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electrode and demonstration of its use in
electrochemical detection strategiest
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Electrochemical detection methods hold many advantages over their optical counterparts, such as oper-
ation in complex sample matrices, low-cost and high volume manufacture and possible equipment minia-
turisation. Despite these advantages, the use of electrochemical detection is currently limited in the clini-
cal setting. There is a wide range of potential electrode materials, selected for optimal signal-to-noise
ratios and reproducibility when detecting target analytes. The use of carbon paste electrodes (CPEs) for
electrochemical detection can be limited by their analytical performance, however they remain very
attractive due to their low cost and biocompatibility. This paper presents the fabrication of an easy-to-
make and use graphite powder/paraffin wax paste combined with a substrate produced via additive man-
ufacturing and confirms its functionality for both direct and indirect electrochemical measurements. The
produced CPEs enable the direct voltammetric detection of hexaammineruthenium(i) chloride and
dopamine at an experimental limit of detection (ELoD) of 62.5 pM. The key inflammatory biomarker
Interleukin-6 through an enzyme-linked immunosorbant assay (ELISA) was also quantified, yielding a clini-
cally-relevant ELoD of 150 pg ml™ in 10% human serum. The performance of low-cost and easy-to-use
CPEs obtained in 0.5 hours is showcased in this study, demonstrating the platform'’s potential uses for

rsc.li/analyst

Introduction

A biosensor can be defined as ‘a device that uses specific bio-
chemical reactions mediated by isolated enzymes, immunosys-
tems, tissues, organelles or whole cells to detect chemical
compounds usually by electrical, thermal or optical signals’."
Biosensors can be used in either point of care (POC), or lab-
oratory settings. While in laboratories optical methods domi-
nate due to their simple, highly automated nature, they can
struggle in POC settings. There are many reasons for this
including interference from coloured samples, long analysis
times, requirements for large/power intensive equipment and
large sample volumes.” Although electrochemically active
samples and especially those with changing pH can interfere
with electrochemical sensors, their ability to provide fast, low-
cost, specific responses® in the field* and general smaller size
make them ideal for use in POC settings. The greatest illus-
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point-of-need electroanalytical applications.

tration of their utility at the POC is the rise of continuous
glucose monitors. Glucose biosensing testifies of evident
success, being the focus of 90% of the global market for
electrochemical biosensors.” Nevertheless, electrochemical
sensing has not yet been fully exploited for wider commercial
and medical applications.”

The sensitivity of an electrochemical biosensor relies on the
electrode material on which it is based. To this end, a substan-
tial number of materials have been developed and tested in
the literature, commonly gold® and carbon.” Gold materials,
although more expensive,® are often chosen due to their
chemical stability’ and in the case of biosensors, their ability
to be easily functionalized via strong gold-sulphur bonds."
Carbon on the other hand is inexpensive,'" highly conductive,
chemically inert and has a wide voltage range.'> Despite these
advantages, carbon electrodes often require high overpoten-
tials to reduce or oxidise molecules on their surface,'" an issue
most often overcome via modification with suitable redox
mediators™" or catalytic nanomaterials."?

Carbon paste electrodes (CPEs) are a popular subtype of
carbon electrode with a long history, produced through the
mixing of electrically conductive carbon materials with
binders/solvents.'* While the use of carbon paste itself is cer-
tainly not new, being described as early as 1958,"° its simple

This journal is © The Royal Society of Chemistry 2024
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manufacturing process of mechanical mixing imparts several
benefits, permitting the in-house manufacturing of electrodes
at a low cost. Traditionally, 70% of carbon pastes are made
with liquid binders.'® In recent years, solid electrodes pro-
duced through the mixing of a solid binder such as paraffin
wax with carbon materials have gained traction and are now
commonly used, allowing the incorporation of current manu-
facturing methods such as additive manufacturing (3D print-
ing). The versatility of carbon paste allows numerous modifi-
cations/enhancements to be made easily, such as the inclusion
of redox mediators,"”” recognition elements'”> such as
enzymes'®'® and binding molecules®® being common choices.

Electrochemical biosensors can function by direct detec-
tion, in which a molecule of interest is inherently electroche-
mically active, or by indirect detection, in which a molecule is
coupled to a tag (e.g. an enzyme) which enables its electro-
chemical detection. A molecule often targeted by direct electro-
chemical detection and biosensors is dopamine, with 271
results being found from a search of ‘Dopamine’ AND
‘Biosensor’ in web of science since 2023. Dopamine is a neuro-
transmitter that plays a critical role in neuromodulation, being
expressed, and detected in both the central and peripheral
nervous systems,>! whose levels are raised in Parkinson’s,
Huntington’s, and schizophrenia.*

Direct electrochemical detection of dopamine and other
neurotransmitters of interest has been reported on many elec-
trode materials and morphologies,?® in vivo using carbon fibre
electrodes® and through clinical depth electrodes.”® Indirect
electrochemical sensing of dopamine has been demonstrated
extensively, for instance using a fluorescent artificial receptor®
or electrochemiluminescence using copper nanoclusters.””
However, many of these reports require complex multi-step
functionalisation protocols due to well-known interferents at
similar oxidation potentials.”® Given the large amount of litera-
ture showing both benchtop and in vivo detection, the ubiquity
of measurement data and its challenging detection position
dopamine as a good benchmark compound for electrode per-
formance, especially because the mechanism of electron trans-
fer and general oxidation mechanism is more complex than
for the simple outer sphere ruthenium couple.

Enzyme-Linked Immunosorbent Assay (ELISA) is a com-
monly used method in laboratories worldwide and is reliable,
sensitive, and specific, in part due to the amplification that is
enabled by enzymes.>® Enzymes are used to detect and often
quantify immunological interactions, either the binding of an
antigen of interest to an antibody or vice versa. Some common
enzyme choices include alkaline phosphatase®® and horse-
radish peroxidase (HRP)** which are both conveniently able to
provide an optical and electrochemical signal. A common
target of both optical and electrochemical ELISA is
Interleukin-6 (IL-6).** This pro-inflammatory cytokine is a key
biomarker in sepsis** and many other diseases such as cancer,
multiple sclerosis, Alzheimer’s disease, rheumatoid arthritis,
anaemia, inflammatory bowel disease, asthma, and inflamma-
tory pulmonary diseases.®® Both electrochemical®>?® and
optical®’ detections commonly test for the presence of IL-6.

This journal is © The Royal Society of Chemistry 2024
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The popularity of ELISA and this specific cytokine position
them both as a strong benchmark measurement for any poten-
tial detection platform.

This study demonstrates the facile manufacturing of a CPE
chip aided with 3D printing. Considering the strengths of
electrochemical systems as affordable solutions easily transfer-
able to the point of need, the produced CPE performance will
be assessed in both direct and indirect detection strategies of
dopamine as an exemplar measurement of a redox active mole-
cule and IL-6 as an exemplar immunoassay. Alongside a basic
characterisation with ruthenium hexamine chloride, these
measurements showcase the potential utility of the platform
in a variety of useful analytical scenarios.

Materials and methods

Chemicals

Phosphate-buffered saline tablets (P4117), dopamine hydro-
chloride (H8502), r-ascorbic acid (A92902), uric acid (U2625),
serotonin hydrochloride (H9523), human serum (H4522) and
hexaammineruthenium(m) chloride (262005) were purchased
from Merck (UK). Streptavidin-tagged horseradish peroxidase,
IL-6 capture and detection antibodies as well as IL-6 protein
standard were taken from a Human IL-6 Duo Set enzyme
linked immunosorbent assay (ELISA) kit (DY206, Bio-Techne,
Abingdon, UK). Reagent diluent (DY995), wash buffer (WA126)
and HRP substrate solution (DY999B) were also purchased
from R&D Systems. Paraffin wax (56-60 degrees) was purchased
from APC pure (Hyde, UK) and graphite powder from Inoxia
Ltd (Cranleigh, UK).

3D-printing of electrode base and well

An electrode base and well to sit on top were printed using a
RAISE3D E2 IDEX Dual 3D printer with a nozzle diameter of
0.4 mm. Computer-aided design (CAD) files were produced in
FreeCAD 0.20.1 software and exported in .stl file formats to
ideaMaker 4.2.3 (RAISE3D) for slicing.

Parts were printed using 1.75 mm white polyethylene tere-
phthalate glycol (PETG) filament (ERYONE) and slicing was con-
ducted using the slicers high quality template (0.1 mm layer
height, 10% infill, 70 mm s~ infill speed) with the 1.75 mm
PETG filament option selected. Resulting .gcode and .data files
were transferred to the printer via a flash drive for printing.

Ag/AgCl quasi-reference electrode

During this investigation, an Ag/AgCl quasi-reference electrode
was used, produced by the submersion of Ag wire in house-
hold bleach alike other methods seen in literature.*® This elec-
trode produces a stable voltage through its reaction with chlor-
ide ions in the surrounding solution (eqn (1)). It does however
differ from a traditional reference electrode by being in direct
contact with the analyte, not with a saturated chloride solution
and so the voltage relies on the concentration of Cl™ ions in
the solution. A few things were done to attempt to keep this
constant:

Analyst, 2024,149, 4736-4746 | 4737
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» The only source of chloride ions was the phosphate
buffered saline used.

+ Measurements were performed quickly to reduce the
effect of evaporation.

Half reaction of Ag/AgCl reference system:

AgCl+e” < Ag—+Cl . (1)

Carbon paste manufacturing

Graphite powder and paraffin wax binder were combined via
heating and manual mixing in a mantle (electrothermal). A
1:1 mix by weight was easy to work with while still providing
suitable conductivity. This paste was used for the working and
counter electrodes. SEM and FTIR were performed to investi-
gate the chemical and physical structure of the produced
paste, further details are provided in the ESI (S3 and S47).

Chip assembly

Electrode chips were assembled in a few simple steps. Firstly,
the carbon paste outlined was heated until soft before being
transferred to the printed tracks via a spatula. It was then
pushed into the tracks before excess was removed. While still
warm, an Ag/AgCl quasi-reference electrode was added to the
relevant track, producing a chip with 8 carbon paste working
electrodes that share a single carbon paste counter electrode
and Ag/AgCl quasi - reference electrode. A more detailed
‘recipe’ for their manufacturing is included in the ESIL.}

Use of phosphate buffered saline (1x PBS)

PBS used during this investigation was composed of 0.01 M
phosphate buffer, 0.0027 M potassium chloride and 0.137 M
sodium chloride, at a pH of 7.4. This was obtained by dissol-
ving tablets in the volume of deionized water recommended by
the supplier (200 ml per tablet).

Electrochemical methods

Electrochemical procedures were performed using a PalmSens
PS4 potentiostat driven by PSTrace 5.9 software (PalmSens,
Houten, Netherlands). Data analysis was undertaken using
Origin 2022 (OriginLab, Massachusetts, USA).

Surface cleaning

Both physical and chemical cleaning methods were carried out
on electrodes before use. Physical smoothing of the electrode
surface was first performed by rubbing chips in a figure of
eight motion on white printer paper until a glassy surface was
obtained. Chemical cleaning was then performed by cyclic vol-
tammetry (CV) cycling in PBS. 10 cycles were performed
between potentials of —0.6 and 1.3 V at a speed of 100 mV s™*
and step of 0.02 V. Chips were then rinsed with deionised
water, dried using compressed air and used.

Hexaammineruthenium(ur) chloride characterisation

CV, square wave voltammetry (SWV) and electrochemical impe-
dance spectroscopy (EIS) in 1 mM hexaammineruthenium(ur)

4738 | Analyst, 2024, 149, 4736-4746
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chloride (Ru-Hex) in PBS were carried out using the following
parameters: CV voltage was scanned between 0.1 and —0.6 V at
100 mV s~! with a step of 0.02 V. SWV voltage was scanned
between 0.1 and —0.6 V with an amplitude of 0.1 V, step of
0.01 V and frequency of 20 Hz. EIS was performed at E;, (cal-
culated as —0.25 V after initial CV investigation) between
10000.0 and 5.0 Hz (10 steps per decade) with 10 mV sine
wave stimulation.

Dopamine

CV measurement was carried out using 0.25 mM dopamine
hydrochloride in PBS. Voltage was scanned between —1 and 1.5 V
at increasing scan rates of 100, 300, 500, 700, 900, 1400 and
3000 mV s~ with a step of 0.2 V. To gauge the oxidation voltage
of dopamine SWV, measurements were then performed on a
range of dopamine hydrochloride concentrations between —0.1
and 1.1 V with an amplitude of 0.1 V, step of 0.01 V and frequency
of 20 Hz. A similar experiment was performed using chronoam-
perometric measurement at 1 V, measurements were taken at 0.1
s intervals for 60 s. The common interferents ascorbic acid, uric
acid and serotonin hydrochloride were also tested via the SWV
detailed above at a concentration of 0.5 mM.

ELISA protocol

IL-6 ELISA was performed as instructed by the duoset ELISA Kkit.
In summary, 32 wells of a standard 96 well plate were successively
incubated with 100 pL of capture antibody (2 pg ml™), 300 uL of
reagent diluent (1x diluted from kit stock), 100 pL of IL-6 stan-
dard added to 10% human serum in PBS (1200-9.38 pg ml™),
100 pL of biotinylated detection antibody (50 ng ml™) and
100 pL of streptavidin-tagged enzyme (40 fold dilution from kit
standard). Between incubations, wells were washed via three suc-
cessive washes consisting of filling and emptying wells with
300 pL of wash buffer (diluted from kit). This produced an anti-
body ‘sandwich’ as seen in Fig. 1 tipped with HRP. 100 pL of
HRP substrate was then added to these wells and incubated for
20 minutes before 50 pL of stop solution was added. Absorbance
and chronoamperometry were then measured to reflect the con-
centration of IL-6 added to each well.

Limit of detection calculation

Limit of detection (LoD) was calculated from concentration
curves as shown in literature.*® Firstly, the limit of the blank

Enzyme tag

, ‘ Detection Antibody

Capture Antibody

Fig. 1 Schematic of a sandwich ELISA.

This journal is © The Royal Society of Chemistry 2024
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(LoB), the highest apparent concentration found from blank

measurements, was calculated using eqn (2). Eqn (3) was then

used to calculate the LoD of the performed experiment.
Calculation of the limit of the blank:

LoB = Meanpjank) + 1'645(STD)(blank)' (2)
Calculation of the limit of detection:
LoD = LoB + 1.645(STD) s, mpie)- (3)

To relate this LoD to the real measurements taken, an
experimental LoD (ELoD) will be taken as the closest measured
concentration point above the LoD to represent the lowest
analyte concentration able to be detected consistently.

K° Calculation

The heterogenous electron transport rate constant (K°) is of
great interest in the characterisation of electrochemical
systems, indicating the rate of electron transfer between an
electrode surface and electroactive substrate. In this investi-
gation, it was calculated as shown by Lavagnini, Antiochia and
Magno (2003).">*" This approach is based on two equations,
both centred around the dimensionless parameter, .

w = (0.0021AE, — 0.6288)/(1 — 0.017AE,), (4)

Reference electrode

Connector pads
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w = K°[xDnFv/RT] /%, (5)

where AE, is the CV peak separation of an experiment, D is the
diffusion coefficient of the electroactive species, n is the
number of electrons transferred during its reaction, F is the
Faraday constant, v is the scan speed of a measurement, R is
the molar gas constant and T is the absolute temperature.

The measurement of a defined electroactive species was
measured at several scan speeds using CV. Peak separation
was extracted and eqn (4) used to obtain y. Based on eqn (5),
the gradient obtained from fitting y plotted against [xDnFv/
RT]"? therefore represents K°.

Results and discussion
Electrode manufacturing

Fig. 2 shows the produced electrode base (Fig. 2a) and well
(Fig. 2b) which were filled with a 50:50 parrafin: graphite
paste mixture to produce the electrode format (Fig. 2c). In
general, each chip consisted of 10 channels into which heated
paste was pushed before excess was removed with a flat
spatula end. There were 8 linear working electrodes and two
large L shaped electrodes, one of which operated as a carbon
paste counter and one of which had a Ag/AgCl wire inserted

(b)

Counter Electrode

Working Electrodes

Fig. 2 Paste electrodes in a multiplexed format (a) PETG base produced via 3D printing. (b) PETG well produced via 3D printing. (c) The 8 WE
carbon paste chip produced and used during this investigation with attached well.

This journal is © The Royal Society of Chemistry 2024
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into it to act as a reference. This produced chips with a geo-
metric working electrode area of 4.77 mm? and a counter elec-
trode with an area of 44.25 mm? with a similar layout to other
designs utilised in literature.*" The estimated cost of goods to
produce one chip is £0.023 (excluding the reusable Ag wire
that is regenerated between uses) and manufacturing includ-
ing printing required around half an hour of work.

To characterise the CPEs performance with different redox
mediators and enzymes, it was necessary to perform a series of
investigations involving CV, amperometry and SWV while
increasing the complexity of the species being a simple outer
sphere redox mediator (hexaammineruthenium(u) chloride),
to the small biological molecule dopamine with it well known
complex electrochemistry to the inflammatory biomarker IL-6
(23 kDa). The following sections outline the results generated
with the newly fabricated devices shown here.

Hexaammineruthenium(m) chloride measurement

Hexaammineruthenium(m) chloride (RuHex) is a standard
redox mediator often used to gauge the basic effectiveness of
electrodes. Due to the outer sphere nature of this redox
couple, it is often used with carbon materials. Outer sphere
reactions occur when electrons are transferred from outer elec-
tron spheres easily via weak interactions. This can happen
without the need of specific adsorption and so kinetics are
less dependent on electrode surfaces.*

A 1 mM RuHex solution was made in PBS and used to
investigate the consistency of electrode manufacturing. Three
freshly manufactured and cleaned chips were characterised in
1 mM RuHex using SWV. Fig. 3 demonstrated that responses
obtained were within a similar order of magnitude (82 + 12,
122 + 16, 104 + 25 pA). The produced CPEs would therefore be
suitable for measurements which do not require ‘high pre-
cision’, since deviation both between individual electrodes on
a chip and between chips was noticed, even after surface con-
ditioning. This could be expected given their handmade
nature and the potentially random generation of conductive
paths in the bulk material, to be further improved.

150

<5100-
>
=
o)
K

& 504

04

1 2 3
Chip

Fig. 3 SWV peaks taken from measurements of three separate chips to
highlight manufacturing consistency, four electrodes from each chip
were measured in 1 mM RuHex in PBS (n = 4).
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Ruhex was also measured through CV and EIS methods to
estimate the basic electrochemical ability of CPEs (Fig. 4). As
can be seen clear oxidation and reduction peaks are present,
indicating suitable electrode performance.

On inspection of the CV response (Fig. 4a), a few key points
can be seen. The Randles-Sevéik equation (inputting the geo-
metric area of the electrode surface) predicts a reduction
current of 12.88 pA. The mean value of 8.70 pA + a standard
deviation of 4.38 pA is in reasonable agreement with the
equation, with the discrepancy explained by electrode rough-
ness and slight variations in area arising from the fabrication
process.

A peak separation of 79 mV was recorded (Fig. 4a), higher
compared to the theoretical separation of 59 mV expected. In
literature a breadth of performances has been reported, with
paste electrodes from Fanjul-Bolado et al. (2008) capable of
peak separation as low as 63 mV,** while Wang et al. (2001)
CPEs produced much more similar peak separations of
77 mV.** This range highlights both the variation in paste
composition in literature and the effect of the paraffin binder
on typical performance.

Differences in the oxidation and reduction peak amplitudes
were also observed (10.56 (+0.83) pA vs. 15.45 (+2.15) pA). This
indicates a quasi-reversible behaviour of RuHex on the electro-
des as expected from reports of other untreated paste surfaces
in literature.*® To confirm this quasi-reversibility, CV measure-
ments of 1 mM RuHex in PBS were then taken at scan speeds
of 100, 300, 500, 700 and 900 mV s~ '. Peak separations were
then recovered and the K° calculated using a reported
diffusion coefficient of 8.4 x 107° cm® s".*° The obtained K°
value of 0.055 cm s~ is comprised within the range of a quasi-
reversible system (107'-107° cm s™'), where currents are con-
strained both by charge transfer and mass transport.*”

EIS measurements displayed in Fig. 4b and c showed a
highly resistive system. This was first evidenced in the Nyquist
plot (Fig. 4b), which although difficult to fit to standard cir-
cuits (Randles/simplified Randles equivalents) most closely
resembles a single Warburg element, albeit at a much shal-
lower angle than usual. This indicates a system under control
of mass transport or ‘semi-infinite’ diffusion rather than any
electrode effects. The Bode representation (Fig. 4c) also
showed a system dominated by resistance.’® Both SEM and
FTIR measurements respectively shown in Fig. S2 and S3
(ESIT) may offer some explanations for this electrochemical
activity. In particular, the ‘solid dispersion’®® structure of the
paste shown both in this investigation and other pastes made
in both solid®® and liquid binders®' > where pastes consist of
carbon particles coated in binder. This produced an uneven
structure with a surface composed of high and low conduc-
tivity areas, shown by bright and dark patches in SEM images
(Fig. S2t) and through the presence of both hydrocarbon and
pure carbon bonds in FTIR (Fig. S37).

This dispersion produced conductive paths and therefore
performed as an electrode. However, much of the bulk of the
material can still be considered as ‘inactive’, either completely
non-conducting paraffin or isolated graphite. This supports

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a): CV measurements of 1 mM RuHex in PBS between —0.6 and 0.1 V at a scan speed of 100 mV s7L (b) Nyquist plot of EIS characterisation
of electrode in 1 mM RuHex in PBS, performed at E;,» between frequencies of between 10 000.0 and 5.0 Hz with 10 mV sine wave stimulation. (c)

Bode plot of the same EIS characterisation.

the behaviour observed in EIS measurements, governed by the
ability of analytes to find conductive areas on the electrodes
surface as well as in CV measurements, where high ‘distribu-
ted resistance’ has been shown to spread CV peaks.”*

Dopamine measurement with CPEs

A 250 pM dopamine solution was made in PBS and measured by
CV using several scan rates. Oxidation peaks showing the for-
mation of dopamine-o-quinone (DOQ) were clear and although
reduction peaks are not visible at slower rates due to the rapid de-
sorption of this product from the electrode surface,> faster scan
rates record DOQ before desorption can take place.

Inspecting the CV responses, scan speed had minor impact
on peak potentials, indicating a reasonably reversible system
for the parameters tested. However, when plotting peak
heights vs. the square root of scan rate, a poor linear fit is seen
(see Fig. 5b), especially at higher scan rates where currents
deviate from the expected significantly, producing lower than
anticipated peak heights. This highlights the complex nature
of dopamine electrochemistry and may indicate the point at
which diffusion becomes a limiting factor in the redox system,
or potentially the point at which the oxidative production of
polydopamine seen commonly in literature®® begins to inter-
fere with measurement.

This journal is © The Royal Society of Chemistry 2024

When different concentrations of dopamine are tested using
SWYV, concentration dependent differences are seen in peak cur-
rents down as low as 62.5 uM, however this plot also shows poten-
tial drift in measurements (see Fig. 5c), with higher concen-
trations of dopamine requiring higher potentials for full oxi-
dation, one possible cause of this drift may be due to the effect of
iR drop within the chip. iR drop is the difference between the
expected potential applied at the working electrode and the actual
potential that is applied and is influenced by several factors
including electrode and electrolyte conductivity, distance between
working and reference electrodes, working electrode roughness
and double layer thickness® and can lead to the shifting of
electrochemical peaks on a plot. The increasing concentrations of
dopamine measured may potentially affect this drop in two major
ways, firstly by increasing the solution resistance and secondly
through the altering of electrode conductivity through the
binding of dopamine polymers to electrode surfaces.

These same dopamine solutions were then measured
chronoamperometrically along with a PBS baseline to ascer-
tain the electrode’s ability to detect dopamine, producing the
concentration curve seen in Fig. 5d. When analysed, this data
produced an ELoD of 62.5 uM of dopamine, although standard
deviation error bars indicated that distinguishing between con-
centrations above this point may be difficult.

Analyst, 2024,149, 4736-4746 | 4741
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Fig. 5 (a): Measurements of 0.25 mM dopamine in PBS at increasing scan rates (mV s™%) showing stability of the system. One channel of 8 WE chip
shown for clarity. (b): Measurements of 0.25 mM dopamine in PBS at increasing scan rates of 100, 300, 500, 700, 900, 1400 and 3000 mV s, oxi-
dation peak heights against the square root of the scan speed plotted (n = 8) (error bars plotted as + one sample standard deviation) (c): SWV
characterization of dopamine on the carbon paste sensor, example from a single channel over multiple concentrations of dopamine in PBS (mM) (d):
chronoamperometric measurements of dopamine concentrations seen in (c), measured using all electrodes on a single chip, compared to PBS base-
line measurements (red zone) (n = 8) (error bars plotted as + one sample standard deviation).

Although this LoD is much higher than those seen in litera-
ture (Table 1) and is not suitable for direct dopamine detection
from any biological fluid, it does show the general utility of
the produced chips for the direct measurement of biological
molecules. In its current format, the chip may be useful for
detecting biomarkers which have higher clinically relevant
concentrations, or with modifications like those seen in litera-
ture may be capable of relevant dopamine detection.

SWV testing was also performed to gauge how well the chip
may potentially fare in a more clinical setting with the poten-
tial impact from the common interferents ascorbic acid, uric

Table 1 Different methods of dopamine detection seen in literature
and the LoD they can produce

Method LoD Ref.
Amperometry 62.5 uM This paper
Fast scan CV 11 nM 61

DPV 3.2 nM 62

SWvV 25.40 pM 63
Fluorescence 10 nM 26
Electrochemiluminescence 1.9 fM 27

EIS 3.4 uyM 64

4742 | Analyst, 2024,149, 4736-4746

acid®® and serotonin hydrochloride which are often detected
simultaneously.>® SWV measurements of 0.5 mM solutions in
PBS were performed both separately and with dopamine
hydrochloride using the same electrode chip. Results of these
tests are shown in the supplementary (Fig. S57).

The chip produced performed poorly in these mixed solu-
tions, showing that use of the bare chip in real world samples
will lead to interference from ascorbic and uric acid which
both have overlapping SWV peak positions. Interestingly, com-
binations of these interferents and dopamine were able to
produce large single peaks and further work will be performed
to ascertain if these are related to interferent or dopamine con-
centration. In the meantime, the detection of dopamine on
these unmodified carbon sensors should be carried out with
experimental removal of interferents before electrochemical
testing, as suggested in literature.®

Detection of electrochemically active enzymatic products

Horseradish peroxidase. Horseradish peroxidase (HRP) is an
enzyme consisting of a single polypeptide chain with a mole-
cular weight between 40 and 45 kDa (ref. 65) and is commonly
used in detection assays with a substrate solution containing

This journal is © The Royal Society of Chemistry 2024
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hydrogen peroxide and 3,3',5,5-tetramethylbenzidine (TMB).
In these assays, the enzyme decomposes peroxide, generating
reactive oxygen species which subsequently oxidise TMB into
blue TMB’, which through further oxidation can form the
yellow diimine TMB** that is stable at low pH®® and is also
electrochemically active.

A sandwich ELISA tagged with HRP (see Fig. 1) was per-
formed to gauge the ability of the electrode chip to detect the
products of a more general measurement system. Interleukin 6
(IL-6) was chosen as a suitable biomarker for initial detection.
It is diluted in 10% human serum, the liquid component of
blood with both cells and clotting factors removed. This was
chosen as a suitable medium for detection as it does not
contain anti coagulants as plasma does, is stable and still con-
tains many of the markers required for biosensing.®”
Importantly for the development of POC systems, it is routinely
sampled from patients and so should indicate the chip’s likely
performance in a clinically relevant sample.

Results of this experiment are shown in Fig. 6. Raw chron-
oamperometric plots (Fig. 6a) contain some noise, potentially
to be expected from a graphite-based sensor at low voltage.®®
While not able to seriously affect results, this noise should be
watched closely and potentially dealt with using commonly

View Article Online
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employed data processing techniques such as ‘spike removal’
if deemed necessary for other applications.

Colourimetric measurement of the assay performed well
(Fig. 6b), with results showing a logarithmic trend that did not
visually intersect the zero line in the y axis at all and a very low
ELoD of 18.75 pg ml™". Clear visual difference between dis-
crete concentration points also showed that colourimetric
measurement was not only able to detect the presence of IL-6
but is also able to discern small differences in its concen-
tration. Although a similar logarithmic trend was seen in
chronoamperometric results (Fig. 6¢), a higher ELoD of 75 pg
ml™" was required to distinguish between control and IL-6
solutions. Large standard deviations prevent signal differen-
tiation at low IL-6 concentrations. Even if the electrochemical
LoD obtained was higher compared to optical ELISA results,
this value proved much more comparable to literature
(Table 2). Using the indirect detection strategy, CPEs per-
formed at an equivalent level to literature reports and were in
the useful and clinically relevant range for the biomarker
tested (IL-6). This was achieved without further modification
of these low-cost carbon paste electrodes indicating potential
for use as a low-cost ‘point of need’ decision support tool.
Advancing the system into an ‘in the field’ detection platform
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(a) Example chronoamperometric data taken from one chipo during measurement of ELISA, measured at 0.2 V vs. Ag/AgCl for 60 s. (b)

Absorbance of IL-6 sandwich ELISA performed with 1200, 600, 300, 150, 75, 37.5 and 18.75 pg ml~! standards of IL-6 diluted in 10% human serum,
four wells of ELISA were performed for each concentration and plotted with zero line (error bars plotted as + one sample standard deviation) (n = 4).
(c) Chronoamperometric measurement of well solutions pipetted onto chip, measured at 0.2 V over 60 s using all 8 electrodes of a single chip (n =
8), compared to PBS baseline measurements (red zone) (n = 8) (error bars plotted as + one sample standard deviation).

This journal is © The Royal Society of Chemistry 2024
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Table 2 Limit of detection for IL-6 seen in this system and via other
techniques in literature

Method LoD Ref.
Amperometry 75 pg ml™* This paper
Absorbance 18.75 pg ml™’ This paper
Amperometry 0.3 pg ml™" 36

EIS 1pgml™ 27

EIS 9.55 pg ml™* 64
Surface-enhanced Raman scattering 0.1 fgml™ 70
Fluorescence 0.37 pg ml™* 71

could provide a clinician an inflammatory response snapshot
in terms of elevation and likelihood of associated illnesses,
e.g. sepsis.®®

Further work will focus on the development of the CPE elec-
trodes into an even more convenient and reproducible format
through development of working electrode surface areas and
reference electrode stability studies to give the improvement in
precision necessary to push electrochemical ELISA sensitivity
higher.

Conclusions

A low-cost carbon paste material has been produced which is
easy to deploy in various electrode formats. For an assay
format, electrode chips were obtained in 0.5 hours, costing
£0.023 each. This format focused on being produced using
widely accessible equipment with little specific knowledge or
expertise required by users in the field. Chips were capable of
detection of biomarkers of interest both directly (dopamine)
and indirectly (IL-6) with an enzyme-tagged ELISA format. The
system presently does not produce clear, quantitative data at
the low abundance biomarker concentration (sub 100 pg ml™)
but is able to detect clinically relevant elevations. In its current
form, it may be more suitable for qualitative sensing or produ-
cing YES/NO diagnostic results at diagnostically useful
thresholds.
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