
Vol.:(0123456789)1 3

Carbon Letters (2023) 33:1767–1780 
https://doi.org/10.1007/s42823-023-00489-0

ORIGINAL ARTICLE

Online ISSN 2233-4998
Print ISSN 1976-4251

A nonenzymatic laser‑induced flexible amperometric graphene 
electrode for glucose detection in saliva

Betty Edem Nugba1,2  · A. A. El‑Moneim2,3 · Nahla O. Mousa4 · Ahmed Osman1

Received: 29 November 2022 / Revised: 27 February 2023 / Accepted: 28 February 2023 / Published online: 31 March 2023 
© The Author(s) 2023, corrected publication 2023

Abstract
Graphene is a suitable transducer for wearable sensors because of its high conductivity, large specific surface area, flexibility, 
and other unique considerable features. Using a simple, fast galvanic pulse electrodeposition approach, a unique nonenzymatic 
glucose amperometric electrode was successfully developed based on well-distributed fine Cu nanoparticles anchored on 
the surface of 3D structure laser-induced graphene. The fabricated electrode allows glucose detection with a sensitivity of 
2665 µA/mM/cm2, a response time of less than 5 s, a linear range of 0.03–4.5 mM, and a LOD of 0.023 µM. It also detects 
glucose selectively in the presence of interfering species such as ascorbic acid and urea. These provide the designed electrode 
the advantages for glucose sensing in saliva with 97% accuracy and present it among the best saliva-range non-enzymatic 
glucose sensors reported to date for real-life diagnostic applications.
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1 Introduction

Since the discovery of biosensors, many materials, including 
graphene, have been proposed for sensing biofluids [1]. Gra-
phene has received much interest recently due to its potential to 

deliver high conductivity [2] and rate of heterogeneous electron 
transport [3, 4], excellent surface area, and other outstanding 
qualities [5]. Researchers suggested a number of processes for 
making graphene, including chemical methods, chemical or 
plasma exfoliation, and mechanical splitting from raw graphite 
[6]. Due to their high production costs, high energy consump-
tion, low effectiveness, bulkiness, and chemical pollution, these 
technologies’ industrial applicability is constrained [7].

Polyimide (PI) was discovered in 2014 as a possible sub-
strate to be directly converted to Laser-Induced Graphene 
(LIG) using different types of pulsed laser irradiations 
[8–11]. Without requiring high-temperature procedures, 
solvents, or subsequent treatment, the pulsed laser irradia-
tion process photothermally transforms carbon atoms from 
dense  sp3 structure to highly conductive 3D porous  sp2 of 
LIG electrodes or devices in one shot [12]. LIG has been 
proposed as an excellent transducer or sensing material in 
various sensing applications, including humidity, gas, strain, 
temperature, pressure, and biofluids sensing [4, 11, 13–20]. 
Biosensing, the focus of this study, typically refers to detect-
ing molecules or biomolecules using a device employing a 
biological component [21].

Biosensors have been applied in many fields that involve 
the sensing of enzymes [22, 23], direct detection of path-
ogens [24–27], as well as infectious and non-infectious 
diseases like the detection of glucose in diabetes [28–33]. 
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Glucose-detecting biosensors are usually either enzymatic or 
non-enzymatic biosensors. The enzymatic biosensors detect 
glucose by using glucose oxidase as the detecting agent [34], 
while non-enzymatic biosensors use metals capable of selec-
tively detecting glucose. These metals are either transition 
and noble metals or metal oxides that have been proven to 
detect glucose in a pool of other biochemically reactive com-
pounds. Some of these metals include Cu, Ni, Au, Pd, Co, 
Mg or a combination of any of these metals [1–6]. These 
metals chemically react with glucose to produce gluconic 
acid, a compound that is chemically detected. The delicate 
and expensive nature of enzymatic glucose biosensors has 
led to the design of non-enzymatic biosensors. They are pop-
ular because they have high catalytic activity, are low-cost 
and environmentally friendly, are fast in detecting glucose, 
and do not require special storage conditions. Since Cop-
per nanoparticles (Cu NPs) have excellent catalytic proper-
ties and work well with other nanostructures such as carbon 
nanotubes (CNT) and graphene, they are frequently utilized 
as a modified electrode in glucose sensors [35–38]. Different 
deposition methods like drop casting, growth, electroless 
deposition [7] and direct electrodeposition [8].

Recently pulse plating proved to be an efficient means of 
depositing a metallic film with controlled porosity and parti-
cle size and electrical resistivity [39]. Optimizing these fea-
tures is generally needed for enhancing the catalytic activity 
and sensing performance of active Cu NPs. Accordingly, we 
report in the present study about utilizing a galvanic pulse 
electrodeposition approach for the deposition of Cu NPs on 
LIG to enhance its sensing performance for glucose.

Sweat and saliva glucose concentrations are reliable indi-
cators of a patient's blood glucose levels. [36]. There has 
been a rise in the development of saliva-based glucose sens-
ing over the past years but still without convenience. The 
use of microchips and microfluidic devices for Point of Care 
(POC) detection of salivary glucose levels has significantly 
replaced optical measuring techniques, which need laborious 
pre-processing using expensive reagents and sophisticated 
equipment. A few examples are the non-enzymatic glucose 
biosensors [40], the paper strip-based pH indicator and glu-
cose sensor [40], and a mouthguard glucose biosensor [41]. 
A flaw related to reduced glucose levels in saliva still exists 
despite all of these advancements. Therefore, to adapt and 
enhance the current salivary sensors for continuous monitor-
ing of glucose, researchers must increase the performance of 
the sensors in terms of detecting technology, device struc-
ture, sensitivity, detection limit, and selectivity, among other 
variables. This paper focuses on developing a nonenzymatic 
glucose sensor capable of detecting glucose in saliva.

In this study, a  CO2 laser is used to induce graphene fib-
ers on a flexible polyimide substrate to give a 3D condu-
cive platform of LIG electrode for the pulse plating of Cu 
NPs. For the first time, this method produced very sensitive 

glucose electrode strips that could easily detect low glucose 
levels in human saliva.

2  Materials and methods

2.1  Materials

Ultrapure laboratory-grade deionized water was used 
to prepare all solutions. Potassium hexacyanoferrate III 
 (K3[Fe (CN)6]), potassium hexacyanoferrate III  (K4[Fe 
(CN)6]·3H2O, Potassium chloride (KCl), Sodium hydrox-
ide (NaOH), copper sulfate, anhydrous(CuSO4), absolute 
ethanol, and sodium sulfate  (Na2SO4) were obtained from 
Thermo Fischer Scientific. Polyimide film of 125 μ m thick-
ness was obtained from Sigma Aldrich.

2.2  LIG Design and fabrication

A computer-assisted  CO2 laser machine (VLS 3.50, Uni-
versal laser systems, Inc. VLS3.5) was used for engraving 
graphene on polyimide (PI) substrate to form conductive 
LIG working electrodes. The LIG was engraved in the Rast 
mode and cut out with the Vect mode of the machine. The 
laser machine’s power and speed were adjusted at 1000 PPI 
(pulses per inch) to generate LIG with the lowest average 
resistivity, affecting the electrodes’ charge transfer and their 
sensitivity to biofluids. The electrode is engraved by the 
laser machine in about two minutes (Fig. 1).

2.3  Pulsed current deposition of Cu NPs on LIG

The working area of LIG electrode was modified with cop-
per nanoparticles (Cu NPs) using the pulsed current deposi-
tion (PCD) technique. The plating process was conducted in 
magnetically stirred  CuSO4 (5 mM) and  Na2SO4 (50 mM) 
electrolytes at room temperature using three electrodes.

2.4  Morphological and structural characterizations

The morphological features of LIG and modified Cu NPs/
LIG electrodes were characterized using Scanning Electron 
Microscopy (SEM) (JEOL JSM-6010LV) and Transmission 
Electron Microscopy. (TEM) (JEOL JEM-2010F) comple-
mented with electron dispersive spectroscopy (EDS) (JEOL 
JEM-2010F). The structural properties and bonding con-
figurations of the electrodes were characterized using; XRD 
(Shimadzu, XRD-6100), FTIR (Bruker, VERTEX 70v), 
Raman (Bruker, Senterra II) Raman microscope, and XPS 
K-ALPHA (ThermoFisher Scientific, USA) characterization 
techniques. The films' electrical conductivity σ  (Sm−1) was 
measured using a Four Point probe configuration using an 
Oscilla Built-in Measurement device. Glucose concentration 
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measurements were performed with a UV–Vis-NIR spectro-
photometer (Shimadzu Scientific Instruments).

2.5  Electrochemical characterization

Using a Versa-STAT4 potentiostat and a three-electrode sys-
tem, cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) measurements were carried out 
to evaluate the catalytic activity of the manufactured elec-
trodes. The LIG-based films, which were designed using 
CorelDraw to have a circular shape (diameter = 5 mm), Ag/
AgCl, and platinum wire, were used as working, reference, 
and counter electrodes, respectively.

To determine the ideal pulsing parameters that produce 
an electrode with the highest catalytic activity or peak cur-
rent, EIS experiments at a frequency range of 100 kHz-
0.1 Hz and cyclic voltammetry within a potential window 
of − 0.4 V– + 0.6 V(Ag/AgCl) at a scan rate of 100  mVs−1 
were conducted in 2 mM  K3[Fe (CN)6] + 2 mM  K4[Fe(CN)6] 
in 0.1 M KCl electrolyte. Nyquist plots were used to plot the 
EIS and fit it to the comparable Randles circuit.

Cyclic voltammetry tests were carried out for glucose 
detection and selectivity measurements in 0.1 M NaOH 
solution in the presence and absence of glucose additions. 
At room temperature, steady stirring was used to conduct 
the chronoamperometry and CV tests. Consecutive additions 
of concentrated glucose solution were introduced using a 
pipette with a droplet size of about 25 μl/drop.

2.6  Glucose sensing in serum and saliva

Following all ethical protocols, whole blood and saliva sam-
ples were collected from three consented male subjects to be 
tested with the modified biosensor. A commercial glucose 
sensing kit (Bioscien ARENA glucose testing kit) was used 
to test for glucose in plasma samples collected from the three 
male subjects. Glucose concentration was detected by an 
endpoint colorimetric method using a UV–Vis spectropho-
tometer at 546 nm. The absorbance was read, and the con-
centration was calculated by comparing it to a standard. The 

CuNPs/LIG biosensor was used to test for glucose in saliva 
by adding a volume of saliva to 0.1 M NaOH solution. The 
current was noted, and the concentration was determined. 
We compared the results obtained from testing saliva with 
our modified electrodes to those obtained from the com-
mercial kit, which serves as a reference.

3  Results and discussion

3.1  Lasing of PI

It is widely known that when PI film is exposed to high-
intensity laser radiation, such as CO2 laser, the PI depo-
lymerizes, resulting in carbonization and graphitization [9]. 
The development of gases produced during oxidation, the 
production of a porous structure, and broken and recombined 
C = O and N≡C bonds in polyimide all contribute to the final 
formation of the black graphitic result. Differences in the 
morphology and conductivity of the LIG produced under 
various laser parameters, such as laser power, speed, pulses 
per inch, image density, and defocus distance, are caused by 
the generation and the pace at which gas is released through-
out the gasification process.

While maintaining other operating parameters (such 
as image density of 5 and defocus distance of 0  mm) 
unchanged, the processing-structure-conductivity relation-
ship of the LIG is systematically investigated in the present 
study using a Four Probe analysis with laser power in the 
range of 2–8% W and speed in the range of 3–9  cms−1.). 
In general, it was observed that increasing the power up to 
a threshold value of 7% W increases the conductivity and 
thickness of the engraved film. The PI substrate begins to 
burn at a power higher than 7% W, and conductance is low-
ered. Meanwhile, a power of 2% W or lower resulted in no 
engravement of graphene at the PI substrate. On the other 
hand, a breakneck laser speed decreased the conductance 
significantly, while a very low laser speed-length the gra-
phene engravement process. A simultaneous application of 
power at 7% W and speed of 4  cms−1 gave an optimized/

Fig. 1  Fabrication process of the Cu/LIG electrode
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lowest sheet resistance of 28.8 Ωsq−1 This value is in the 
range of previously reported resistivity of 5–115 Ωsq−1 
obtained after lasing of PI by others [9] and affirms the 
reduced defective rate of the graphitic tracks and/or oxida-
tion of the manufactured LIG, more effective electrochemi-
cal active area and high rate of heterogeneous electron trans-
fer. Accordingly, it can, therefore, be said that LIG is an 
excellent material for constructing high-performance ana-
lytical devices.

3.2  Morphology and structure characterization 
of LIG

The morphology and structure of pristine LIG at optimized 
lasing conditions were conducted using SEM, TEM, XRD, 
FTIR, and Raman characterization tools, as seen in Fig. 2.

The SEM image of LIG, Fig. 2a, reveals a 3D porous fib-
ers network of a highly accessible surface area. In the high 
magnification TEM image, Fig. 2b, the graphene nanofibers 
surface plainly shows a lot of edges that confirm its graphitic 
and multilayer structure.

Figure 2c presents the XRD pattern of the LIG film. The 
pattern shows a major diffuse diffraction peak observed at 
2θ = 26.12°, typical of the (002) graphene plane degree of 
graphitization. Another peak overlapped with the significant 
peak and centered at 2θ = 22.7° corresponds to reduced GO. 
The minor peaks that appeared at 2θ = 15.5° and 42° are 
also referred to as GO, confirming the incomplete conver-
sion of the  sp3 carbons to  sp2 carbons even at the proposed 
optimized condition. However, the operating lasing param-
eters were ideal for having a film with the highest electrical 
conductivity.

The recorded FTIR spectrum of LIG powder, Fig. 2d, 
displays vibrational peaks typical of LIG structure, with 
the peaks seen at 3444, 2923, 1636, and 1384–1115  cm−1 
indicating, respectively, the existence of hydroxyl group 
(O–H),  sp3 C–H bonds, C = O carbonyl group stretch, and 
C-O bonds [9]. Due to the transformation of the  sp3 car-
bons into  sp2 carbons, a lower  sp3 C–H peak was seen at 
2850  cm−1 [10].

Figure 2e depicts the Raman spectrum of LIG, which 
exhibits three distinctive peaks: the D peak at 1340  cm−1, 
which indicates structural disorder in the  sp2 carbon lattice 
(for example, as a result of the covalently bonded oxygen 
characteristic of LIG) [12], a strong first-order G peak at 
1580  cm−1, which originated from graphitic carbon, and a 
2D peak at 2708  cm−1, which is caused by second-order 
zone The ID/IG and I2D/IG intensity ratios exhibit values of 
0.85 and 1.7, respectively, showing the faulty and multilayer 
character of graphene sheets.

In brief, the LIG displays a 3D porous structure with high 
conductivity that potentially could provide a versatile plat-
form for supporting the deposition of CuNPs and building 

highly sensitive non-enzymatic glucose sensing devices, as 
seen in the upcoming session.

3.3  LIG modification by CuNPs using pulse current 
deposition (PCD)

In PCD, the current is applied in modulated waves, where 
three parameters can be varied independently; pulse current, 
pulse time, and off-pulse time. These variables determine the 
physical characteristics of the deposits obtained from the 
given electrolyte. Herein, we examined the influence of puls-
ing current and the number of the complete pulsing cycle 
(one complete cycle is off + on-time cycle) on the catalytic 
activities of the modified CuNPs-LIG electrodes, Fig. 3a and 
b, respectively, with a constant first current of 0.0002A. The 
catalytic activity of the modified electrodes is expressed, 
hereafter, as the recorded value of the peak current of cyclic 
voltammograms measured in an electrolyte containing 2 mM 
 K3[Fe (CN)6] + 2 mM  K4[Fe(CN)6] in 0.1 M KCl. In Fig. 3a 
it can be seen that the increase in the pulse current from 0.25 
to 2.0 mA at 350 pulsing cycles leads to an increase in the 
peak current till it approaches a constant value of 0.0009 A 
at a pulsing current of ≥ 1.0 mA, the second current. Mean-
while, the variation in the number of pulsing cycles, from 
100 to 550 cycles, at an ideal pulse current of 0.0002 and 
1.0 mA affects the catalytic activity of the modified elec-
trodes, as depicted in Fig. 3c. The modified Cu NPs/LIG 
electrode obtained after 350 plating cycles exhibits the high-
est peak current among the examined electrodes. In brief, 
Cu NPs, as an electrode modifier, anchoring LIG with the 
highest catalytic activity is obtained at optimized/ideal pulse 
deposition conditions of 350 plating cycles at a pulse current 
of 0.0002A and 1.0 mA. The morphological and structural 
features of this electrode are given in detail in Fig. 3.

The morphological, structural, and composition charac-
teristics of modified CuNPs-LIG electrode was examined 
using TEM/EDS and XPS characterization techniques.

The surface of the 3D porous fibrous network of LIG 
has been coated with well-dispersed Cu NPs (in red color) 
with an average particle size of 20 nm, Fig. 4a. According 
to the elemental analysis via/EDS, Fig. 4b, the CuNPs-LIG 
composite shows a composition of 17 wt% copper, 2 wt% 
oxygen, and the remainder of carbon and nitrogen. The sig-
nificant concentration of CuNPs reveals the depositing bath’s 
strong throwing ability under the prevailing pulse deposition 
conditions.

XPS study further supports the loading of CuNPs on LIG. 
The broad spectrum of the XPS measurement is shown in 
Fig. 4c, with a strong C 1 s peak at 285.5 eV and two smaller 
peaks of N 1 s at 400.00 eV (with 3.3% nitrogen mass con-
centration) and O 1 s at 533.26 eV. (with 5.2% oxygen mass 
concentration). Because of their evaporation and release 
owing to the photothermal impact of the  CO2 laser, nitrogen 



1771Carbon Letters (2023) 33:1767–1780 

1 3

Fig. 2  a SEM and b TEM images, c XRD pattern, d FTIR, and e Raman spectra of pristine LIG
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Fig. 3  Variation in the recorded value of peak current of cyclic 
voltammograms measured in an electrolyte containing 2  mM 
 K3[Fe(CN)6] and 2  mM  K4[Fe(CN)6] in 0.1  M KCl for modified 

CuNPs-LIG electrodes prepared by galvanic pulse deposition at dif-
ferent values of a pulse current and b pulse deposition cycles

Fig. 4  a TEM image, b TEM/EDS analysis spectrum, c XPS wide spectrum and d XPS Cu 2p spectrum of modified CuNPs-LIG electrode
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and oxygen are considerably less abundant on LIG than they 
are on the PI substrate, which suggests that LIG has under-
gone extensive graphitization. The peak location of Cu  2p3/2 
is detected with a binding energy of 932.08 eV. (5% copper 
mass concentration), Fig. 4d. It would be necessary to place 
exact limitations on the BE, FWHM, and peak-shape param-
eters to quantify the predicted mixture of Cu(0), Cu(I), and 
Cu(II) species under the Cu  2p3/2 peak. Due to the overlap 
of these three components’ extremely near-peak locations, 
the resolution of these components will be challenging. As 
a result, this study shows the initial deposition of metallic 
copper Cu(0) and a potential secondary deposition of cop-
per oxides.

3.4  Electrochemical characterization of CuNPs‑LIG 
electrode

The essential idea behind many electrochemical glucose 
sensors is that the kinetics of glucose oxidation produces a 
significant faradaic current [42]. This current correlates to 
the faradaic process, which typically comprises two stages. 
In the first phase, there is adsorption of glucose unto the 
surface of the active material, which causes redox reactions 
to occur, resulting in an electron transfer. In the next phase, 
there is an interfacial transport of electrons from the sur-
face of the active material to the supporting material [43]. 
Therefore, increasing electron transport can considerably 
improve the faradaic process, accelerating glucose oxidation 
and improving the functionality of glucose sensors. By test-
ing the EIS and CV behaviour of the LIG and Cu NPs-LIG 
electrodes in 2 mM  K3[Fe (CN)6] + 2 mM  K4[Fe (CN)6] in 
0.1 M KCl electrolyte, the CuNPs-LIG interfacial electron 
transport was reported in detail.

The measured Nyquist plots for the LIG and CuNPs-
LIG electrodes in the 100 kHz–100 MHz frequency range 
are shown in Fig. 5a. The Figures are made up of a low-
frequency linear portion for the Warburg diffusion process 
typical of porous electrodes and a high-frequency area semi-
circle. The computed charge transfer resistance of Rct. = 60 
and 15 Ω , for LIG and CuNPs-LIG electrodes, respectively, 
indicating a reduction in the impedance to charge transfer 
rate by the deposition of CuNPs on LIG, is obtained by fit-
ting the Nyquist plots with the Randle circuit. In contrast, 
the modified CuNPs-LIG electrode has a steeper slope of the 
linear component in the low-frequency region than the LIG 
electrode, indicating more accessibility for ions via diffusion 
through the modified electrode surface.

Figure 5 shows a further correlation between the EIS 
results and those from cyclic voltammetry tests (b). The 
cathodic peak currents (ipc) of the LIG and CuNPs-LIG are 
768 and 968 � A, respectively, according to their CV curves. 
Further evidence is that the deposition of CuNPs on LIG 
increased the electron and ion transfer rate for the modified 
electrode having a greater enclosed integration area than that 
provided by LIG. In other words, loading LIG with CuNPs 
caused LIG’s surface to experience greater interfacial elec-
tron transport.

3.5  Electrocatalytic oxidation of glucose

Figure 6a shows how the modified electrode’s glucose oxi-
dation is affected by scan rates (ν). The glucose oxidation 
peak’s potentials undergo a positive shift when the scan 
rate is raised from 0.05 to 0.25  Vs−1, while the peak cur-
rent’s values steadily rise. A strong correlation coefficient, 
R2, of 0.998 is used to describe the linear change in the 

Fig. 5  a Nyquist plot and b CV curves of the CuNPs-LIG electrode in an electrolyte containing 2 mM  K3[Fe(CN)6] and 2 mM  K4[Fe(CN)6] in 
0.1 M KCl
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present values of the oxidation peak with respect to ν1/2. 
This suggests the normal diffusion-controlled reaction of 
glucose oxidation at the modified electrode's surface and 
verifies the glucose’s improved accessibility through the 
3D porous structure of the modified conductive electrode 
[44].

With the use of CV measurements at 0.1  Vs−1 in a 0.1 M 
NaOH solution with and without the addition of 2 mM glu-
cose, the activity of LIG and modified electrodes toward 
glucose oxidation were examined, Fig. 6b. In the absence of 
glucose, both electrodes do not even exhibit any redox peaks. 
Upon the addition of glucose, the modified electrode shows 
a considerable increase in current in an oxidation peak that 
appears at a potential of about 0.5 V, while none is seen with 
the LIG electrode, confirming that the CuNPs have a high 
electrocatalytic selectivity for the direct oxidation of glucose 
to gluconic acid [45].

3.6  Amperometric responses of the CuNPs‑LIG 
electrode toward glucose oxidation

The activity of the electrodes toward glucose oxidation was 
further examined using the amperometry technique. To 
define the optimal potential for glucose oxidation using a 
fabricated modified electrode [46], the amperometric tests 
were conducted at potentials of 0.45, 0.5, 0.55 V, and 0.6 V 
with 0.45, 0.5, and 0.55 V represented in Fig. 7. This was 
done by titrating glucose solution to 0.1 M NaOH electro-
lyte in each step after every 10 s, Fig. 7. The maximum 
amperometric current was measured at 0.55 V, and hence 
this value is presented hereafter as an ideal sensing potential 
for additional amperometric studies on glucose oxidation.

3.7  Detection of glucose in actual biological saliva 
samples

The amperometric response of the modified electrode was 
also examined after adding glucose drops of varying con-
centrations, in a detection range of 33 µM-1 mM, in 0.1 M 
NaOH solution, Fig. 8a. A step-shaped increase in the cur-
rent response is recorded with an increase in the glucose 
concentration. The current-glucose concentration correlation 
was accordingly plotted, Fig. 8b, where it shows a linear 
range of 0.03–4.5 mM with R2 of 0.99357, the sensitivity of 
2665 mA/mM.cm2 and LOD of 0.023 µM as the sensitivity, 
LOD and response in < 5 s.

Fig. 6  a CV curves of LIG and CuNPs-LIG electrode in 0.1 M NaOH solution in the presence and absence of 3 mM glucose and b of CuNPs-
LIG modified electrode in 0.1 M NaOH solution with 1 mM glucose at different scan rates ranging from 0.025 to 0.250 V-s−1

Fig. 7  Optimization of applied oxidation potentials using amperomet-
ric current response for CuNPs-LIG electrodes in 0.1 M NaOH with 
step titration of glucose
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Practically several interfering species, such as uric acid 
(UA), ascorbic acid (AA), and urea, are present with glu-
cose in the genuine blood samples and their concentrations 
are considerably lower than that of glucose in actual serum. 
These organisms’ are well-known with quick electron trans-
fer rates that could cause interference with glucose monitor-
ing. Therefore, it would appear crucial to assess the changed 
sensor’s selectivity in the presence of these interfering spe-
cies. The interference experiment was carried out using the 
amperometric test at 0.55 V by adding 1.0 mM glucose and 
0.1 mM of urea, AA, and NaCl solutions to 0.1 mM NaOH 
electrolyte, Figure. No significant signal change upon adding 
any of these species, indicating the high selectivity of the 
modified electrode towards the direct oxidation of glucose 
(Fig. 9).

3.8  Detection of glucose in actual biological saliva 
samples

For real-life application, saliva glucose concentration in 
samples taken from three male subjects was detected via 
CuNPs-LIG electrode using an amperometric measure-
ment technique. The obtained results were compared with 
the detected glucose concentration in plasma samples taken 
from the same subjects using a commercial spectrophotom-
eter detection-based enzymatic glucose test kit. The formula 
[plasma glucose (mg/dL)] = 95.607 + 27.710 [saliva glucose 
(mg/dL)] was used to convert between the plasma glucose 
concentration and saliva glucose concentration [36]. The 
measured random blood glucose for subjects 1, 2, and 3 
with their corresponding derived saliva glucose concentra-
tions are presented in Table 1 and compared with the saliva 
glucose concentrations of the three subjects measured by 

CuNPs-LIG electrode. The results obtained after saliva glu-
cose measurements were in very close agreement with those 
obtained from their corresponding blood glucose measure-
ments by about 97%. This demonstrates the reliability of our 
modified electrode for actual biological samples and realistic 
glucose detection.

According to the analysis of the glucose electro-oxidation 
reaction (GER) results on the designed Cu NPs/LIG sensor 
prototype, the route of mass and charge transport between 
Cu and  Cu2+ species appears to influence the glucose sensing 
properties expressed in terms of sensitivity, detection limit, 
and linear detection limit [47]. According to earlier findings, 
Cu/CuO spontaneously oxidizes in a NaOH electrolyte to 

Fig. 8  a CuNPs-LIG electrodes’ I-t response at 0.55 V in presence of different glucose concentrations in 0.1 M NaOH solution b the relationship 
between the current reaction and glucose level

Fig. 9  I-t curves of CuNPs-LIG sensor at 0.55  V after sequential 
addition of 1.0 mM glucose, 0.1 mM ascorbic acid, and 0.1 mM urea 
to 0.1 M NaOH solution
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yield Cu(OH)2, which then electrochemically reacts with the 
 OH− species to produce CuOOH, which drives the develop-
ment of the GER process as detailed below [48];

Table 2 compares the glucose sensing capabilities of our 
modified CuNPs-LIG electrode with those of existing non-
enzymatic electrochemical glucose sensors based on Cu or 
Cu-their composites [49]. As a base for comparison, the flex-
ible polyimide substrate’s cheap cost and suggested produc-
tion technique for our modified electrode are some of the key 
benefits of its utilization in biosensing applications when 
compared to the other expensive substrates that were used 
in the formulation of the biosensors by others, like glassy 
carbon substrate and silicon dioxide [50]. We also chose fast 
galvanic pulse electrodeposition for fine loading and well 
distribution CuNPs on LIG surface due to its effectiveness, 
ease of performing, and the deposition of well-dispersed 

(1)Cu + 2OH−
→ CuO + H2O + 2e−

(2)
CuO + OH− → CuOOHorCuO + H2O
+ 2OH− → Cu(OH)−4 + e−

(3)
Cu(III) + glucose → gluconol actone
+ Cu(II) Gluconolactone → gluconic acid
(hydrolysis)

CuNPs on the 3D porous structure of electrochemically 
robust conductive LIG substrate. Human plasma/saliva was 
also tested to determine the ability of our modified electrode 
to select and test glucose in real-life applications in the pres-
ence of all the interfering species. These reasons give our 
electrode advantages over the other electrodes used in glu-
cose biosensing displayed in Table 2, which reveals a higher 
catalytic activity, outstanding sensitivity, a comparably high 
linear range, and low detection limit of glucose sensing.

3.9  Flexibility and wettability of the electrode

The flexibility of the Cu NPs-LIG electrode was explored 
via examining the effect of bending angle and cycle on the 
electrode resistivity using a homemade test rig, Fig. 10a. 
As shown in Fig. 10b and c, the varying bending angle and 
cycle tests did not significantly affect the surface resistance 
of the electrode, leaving the electrode intact and referring 
to its robustness.

The traditional method for measuring a solid’s wetta-
bility is the contact angle (θ) between a solid surface and 
a liquid droplet [51]. The wettability of carbon materials, 
including carbon fibers, carbon black, and carbon nano-
tubes, which are often more hydrophobic than metals [52], 
is highly influenced by their structural makeup and the 

Table 1  Comparison of saliva glucose concentration obtained using the designed Cu NPs-LIG electrode with the results of blood glucose con-
centration measured using a commercial spectrophotometer for three male subjects

Blood glucose (mg/
dl)

Saliva glucose conc (mg/dl) mathmetically estimated 
from the measured blood glucose conc

CuNPs-LIG Saliva glucose 
conc (mg/dl)

Difference %

Subject 1 144 1.21 1.18 2.5
Subject 2 116 0.92 0.90 2.3
Subject 3 96 0.71 0.69 1.0

Table 2  Comparison of the glucose sensing performance of our modified CuNPs-LIG and other previously reported nonenzymatic electrochemi-
cal glucose electrodes

Electrode materials Response time Potential (V) Detection 
limit (µM)

Linear range (mM) Real time sample Sensitivity Reference

GC/CoNSs/CHIT-RGO N/A 0.45 (vs. SCE) 10 0.015 No 1921 [41]
GC/Cu Nanocubes/

Graphene
N/A 0.55 (vs. Ag/AgCl) 1 Up to 7.5 No 1096 [55]

CuNCs-DLEG  < 3 0.55 (vs. Ag/AgCl) 0.25 0.025–4.5 No 4532 [45]
GC/Cu NPs/Graphene  < 2 0.50 (vs. Ag/AgCl) 0.50 Up to 4.5 Serum N/A [18]
SPE /Pt-Cuo/rGO N/A 0.60 (vs. Ag/AgCl) 0.01 0.0005–12 No 3577 [56]
SiSiO2/Ti/Pt/GNP/

PEDOT-GOx
N/A N/A 0.03 0.01–50 No ≈14 [57, 58]

Au/Ni/LIG  < 1 s 0.55 (vs. Ag/AgCl) 1.5 0–4 Sweat, cell culture 
media

1200 [59]

Cu NPs-LIG  < 5 s 0.55 (vs. Ag/AgCl) 0.023 0.033–4.5 Plasma, saliva 2665 This work
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heterogeneous atoms that make up the carbon surface [53]. 
Due to the absence of high-energy flaws near their surface, 
graphene is more hydrophobic. In addition, LIG has been 
widely reported in literature as a hydrophobic material. 
Graphene with hydrophobic properties can reduce liquid 
deposition and prevent contamination during the fabrica-
tion of electronic devices, which in this case, will improve 
metal deposition from the electrolyte [54]. Investigations 
into the effect electrodeposited Cu NPs have on the wet-
tability of LIG were initiated. As displayed in Fig. 10d, 
the hydrophobicity of LIG was unaffected, with a contact 
angle of 123 ◦ with the addition of Cu NPs. The hydropho-
bic nature of the electrode improves the deposition of the 
metal from the electrolyte unto the electrode.

The Cu NPs-LIG sensor was examined for the life sta-
bility test, where the biosensor was stored in an ambient 
environment and tested against 1 mM glucose concentration 
every 7 days for 35 days with sensitivity plotted against the 

number of days in Fig. 11. The biosensor remained over 94% 
of the initial response, which first shows the repeatability of 
the electrode after several days of use and the durability of 
the electrode.

4  Conclusion

This project illustrates the usage of engraved porous gra-
phene (LIG) on a polyimide substrate and subsequent PCD 
of CuNPs of less than 29 nm in size for nonenzymatic glu-
cose detection. The electrode can detect glucose in a lin-
ear range of 0.03–4.5 mM and LOD of 0.023 µM, which 
agrees favorably with literature reports. The high selectivity 
and sensitivity of the electrode, 2665 µA/mM/cm2, gives 
it great potential for sensing low glucose concentration in 
saliva. The saliva glucose measurements taken with our 
modified electrode were evidently in very close agreement, 

Fig. 10  a Homemade bending device, b Resistivity change of the Cu NPs-LIG electrode with bending angle c Resistivity change of the Cu NPs-
LIG electrode with bending cycle at angle 75°, and d Wettability of Cu NPs-LIG electrode with water
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about 97%, with the saliva glucose measurements obtained 
from their corresponding blood glucose measurements. This 
shows the strong ability of our electrode to sense and meas-
ure glucose in a biological sample accurately.
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