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Abstract
Urchin-like CuS was grown on xanthan gum-derived carbon nanofibers to obtain a sensor for enzyme-free electrochemical
sensing of glucose. The unique nanostructure of the sensor provides a large specific surface, more electrocatalytically active sites,
and high electrical conductivity. The voltammetric response to glucose, best measured at around 57 mV (vs. Ag/AgCl (E/V)) in
0.1MNaOH solution, covers two linear ranges, one from 0.1–125μM, another from 0.16 to 1.2 mM. The sensitivity is quite high
(23.7 μA mM−1 cm−2), and the detection limit is low (19 nM at S/N = 3). The sensor has high selectivity against potentially
interfering molecules such as fructose, appreciable operational stability, excellent durability, and good repeatability (with relative
standard deviations of 2.3%). It was successfully applied to the determination of glucose in diluted serum samples.

Keywords Xanthan gum derived carbon . Copper sulfide . Electrochemical detection . Enzyme-free biosensor . Human blood
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Introduction

Insulin is an important contributor that plays a central role in
the regulation of both fasting glucose level and glucose toler-
ance. Therefore, it is necessary to monitor the insulin secretion
in physiological fitness. Also the timing achievement of the
accurate diagnosis of glucose will contributes to the reduce
treatment and to follow strict diabetes management. Thus, the
beneficial to accurately or partially minimizing the cause of
several diabetic disease or lead to fatal. Simultaneously, de-
veloping a rapid and sensitive tool for determination

of glucose is a challenge [1]. Electrochemical detection of
glucose had a most attractive due to their advantages of fast
signal, low cost, easy operation and super sensitivity. There
are two types of electrochemical detection of glucose as fol-
lows. At first, the enzyme based sensing of glucose has been
employed by immobilizing the glucose oxidase on the elec-
trode surface [2]. However, the enzyme based glucose sensors
are exhibits good sensitive, but their drawbacks such as high
commercial price, the mobility of enzyme, instability in pH
variation, and short life time are obstacles the economical
plausibility [3]. On the other hand, the application of GOx-
based glucose sensor has still shortcomings, including the
hindrance of drawbacks like enzyme purification, immobili-
zation and its protection from denaturing [4, 5]. Second, the
enzyme-free based sensing of glucose as a rapid, sensitiv-
ity and effective to provide a great opportunity due to ease
of operation, cost effective, and especially fantastic stabil-
ity [6, 7]. Based on this, it could be concluded that the
non-enzymatic electrochemical sensors are appropriate for
glucose detection, which may provide effective in the
clinical purpose. Therefore, it is challenge to modify elec-
trode with effective materials in the electrochemical field.
So far, the Copper-based materials such as CuO [1], Cu2O
[8] and CuS [9] have been demonstrated as fabricating
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glucose sensor due to its high catalytic activity, cost-ef-
fective, and non-toxicity. Among these, copper sulfide
(CuS) with excellent electrochemical performances have
been intensively researched and applied in various appli-
cations such as sensors, Li-ion batteries, Photocatalyst, so-
lar cell devices and supercapacitors because of its excellent
optical, electronic, and other physical properties. Despite,
several benefits of CuS, the low electrical conductivity, poor
dispersion in solution, and low electron transfer property,
significantly limited their effective catalytic contribution.
For the purpose of enhancing the electrical conductivity of
CuS, several efforts havebeenundertaken for thepreparation
of composite with carbon-based materials (CBMs).
Nowadays, utilizing CBMs such as graphene, carbon nano-
tubes, activated carbon, and carbon nanofiber to fabricate
highly conductive metal sulfide−carbon hybrid matrices for
developing sensor platformshavebeen increased [10].These
CBMs host of intriguing properties such as superior electri-
cal conductivity, large specific surface area, excellent me-
chanical strength, and chemical inertness [11].However, dis-
advantages such as complicated preparation method and
high production cost at a low yield ultimately resulted in
casing research on renewable and sustainable carbon mate-
rials. Perceptively, carbon materials those derived from
small biomolecules such as glucose [12], cellulose [13], guar
gum [14] and peach gum [15] etc. have fascinated research
attentionowing to its commercial availability, cost-effective,
renewability, and eco-friendly characteristics. They are pro-
duced by many organisms such as plants, animals, fungi,
algae, andmicroorganisms as storage polymers and structure
forming macromolecules. These natural small biomolecules
with an enormous structural diversity utilized in electro-
chemical application because of their large surface area, ex-
cellent electrical conductivity, and exceptional electrical sta-
bility [16].

Xanthan gum (XG) is a polysaccharide, produced by
Xanthomonas campestris bacteria, which is self-possessed
pentasaccharide repeating unit of glucose, mannose, and glu-
curonic acid [17]. It is widely used in many industries and
biomedical applications such as food additive, food packag-
ing, cosmetics, and drug delivery because of their biocompat-
ibility, biodegradability, and biomimetic physicochemical
properties [18, 19]. XG exhibit strong binding properties with
water and other organic/inorganic materials and they have a
number of unique physical and chemical properties [20].
Nevertheless, there have been only a couple of studies report-
ed on the application of XG in fields of biomedicine [21],
water treatment [22], as well as the food and beverage industry
[23]. To our best knowledge, there is no report on utilizing XG
to prepare carbon materials. Herein, the Xanthan gum carbon
nanofibers (XGCNFs) was successfully produced using crude
biomass small molecule XG as the carbon source via adopted
hydrothermal carbonization method for the first time.

A single step hydrothermal method was utilized to synthe-
size biocompatible CuS/XGCNFs hybrid material by using
XG as both carbon source and reaction template and L-
cysteine act as both sulfur source and strong reducing agent.
The CuS/XGCNFs hybrid material, thereby aiming at improv-
ing electrocatalytic activity towards glucose sensing.

Experimental section

Reagents and materials

Copper(II) nitrate trihydrate (Cu(NO3)2.3H2O), Xanthan gum
(XG), L-cysteine (97%), and glucose (GLU, > 99.5%) were
purchased from Sigma-Aldrich (https://www.sigmaaldrich.
com/taiwan.html). Here, sodium hydroxide (NaOH) solution
(0.1 M) was utilized as a supporting electrolyte for the inves-
tigation. All solutions were made throughout the experiment
with double deionized water (DI). The human blood serum
was purchased from Chang Gung University (CGU) and the
experimental strategies were implemented based on the laws
and protocols authorized by the committee of CGU, Taiwan.

Characterization techniques

The surface morphology of the CuS nano-flakes and CuS/
XGCNFs was taken by the High resolution-transmission elec-
tron microscopy (HR-TEM) H-7600, Hitachi, (Japan). The
chemical composition and elemental percentage of the mate-
rials were assessed through energy-dispersive X-ray (EDX)
which affiliated with HR-TEM. The Crystalline nature of the
CuS nano-flakes and CuS/XGCNFs was collected in an X-ray
diffraction (XRD) XPERT-PRO (PAN analytical B.V.
The Netherlands) diffractometer with Cu Kα radiation (k =
1.54 Å). The Raman spectrum of CuS/XGCNFs was recorded
using RENISHAW Micro-Raman spectrometer through
514.4 nm He/Ne laser. Brunauer-Emmett-Teller (BET) analy-
sis was executed on the Micromeritics ASAP 2020 M 9 in-
strument. The oxidation state and composition of the CuS/
XGCNFs was scrutinized by Thermo ESCALAB 250 instru-
ment X-ray photoelectron spectroscopy XPS.

Electrochemical techniques

The conventional three-electrode system was utilized with a
screen printed carbon electrode (SPCE) and an Ag/AgCl elec-
trode as the working and reference electrodes. A Pt wire elec-
trode as the counter, respectively, were employed for the elec-
trochemical performance. The electrochemical analysis imple-
mented on an electrochemical analyzer CHI 1205b and am-
perometric, i-t. Electrochemical impedance spectroscopy
(EIS) (IM6ex ZAHNER, Kroanch instrument), Germany. To
prepare modified SPCE, CuS/XGCNFs (5.0 mg) was
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dispersed in DI (1 mL) and kept sonicated for 2 h. Then,
6.0 μL of CuS/XGCNFs was dropped onto SPCE and dried
in an air oven for 25 min.

Synthesis of CuS/XGCNF hybrid nanocomposite

The CuS/XGCNFs Hybrid nanocomposite was synthesized
by a single-step hydrothermal process. In a typical synthesis
method, 1.4 g of L-cysteine and 1.87 g of Cu(NO3)2.3H2O
were dissolved in DI water (50 mL) and stirred for 30 min,
followed by 0.22 g of XG was added to the above mixture and
stirred for 2 h under 35 °C. The final mixture was poured into
the 100 mL Teflon lined, stainless steel autoclave, which
underwent treatment at 180 °C for 24 h to carry out the reac-
tion. Once the reaction was complete, allowed the autoclave to
attain the room temperature. The synthesized final material
was collected by centrifugation (6000 rpm) and wash thor-
oughly with DI and ethanol. Finally, the CuS/XGCNFs mate-
rial redispersed in ethanol by sonication for 10 min. For com-
parison, pristine CuS (using 1.4 g of L-cysteine and 1.87 g of
Cu(NO3)2. 3H2O was also synthesized by the same method
without adding XG.

Results and discussion

Choice of material

Herein, Cu(NO3)2.3H2O act as the Cu source and L-cysteine
act as the dual role of sulfur donor and cross-linker. Xanthene
gum (XG) plays multiple roles of the intercalating agent, re-
action template, surfactant, and carbon source. The major rea-
son for selecting the XG and L-cysteine as the carbon and
sulfur source based on the following considerations. The both
XG and L-cysteine, are eco-safe and environmentally sustain-
able bimolecular materials, can be naturally polymerized un-
der suitable physical-chemical conditions. Owing to its struc-
tural diversity and morphology controllable characteristics of
XG serve as an excellent reaction template for the formation
of the nanocomposite.

Material characterizations

The typical synthetic procedure for the fabrication of urchin-
like CuS/XGCNFs from the mixture of Cu(NO3)2.3H2O, L-
cysteine, and XG is illustrated in Schemes 1 and 2. In the first
step, the formation mechanism of pristine CuS flakes is eluci-
dated considering the Cu ion with novel biomolecule precur-
sor L-cysteine, presented in Scheme 1. L-cysteine is a salient
biomolecule that contains three reactive functional groups: a
carboxylic group (COOH), a thiol (-SH), and an amine (NH2)
group. After adding a copper precursor with L-cysteine solu-
tion, creation of stable Copper-L-cysteine complex (CuI (μ2-

SH-cysteine)) occurs at pH 7 by the reaction of Cu (II) ion and
high affinity –SH group present in the L-cysteine. During
autoclaving at ~ 180 °C for 24 h, the CuI (μ2-SH-cysteine
complex shattered, and a precise volume of S2− ions are un-
confined upon breaking of C-S and S-H bond of L-cysteine.
Consequently, S2− ions react with Cu ion and form CuS nuclei
which self-aggregated to reduce the surface energy and thus
form CuS nano-flakes (CuS NFs) (as presented in Fig. 1a).
Intriguingly, the formation of NFs is not much observed in the
case of CuS/XGCNFs and the CuS particles are in robust
interfacial behavior with XG derived carbon urchins. The dep-
rivation of flake-morphology of CuS in the existence of XG
can be deliberated considering the following facts; (1) L-
cysteine and Cu(NO3)2.3H2O was dissolved in a certain
amount of DI water to form a solution containing CuI (μ2-
SH-cysteine) complex. Then, the anionic XG source was
added to the above reaction mixture; on the other hand, the
amino group of CuI (μ2-SH-cysteine) complex can be
absorbed on the XG macromolecular chains backbone
through electrostatic interaction (-NH3

+…..COO−). (2)
During the hydrothermal treatment, the amine (-NH2) func-
tional groups of CuI (μ2-SH-cysteine) complex can be reacted
with the carboxylic reactive groups of XG to form an amide
bond. (3) The Maillard chemical reaction and Amadori rear-
rangement may occur between the oxygen functional groups
of XG and amine functional groups of CuI (μ2-SH-cysteine)
complex. (4) In the ensuing hydrothermal treatment process,
the amide bonded macromolecular chains are converted into
carbon. Concomitantly, the copper ions present in the macro-
molecular chains interact with S2− ion released by L-cysteine
to form CuS nuclei and grow in situ on the surface to form
urchins self-assembled from CuS NFs [24, 25].

The morphology and nanostructure of the CuS NFs and
CuS/XGCNFs were characterized using HR-TEM technique.
Figure 1a and b presents the HR-TEM images of CuS NFs at
different magnification.

It is observed that the synthetic CuS display dark strips
encircled with thin-layer plates. The CuS flakes are 30–
40 nm in diameter. In contrast, the HR-TEM images of CuS/
XGCNFs presented in Fig. 1c–e, suggest that it has an urchin
like nanostructures connected with XGCNFs. The CuS ur-
chins formed by self-aggregation/assembly of thin-layer CuS
NFs are tightly connected and anchored on the XG derived
CNFs. The diameter of each CuS nano-urchin is calculated to
be approximately 500 nm. From the above HR-TEM obser-
vations, it can be discerned that the introduction of XG plays a
key role in the morphology creation of the CuS/XGCNFs
owing to the robust interaction between XG molecular chains
containing anionic oxygen functional groups and positively
charged CuI (μ2-SH-cysteine) complex. Hence, it is reason-
able to conclude that the oxygen functional groups containing
XG molecular chains act as multiple roles of soft template,
intercalating agent, and surfactant during the hydrothermal
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treatment process and effectually altered the growth of CuS
nuclei and morphology. Therefore, the particular unique ar-
chitecture of CuS/XGCNFs is anticipated that improve the
active sites and electrochemical performance towards glucose
sensing. Additionally, energy dispersive X-ray (EDX) analy-
sis (Fig. S1) demonstrate the presence of copper (Cu), carbon
(C), and sulfur (S) in CuS/XGCNFs. EDX were additionally

validated by elemental mapping as shown in Fig. 1f. The
elemental mappings plainly designate the existence of Cu,
C, and S elements with evenly distributed on the CuS/
XGCNFs structure.

The crystalline nature of CuS NFs and the CuS/XGCNFs
hybrid nanocomposite was further analyzed by the powder
XRD patterns, which are shown in Fig. 2a. Major diffraction

Scheme 1 Schematic illustration of the synthesis mechanism of CuS nanofibers (NFs)

Scheme 2 Schematic representation for the synthesis of CuS/XGCNFs composite
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Fig. 2 a XRD patterns of CuS NFs and CuS/XGCNFs. b Raman spectrum of CuS/XGCNFs. Nitrogen adsorption-desorption isotherm and pore-size
distribution (insert) of pristine c CuS and d CuS/XGCNFs

Fig. 1 a and b HR-TEM images of pure CuS NFs, c–f CuS/XGCNFs. (Insert in Fig. f) The corresponding FFT image, g SAED pattern. h Elemental
mapping of the CuS/XGCNFs
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peaks of the CuS/XGCNFswere found at 2θ = 28.21°, 32.71°,
46.64°, 55.71°, 58.82°, 69.11°, 76.8°, and 79.12° correspond-
ing to the (101), (103), (110), (108), (202), (1011), (208), and
(213), crystallographic planes of CuS, which are also present
in CuS NFs. However, in the presence of XGCNFs, the CuS
shows higher intensity in XRD peaks due to the formation of
the perfect crystallographic structure compared to the CuS
NFs. The diffraction pattern matches with the standard
JCPDS Card No# 06–0464 of CuS and which is also in good
agreement with previous reports [26]. A sharp and high inten-
sity peak observed at 2θ = 27.34° in the XRD pattern of the
CuS/XGCNFs, which is due to the characteristic peak of gra-
phitic carbon of XGCNFs corresponds to the (002) plane,
overlapped with the (101) plane of CuS, indicates strongly
attached with CuS in the hybrid nanocomposite. The perfect
crystallographic structure of the sample is beneficial for the
charge transfer process during glucose sensing.

Raman spectroscopy is a significant technique to under-
stand the structural arrangement of carbon-based hybrid ma-
terials. The pure CuS NFs and CuS/XGCNFs hybrid analyzed
by Raman spectra as shown in Fig. 2b. Raman spectra of CuS/
XGCNFs hybrid clearly exhibits two signature bands of a
carbon system, such as G band at 1608 cm−1 stretching of
sp2 hybridized carbon atoms and D band at 1346 cm−1 that
corresponds to the disordered carbon atoms and defects.
Whereas, the characteristic peak of CuS at 472 cm−1 presented
in the spectrum due to strong vibration mode of Cu-S bond,
further confirming the successful formation of the hybrid
materials.

N2 adsorption-desorption isotherm analysis was performed
to study the BET specific surface area (SBET) and pore struc-
ture of the CuS NFs and CuS/XGCNFs (Fig. 2c and d). The
hysteresis loop of the sample shows type IV, which are typical
characteristics of mesoporous materials according to the
IUPAC. The corresponding pore size distribution plot for the
CuS NFs and CuS/XGCNFs are presented in the insert Fig. 2c
and d. As observed from the experiment CuS NFs has very
lower specific surface area of 10.056 m2 g−1. However, after
incorporation of the XGCNFs, specific surface area was in-
creased to 74.057 m2 g−1 for CuS/XGCNFs, which is 7 fold
higher than that of CuS NFs. The larger specific surface area
provides more catalytic sites in the CuS/XGCNFs hybrid ar-
chitecture which favorable for the adsorbing of more glucose
molecules through its mesoporous structure resulting in the
significant improvement in the electrochemical performance.

The elemental composition and electronic structure of the
individual elements in the CuS/XGCNFs were analyzed by
XPS (Fig. 3). The presence of Cu (around 935 eV), S (around
165 eV), and C (around 285 eV) further confirmed from the
wide range XPS survey spectrum (Fig. 3a). As shown in Fig.
3b, the core level XPS spectra of Cu 2p shows two binding
energy at ∼933.1 eVand 953.2 eV corresponds to Cu 2p3/2 and
Cu 2p1/2, respectively, which represents that the Cu

2+ state. In

the high-resolution S 2p spectrum (Fig. 3c), S 2p3/2 peak ob-
served at ∼163.4 eV and S 2p1/2 peak observed at 164.0 eV
can be attributed to the S2− state, revealing the formation of
CuS, whereas, another small peak was observed at 168.2 eV,
which is aroused from the sulfate molecules. The high-
resolution spectra of C 1 s (Fig. 3d) exhibit a high-intensity
peak at 285 eV corresponding to C=C/C-C bond and two
comparatively weak peaks at 287.2 eV, and 289.5 eV corre-
sponding to C-O and O=C-O bond respectively. The interac-
tion of oxygen atom to the carbon may be aroused from the
atmosphere.

Electrochemical impedance spectrum

EIS is frequently utilized as a tool to evaluate the electron
transfer ability of the materials.

According to the charge transfer resistance (Rct) of different
electrodes, we can receive interfacial impedance change of
various electrodes, which corresponds to the interfacial prop-
erties. Fig. 4a displays the Nyquist plots of Bare SPCE, CuS
SPCE, and CuS/XGCNFs/SPCE in 5 mM Fe(CN)6

3−/4- with
the 0.5 M KCl at a frequency range of 1 × 10−1 Hz to 1 ×
102 kHz. The Rct value (3Ω) at CuS/XGCNFs/SPCE is lower
than that of Bare SPCE (1839 Ω) and CuS/SPCE (10 Ω),
expressing high conductivity and fast electron transfer ability.
The synergistic effect between the CuS and XGCNFs, which
can accelerate the fast electron transfer kinetics of CuS/
XGCNFs/SPCE. Figure 4b shows the comparison plot of Rct

vs. different electrodes. It can be clearly observed that the
CuS/XGCNFs/SPCE has high electrocatalytic activity than
other electrodes.

Electrocatalytic oxidation of GLU

The electrochemical activities of GLU were explored at Bare
SPCE, CuS/SPCE, and CuS/XGCNFs/SPCE by cyclic volt-
ammetry (CV). Figure 4c displays the CV curves of Bare
SPCE, CuS/SPCE, and CuS/XGCNFs/SPCE in 0.1 M
NaOH in the absence and presence of 1 mM GLU at
50 mV/s. The Bare SPCE does not exhibit any significant
current (Ipa = 1.24 μA) for the detection of glucose owing to
inert electron transfer behavior. The slight improvement in the
anodic peak current (Ipa = 34.78 μA) response of GLU oc-
curred at CuS/SPCE. On the contrary, at CuS/XGCNFs/
SPCE, the oxidation peak current density (Ipa = 118.88 μA)
dramatically enhances with lower positive potential. The ob-
served CV curves exhibit that the oxidation peak currents of
GLU on the CuS/XGCNFs/SPCE change from 1.24 μA on
the Bare SPCE to 118.88 μA, which indicates that the CuS/
XGCNFs/SPCE can provide apparent electrocatalytic activity
towards the oxidation of GLU, causing to enhance of the peak
current and the decrease of oxidation potential. As compared
to Bare SPCE and CuS/SPCE, CuS/XGCNFs/SPCE provides
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a higher electrocatalytic performance on the detection of
GLU. Figure 4d shows the calibration plot of GLU current
response vs. different electrodes. These results further illus-
trate that the CuS with XGCNFs has high electrocatalytic
activity on GLU sensing owing to their more active sites and
high conducting ability. Figure 5a shows the electro-oxidation
mechanism of GLU on the CuS/XGCNFs/SPCE in alkaline
medium (AM). Thus, the anodic peak for GLU in Fig. 4c is
owing to the initial oxidation of CuS can be converted into
CuSOH and the copper center grips a highly Cu3+ oxidizing
state in this system [27]. Further, GLU deprotonation mole-
cule in an AM can initiate isomerization into an enediol struc-
ture, which in contact with Cu3+ receives oxidized into
gluconolactone. Notably, the electrochemical performance of
CuS/XGCNFs/SPCE was only investigated in 0.1 M NaOH
(alkaline solution), not in any phosphate buffer solution (ex-
ample: pH 7). It is well known that the strong NaOH solution
is etching and a risk to any unskilled person. Although, it has
major limitation, some previous reports [4] and our sensor
reveals brilliant electrocatalytic activity combined with con-
ductivity, good sensitivity and very low detection limit toward
the glucose detection.

To further investigate the electrochemical sensing behavior
of CuS/XGCNFs/SPCE on the detection of glucose, we ex-
plored the CV response of CuS/XGCNFs/SPCE in 0.1 M

NaOH at different concentrations of GLU in the ranges of
0.25–1 mM at 50 mV/s. As shown in Fig. 5b, while raising
the concentration of GLU from 0.25–1 mM, the Ipa of GLU
also increased. The linear regression equation of GLU is
found to be Ipa (μA) = 120.82 (GLUCon) - 2.94 with a corre-
lation coefficient of 0.9968 (Fig. 5c), which indicates the good
electrocatalytic performance of CuS/XGCNFs/SPCE toward
the detection of GLU.

To demonstrate the electrochemical process, the influence
of the scan rate on the detection of GLU was also studied by
CV. The CVof the CuS/XGCNFs/SPCE at various scan rates
were ranges of 10–100 mV/s in 0.1 M NaOH containing
1 mM of GLU and the results are shown in Fig. 5d. The curve
exhibits a consecutive increase in the oxidation peak current
(Ipa) with raising in the scan rate ranges of 10–100 mV/s (Fig.
5e). The Ipa of GLU is linear with the scan rate, the linear
regression equation of GLU is Ipa (μA) = 0.689 ( ) + 76.059,
which demonstrates an electrooxidation of GLU at CuS/
XGCNFs/SPCE was typically the surface-controlled process.

Amperometric response of GLU at CuS/XGCNFs
modified electrode

The typical static amperometric response of the CuS/
XGCNFs modified electrode towards the consecutive

Fig. 3 a XPS survey spectra of
CuS/XGCNFs. b–d The high-
resolution spectra of Cu 2P, S 2p,
and C 1 s of CuS/XGCNFs
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injection of GLU was demonstrated in 0.1 M NaOH with an
operating potential of +0.57 V and is shown in Fig. 6a. The
steady state current of the CuS/XGCNFs modified electrode
can accomplish within 3 s, illustrate the superior electrocata-
lytic activity of CuS/XGCNFs on the detection of GLU.
Figure 6b exhibits the linear plot of current vs. concentration
of GLU in the two linear ranges of 0.0001–0.125 mM and
0.158–1.221 mM and the linear regression equations can be
calculated as Ipa (μA) = 0.4975 GLUcon + 6.682 and Ipa
(μA) = 0.1339 GLUcon + 57.857. Further, the limit of detec-
tion (LOD; S/N = 3) and the sensitivity was evaluated based
on the slope value of the linear plot and it was found to be
0.019 μM and 23.69 μA μM−1 cm−2, respectively. Table 1
displays the analytical characteristics such as wide linear
range, LOD and sensitivity of Cu based non-enzymatic GLU
electrochemical sensors in the past few years and it shows that

the sensitivity of CuS/XGCNFs modified electrode is higher
than other reported sensors due to the more active sites, high
conductivity, and synergistic effect of CuS and XGCNFs to-
wards the GLU.

Selectivity, stability, and repeatability studies

The selectivity is also a crucial metrics to estimate the electro-
chemical sensor performance and thus some possible

Fig. 4 a EIS plots of Fe(CN)6
3−/4- (5 mM containing 0.5 M KCl) at Bare

SPCE, CuS/SPCE, and CuS/XGCNFs/SPCE at 1 × 10–1 Hz to 1 ×
102 kHz. Insert: Randles circuit diagram. b The corresponding
calibration plot of Rct (Ohm) vs. different electrodes. c CV response of

SPCEs in 1 mM GLU in 0.1 M NaOH at 50 mV/s. d The corresponding
calibration plot of anodic current response of GLU (μA) vs. different
electrodes

�Fig. 5 a Electrochemical mechanism involved in the oxidation of
GLU at different SPCEs. b CV response of CuS/XGCNFs/SPCE
with various concentrations were ranges of 0.25 mM - 1 mM at
50 mV/s. c The linear plot of current vs. concentration of GLU.
(d) CV scans of different scan rate (10–100 mV/s) of CuS/
XGCNFs/SPCE in 1 mM GLU containing 0.1 M NaOH solution.
e The calibration plot of current vs. scan rate
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interfering compounds towards the response of GLU were
evaluated. Figure 6c displays the amperometric curves of
CuS/XGCNFs modified electrode for the successive injection
of 0.5 mM of GLU, 0.1 mM ascorbic acid (AA), 0.1 mM

dopamine (DA), 0.1 mM uric acid (UA), 0.2 mM KCl,
0.2 mM NaCl, and 0.5 mM GLU. Further, the selectivity of
the CuS/XGCNFs modified electrode is also investigated with
the commonly found reducing sugar such as fructose (FRU),

Fig. 6 a Amperometric response of CuS/XGCNFs modified electrode
upon the consecutive injection of different concentration of GLU in the
two linear ranges of 0.0001–0.125 mM and 0.158–1.221 mM at +0.57 V
vs. Ag/AgCl. b The corresponding linear plot of current vs. concentration
of GLU. cAmperometric response of interference study of CuS/XGCNFs

modified electrode with the consecutive addition of interfering com-
pounds (AA, DA, UA, KCl, NaCl, FRU, MAL, SUR, and LAC) and
0.5 mM GLU in 0.1 M NaOH solution. d Stability study of CuS/
XGCNFs modified electrode in 0.5 mM GLU containing 0.1 M NaOH

Table 1 Comparison of CuS/XGCNFs with previously reported Cu Based Enzyme-Free GLU Electrochemical Sensors

Electrodes Linear range (mM) LOD (μM) Sensitivity Ref.

Cu-Co/ Reduced graphene oxide (RGO) 0.001–0.04 0.15 0.24 mA mM−1 cm−2 [2]

CuS/RGO/CuS/Cu 0.001–0.655
0.655–1.055

0.0005 22.67 and
10.54 mA mM−1 cm−2

[28]

CuS nanotubes/Cu 0.0002–2.5 0.045 3135 μA mM−1 cm−2 [8]

CuS dendrite Nanoflowers 0.001–4.9 0.04 8337 μA mM−1 cm−2 [29]

Cu@Cu2O nanosheets nanowires 0.0007–2.0 0.04 1420 μA mM−1 cm−2 [30]

Cu-Ag2O nanowalls 0.2–3.2 10 298.2 μA mM−1 cm−2 [31]

RGO/CuS nanoflakes 0.001 to 2 0.19 53.5 μA mM−1 cm−2 [32]

CuS/XGCNFs 0.0001–0.125 and
0.158–1.221

0.019 23.69 μA μM−1 cm−2 This work
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maltose (MAL), sucrose (SUR), and lactose (LAC) in blood.
It can be clearly seen that the amperometric curves of CuS/
XGCNFs modified electrode on the detection of GLU does
not influence with the injection of aforesaid interfering species
such as AA, DA, UA, KCl, NaCl, FRU, MAL, SUR, and
LAC, illustrating the excellent selectivity of CuS/XGCNFs
modified electrode for non-enzymatic GLU detection.

The stability of CuS/XGCNFs modified electrode in GLU
detection is grasped with its amperometric experiments in
0.5 mMGLU in 0.1MNaOH at +0.57 V (Fig. 6d). The results
indicate that the CuS/XGCNFs modified electrode conserves
92.5% current signal from its amperometric initial current re-
sponse, meaning its excellent stability. The CuS/XGCNFs/
SPCE indicates a relative standard deviation (RSD) of 2.3%
for the 5 repeated amperometric measurements in an identical
modified SPCE Fig. 7a, demonstrating the superior repeatabil-
ity of the CuS/XGCNFs/SPCE.

Real sample analysis

The exploration of CuS/XGCNFs modified electrode analyti-
cal utility is examined with the amperometric measurements
of GLU level in human blood serum samples (HBS). Before
the analysis, the HBSwas centrifuged and the supernatant was
taken for the inspection. Under optimized conditions, the
GLU was injected into the diluted serum samples. And also
the GLU concentration was estimated with the amperometric
response of CuS/XGCNFs modified electrode (Fig. 7b). The

recovery results in Table 2 illustrate excellent analytical appli-
cability of this sensor and the corresponding results.

Conclusion

We have demonstrated eco-friendly and sustainable synthetic
strategy for the preparation of CuS/XGCNFs without using
any external reducing and an intercalating agent. The HR-
TEM, mapping, XRD, Raman, BET, and XPS studies re-
vealed the formation of hierarchical structure. Interestingly,
the synthesized CuS/XGCNFs with unique architecture max-
imizes the electron transportation, and the aforementioned
unique properties of CuS/XGCNFs collectively improve the
enzyme-free electrochemical sensing performance towards
GLU, which results were successfully demonstrated with the
number of electrochemical characterizations. Furthermore, the
CuS/XGCNFs sensor exhibits two wide linear range, low de-
tection limit (0.019 μM, S/N = 3) with ultrahigh sensitivity,
excellent selectivity, good repeatability, and appreciable oper-
ational stability. The viability of the CuS/XGCNFs was exam-
ined by the determination of GLU in HBS.
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