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3D printing pen for patterning electrochemical
sensors on a paper platform for capsaicin

detection

Bruno Ferreira, 2P lana V. S. Arantes,2? Robert D. Crapnell, b

Elena Bernalte,?

Craig E. BanksP and Thiago R. L. C. Paixao *2

The development of a print-at-home, low-cost, and miniaturized paper-based cell with 3D-printed elec-
trodes using a 3D-printing pen and a bespoke conductive filament for detecting capsaicin in hot sauce is
reported herein. The material cost of producing each electrode was less than £0.01. The new filament
was electrochemically benchmarked against a commercial CB/PLA conductive filament. The CB/graphite/

recycled PLA filament molded in paper platform produced a heterogeneous rate constant, k°

of 1.64 (+

obs !

0.13) x 10-% cm s-! and resistance of only 166 + 0.13 Q compared to 0.43 (+ 0.05) x 10-2 ¢cm s-! and
1613 + 220 Q for an identical device printed from commercial CB/PLA filament. The newly developed device
using the bespoke filament on kraft paper was applied successfully to detect capsaicin (CAP). CAP
showed a characteristic peak at approximately +0.7 V for the bespoke CB/graphite/rPLA filament in cyclic
voltammetry. A small peak at +1.0 V is observed when using the commercial filament. Additionally, a
linear range of 5 to 20 yM and a sensitivity of 0.0093 pA pM was obtained for CAP when applying differ-
ential pulse voltammetry using the paper-based device with the bespoke filament. Limits of detection and
quantification were calculated at 1.21 and 3.98 pM, respectively. The new system quantifies CAP in a com-
mercial red pepper hot sauce (Tabasco). This work highlights how a low-cost kraft paper platform and a
bespoke conductive filament can be combined to create an effective electrochemical device using
simple tools for quantifying capsaicin in real samples. Additionally, it highlights the potential of these
materials and techniques to develop home-based sensors.

1. Introduction

Analytical chemistry combines classical, wet chemical, and
instrumental methods to separate and identify components
within various applications.® As such, researchers are con-
stantly pushing to improve or discover new methodologies to
maximize the performance of these devices. A wide variety of
laboratory-based methods are utilized throughout analytical
science, such as atomic spectroscopy, high-performance liquid
chromatography, mass spectrometry, and nuclear magnetic
resonance spectroscopy. Many of these classical methods
involve costly machinery and experienced users and require the
sample to be transported to the laboratory. Electrochemical
methods offer an alternative approach, with affordable and
easy-to-use equipment capable of providing
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sensitive results in situ in short time frames. Due to these
advantages, it is possible to imagine a world where home
electroanalytical tests can be carried out despite the electrode
development being the most significant limitation. Classical
electrodes, such as glassy carbon, are relatively expensive and
require surface modification and cleaning after each use. On the
other hand, current disposable alternatives, such as screen-
printed electrodes, are effectively not viable for home
production. However, with the recent revolution of additive
manufacturing, particularly fused filament fabrication (FFF),
and the availability of commercial conductive filaments, rapid
and customized electrode prototyping is now a reality.

FFF functions through the deposition of thermoplastic
material in a layer-by-layer fashion to produce a 3D object. This
technology allows for on-demand manufacturing, a high degree
of customizability, and low waste production compared to its
traditional formative and subtractive counterpart.? Additive
manufacturing has seen a huge increase in popularity within
industry, academia, and home or hobby printers due to the
relatively low cost of entry. Nowadays, reliable FFF printers can
be purchased for a few hundred GBP, and its closest mini-
malistic concept is the 3D printing pens, which are already
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sold in standard supermarkets for no more than 30—40 GBP.
The main advantage of the 3D pen is that no further knowl- edge
about computer-aided design (CAD) is needed, and it allows
users to draw a raised graphic and form unique 3D structures
instantly. The application of 3D pens has been explored in
various studies. de Oliveira et al. were the pioneers in using a
3D pen with commercial CB/PLA filament within molds
created on a copper board for the simultaneous detec- tion of
Cd(n) and Pb(n).2 Pradela-Filho et al. utilized a 3D pen with
commercial CB/PLA filament, which had been polished with
sandpaper, to quantify caffeic acid in tea samples.*
Additionally, Lisboa et al. employed a novel conductive fila-
ment of 40% graphite and 60% PLA, using a 3D pen in con-
junction with glassy carbon to quantify the antibiotic ciproflox-
acin in pharmaceutical samples and milk.5

The availability of conductive filament used in additive
manufacturing has led to serious interest within the electro-
chemical community in producing bespoke accessories,®
equipment,” electrodes,® and electroanalytical platforms.®-12
Although interesting works have been reported utilizing com-
mercial conductive filament, including many ways to improve
it,13-2! the electrochemical performance still falls significantly
short of where it needs to be to offer a feasible alternative to
classical electrodes. As such, researchers have begun to produce
their own bespoke filament, which produces signifi- cantly
better electrochemical performance, while also improv- ing the
sustainability of the materials.??2 Work in this area started with
the inclusion of carbon black (CB) within poly (lactic acid)
(PLA), alongside the addition of a plasticizer to help improve
the low-temperature flexibility of the filament. These filaments
were used for energy storage,?® environmental electroanalysis,?*
and forensic electroanalysis.?®® To improve the performance,
researchers have begun mixing the conduc- tive fillers
incorporated into the filament, such as mixing multi-walled
carbon nanotubes with CB,?® metallic particles,?” and
graphite.?® These last examples are engaging with the inclusion
of graphite. Graphite is a naturally occurring material that
remains highly stable and cost-effective under standard con-
ditions. In contrast, carbon black (Super P) is derived from the
partial oxidation of petrochemical precursors and can be expen-
sive, with prices reaching up to £300 for just 100 grams.
Therefore, substituting carbon black with graphite presents an
intriguing opportunity for enhancing the sustainability of electro-
chemical systems and reducing material costs, all while maintain-
ing comparable electrochemical performance.

Using low-cost substrates, such as paper, PVC, and Kapton
tape, to manufacture electrodes has been well-documented in
the literature.?°-31 Paper is the most popular choice among these
substrates due to its easy access, flexibility, porosity, and eco-
friendly nature.3® Several techniques are utilized to produce
carbon devices on low-cost platforms, primarily invol- ving
carbon deposition onto the substrate’s surface.3> Among these
techniques, the best known are pencil drawing, stencil drawing,
screen printing, laser scribing, and using a 3D pen.*3233 3D pens
are a fast way to develop devices using FFF. This equipment
can be readily found online and marketed as

a toy, but it can also be used for manufacturing devices.33*
However, the integrated junction of low-cost conductive fila-
ment, 3D pen, and paper has never been used in the literature to
develop electrochemical devices.

Capsaicin (CAP), a lipophilic alkaloid, is the main com-
pound in chili peppers, contributing to their characteristic spi-
ciness.®® The consumption of CAP can offer health benefits and
plays a significant role in combating arthritis and redu- cing
inflammation. However, excessive intake raises concerns, as it
may be associated with an increased risk of conditions such as
stomach cancer.3® Numerous methods for quantifying capsaicin
are documented in the literature, with gas chromato- graphy
(GC) and liquid chromatography (LC) being the most employed
techniques.®”*® However, these methods often involve high
equipment costs and significant solvent con- sumption, making
them less suitable for rapid and eco- friendly analyses.
Electrochemical techniques present a com- pelling alternative
due to their lower equipment costs, port- ability, and minimal
analysis volume requirements. Typically, only a potentiostat, a
three-electrode system (comprising a working electrode,
reference electrode, and counter electrode), and data analysis
software are necessary for these methods.

Therefore, in this work, we propose using a low-cost graph-
ite/CB mixed filament alongside a 3D printing pen and paper-
based mask to produce electroanalytical devices. Using this
equipment and material keeps the cost of production low while
allowing it to be simple and viable for home production. We
look to show how this methodology can produce high-per-
forming and reliable sensors and apply them to the detection of
capsaicin within real hot sauce samples, highlighting how this
could be used in a home setting.

2. Materials and methods
2.1 Chemicals

Hexaamineruthenium(in) chloride ([Ru(NHs)s]®*) (98%), castor oil,
potassium chloride (99.0—100.5%), graphite powder (<20 um),
capsaicin standard (=95%, from Capsicum sp), sulfuric acid,
acetic acid glacial, absolute ethanol, phosphoric acid, hydro-
chloric acid and sodium hydroxide were purchased from Merck
(Darmstadt, Germany). CB was purchased from PI-KEM
(Tamworth, UK). Recycled PLA pellets were purchased from
Gianeco (Turin, Italy). Commercial conductive CB/PLA filament
(1.75 mm, Proto-Pasta, Vancouver, Canada) was purchased from
Farnell (Leeds, UK). All solutions were prepared with deionized
water of resistivity not less than 18.2 MQ cm from a Milli-Q
Integral 3 system from Millipore UK (Watford, UK). Tabasco® hot
pepper sauce was bought in a Sdo Paulo, Brazil grocery store.

2.2 Conductive filament production

The filament was made as outlined previously.?® Briefly, recycled
PLA (rPLA) was dried in an oven at 60 °C for a minimum of 2.5
hours before any mixing or filament pro- duction. The polymer
composition was prepared using 60 wt% rPLA, 10 wt% castor
oil, 18 wt% carbon black (CB), and



12 wt% graphite powder. These are mixed (190 °C) with
Banbury rotors (70 rpm for 5 min) using a Thermo Haake
Polydrive dynameter fitted with a ThermoHaake Rheomix 600
(Thermo-Haake, Germany). The resultant composite is allowed
to cool to room temperature before being granulated to create a
finer granule size using a (Rapid Granulator 1528). This is next
processed through an EX2 extrusion line (Filabot, VA, United
States) using a single screw with a heat zone of 190 °C, which
is extruded from a 1.75 mm die head. Then, the fila- ment is
ready to use for additive manufacturing/3D-printing. It is
important to highlight that the filament proposed in this work
has a smaller amount of wt% CB (18%) than the com-

mercial filament used (~21%) and uses graphite for the
remaining carbon, which is more sustainable.

2.3 Conductive filament characterization

All electrochemical measurements were performed with a
Metrohm Autolab PGSTAT204 potentiostat/galvanostat controlled
by NOVA 2.1.6 (Utrecht, the Netherlands). The electrochemical
characterization of the bespoke filament and comparison to the
benchmark were performed on a lollipop shape electrode devel-
oped using a 3D printing pen on a stencil design produced on
kraft paper using a CO:z laser machine. The working electrode
was made of CB/graphite/rPLA filament, and the reference and
counter electrodes were 3D printed with a commercial CB/PLA
filament. The electrochemical characterization was carried out
using the cyclic voltammetry (CV) technique with a 1 mM [Ru
(NHs3)6]Cls solution. Before each experiment, the solution was
deoxygenated using N2. Electrochemical impedance spectroscopy
(EIS) was performed at 10° and 10-* Hz frequencies at —0.16 V vs.
CB/PLA with an amplitude of 10 mV.

Scanning electron microscopy (SEM) measurements were
recorded on a Supra 40VP Field Emission (Carl Zeiss Ltd,
Cambridge, UK) with an average chamber and gun vacuum of
1.3 x 10-5 and 1 x 10-° mbar, respectively. Samples were
mounted on the aluminium SEM pin stubs (12 mm diameter,
Agar Scientific, Essex, UK). To enhance the contrast of these
images, a thin layer of Au/Pd (8 V, 30 s) was sputtered onto the
electrodes with the SCP7640 from Polaron (Hertfordshire, UK)
before being placed in the chamber.

2.4 Electrochemical paper-based analytical device (ePAD)
fabrication

A kraft paper sheet was first waterproofed with a varnish water-
proof spray, and then cut using a COz laser cutter (work special
laser) in the desired geometry (RDWorks 8.0) to create a mask.
The kraft paper mask was placed upside down on a flat surface
and secured with adhesive tape to prevent move- ment during
electrode fabrication. Using a 3D printing pen, the mask was
filled with conductive filaments. The filaments were applied
roughly and then pressed firmly to ensure an even distribution
within the designated spaces for the electro- des. Afterward, the
device was turned back to its original side, with the electrodes
facing up, remaining aligned with the paper. Finally, the
hydrophobic barrier was manually drawn with the 3D pen using
a non-conductive filament. A 3D print-

ing pen (3Dpen-P62-2-China) with a 0.7 mm nozzle and an
extrusion temperature set to 190 °C was utilized to extrude the
filaments. The working electrode (WE) area (2 mm diameter)
was filled with the bespoke CB/graphite/rPLA filament
(~0.03 g). In contrast, the reference (RE) and counter (CE) elec-
trodes were filled with a commercial CB/PLA filament (~0.05

0). Next, the three-electrode system coupled to the paper was
polished in sandpaper (Wetordry 1500) to uniform the

electrode’s surface. Finally, a reservoir (~200 pL) was also
designed around the electrodes using the 3D-printing pen
machine filled with non-conductive PLA filament to confine the
solution during the electrochemical measurements (Fig. 1).
For the benchmark with the CB/PLA commercial fila- ment,
another device was constructed using CB/PLA as a working
electrode. The specific process of polishing the elec- trode
surface using sandpaper was carried out on the bespoke
CB/graphite/rPLA device and benchmark commercial filament
(CB/PLA) device prior to the analyses. For both the bespoke
and benchmark devices, the conventional activation using
NaOH was not applied, only the surface polishing as previously
described. In Fig. S1,T the original image of the device and its
construction process can be observed. Fig. S1At depicts the
mask being manufactured using a COz laser. In Fig. S1B, the
device is shown with three electrodes—working electrode
(WE), reference electrode (RE), and counter electrode (CE)—
along with the filaments. Finally, Fig. S1Ct presents the com-
plete device, featuring a barrier of non-conductive filament,
three electrodes positioned in the center, and a comparison
using a coin to demonstrate the real dimension of the device.

2.5 Capsaicin analysis

First, capsaicin (CAP) stock solutions were prepared daily by dis-
solving capsaicin powder in absolute ethanol. Subsequently, cap-
saicin standard solutions were adequately diluted in the different

Bespoke
graphite/CB/rPLA
filament

Reservoir (200 uL)

3D-printing pen D l

l

Waterproof kraft
paper mask

Fig. 1 Schematic representation of the ePAD manufacturing process
using a 3D-printing pen and the bespoke filament in the WE (RE and CE
were made of commercial filament).



supporting electrolytes selected for the optimization of the
electroanalytical methodology as well as for the capsaicin analyti-
cal procedure performed in 0.12 mol L-! BR buffer pH 1.%° The

ePAD fabricated with the bespoke filament was applied to quan-

tify CAP in a commercial red pepper sauce (Tabasco®). The pro-
cedure of capsaicin extraction was carried out according to the lit-
erature.® Briefly, the red pepper sauce (200 mg) was mixed in the
ethanol solvent (5 mL), sonicated for 60 minutes, and filtered
with a standard funnel using a Whatman filter paper No 42 (pore
diameter of 125 mm). The solution was properly diluted (1.5-fold)
in the supporting electrolyte and spiked with known capsaicin
concentrations. The standard addition method was chosen to
determine the concentration of CAP in the Tabasco pepper sauce.

3. Results and discussion
3.1 Electrochemical characterization of the ePAD

The electrochemical performance of the bespoke CB/graphite/
rPLA and the commercial CB/PLA filaments were tested using
a 3D-printing pen for directly extruding the filaments into the

kraft paper mold to create the three-electrode system. Note that
in this work the working electrodes utilized ~0.03 g of material,
meaning the material cost of using the bespoke fila-

ment was less than 1 pence per electrode. The near-ideal outer-
sphere redox probe [Ru(NHs3)s]®* (1 mM in 0.1 M KCI) was
used for all characterization experiments, comparing the
bespoke and the commercial filaments used as working elec-
trodes, respectively. Initially, the ePAD device fabricated using
the bespoke CB/graphite/rPLA was tested using cyclic voltam-
metric (CV) scan rate studies (5-500 mV s-1), as seen in

Fig. 2A. This allows for the best determination of the hetero-
geneous electrochemical rate constant (k%) and the real electro-
chemical surface area of the electrodes (Ae).*° A comparison of the
CV response to [Ru(NH3s)s]®* at 100 mV s-! from the bespoke
CB/graphite/rPLA filament and the commercially purchased CB/

PLA filament, is presented in Fig. 2B. A summary of the electro-
chemical parameters is included in Table 1 demonstrating that
WE from the bespoke filament within the novel ePAD configur-
ation is outperforming the commercial CB/PLA filament, where a

cathodic peak current (I5) is ~4 times higher and a significant

reduction in the peak-to-peak separation (AEy) is observed for the
bespoke electrode. Additionally, the calcufated values for kO

and A obs

e Summarized in Table 1 were also higher for the bespoke
CB/graphite/rPLA, highlighting the enhanced performance of the
bespoke filament.

Fig. 2C shows the Nyquist plots obtained from electro-
chemical impedance spectroscopy (EIS) measurements (100
000-0.1 Hz) in 1 mM [Ru(NHs)e]** (0.1 M KCI). As sum-
marized in Table 1, the CB/graphite/rPLA filament performed well
with a charge transfer resistance (Ret) of 9.7 + 1.4 kQ com- pared
to 27.7 £ 3.7 kQ for the commercial filament.

It is important to emphasize that the characterization of
the CB/graphite/rPLA filament indicates the electrochemical
performance is vastly improved when compared to the com-
mercially available filament even though the filament made in
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Fig. 2 (A) Cyclic voltammograms (5-500 mV s-!) of [Ru(NHz)e]** (1 mM

in 0.1 M KCI) with the CB/graphite/rPLA filament as the WE and the

commercial filament as CE and RE in the ePAD. The Randles-Sevcik plot is
presented inset. (B) Comparison of the CVs (100 mV s-1) of [Ru (NH3)e]®*
(3 mM in 0.1 M KCI) for the CB/graphite/rPLA and the com-

mercial electrodes. (C) Nyquist plot of [Ru(NH3)s]** (1 mM in 0.1 M KCI),
performed in the CB/graphite/rPLA and the commercial electrodes.

the laboratory contains less carbon black and a greater
amount of graphite in its structure. Another important point is
that the amount of graphite drastically reduces material costs
when compared to a CB only filament of the same loading.**
Fig. S2t shows the SEM analyses of bespoke CB/graphite/rPLA
recorded at different magnifications, facilitating to visualiza-



Table 1 Comparisons of the averages (N = 2) of cathodic peak currents
(=], peak-to-peak separations (AEp), heterogeneous electron transfer
constant (k%,.), electrochemically active area (Ae), EIS charge transfer re-

sistance (Rct) and solution resistance (Rs), and the surface resistance (R)

of the working electrode for the graphite and the commercial filament

Parameter CBlgraphite/rPLA Commercial CB/PLA
leC 2 (mA)? 28.2+95 7.44 +0.60
E, (mV) 149 + 6 315+ 17
Kes® (cm 's™) (1.64+0.13) x 10-3 (0.43+0.05) x 102
Ae .(cm) 0.11+0.03 0.04 £0.01
Ra (kQ) 9.7+14 27.7+37
Rs¢ (QQ) 222 + 86 1800 + 1000
RY(Q) 166 +£13 1613 + 220

3 Extracted from 100 mV s~ CVs of [Ru(NH3)e]** (1 mM in 0.1 M KCI).
b Calculated from the [Ru(NHs:)s]** scan rate study (5-500 mV s-%).
¢ Extracted from Nyquist plots of EIS experiments in a solution of [Ru
(NH3)e]** (1 mM in 0.1 M KCI). YResistance measured with a
multimeter.

tion of the microstructure of the bespoke filament combining
graphite flakes with smaller dots of CB, as observed more
clearly in Fig. S2C and D.t

The reproducibility and repeatability of the CB/graphite/PLA
device were assessed. Fig. S3AT presents voltammograms from
seven different electrodes, demonstrating a relative standard devi-
ation (RSD) of 5.5% for the IS,. In Fig. S3B,7 thirteen cyclic voltam-
mograms from the same electrode are displayed, with the results
showing an RSD of 5.6% for I},. All experiments were conducted
using a solution of 1 mM [Ru(NHs3)s]** in 0.1 M KCI.

3.2 Electroanalytical determination of capsaicin

The ePAD fabricated with the CB/graphite/rPLA filament was
tested for capsaicin (CAP) detection. Fig. 3A shows the CVs,
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where it is possible to see two oxidation peaks, i.e., peak |
(~0.8 V) and peak I11 (~0.6 V), and a reduction peak, i.e., peak Il
(~0.1 V). According to the literature, the capsaicin oxidation
process is relatively complex, and two other processes occur at

the electrode in an acidic medium. These processes can be
observed starting in the first cycle, red voltammogram of
Fig. 3A, where the guaiacol ring of capsaicin molecule oxi-

dation occurs in peak | (~0.8 V) to an intermediate. In the

reduction process, it is possible to see a reduction peak, peak

Il (~0.1 V), representing the benzoquinone reduction and sub-

sequently an oxidation peak Il (~0.6 V) that is the catechol
peak, a product of the reduction of benzoquinone. This process
for peaks Il and 111 is reversible for these two mole- cules in the
electrode surface, while peak 1, referring to capsai- cin
oxidation, occurs irreversibly on the surface of the elec- trode.
It is important to highlight that the capsaicin oxidation peak
decreases through the cycles while the catechol oxidation peak
increases (cycle 1 to cycle 2).394243

The comparison between CB/graphite/rPLA filament and
the commercial filament for the detection of capsaicin is shown
in Fig. 3B, where the oxidation peak | is more intense in the
bespoke filament than in the commercial one, showing better
performance for this electrode.

3.3 pH study of capsaicin

Next, the optimal pH for CAP detection was investigated, ana-
lyzing the subsequent cyclic voltammograms recorded at different
pH values (1 to 10). The CVs depicted in Fig. S4AT show that the
highest current peak for capsaicin oxidation at a potential of 0.8 V
is obtained in a solution of pH 1.%° This is further confirmed while
plotting the peak current (Ip) vs. pH, as Fig. S4Bt shows that
pH 1 is the most effective for detecting capsaicin. The increase in
anodic current with decreasing pH

—— Commercial
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Fig. 3 (A) CVs (100 mV s-1) of 500 uM capsaicin in BR buffer pH 1.0 in the CB/graphite/rPLA. The dashed line represents the blank, red and blue
lines are the first and second cycles, respectively. Capsaicin oxidation is exhibited in Peak I, followed by benzoquinone reduction in Peak Il, and its



subsequent oxidation of catechol (Peak IlI), only present in the second cycle. (B) CVs of 500 uM capsaicin (100 mV s1) in BR buffer pH 1.0 performed
in the CB/graphite/rPLA and in the commercial CB/PLA electrode in the ePAD.



is probably due to protonation in the phenolic portion of the
capsaicin molecule.*?The oxidation peak potential (Ep) and pH
relationship were also established for capsaicin detection, as
shown in Fig. S4C.T The ratio of protons to electrons was calcu-
lated using a pH gradient, and the resulting value for the m/n
ratio is 0.52, where m represents the number of protons and n
represents the number of electrons. In Fig. S4D, 7 different sup-
porting electrolytes were tested (0.12 M BR buffer, 0.1 M HCI,
and 0.1 M H2SO4) and evaluated for capsaicin detection. BR
buffer was determined to be the optimal supporting electrolyte
for quantifying capsaicin.

Furthermore, a scan rate test (Fig. SSAt) was conducted to
help further understand the capsaicin mechanism. Fig. S5Bt
depicts the peak potential (Ep) and In (v) relationship. The
number of electrons calculated for the Laviron equation from
this relationship was ~2.16. Using the m/n value previously
obtained in the Ep vs. pH study, it is possible to conclude that
the capsaicin mechanism involves 1 proton and 2 electrons,
consistent with what was found in the literature.®

3.3 Quantification of capsaicin

The CB/graphite/rPLA and the commercial CB/PLA electrodes
3D-printed on an ePAD device were compared for capsaicin
determination using differential pulse voltammetry (DPV). Fig.
S61 compares DPV responses for capsaicin between the two
electrodes, illustrating the difference in sensitivity to the
molecule’s signal. It is observed that a small peak is obtained

for the commercial filament ePAD at ~0.7 V. In contrast, a
large and well-defined peak is observed for the bespoke fila-

ment ePAD, demonstrating better performance of the bespoke
filament in the electroanalytical quantification of capsaicin.

Then, an analytical curve was built for CB/graphite/rPLA
electrode to detect capsaicin. Fig. 4A shows the increase in the
peak current with capsaicin concentration, and Fig. 4B demon-
strates the linearity of the response with capsaicin concen-
tration in the range from 5 to 20 pM (I (LA) = 0.0093Cecapsaicin

(LM) + 0.0091); (R = 0.9985). Moreover, the CB/graphite/rPLA
electrode showed a good limit of detection (LOD) of 1.21 pM

and 3.98 uM limit of quantification (LOQ). The performance of
the developed ePAD device using bespoke CB/graphite/rPLA
filament was tested for capsaicin quantification in a real sample,
namely a commercial red pepper sauce (Tabasco®). Standard
addition of capsaicin was performed starting from the sample
(red line) up to 30 uM of the standard (black lines), as illustrated
in Fig. 4C. The concentration of capsaicin deter- mined from
the standard addition curve on red pepper sauce was found to
be 3.13 pM, consistent with values previously reported in the
literature.®°

Table 2 summarizes the research that utilized carbon or
carbon-modified working electrodes for capsaicin detection.
Notably, this is the first study in the literature to employ a
bespoke 3D printing conductive filament combined in a kraft
paper platform for fabricating a low-cost ePAD to detect and
quantify capsaicin. The LOD and LOQ values are relatively

0.22-

(B)(a.zn,’
0.18
0.16-
iu.w
~ 0.12-
= 0.10-
0.08-
0.06
0.04.
o s o 0T 7o 4 6 B 10 12 14 16 18 101 2
" ’ : ) ’ / umol L~
V5. apsaicin
E/Vvs. CB/PLA Capsaicin’
0225 o 0.20
C —— Sample D
( ﬂ).zn —5uM o)
—_—10uM 015
—20pM
41']"‘ — 30uM i
T 00
— o
2.05 0.05
0.00 £
z ) 5 5 10 15 25 30
0.5 0.6 0.7 0.8
: / umol L'
E/Vvs. CB/PLA c(:apsaicin '

Fig. 4 (A) DPV measurements (N = 2) for increasing concentrations of
capsaicin (5—20 uM) in BR buffer pH 1.0 performed in the CB/graphite/ rPLA
in the ePAD (potential step: 8 mV; amplitude: 50 mV), and (B) the
respective calibration curve for capsaicin oxidation (E = +0.7 V). (C) DPV
measurements of a pepper sauce sample (red line) diluted (1.5 fold) in
BR buffer pH 1.0 and spiked with capsaicin standard solutions (5 to
30 pM) (black lines); (D) represents the respective standard addition cali-
bration curve. Potential step: 8 mV; amplitude: 50 mV.

Table 2 A comparison of the analytical parameters of the proposed
electroanalytical platform for CAP with other alternatives has been
recently reported in the literature

Linear range LOD

Device (um) (uM) Technique REF
CB-SPE 0.080-6 0.028 DPV 39
SPCE 0.16-16.37 0.05 DPV 43
MWCNT-BPPGE 0.5-35 0.45 cv 42
rGO — SPCE 1.1-25 0.30 CcVv 44
NH2-FMS/CPE 0.4-4.0 0.020 LSV 45
Ni-CNT/S-rGO/GCE ~ 0.01-100 0.001 DPV 46
CB/graphite/rPLA 5-20 121 DPV This
ePAD work

high when compared with other works in the literature. However,
given the relatively high concentration of capsaicin



CB-SPE — carbon black-printed electrode; SPCE — screen-printed
carbon electrode GCE — glassy carbon electrode; MWCNT-BPPGE —
multiwalled carbon nanotube modified basal plane pyrolytic graphite
electrode; rGO — SPCE — screen-printed carbon electrode with reduced
graphene oxide; NH2-FMS/CPE — amino-functionalized mesoporous
silica/carbon  paste electrode; Ni-CNT/S-rGO/GCE - nickel
nanoparticles modified carbon nanotube and sulfonated reduced
graphene oxide with glassy carbon electrode; DPV — differential pulse
voltammetry; SWV — square wave voltammetry; LSV — linear sweep
voltammetry.

in pepper samples, this is a minor concern. Another important
aspect to consider is the cost of the device in the literature.
This study utilized low-cost filament, a material cost of £58.50
per kg, without modification, and a paper platform, resulting
in an affordable, portable, and rapidly fabricated device.
Additionally, the accessibility and affordability of the 3D print-
ing pen compared to a regular 3D printing machine make it a
practical choice for print-at-home devices.



4. Conclusion

Using low-cost filaments made from CB, graphite, castor oil,
and rPLA in conjunction with 3D pen machines for an innova-
tive paper-based design marks a significant advancement. This
innovative approach involves using kraft paper as a tem- plate
to apply the new filament, resulting in superior electro-
chemical performance compared to devices made with com-
mercial filament. Notably, including graphite in the filament
structure reduces costs while increasing the overall carbon
loading and, therefore, the electrochemical Kinetics, leading to

higher values of k% . and current for both probes and the

analyte. The material cost of producing each electrode was less
than 1 pence. The utilization of a 3D pen for analytical appli-
cations has proven to be a significant development as it elim-
inates the need for a conventional 3D printer to create com-
plete 3-electrode.
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