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Abstract: The present work describes novel copper oxide thin film-modified indium tin oxide
electrodes prepared by magnetron sputtering and their application for glucose sensing. Copper
oxide-modified sensors were characterized by electrochemical techniques, X-ray photoelectron spec-
troscopy (XPS), and scanning electron microscopy (SEM). The deposited thin film (of about 400 nm
of thickness) consisted of CuyO/CuO nanocolumns of ca. 80 nm in diameter. After optimizing the
main experimental parameters, the electrodes showed noteworthy electrocatalytic properties for
glucose detection (sensitivity ca. 2.89 A M~! cm~2 and limit of detection ca. 0.29 uM (S/N = 3)). The
sensor showed negligible response against common electroactive species and other sugars. Finally,
recovery experiments in commercial soda drinks and the determination of glucose content in different

commercial drinks, such as soda, tea, fruit juices, and sports drinks, are described.

Keywords: copper oxide; glucose; non-enzymatic sensor; magnetron sputtering; oblique angle
deposition

1. Introduction

Metal oxide materials (MOxMs) have recently been introduced for sensing [1,2] and
biosensing [3-6] applications. MOxMs offer high surface area-to-volume ratios, excellent
catalytic activity, and good thermal stability, making them ideal for use in sensing and
biosensing applications. In addition, MOxMs can be easily synthesized using low-cost and
scalable processes, allowing for large-scale production and commercialization. Further-
more, MOxMs can be tailored to specific sensing applications by adjusting their chemical
composition and morphology, thereby enhancing their sensitivity and selectivity. Overall,
the introduction of MOxMs has greatly expanded the range of materials available for
sensing and biosensing applications, providing researchers with a powerful tool for the
development of novel and high-performance sensors and biosensors. In addition, MOxMs
have been applied in other areas of science.

For example, MOxMs have been employed in the study and prevention of corrosion,
due to their ability to form protective coatings on metal surfaces. Moreover, MOxMs have
been utilized as photocatalysts for various chemical reactions [7], including water splitting
and CO; reduction, and as drug delivery agents [2,8], due to their biocompatibility and
controlled release properties. Additionally, MOxMs have shown great potential in the
development of energy storage devices, such as batteries and supercapacitors, and in fuel [9]
and solar cell [10] applications, due to their high electron mobility and optical absorption
properties. The versatility and unique physicochemical properties of MOxMs have made
them a valuable material for research in a wide range of scientific disciplines, and their
potential applications continue to expand with ongoing research and development.
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Among other materials, non-precious metals (Cu, Ni, Fe, Co, Ti, Sn, etc.) offer im-
portant advantages over conventional materials (Pt, Pd, Au, and Ag) due to their low
cost, stability, abundance, and high electrocatalytic properties, which act against different
molecules and biomolecules [11-14]. Their application in gas sensors for CO,, NHs, O,, CO,
H;S, and CHy has been reported in previous works [15]. In this sense, MOxMs gas sensors
exhibit fast response and recovery times, as well as low power consumption, making them
ideal for use in portable and wearable devices. Overall, MOxMs gas sensors have the
potential to revolutionize the field of gas sensing, providing more accurate and reliable
monitoring of gases in various industrial, environmental, and medical settings. Moreover,
the application of non-enzymatic sensors for glucose, ethanol, fructose, sucrose, H,O,,
etc. [16-20], is an excellent alternative for enzymatic biosensor devices, where notable
problems (high cost, biofouling, interferences, pH, temporal and thermal instabilities, etc.)
are found due to the nature of the catalytic biomolecules. They also offer the added benefits
of increased stability and reliability, as they do not rely on the use of catalytic biomolecules,
which can be affected by various environmental factors. Therefore, non-enzymatic sensors
are becoming increasingly popular in various fields, including medical diagnostics, the
food industry, and environmental monitoring, among others, due to their versatility and
superior performance.

Currently, nanostructured sensors or nanomaterial-modified electrodes are highly
promising transducers because of their outstanding properties (catalytic and analytical
properties). In this regard, the development of nanostructured MOxMs components, such
as nanoparticles (NPs), nanopillars, nanorods, nanofibers, etc. [21], is an important step for-
ward compared to the use of bulk materials, where interesting new properties appear due to
the nanoscale dimensions of the materials [6,10,22]. In the field of nanotechnology, there are
various synthesis methods for producing nanoparticles and nanostructured surfaces. The
top-down approach (including milling, lithography, and etching) involves the reduction
of bulk materials to produce smaller particles or structures, whereas the bottom-up ap-
proach (including sol-gel synthesis, chemical vapor deposition, and precipitation) involves
building up materials atom by atom or molecule by molecule to form larger structures. De-
pending on the methods used and the experimental conditions, the MOxMs can be tuned,
affecting their surface stoichiometry, phase composition, morphology, and crystallographic
structure, and ultimately, their functionalities and catalytic properties [21,23]. Therefore,
highly efficient and sensitive nanostructured non-enzymatic electrochemical sensors have
been described in the literature for their outstanding catalytic activity, biocompatibility
properties, and their large specific surface area [12,24].

Nanostructured sensors can be developed various techniques, for example, the in situ
growth/deposition of NPs on the sensor surface by means of electrodeposition techniques
and other chemical methods. In contrast, thin films can be generated on the surface
of the working electrode by means of chemical/physical vapor deposition or magnetron
sputtering (MS). Among these methods, MS is a physical manufacturing method compatible
with soft substrates and is easily scalable, where MOxMs thin films present high binding
forces and fewer defects, improving the stability and sensitivity of the sensors [25]. In
addition, thin films deposited under the oblique angle deposition approach (OAD) show
columnar and highly porous microstructures with mesopores, and hence, with larger active
surfaces and better electroactivity properties [16]. For details, see Figure 1.

Among the different biomolecules and analytes of interest, glucose remains an inter-
esting target (for both the agro-food and pharmaceutical industries) because the growing
prevalence of obesity and diabetes mellitus has led to an increase in mortality and a re-
duction in life expectancy in developed countries [12]. Diabetes increases the probability
of suffering cardio-vascular events, strokes, chronic kidney and liver disorders, cancer,
and infections [26]. Moreover, obesity increases (up to 80%) the risk of developing type
2 diabetes, and it is associated with a range of comorbidities, including osteoarthritis,
obstructive sleep apnea, cardiovascular diseases, stroke, and some types of cancer [27]. The
International Diabetes Federation (IDF), in its most recent study (IDF Atlas 10th edition),
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estimated that 537 million people have diabetes and predicted that this number could
reach 700 million by 2045 [28]. Therefore, the pharmaceutical industry and the scientific
community have invested significant resources to obtain low cost and accurate glucose
sensors as an alternative to conventional enzymatic biosensors.
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Figure 1. Scheme and mechanism of the deposition of nanoporous copper thin films by magnetron
sputtering under the oblique angle deposition approach (MS-OAD).

The use of nanostructured materials in this work provided several advantages, such as
a larger active surface area for improved sensitivity, better electrocatalytic properties, and
low response against potential interferences. These advantages are particularly important
for the detection of glucose in commercial beverages, where the ability to differentiate glu-
cose from other interfering substances is crucial. The low limit of detection (LOD = 0.23 uM;
S/N = 3), as well as the reproducibility (7%) and repeatability (3.5%) of the copper oxide-
modified electrodes, demonstrate the reliability and accuracy of this approach.

Overall, this work highlights the potential of nanostructured materials in electrochem-
ical sensing applications, particularly for the development of highly sensitive and selective
sensors. The use of reactive MS and the oblique angle deposition configuration allowed for
the creation of a highly reactive and porous structure, resulting in improved electrocatalytic
properties of thin films for sensing applications.

2. Materials and Methods
2.1. Reagent and Materials

Copper target (¢ = 55 mm, 99.999% purity) and indium tin oxide (ITO) substrates
(1 x 2 cm) were obtained from Visiontek Systems (Chester, UK) and Goodfellow (Hunt-
ingdon, UK), respectively. Glucose, interferences and NaOH were acquired from Sigma-
Aldrich (Madrid, Spain). All solutions were prepared in doubly distilled water.

2.2. Deposition of Copper Oxide Thin Films

Nanocolumnar porous copper thin films were prepared by reactive pulsed DC MS.
The magnetron’s fixed parameters were 200 W of power and 550-600 V of pulsed voltage,
with an oscillation frequency of 80 kHz. The plasma gas was an Ar/O, mixture with a
mass flow fraction of 15. The residual vacuum was ca. 10~ mbar; meanwhile, the pressure
system during the deposition reached a pressure of about of 10~ mbar. ITO electrodes were
placed at a distance ca. 5 cm from the vapor source and at angle of about 80°. Moreover,
a quartz crystal microbalance was used to regulate the film thickness while it was being
deposited. For details, see Figure 1.

2.3. Thin Film Characterization

SEM images of copper thin films grown on doped silicon (100) wafers were obtained,
using a Hitachi 54800 field emission microscope, to elucidate the microstructure properties
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of the film. The chemical composition of the thin film was studied by X-ray photoelectron
spectra (XPS). To this end, a PHOIBOS-100 spectrometer was used. The C spurious carbon
(C 1 s peak, centered at 284.5 eV) found in the sample was used as a reference for the
binding energy (BE) scale. Raman spectra were obtained using a micro-Raman Renishaw
InVia microscope equipped with a green laser (A = 532 nm, P =5 mW).

2.4. Electrochemical Characterization

Electrochemical tests were performed using a DRP-STAT-i-400 potentiostat (Metrohm
Dropsens, Oviedo, Spain). After their assembly, copper-modified ITO electrodes exhibited
an electroactive area of 1.5 cm?. Electrochemical characterizations and calibration curves
were obtained using different electrochemical methods, such as constant potential amper-
ometry (CPA) and cyclic voltammetry (CV), where copper-modified electrodes were used
as the working electrode, and a Pt wire and a commercial Ag/AgCl (3 M) electrode were
used as counter and reference electrodes, respectively.

3. Results and Discussion
3.1. Chemical and Microstructure Characterization

The microstructure of the copper thin film prepared on a silicon substrate was charac-
terized by FE-SEM. Figure 2 shows the plan-view (Figure 2a) and cross-section (Figure 2b)
images of the film. They show that the film is made of a series of nanopillars with diameters
of ca. 80 nm and a length of ca. 400 nm. In addition, SEM images confirmed the presence
of connected channels that increased the active surface and the diffusion of the analytes
and hence, the electrocatalytic properties of the thin film for sensing applications.

Figure 2. SEM image of a nanoporous copper thin film deposited on a silicon wafer: plan-view (a)
and cross-section micrograph (b).

The chemical composition and oxidation state of the copper thin film on the ITO elec-
trode’s surface were determined using XPS analysis. The shape profile (Figure 3a) showed
the two main peaks of different copper oxidation states. These peaks were assigned to Cu
2ps/2 and Cu 2pq /; lines centered at ca. 934 and 954 eV, respectively [18,19]. Additionally,
two satellite peaks of Cu 2p3,, and Cu 2p; /5, which are characteristic of the CuO species,
were also observed at ca. 944 and 963 eV, respectively. Figure 3b shows the Cu 2p3/,
XPS profile and the proposed fitting results. The present analysis reveals the presence of
Cu/Cu0 and CuO species at 932.6 and 934.7 eV, respectively (peaks for both Cu,O and
Cu species appear at 932.6 eV, which are indistinguishable) [29].
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Figure 3. (a) High-resolution XPS spectrum of Cu 2p 3, and Cu 2p; /, core-level lines; (b) XPS profile
and fitting results for the Cu 2p3 , line.

Raman spectroscopy has been employed to gain a deeper understanding of the com-
position of a copper sensor, revealing important details about the molecular structure of the
material. The spectroscopic analysis (Figure 4a) has shown two distinct bands at 513 and
1044 cm !, which have been assigned to the presence of Cu,O. In addition, the study has
identified two more bands at 410 and 630 cm ™!, which have been assigned to CuO [30,31].
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Figure 4. (a) Raman spectra for CuO/Cu,O thin film; (b) cyclic voltammogram (scan rate of 0.1 V s~
of ITO/CuO/Cu;Oelectrode in 0.1 M NaOH solution as a supporting electrolyte.

3.2. Electrochemical Characterization and Sensor Response

The pH value has a great influence on the electrocatalytic oxidation/detection of
glucose by copper and other MoxMs-based sensors. To better understand the mechanism
reaction, and the copper species involved, the first step was studying the electrochemical
behavior of the copper sensor under alkaline conditions. Figure 4b shows the cyclic
voltammogram of the copper-modified ITO sensor at a scan rate of 0.1 V s~ ! in 0.1 M
NaOH as a supporting electrolyte. A bare ITO electrode was also used as a reference
material (see Figure 4b). The copper-modified ITO electrode displayed two clear oxidation
peaks centered at ca. +0.05 and +0.2 V and a reduction peak at —0.3 V. The first small
oxidation peak observed (small shoulder at —0.3 V) during the forward scan corresponded
to the conversion of Cu (0) to Cu (I) species: Cu — CupyO [29]. The other two oxidation
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peaks, situated at +0.05 and +0.3 V, were assigned to the oxidation of Cu (I) to Cu (II)
species: CupO — CuO and/or Cu(OH),. Finally, the reduction peak (during the back
scan) centered at ca. —0.2 V corresponded to the Cu(II)/Cu(l) inter-conversion [19]. The
reduced scan range used in the current study may help to explain the lack of a second peak,
caused by Cu(I)/Cu(0) inter-conversion [18]. The ITO electrode, used as a support material,
did not show any relevant peaks under similar conditions (see Figure 4b), confirming
that the copper thin film is responsible for the electrochemical response of the modified
ITO electrode.

Cu (III) species (CuOOH) produced at high applied potentials on the surface of the
electrode are responsible for the catalytic activity of copper-modified sensors in alkaline
media (see Equation (1)). Therefore, CuOOH is able to catalyze the conversion of glucose
into gluconolactone (see Equation (2)). Secondary to the latter reaction, gluconolactone
undergoes a hydrolyzation process that spontaneously transforms it into gluconic acid (see
Equation (3)) [32].

CuO(II) + OH~ — CuOOH (IIT) + ¢~ 1)

CuOOH (III) + e~ + CeH120¢ (glucose) — CoH100g (glucolactone) + CuO(II)  (2)

CeH100¢ (glucolactone) + HyO — C¢Hi207 (gluconic acid) 3)

The cyclic voltammetry test, under alkaline conditions, was used to evaluate the
catalytic properties for glucose sensing of the copper-modified electrode. The CV response,
in the range from 0 to 6 mM glucose, is shown in Figure 5a. CVs showed a clear current in-
crease in the anodic current, and confirmed that Cu (III) acts as an electron transfer mediator.
Interestingly, a linear peak current response was observed against glucose concentration,
with a sensitivity of 1.01 A M~ (R? = 0.999). In addition, the increase in the anodic current
was followed by a slight shift to higher potentials. At low glucose concentrations, the
anodic peak was centered at about 0.45 V; meanwhile, at higher concentrations, it shifted to
ca. 0.55 V. This observation can be attributed to diffusion impediments of the reactants and
intermediates of the reaction in the diffusion layer close to the electrode surface because
of the absorption of byproducts and/or glucose (see Equation (2)). Under these limiting
conditions, the reaction and hence, its kinetics, are both reduced, producing a positive shift
of the anodic signal. Furthermore, Figure 5a shows a slight decrease (on the reverse scan)
in the cathodic peak reduction after each glucose addition, disappearing at higher glucose
concentrations. Such behavior confirmed the non-reversible catalytic reaction of glucose on
the sensor surface. This peak was attributed to the conversion of Cu (III) to Cu (II) species
(see Equation (2)) and confirmed the consumption of Cu (III) due to glucose oxidation.

The evolution of the cathodic peak against the scan rate was studied between 0.01
and 0.15 V s~ ! to investigate the mechanism reaction (adsorption or diffusion controlled
process). Figure 5b shows the copper-modified electrode response against 0.5 mM glucose
concentration under alkaline conditions (0.1 M NaOH). The present study confirmed that
the anodic peak signal had a linear relationship with the square root of the scan rate (inset),
suggesting that a diffusion-limited reaction controlled the overall reaction rate. Finally, this
increase was accompanied by an anodic peak shift to higher potentials, and was in good
agreement with quasi-reversible reactions limited by charge transfer processes [33].

The sensor response against glucose was optimized. To this end, the sensor sensitivity
was evaluated at different working potentials and in electrolyte solutions (NaOH range of
concentrations from 0.001 to 0.5 M). CPA studies were conducted under stirring conditions
(ca. 900 rpm). These variables were selected because both are involved in the generation of
Cu (III) species on the electrode surface (see Equations (1) and (2)), affecting the response
of sensor to glucose. Firstly, the optimization of the applied potential was performed in
0.1 M NaOH electrolyte solution. Figure 6 shows that at very low potentials (+0.2 V), the
amperometric sensitivity is very low, increasing with the polarization of the electrode.
The optimal response was found at +0.7 V, which agrees with the CV data reported in
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Figure 5. The latter potential is enough to produce active CuOOH species on the sensor
surface to catalyze the conversion of glucose to gluconolactone (see Equation (2)). At higher
potentials (ca. +0.8 V) the sensor response decreased, probably due to the water splitting
reaction (oxygen evolution). The sensor response under different alkaline conditions
showed negligible response at 0.001 M NaOH. On the contrary, in 0.1 M NaOH solution,
the amperometric sensitivity increased to 90%, and no significant enhancement was found
at higher concentrations (0.5 M NaOH). Such behavior may be justified due to the formation
of CuOOH species on the surface of the electrode at high pH (see Equation (1)). Finally,
0.1 M NaOH and +0.7 V were used for further analysis.
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Figure 5. (a) Cyclic voltammograms (CVs) of the copper sensor in 0.1 M NaOH solution with
different glucose concentrations at 0.1 V s~! against an Ag/AgCl (3 M) reference electrode (inset:
linear dependence of the anodic peak against glucose concentration). (b) CVs of the copper sensor in
0.1 M NaOH solution at different scan rates (inset: linear relationship between the square root of the
scan rate and the cathodic peaks).
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Figure 6. Normalized current response under stirring conditions (900 rpm) against glucose concen-
tration of the copper sensor in the range of 0.001-0.5 M NaOH (blue line) and at working potentials
from +0.2 to +0.8 V (red line).
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Figure 7a shows the raw amperometric signal of the copper-modified electrode against
glucose additions and its calibration curve after optimization (inset). The copper-modified
ITO electrode presented a fast response, reaching ca. 90% of the total current after a few
seconds (tggy, ~3 s). These results confirmed the fast response of the copper-modified
electrode, with high desorption rates of the intermediate products and electron transfer
during the electrooxidation of glucose. At high glucose concentrations, the amperometric
current decreased significantly. The loss of the sensor linearity was ascribed to the satura-
tion of the active sites (Cu(Ill) species) and a lower kinetics, well-described by means of
Langmuir isothermal kinetics [19], where adsorption/reaction/desorption processes occur
consecutively. Under this approach, the current of the working electrode can be expressed
as [19]:

_ K[Gluc]
14Ky [Gluc]
where K is the sensitivity constant, [Gluc] is the concentration of glucose in the bulk solution,

and Ky is the adsorption equilibrium constant. By inverting and reordering Equation (4),
we obtain the linearized version of the Langmuir isotherm:

I 4)

1 14K [Glu 1 Ky
I K[Glue]  K|[Gluc] tx ©)

where the K and K4 constants are obtained by plotting 1/ against 1/[Gluc]. The obtained K
and K4 values were 297 AM cm~2 and 1.2 10~% A M~! cm ™2, respectively. Consequently,
Equation (4) can be expressed as follows:

_ 2.97 [Gluc]
© 1+1.2:1074 [Gluc]

= 2.97 [Gluc] 6)

When the glucose concentration is low, Equation (6) can be approximated as I = 2.97
[Gluc], and a sensitivity of 2.97 A M1 em~2 is obtained.

Figure 7b shows the sensor response in the linear region, below 1.6 mM glucose. Two
different calibration linear ranges were observed. At very low glucose concentrations (up
to 100 uM), the sensor exhibited a sensitivity of about 2.89 A M~! cm 2 with a coefficient of
determination (R?) of 0.999. The latter value agrees with the value obtained in Equation (6).
The limit of detention (LOD; S/N = 3) and the limit of quantification (LOQ; S/N = 10) were
0.29 and 0.93 uM, respectively. The second linear range from 0.15 to 1.6 mM presented a
sensitivity of 2.41 A M~! cm~2, with a coefficient of determination (R?) of 0.999.

I (mA)

1 (1A)

o 20 40 60 80 100

J Glucose (uM)
. . . : . T . : :
00 02 04 06 08 10 12 14 16 18
Time (min) Glucose (mM)

Figure 7. (a) Amperometric response of the copper-modified electrode under optimized working
conditions (inset: calibration curve in the range 0-5 mM glucose); (b) linear calibration from 0 to
1.6 mM glucose (inset: linear calibration in the range 0-100 pM).
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The reproducibility and repeatability were obtained to evaluate the feasibility of a
copper-modified electrode for analytical applications. Therefore, the sensitivities of three
different copper-modified electrodes (identically made electrodes) were used to estimate
the reproducibility of the fabrication method, which was about 7%. On the other hand,
the repeatability (using the same electrode) was obtained by determining the analytical
signal of the sensor for five individual additions of 10 uM glucose. The latter parameter
showed an excellent coefficient of variation of about 3.2%. Such results confirm both the
excellent analytical properties of the copper-modified electrodes and the reliability of the
fabrication method. The sensor stability (in normal storage conditions) was satisfactory
after twelve weeks. The sensor response against glucose was evaluated during this period.
The sensor response showed a very small response loss, lower than 5% after this period,
confirming the excellent stability of the copper thin film deposited on the ITO electrode
and its potential for further implementations in industrial and analytical applications.
These results demonstrate the good electrocatalytic properties of the sensor with a low
limit of detection and excellent sensitivity, better than previous values reported in the
literature [19,22,32,34-45] (see Table 1).

Table 1. Comparison of the main analytical characteristics of the copper-modified ITO electrode and
various copper-based non-enzymatic glucose sensors.

Sensitivity Detection Limit Linear Range

Sensor (WA mM-1 cm~2 (uM) (mM) Reference
Cu(NP)-PGE 1467 0.44 up tol [34]
CuO-NWs 642 2 - [35]
CuO-G 1360 0.7 0.002-4 [36]
ITO/Cu/CuO 1406 0.36 uptol [19]
CuO-NWs 420 0.035 up to3 [37]
CuO-G-GCE 1065 1 up to 8 [38]
MWCNT/PEI/Cu 715 0.5 0.01-0.3 [39]
CuO 2062 0.25 0.001-0.85 [40]
N-rGO/CuO 1420 0.01 0.001-2.5 [41]
CuO 1621 0.2 0.0005-5 [42]
Cu/CuO 1066 5.1 - [43]
CuO-mFlw 98.4 1.3 up to 11 [44]
H-nanoCuO 1180 0.4 up to 5.5 [32]
CFP/GWs/Cu,O - 0.21 upto5 [22]
GCE/CuNCs 2098 5.2 up to 2 [45]

ITO/CuO/Cu,O 2891 0.29 0.00093-0.1 This work

ITO/CuO/Cuy,O 2413 - 0.1-1.6 This work

NP: nanoparticles; PGE: pencil graphite electrode; NWs: nanowires; G: graphene; ITO: indium tin oxide; GCE:
glassy carbon electrode; MWCNT: multiwalled carbon nanotube; PEI: polyethylenimine; N-rGO: N-doped reduced
graphene oxide; CuO-mFlw: CuO microflowers; H-nanoCuQO: hierarchical nanostructured CuO; CFP/GWs/Cu,O:
carbon fiber paper-graphene wall/CuyO; CuNCs: copper nanocolumns.

The effect of other similar sugars (sucrose, lactose, and fructose) and common reducing
agents (uric acid and ascorbic acid) found in biological and analytical matrixes were
assessed. Such effects were evaluated, comparing the sensor response under similar
concentrations for both the glucose and interferences. Figure 8 confirms that all tested
sugars and electroactive compounds produced negligible interferences (<5%), even at the
same concentrations. All these results demonstrate the good anti-interference properties
and the high sensitivity/selectivity of the copper-based electrode for glucose determination
in the pharmaceutical, medical, and agro-food sectors.

Reliability tests (for agro-food applications) were conducted to study their applicability
for quantitative glucose detection in real samples. To this end, different commercial bever-
ages were acquired from local stores. Prior to glucose determination, all soda beverages
were degassed under ultrasound for fifteen minutes. Then, all samples were conveniently
diluted in 0.1 M NaOH (1:10). Finally, three replicates (10 uL) of the previous solution were
added to 0.1 M NaOH (10 mL) to determine the glucose concentration (previous sensor
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calibration). Table 2 shows the obtained results. First, the matrix effect in the real samples
was studied. In order to do this, a sugar-free soda (Coke Zero soda) was used, and different
glucose concentrations were added. Before adding the glucose, the sample (Cola Zero
soda) did not show glucose over the limit of detection of the method (p < 0.05). Different
amounts of glucose were later added (1.25, 2.5, 3.75 g/100 mL) to a sugar-free sample,
and the glucose content was determined with the copper-modified sensor. The recoveries
obtained (98-101%) showed the absence of a matrix effect and the correct determination of
the spiked samples.

T L] T L T
»flﬂ }M rl‘u‘/L"
500 - Glucose

375 4 \

AN AL o M M
Py

250 \ \

| (nA)

UA AA
suc -— lact
125 1 \ L / l‘
, .
600 900 1200
Time (s)

Figure 8. Amperometric current of the copper-modified electrode for 50 uM glucose and different
potential interferences (at the same concentration level). Interferences: sucrose (suc), fructose (fruc),
lactose (lac), ascorbic acid (AA), and uric acid (UA).

Finally, the glucose content in different juices, sodas, and sports drinks were studied.
The results (Table 2) showed that ca. 50-60% of the labeled sugar concentration was glucose,
whereas the rest may be attributable to other additives (sucrose, fructose, etc.) commonly
used in manufactured beverages. Such results are in good agreement with the authors’
previous results [17] and others found in the literature [46,47].

Table 2. Comparison of the glucose content in commercial beverages, along with the recovery
experiments.

Sample Total Sugar * Glucose * Recovery (%) C.V. (%) *
Coke Zero soda 0 N.D. - -
Coke Zero soda 1.25t 1.25 100 2.3
Coke Zero soda 25t 2.45 98 3.8
Coke Zero soda 375t 3.78 100.8 4.8

Apple juice 9.5 4.25 - -
Apple juice 125+ 541 98.4 4.6
Apple juice 25+ 6.83 101.2 3.8
Apple juice 375t 7.67 95.9 43
Orange soda 9.3 55 59.1 3.4
Coke soda 10.6 6.6 62.3 3.2

Passion Fruit Zero soda 0 N.D. - -

Tropical fruit milk 49 3.1 63.3 5.0
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Table 2. Cont.

Sample Total Sugar * Glucose * Recovery (%) C.V. (%) *

Isotonic drink 44 2.7 61.4 29
Non-sugar tea beverage 0 N.D. - -

Mango juice 3.0 1.6 53.3 4.0
Peach juice 5.0 3.2 63.9 43
Tea beverage 8.4 3.6 429 49
Pineapple juice 5.7 3.3 57.9 2.4
Lemon-Lime soda 4.6 24 52.2 2.1

* = g/100 mL; N.D. = non detected (p = 0.05); t = added glucose; C.V. = coefficient of variance; # n = 3.

4. Conclusions

In summary, the present study developed and characterized a copper oxide sensor for
electrochemical glucose quantification. The study demonstrated that magnetron sputtering
using an oblique angle deposition configuration is an effective technique for creating highly
porous and columnar microstructures with a more substantial active surface area than
non-structured transducers, resulting in improved analytical performance. The sensitiv-
ity observed in this study was superior to that of previous copper-modified electrodes
described in the literature. The copper thin film’s microstructure was characterized by field-
emission scanning electron microscopy (FE-SEM), which revealed interconnected channels
that increased the active surface area and facilitated analyte diffusion. Additionally, X-ray
photoelectron spectroscopy (XPS) was utilized to analyze the chemical composition and
oxidation state of the copper thin film on the indium tin oxide (ITO) electrode’s surface.
The obtained results confirmed the presence of Cu/Cu,O and CuO species, which render
the thin film highly suitable for electrochemical glucose sensing. The electrode showed
excellent reproducibility and anti-interference properties. The recoveries (98-101%) ob-
tained in spiked soft drinks validated the practical applicability of such an electrode in
real agro-food matrices. Finally, the glucose content in twelve commercial beverages (tea,
fruit juice, soda, and sports drinks) showed that nearly 60% of the total sugar content
reported on the label was glucose. Overall, this study provides valuable insights for the
development of improved glucose sensors for clinical and agro-food applications.
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