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Abstract
The measurement of blood glucose levels is essential for diagnosing and managing diabetes. Enzymatic and nonenzymatic 
approaches using electrochemical biosensors are used to measure serum or plasma glucose accurately. Current research 
aims to develop and improve noninvasive methods of detecting glucose in sweat that are accurate, sensitive, and stable. 
The carbon nanotube (CNT)-copper oxide (CuO) nanocomposite (NC) improved direct electron transport to the electrode 
surface in this study. The complex precipitation method was used to make this NC. X-ray diffraction (XRD) and scanning 
electron microscopy were used to investigate the crystal structure and morphology of the prepared catalyst. Using cyclic 
voltammetry and amperometry, the electrocatalytic activity of the as-prepared catalyst was evaluated. The electrocatalytic 
activity in artificial sweat solution was examined at various scan rates and at various glucose concentrations. The detection 
limit of the CNT-CuO NC catalyst was 3.90 µM, with a sensitivity of 15.3 mA  cm−2 µM−1 in a linear range of 5–100 µM. 
Furthermore, this NC demonstrated a high degree of selectivity for various bio-compounds found in sweat, with no interfer-
ing cross-reactions from these species. The CNT-CuO NC, as produced, has good sensitivity, rapid reaction time (2 s), and 
stability, indicating its potential for glucose sensing.
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Introduction

Glucose monitoring is, of course, largely associated with 
diabetes, a chronic metabolic condition characterized by 
abnormal blood glucose levels. According to a recent esti-
mate by the World Health Organization (WHO), this ailment 
affects over 422 million people worldwide and is the third 
greatest cause of mortality.1 Because most diabetics do not 
identify early indicators of diabetes and ignoring it has seri-
ous consequences, frequent blood glucose monitoring and 
sensitive detection are essential for diagnosing and control-
ling this life-threatening condition. Glucose concentration 
has mostly been evaluated in whole blood, plasma, and 
serum for the past five decades.2 Each sampling requires the 
skin to be punctured, which is cumbersome if several repeats 
are required. Infections can also be spread by direct blood 
contact.3 Because of the sampling method (finger pricking), 
continuous glucose concentration measurements using blood 

glucose test strips are not practicable; hence, implanted sen-
sors have been proposed.4 The low detection limit possi-
ble with electrochemical techniques opens the possibility 
of developing glucose detection methods for human tissues 
and fluids other than blood. Body fluids that are constantly 
generated and discharged, such as urine, saliva, sweat, tears, 
or exhaled air, can be utilized to detect the amount of glu-
cose concentration in blood.5 Human sweat glucose con-
centrations range from 0.01 mM to 0.1 mM, while diabetes 
individuals' sweat glucose concentrations exceed 0.5 mM.6 
Electrochemical sensors have acquired popularity in the con-
text of quick diagnosis due to their low cost, ease of prepara-
tion, sensitivity, rapid response, and simple operation that 
allows for individual self-monitoring.7

The majority of commercially available glucometers are 
enzyme-based due to their high sensitivity and selectiv-
ity for the analyte. The glucose oxidase enzyme mounted 
on the electrode surface is a common sensing element in 
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electrochemical glucose sensors.8 The first-generation glu-
cose sensors measured the signal by measuring the oxygen 
concentration at the electrode, but the second-generation 
sensors employed a redox mediator. Third-generation sen-
sors used direct electron transfer at the electrode surface 
to measure current. However, electron transport from the 
immobilized enzyme to the electrode surface was sluggish, 
and enzymatic sensors are restricted by their instability 
due to temperature and pH fluctuations. This inspired the 
creation of nanostructured surfaces that allowed for faster 
electron transfer.9 As a result, the fourth generation of 
enzyme-free electrochemical sensors has been developed. 
Nano-dimensional particles on the electrode surface catalyze 
the reaction. The nano-interface has a high surface-area-to-
volume ratio, allows for quick and direct electron transport, 
has good electrical and mechanical characteristics, and may 
adsorb biomolecules  (Table I).10

Optical, enzymatic, and electrochemical methodologies 
are used to classify the described nanoparticle-based glucose 
detection systems. The creation of a complex between the 
recognition element and the target determines the reflective 
index change of the transducer in optical nanoparticle-based 
sensors. Direct optic nanoparticle-based sensors generate 
signals via a complex formation on the transducer surface, 
while indirect optic nanoparticle-based sensors generate 
signals via a complex formation on the transducer surface. 
The indirect optic nanoparticle-based sensors, on the other 
hand, are primarily developed with various labels to assess 
the binding and expand the signal. The electrochemical 
sensors' primary premise is that they react with chemical 
solutions and provide an electrical signal proportional to 
the analyte concentration. Nanoparticles have a number of 
unique traits that can be used to create biosensors with desir-
able characteristics such as increased sensitivity and lower 
detection limits. Because current biomolecule detection 
methods are insufficient, the development of highly sensitive 
sensors with detection capabilities of less than 10 parts per 
billion (ppb) = 10 nmol  mol−1 is critical for early detection 

of these agents, allowing for their neutralization or control 
through appropriate countermeasures. As a result, hand-held 
instruments require compact, low-power sensors to detect 
qualitatively without causing false alarms. The biomolecule 
must also be quantified, which necessitates the use of sen-
sors. Nanoparticles have unique features that separate them 
from bulk materials, owing to their huge surface area, which 
favors surface qualities over bulk properties.

Because the electrode surface plays such an essential 
role in fabricating non-enzymatic glucose detectors, syn-
thesizing a catalyst with porous structures is critical. The 
high number of active sites, high permeability, and a shorter 
charge transfer channel length are benefits of micro/nanopo-
rous morphologies, which are attractive for sensor applica-
tions. Carbon nanotubes (CNTs) are made up of layers of 
carbon atoms organized in six-membered rings. Porosity is 
formed by an amorphous structure of aromatic sheets and 
strips with slits of varying molecular diameters. CNTs are 
made up of curved sp2-hybridized carbon atoms stacked 
in concentric cylindrical planes in an axial orientation.18 
The oxygen functional groups on the supports have been 
important in defining their uses.19 On the other hand, CuO 
is a non-toxic n-type semiconductor compound with a nar-
row band gap (1.21–1.51 eV), excellent permeation, high 
number of active sites, large surface area, and strong elec-
trical characteristics that can improve the electrochemical 
properties of CNT. Furthermore, by synthesizing the NC of 
CNT and CuO, porous morphologies of the catalyst may be 
obtained. The NC creation produces a morphology with a 
high surface-to-volume ratio, which improves the material's 
electrocatalytic activity.20 The usage of carbon nanotubes in 
combination with CuO nanoparticles has been discovered to 
improve electron transport while the metallic centers carry 
out the catalysis. As a result, this study looked at the pros-
pect of using CNT-coupled CuO's electrocatalytic nature for 
glucose testing.

Current research aims to develop and improve noninva-
sive methods for detecting glucose in sweat making it easier 

Table I  Summary of sensors for different biological molecules

Detection mode Sensor Transduction principle Sensor category References

Optical Carbohydrate-coated metal surface nanoparti-
cles colour change

Plasmon absorption-based Biosensor 11

Optical Fluorescence-quenched sensors Fluorescence quenching Biosensor 12
Optical Nanoparticle-modified fluorescence of enzyme 

inhibitor
Fluorescence intensity change Biosensor 13

Electromagnetic Magnetic nanoparticle-based sensor Detection of generated frequency mixing 
components by the differentially wound 
pickup coil

Biosensor 14

Electrochemical Zirconia nanoparticle-based sensor Voltammetry Chemical sensor 15
Electrical Nanowire- or nanotube-based FETs Resistance change Chemical sensor 16
Electrical Metal nanoparticle-based chemiresistor Resistance change Chemical sensor 17
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to diagnose and manage diabetes. This study explores the 
possibility of using CNT-CuO as a catalytic interface for 
enzyme-free glucose measurement in an artificial sweat 
solution. The cyclic voltammetry (CV) response for various 
glucose concentrations was used to test the material's sensi-
tivity. The synergistic consequence encouraged by electrical 
interactions among CNT/CuO NC plays a significant role in 
improving the electrocatalytic performance of this NC for 
efficient glucose detection. Electrodes made of CNT/CuO 
NC can be employed in wearable biosensors to monitor glu-
cose levels in human sweat. Diabetes, atherosclerosis, dia-
betic retinopathy, renal failure, nerve degeneration, and other 
diseases can be reduced with proper glucose monitoring.21

Materials and Methods

Materials

d-Glucose (Hi-media), Nafion (M/s Sigma-Aldrich Ltd.), 
and CNTs (Nanomor, USA) were utilized in the study. 
Sodium dodecyl sulfate (SDS) and copper chloride  (CuCl2) 
were procured from (M/s Sigma-Aldrich Ltd.). The glassy 
carbon electrode (GCE), KCl saturated Ag/AgCl reference 
electrode, and graphite rod counter electrodes were pur-
chased from CH Instruments Inc., USA, and used for the 
electrochemical measurements. Sodium hydroxide (NaOH, 
98%) was purchased from Scharlau. Glucose (99%), lactose 
(99%), fructose (99%), uric acid (99%), ascorbic acid (99%) 
and fructose (99%) were purchased from Fisher Scientific. 
Avonchem provided sodium chloride (NaCl, 99%). Urea 
(98+%), lactic acid (85–90% aqueous solution), potassium 
chloride (KCl, 99%), and ascorbic acid (99%) were pur-
chased from Alfa Aesar. The experimental solutions were 
synthesized with double-distilled water as the solvent.

Synthesis of CNT/CuO NC

A mixture of CNTs, SDS, and  CuCl2 was dispersed in 50 mL 
distilled water for 30 min. The solution was then amended 
with excess aqueous ammonia. The solution was treated with 
NaOH drop by drop and stirred at 50°C for another 1 h. 
The sample was filtered, washed several times with distilled 
water, dried, and calcined in a muffle furnace for 2 h.22

Fabrication of the CNT/CuO NC Modified Electrode 
and Artificial Sweat Solution

To prepare the catalytic ink, 25 mg of CNT/CuO NC was 
mixed with 0.5 mL of ethanol and 40 μL Nafion (proton 
conductor). The resultant mixture was sonicated for 1 h in 
an ice bath. The homogeneous suspensions obtained after 
ultrasonication were drop-cast on the GCE and dried at room 

temperature. Artificial sweat solution was prepared using 
22 mM urea, 5.5 mM lactic acid, 25 mM of uric acid, and 
10 mM of KCl.23

Characterization Techniques

The prepared CNT/CuO NC was evaluated in morphology 
and structure. The crystal structure was studied using an 
x-ray diffractometer (X'PERT-Pro MPD, PANalytical Co., 
Almelo, Netherlands). TESCAN Mira3 was used to obtain 
SEM and elemental mapping data. TEM was carried out 
using FEI, Model Tecnai G2 S Twin F20. At a 3-kV accel-
erating voltage, the sample was sputter-coated with a thin 
coating of gold and imaged. To verify the chemical bonding 
of the materials, Fourier transform infrared (FT-IR) spectra 
were measured on a Nicolet 740 spectrometer using pressed 
KBr pellets from 100  cm−1 to 4000  cm−1. Using a three-elec-
trode cell configuration, a Gamry potentiostat/galvanostat 
(Ref 600) was employed for cyclic voltammetry (CV) and 
chronoamperometry testing. Graphite, Ag/AgCl (3M KCl 
solution), and GC were used as the counter, reference, and 
working electrodes, each with a diameter of 5 mm.

Results and Discussion

Structural and Morphological Analysis of CNT/CuO 
NC

x-ray diffraction spectroscopy is a non-destructive method 
for determining crystal structure, interlayer spacing, sam-
ple purity, and structural defects. Diffraction spectra gener-
ated by x-ray scattering characterize CNT.24 The XRD pat-
terns of as-synthesized CNT/CuO NC are shown in Fig. 1. 

Fig. 1  XRD pattern of CNT-CuO NC.
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According to the XRD data, the CNT/CuO NC confirms the 
phases of monoclinic CuO and cubic CNT.

The XRD patterns obtained at 2θ = 35.4° (− 111), 
2θ = 38.8° (200), 2θ = 48.7° (− 202), 2θ = 52° (020), 
2θ = 58.3° (202), 2θ = 61.6° (− 113), 2θ = 65° (022), belong 
to the CuO nanoparticles (NPs) and are well in agreement 
with standard JCPDS card number 89-2531. When compared 
to the x-ray incident beam, CNT exhibits numerous orienta-
tions. The distribution of diameters and chiralities is also 
observed, leading to statistical characterizations of CNTs. 
The major characteristics of the XRD pattern of CNTs are 
similar to those of graphite due to their intrinsic nature. 
Peak (002), which resembles graphite, is always present. A 
family of peaks may also be present due to the honeycomb 
lattice of a single or many graphite sheets. The observed 
peaks at 2θ = 26.4° (002), 2θ = 43.0° (100), 2θ = 43.8° (101) 
correspond to the cubic phase of CNT (JCPDS 26-1076) 
and these peaks correspond to the inter-shell spacing of the 
concentric cylinders of graphitic carbon (CNT). According 
to the diffraction studies, the structure of as-prepared CNT 
is found between the chaotic amorphous carbon and highly 
ordered graphitic phases.25 The Debye–Scherrer equation 
was used to compute the crystallite size.26 The study deter-
mined the average crystallite size of CNT/CuO NC to be 
~ 30.12 nm. The diffraction peaks are widened, indicating 
that the NC as-synthesized is polycrystalline.

An inference of the preparation of CNT/CuO is pre-
sented below. CNTs were functionalized with carboxylic 
and hydroxyl groups, as reflected by the bands at 1719  cm−1 
and 2439  cm−1. A [Cu  (NH3)4]2+ complex was formed upon 
adding superfluous  NH3·H2O. CNTs were attached to [Cu 
 (NH3)4]2+ via amide and carboxylic reactions.27 This can be 
proved as no band corresponding to the carboxylic groups 
can be detected in the FTIR spectra of CNT/CuO NC. Cu 
(OH)2 precipitate was generated in situ when NaOH solu-
tion was slowly added, and it was stabilized via chemisorp-
tion and van der Waals interactions between Cu (OH)2 and 
CNTs.28 Cu (OH)2 was transformed to CuO under heating 
and stirring conditions. The color of the solution changed 
from blue-green to blue, then black, throughout the prepa-
ration process of pure Cuo nanoparticles, which can help 
confirm the production process of CNT/CuO stated above 
to some extent. The as-prepared NC's useful vibration char-
acteristics were further investigated.

Under standard circumstances, FTIR spectra were 
obtained in the range of 100–4000  cm−1. Figure 2 displays 
the vibrational bands in the FTIR spectra of CNT-CuO. 
The O-H stretching mode was responsible for the peak at 
1479  cm−1. The bands at 1386  cm−1 were ascribed to the 
C-O stretching vibration,29 while the peak at 2458  cm−1 
was attributed to  CO2 physiosorbed on the surface of the 
materials.30 Cu-O bond bending was visible in the absorp-
tion band at 523  cm−1.31 Furthermore, the XRD and FTIR 

examination of NC revealed no impurity peaks, indicating 
that high purity CNT/CuO NC was effectively synthesized 
through the complex-precipitation method.

The SEM picture of CNT/CuO in Fig. 3a reveals CuO 
nanoparticles well scattered over the CNT surface. This 
picture also shows the scattered dispersion of CuO nano-
particles on CNTs. Although the SEM specimen has been 
subjected to long-term sonication, scattered loading of 
CuO nanoparticles on CNTs can still be visible.32 Accord-
ing to the SEM pictures, the nanoparticles were consistently 
formed, and the crystallite structure was uniformly organ-
ized on the surface. The nanostructured features of each 
particle could be seen in the SEM micrograph. The nano-
porous character of the synthesized particles has also been 
represented by the integration of nanoparticles to produce 
the final micron-sized particles, as shown in the SEM image. 
The inclusion of surfactant in the synthesis technique may 
have contributed to creating nanoporous surfaces. Some of 
the particles have holes, indicating that they are hollow. The 
porous morphology is well dispersed over the surface of 
the CNT/CuO NC, as seen in the picture. The presence of a 
porous structure on the surface of NC is favorable because 
it increases surface permeability and enhances adsorption 
efficacy. It also allows charge carriers to be swiftly trans-
ferred to the particle surface, substantially lowering the car-
rier recombination rate and speeding up surface reactions. 
Figure 3b shows the TEM image of the CNT/CuO NC. From 
the TEM image the scattered deposition of CuO on the CNT 
is evident. The wire-like morphology in Fig. 3b represents 
the CNT, and dark spots indicated by the arrow represent 
the CuO nanoparticles deposited on the CNT surface. The 
SEM and TEM results are consistent with the XRD results.

Electrochemical Profile of Glucose on CNT/CuO NC

Cyclic voltammetry (CV) experiment for the CNT/CuO 
NC tailored GCE in artificial sweat solution was done to 
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Fig. 2  FT-IR spectra of the prepared CNT/CuO NC.
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investigate the efficacy of the CNTs/CuO NC tailored GCE 
electrode. The electrochemical kinetics of the CNTs/CuO 
NC modified electrode for glucose detection utilizing CV 
analysis are shown in Fig. 4. Figure 4a shows the CV curve 
for a CNTs/CuO NC modified electrode with and without 
50 mM glucose at a scan rate of 25 mV  s−1, which shows that 
there are no apparent redox peaks with a glucose-depleted 
electrolyte. It is worth noting that in the presence of 50 µM 
glucose, the current density of the CNT/CuO NC modified 
electrode increases to 0.39 mA  cm−2 and − 0.15 mA  cm−2 
at 0.16 V and − 0.02 V, respectively.

Furthermore, the CNT/CuO NC modified electrode CV 
curves indicate better current density and increased loop area 
in the presence of glucose. The oxidation of glucose occurs 
at a lower potential,33 as shown in Fig. 4a, and the presence 
of a strong redox peak in the CNT/CuO NC modified elec-
trode confirms the as-synthesized NC's high electrocatalytic 
performance for glucose detection.34 Figure 4b illustrates 
that the oxidation peak maintains its location regardless of 
scan rate changes. On the other hand, for higher scan speeds, 
the current density is increased, which demonstrates that 
the CNT/CuO NC has good catalytic activity for glucose 
detection.35

The increase in current density was further investigated 
by graphing the cathodic and anodic peak current density in 
relation to the square root of scan rate, as shown in Fig. 4c. 
The plot of the current density displays a linear connection 
with respect to the square root of the scan rate, regardless of 
the oxidation or reduction cycle. This shows that the elec-
trochemical reactions were governed by the rate at which 
the electrolyte diffused to the active sites. Furthermore, the 
linear connection shows that adsorption-controlled activ-
ity was involved in glucose oxidation.36 The CNT-CuO NC 
catalyst's electrochemically active surface area (EASA) was 
calculated using the scan rate dependence of cyclic voltam-
metry experiments given in Fig. 4 and the double-layer 

capacitance (Cdl) measurement of the CNT-CuO NC cat-
alyst. As illustrated in Fig. 4d, the Cdl was computed by 
graphing the current density difference (ΔJ = Ja–Jc) between 
anodic and cathodic sweeps against the scan rate. Because 
the fitted linear regression slope equals twice the Cdl, the 
Cdl of the CNT-CuO NC catalyst was determined to be 
18.3 mF  cm−2, indicating a high density of the electrochemi-
cally active surface area. The EASA was then calculated 
using the equation EASA = Cdl/Cs. Cs denotes the specific 
capacitance of conventional electrode materials on a unit 
surface area. According to the literature, a typical Cs value 
of 0.02 mF  cm−2 was used in the  computation37,38 resulting 
in EASA = 915. According to the CV study, the CNT-CuO 
NC has a considerably large number of active sites, excellent 
electrical characteristics, quick analyte transit kinetics, and 
is extremely sensitive for the detection of glucose. The modi-
fied electrode surface constrained electrochemical redox pro-
cess is indicated by the calibration plot of the square root of 
the scan rate and the peak current.

The conversion of glucose to gluconic acid, aided by the 
CNTs on the electrode surface, causes the oxidation peak 
in the CNT/CuO coated GCE (Fig.  5). Earlier research 
has shown that glucose oxidation may occur in an alkaline 
medium, with electron transport mediated by CNT and unaf-
fected by chloride ions in the medium.31 Rather than using 
sodium hydroxide, which includes chloride ions, as the elec-
trolyte in previous studies, the current study used artificial 
sweat, which also contains chloride ions. Although the spe-
cific mechanism for CNT/electrocatalytic CuO's activity is 
unknown; it is thought that a combination of defect sites at 
the cap and the presence of oxygen-containing functional 
groups contribute to CNT/CuO electrocatalytic effect.39

Furthermore, surface roughness helps to improve the sen-
sitivity of the CNT/CuO modified surface to the analyte. The 
faulty sites in CNTs enable the adsorption of the hydroxyl 
ions that catalyze the oxidation of glucose to gluconic acid, 

Fig. 3  (a) SEM image, (b) TEM image of CNTs/CuO NC, respectively.
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according to the Incipient Hydrous Oxide Adatom Media-
tor model (IHOAM).40 The presence of trace quantities of 
metal catalyst utilized to prepare CNT/CuO in the catalytic 
transformation, on the other hand, cannot be ruled out. The 
Nafion covering prevents bigger molecules from diffusing, 
reducing interference. In the presence of glucose, the peak 
current displays a gradual rise, increasing scan rates. The 
fact that the scan rate and current are linearly related sug-
gests that the oxidation reaction is restricted to the elec-
trode's surface. The oxidation and reduction peaks' linear 
response as scan rate and concentration increase validates 
the diffusion-controlled electron transfer mechanism.41

The sensitivity of the CNT/CuO NC was further studied 
by altering the glucose concentration from 5 µM to 100 µM. 
Increased glucose concentrations were used to assess the 
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concentration-dependent response of the produced CNT-
CuO NC on glucose (Fig. 6). The redox peak potential was 
measured at 0.16 V and − 0.02 V, and the redox peak current 
density increased as the glucose concentration increased. It 
was discovered that as the glucose concentration increased, 
the current increased as well. A linear trend with a positive 
slope and linear regression of 0.998 can be seen in the plot 
of concentration against the current density. This clearly 
shows that the oxidation process at the CNT-coated GCE is 
a surface-controlled phenomenon.

Furthermore, the linear increase in cathodic and anodic 
peak current density with increasing glucose loading reveals 
the CNT/CuO NC's great sensitivity to glucose detection.42 
It also suggests that the CNT-CuO NC contains many active 
sites, which aids in the high rate of electron transport. The 

reversible character of the electron transfer mechanism is 
confirmed by the linear intensification of the peak current 
with concentration. The exceptional sensitivity of the CNT-
CuO NC in detecting glucose is due to surface chemical 
reactions occurring at low ionization potential. As a result, 
the transport of electrons in the redox reaction is accelerated, 
resulting in high redox current values. The redox couple 
 Cu2+/Cu3+ may be responsible for the reported redox peaks.

Nearly linear increase in the peak current is noticed 
with the increase in glucose loading, which confirms that 
the electron transfer is a reversible process (Fig. 6b). The 
variation of peak current density with respect to the glu-
cose concentration is shown in Fig. 6b. Limit of detection 
(LOD) was calculated using the 3σ/m criterion, where m rep-
resents the slope of the calibration plot, and σ is the standard 
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pH levels. (d) CV plot of CNT-CuO NC in pH 7 sweat solution at dif-
ferent temperatures.
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deviation of the intercept. The estimated LOD of glucose 
in the artificial sweat solution was 3.90 µM (y = (0.0153) 
x + (0.0149 ± 0.00199); R2 = 0.998). The sensor showed a 
sensitivity of ~ 15.3 mA  cm−2 µM−1 in a linear range of 
5–100 µM and a response time of ~ 2 s. This indicates that 
the CNs-CuO NC exhibits high surface area as well as 
enhanced conductivity, which synergistically improves the 
electrocatalytic activity towards glucose sensing.

One of the most significant qualities for sensing appli-
cations is its resistance to changes in the surrounding or 
involved medium's parameters. Figure 6c depicts the CNT-
CuO NC's CV response in varied pH sweat solutions (pH 3 
(acidic), pH 7 (neutral), and pH 9 (alkaline)). For pH 7 and 
pH 9, there is no substantial change in current density when 
glucose is added. Thus, the CNT-CuO NC is stable for glu-
cose detection in the neutral and alkaline medium, while no 
redox reaction occurs in the acidic solution. Consequently, 
pH values of 7 and 9 do not affect the performance of the 
as-synthesized glucose-detecting NC. Similar research on 
the influence of pH on electrode sensitivity has revealed that 
raising the pH boosts the catalyst sensitivity to glucose. The 
additional electrons were transferred to the  Cu2+/Cu3+redox 
couple by the reduced species, increasing the redox current. 
It is worth noting that alkaline conditions on the electrode 
surface can reduce ion contamination limitations because 
the hydroxyl groups (OH) inhibit chloride (Cl) adsorption 
to the electrode surface.43–45 As a result, adjusting the true 
pH of the sweat solution greatly improved the sensitivity of 
the as-prepared electrode in this study. Previous studies have 
reported on the remarkable catalytic activity of transition 
metal oxides such as CuO in alkaline solutions for glucose 
detection.46 Unlike more expensive noble metals, these tran-
sition metal oxides are less influenced by interfering species 
and are more cost-effective.47–49 The voltammetry peak was 
not visible at CNTs-CuO NC in acid electrolyte, as shown 
in Fig. 6c. Earlier research has shown that glucose oxidation 
may occur in alkaline medium and that electron transport 
is mediated by the presence of CNT and is unaffected by 
the presence of chloride ions in the medium.50 While previ-
ous studies used sodium hydroxide with chloride ions as the 
electrolyte, the current study followed the same strategy but 
used moderately alkaline and neutral artificial sweat. The 
emergence of the glucose oxidation peak suggests that the 
fake sweat's moderately alkaline and neutral environment 
is adequate for the oxidation of glucose to gluconic acid, 
which is catalyzed by the CNT-CuO modified surface, which 
also efficiently captures the consequent electron transfer. 
Although the specific mechanism for this NC's electrocata-
lytic action is unknown, it is thought that a combination of 
defect sites at the cap and the presence of oxygen-containing 
functional groups contribute to the electrocatalytic effect.51

It is important to consider the influence of tempera-
ture on sensitivity while developing a real-time biosensor 

implementation. Figure 6d demonstrates how temperature 
affects the performance of a CNT-CuO NC electrode in a 
sweat solution with a pH of 7. As shown in Fig. 6d, the CV 
curve shows a modest divergence in current density over a 
large range of temperatures of 30°C, 50°C, and 100°C. 
According to the temperature study, temperature has little 
influence on the rate of redox pair reactions. According to the 
findings, the CNT-CuO NC biosensor has good temperature 
stability, which is critical for real-time glucose detection from 
human sweat.

Selectivity, reproducibility, repeatability, and stability are 
key factors in evaluating sensing devices. Lactose, sucrose, 
fructose, uric acid, and acetic acid are readily oxidizable sub-
stances that coexist with glucose in human sweat. As a result, 
amperometric measurement of various oxidizable chemicals 
in relation to glucose concentration is carried out to deter-
mine the selectivity of the CNT-CuO NC, as shown in Fig. 7a. 
Based on Fig. 7a, it is evident that lactose, fructose, sucrose, 
uric acid, and acetic acid do not cause significant interfer-
ence. As a result, the CNT-CuO NC is extremely selective 
for glucose detection instead of interacting with other species 
in the sweat. The lack of incompatibility between subsequent 
readings using the same electrode is repeatability. Three times 
in 1 day, a single modified GCE was used to test the repeat-
ability. Figure 7b displays the RSD of the repeatability, which 
is 2.07%, indicating that the suggested sensor has excellent 
repeatability.

The proximity of findings obtained using a number of the 
same modified electrodes and the same measuring technique 
is referred to as reproducibility. At the ideal condition, the CV 
responses of three separate electrodes were recorded after each 
addition of 100 µM glucose. The response currents for dis-
tinct CNT-CuO NC electrodes had a relative standard devia-
tion (RSD) of only 1.07%, indicating high consistency and 
accuracy (Fig. 8a). The electrode response was measured in 
the presence of 100 µM glucose in artificial sweat solution at 
a scan rate of 100 mV  s−1 to determine its long-term stabil-
ity. By storing the CNT-CuO NC modified GCE electrodes 
in air and monitoring the current response of 100 µM glu-
cose, the durability of the proposed electrochemical sensor 
was assessed. Figure 8b shows that after keeping CNT-CuO 
NC modified GCEs in the air for 15 days, the response cur-
rent of 100 µM glucose could preserve around 95.96 % of its 
initial value, showing good storage stability. From the time the 
sensor is added to the electrolyte, it takes a certain amount of 
time to create a steady condition of sensor reaction toward the 
substrate. After adding the sample to the sensor, it took 2 s to 
reach a steady current (Table II).
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Conclusions

CNTs and CuO were used in the current study to demon-
strate the catalytic activity of the nanocomposite in the 
detection of glucose in artificial sweat as an electrolyte. 
Detailed analysis of the CNT-CuO NC for glucose sens-
ing was performed. The complex precipitation method 
was used to create the CNT-CuO NC successfully. This 
NC established a catalytic interface for effective electro-
chemical enzyme-less glucose detection due to its out-
standing electron transport capabilities. The CNT-CuO 
NC organization was revealed by XRD, with an average 
crystallite size of 30.12 nm. Morphological investigations 
revealed that the CNT-CuO NC with porous surfaces were 

homogeneous and well defined. CuO surface functional 
groups were confirmed by using FT-IR. Cyclic voltam-
metry and chronoamperometry were used to test CNT-
CuO NC glucose-sensing ability. According to elec-
trochemical measurements, the CNT-CuO NC catalyst 
has a detection limit of 3.90 µM with the sensitivity of 
15.3 mA  cm−2 µM−1 in the linear range of 5–100 µM. In 
artificial sweat solution, the CNT-CuO NC has excellent 
sensitivity, selectivity, quick response, and stability for 
glucose detection. In light of the glucose-sensing capabili-
ties of CNT-CuO NC, it is a suitable material to incorpo-
rate into wearable sensor devices for glucose sensing in 
the detection and reduction of diabetes risk, preventing 
heart disease, diabetic retinopathy, kidney failure, and 
nerve degeneration.
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