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ABSTRACT: Glucose is considered an important marker for medical and food
applications. Usually, glucose quantification is performed using a copper wire
electrode. However, considering the growing demand for point-of-need analyses, the
fabrication of disposable sensors has become an emerging technology. This study
reports on the fabrication of disposable copper electrodes by combining fusion
deposition modeling (FDM) 3D printing and laser sintering (LS). A copper/
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polylactic acid plate was first printed using an FDM 3D printer. Subsequently, a 3D printing Laser sintering
specific surface area was precisely sintered using an infrared (IR) laser engraving
machine, resulting in an electrically conductive copper film, as confirmed by

|

voltammetry and scanning electron microscopy characterizations. The laser
processing parameters were optimized considering sensor sensitivity for glucose
oxidation through amperometric measurements. The best parameters included the
1.6 W laser power, S mm s~' scan rate, 12 mm height, and 0.1750 mm distance
between the laser engraver’s beamlines. Under optimum experimental conditions, the electrodes showed a linear response from 0.5
to 7.5 mmol L™ glucose, with their analytical applicability further demonstrated for the analysis of oral rehydration solution samples.
Therefore, this work presents a straightforward approach for fabricating disposable copper electrode surfaces, offering rapidity,
versatility, and potential utility for sensing applications beyond glucose quantification.

Copper electrodes
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1. INTRODUCTION

High-quality metallic films are conventionally patterned by
chemical vapor deposition (CVD) or physical vapor deposition
(PDV)." CVD involves depositing the film from a chemical
reaction with gas precursors.” In the PVD process, the
precursors are vaporized from a solid or a liquid, followed by
metal deposition onto the desired substrate. Sputtering
deposition is a PVD technique. These techniques are
combined with the lithography processes, resulting in systems
with different sizes and formats.” Despite producing high-
precision conductive films and coatings, the fabrication
processes are typically conducted in cleanroom facilities,
making electrode production unaffordable in most research
laboratories from underdeveloped countries because of the
high investment exceeding US$1 million.”

Considering its affordability, 3D printing is an emerging
technique for the mass production of electrochemical
sensors."”” Fused deposition modeling (FDM) is a 3D
printing technique widely used to fabricate electrodes. The
process initiates with a virtual image of a 3D object projected
with computer-aided design (CAD) software, such as Fusion
360, Autodesk Inventor, or Tinkercad. This image is converted
to an STL file, which is sliced into sequential 2D layers,
producing a G-code file for the 3D printing machine. The

printing consists of the layer-by-layer deposition process of the
extruded thermoplastic filament. The deposition results in
several stacked layers, generating the 3D object.

For electrode fabrication, the filament composition consists
of a mixture of a binding polymer and carbon source or metal
particles. Acrylonitrile butadiene styrene (ABS) and polylactic
acid (PLA) are binders ordinarily present in commercial
filaments. Commercial conductive carbon filaments are
composed of carbon black or graphene, while metal-filled
filaments are based on iron, steel, copper, brass, and bronze.
Despite the availability, commercial metal-filled filaments often
exhibit low electrical conductivity® or lack it entirely,”"’
requiring thermal processing to enhance their electrical
properties after printing. Multi3D company commercializes
high-conductivity copper filaments. However, a 100 g spool
costs US$ 215.00, limiting the sensor fabrication in research
laboratories with resource restrictions.
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In this sense, the present work reports the fabrication of
disposable copper electrodes through a two-step automated
process, starting with FDM 3D printing followed by CO, laser
sintering. Such an integration is a promising option for
precisely replicating the electrode pattern, offering affordability
and rapidness.’’ The prices of FDM printers and laser
engraving machines were searched on the Amazon Web site
to exemplify the resulting combination cost. FDM printers for
beginners can be acquired for ~US$ 180.00 (Creality and
Tronxy printers), while a laser engraving machine costs ~US$
500.00. Hence, combining both machines can potentially
automate electrode fabrication, reducing processing costs and
time. Laser sintering has been explored for carbon electrode
treatment,’” metal ink sintering,13 and electrode surface
modification with metallic nanoparticles."*™'® However, this
technology has not yet been applied to sintering copper
filament electrodes.

The resulting copper electrodes were explored for glucose
oxidation, verifying their accuracy for rehydration sample
analyses. Glucose determination is highly relevant for medical
and food purposes.''” Glucose electrochemical quantification
can be conducted usin% enzymatic' "’ or metallic electro-
des,'”*”*" such as gold,” platinum,”” and copper.”’ Among
the metallic electrodes, copper offers higher accessibility, while
also providing §ood sensitivity and selectivity to glucose.”’
Redondo et al.” fabricated fully metallic copper 3D-printed
electrodes for glucose quantification. The electrodes were
sintered via thermal treatment. The process required a high-
temperature furnace, which burned the insulating bindin
parts, converting the printed material into a metallic form.”"
Despite its effectiveness, this process is time-consuming, and
the entire printed material is sintered, which affects scalability
and limits the versatility of 3D-printed structures. Kumar et
al.* patterned copper-plated 3D-printed electrodes for glucose
quantification. For this, 3D-printed graphene/PLA electrodes
were subjected to modification by the electrodeposition
process. Such a process was accomplished by applying a
potential sufficiently negative to reduce the copper ions present
in the solution, depositing a metallic film at the electrode
surface. The deposition was conducted under constant stirring.
During deposition, the morphological aspects of the copper
film can be modulated by adjusting solution pH, temperature,
supporting electrolyte composition, copper concentration,
applied potential, and deposition time.”* The mentioned
modification approach has also been applied to glassy carbon”
and screen-printed electrodes.”® Despite its simplicity, this
fabrication method is laborious, hindering the scalable
production of disposable electrodes. While commercial copper
electrodes are available and can be used for analysis,*’
disposable sensors are necessary for out-of-lab analysis,
highlighting the significance of this work. Therefore, this
study presents an alternative method for patterning disposable
copper filament electrodes via 3D printing and laser sintering,
thereby opening up possibilities for other analytical applica-
tions.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. The solutions were
prepared with purified water (18.3 MQ-cm) from Direct-Q S
Ultrapure Water Systems (Millipore, MA). All chemicals
(analytical grade) were used without any additional
purification. Glucose, sodium nitrite, sodium sulfite, and
saccharose were purchased from Merck (Darmstadt, Ger-

many), and potassium hydroxide from Nuclear. Ascorbic acid
and maltose were acquired from Sigma-Aldrich (St Louis, MO,
USA). A hot glue gun was acquired in a local market. The
acccreate copper-filled filament was bought from Weistek.
2.2, Printing and Laser Sintering of Copper Electro-
des. The fabrication process of copper electrodes is
exemplified in Figure 1A. FDM 3D printer (Adventurer 4,

Hot glue
—

Isolating

3D printing Laser sintering

Figure 1. (A) Fabrication process of copper electrodes using 3D
printing and laser sintering. (B) A conductivity test was performed on
the printed plate (I) before and (II) after laser sintering. This test was
conducted with an LED lamp connected to a 4.5 V battery.

FlashForge, China) printed a rectangular plate (20 mm width
X 10 mm height X 3 mm depth) using the Acccreate filament,
based on copper particles and PLA. The printer was equipped
with a 0.6 mm printing nozzle. The printing parameters were
220 °C nozzle temperature, 60 °C bed temperature, 65 mm s~
printing speed, 0.1 mm layer height, and 100% infill. The
working electrodes (WEs) were sintered with a Work Special
Laser machine. The optimum processing conditions were 1.6
W laser power, 5 mm s~ scan rate, 12 mm height (distance
between the laser output and the printed substrate), and
0.1750 mm distance between the laser-engraved beamlines.
The electrical conductivity of the resulting materials was
initially tested with a LED lamp connected to a 4.5 V battery.
Subsequently, they were characterized by cyclic voltammetry
using a S mL electrochemical cell. The working electrode area
was delimited using a hot glue gun.

The electrochemical experiments were performed with an
Autolab PGSTAT128N potentiostat/galvanostat (Eco Chem-
ie, Utrecht, The Netherlands) connected to a microcomputer
managed by the NOVA 2.1.7 software. The measurements
were conducted with the resulting copper electrode as the
working electrode, a platinum wire as the counter electrode,
and Ag/AgCl/KCl, as the reference electrode. The copper
electrodes were initially characterized by cyclic voltammetry.
Subsequently, amperometry was used to evaluate laser
processing parameters considering the sensor sensitivity for
glucose quantification.

The scanning electron microscopy (SEM) images were
obtained with a JEOL JSM-7401F microscope. Elemental
analysis was carried out by energy-dispersive X-ray spectros-
copy (EDS). Contact angle determination was conducted by
dropping an aliquot of 10 uL of water on the substrate surface,
followed by image capture with a VEDO VD303Ss digital
optical microscope. The angles were then measured with the
Image] software. Raman spectra were acquired using a
Renishaw InVia Raman microscope equipped with a CCD
detector and coupled to an Olympus BHT2 microscope. A 20x
long working distance Olympus objective and a 532 nm laser
(Renishaw) were used for excitation. Spectra were collected
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with a laser power of 1 mW, using two accumulations of 20 s
each.

2.3. Copper Quantification in the Acccreate Filament.
The copper quantification was performed by weighing 0.2218 g
of filament, followed by its dissolution in 2 mL of concentrated
nitric acid using sonication. Ten uL of the resulting solution
was added to an electrochemical cell containing 10 mL of
acetate buffer solution. The electrochemical measurements
were conducted with differential pulse voltammetry using a
gold electrode as a working electrode, Ag/AgCl/KCl,, as the
reference electrode, and a platinum wire as the counter
electrode. After recording the sample measurement, successive
additions of copper standard solution were added to the
solution, enabling the copper quantification by the standard
addition method.

2.4. Oral Rehydration Sample Analyses. The glucose in
oral rehydration samples was quantified using the standard
addition method. The experiments consisted of recording
amperometric measurements in 5 mL of KOH 0.1 mol L™ ! at
+0.6 V vs Ag/AgCl/KCly,. After starting the measurements, an
aliquot of an oral rehydration sample (45 uL of hidroral, 22 uL
of Hydraplex, and 18.5 uL of Rehidrate) was added to S mL of
KOH 0.1 mol L™, followed by the addition of standard
glucose solutions. This study was conducted in triplicate. The
addition of sample and standard solutions to the supporting
electrolyte solution promoted an increase in the amperometric
currents, resulting in a graph with a stair-step format. The
respective current intensities were then used to plot the
calibration curves. Subsequently, the glucose concentration
present in the sample was calculated using the respective
equations of the calibration curves, extrapolating the curve to
the y-axis equal to zero. The oral rehydration solution contains
a mixture of potassium chloride, sodium citrate, sodium
chloride, and glucose. According to the manufacturer, the
glucose concentration levels are 20.0 g L™! for Hidroral, 20.0 g
L™! for Hidraplex, and 24.1 g L™" for Rehidrat.

3. RESULTS AND DISCUSSION

3.1. Characterization Studies of Copper Electrodes.
To evaluate the ability to sinter the 3D-printed parts using a
laser engraving machine, a simple test (Figure 1B) was initially
conducted with sintered and nonsintered materials, utilizing an
LED lamp connected to a 4.5 V battery. This test indicates that
the laser irradiation changed the material properties, resulting
in a conductive surface after the laser sintering process.
Electrical conductivity gain (Figure 1B) is evident when an
LED lamp is connected in the laser-processed area. This
conductive surface formation could be associated with the
photothermal reduction of metal ions on the substrates, which
occurs when the infrared (IR) laser beam is directly irradiated
on the substrate, reaching high local temperatures (>2500 °C,
depending on the laser power).'*'>*’

Next, the substrate hydrophobicity was evaluated by contact
angle determination (Figure S1). The contact angle was (110
+ 0.4)° for the nonsintered surface and (136.4 + 0.4)° for the
sintered copper plate, demonstrating that the hydrophobicity
increased after laser sintering. The materials were also
characterized by Raman spectroscopy. A Raman spectrum
characteristic of the PLA matrix is observed for the nonsintered
surface (Figure $2).”® The spectrum shows strong bands in the
range of 3100—2800 cm™". These bands correspond to C—H
stretching modes of —CH; and —CH,—. The band at 1455
cm™! is associated with the CH; deformation, and the band at

873 cm™' is attributed to the C—COO stretching of the
repeated polymer unit. Raman spectrum (Figure S2) was also
recorded for the laser-sintered material, showing an additional
prominent band at 1593 cm™". This is likely associated with sp”
carbon hybridization generated after laser sintering.”” The
presence of these unsaturated groups (C=C) contributes to
the increase of the material hydrophobicity, agreeing with the
results observed by contact angle determination.

Next, scanning electron microscopy (SEM) images were
recorded before and after laser sintering. The morphological
aspects of the printed material remarkably changed after laser
processing (Figure 2A). Along with the morphological

non sintered non sintered sintered area

sintered area

200 pm

Figure 2. Morphological characterizations recorded for nonsintered
and sintered regions. (A) SEM micrograph of the printed material and
(B) color elemental mapping images of copper.

changes, the copper content on the resulting sintered surface
significantly increased, as further documented by the color
elemental mapping images of copper (Figure 2), indicating
that the laser beam promoted the formation of metallic copper.
No significant difference was observed in the color elemental
mapping images of carbon and oxygen (Figure S3), likely due
to their high quantities in the PLA matrix. The EDS spectra
(Figure S4) confirm the presence of each element. Addition-
ally, the spectra provide the weight percentages of each
component, demonstrating that the copper content present in
the sintered surface increased from 16.25% to 36.65%, which
justifies the enhancement of the conductive properties of the
printed material after laser processing.

According to the manufacturer, the filament is based on a
PLA plastic matrix embedded with copper particles, which
presents no conductive properties in its current form. The
copper content is not disclosed, likely due to commercial
confidentiality. Considering this, the copper quantity was
further determined by the standard addition method using
differential pulse voltammetry (Figure SS), with the resulting
value corresponding to 13.5% in mass. This percentage is close
to the values estimated through color elemental mapping
images (16.25%), suggesting a uniform copper distribution in
the filament. Besides the uniformity, commercial conductive
filaments typically contain a low percentage of conductive
materials to prevent printing errors,”” such as filament breaking
and printing nozzle clogging.

After evaluating the electrical and morphological properties,
the sintered electrode was characterized by cyclic voltammetry.
Figure 3A shows that the resulting electrode has a
voltammetric profile comparable to that obtained with a
copper wire electrode, indicating the presence of copper metal
particles in the metal-filled filament. The voltammogram of the
sintered electrodes also showed a small oxidation peak at —0.5
V, potentially generated by some species present in the
filament that stabilize one of the Cu(I) processes, eq 1. Such
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Figure 3. (A) Cyclic voltammograms were recorded with a copper
wire electrode and the sintered 3D-printed copper electrode. (B)
Cyclic voltammograms were recorded with the sintered copper
electrode in the absence and presence of 4 mmol L™ glucose.
Supporting electrolyte: 0.1 mol L™' KOH. Scan rate: 50 mV s~

stabilization is often facilitated by ligands capable of forming
thermodynamically stable complexes. The precise anodic
potential at which these species are oxidized can be influenced
by a range of factors, including local pH, the nature of the
coordmatmg environment, and the extent of chemical
oxidation,> which contribute to the variable electrochemical
behavior of copper species.

2Cu + 20H™ = Cu,0 + H,0 + 2e” (1)

Figure 3A also exhibits a voltammetric peak of Cu to Cu(I)
oxidation at approximately —0.4 V.>*~>* Two other peaks are
observed between —0.1 and +0.4 V. These peaks correspond to
the oxidation of Cu(I) to Cu(Il), formmg oxide and hydroxide
species as exemplified by eqs 2—6.%

Cu + 40OH™ = Cu(OH);™ + 2e” )
Cu,0 + 60H 4+ H,0 = 2Cu(OH),™ + 2e” (3)
Cu,O + 20H™ + H,0 = 2Cu(OH), + 2~ (4)
Cu + 20H™ 2 Cu(OH), + 2e~ (5)
Cu + 20H™ 2 CuO + H,0 + 2¢” (6)

Besides copper characteristic behavior, cyclic voltammo-
grams (Figure 3B) were also recorded in the presence of 4
mmol L™ of glucose, demonstrating that glucose is oxidized at
the sintered copper electrode surface. The glucose oxidation
mechanism is not clearly understood,”**>*® with some
works”>** reporting that Cu(IIl) from the copper electrode
surface mediates (Figure S6) the oxidation process of sugars,
such as glucose. This oxidation mechanism involves the

electrochemical oxidation of a layer of copper(II) oxides and
hydroxides to CuOOH, which catalyzes glucose oxidation
through a chemical reaction.””*® Other studies proposed that
Cu(III) species do not contribute to the oxidation mechanism
of carbohydrates. Instead, hydroxyl ion adsorption and the
semiconductive properties of the material play a more
dominant role in this process.”® Regardless of the mechanism,
the proposed copper electrodes showed promising results for
glucose quantification, demonstrating potential utility in
analytical applications.

The subsequent study evaluated the glucose amperometric
response under different potentials (Figure 4A). The ampero-
grams (Figure 4A) show the current increase with successive
additions of glucose standard solutions, resulting in a graphic
with a stair format. Analytical curves (Figure 4B) were plotted
with the current magnitude obtained after successive
injections. The sensitivity increases upon increasing the
potential up to +0.7 V, reaching a plateau. Even though +0.7
V provided the highest sensitivity, the sensors showed low
signal stabilization during subsequent additions of standard
glucose solutions. This behavior is likely due to undesirable
parallel reactions, such as solvent oxidation, affecting the
sensor response. This effect is even more evident when +0.8 V
is applied, generating high noise in the background current,
probably because of the oxygen bubbles that form during water
oxidation. Considering that, + 0.6 V was the detection
potential for the laser processing studies, described in the
next section.

3.2. Laser Processing Optimization of Copper
Electrodes. Laser power was the first parameter assessed,
with the amperograms and respective calibration curves shown
in Figure SAB. <1.4W power was not enough to form a
conductive film. In contrast, the film was formed by varying the
laser power between 1.4 and 2.0W, resulting in equal sensor
sensitivity (Figure SC) under these processing conditions. This
indicates that the copper film can be effectively formed with
this range of laser power. This laser power demand is within
the values necessary for copper ink sintering on polycarbonate
substrates,"” with power values ranging from 1.5 to S W. In the
present study, >2.0W laser power caused substrate overheating,
damaging the printed material, and restricting the electrode
use. Considering this result, 1.6 W laser power was selected to
study the laser scan rate.

The amperograms and respective calibration curves of
electrodes sintered under different laser scan rates are shown
in Figures S7A and S7B. Figure 5D shows that the laser scan
rate remarkably changed the sensor sensitivity upon varying

+0.5V
500+ A +0.6V
+0.7V
200! +0.8V
<
=-300
=
~
200+
100+
—/
O L
0 100 200 300 400
t/s

0 1 2 3 4 5 6 7

-1
alucose / mmol L

Figure 4. Influence of the detection potential on sensor response for glucose oxidation. (A) Amperograms and (B) respective calibration curves of
sintered copper electrodes recorded with successive injections of glucose standard solutions from +0.5 to +0.8 V vs Ag/AgCl/KClI,,. Supporting
electrolyte: 0.1 mol L™" KOH. Error bars represent the standard deviation of three independent electrodes.
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Figure S. Evaluation of the laser processing parameters using sensor response for glucose oxidation: (A) Amperograms and (B) respective
calibration curves recorded with sintered copper electrodes with successive injections of glucose standard solutions. Supporting electrolyte: 0.1 mol
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between the laser lines on the sensor sensitivity for glucose oxidation. Error bars represent the standard deviation of three independent electrodes.
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Figure 6. Linear range for glucose was evaluated with sintered copper electrodes. (A) amperograms recorded with sintered copper electrodes with
successive injections of glucose standard solutions. Supporting electrolyte: 0.1 mol L-1 KOH. Detection potential: + 0.6 V vs Ag/AgCl/KClsat. (B)

Analytical curve for glucose.

the values from S to 7 mm s™'. Five mm s™' yielded higher
sensitivity, suggesting that a more conductive copper film is
formed by slowly scanning the laser beam.”” Next, the height
between the laser output and the printed substrate was
evaluated in this study. Figures S8A and S8B show the
amperograms and respective calibration curves. Even though
defocusing the laser beam (focal length = 12 mm) could
potentially decrease the local heating by widening the laser
spot’s size,” the laser height showed no significant difference
in sensitivity (Figure SE). Therefore, 12 mm height was
selected as the optimum condition.

Finally, the distance between the laser beamlines was
evaluated. Figures S9A and S9B show the amperograms and
respective analytical plots. Depending on the processing
condition, the laser beam scanning can overlap the laser lines
or leave a gap between them (known as a scan gap).'”"!
<0.0875 mm lines damaged the substrate surface because of
the overlapping of engraved lines, causing substrate over-
heating. In contrast, the sensitivity (Figure SF) increased with
the distance from 0.0875 to 0.1750 mm, likely due to the more
uniform surface at a distance of 0.1750 mm, resulting in a

copper film with higher electrical conductivity. Despite that,
the sensitivity decreased upon changing the line distance to
0.3500 mm. This behavior is attributed to the reduced number
of individual engraved lines formed per unit of area when the
distance between lines is increased, resulting in a lower
electrical conductivity. Considering this result, subsequent
studies were conducted with a line distance of 0.1750 mm.
3.3. Analytical Applicability of Copper Electrodes for
Glucose Quantification. Under optimum conditions, the
fabrication reproducibility was evaluated with three different
sensors (Figure S10A), demonstrating they provided a
consistent amperometric response (Figure S10B) with a
relative standard deviation (RSD) of only 3% for sensitivity
values. Also, the sensor response (Figure 6A) was evaluated by
amperometry from 0.5 to 7.5 mmol L™ glucose, with the
linearity (Figure 6B) represented by the following equation: I
(uA) = 61.6 C + 642, R? = 0.994. The limits of detection
(LOD) and quantification (LOQ) were 0.04S and 0.15 mmol
L™!, respectively. The merit figures were calculated by the
following equations: LOD = 3 Sd (blank)/m and LOQ = 10
Sd (blank)/m. Sd (blank) is the standard deviation of the
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blank (0.9199), and m corresponds to the slope of the
analytical curve (61.6156).

Next, the sensor’s applicability was evaluated for analyzing
oral rehydration solutions. Such samples are essential in
managing dehydration, which is primarily caused by diarrhea
and vomiting. The labeled sample composition includes
potassium chloride, sodium citrate, sodium chloride, and
glucose. The glucose quantification was performed using the
standard addition method (Figure S11), with the results
summarized in Table 1. A t test was applied to compare the

Table 1. Glucose Quantification in Oral Rehydration
Solution Samples

Labeled concentration/ “Found concentration

Sample gL™! gL™! bt test
Hidroral 20.0 15+ 4 2.34
Hidraplex 20.0 22 + 4 0.63
Rehidrat 24.1 23+3 0.59

“Values expressed as average + SD. T ica With 95% confidence level
=43 (n — 1 = 2 degrees of freedom).

result with the informed values, resulting in f.cuated < teritical
values. The results indicated that the proposed method offers
accuracy for glucose quantification, providing results statisti-
cally equivalent (95% confidence level) to the values informed
by the manufacturer. Subsequently, the sensor selectivity was
assessed for glucose oxidation (Figures S12 and S13). This
study was conducted by adding glucose and possible
interfering species, including nitrite, sulfite, caffeine, ascorbic
acid, maltose, saccharose, creatinine, and uric acid.* Among
them, ascorbic acid, sulfite, uric acid, and creatinine changed
the sensor response, indicating they could affect the glucose
analytical signal. Consequently, the proposed method is
restricted to the analysis of samples containing these
compounds. Despite that, the proposed sensors were directly
used for oral rehydration solution sample analyses without any
additional step, with the results (Table 1) showing that the
sample matrices had no significant effect on the sensor

responses. Additionally, the analytical parameters of the
proposed method for glucose quantification were compared
with those of other recent methods, as shown in Table 2. The
linear range of the sintered copper electrodes is compatible
with those of other nonenzymatic electrodes. Although some
sensors demonstrated better detection limit (LOD), glucose
concentrations in drink samples are typically high, eliminating
the need for low-detectability sensors. Unlike previously
reported sensors, the proposed electrodes are disposable, and
their fabrication process is scalable. Furthermore, the
fabrication does not require additional chemical components
for surface modification, allowing the electrodes to be used
immediately after fabrication. Moreover, the laser sintering
process enables the patterning of conductive lines in various
sizes and geometries, facilitating the miniaturization of
analytical systems. Therefore, the simplicity and scalability of
the proposed electrode fabrication method offer notable
advantages and represent a promising advancement in the
development of disposable sensors for (bio)analytical
applications.

4. CONCLUSIONS

This work combined 3D printing and laser sintering to
fabricate disposable copper electrodes. The laser source
produced copper films on the nonconductive surface of the
printed material, providing electrical conductivity to the
resulting sensors. The laser processing parameters affected
the sensor sensitivity for glucose oxidation, with the optimal
parameters being 1.6W laser power, 5 mm s™' scan rate, 12
mm height, and 0.1750 mm line distance. Unlike conventional
processes for fabricating conductive films, our method does
not rely on expensive instrumentation. Compared to thermal
sintering, the proposed laser sintering method showed
rapidness and the potential utility for patterning different
designs, increasing the sensor’s versatility. Additionally, the
sensors can be readily used after fabrication, eliminating the
need for further processing. Therefore, this work brings a novel
alternative for copper electrode fabrication, offering scalability

Table 2. Comparison of the Analytical Parameter of the Copper Electrodes for Glucose Quantification with Previous Works”

Electrode Technique
Pd—Cu BMA/SPE Amperometry
CNQDs/PANI Cyclic voltammetry
CuS/rGO/Gox/GCE LSV

Cu,O/PET electrode
Copper 3D electrode

Amperometry
Cyclic voltammetry

CuFe,0,/S-GO/G/SPE LSV

QSM/Au/Ni/CFME Amperometry
XSBR-PEDOT:PSS-AMWCNTSs/AuNPs/SPE Amperometry
Ag@TiO2/TP Amperometry
NiO/SPE Amperometry
Ni@CoxSy/PEDOT rGO Amperometry
Sintered copper electrodes Amperometry

Linear range/mmol L! LOD/mmol L7} Reference
1-20 0.043 43
0.05-0.5 0.029 44
0.1-100 1.75 X 107° 45
0.01-18 0.002 46
0.001-0.050 6% 107° 9
0.0075—0.1 0.003 47
0.05—16.2 113 x 1073 48
0.05—-0.6 32 x 1073 48
0.001—4 0.18 X 1073 49
0.1-0.7 0.25 X 1073 50
0.0002—2.0 0.094 x 1073 51
0.5 —-75 0.045 This work

“Pd—Cu BMA/SPE: Palladium—copper bimetallic aerogels/screen-printed electrode. CNQDs/PANI: Carbon Nitride Quantum Dots/Polyaniline
Nanocomposites. LSV: Linear sweep voltammetry. CuS/rGO/Gox/GCE: Copper sulfate/Reduced graphene oxide/Glucose oxidase/Glassy carbon
electrodes. Copper 3D electrodes: 3D printed copper electrodes sintered in a tubular furnace. CuFe,0,/S-GO/G/SPE: copper ferrite/sulfur-doped
graphene oxide/graphite/screen-printed electrode. QSM: biopolymer layer derived from quince seed mucilage. CFME: carbon fiber
microelectrodes. XSBR: Carboxylated styrene butadiene rubber. PEDOT:PSS: Poly(3,4-ethylenedioxythiophene): Poly(styrenesulfonate).
AMWCNTs: aminated multiwalled carbon nanotubes. AuNPs: gold nanoparticles. Ag@TiO,/TP: Silver nanoparticle-decorated titanium dioxide
nanoribbon array on titanium plate. NiO: nickel oxide. Ni@CoxSy/PEDOT rGO: ternary hierarchical hybrid Ni@CoxSy/poly(3,4-

ethylenedioxythiophene)-reduced graphene oxide.
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and possibilities for sensing applications beyond glucose
quantification.
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