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Abstract: Diabetes is a major worldwide health issue, impacting millions of people around the globe
and putting pressure on healthcare systems. Accurate detection of glucose is critical for efficient
diabetes care, because it allows for prompt action to control blood sugar levels and avoid problems.
Reliable glucose-sensing devices provide individuals with real-time information, allowing them
to make more educated food, medicine, and lifestyle decisions. The progress of glucose sensing
holds the key to increasing the quality of life for diabetics and lowering the burden of this prevalent
condition. The present investigation addresses the synthesis of a CuO@lemon-extract nanoporous
material using the sol–gel process. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to analyze the morphological properties of the composite, which
revealed a homogeneous integration of CuO nanoparticles (NPs) on the surface of the matrix. The
existence of primarily oxidized copper species, especially CuO, was confirmed by X-ray diffraction
spectroscopy (XRD) investigation in combination with energy-dispersive X-ray (EDX) spectroscopy.
The CuO@lemon-extract-modified glassy carbon electrode (CuO@lemon-extract GCE) performed
well in non-enzymatic electrochemical sensing applications such as differential pulse voltammetry
(DPV) and amperometric glucose detection. The electrode achieved a notable sensitivity of 3293 µA
mM−1 cm−2 after careful adjustment, with a noticeable detection limit of 0.01 µM (signal-to-noise
ratio of 3). The operational range of the electrode was 0.01 µM to 0.2 µM, with potential applied of
0.53 V vs. Ag/AgCl. These findings underscore the CuO@lemon-extract GCE’s promise as a robust
and reliable platform for electrochemical glucose sensing, promising advances in non-enzymatic
glucose sensing (NEGS) techniques.

Keywords: glucose sensing; nanocomposite; non-enzymatic; CuO@lemon extract

1. Introduction

The rise of rapid, accurate, and affordable technologies for glucose sensing has sparked
great interest in the field of biosensor research in recent years. According to the World
Health Organization (WHO), over 537 million persons had diabetes in 2022, accounting for
approximately 8.5% of the total adult population [1]. This illness can lead to a variety of
consequences, including heart attacks, strokes, renal failure, decreased eyesight, and nerve
damage [2,3]. Monitoring glucose levels is critical in diabetes care, sparking a search for
novel sensing technologies with enhanced accuracy and usability. Enzymatic sensors for
glucose have long dominated the industry because of their high specificity and sensitivity;
nevertheless, their high production costs and low stability have pushed researchers to
investigate other alternatives [4,5]. Non-enzymatic glucose sensing (NEGS) is emerging
as an exciting possibility in this area, with the potential for increased durability, cheaper
production costs, and less interference from diverse chemicals [6,7]. Transition metal
oxides have risen to prominence among NEGS materials due to their exceptional catalytic
characteristics and electron transport capabilities [8].
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Metal and metal oxide nanomaterials’ unusual electrical, mechanical, and catalytic
capabilities have captivated substantial interest for many years [8,9]. The nanoparticles
of CuO are a well-known example of this, with uses in a wide range of industries as a
result of their low toxicity, high conductivity, ecologically acceptable nature, and inexpen-
sive cost [9]. Biosensors, antifouling products coatings, plasmonics, amination coupling
processes, antibacterial paints, food packaging, and medication delivery are among the
uses [10]. Copper-based materials for sensing in different shapes and topologies, as, for
example, nanosheets, microspheres, hollow spheres, nanowires, and hollow polyhedrons,
have received substantial scientific attention [11–15]. These materials have increased surface
areas and active spots for NEGS, which can be very beneficial [16].

In the field of glucose sensing, significant progress has been made through the use of
several copper oxide (CuO) nanostructures, each with unique sensing properties. Wang
et al. [17] used electrospinning to create CuO nanofibers that were then placed onto an
ITO substrate. This strategic approach resulted in a remarkable sensitivity of 431.3 µA
mM−1 cm−2, which might have been due to the huge particular surface area and 3D design
following immobilization. Zhang et al. [18] pursued the synthesis of CuO nanowires (NWs)
in a two-step wet chemical method, reaching a significant glucose sensitivity of 648.2 mA
mM−1 cm−2. Wang et al. [19] extended the investigation by introducing flower-like CuO
nanostructures, resulting in a 709.53 µA mM−1 cm−2 glucose detection sensitivity. Ni
et al. [20] pioneered a novel methodology by directly growing CuO NWs on a copper
foil, utilizing a low-cost, template-free solution-based process. A glucose sensor with a
sensitivity of 1886.3 A mM−1 cm−2 and a LOD of 0.05 mM has been developed as a result
of this breakthrough. These various approaches show how useful nanoporous CuO is for
identifying the presence of glucose.

In the current work, we introduce a novel NEGS method that makes use of a com-
posite material made of copper oxide nanoparticles (CuO) and lemon extract. This
novel combination is an attractive choice for a variety of biological applications due
to its fascinating features which improve sensor performance. The production of CuO
nanoporous material uses lemon extract, which is rich in bioactive substances, includ-
ing flavonoids and polyphenols, as a stabilizing and capping agent. To emphasize the
relevance of our approach, it is crucial to highlight the benefits of the green method, as
used in our study, above conventional approaches. Comparing the green approach used
in this study to conventional procedures, there are a number of clear benefits. First, by
removing the need for dangerous chemicals and reducing waste production, it has a big,
positive influence on the environment. The green technique is also more economical
because it uses less energy and materials. Furthermore, since chemical reagent contami-
nation is often eliminated, it frequently produces goods of superior quality. It adheres
to sustainable and environmentally friendly concepts which are gaining significance in
today’s research environment [21,22]. These benefits not only advance the discipline of
green chemistry as a whole but also highlight the usefulness of our technique. These
nanoparticles’ well-defined morphological and structural characteristics make them
an ideal platform for glucose sensing. This research effort’s main goal is to assess the
CuO@lemon-extract composite’s electrochemical performance, sensitivity, selectivity,
and stability as a glucose sensor. We predict that by combining cutting-edge materials
and bioactive components, our NEGS technique will pave the way for the creation of
next-generation, cost-effective, and dependable glucose monitoring systems. Such devel-
opments might have a considerable influence on diabetes care and overall quality of life,
while also broadening the horizon for other biological uses.

2. Results and Discussion
2.1. XRD and EDX Analysis

The XRD analysis revealed distinct diffraction peaks at 2θ values of 32.3◦, 35.6◦, 38.8◦,
48.5◦, 53.5◦, 59.8◦, 61.4◦, 66.2◦, and 68.2◦ which can be attributed to the (111), (002), (110),
(311), (202), (113), (022), (311) and (220) crystal planes of monoclinic CuO, respectively, as
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shown in Figure 1A. These characteristic peaks indicate the formation of highly crystalline
CuO nanoparticles within the composite material. The absence of any other diffraction
peaks in the XRD pattern suggests the high purity of the CuO@lemon-extract nanoporous
materials, with no significant impurities or other phases present. Furthermore, the XRD
pattern reveals that the synthesized CuO nanoparticles possess a well-defined crystalline
structure, which is indicative of their excellent stability and potential for various appli-
cations. The presence of the lemon extract in the composite may have contributed to the
formation of a nanoporous structure, as indicated by broader diffraction peaks compared
to pure CuO. In Figure 1B, the EDX analysis confirmed the presence of two main elements
in the nanocomposite. The prominent peaks at energy levels of approximately 1.0 keV and
8.0 keV correspond, respectively, to the characteristic Lα and Kα X-ray emissions of copper
(Cu). This peak array validates the successful incorporation of CuO nanoparticles within
the nanocomposite, consistent with the intended synthesis. Another peak at an energy
level of around 0.5 keV corresponds to the Kα X-ray emission of oxygen (O). This confirms
the presence of oxygen atoms in the CuO@lemon-extract nanocomposite, which is essential
for the formation of copper oxide (CuO). Additionally, the EDX spectrum indicates the
presence of carbon (C) peaks originating from the organic components of the lemon extract
which act as stabilizing and capping agents during the nanocomposite synthesis.

Figure 1. (A) XRD spectra of CuO@lemon extract and (B) EDX spectrum for CuO@lemon extract.

2.2. SEM and TEM Analysis

As seen in the SEM image in Figure 2A, the CuO@lemon-extract nanocomposite
exhibits a highly porous and interconnected structure at 10 µm scale. The nanoporous
morphology is visible as a network of irregularly shaped voids and channels dispersed
uniformly throughout the material. This nanoporous structure is attributed to the incorpo-
ration of lemon extract during the synthesis process, which might have led to the formation
of pores or voids due to the removal of certain components during the drying or calcination
steps. The nanoparticles of copper oxide (CuO) are also evident in the more focused SEM
image, Figure 2B, dispersed within the porous matrix of the lemon extract at 1 µm scale.
These nanoparticles seem to be evenly dispersed and agglomerate into tiny clusters, both
of which contribute to the overall nanoporous structure. The existence of well-defined
CuO nanoparticles in the CuO@lemon-extract nanoporous materials, together with their
observed nanoporous structure, implies that the CuO@lemon-extract nanoporous materials
may have increased surface areas and better accessibility to target analytes. Individual
nanoparticles are clearly apparent as black, well-defined entities scattered among a brighter
backdrop in Figure 2C, which corresponds to the lemon-extract matrix. Ranging from 10
to 20 nm in size, the nanoparticles have a rather consistent size distribution. This size
consistency suggests a controlled synthesis process, likely influenced by the presence of the
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lemon extract, which may have acted as a template or stabilizing agent during nanoparticle
formation. The TEM image at 50 nm magnification (Figure 2D) provides a detailed view of
the CuO@lemon-extract nanocomposite, showcasing the well-defined nanoparticles em-
bedded within the lemon-extract matrix. The uniform size distribution, crystalline nature,
and interactions between nanoparticles and lemon-extract components further validate the
successful synthesis of this nanocomposite.

Figure 2. SEM results of (A) CuO@lemon extract at 10 µm scale and (B) CuO@lemon extract at 1 µm
scale; TEM images of (C) CuO@lemon extract at 50.0 nm and (D) CuO@lemon extract at 50.0 nm,
with a smaller particle size.

3. Electrochemical Study
3.1. Electrode-Analyte Kinetic Parameters Evaluation

Both unmodified and modified glassy carbon electrodes (GCE) were used as working
electrodes in a three-electrode configuration with a platinum wire and silver/silver chloride
performing as the counter and reference electrodes, respectively. CV and electrochemi-
cal impedance spectroscopy (EIS) were used to analyze the surfaces of these electrodes.
Figure 3A shows cyclic voltammograms for a 1.0 mM K3Fe(CN)6 probe in a 0.1 M KCl
solution using bare GCE, and CuO@lemon-extract GCE at a scan rate of 10 mVs−1.

Ipa = 0.4463
(

F3

RT

)1/2

n3/2 A0D1/2
0 Cv1/2 (1)
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where Ipa is anodic peak current, A0 is electroactive surface area of electrode (cm2), R is
molar gas constant (8.314 JK−1 mol−1), F is Faraday’s constant (96,540 C mol−1), D0 is
diffusion coefficient (1.0 mM concentration C of Fe(CN)6

3−/4−), and T is Kelvin temperature.
The electrode surface area was derived from (Equation (1)); the slope of the Ipa versus
v1/2 plot (Figure 3C) was obtained from cyclic voltammetric measurements of different
scan rate graphs at 10 to 100 mVs−1 (Figure 3B) of the 1.0 mM K3Fe(CN)6 probe in a
0.1 M KCl electrolyte at various scan speeds using the Randles–Sevick equation [22]. The
electrochemical surface areas of unmodified GCE and CuO@lemon-extract GCE were
calculated to be 0.030 cm2, and 1.920 cm2, respectively.

Figure 3. (A) CV study for (b) CuO@lemon-extract GCE at 10 to 100 mVs−1 in the presence of a
1.0 mM K3Fe(CN)6 probe in a 0.1 M KCl electrolyte, ((a) Bare-GCE) (B) CuO@lemon-extract GCE
at different scan rates, (C) plot of peak current vs. square root of scan rate, and (D) Nyquist plot
of CuO@lemon-extract GCE at frequency range of 0.1 Hz to 106 Hz in the presence of a 1.0 mM
K3Fe(CN)6 probe in a 0.1 M KCl electrolyte.

The EIS study (Figure 3D) was performed using the Potentiostat-Galvanostat Metrohm
302 N throughout a frequency range of 0.1 Hz to 106 Hz while keeping a fixed amplitude of
10.0 mV. The goal was to examine the electrode materials’ Faradaic resistance and capacitive
properties. The Randles-like equivalent circuit used for impedance analysis is depicted
in the inset in Figure 3D. The reported equivalence series resistance values for bare-GCE
and CuO@lemon-extract GCE, respectively, were 65.1 Ω and 26.2 Ω. CuO@lemon-extract
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GCE’s smaller equivalent series resistance value, which aligns almost parallel to the Y-axis
at lower frequencies, suggests its advantageous conductive and capacitive characteristics,
emphasizing efficient ion transport inside the electrode.

Modified nanoporous GCEs exhibit electrocatalytic activity in glucose sensing due to
their robust ability for electro-oxidation and low-overpotential electron-transfer mecha-
nisms. This is accompanied by their affordability and stability. To evaluate their electro-
chemical performance, CV was conducted in 0.1 M NaOH with a scan rate of 10 mV/s,
as depicted in Figure 4A. CVs using both bare-GCE and CuO@lemon-extract-modified
GCE sensors displayed negligible redox responses, indicating limited functionality under
alkaline conditions. However, upon utilizing modified electrodes incorporating CuO and
lemon extract (as illustrated in Figure 4A(a),(b)), distinct and well-defined peaks emerged.
The chemical reaction occurring at the electrode surface can be described as follows:

CuO + 2OH→ Cu (OH)2 + 2e (2)

Cu(OH)2 + OH− → CuO (OH) + 2H2O + e (3)

As demonstrated in Figure 4C, the CuO@lemon-extract GCE sensor displays a notably
higher Ipa value of 18.6 µA at −0.5 V compared to Ag/AgCl when using a scan rate of
100 mV/s. This process takes place at elevated potentials, resulting in an amplified current
at the peak. The heightened current is indicative of the successful glucose oxidation on
the CuO@lemon-extract electrode. The effect of scan rate upon the oxidation of glucose
response curve was also examined utilizing 0.1 mM glucose with a 0.1 M NaOH the
solution, as shown in Figure 4B. This observation signifies that the oxidation of glucose is a
controlled process occurring on the electrode’s surface. The oxidative current exhibited
a direct relationship with the scan rate, demonstrating a strong correlation, with a value
of 0.999. Figure 4D shows a possible illustration of the transformation of glucose to
gluconic acid.

The incorporation of a glucose solution in the alkaline environment enhances glucose
oxidation via the CuO@lemon-extract GCE sensor, resulting in an enhanced current, owing
to the electron transfer represented in Figure 5A. This causes a considerable increase in the
peak. This enhancement can be attributed to the robust interaction between CuO and lemon
extract. The incorporation of lemon extract further augments the effective surface area,
creating highly active sites for glucose oxidation. Moreover, the CuO@lemon-extract GCE
surface promotes rapid glucose diffusion and adsorption, along with facilitating electron
transport. The substantial current increase is a consequence of the conversion of glucose
molecules into gluconolactone. In comparison to unmodified electrodes, nanoporous
CuO@lemon-extract GCE exhibits superior electrochemical activity for glucose oxidation.
Notably, when compared to bare electrodes or CuO@lemon-extract GCE, the CuO@lemon-
extract GCE demonstrates enhanced electrochemical performance in glucose oxidation.
The chemical response governing glucose oxidation is as follows at the electrode interface:

glucose → gluconolactone + e− (4)

Cu(I I I) + e− → Cu(I I) (5)

Cu(I I I) + glucose + e− → gluconolactone + Cu(I I) (6)

Gluconolactone→ Gluconic acid (hydrolysis) (7)
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Figure 4. (A) CV record of (a) bare GCE and (b) CuO@lemon-extract GCE in presence of 0.1 mM
glucose with 0.1 M NaOH at the various electrodes (scan rate, 10 mVs−1); (B) with the same solu-
tion of glucose CV recorded of CuO@lemon-extract GCE in 0.1 mM glucose at various scan rates
(10–100 mVs−1); (C) calibration between current vs. the different scan rate plot; and (D) possible
illustration of glucose to gluconic acid.

The electrocatalytic activity of the CuO@lemon-extract-modified GCE in response to
glucose is studied further using amperometric current–time measurements after adding
different glucose concentrations sequentially. Figure 5C depicts the modified electrode’s
amperometric response at an applied potential of 0.53 V vs. Ag/AgCl when 0.01 M
and 0.2 M glucose are consecutively added into an alkaline solution (0.1 M NaOH). The
oxidation current exhibited a gradual rise and stabilized within approximately 15 s. The
corresponding calibration plot (Figure 5B) demonstrates a linear relationship (R2 = 0.998)
across a concentration range of 0.01 µM to 0.10 µM, with a slope expressed as Ip = 937.29
− 14.153 × [glucose] (µM). Upon close examination of lower concentrations of glucose
and considering that current noise is 0.1 µA cm−2, a LOD was achieved for 0.01 µM at a
signal-to-noise ratio (S/N) of 3. This LOD is on par with those reported for other NEGS
techniques (refer to Table 1) [6,23–31].
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Figure 5. (A) DPV response of CuO@lemon-extract GCE towards 0.01 µM to 0.20 µM glucose with
0.1 M NaOH. (B) The calibration plot of current intensity vs. concentration (µM). (C) Amperometry
response of CuO@lemon-extract GCE towards 0.01 µM and 0.2 µM glucose with 0.1 M NaOH. (D) The
calibration plot of current intensity vs. concentration (µM).

The presence of multiple substances, such as ascorbic acid (AA), uric acid (UA),
dopamine (DPE), cysteine (Cys), and other carbohydrates like fructose (Fru) or galactose,
might possibly impact the detection selectivity for determining glucose, especially at higher
levels of glucose. As shown in Figure 6A, the response of the glucose (Glu) current is
unaltered even when exposed to 10-times higher amounts of AA, UA, Cys, and DPE. This
underscores the exceptional sensor selectivity.

Furthermore, the electrode reacts only to glucose, with no catalytic currents found for
other carbohydrates derivatives such as fructose or galactose. The RSD, which exhibits
a value of 4.9% for a concentration of glucose of 0.1 mM, quantifies the repeatability of
electrode production and its utilization in sensing of glucose. The functioning of the
electrode was assessed after a two-month period of storage in a refrigerator at 4 ◦C to
determine long-term stability. At a tested potential of −0.53 V vs. Ag/AgCl, the sensor
retained approximately 97% of its original current response when exposed to 0.1 mM
glucose when immersed in 0.1 M NaOH aqueous solution, indicating the electrode’s
impressive durability.
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Figure 6. A study of the effects of several interfering compounds.

Table 1. NEGS comparison table.

Electrode Potential (V) Sensitivity
(µA mM−1 cm−2) Linear Range LOD

(µM) Ref.

CuO nanourchins 0.57 1634 5 mM 1.97 [23]

CuO nanospheres (NS) 0.57 730 6 mM 2.11 [24]

CuO nanobelts (NBs) 0.6 582 None 1.0 [25]

CuO NS 0.6 404.5 2.6 mM 1.0 [26]

CuO NPs 0.55 1397 2.3 0.5 [27]

CuO NWs 0.4 431 2.5 mM 0.8 [17]

Porous CuO 0.65 2900 2.5 0.14 [28]

CuO@CNTFs 0.6 ~3000 13 mM 1.4 [29]

CuO/Ag/NiO 0.65 2895.3 0.001–5.50 mM 0.1 [6]

Mesoporous copper (I) oxide nanoparticles - 733 1 to 9 mM 0.05 [30]

Cu2O/MXene graphene aerogel (3D) composite - 264.5 0.1 mM–40 mM 1.1 [31]

CuO@lemon-extract GCE 0.53 3293 0.01–0.20 µM 0.01 This Work

3.2. Mechanism of CuO@lemon-Extract GCE for Glucose Oxidation

The specific mechanism of glucose oxidation on the CuO modified electrode in an
alkaline environment is unknown. However, in electrocatalysis, efficient binding at the
electrode–electrolyte interface, as well as fast electron mobility inside the electrode, play
critical roles. At present, Marioli and Kuwana’s suggested model for glucose oxidation on
copper-based modified electrodes implies a series of steps [32]. This involves deprotonation
of glucose to produce enediol, adsorption onto the electrode surface, and oxidation aided
by Cu(II) and Cu(III) species. Glucose oxidation is shown to occur within a potential
range of 0.40–0.80 V, corresponding with the Cu(II)/Cu(III) oxidation wave. It is proposed
that Cu(III) species act as electron transfer mediators. Cu(II) on the CuO electrode is
initially oxidized to Cu(III), which subsequently functions as a catalyst for glucose oxidation
during CV measurements [33–36]. This process produces gluconolactone, which is then
converted into gluconic acid. The Cu(II)/Cu(III) redox pair facilitates the electrochemical
non-enzymatic detection of glucose oxidation, as shown in Figure 4C. Notably, the oxidation
process may involve more than just gluconic acid generation, with C-C bond breakage
possibly providing lighter compounds like formates and carbonates that might engage in
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electron transfer [37]. As a result, in the presence of a glucose solution, the CuO modified
electrode is expected to produce an increased catalytic current response, with the amplitude
of the response current corresponding to glucose concentration (see Figure 4A).

3.3. Tests for Reproducibility, Reusability, and Stability

The amperometric measurements of glucose at +0.53 V were examined utilizing four
altered sensor electrodes made under comparable conditions, allowing the repeatability
of the findings as to the CuO@lemon-extract GCE sensors to be assessed. The same
electrode was used to record 1000 additional consecutive amperograms. The RSD of the
CuO@lemon-extract GCE sensor was less than 4.9%, indicating outstanding reproducibility
and repeatability. After a month of usage, the electrode’s stability was evaluated. The
CuO@lemon-extract GCE sensor retained 96% of its original current responses, indicating
good stability. During these testing, the monolith was securely secured to the GCE surface.
Before repeating, it was continually washed and electrochemically energized.

4. Experimental Section

The CuO@lemon extract was synthesized by dissolving 2 g of Cu(NO3)2 (50 wt% from
BDH-MERCK) in 2 g of high-purity water (50 wt%). A quantity of 4 g of triton X 405
(Sigma-Alrich-MilliporeSigma, Burlington, MA, USA, 70% wt%) was progressively added
to this solution. The lemon extract utilized in our study was obtained from ripe Eureka
lemons, which were procured from a local organic supplier. Lemon peels were thoroughly
washed and subjected to a cold-pressing extraction method in which mechanical pressure
was applied to release the essential-oil content from the peels. No pre-treatment steps were
employed. This information has been incorporated to enhance the transparency of our
methodology, ensuring that readers and researchers have a comprehensive understanding
of our lemon-extract preparation procedure. A rich blue gel was produced after adding
4 mL fresh lemon extract and stirring the mixture for 30 min. The gel underwent a 5 h
calcination treatment at 500 ◦C in a furnace with cooling and heating rates of 4.17 ◦C/min
before it reached ambient temperature after being held at ambient temperature for 120 h.
The defined CuO@lemon-extract nanoporous materials were submitted to a variety of
analytical procedures before being used in glucose sensing (Scheme 1).

Scheme 1. CuO@lemon extract synthesis diagram.
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4.1. Preparation of Modified CuO@lemon-Extract-GCE Sensing Platform

The GCE surface (a glassy carbon electrode with a diameter of 3 mm would have a
geometrical area of approximately 0.071 cm2) was subjected to modification by applying
a dispersion of CuO@lemon-extract nanoporous materials. The dispersion was made by
dissolving 5.0 mg of fabricated monoliths in 10 mL of ethanol ultrasonically. Prior to the
electrode modification process, the GCE surface underwent polishing using alumina slurry,
followed by cleaning through sonication in ethanol for 10 min. After that, the electrode was
washed via distilled water and allowed to dry at the normal temperature. A 10 µL volume
of the dispersed mixture was subsequently deposited onto the GCE surface, and the solvent
was left to evaporate naturally. This modified electrode, referred to as CuO@lemon-extract
GCE, depending on the specific material used, was utilized for subsequent electrochemical
investigations [23].

4.2. Instrumentation

Powdered X-ray diffraction (P-XRD) analysis was performed utilizing Cu Ka radiation
and the X Pert PRO X-ray diffraction equipment. Morphological evaluation, facilitated by
SEM and EDX, was executed using the JEOL JSM-6510LA electron microscope. Detailed
insights into nanoparticle structure, size distribution, and morphology were gained through
TEM examination, employing the JEM1400 instrument. The synthesis process for all
nanoporous materials was executed in a Muffle Furnace, specifically the HD150 PAD model.
Electroanalytical investigations, including techniques such as cyclic voltammetry (CV), DPV,
and amperometry, were conducted using the Autolab PGSTAT204 FRA32M instrument.

5. Conclusions

The formation of CuO@lemon-extract GCE signifies an important milestone in glucose
sensing. The CuO@lemon-extract GCE produced has a consistent nanoparticle size, at 20 to
30 nm on a 50 nm scale. CuO@lemon-extract GCE demonstrated rapid electron transfer, a
significant capability for measuring sensing of glucose to the lowest possible limit (0.01 µM),
a sensitivity of 3293 µA mM−1 cm−2, and a broad linear range, from 0.01 µM to 0.2 µM.
The electrode exhibits exceptional sensing capability, including ultrahigh sensitivity, a
broad linear range, a fast reaction time, and great stability, reproducibility, and repeatability.
This study involved the synthesis of CuO nanoparticles with lemon extract, which was
subsequently deposited onto a GCE. The utilization of CuO@lemon-extract-modified GCE
offers multiple advantages. The finely controlled electrochemical deposition process allows
for the large-scale invention of consistent sensing of glucose interfaces. Moreover, this
method is appropriate for the accurate and controlled alteration of nanosensors.

Funding: This research received no external funding.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: All data generated or analysed during this study are included in this
published article.

Acknowledgments: IUH acknowledge the support received from Dhofar University to accomplish
this work successfully.

Conflicts of Interest: The author declares no conflict of interest.

Sample Availability: The authors declare that the samples or materials used in this study are
available upon request for research purposes.



Molecules 2023, 28, 6763 12 of 13

References
1. WHO. Diabetes, World Health Org. Available online: https://www.who.int/news-room/fact-sheets/detail/diabetes (accessed

on 17 September 2023).
2. Chakraborty, P.; Dhar, S.; Debnath, K.; Mondal, S.P. Glucose and hydrogen peroxide dual-mode electrochemical sensing using

hydrothermally grown CuO nanorods. J. Electroanal. Chem. 2019, 833, 213–220. [CrossRef]
3. Alam, M.W.; Al Qahtani, H.S.; Souayeh, B.; Ahmed, W.; Albalawi, H.; Farhan, M.; Abuzir, A.S. Novel Copper-Zinc-Manganese

Ternary Metal Oxide Nanocomposite as Heterogeneous Catalyst for Glucose Antioxidants (Basel). Sens. Antibact. Act. 2022,
11, 1064. [CrossRef]

4. Updike, S.J.; Hicks, G.P. The enzyme electrode. Nature 1967, 214, 986–988. [CrossRef] [PubMed]
5. Qlark, L.C. Monitor and Control of Blood and Tissue Oxygen Tensions. Trans. Am. Soc. Artif. Intern. Organs. 1956, 2, 41–48.
6. Naikoo, G.A.; Bano, M.; Arshad, F.; Hassan, I.U.; BaOmar, F.; Alfagih, I.M.; Tambuwala, M.M. Non-enzymatic glucose sensors

composed of trimetallic CuO/Ag/NiO based composite materials. Sci. Rep. 2023, 13, 6210. [CrossRef]
7. Balkourani, G.; Damartzis, T.; Brouzgou, A.; Tsiakaras, P. Cost Effective Synthesis of Graphene Nanomaterials for Non-Enzymatic

Electrochemical Sensors for Glucose: A Comprehensive Review. Sensors 2022, 22, 355. [CrossRef] [PubMed]
8. Naikoo, G.A.; Salim, H.; Hassan, I.U.; Awan, T.; Arshad, F.; Pedram, M.Z.; Ahmed, W.; Qurashi, A. Recent Advances in Non–

Enzymatic Glucose Sensors Based on Metal and Metal Oxide Nanostructures for Diabetes Management—A Review. Front. Chem.
2021, 9, 786. [CrossRef]

9. George, J.M.; Antony, A.; Mathew, B. Metal oxide nanoparticles in electrochemical sensing and biosensing: A review. Microchim.
Acta 2018, 185, 358–384. [CrossRef]

10. Gao, W.; Zhou, X.; Heinig, N.F.; Thomas, J.P.; Zhang, L.; Leung, K.T. Nonenzymatic Saliva-Range Glucose Sensing Using
Electrodeposited Cuprous Oxide Nanocubes on a Graphene Strip. ACS Appl. Nano. Mater. 2021, 4, 4790–4799. [CrossRef]

11. Zhang, F.; Huang, S.; Guo, Q.; Zhang, H.; Li, H.; Wang, Y.; Fu, J.; Wu, X.; Xu, L.; Wang, M. One-step hydrothermal synthesis of
Cu2O/CuO hollow microspheres/reduced graphene oxide hybrid with enhanced sensitivity for non-enzymatic glucose sensing,
Colloid. Surface A 2020, 602, 125076. [CrossRef]

12. Lv, J.; Kong, C.; Xu, Y.; Yang, Z.; Zhang, X.; Yang, S.; Meng, G.; Bi, J.; Li, J.; Yang, S. Facile synthesis of novel CuO/Cu2O
nanosheets on copper foil for high sensitive nonenzymatic glucose biosensor. Sens. Actuat. B Chem. 2017, 248, 630–638. [CrossRef]

13. Lin, L.; Karakocak, B.B.; Kavadiy, S.; Soundappan, T.; Biswas, P. A highly sensitive non-enzymatic glucose sensor based on
Cu/Cu2O/CuO ternary composite hollow spheres prepared in a furnace aerosol reactor. Sens. Actuat. B Chem. 2018, 259, 745–752.
[CrossRef]

14. Kong, C.; Tang, L.; Zhang, X.; Sun, S.; Yang, S.; Song, X.; Yang, Z. Templating synthesis of hollow CuO polyhedron and its
application for nonenzymatic glucose detection. J. Mater. Chem. A 2014, 2, 7306–7312. [CrossRef]

15. Liu, C.; Xue, K.; Sun, A.; Chen, D.; Zhang, P.; Cui, G. Cu2O ordered nanoarrays for non-enzymatic glucose detection. J. Appl. Sci.
Eng. 2021, 24, 829–835. [CrossRef]

16. Naikoo, G.A.; Awan, T.; Salim, H.; Arshad, F.; Hassan, I.U.; Pedram, M.Z.; Ahmed, W.; Faruck, H.L.; Aljabali, A.A.A.; Mishra, V.;
et al. Fourth-generation glucose sensors composed of copper nanostructures for diabetes management: A critical review. Bioeng.
Transl. Med. 2022, 7, 10248. [CrossRef] [PubMed]

17. Wang, W.; Zhang, L.; Tong, S.; Li, X.; Song, W. Three-dimensional network films of electrospun copper oxide nanofibers for
glucose determination. Biosens. Bioelectron. 2009, 25, 708–714. [CrossRef] [PubMed]

18. Zhang, Y.; Liu, Y.; Su, L.; Zhang, Z.; Huo, D.; Hou, C.; Lei, Y. CuO nanowires based sensitive and selective non-enzymatic glucose
detection. Sens. Actuators B Chem. 2014, 191, 86–93. [CrossRef]

19. Wang, H.C.; Lee, A.R. Recent developments in blood glucose sensors. J. Food Drug Anal. 2015, 23, 191–200. [CrossRef]
20. Ni, P.J.; Sun, Y.J.; Shi, Y.; Dai, H.C.; Hu, J.T.; Wang, Y.L.; Li, Z. Facile fabrication of CuO nanowire modified Cu electrode for

non-enzymatic glucose detection with enhanced sensitivity. RSC Adv. 2014, 4, 28842–28847. [CrossRef]
21. Ahmad, M.M.; Kotb, H.M.; Mushtaq, S.; Waheed-Ur-Rehman, M.; Maghanga, C.M.; Alam, M.W. Green Synthesis of Mn + Cu

Bimetallic Nanoparticles Using Vinca rosea Extract and Their Antioxidant, Antibacterial, and Catalytic Activities. Crystals 2022,
12, 72. [CrossRef]

22. Alam, W.; Khatoon, M.; Qurashi, A. Synthesis and Characterization of Cu-SnO2 Nanoparticles Deposited on Glass Using
Ultrasonic Spray Pyrolysis and their H2S Sensing Properties. Curr. Nanosci. 2012, 8, 919–924. [CrossRef]

23. Bano, M.; Khan, I.; Ahirwar, D.; Khan, F. Synthesis of Ag monoliths for multifunctional applications. Mater. Sci. Eng. B 2021, 264,
114956. [CrossRef]

24. Sun, S.; Zhang, X.; Sun, Y.; Zhang, J.; Yang, S.; Song, X.; Yang, Z. A facile strategy for the synthesis of hierarchical CuO nanourchins
and their application as non-enzymatic glucose sensors. RSC Adv. 2013, 3, 13712–13719. [CrossRef]

25. Soejima, T.; Yagyu, H.; Kimizuka, N.; Ito, S. One-pot alkaline vapor oxidation synthesis and electrocatalytic activity towards
glucose oxidation of CuO nanobelt arrays. RSC Adv. 2011, 1, 187. [CrossRef]

26. Reitz, E.; Jia, W.Z.; Gentile, M.; Wang, Y.; Lei, Y. CuO nanospheres based nonenzymatic glucose sensor. Electroanalysis 2008, 20,
2482. [CrossRef]

27. Liu, S.; Tian, J.Q.; Wang, L.; Qin, X.Y.; Zhang, Y.W.; Luo, Y.L.; Asiri, A.M.; Al-Youbi, A.O.; Sun, X.P. A simple route for preparation
of highly stable CuO nanoparticles for nonenzymatic glucose detection. Catal. Sci. Technol. 2012, 2, 813. [CrossRef]

https://www.who.int/news-room/fact-sheets/detail/diabetes
https://doi.org/10.1016/j.jelechem.2018.11.060
https://doi.org/10.3390/antiox11061064
https://doi.org/10.1038/214986a0
https://www.ncbi.nlm.nih.gov/pubmed/6055414
https://doi.org/10.1038/s41598-023-32719-w
https://doi.org/10.3390/s22010355
https://www.ncbi.nlm.nih.gov/pubmed/35009895
https://doi.org/10.3389/fchem.2021.748957
https://doi.org/10.1007/s00604-018-2894-3
https://doi.org/10.1021/acsanm.1c00381
https://doi.org/10.1016/j.colsurfa.2020.125076
https://doi.org/10.1016/j.snb.2017.04.052
https://doi.org/10.1016/j.snb.2017.12.035
https://doi.org/10.1039/C4TA00703D
https://doi.org/10.6180/jase.202112_24(6).0002
https://doi.org/10.1002/btm2.10248
https://www.ncbi.nlm.nih.gov/pubmed/35111949
https://doi.org/10.1016/j.bios.2009.08.013
https://www.ncbi.nlm.nih.gov/pubmed/19733046
https://doi.org/10.1016/j.snb.2013.08.096
https://doi.org/10.1016/j.jfda.2014.12.001
https://doi.org/10.1039/C4RA03437F
https://doi.org/10.3390/cryst12010072
https://doi.org/10.2174/157341312803988980
https://doi.org/10.1016/j.mseb.2020.114956
https://doi.org/10.1039/C3RA41098F
https://doi.org/10.1039/c1ra00109d
https://doi.org/10.1002/elan.200804327
https://doi.org/10.1039/c2cy00453d


Molecules 2023, 28, 6763 13 of 13

28. Cherevko, S.; Chung, C.H. The porous CuO electrode fabricated by hydrogen bubble evolution and its application to highly
sensitive non-enzymatic glucose detection. Talanta 2010, 80, 1371. [CrossRef]

29. Muqaddas, S.; Javed, M.; Nadeem, S.; Asghar, M.A.; Haider, A.; Ahmad, M.; Ashraf, A.R.; Nazir, A.; Iqbal, M.; Alwadai, N.;
et al. Carbon Nanotube Fiber-Based Flexible Microelectrode for Electrochemical Glucose Sensors. ACS Omega 2023, 8, 2272–2280.
[CrossRef]

30. Solhi, M.; Rahsepar, M.; Asl, A.A.K.; Kim, H. Synthesis and characterization of a high-performance enzyme-free glucose sensor
based on mesoporous copper oxide nanoparticles. Mater. Res. Bull. 2023, 164, 112240. [CrossRef]

31. Alanazi, N.; Gopal, T.S.; Muthuramamoorthy, M.; Alobaidi, A.A.E.; Alsaigh, R.A.; Aldosary, M.H.; Pandiaraj, S.; Almutairi,
M.; Grace, A.N.; Alodhayb, A. Cu2O/MXene/rGO Ternary Nanocomposites as Sensing Electrodes for Nonenzymatic Glucose
Sensors. ACS Appl. Nano Mater. 2023, 6, 12271–12281. [CrossRef]

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

33. Zhuang, Z.; Su, X.; Yuan, H.; Sun, Q.; Xiao, D.; Choi, M.M.F. An improved sensitivity non-enzymatic glucose sensor based on a
CuO nanowire modified Cu electrode. Analyst 2008, 133, 126. [CrossRef] [PubMed]

34. Luo, M.Z.; Baldwin, R.P. Characterization of carbohydrate oxidation at copper electrodes. J. Electroanal. Chem. 1995, 387, 87.
[CrossRef]

35. Torto, N.; Ruzgas, T.; Gorton, L. Electrochemical oxidation of mono-and disaccharides at fresh as well as oxidized copper
electrodes in alkaline media. J. Electroanal. Chem. 1999, 464, 252. [CrossRef]

36. Wang, A.J.; Feng, J.J.; Li, Z.H.; Liao, Q.C.; Wang, Z.Z.; Chen, J.R. Solvothermal synthesis of Cu/Cu2O hollow microspheres for
non-enzymatic amperometric glucose sensing. CrystEngComm 2012, 14, 1289. [CrossRef]

37. Paixao, T.R.L.C.; Corbo, D.; Bertotti, M. Amperometric determination of ethanol in beverages at copper electrodes in alkaline
medium. Anal. Chim. Acta 2002, 472, 123. [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/10.1016/j.talanta.2009.09.038
https://doi.org/10.1021/acsomega.2c06594
https://doi.org/10.1016/j.materresbull.2023.112240
https://doi.org/10.1021/acsanm.3c01959
https://doi.org/10.1016/0013-4686(92)85055-P
https://doi.org/10.1039/B712970J
https://www.ncbi.nlm.nih.gov/pubmed/18087623
https://doi.org/10.1016/0022-0728(95)03867-G
https://doi.org/10.1016/S0022-0728(99)00041-8
https://doi.org/10.1039/C1CE05869J
https://doi.org/10.1016/S0003-2670(02)00942-X

	Introduction 
	Results and Discussion 
	XRD and EDX Analysis 
	SEM and TEM Analysis 

	Electrochemical Study 
	Electrode-Analyte Kinetic Parameters Evaluation 
	Mechanism of CuO@lemon-Extract GCE for Glucose Oxidation 
	Tests for Reproducibility, Reusability, and Stability 

	Experimental Section 
	Preparation of Modified CuO@lemon-Extract-GCE Sensing Platform 
	Instrumentation 

	Conclusions 
	References

