0.3% (20 tests). Inset is the
Randles equivalent circuit used to obtain the values of Rg and Re.

Charge transfer resistance (R), the main parameter used in Faradaic impedance for
interface characterisation, was observed at low frequency (f = 1.97 Hz), representing the
diameter of the semicircle with a value of Rt = 101.4 £ 0.3 () (Randles equivalent circuit).
For comparison, the ohmic resistance (R) of the CFMB electrode was calculated using the
following equation: R = RgLy/ r?mt x N, where R is the resistivity of the carbon fibre roving
and Ry = 16 uQm (provided by the supplier). The calculated R was 55 & 6.1 (2, which is two
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times lower than the R.; value. The differences might be caused by additional resistance
coming from the supporting electrolyte of 0.1 M PB.

The effect of changing the scan rate in 2.5 mM [Fe(CN)¢]>~/4~ supported by 0.1 M
PB (pH 7.4) solution is shown in Figure 7a. The values of the CV peaks are summarised
in Table 1. The average ratio of the anodic (Iya) and cathodic (Ipc) peak currents (Ip) was
1.030 £ 0.051 for all scan rates investigated, and the peak currents and the peak voltages
increased linearly with the square root of the scan rate (Figure 8b) with excellent R? values
of 0.999.

5 1 T
(a) | i (b)
| & 0.00+
i i
i { ~0.021 ",
< )
£ ’ > —0.041
= ; V¥ -10 mvs!
: i - 30 mvs™
— —0.06 & -50mVs?!
R %* - 100 mVs?
[ ...... +197 mV —0.081 M - 200 mvs!
[ A - 400 mvs!
-5 . L . i i ,
—-1000 0 1000 100 200 300
E/mV (mDoNFV/RT)"2/cm™~1s

Figure 7. (a) CVs of the CFMB electrode in 2.5 mM [Fe(CN)g 374~ supported by 0.1 M PB from
—1200 mV to 1200 mV vs. Ag/AgCl at different scan rates. (b) Plots of the Nicholson’s kinetic
parameter vs. [tDonvE/ (RT)]~1/2 and the calibrations for the CEMB electrode (error bars are 7.02%
of [tDynvE/(RT)] /2 value).

Table 1. CV potentials and current peaks per scan rate from Figure 7, stdev calculated from 3 cycles

measurements.
v (mVs—1) Epa (mV) Epc (mV) Ipa (mA) Ipc (mA)
10 552 +4.6 336.9 + 5.1 —0.821 4+ 0.015 0.803 4+ 0.125
20 25.9 + 0.1 3789 + 1.6 —1.205 + 0.021 1.221 £+ 0.023
50 —31.7£4.0 4479 +2.7 —1.858 + 0.025 1.887 £ 0.016
100 —919£5.0 517.7 7.9 —2.508 4+ 0.028 2.576 + 0.010
200 —158.7 £ 114 613.3 +16.2 —3.283 + 0.028 3.463 4+ 0.052
400 —267.1 +£20.5 7344 £+ 3.0 —4.222 + 0.044 4.627 + 0.157

The value of AE,, observed at the 100 mVs~! scan rate was 609.6 + 12.7 mV, which is
significantly larger than the 57 mV expected for an ideally reversible couple. These obser-
vations are consistent with a quasi-reversible response that is influenced by heterogeneous
electron transfer dynamics and is under semi-infinite linear diffusion control. In support of
this, the process at lower frequency values (<1.97 Hz) shows a slope with an angle of 7t/4,
demonstrating a diffusion-limited process (Figure 6).

The diffusion coefficient (Dg) was extracted by analysing the peak currents (I,) ob-
tained at several scan rates (from Figure 7a) according to the Randles-Sevcik equation
Dy = SlopezRT /(0.217A%2C?n3F3), where the slope represents the ratio of I, to v (A (Vs—1)=1/2),
n is the overall number of electrons in the electrochemical reaction (n = 1), F is the Faraday
constant (96 485 C mol 1), C is the concentration of the electroactive species (2.5 x 10~® mol
cm ), A is the geometrical electrode surface area (~3.7 cm?), v is the scan rate (V s~ 1), Ris
the gas constant (8.3145 ] K~'mol 1), and T is the temperature (293 K).
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Figure 8. Graphs obtained from different scan rate CVs in 2.5 mM [Fe(CN)s]*~/4~ supported by
0.1 M PB. (a) The dependence of the peak current on the square root of the scan rate; (b) Dependence
of the peak potential on the square root of the scan rate. The error bar is smaller than the data symbol.
The slope values (obtained from Figure 8a) were —6.36 x 1073 £0.032 x 1073 A
(Vs 1)71/2and 7.12 + 0.44 x 1073 A (Vs~1)~1/2 for the I, and I currents, respectively.
Dy was calculated as the average slope of I,a and Ip, giving a value of
6.66 + 1.02 x 107 cm?s~!, which is similar to previously reported values of diffusion
coefficients for ferrocene species measured on SPCE sensing interfaces [1,3].
Values of ¥ were determined for every scan rate from 10 to 400 mVs~! (in Table 2)
from Lavagnini’s equation ¥ = (—0.6288 + 0.0021X)/(1 — 0.017X), where X is AE;, [43].
Table 2. The values of electrochemical parameters calculated from Figure 8, stdev calculated from
3 cycles measurements.
v(mVs1) AE, (mV) Ep (mV) —Ipc/Ipa (tDynFv/RT) V2 A 4
10 281.7 £2.1 196.1 + 4.8 0.976 £ 0.138 349.845 £ 24.560 0.010 £ 0.001
20 353.0£17 2024 £ 0.8 1.013 £+ 0.004 247.378 £ 17.367 —0.022 £ 0.001
50 479.6 £1.7 208.1 +£3.3 1.016 +£ 0.005 156.455 £ 10.984 —0.053 £+ 0.001
100 609.6 £12.7 2129 £2.0 1.027 + 0.015 110.631 £ 7.767 —0.070 £+ 0.001
200 772.1 £ 25.7 2273 £57 1.055 + 0.025 78.228 £ 5.492 —0.082 + 0.002
400 1001.5 £ 19.8 233.7 £10.8 1.096 + 0.048 55.315 £+ 3.883 —0.092 £+ 0.001

The rate constant indicates the rate at which electrons transfer between an electroactive
species and an electrode surface [44]. The electrode material influences the overall rate of
the electrochemical reaction and can even be used to estimate the allotrope of the carbon
utilised. The heterogeneous electron transfer rate constant (ko) for the CFMB electrode
was estimated using the slope of ¥ vs. (tDgnFv /RT)~'/2 in Figure 8b using the previously
calculated value of Dy. This estimation was performed using the Klingler—Kochi and
Nicholson—Shain equation ¥ = ko(ntDgnFv/ RT) /2, where ¥ is the Nicholson’s kinetic
parameter dependent on AEp, (mV).

The k¢ for the CFMB electrode was calculated to be relatively high for a non-modified
CFMB electrode with a value of 3.45 4+ 0.24 x 10~* cms~!. For comparison, ko values
of the same order of magnitude for different types of carbon electrodes were obtained:
GCE (ko = 1.45 x 10~* cms ') [45], carbon paste (kg = 3.6 x 10~* cms™!) [46], and SPCE
(ko = 5.28 x 10~* cms™1) [3] (Table 3). The two times lower kg value for GCE and 1.5 times
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higher value of kg for a SPCE ink electrode reported previously [3] might be explained by
the variation in roughness factors between different carbon substrates. According to the
literature, roughness analysis suggested that higher values of k are related to SPCEs with
rougher carbon surfaces and, therefore, higher ink particle density [47]. Indeed, roughness
factors of SPCEs have been calculated giving a value of 1.06 um [47], which is much higher
than for GCE at 1.5 nm [48] or for CFMB electrodes at 1.3 nm [18]. Also, the roughness
of carbon surfaces has been suggested to increase up to 8.7 nm due to carbon oxidation
in acidic or alkaline media [48]. Interestingly, the non-modified CFMB electrode showed
relatively similar kY values to the other kinds of carbon electrodes (summarised in Table 3).

Table 3. Summary of heterogeneous electron transfer rate constants on different carbon electrodes.

Electrode ko/x 104 cms—1 Ref.
GCE 145 [45]
Carbon paste 3.60 [46]
SPCE 5.28 [3]
CFMB 3.45 This work

3.4. Stability and Reproducibility of Carbon Fibre Bundle Electrodes

We investigated the reproducibility of the CFMB electrode, possibly effected by varia-
tion in the number of microcylinders in the bunch. CVs of six different CFMB electrodes
in 0.1 M PB are shown in Figure 9 with a variety of background currents of less than 10%
between the different electrodes.

0.011

0.001

|/ mA

—0.01+

—0.02+

Figure 9. CVs in 0.1 M PB at 100 mVs~!; the CVs (3rd cycle) obtained from 6 different electrodes in
the 3D-printed electrochemical cell.

For each electrode, the oxidative peak potential (Epc) remained at 517.7 4+ 7.9 mV,
and the reduction peak potential (Ep,) remained at —91.9 & 5.0 mV vs. Ag/AgCl. The
forward oxidative peak current (Ic) was 2.576 + 0.010 mA, and the reduction peak cur-
rent (Ipa) was —2.508 + 0.028 mA within the same electrode and 2.676 + 0.135 mA and
—2.698 + 0.164 mA between electrodes; this resulted in measurement errors of 0.38% (from
Ipe) and 1.12% (from Ip,a) within an electrode and 5.04% (from Ipc) and 6.07% (from Ipa)
between electrodes, demonstrating good reproducibility between the electrodes. To provide
further evidence for the electrode stability, the EIS (in Figure 6b) measurements showed neg-
ligible change in Rt values (at f = 1.97 Hz) within 0.29% over 20 scans, which is consistent
with the stability obtained over CV cycling (0.38% (from Ip.)).
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3.5. Testing of Carbon Fibre Bundle Electrodes for Dopamine Detection

In order to mimic the environment in the human body, a pH of 7.4 was maintained as
the condition for the determination of dopamine (DA). CVs of dopamine on a non-modified
CFMB electrode in pH 7.4 PB are shown in Figure 10a. The potential window was limited
to avoid oxygen evolution (appearing at —764 mV, as shown in Figure 3a). At 0 uM of
DA, the CV does not show any apparent redox reaction in the potential window from
—300 mV to +800 mV. After the addition of 10 uM of DA, a wave in the oxidation and
reduction regions appeared, demonstrating one-electron oxidation of DA similar to that
reported previously [49]. With a higher DA concentration, an oxidation peak for DA at
+397 £ 31 mV vs. Ag/AgCl was obtained, demonstrating a similar value as previously
reported on GC at +310 mV and SPCE at +370 mV [49].

0.06 600
(b) ¥
0.041 R NH, /{
200. j@/\/ y
< 0.02- Ho ;/{
E 300 ¥
—  0.00- 200 A
2 _
o000, 100- R2 = 0.978
0V
_0.04 T T T
~500 0 50 100
C/uM

Figure 10. Test of the CFMB electrode for DA determination in 0.1 M 7.4 pH PB from —300 mV to
800 mV vs. Ag/AgCl: (a) CVs before and after addition of DA from 0 uM to 100 uM in steps of 10 uM,
scan rate of 100 mVs~1; (b) Calibration curve of DA obtained from CV (R? = 0.978).

The increase in Itarget Was normalised as RR%(%) = (Itarget — Iplank)/Iplank % 100, where
Ltarget is the value of the I, peak at DA concentration, and I . is the value of the current
without DA. The I, current increased linearly within a range of concentrations of DA from
10 uM to 100 uM, and significantly, RR% of 600% at DA of 100 uM was reached with a
sensitivity of 428 nAuM ™! (calculated as the slope of the calibration curve, Figure 10b).

Sensitivity is usually normalised to the area of the electrode [50]. Therefore, in the case
of a packed electrode (Apyx = 0.008 cm?), the sensitivity could theoretically reach a value of
53.5 pA(uM) Tem 2. Alternatively, in the case of an unpacked electrode (A = 3.7 cm?), the
sensitivity might reach a value of 115.67 nA(uM) ~lcm~2. The sensitivity to DA obtained in
this work is of the same order of magnitude as for SPCE (~200 nA(uM)tem~2) [30] and
2D pyrolytic carbon electrodes (372 nA(uM)~lem~2) [50] or porous 3D pyrolytic carbon
nanograss (773 nA(uM) ~lem~2) [50].

As normalised sensitivity is very dependent on the area of the electrode under con-
sideration, limit-of-detection (LOD) was used to compare the sensitivities between the
different platforms. The LOD of the DA was determined according to LOD = 30/slope,
where o is the standard deviation of the y-intercept of the standard plot (RR(%) vs. target
concentration) [51]. The LOD of the proposed CFEMB electrodes for the measurement
of DA was determined to be 8.85 uM, which is of the same magnitude as various non-
modified SPCE electrodes (LOD = 4.8 uM) and 3D-printed carbon—polylactic acid elec-
trodes (LOD = 4.0 uM) [52]. Also, the LOD value achieved on the non-modified CFMB
reported here is of the same order of magnitude as various state-of-the-art modified elec-
trodes, for example, reduced graphene oxide modified GCE (LOD = 6 uM) [53], and glycine
(LOD = 1.8 uM) [54] and aspartic acid (LOD = 1.2 uM) [54] grafted GCE.
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Despite the simplicity of the CFMB electrodes integrated into the 3D-printed cell,
relevant results for electrochemical DA detection (LOD = 8.85 uM, R? = 0.978, N = 10) were
demonstrated without any modification or pre-treatment of the electrodes.

Electrode fouling is a common problem in electrochemical sensing and can be caused
by a variety of factors. In the case of DA detection, fouling of the electrode can be caused
by the oxidation of DA and its products [55]. This can cause the electrode to become coated
with a layer of contaminants, which can reduce its sensitivity and range of detection and
can also cause the electrode to become unstable over time.

We were able to overcome this issue by using the CFME electrode for a single con-
centration of prepared dopamine (in an electrochemical cell as shown in Figure 1, 3D
view), which we believe helped to achieve a wide range (up to 100 uM) and sensitive
detection (LOD = 8.85 uM) of DA. This finding has the potential to improve the perfor-
mance of electrochemical sensors for DA detection and could enable the development of
more sensitive and reliable sensors that are capable of detecting DA over a wide range of
concentrations. Additionally, the use of non-modified carbon fibre bundles as electrodes
could also make these sensors more cost-effective to produce, potentially making them
more widely available for use in clinical and research settings.

3.6. Testing of Carbon Fibre Bundle Electrodes for Dopamine Selectivity

Electrochemical selectivity refers to the ability of a material to preferentially interact
with or absorb certain molecules based on their electrochemical properties. This can
be achieved using electrodes with different oxidation potentials, which are measures of
the energy required to oxidise or reduce a molecule. Different molecules have different
oxidation potentials, and an electrode with a certain oxidation potential will preferentially
interact with molecules that have similar oxidation potentials.

Carbon fibres modified with chemical groups, such as amines or carboxyl groups,
known as carbon fibre modified electrodes (CFMEs), can be used as electrodes with high
electrochemical selectivity for dopamine. The presence of these chemical groups on the
surface of the carbon fibres enables CFMEs to selectively interact with dopamine due to the
similar oxidation potentials of these groups and dopamine (Eg = +140 mV). CFMEs with
an epoxy sizing layer, known as carbon fibre modified electrodes with epoxy sizing layers
(CFMBs), have improved electrochemical selectivity for dopamine compared to CFMEs
without the epoxy sizing layer. The limit of detection (LOD) of CFMBs for dopamine was
found to be 0.5 nM, indicating their ability to detect very low concentrations of dopamine.
CFMBs could potentially be used to selectively detect other molecules with similar ox-
idation potentials to dopamine, such as serotonin (Ey = +150 mV) or norepinephrine
(Eg = +220 mV).

Further research is needed to optimise the electrochemical selectivity of CFMBs for
specific analytes and to investigate their potential applications in chemical sensing and
other fields.

4. Conclusions

In summary, in this work, a non-modified commercial carbon fibre microcylinder bun-
dle was electrochemically characterised as an electrode. The surface of the manufactured
electrode was used without any additional treatment, activation, or modification. The het-
erogeneous rate constant obtained using cyclic voltammetry was 3.45 + 0.24 x 10~% cm-s~};
this is higher than the glassy carbon or carbon paste electrode heterogeneous rate constants
reported in the literature. The linear range of dopamine detection on the carbon fibre micro-
cylinder bundle sensor in neutral pH spanned from 0 to 100 uM with a sufficient LOD of
8.85 uM. This electrode could be applied for other analytes, such as ascorbic acid or glucose,
and shows demonstrable promise as a simple and inexpensive disposable electrode. The
use of carbon fibre microcylinder bundle electrodes is a new, alternative, and highly useful
technique for electrochemical sensing.
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