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Abstract: We demonstrate a flexible electrochemical biosensor for non-enzymatic glucose
detection under different bending conditions. The novel flexible glucose sensor consists of a
Cu nanoparticle (NP)/laser-induced graphene fiber (LIGF)/porous laser-induced graphene
(LIG) network structure on a polyimide film. The bare LIGF/LIG electrode fabricated using
an 8.9 W laser power shows a measured sheet resistance and thickness of 6.8 Ω/□ and
~420 µm, respectively. In addition, a conventional Cu NP electroplating method is used
to fabricate a Cu/LIGF/LIG electrode-based glucose sensor that shows excellent glucose
detection characteristics, including a sensitivity of 1438.8 µA/mM·cm2, a limit of detection
(LOD) of 124 nM, and a broad linear range at an applied potential of +600 mV. Significantly,
the Cu/LIGF/LIG electrode-based glucose sensor exhibits a relatively high sensitivity, low
LOD, good linear detection range, and long-term stability at bending angles of 0◦, 45◦, 90◦,
135◦, and 180◦.

Keywords: laser-induced graphene; flexible sensor; Cu nanoparticle; non-enzymatic
electrochemical detection

1. Introduction
Flexible electronic devices have recently attracted considerable attention because of

their potential application as wearable devices for direct monitoring of physiological signals
in ubiquitous healthcare systems [1–6]. Among various flexible biosensors, electrochem-
ical sensors have been widely used for detecting vital signs, mainly because they have
many advantages such as a simple fabrication method, stable signals, rapid response, and
broad applicability [7–12]. Due to the significant demand for the self-diagnosis of human
metabolic conditions, many flexible sensors have been applied in glucose detection. As is
well known, glucose is a key indicator of human metabolic condition [13,14]. In addition,
glucose monitoring can provide noninvasive and easy access to metabolic information in
human sweat, for example, enabling the diagnosis of diabetes mellitus, hypoglycemia, and
other diseases [15–18]. Thus, flexible glucose sensors can be conformally attached to the
curved skin surface of individuals for real-time health condition monitoring with accurate,
stable, and fast responses.

Electrochemical glucose biosensors may be divided into enzyme-based and non-
enzyme-based sensors. The enzyme-based glucose sensors generally utilize glucose oxidase
(GOx) or glucose dehydrogenase (GDH), which are commercially used due to their higher
selectivity and faster assay compared to optical and Raman spectroscopy sensing tech-
niques [19]. However, the enzyme-based glucose sensors have various inherent drawbacks
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associated with enzymes, such as electrode surface fouling, enzyme denaturation, weak
enzyme immobilization on the electrode, or complex enzyme purification processes [20,21].
These drawbacks can degrade the sensitivity, reliability, or accuracy of the sensors. In
contrast, non-enzymatic glucose sensors are capable of directly oxidizing glucose on the
electrode surface without the need for enzymes. This feature favors non-enzymatic glucose
sensors for glucose analysis because of their affordability, enhanced sensitivity, excellent
selectivity, and stability.

To realize non-enzymatic glucose sensing applications, copper is widely used as a
catalyst to induce oxidation reactions with glucose in an alkaline electrolyte; it also shows
outstanding catalytic functionality on micro- and nanostructured electrodes with modified
carbon-based materials such as carbon nanotubes (CNTs), graphene, and reduced graphene
oxide [22–26]. In addition, micro- and nanostructured Cu nanoparticles (NPs) can be easily
electroplated electrochemically and can have tremendous advantages such as being low
cost, biocompatible, environmentally friendly, having enhanced mass transport, a high
surface area, and an improved signal-to-noise ratio (S/N) [26–28]. In this study, Cu NPs
were electrochemically deposited on the surface of a laser-induced graphene fiber (LIGF)
and porous laser-induced graphene (LIG) network for glucose detection.

Porous LIG and LIGF, developed by the Tour group, can be fabricated by irradiating
a commercial polyimide (PI) film surface with an infrared CO2 laser. Specifically, porous
LIG patterned in vector mode (the x–y direction) is formed at locally high temperatures
(>2500 ◦C), which decrease the nitrogen and oxygen content by breaking the C–O, C=O,
and N–C bonds [29]. LIGF patterned in raster mode (the x direction) can be grown by
overlapping the laser spots so that the overlapped laser spots can lead to overheating
and destruction of the upper LIG layers, resulting in the remaining LIG layers to have a
thickness of <50 µm [30]. This LIGF employed in sensor electrodes provides a large active
surface area, resulting in improved sensor sensitivity.

LIG as a sensor electrode offers outstanding advantages, including low cost, design
flexibility, durability, reproducibility, one-step fabrication, and physical flexibility. More-
over, due to its porous structure, excellent conductivity, and electrochemical stability, the
LIG-based electrode has recently been adopted in electrochemical sensing applications for
lead ion [31], phytotoxic aluminum ion [32], nitrite [33], phosphate [34], dopamine [35],
bisphenol A [36], SARS-CoV-2 [37], H2O2 [38], NO2 [39], glucose [40–42], and so on. As
demonstrated by these many studies, LIG can be applied in various sensing platforms with
its chemical modification and functionalization.

In terms of the commercial aspects of the disposable blood glucose sensor market, LIG
electrodes have significant advantages. Currently, the dominant SPCEs (screen-printed
carbon electrodes) in the glucose sensor market are low cost and suitable for mass produc-
tion. However, according to several published papers, the screen-printing process requires
stencils, conductive solutions, and heat treatment, incurring costs each time the electrode
design is changed [43,44]. In contrast, the production of LIG electrodes requires only PI
film as a raw material, allows for easy design changes, and has the potential to be easily
applied in a roll-to-roll process [45].

In this paper, we used a method for fabricating sensor electrodes similar to that
reported by the Tour group [29,30] and optimized the electrical properties of the LIGF/LIG
electrode by using different laser powers in the raster laser patterning mode. The LIGF/LIG
electrode was fabricated by a direct laser process from a polyimide (PI) substrate. The
electrodes consist of 3 electrodes (working, counter, and reference) for an electrochemical
sensor. The LIGF/LIG working electrode was then functionalized by Cu NP electroplating
for glucose detection. The LIGF/LIG counter and reference electrodes are bare, while
the LIGF/LIG reference electrode is simply coated with Ag/AgCl ink. Our fabricated
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sensor exhibits excellent characteristics, including sensitivity, limit of detection (LOD),
selectivity, linearity, and reliability over a range of glucose concentrations. In addition, we
also investigated the electrochemical properties of the Cu NP/LIGF/LIG-based glucose
sensor under bending angles of 0◦, 45◦, 90◦, 135◦, and 180◦.

2. Experimental Section
2.1. Materials and Apparatus

A 125-µm-thick Kapton (PI) film was purchased from Isoflex (Korea) and used as the
precursor material for the LIGF electrode. K3[FE(CN)6], KNO3, CuSO4, Na2SO4, NaOH,
D-glucose, ascorbic acid (AA), uric acid (UA), lactose, fructose, and sucrose were purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA). All the other reagents were of analytical
grade and used without further purification. Solutions were made using Millipore water
(≈18 MΩ).

A digital multimeter (Agilent U1272A, Santa Clara, CA, USA) was used for measure-
ment and calculation of the resistance and sheet resistance of the fabricated LIGF/LIG
electrodes. A potentiostat (PC4/750, Gamry Instruments, Warminster, PA, USA) was used
to measure all the electrochemical reactions of the fabricated glucose sensor. In the three-
electrode system of our fabricated glucose sensor, the working electrode (WE) and the
counter electrode (CE) were composed of LIGF/LIG with Ag/AgCl ink (BAS Inc., Tokyo,
Japan) as the reference electrode (RE).

Scanning electron microscopy (SEM) was performed using a Quanta 250 FEG instru-
ment manufactured by FEI (Thermo Fisher Scientific, Waltham, MA, USA). X-ray diffraction
(XRD) patterns were obtained using a SmartLab instrument (Cu Kα1, λ = 1.54 Å, ICDD card
#00-041-1487, Rigaku, Tokyo, Japan). A LabRAM ARAMIS IR2 (HORIBA JOBIN YVON,
Kyoto, Japan) Raman microscope system was used under 532 nm laser excitation and a
5 mW laser power at room temperature (RT). X-ray photoelectron spectroscopy (XPS) was
performed using an X-TOOL instrument (ULVAC-PHI, Chigasaki, Japan) under a 15 kV
aluminum source power, 100 µm beam size, and 140 eV scan energy.

2.2. Preparation of LIGF/LIG Electrode

The three-electrode system (WE, CE, and RE) of the glucose sensor was designed using
AutoCAD 2018 (Autodesk Inc., San Francisco, CA, USA). The LIGF/LIG electrode was
patterned on the PI film using infrared CO2 pulsed laser equipment from Universal Laser
Systems [laser cutter platform VLS2.30 with high-power-density focusing optics (HPDFO
2.0, depth of focus is ± 0.76 mm)] in raster mode. The CO2 laser had a wavelength of
10.6 µm. The laser beam spot size was ~25 µm. The distance between the lens and the
substrate was 54 mm. To obtain an LIGF/LIG electrode with the lowest sheet resistance,
electrodes were fabricated under different laser powers ranging from 8.5 to 9 W in 0.1 W
steps. The fixed parameters of laser scan speed, pulses per inch (PPI), and dots per inch
(DPI) were 9 cm/s, 1000 PPI, and 500 DPI, respectively. All the CO2 laser irradiation was
performed under ambient conditions.

2.3. LIGF/LIG Electrode-Based Glucose Sensor Fabrication and Cu NP Electroplating

The designed LIGF/LIG electrode-based glucose sensor (size = 14 mm × 22 mm)
consists of a WE (diameter = 5 mm), a CE (area = 17.86 mm2), an RE (area = 2.1 mm2), an
electrical path (1.5 mm × 10 mm), and pads (4 mm × 5 mm). The LIGF/LIG electrode-
based glucose sensor fabricated under an 8.9 W laser power was used to investigate
electrochemical behavior because it had the lowest sheet resistance, 6.8 Ω/□. The prepared
LIGF/LIG electrode was cleaned sequentially with acetone, methanol, and distilled water.
Next, the grown LIGF of the electrical paths and pads was removed with a strong N2 gas
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stream because the electrolyte solution could easily be flown into the electrical path and
pad due to capillary force. A Kapton (PI) tape was attached to the electrical path area to
define the electrochemical reaction area. Ag/AgCl ink was formed on the RE surface. The
pads were covered with conducting silver epoxy to prevent damage to the pads due to
physical force from the duck clip.

Copper NPs were electroplated on the WE by using the amperometric method [46].
This electrodeposition method has been reported to allow for the rapid and uniform
deposition of copper nanoparticles in one step. Electroplating was conducted using a
three-electrode system consisting of the LIGF/LIG electrode (WE), a graphite rod (CE), and
a commercial Ag/AgCl electrode (RE). Electroplating was performed at −6 V for 10 sec in
80 mL of the electroplating solution (0.3 M CuSO4). To allow the Cu NPs to oxidize into
the CuxO form, cyclic voltammetry (CV) was performed in a 0.1 M NaOH solution at the
applied range of −0.5 to +0.5 V at a scan rate of 50 mV/sec for 40 cycles. Figure 1 shows a
schematic of the sensor fabrication process.
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Figure 1. Schematic of the fabrication process: (A) CO2 irradiation of PI film to form the LIGF/LIG
electrode pattern, (B) fabricated LIGF/LIG electrode-based sensor, (C) removal of LIGF from the
electrical path and pad with N2 gas stream, (D) formation of Ag/AgCl electrode in RE area and
preparation of the passivation layer with PI tape and Ag epoxy, (E) completed Cu NP/LIGF/LIG
electrode-based glucose sensor obtained by electroplating Cu NPs on the WE area, (F) photograph of
the fabricated Cu NP/LIGF/LIG electrode-based glucose sensor.

2.4. Electrochemical Characterization LIGF/LIG Electrode-Based Glucose Sensor in Original and
Bent States

CV with a 20 mV/sec scan rate and 0–0.7 V scan range was performed at glucose
concentrations of 0, 1, 2, 3, and 4 mM in 0.1 M NaOH aqueous solution. Chronoamper-
ometry was recorded at +600 mV at different glucose concentrations, where 250 µL of
glucose solution was added to the 0.1 M NaOH aqueous solution using a pipette. The
selectivity of the fabricated LIGF/LIG-electrode-based glucose sensor was also evaluated
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by chronoamperometry under the same conditions by first adding 0.3 mM glucose solution
and then adding 0.3 mM AA, UA, lactose, fructose, sucrose, and glucose solutions in
sequence. Furthermore, the fabricated LIGF/LIG-electrode-based glucose sensor was also
tested by the same electrochemical measurement methods (CV and chronoamperometry)
after being bent at angles of 0◦, 45◦, 90◦, 135◦, and 180◦.

3. Results and Discussion
3.1. Material Characterization

To optimize the fabrication of the LIGF/LIG electrode, we experimentally investigated
the sheet resistance (Rs) of electrodes fabricated using different laser powers (8.5 W–9 W
with 0.1 W increment) at a 9 cm/s scan rate, 1000 PPI, and 500 DPI. As shown in Figure 2A,
when the laser power applied to the PI film increased from 8.5 to 8.9 W, the measured Rs

value of the LIGF/LIG electrode decreased. The LIGF/LIG electrode and PI film fabricated
at a 9.0 W laser power were damaged by excessive thermal power, resulting in a physically
unstable LIGF/LIG electrode and high Rs. When an 8.9 W laser power was used, the
lowest LIGF/LIG electrode sheet resistance of 6.8 Ω/□ was obtained due to its high
carbon composition (98.5% atomic percentage of carbon, 1.3% atomic percentage of oxygen,
0.25% atomic percentage of nitrogen), which is in contrast with the electrodes fabricated at
different laser powers (Figure 2B, Table S1).
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Figure 2. (A) Measured sheet resistance and (B) XPS results showing atomic percentages of C1s,
O1s, and N1s of the fabricated LIGF/LIG electrodes at laser powers of 8.5, 8.6, 8.7, 8.8, 8.9, and 9 W.
(C) XRD pattern and (D) Raman spectrum of the fabricated LIGF/LIG electrode at 8.9 W.
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The 8.9 W LIGF/LIG electrode was also analyzed using XRD analysis and Raman
spectroscopy. In the XRD pattern (Figure 2C), a dominant peak is observed at 26.4◦,
representing the (002) hexagonal graphitic crystal plane. The full width at half-maximum
was relatively broad (7.81◦), indicating the unusual ultra polycrystalline nature due to
thermal expansion caused by laser irradiation [29]. The value of the interplanar distance
(d) in the lattice planes calculated by Bragg’s law (2d·sinθ = nλ) is 3.37 Å, which is in good
agreement with that of the graphitic phase. A small peak of the (100) graphitic crystal phase
is also observed at 44.4◦. Figure 2D shows the Raman spectrum of the LIGF/LIG electrode,
which confirms the presence of the D, G, and 2D peaks. The Raman spectrum is similar to
that of porous LIG, which shows the D, G, and 2D peaks at 1348.2, 1576.5, and 2694.0 cm−1,
respectively. The observed D peak is caused by structural edge defects, bent sp2 carbon, or
symmetry-broken sites in the LIGF and LIG, and the sharp 2D peak represents 2D graphite
containing randomly stacked graphene layers [29,30].

To investigate their morphology, the Cu NP-electroplated 8.9 W LIGF/LIG electrodes
were observed by FE-SEM. Figure 3A, B show the top view of the Cu NP-coated LIGF/LIG
electrode that LIGF grew at 8.9 W over the porous LIG layer. Figure 3C depicts the Cu
NP-coated LIGF at higher magnification (×30 k). Highly dense Cu NPs were uniformly
electroplated on the LIGF and LIG surfaces. Furthermore, the presence of the electro-
plated Cu NPs was confirmed by energy-dispersive X-ray spectroscopy (EDS), as shown in
Figure 3D. The weight % of Cu (copper), O (oxygen), and C (carbon) were measured to be
85.64, 9.45, and 4.91, respectively. A strong Cu peak appeared dominantly in the spectra
of the Cu NP-coated LIGF/LIG electrode, indicating that the Cu NPs were successfully
electroplated on the LIGF/LIG electrode (Figure S1). In addition, the atomic % of Cu shows
almost twice the higher value than the atomic % of O. It might imply that the presence
of metallic copper and Cu (I) oxide and Cu (II) oxide on the modified electrode during
electroplating. Figure 3E,F show the cross-sectional view of a Cu NP-coated LIGF/LIG
electrode. The measured thickness is ~420 µm. In addition, we also inspected bare LIGF
and porous LIG at higher magnifications. LIGF with diameters ranging from 140 to 282 nm
were grown. The pore diameters in the porous LIG were approximately 700 nm to 1 µm
(Figure S2).

3.2. Electrochemical Characterization of Bare LIGF and Cu NP/LIGF Electrodes by CV

CV experiments using bare LIG, Cu NP/LIG, bare LIGF/LIG, and Cu NP/LIGF/LIG
electrodes were conducted in [10 mM K3[Fe(CN)6] + 1 M KNO3] (1:1) ferricyanide so-
lution at different scan rates from −0.4 to + 0.8 V to investigate the electrochemical re-
action (Figure S3). The redox reaction was observed in both CV experiments. The peak
current increased linearly in proportion to the square root of the scan rate, indicating
a quasi-reversible surface electrode process. To determine the electrochemically active
surface area and diffusion coefficient of the bare LIG, Cu NP/LIG, bare LIGF/LIG, and
Cu NP/LIGF/LIG electrodes, the Randles–Sevcik plots were obtained, as shown in Fig-
ure 4. Simply put, the slope of the LIGF/LIG electrode is higher than that of the bare LIG
electrode, which implies that the former has a higher surface area. These electrochemical
parameters at RT can be determined using the Randles–Sevcik equation [47,48]:

Ip = (2.69 × 105) A × D0
1/2n3/2v1/2C (1)

where A is the area of the working electrode, D0 is the standard diffusion coefficient of
K3Fe(CN)6 (i.e., 7.6 × 10−6 cm2/s), n is the number of electrons transferred in a redox event,
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v is the scan rate, and C is the concentration of the redox solution. In addition, a modified
Randles–Sevcik equation can be expressed as the slope of the linear fitting line:

Slope = (2.69 × 105) A × D1/2n3/2v1/2C (2)

where D is the diffusion coefficient of the analyte. Therefore, using the constant values of
the parameters D, C, and n, we could successfully obtain approximate values of A and D
according to the Randles–Sevcik equation.
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Figure 4. Electrochemical characterization of the bare LIG, Cu NP/LIG, the bare LIGF/LIG, and
Cu NP/LIGF/LIG electrodes in [10 mM K3[Fe(CN)6] + 1 M KNO3] (1:1) ferricyanide solution. Scan
rate: 10, 20, 30, 50, 100, and 200 mV/s. Randles–Sevcik plots with linear fitting curves of (A) bare
LIG electrode, (B) Cu NP/LIG electrode, (C) bare LIGF/LIG electrode, and (D) Cu NP/LIGF/LIG
electrode.

According to these numerical analyses in Table 1, the LIGF/LIG electrode has an
active surface area of 0.372 cm2. This calculated result is larger than 0.197 cm2 of the bare
LIG electrode and indicates that the grown LIGF can increase the active surface area. In
addition, the active surface area of Cu NP/LIGF/LIG is 0.596 cm2. This result is 1.6 times
larger compared to the LIGF/LIG electrode, which indicates that the Cu NPs are effectively
electroplated on the LIGF and LIG. The diffusion coefficient values of the bare LIGF/LIG
and Cu NP/LIGF/LIG electrodes are also calculated to be 228.35 cm2/s and 228.84 cm2/s,
respectively. The D values are almost the same owing to the lack of reaction with the
+ 1 M KNO3] (1:1) ferricyanide solution.

Table 1. Comparison of active surface area, diffusion coefficient, and correlation coefficient (R2) of
the bare LIG, Cu NP/LIG, bare LIGF/LIG, and Cu NP/LIGF/LIG electrodes.

bare LIG Cu NP/LIG bare LIGF/LIG Cu NP/LIGF/LIG

Active surface area (cm2) 0.197 0.254 0.372 0.596

Diffusion coefficient (cm2/s) 112.56 145.49 228.35 228.84

R2 Anodic current 0.999 0.992 0.999 0.998

Cathodic current 0.999 0.993 0.999 0.999
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3.3. Electrochemical Characterization of Cu NP/LIGF/LIG Electrode for Glucose Detection

The CV curves of the fabricated Cu NP/LIGF/LIG electrode-based glucose sensor
were obtained under 100 mV/s at a scan rate from 0 to +1 V using a 0.1 M NaOH solu-
tion with different glucose concentrations (Figure 5A). The CV oxidation peak current at
+600 mV was found to increase in proportion to the glucose concentration, resulting in a
high linear correlation constant (i.e., R2 = 0.997, yIpeak = 125.2x + 504, where x is the glucose
concentration), as shown in the inset of Figure 5A. This good linearity of the measured cur-
rent value demonstrates the electrochemical feasibility of the Cu NP/LIGF/LIG electrode
as a glucose sensor. The mechanism for the oxidation of glucose by the Cu NP/LIGF/LIG
electrode in the 0.1 M NaOH solution is as follows [49,50]:

Cu + 2OH− → CuO + H2O + 2e− (3)

or
Cu + 2OH− = Cu(OH)2 + H2O + 2e− (4)
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Figure 5. (A) CV curves of the Cu NP/LIGF/LIG electrode at glucose concentrations of 0, 1, 2, 3, and
4 mM in 10 mL of 0.1 M NaOH solution. (B) Amperometric current response at +600 mV; glucose
concentration was increased every 10 s by pipetting 250 µL of glucose at different concentrations
into 10 mL of 0.1 M NaOH solution [50 µM (twice), 100 µM (nine times), and 1 mM (three times) in
sequence], and then the amperometric current response was measured for 1, 2, 3, and 4 mM of glucose
in 10 mL of 0.1 M NaOH solution. (C) Linear fitting curve from amperometric current response results.
(D) Selectivity test using chronoamperometry, where 250 µL of 0.3 mM solutions of glucose, AA, UA,
lactose, fructose, sucrose, and glucose were pipetted sequentially into 10 mL of 0.1 M NaOH solution.
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Then, CuO is further oxidized into Cu(III) species such as CuOOH− or Cu(OH)4
− [51]:

CuO + OH− = CuOOH + e− (5)

or
CuO + H2O + 2OH− = Cu(OH)4

− + e− (6)

Next, glucose is catalytically oxidized by the Cu(III) species, forming hydrolyzate
gluconic acid, and the Cu(III) compounds return to Cu(II) compounds and restart the
process described in Equations (5) and (6) [52]:

Cu(III) + R1–CHOH–R2 = R1–CHO–R2 + Cu(II) (7)

The amperometric current response was obtained by a chronoamperometry experi-
ment at +600 mV in which 250 µL of glucose at different concentrations [50 µM (twice),
100 µM (nine times), and 1 mM (three times)] were pipetted into 10 mL of 0.1 M NaOH
solution, and the amperometric current response was continuously measured for the 1-,
2-, 3-, and 4 mM glucose solutions (Figure 5B). With increasing glucose concentration,
the response current increased and exhibited an excellent linear relationship in concen-
tration ranges of 0.124–9.653 µM and 1–4 mM. This linear relationship can be expressed
as y (µA) = 28.02x + 3.412 (R2 = 0.998) and y (µA) = 0.126x + 625 (R2 = 0.997), respectively
(Figure 5C). The limit of detection (LOD) was estimated to be approximately 124 nM (S/N
= 3.3), and the corresponding detection sensitivity was calculated as 1438.8 µA/mM·cm2.
The selectivity of our fabricated Cu NP/LIGF/LIG-electrode-based glucose sensor was also
tested. The anti-interference property is crucial for the development of a non-enzymatic
electrochemical biosensor because species such as AA, DA (dopamine), UA, and other
easily oxidized compounds always coexist with glucose in human blood. A chronoamper-
ometry experiment was performed using 250 µL of 0.3 mM ascorbic acid (AA), uric acid
(UA), lactose, fructose, and sucrose in 10 mL of 0.1 M NaOH solution to represent human
serum (Figure 5D). The results show no significant current signal other than the glucose
detection signal, indicating that our Cu NP/LIGF/LIG-electrode-based glucose sensor has
excellent selectivity for glucose sensing.

3.4. Electrochemical Characterization of Cu NP/LIGF/LIG-Electrode-Based Glucose Sensor Under
Bending at 0◦, 45◦, 90◦, 135◦, and 180◦

We also investigated the sheet resistance and CV characteristics of the Cu NP/LIGF/LIG
electrode-based glucose sensor under bending at different angles using a rod with a cur-
vature radius of 1 cm (Figure 6). Figure 6A–E show the bending conditions (0◦, 45◦, 90◦,
135◦, and 180◦) under which the electrochemical properties were investigated. As shown
in Figure 6F, the sheet resistance increases linearly with increasing bending angle because
the porous LIG network would be stretched, resulting in increased L (which is calculated
as R = ρ·L/A). In addition, physical defects resulting from bending of the electrode could
be attributed to the increased sheet resistance. The sheet resistance of these bent Cu
NP/LIGF/LIG electrodes can also affect their electrochemical properties. Consequently, it
led to a reduction in the oxidation peak current signal (Figure 6G) by <5% (45◦), 10% (90◦),
13% (135◦), and 18% (180◦). (The raw data are given in the Supplementary Data, Table S2).
These results show good electrical properties owing to the current response signals of
several hundred microamperes despite the increased sheet resistance; in addition, our
fabricated Cu NP/LIGF/LIG electrode-based glucose sensor shows potential for use as a
highly flexible glucose sensor due to its electrical stability.
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Figure 6. Cu NP/LIGF/LIG electrode-based glucose sensor in bent states with different bending
angles (θ) for sheet resistance and CV measurements: (A) 0◦, (B) 45◦, (C) 90◦, (D) 135◦, and (E) 180◦.
In (B–E), the curvature radius is 1 cm. (F) Sheet resistance and (G) CV results of Cu NP/LIGF/LIG-
electrode-based glucose sensor at glucose concentrations of 1, 2, 3, and 4 mM for each bending angle.

To further characterize the amperometric current response at different bending angles,
our fabricated Cu NP/LIGF/LIG electrode-based glucose sensor was tested with amper-
ometry at +600 mV at 5 different angles: 0◦, 45◦, 90◦, 135◦, and 180◦. Figure 7A shows the
amperometric current results along with the time of applying different glucose concentra-
tions for these 5 different bending angles. The different glucose concentrations have been
produced by pipetting 250 µL of different concentrations of glucose [50 µM (twice), 100 µM
(nine times), and 1 mM (three times)] into 10 mL of 0.1 M NaOH solution for the results of
Figure 7A. With increasing bending angle, the current from the fabricated sensor generally
decreased due to the increased sheet resistance. Nevertheless, these current responses show
excellent linearity and a high current signal in a concentration range of 0.124–9.653 µM, as
shown in Figure 7B. The sensitivity under each bending condition is summarized in Table 2.
Many non-enzymatic glucose sensors based on Cu nanostructures have been reported. The
performance of our fabricated Cu NP/LIGF/LIG electrode-based glucose sensor, including
the sensitivity, LOD, and linear range, is compared in Table 2 with those of other cupric
oxide and carbon material-based non-enzymatic glucose sensors. From comparative data,
it can be deduced that the Cu/LIGF/LIG electrode exhibits notable performance indicators
such as high sensitivity, a low detection limit, and good linearity, even in the bent state.
In particular, the Cu/LIGF/LIG electrode can provide a highly electrochemically active
surface area due to its fibers and porous network, which provide many electroactive sites
and improve the electron transfer rate owing to direct electron delivery to the electrode.
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Table 2. Comparison of the performance of Cu-nanostructure-based glucose sensors.

Modified Electrode
Sensitivity

(µA/mM·cm2) LOD (µM) Linear Range
(mM) Ref.

Cu NP/GE - 0.4 0.001–0.2 [53]

Cu NF/PIGE 442.1 0.39 1–19 [54]

Cu NR/GE 371.4 4 -
[55]

Cu NF/GE 709.5 4 0.004–8

Cu NF/MWCNT-Graphite 1211 4 0.004–14.5 [56]

Cu NP/PGE 1467.5 0.44 - [57]

CuO/LEG 619 0.049 0–3 [58]

Cu/LIG 281.7 6.1 0.5–4 [59]

Cu NP/LIG/paper 87.6 14 0.02–1.51 [60]

Cu NP/LIGF/LIG

0◦ 1438.8

0.124 0–4 This
work

45◦ 1415.7

90◦ 1402.2

135◦ 1390.5

180◦ 1422.1
NP: nanoparticle, NF: nanofiber, NR: nanorod, GE: graphite electrode, PIGE: paraffin-impregnated graphite
electrode, PGE: pencil graphite electrode, LEG: laser-engraved graphene.

3.5. Stability of the Fabricated Cu NP/LIGF/LIG Electrode-Based Glucose Sensor Under Bending
Angles of 0◦, 45◦, 90◦, 135◦, and 180◦

The long-term stability of the fabricated Cu NP/LIGF/LIG electrode under bending
angles of 0◦, 45◦, 90◦, 135◦, and 180◦ was tested by measuring the current response in
the presence of 1 mM glucose every two days for 15 days (Figure 8). The fabricated Cu
NP/LIGF/LIG electrode could maintain within 10% of its original sensitivity, indicating its
excellent chemical stability.
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Figure 8. Stability of the fabricated Cu NP/LIGF/LIG electrode stored at ambient conditions over
15 days with the addition of 1 mM glucose under bending state at (A) 0◦, (B) 45◦, (C) 90◦, (D) 135◦,
and (E) 180◦.

4. Conclusions
In summary, an LIGF/LIG electrode was directly fabricated on PI film by a sim-

ple and fast method of laser patterning in raster mode. The sheet resistance and thick-
ness of the fabricated LIGF/LIG are 6.8 Ω/□ and ~420 µm, respectively. Furthermore,
basic electrochemical analysis using Randles–Sevcik plots of the bare LIGF/LIG and
Cu/LIGF/LIG electrodes shows good linearity and a large active surface area. In ad-
dition, a Cu NP/LIGF/LIG electrode-based glucose sensor fabricated by a conventional
Cu electroplating method shows excellent glucose detection characteristics such as a high
sensitivity of 1438.8 µA/mM·cm2, a low detection limit of 124 nM, and a broad linear
range at an applied potential of +600 mV. Significantly, the resulting Cu NP/LIGF/LIG
electrode-based glucose sensor bent at 0◦, 45◦, 90◦, 135◦, and 180◦ achieved relatively high
sensitivity, low LOD, and good linear detection range.

These results indicate that our work offers an inexpensive, facile method to fabricate
non-enzymatic glucose sensors and have demonstrated their electrochemical properties
under different bending conditions. In addition, our fabricated flexible Cu NP/LIGF/LIG
electrode-based glucose sensor can be applied to various bioelectronic devices such as
wearable devices and skin electronics. In the near future, we will demonstrate the possibility
of using our LIGF/LIG electrode-based multisensor for detecting glucose, lactate, K+, and
Na+ contents and temperature of human sera such as saliva, sweat, or tears.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/s25072341/s1. Figure S1: EDS spectra of the Cu NP-coated LIGF/LIG
electrode. Figure S2: FE-SEM images of (A) a Cu-NP-coated LIGF (×10k) and (B) a porous LIG
electrode (×20k). Figure S3: CV experiments using (A) bare LIG, (B) Cu NP/LIG, (C) bare LIGF/LIG,
and (D) Cu NP/LIGF/LIG electrodes were conducted in [10 mM K3[Fe(CN)6] + 1 M KNO3] (1:1)

https://www.mdpi.com/article/10.3390/s25072341/s1
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ferricyanide solution at different scan rates from −0.4 to +0.8 V to investigate the electrochemical
reaction. Table S1: Comparison of carbon, nitrogen, and oxygen atomic percentages of LIGF/LIG
electrodes fabricated at laser powers of 8.5 W, 8.6 W, 8.7 W, 8.8 W, and 8.9 W. Table S2: Comparison of
the glucose sensor oxidation peak current change rate with respect to the peak current under different
bending angles: 0◦, 45◦, 90◦, 135◦, and 180◦.

Author Contributions: Conceptualization, T.K.; methodology, T.K. and J.J.P.; formal analysis,
T.K.; validation, T.K. and J.J.P.; visualization, T.K.; software, T.K.; investigation, T.K. and J.J.P.;
writing—original draft preparation, T.K.; writing—review and editing, J.J.P.; supervision, J.J.P.; fund-
ing acquisition, J.J.P.; project administration, J.J.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT and Future Planning
(2017R1A2B4009088, “Development of IoT-based wearable multi-sensor for human sweat analysis
using laser-induced graphene electrode”).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. He, W.; Sun, Y.; Xi, J.; Abdurhman, A.A.M.; Ren, J.; Duan, H. Printing graphene-carbon nanotube-ionic liquid gel on graphene

paper: Towards flexible electrodes with efficient loading of PtAu alloy nanoparticles for electrochemical sensing of blood glucose.
Anal. Chim. Acta 2016, 903, 61–68. [CrossRef] [PubMed]

2. Munje, R.D.; Muthukumar, S.; Prasad, S. Lancet-free and label-free diagnostics of glucose in sweat using Zinc Oxide based flexible
bioelectronics. Sens. Actuators B Chem. 2017, 238, 482–490. [CrossRef]

3. Wang, X.; Liu, Z.; Zhang, T. Flexible sensing electronics for wearable/attachable health monitoring. Small 2017, 13, 1602790.
[CrossRef]

4. Xuan, X.; Yoon, H.S.; Park, J.Y. A wearable electrochemical glucose sensor based on simple and low-cost fabrication supported
micro-patterned reduced graphene oxide nanocomposite electrode on flexible substrate. Biosens. Bioelectron. 2018, 109, 75–82.
[CrossRef]

5. Huang, C.; Hao, Z.; Qi, T.; Pan, Y.; Zhao, X. An integrated flexible and reusable graphene field effect transistor nanosensor for
monitoring glucose. J. Mater. 2020, 6, 308–314. [CrossRef]

6. Guess, M.; Soltis, I.; Rigo, B.; Zavanelli, N.; Kapasi, S.; Kim, H.; Yeo, W.-H. Wireless batteryless soft sensors for ambulatory
cardiovascular health monitoring. Soft Sci. 2023, 3, 23. [CrossRef]

7. Liu, X.; Lillehoj, P.B. Embroidered electrochemical sensors for biomolecular detection. Lab A Chip 2016, 16, 2093–2098. [CrossRef]
8. Oh, S.Y.; Hong, S.Y.; Jeong, Y.R.; Yun, J.; Park, H.; Jin, S.W.; Lee, G.; Oh, J.H.; Lee, H.; Lee, S.-S.; et al. Skin-attachable, stretchable

electrochemical sweat sensor for glucose and pH detection. ACS Appl. Mater. Interfaces 2018, 10, 13729–13740. [CrossRef]
9. Zhu, C.; Yang, G.; Li, H.; Du, D.; Lin, Y. Electrochemical sensors and biosensors based on nanomaterials and nanostructures. Anal.

Chem. 2015, 87, 230–249. [CrossRef]
10. Santos-Ceballos, J.C.; Salehnia, F.; Güell, F.; Romero, A.; Vilanova, X.; Llobet, E. Room-Temperature ammonia sensing using

polyaniline-coated laser-induced graphene. Sensors 2024, 24, 7832. [CrossRef]
11. Gao, J.; He, S.; Nag, A. Electrochemical detection of glucose molecules using laser-induced graphene sensors: A review. Sensors

2021, 21, 2818. [CrossRef] [PubMed]
12. Nasraoui, S.; Ameur, S.; Al-Hamry, A.; Ben Ali, M.; Kanoun, O. Development of an efficient voltammetric sensor for the

monitoring of 4-aminophenol based on flexible laser Induced graphene electrodes modified with MWCNT-PANI. Sensors 2022,
22, 833. [CrossRef]

13. Martín, A.; Kim, J.; Kurniawan, J.F.; Sempionatto, J.R.; Moreto, J.R.; Tang, G.; Campbell, A.S.; Shin, A.; Lee, M.Y.; Liu, X.; et al.
Epidermal microfluidic electrochemical detection system: Enhanced sweat sampling and metabolite detection. ACS Sensors 2017,
2, 1860–1868. [CrossRef] [PubMed]

https://doi.org/10.1016/j.aca.2015.11.019
https://www.ncbi.nlm.nih.gov/pubmed/26709299
https://doi.org/10.1016/j.snb.2016.07.088
https://doi.org/10.1002/smll.201602790
https://doi.org/10.1016/j.bios.2018.02.054
https://doi.org/10.1016/j.jmat.2020.02.002
https://doi.org/10.20517/ss.2023.17
https://doi.org/10.1039/C6LC00307A
https://doi.org/10.1021/acsami.8b03342
https://doi.org/10.1021/ac5039863
https://doi.org/10.3390/s24237832
https://doi.org/10.3390/s21082818
https://www.ncbi.nlm.nih.gov/pubmed/33923790
https://doi.org/10.3390/s22030833
https://doi.org/10.1021/acssensors.7b00729
https://www.ncbi.nlm.nih.gov/pubmed/29152973


Sensors 2025, 25, 2341 15 of 16

14. Chou, J.C.; Chen, J.L.; Liao, Y.H.; Chen, J.T.; Lin, C.Y.; Lin, J.W.; Jhang, C.Y.; Chen, R.T. Fabrication and characteristic analysis of a
remote real-time monitoring applied to glucose sensor system based on microfluidic framework. IEEE Sens. J. 2015, 15, 3234–3240.
[CrossRef]

15. Chen, C.; Ran, R.; Yang, Z.; Lv, R.; Shen, W.; Kang, F.; Huang, Z.-H. An efficient flexible electrochemical glucose sensor based on
carbon nanotubes/carbonized silk fabrics decorated with Pt microspheres. Sens. Actuators B Chem. 2018, 256, 63–70. [CrossRef]

16. Lee, H.; Song, C.; Hong, Y.S.; Kim, M.S.; Cho, H.R.; Kang, T.; Shin, K.; Choi, S.H.; Hyeon, T.; Kim, D.-H. Wearable/disposable
sweat-based glucose monitoring device with multistage transdermal drug delivery module. Sci. Adv. 2017, 3, e1601314. [CrossRef]
[PubMed]

17. Lee, Y.J.; Park, S.J.; Yun, K.-S.; Kang, J.Y.; Lee, S.H. Enzymeless glucose sensor integrated with chronically implantable nerve cuff
electrode for in-situ inflammation monitoring. Sens. Actuators B Chem. 2016, 222, 425–432. [CrossRef]

18. Liu, Q.; Liu, Y.; Wu, F.; Cao, X.; Li, Z.; Alharbi, M.; Abbas, A.N.; Amer, M.R.; Zhou, C. Highly sensitive and wearable In2O3

nanoribbon transistor biosensors with integrated on-chip gate for glucose monitoring in body fluids. ACS Nano 2018, 12,
1170–1178. [CrossRef]

19. Wang, J. Electrochemical glucose biosensors. Chem. Rev. 2008, 108, 814–825. [CrossRef]
20. Shakayeva, A.K.; Munasbaeva, K.K.; Zhumazhanova, A.T.; Zdorovets, M.V.; Korolkov, I.V. Electrochemical sensors based on

modified track–etched membrane for non-enzymatic glucose determination. Microchem. J. 2023, 193, 109003. [CrossRef]
21. Govindaraj, M.; Srivastava, A.; Muthukumaran, M.K.; Tsai, P.-C.; Lin, Y.-C.; Raja, B.K.; Rajendran, J.; Ponnusamy, V.K.; Arockia

Selvi, J. Current advancements and prospects of enzymatic and non-enzymatic electrochemical glucose sensors. Int. J. Biol.
Macromol. 2023, 253, 126680. [CrossRef] [PubMed]

22. Tiwari, J.N.; Vij, V.; Kemp, K.C.; Kim, K.S. Engineered carbon-nanomaterial-based electrochemical sensors for biomolecules. ACS
Nano 2016, 10, 46–80. [CrossRef]

23. Adhikari, B.-R.; Govindhan, M.; Chen, A. Carbon nanomaterials based electrochemical sensors/biosensors for the sensitive
detection of pharmaceutical and biological compounds. Sensors 2015, 15, 22490–22508. [CrossRef]

24. Zhu, Z.; Garcia-Gancedo, L.; Flewitt, A.J.; Xie, H.; Moussy, F.; Milne, W.I. A critical review of glucose biosensors based on carbon
nanomaterials: Carbon nanotubes and graphene. Sensors 2012, 12, 5996–6022. [CrossRef] [PubMed]

25. Wang, B.; Wu, Y.; Chen, Y.; Weng, B.; Li, C. Flexible paper sensor fabricated via in situ growth of Cu nanoflower on RGO sheets
towards amperometrically non-enzymatic detection of glucose. Sens. Actuators B Chem. 2017, 238, 802–808. [CrossRef]

26. Luo, J.; Jiang, S.; Zhang, H.; Jiang, J.; Liu, X. A novel non-enzymatic glucose sensor based on Cu nanoparticle modified graphene
sheets electrode. Anal. Chim. Acta 2012, 709, 47–53. [CrossRef] [PubMed]

27. Jiang, D.; Liu, Q.; Wang, K.; Qian, J.; Dong, X.; Yang, Z.; Du, X.; Qiu, B. Enhanced non-enzymatic glucose sensing based on copper
nanoparticles decorated nitrogen-doped graphene. Biosens. Bioelectron. 2014, 54, 273–278. [CrossRef]

28. Jiang, J.; Zhang, P.; Liu, Y.; Luo, H. A novel non-enzymatic glucose sensor based on a Cu-nanoparticle-modified graphene edge
nanoelectrode. Anal. Methods 2017, 9, 2205–2210. [CrossRef]

29. Lin, J.; Peng, Z.; Liu, Y.; Ruiz-Zepeda, F.; Ye, R.; Samuel, E.L.G.; Yacaman, M.J.; Yakobson, B.I.; Tour, J.M. Laser-induced porous
graphene films from commercial polymers. Nat. Commun. 2014, 5, 5714. [CrossRef]

30. Duy, L.X.; Peng, Z.; Li, Y.; Zhang, J.; Ji, Y.; Tour, J.M. Laser-induced graphene fibers. Carbon 2018, 126, 472–479. [CrossRef]
31. Liu, X.; Wang, X.; Li, J.; Qu, M.; Kang, M.; Zhang, C. Nonmodified laser-induced graphene sensors for lead-ion detection. ACS

Appl. Nano Mater. 2023, 6, 3599–3607. [CrossRef]
32. Reyes-Loaiza, V.; De La Roche, J.; Hernandez-Renjifo, E.; Idárraga, O.; Da Silva, M.; Valencia, D.P.; Ghneim-Herrera, T.; Jaramillo-

Botero, A. Laser-induced graphene electrochemical sensor for quantitative detection of phytotoxic aluminum ions (Al3+) in soils
extracts. Sci. Rep. 2024, 14, 5772. [CrossRef] [PubMed]

33. Zhang, N.; Yang, J.; Hu, C. Laser-scribed graphene sensors on nail polish with tunable composition for electrochemical detection
of nitrite and glucose. Sens. Actuators B Chem. 2022, 357, 131394. [CrossRef]

34. Chang, M.; Tang, R.; Zou, W.; Xian, J.; Zhang, Z.; Liu, X.; Qu, M.; Zhang, C. A High-Performance phosphate potentiometric
sensor based on cobalt nanoparticles electroplated on hierarchically porous laser-induced graphene. Adv. Mater. Interfaces 2024,
11, 2301111. [CrossRef]

35. Park, C.; Rhyu, H.; Jo, S.; Kang, M.H.; Kang, Y.C.; Song, W.; Lee, S.S.; Lim, J.; Myung, S. Electrochemical sensor based on
laser-induced graphene and CeO2 for sensitive and selective dopamine detection. J. Electroanal. Chem. 2025, 977, 118865.
[CrossRef]

36. Wang, B.; Zhang, Y.; Tang, K.; Lu, Y.; Lan, M.; Gan, L.; Wang, J.; Yang, X. Preparation of laser-induced graphene modified electrode
for the detection of bisphenol A in plastics. Int. J. Electrochem. Sci. 2024, 19, 100762. [CrossRef]

37. Brustoloni, C.J.-M.; Soltan Khamsi, P.; Kammarchedu, V.; Ebrahimi, A. Systematic study of various functionalization steps
for ultrasensitive detection of SARS-CoV-2 with direct laser-functionalized Au-LIG electrochemical sensors. ACS Appl. Mater.
Interfaces 2024, 16, 49041–49052. [CrossRef]

https://doi.org/10.1109/JSEN.2015.2407910
https://doi.org/10.1016/j.snb.2017.10.067
https://doi.org/10.1126/sciadv.1601314
https://www.ncbi.nlm.nih.gov/pubmed/28345030
https://doi.org/10.1016/j.snb.2015.08.091
https://doi.org/10.1021/acsnano.7b06823
https://doi.org/10.1021/cr068123a
https://doi.org/10.1016/j.microc.2023.109003
https://doi.org/10.1016/j.ijbiomac.2023.126680
https://www.ncbi.nlm.nih.gov/pubmed/37673151
https://doi.org/10.1021/acsnano.5b05690
https://doi.org/10.3390/s150922490
https://doi.org/10.3390/s120505996
https://www.ncbi.nlm.nih.gov/pubmed/22778628
https://doi.org/10.1016/j.snb.2016.07.137
https://doi.org/10.1016/j.aca.2011.10.025
https://www.ncbi.nlm.nih.gov/pubmed/22122930
https://doi.org/10.1016/j.bios.2013.11.005
https://doi.org/10.1039/C7AY00084G
https://doi.org/10.1038/ncomms6714
https://doi.org/10.1016/j.carbon.2017.10.036
https://doi.org/10.1021/acsanm.2c05307
https://doi.org/10.1038/s41598-024-56212-0
https://www.ncbi.nlm.nih.gov/pubmed/38459204
https://doi.org/10.1016/j.snb.2022.131394
https://doi.org/10.1002/admi.202301111
https://doi.org/10.1016/j.jelechem.2024.118865
https://doi.org/10.1016/j.ijoes.2024.100762
https://doi.org/10.1021/acsami.4c09571


Sensors 2025, 25, 2341 16 of 16

38. Song, R.; Zhang, J.; Yang, G.; Wu, Y.; Yu, J.; Zhu, H. A non-disposable electrochemical sensor based on laser-synthesized Pd/LIG
nanocomposite-modified screen-printed electrodes for the detection of H2O2. Sensors 2024, 24, 2043. [CrossRef]

39. Yan, W.; Yan, W.; Chen, T.; Xu, J.; Tian, Q.; Ho, D. Size-tunable flowerlike MoS2 nanospheres combined with laser-induced
graphene electrodes for NO2 sensing. ACS Appl. Nano Mater. 2020, 3, 2545–2553. [CrossRef]

40. Wang, Z.; Bi, X.; Tang, L.; Sun, H.; Cao, Z.; Jiang, C. In-situ generation of Co-Fe bimetallic electrocatalysts on lignosulfonate-derived
graphene by direct laser writing for wearable glucose biosensors. Sens. Actuators B Chem. 2025, 432, 137506. [CrossRef]

41. Zhang, Z.; Huang, L.; Chen, Y.; Qiu, Z.; Meng, X.; Li, Y. Portable glucose sensing analysis based on laser-induced graphene
composite electrode. RSC Adv. 2024, 14, 1034–1050. [CrossRef]

42. Setti, M.; Vaughan, E.; Murray, R.; Sygellou, L.; Quinn, A.J.; Riccò, M.; Pontiroli, D.; Iacopino, D. Sustainable electrochemical
sensors from cork-derived laser induced graphene: Non-enzymatic glucose detection in urine. Sens. Actuators B Chem. 2025, 430,
137352. [CrossRef]

43. Shokurov, A.V.; Menon, C. Laser-induced graphene electrodes for electrochemistry education and research. J. Chem. Educ. 2023,
100, 2411–2417. [CrossRef]

44. Crapnell, R.D.; Bernalte, E.; Muñoz, R.A.A.; Banks, C.E. Electroanalytical overview: The use of laser-induced graphene sensors.
Anal. Methods 2025, 17, 635–651. [CrossRef] [PubMed]

45. Behrent, A.; Griesche, C.; Sippel, P.; Baeumner, A.J. Process-property correlations in laser-induced graphene electrodes for
electrochemical sensing. Mikrochim. Acta 2021, 188, 159.

46. Tehrani, F.; Bavarian, B. Facile and scalable disposable sensor based on laser engraved graphene for electrochemical detection of
glucose. Sci. Rep. 2016, 6, 27975. [CrossRef] [PubMed]

47. Gau, V.; Ma, S.-C.; Wang, H.; Tsukuda, J.; Kibler, J.; Haake, D.A. Electrochemical molecular analysis without nucleic acid
amplification. Methods 2005, 37, 73–83. [CrossRef]

48. Purwidyantri, A.; Chen, C.-H.; Chen, L.-Y.; Chen, C.-C.; Luo, J.-D.; Chiou, C.-C.; Tian, Y.-C.; Lin, C.-Y.; Yang, C.-M.; Lai, H.-C.;
et al. Speckled ZnO nanograss electrochemical sensor for staphylococcus epidermidis detection. J. Electrochem. Soc. 2017, 164,
B205–B211. [CrossRef]

49. Anu Prathap, M.U.; Kaur, B.; Srivastava, R. Hydrothermal synthesis of CuO micro-/nanostructures and their applications in the
oxidative degradation of methylene blue and non-enzymatic sensing of glucose/H2O2. J. Colloid Interface Sci. 2012, 370, 144–154.
[CrossRef]

50. Prathap, M.U.A.; Pandiyan, T.; Srivastava, R. Cu nanoparticles supported mesoporous polyaniline and its applications towards
non-enzymatic sensing of glucose and electrocatalytic oxidation of methanol. J. Polym. Res. 2013, 20, 83. [CrossRef]

51. Wei, H.; Sun, J.-J.; Guo, L.; Li, X.; Chen, G.-N. Highly enhanced electrocatalytic oxidation of glucose and shikimic acid at a
disposable electrically heated oxide covered copper electrode. Chem. Commun. 2009, 2842–2844. [CrossRef] [PubMed]

52. Marioli, J.M.; Kuwana, T. Electrochemical characterization of carbohydrate oxidation at copper electrodes. Electrochim. Acta 1992,
37, 1187–1197. [CrossRef]

53. Beitollai, H.; Garkani Nejad, F.; Tajik, S.; Jahani, S.; Biparva, P. Voltammetric determination of amitriptyline based on graphite
screen printed electrode modified with a Copper Oxide nanoparticles. Int. J. Nano Dimens. 2017, 8, 197–205.

54. Simon, Í.A.; Medeiros, N.G.; Garcia, K.C.; Soares, R.M.D.; Rosa, A.T.; Silva, J.A. CuO nanofibers immobilized on paraffin-
impregnated graphite electrode and its application in the amperometric detection of glucose. J. Braz. Chem. Soc. 2015, 26,
1710–1717. [CrossRef]

55. Wang, X.; Hu, C.; Liu, H.; Du, G.; He, X.; Xi, Y. Synthesis of CuO nanostructures and their application for nonenzymatic glucose
sensing. Sens. Actuators B Chem. 2010, 144, 220–225. [CrossRef]

56. Liu, X.-W.; Pan, P.; Zhang, Z.-M.; Guo, F.; Yang, Z.-C.; Wei, J.; Wei, Z. Ordered self-assembly of screen-printed flower-like CuO
and CuO/MWCNTs modified graphite electrodes and applications in non-enzymatic glucose sensor. J. Electroanal. Chem. 2016,
763, 37–44. [CrossRef]

57. Pourbeyram, S.; Mehdizadeh, K. Nonenzymatic glucose sensor based on disposable pencil graphite electrode modified by copper
nanoparticles. J. Food Drug Anal. 2016, 24, 894–902. [CrossRef]

58. Li, Q.; Yang, D.; Gao, Y.; Wang, Z.; Yin, R.; Xuan, F. Highly sensitive and flexible copper oxide/graphene non-enzymatic glucose
sensor by laser direct writing. Adv. Sens. Res. 2023, 2, 2200067. [CrossRef]

59. Zhang, Y.; Zhang, C.; Chen, W.; Liu, Z. One-step laser-induced Cu-embedded graphene for non-enzymatic glucose sensing in
beverages. J. Alloys Compd. 2024, 992, 174563. [CrossRef]

60. Pinheiro, T.; Caetano, J.; Fortunato, E.; Sales, M.G.F.; Almeida, H.; Martins, R. One-step laser synthesis of copper nanoparticles
and laser-induced graphene in a paper substrate for non-enzymatic glucose sensing. Adv. Sens. Res. 2024, 3, 2400052. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/s24072043
https://doi.org/10.1021/acsanm.9b02614
https://doi.org/10.1016/j.snb.2025.137506
https://doi.org/10.1039/D3RA06947H
https://doi.org/10.1016/j.snb.2025.137352
https://doi.org/10.1021/acs.jchemed.2c01237
https://doi.org/10.1039/D4AY01793E
https://www.ncbi.nlm.nih.gov/pubmed/39648867
https://doi.org/10.1038/srep27975
https://www.ncbi.nlm.nih.gov/pubmed/27306706
https://doi.org/10.1016/j.ymeth.2005.05.008
https://doi.org/10.1149/2.0811706jes
https://doi.org/10.1016/j.jcis.2011.12.074
https://doi.org/10.1007/s10965-013-0083-y
https://doi.org/10.1039/b904673a
https://www.ncbi.nlm.nih.gov/pubmed/19436884
https://doi.org/10.1016/0013-4686(92)85055-P
https://doi.org/10.5935/0103-5053.20150145
https://doi.org/10.1016/j.snb.2009.09.067
https://doi.org/10.1016/j.jelechem.2015.12.039
https://doi.org/10.1016/j.jfda.2016.02.010
https://doi.org/10.1002/adsr.202200067
https://doi.org/10.1016/j.jallcom.2024.174563
https://doi.org/10.1002/adsr.202400052

	Introduction 
	Experimental Section 
	Materials and Apparatus 
	Preparation of LIGF/LIG Electrode 
	LIGF/LIG Electrode-Based Glucose Sensor Fabrication and Cu NP Electroplating 
	Electrochemical Characterization LIGF/LIG Electrode-Based Glucose Sensor in Original and Bent States 

	Results and Discussion 
	Material Characterization 
	Electrochemical Characterization of Bare LIGF and Cu NP/LIGF Electrodes by CV 
	Electrochemical Characterization of Cu NP/LIGF/LIG Electrode for Glucose Detection 
	Electrochemical Characterization of Cu NP/LIGF/LIG-Electrode-Based Glucose Sensor Under Bending at 0, 45, 90, 135, and 180 
	Stability of the Fabricated Cu NP/LIGF/LIG Electrode-Based Glucose Sensor Under Bending Angles of 0, 45, 90, 135, and 180 

	Conclusions 
	References

