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Abstract: This study investigates the fabrication of laser-scribed graphene (LSG) electrodes on
polyimide substrates using a CO:2 laser cutter for label-free L-histidine detection in artificial sweat.
Two-level full factorial and central composite designs were employed to optimize critical
manufacturing parameters, including laser speed, power, and electrode width. Electrochemical
characterization using cyclic voltammetry with KsFe[CN]s demonstrated superior LSG electrode
performance compared to standard glassy carbon electrodes, exhibiting a 702 + 62% higher oxidation
current peak at 0.56 (mM) KsFe[CN]s in 0.1 M KCIl. We successfully demonstrated the label-free
electrochemical detection of L-histidine in artificial sweat using these LSG electrodes. The results
show a linear relationship (R2=0.987) between current peak and L-histidine concentration within the
8.3 (mM) to 50 (mM) range, demonstrating high sensitivity towards L-histidine. These findings
highlight the potential of this optimized LSG electrode fabrication approach for developing high-
performance, user-friendly, and disposable wearable biosensors for real-time, and non-invasive
health monitoring applications in sweat analysis.

Keywords: laser scribed electrodes; full factorial design; central composite design; electrochemical
sensors; wearable biosensors; manufacturing; L-histidine; artificial sweat

1. Introduction

Graphene, a 2D monolayer of carbon atoms arranged in a honeycomb lattice, possesses unique
electronic properties, including high conductivity and large surface area, making it attractive for
electronic applications [1,2]. While early graphene research explored exfoliation [3-5] and SiC
thermal decomposition [6,7], Chemical Vapor Deposition (CVD) [8] and laser scribing [9-11] have
emerged as scalable methods. Laser scribing, a process that produces laser-scribed graphene (LSG),
offers a compelling alternative for biosensor fabrication due to its low-cost, rapid prototyping, and
suitability for flexible substrates, making it particularly attractive for wearable biosensor
development [12,13]. Biosensing applications are expanding beyond traditional targets to include
neurochemicals, hydrogen peroxide, non-electroactive molecules (using enzyme-based methods),
proteins (e.g., cancer biomarkers), immunoglobulins, and viral/bacterial DNA [14-20]. LSG has
demonstrated promise in various biosensing applications, including the detection of biomolecules in
complex matrices [14,21-23].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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However, the electrochemical performance of LSG electrodes is highly dependent on
manufacturing parameters. Several studies have investigated the impact of laser scribing parameters
(power, speed, geometry) on the structural and morphological properties of LSG [24-28]. A
consensus on optimal settings remains elusive, highlighting the need for systematic optimization to
maximize the electrochemical signal and sensitivity of the LSG electrodes for analyte detection.
Researchers have probed the effect of manufacturing parameters on the structural properties of
graphene, including the number of lasing passes, laser focus at different speeds, and power levels.
Results highlight problems with laser speed and power control in LSG electrode fabrication, which
significantly affects the quality of the produced graphene [26,27]. These results open the door for
studying how lasing parameters affect the electrochemical detection properties of LSGs and where
the use of Design of Experiments (DoE) emerges as a valuable technique for efficiently managing
measurement resources and time [26-28]. Full Factorial Design (FFD) and Central Composite Design
(CCD) are two widely used DoE methods and are used to study the relative effect of various inputs
on a system [29,30].

In this work, we employ a Design of Experiments (DoE) approach, specifically a 23 Full Factorial
Design (FFD) followed by a Central Composite Design (CCD), to efficiently investigate the influence
of laser speed, power, and electrode geometry on the electrochemical performance of LSG electrodes,
allowing for the selection of the most appropriate manufacturing parameter values. The performance
of the selected LSG electrode was then evaluated by comparing it with a standardized glassy carbon
(GC) electrode, with both serving as working electrodes. Electrochemical measurements were
conducted using Ks[Fe(CN)e] in KCl as the electrolyte solution, alongside a platinum (Pt) counter
electrode and an Ag/AgCl reference electrode. The results demonstrate the potential of LSG as a
promising candidate for integration into wearable technology.

Wearable devices show great promise as non-invasive, real-time biosensors for health
monitoring by detecting biomarkers in body fluids like urine, saliva, and sweat [14,18,22,31-33].
Sweat is a highly viable option for real-time monitoring of a wide range of analytes, including amino
acids like L-Histidine [34-39]. Furthermore, label-free electrochemical detection is particularly
advantageous for wearable sensing as it requires minimal sample preparation and enables
continuous monitoring. L-Histidine, a precursor to histamine, a key mediator in allergic reactions, is
a promising target for non-invasive, continuous monitoring of allergic responses using wearable
biosensors. Its presence in sweat makes it particularly attractive for wearable biosensor applications.
Studies report L-Histidine concentrations in human sweat ranging from 0.212 mM to 3.3 mM [36,37].
To evaluate the detection capability of the fabricated LSG electrode as a label-free sensor, a
commercially available artificial sweat solution [38], consisting of 0.5% NaCl, 0.05% L-Histidine, and
0.50% Na,HPO,, was used. This standard formulation was chosen because it mimics the major
inorganic components of human sweat, providing a controlled and reproducible matrix for
electrochemical measurements. The study evaluates the LSG electrode’s performance across an L-
Histidine concentration range from 3.2 mM to 50 mM, which encompasses and extends beyond the
reported physiological range, allowing for a comprehensive characterization of the sensor’s
performance. We anticipate that this optimized LSG electrode fabrication approach will enable the
development of high-performance, user-friendly, and disposable wearable biosensors for real-time,
non-invasive health monitoring applications in sweat analysis.

2. Materials and Methods

The experimental configurations are shown in Figure 1. LSG electrodes measuring 2 (cm) in
length and featuring either 4 (pt), 1.4 (mm), or 2 (pt), 0.7 (mm), widths were manufactured using an
Epilog Mini 12x24 60-Watt COz laser cutter (Epilog Corporation, CO, USA). The electrodes were
inscribed on 5 (mil) thick Polyimide film (Polyimide Kapton Film). The Polyimide film was bonded
to PET and vinyl films using clear polyester double-sided adhesive tape (ARcare® 90106, Adhesives
Research, Glen Rock, PA), with the aim of avoiding temperature induced deformation of the film and
changes in the focus plane during manufacturing. Electrode designs were created in CorelDraw
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(Corel Corporation, Ontario, CA) and transferred to the Epilog software (Epilog Job Manager 1.3.6).
Electrochemical measurements were performed using a Squidstat Plus potentiostat (Admiral, USA).
Raman spectroscopy measurements were performed using an i-Raman Plus 5325 Raman
spectrometer (B&W Tek, DE, USA). The first experimental setup employed a three-electrode system
with LSG as the working (W), Pt (A115-digi-ivy) as the counter (C), and Ag/AgCl (Al111-digi-ivy) as
the reference (R) electrodes. Electrochemical measurements were taken in 10 (mL) of a 20 (mM)
KsFe[CN]s solution in 0.1 (M) KCI (Millipore Sigma, Merck KGaA, Darmstadt, Germany) serving as
the electrolyte for electrode characterization, Figure 1b. The second experimental set-up used two
LSG electrodes, manufactured at the optimal settings, as both W and C electrodes, with silver ink
(CW100P silver-based ink) as R, Figure 1c,d. In the second set-up, a cover with 2 (mm) diameter holes
and a rectangular chamber were used in place of a laboratory flask to reduce and control the
deposited electrolyte volume.

Working (W)
Reference (R)
Counter (C

<

Elecfrolyte

(c) (d)

Figure 1. Experimental set-up used for electrode characterization and testing. (a) Geometry for manufacturing
laser-scribed electrodes. (b) The first experimental setup utilizes an LSG as the working electrode, Ag/AgCl as
the reference electrode, and Pt as the counter electrode. All three electrodes are connected to a potentiostat and
submerged in an electrolyte solution of K3[Fe(CN)] in 0.1 M KCl within a glass flask. (c) The second experimental
setup employs two LSG electrodes as the working and counter electrodes, along with a reference electrode
prepared using silver ink. (d) Exploded geometry providing a detailed view of the second experimental setup.
This configuration features LSG and silver electrodes fabricated on a polyimide substrate, mounted on a
polymethyl methacrylate (PMMA) film, and covered with a vinyl layer to confine contact between the electrodes
and the electrolyte. Additionally, a rectangular PMMA chamber is incorporated on the surface to control the

volume of the deposited electrolyte.

Electrochemical Characterization

Cyclic voltammetry measurements were conducted using a solution of 20 mM KsFe[CN]s in 0.1
M KCl as the electrolyte. Potential sweeps ranged from -0.4 V to 0.6 V at varying scan rates (10, 20,
30, 40, 50 mV/s) to determine the redox current I, (A). These measurements facilitated the calculation
of current density, J (A/m?), and the EASA. The Randles- Sevcik equation was used to approximate
the EASA as described by Equation (1),
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I, = 26.86x10*n3/2 DY2p1/2CAp_ (1)

where I, (Amperes) is the redox current peak, n is the number of electrons contributing to the redox
reaction (n =1 in this case), D (cm?s) is the diffusion coefficient (7.6x10-6 cm?/s ), v (V/s) is the scan
rate, C (mol/cm?) is the concentration of the probe molecule and Ars is the estimated EASA using
the Randles-Sev¢ik equation.

The capacitance method using Equation (2) validated the EASA results,

_Cdl (2)

A
Cc CS

where Cy; (F) is the double-layer capacitance, estimated from the slope of the capacitive current
versus scan rate plot in the non-Faradaic region (-0.2 V to -0.1 V), C; (F/cm?) is the specific
capacitance, calculated from the area under the voltammogram curve within the Faradaic window (-
0.4V to0.6 V), and A, is the estimated EASA calculated using the capacitance method.

Design of Experiments Using FFD and CCD

The Epilog laser cutter uses five parameters to control the manufacturing process: laser head
speed (A), laser power (B), the drawing’s dots per inch (DPI), the electrode width (C) as drawn on
CorelDraw, and laser focus (D). Identifying the most relevant manufacturing parameters was done
by measuring the peak redox current (Ip), and EASA from electrodes made from different
manufacturing parameter combinations. Two parameters were maintained constant; the DPI at 1200
DPI and D on the focus plane of the laser system (laser was focused manually using the Epilog
focusing tool). Experiments were conducted by varying the three manufacturing parameters laser
head speed (A), laser power (B) and electrode width (C) to “high” and “low” settings. The values for
“high” and “low” for each parameter were chosen based on experience.

A 23 FFD was implemented using Minitab Statistical Software (Minitab, LLC, PA, USA) to
determine the effect of A, B, and C for each configuration evaluated. The first configuration used laser
head speeds (A) of 20% and 30% of maximum (83.33 mm/s maximum speed, measured
experimentally), laser power (B) levels of 12% and 17% of maximum power (60 Watts), and electrode
widths (C) of 2 (pt), 0.7 (mm), and 4 (pt), 1.4 (mm), yielding the electrode matrix shown in Figure 2.
Electrodes were manufactured in randomly selected locations according to the labeled number, from
1 to 24. One of each pair was used as the working electrode to measure I, using a scan rate of 10
(mV/s) from -0.4 (V) to 0.6 (V) for the first experimental set-up, shown in Figure 1b.
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30 17 0.7 13 20 17 0.7 21 20 17 14

20 17 0.7 14 30 12 0.7 22 30 17 0.7

30 12 1.4 15 20 17 1.4 23 30 17 1.4

20 17 1.4 16 20 12 1.4 24 20 12 0.7
b)

I3[ |G

Figure 2. Electrode matrix manufactured using CO: Laser Cutter for 23 full factorial design. a) Electrodes
manufactured in random order, using High and Low levels for each parameter: A (20%, 30%), B (12%, 17%), and
C (0.7mm, 1.4 mm). b) Manufacturing parameter matrix showing three replicates for each manufacturing

configuration.

In a second analysis, central regions of the design are explored using CCD, which involves a
total of 36 experiments. These experiments consist of six in the face-centered region and six in the
central design, with three replicates for each one, as shown in Figure 3.

4 A B C " A B C 4 A B C
(%) (%) | (mm) (%) (%) | (mm) (%) (%) | (mm)
1 25 14.5 1.1 1 25 14.5 1.1 1 25 14.5 1.1
2 20 14.5 1.1 2 20 14.5 1.1 2 20 14.5 1.1
3 30 14.5 1.1 3 30 14.5 1.1 3 30 14.5 1.1
4 25 14.5 1.1 4 25 14.5 1.1 4 25 14.5 1.1
5 25 12 1.1 5 25 12 1.1 5 25 12 1.1
6 25 14.5 0.7 6 25 14.5 0.7 6 25 14.5 0.7
7 25 14.5 1.1 7 25 14.5 1.1 7 25 14.5 1.1
8 25 14.5 1.1 8 25 14.5 1.1 8 25 14.5 1.1
9 25 14.5 1.1 9 25 14.5 1.1 9 25 14.5 1.1
10 25 14.5 1.1 10 25 14.5 1.1 10 25 14.5 1.1
11 25 17 1.1 11 25 17 1.1 11 25 17 1.1
12 25 14.5 14 12 25 14.5 14 12 25 14.5 14
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b)

Figure 3. Electrodes used for Central Composite Design a) Electrodes manufactured in random order, using
three levels for each parameter: A (20%, 25%, 30%), B (12%, 14.5%, 17%), and C (0.7mm, 1.1 mm, 1.4 mm). b)

Manufacturing parameter matrix showing three replicates for each manufacturing configuration.

Raman Measurements

Raman measurements were obtained using an i-Raman Plus 5325 Raman spectrometer with a
laser of 532 (nm) and coupled to a microscope using a 20x objective, to focus on the electrodes and
reduce the effect of the polyimide. The acquisition conditions were 30 (s) integration time, three scans,
and 25 (mWatt) laser power. Spectra were preprocessed with smoothing using Savitzky-Golay with
an 11-point window, then normalized with standard normal variate (SNV), and baseline corrected.
Z. Xu et al. [40] presented the equation of penetration depth for different wavelengths (d_p=2.3/2a),
where o corresponds to the absorption coefficient (a= 47tk/A), k is the extinction coefficient, and A is
the wavelength [41]. For graphene and graphite structures the extinction coefficient has a value of
k=1 and k=1.3, respectively [42]. Therefore, for the 532 (nm) laser, the penetration depth of the carbon-
based electrodes will be between 37 — 49 (nm).

3. Results ad Discussion

Figure 4a shows a box plot illustrating the relationship between the manufacturing parameters
and the normalized redox current density, denoted as J, (A/m?). J, is calculated by dividing I, by the
geometric area of the electrode that is in contact with the electrolyte. The absence of outliers in the
data indicates consistent current density under the different manufacturing conditions. Using a 95%
confidence level, the Pareto chart in Figure 4b identifies that the most significant manufacturing
parameters were the electrode width (C), the manufacturing speed (A), and the interaction between
power and width (BC). The relevance of speed, power, and width is further evaluated in Figure 4c
revealing that a high C level and a low A level allow a high J,. Power (B) was not a relevant
manufacturing factor for the values used. However, power (B) becomes a relevant parameter when
interacting with the electrode width (C), as demonstrated in Figure 4d. Therefore, a preliminary
conclusion is that the best configuration corresponds to a high electrode width (C, 4pt) and low laser
head speed (A, 20%). Changing the power levels from 12% to 17% did not have a significant effect.
Therefore, laser speed seems to be a more relevant manufacturing parameter than power, at least for
the values chosen.
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Figure 4. 23 Full Factorial Design results. a) Box Plot for current density to identify the changes in each
manufacturing parameter combination. b) Pareto chart using 95% of confidence level. c¢) Main effect for each

speed, power, and width. d) Interaction plot for each combination.

Figure 5a shows a box plot illustrating the relationship between the manufacturing parameters
and the measured current density, J, (A/m?). The absence of outliers in the data indicates that the
current density remains consistent across the different manufacturing conditions. Using a 95%
confidence level, the Pareto chart in Figure 5b again identifies electrode width (C) and laser speed
(A) as the most significant factors for electrodes manufacturing, validating the FFD analysis.
Additionally, laser power (B) and the associated interactions show no statistically significant effects.
Figure 5c identifies the main effects of speed, power, and width settings on J,. The CCD identifies a
low-speed setting, 20%, and a medium width, 3 (pt), as the values that achieve the highest J,. Figure
5d shows the interaction effects between speed, power, and width. Varying the power from 12% to
17% seems to have little effect on J,. A low speed, 20%, and a width of 3 (pt) achieve the highest Jp,
for the ranges chosen.

The curvatures in Figure 5c show that the effect of the manufacturing parameters on J, is
nonlinear, suggesting that there are optimum parameters for optimizing electrode performance. In
general terms, using the knowledge gained from the CCD and the FFD, we can state that slower and
wider are better than faster and thinner, in terms of electrode performance. Therefore, the next
experiment uses constant values of width, 4 (pt), and power, 12%, to further explore the effect of laser
head speed on electrode performance.

Q7 Pareto Chart of the Standardized Effects
E . W‘d; (response is Jp(A/m2), o= 0.05)
]
< Term 2.009
= - O "
N = L] cC |
2z 5 8 C I
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S 2
I 2 3 4 5 6 7 8
Py 12 15 17 12 15 17 12 15 17 .
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a) b)
Main Effects Plot for Jp(A/m2) Interaction Plot for Jp(A/m2)
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E s E ] — 17
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Figure 5. Central Composite Design results. a) Box Plot for current density to identify the changes in each
manufacturing parameter combination. b) Pareto chart using 95% of confidence level. c¢) Main effect for each

speed, power, and width. d) Interaction plot for each combination.

Both FFD and CCD experiments show that laser head speed is the most important laser-related
manufacturing parameter for producing electrodes having a high J,. Therefore, a new set of
experiments calculates the EASA for electrodes made using four different laser speeds (25%, 30%,
35%, and 40%) while maintaining the other parameters constant at power 12%, width 4 (pt), DPI at
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1200, and laser focus on the focus plane. As an example, Figure 6 shows the cyclic voltammetry
results for a value of 25% speed, evaluated using different voltage rates (10, 20, 30, 40, 50 (mV/s)).

The redox current peak magnitudes, Figure 7a, were obtained for each manufacturing speed at
each scan rate, and used to compute the EASA, following equation ( 1). Additionally, the capacitive
current, measured in the non-Faradaic region at the same scan rates, was used to determine the
double-layer capacitance Ca for each electrode manufactured at different laser speeds. Similarly, the
specific capacitance Cs was estimated (74.1 pF/cm?). These values were applied in equation (2) to
validate the EASA results obtained from equation (1). Figure 7b shows the EASA as a function of
laser speed for both methods described in Equations (1) and (2) showing that the lowest laser speed
achieves the highest EASA. The best results were, 2.93 + 0.11 mm? and 2.76 + 0.07 mm? for Equation
(1) and (2) respectively, both obtained at a laser head speed of 25%. This finding aligns with the
preliminary conclusion that lower laser speeds increase the redox current I, current density J», and,
in this case, EASA. Given that the electrode width also plays an important role in EASA, a refined
preliminary conclusion is to design “wider” electrodes at “slower” laser speeds to achieve a relatively
high I, and EASA. The definition of “wider” and “slower” will depend on the laser equipment used
and the intended application.

100 - lO(mV/s)

—— 20 (mV/s)

80 —— 30 (mV/s)

60 —— 40(mV/s)

- — 50 (mV/s)
E 40
= 20
= 0
o -20

g

8 -40
-60
-80
-100

-04 -02 00 02 04 06

Potential (V vs Ag/AgCl)

Figure 6. Cyclic Voltammetry measurements for LSG electrodes manufactured using 25% speed (A), 12% Power
(B), 4pt width (C), and 1200 DPI at voltage rates 10, 20, 30, 40, 50 (mV/s).
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Figure 7. (a) Oxidation and reduction peak magnitudes for LSGs manufactured at 25% speed (A), 12% power
(B), 4pt width (C), and 1200 DPL (b) EASA for electrodes made using four different laser head speeds (25%, 30%,
35%, 40%).
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Raman spectroscopy experiments were carried out on the LSG electrodes to obtain information
on the material properties, disorders, and defects produced in the electrodes by the laser ablation
manufacturing process. Figure 8a shows the Raman spectroscopy measurements for electrodes
manufactured at 15%, 20%, 25%, and 30% speed, 12% power, 4 (pt) width, 1200 DPI, and focused
laser. Results show three characteristic peaks of graphene and graphite, known as the D, G, and 2D
bands, located around 1349, 1586, and 2700 (cm™), respectively. Peaks D and G are characteristic of
graphite materials. Peak D is not present in bulk graphite, the detection of this band indicates
imperfections in the material, which are associated with defects in carbonaceous systems with sp?
hybridization [43,44]. The G band indicates that there is a structure derived from graphite and is
associated with the vibrations of the sp? carbon atoms [41]. The 2D band is produced by the second-
order resonance of the D band [44]. This band is used as a simple and efficient method to confirm the
presence of a single graphene layer [41]. The work by Abdulhafez et al. [45] suggest that the Raman
spectra shown indicate the formation of graphene domains in an anisotropic cellular network of 3D
graphene. The Ip/Ic ratio for the different speeds was approximately 0.8, which may indicate that the
electrodes present a crystalline structure [44]. The I/Ic ratios were less than 1, suggesting the
presence of high defects and disorders in its crystal structure [41], in concordance with Abdulhafez
et al. [45]. Overall, results suggest that these LSGs are mostly made of multiple graphene-based
nanocarbon layers containing a high number of defects and lattice disorders. This can also be
somewhat visually perceived by observing the carburized texture of the LSG electrode surface.
Interestingly, the electrode manufactured with a 25% speed showed a greater intensity in the D, G,
and 2D bands. This electrode also exhibited the lowest ], in Figure 5c. Structural changes are expected
to influence the electrochemical properties of the electrodes. Figure 8b shows electrochemical
impedance spectroscopy (EIS) results for the three different laser speeds used. The electrodes
measured were made using a constant power, 12%, and width, 3 (pt), while varying the speed (25%,
30%, 40%). The electrical resistance for the electrodes is the x-axis intercept in the Nyquist plot.
Resistance decreases from 1.6 kQ to 0.52 k() while decreasing the laser speed, concurring with the
FFD and CCD that lower laser speeds improve electrode performance.
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Figure 8. Comparison between structural and electrical properties. a) Raman spectroscopy measurements of
electrodes manufactured using power 12% and speed settings 15%, 20%, 25%, and 30%. b) Nyquist plot obtained
from electrodes made using three different speeds (25%, 30%, 40%), at a power of 12% and an electrode width
of 3 (pt).

In the subsequent series of experiments, the setup depicted in Figure 1b was used to compare
the performance of LSG electrodes with a standard electrode configuration. The manufactured LSG
electrodes served as both the Working (W) and Counter (C) electrodes, while silver ink was employed


https://doi.org/10.20944/preprints202503.0039.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 March 2025 d0i:10.20944/preprints202503.0039.v1

10 of 15

as the Reference (R) electrode. The W and C electrodes were manufactured using 25% speed, 12%
power, and a 4 (pt) width, based on the results from Figures 7b and 8b. This electrode arrangement
(LSG, Ag ink, LSG) was compared to a standard setup, featuring Pt as C, Ag/AgCl as R, and Glassy
Carbon (GC) as W electrodes. Cyclic voltammetry experiments were conducted using KsFe[CN]s as
the electrolyte at five different concentrations (0.56, 1.59, 3.38, 6.76, 13.51 (mM)) in 0.1 (M) KCl, with
a scan rate of 50 (mV/s). The voltammogram obtained with standard electrodes (Pt, Ag/AgCl, GC) is
presented in Figure 9a,b shows the voltammogram obtained with manufactured electrodes (LSG, Ag
ink, LSG). The results underscore the capability of LSG electrodes to measure various electrolyte
concentrations, as evidenced by the increase in I, with concentration. Notably, LSG electrodes exhibit
a more substantial increase in amplitude at each higher electrolyte concentration compared to the
standard electrodes. Figure 9c provides a detailed comparison between the two experimental setups
through a plot depicting the linear relationship between I, and concentration. The data from Figure
9c reveals a higher redox current amplitude for LSG compared to GC at each measured concentration.
Figure 10 displays the percentage increment of the manufactured electrodes compared to the
standard electrode at each concentration. The percentage increments are computed according to the
following relationship.

|ILSG - Ic;c| (3)
RedoXxpeak mcrement = —————x100

IGC
Where: RedoXpeqr mcrement 1S the percentage of Redox peak. I;s; , is the Redox peak measured with
LSG as working electrode. I, is the Redox peak measured with GC as working electrode.
According to the Equation (3), the percentage increments in the reduction region are 662%, 596%,
218%, 134%, and 113%, while for the oxidation region are 702%, 602%, 210%, 127%, and 103% for the
concentrations used, 0.56, 1.59, 3.38, 6.76, and 13.51 (mM), respectively. This suggests that LSG
electrodes are particularly suited for detecting low analyte concentrations.
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Figure 9. Cyclic voltammetry measurements comparing standard and manufactured electrodes. (a)
Voltammogram for various molar concentrations using standard electrodes: Pt (counter electrode), Ag/AgCl
(reference electrode), and Glassy Carbon (GC, working electrode). (b) Voltammogram for various molar
concentrations using manufactured electrodes: LSG (counter electrode), Ag ink (reference electrode), and LSG
(working electrode). (c) Evaluation of the redox current peak for each concentration, comparing standard and

manufactured electrodes.
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Figure 10. Percentage of signal increment for various molar concentrations using manufactured electrodes (LSG,
Ag, LSG) compared to standard electrodes (Pt, Ag/AgCl, GC).

Finally, the selected LSG electrode, manufactured with a power of 12%, a speed of 25%, and a
width of 4 pt, was employed to obtain voltammograms of artificial sweat for detecting varying
concentrations of a single component (L-Histidine) without the need of a biorecognition molecule.
These voltammograms were analyzed to investigate how the responses varied as a function of L-
Histidine concentration within a range of 3.2 mM to 50 mM. Figure 11a displays voltammograms
obtained at a scan rate of 50 mV/s for raw basic sweat, consisting of a mixture of 0.5% NaCl, 0.05% L-
Histidine, and 0.50% Na:HPO,. Voltage and current data, extracted from the acquired
voltammograms, were normalized using maximum-minimum current scaling for analysis. The
analysis revealed distinct current peaks for each L-Histidine concentration, as illustrated in Figure
11b. This figure demonstrates a linear relationship (R? = 0.987) between the current peak and L-
Histidine concentration within the range of 8.3 mM to 50 mM. Concentrations below 8.3 mM
exhibited non-linear behavior. Detection in this range could be carried out using other
electrochemical techniques such as linear sweep voltammetry (LSV), pulse voltammetry (PV) and
electrochemical impedance spectrometry (EIS).
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Figure 11. L-histidine detection in Artificial Sweat at concentrations ranging from 3.2 mM to 50 mM. a) L-
histidine voltammograms for five representative concentrations (3.2, 7.1, 10, 16.7, 50 mM). b) A linear

relationship between L-histidine concentration and normalized peak current was observed.

5. Conclusions

This research focused on investigating the influence of laser cutter manufacturing parameters
on the electrochemical and Raman characteristics of LSG electrodes. Initially, current density (Jp)
served as the dependent variable while laser head speed, laser power, and electrode width were
considered as independent variables. Experiments employing FFD and CCD revealed that electrode
width is the most critical factor for achieving a high J,, which is a key electrochemical parameter
associated with Electrochemical Active Surface Area (EASA). Among the laser equipment
parameters, laser head speed emerged as the most influential. The results demonstrated that a lower
laser head speed (20%) led to the highest values of EASA. Therefore, we recommend manufacturing
“wider” electrodes at “slower” speeds to obtain “better” electrochemical properties. However, it’s
important for readers to consider size constraints specific to their applications, as well as the speed
and power ranges of their laser equipment. The effect of varying the laser speed (25%, 30%, 35%, and
40%) was studied while maintaining the other settings constant; power 12%, electrode width 4 (pt),
1200 DP], and a focused laser. Once again, the findings confirmed that the optimal configuration for
achieving a high EASA is a lower laser speed. Raman Spectroscopy measurements suggest the
production of graphene-based nanocarbon layers in a 3D anisotropic cellular network. Using the best
manufacturing combination for obtaining high EASA, a pair of LSG electrodes was manufactured
with a speed of 25%, power of 12%, electrode width of 4 (pt), DPI of 1200, and focused laser. The LSG
electrodes were tested as working and counter in an electrochemical cell filled with KsFe[CN]e
solution at varying concentrations (0.56, 1.59, 3.38, 6.76. 13.51 (mM)) in 0.1 (M) KCL The results
demonstrated a direct relationship between the redox current (I,) and concentration, as expected.
Notably, the LSG exhibited higher amplitudes for reduction compared to oxidation, as illustrated in
Figure 9a,b. This indicates a greater flow of electrons from the electrode to the electrolyte at the
electrode surface during the reduction process compared to the oxidation process. Consequently, the
reduction reaction is favored and occurs more readily than the oxidation reaction under the
experimental configurations employed. Another noteworthy observation is the percentage increase
in the I, signal of the LSG electrodes when compared to the standard electrodes, as depicted in Figure
9c and detailed in Figure 10. This effect is more pronounced at lower concentrations, with a peak
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increase of 698% observed at 0.56 (mM), compared to an increase of approximately 100% at the
highest concentration tested, 13.51 (mM). This implies that LSG electrodes hold significant potential
as biosensing electrodes for applications demanding high detection sensitivity or for detecting or
monitoring low analyte concentrations. Building on this finding, the LSG electrode was tested to
detect varying concentrations of L-Histidine in artificial sweat. The results demonstrate that L-
Histidine can be detected proportionally to the current peak within a range of 8.3 mM to 50 mM.
However, further analysis is required for detecting lower concentrations, such as using linear sweep
voltammetry (LSV), pulse voltammetry (PV) and electrochemical impedance spectrometry (EIS) for
accurate detection in this lower concentration range.
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