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In this study, an effective and low price non-enzymatic electrochemical glucose sensor was easily elaborated through elec-
trodeposition of highly uniform copper dendrites hydroxide onto pencil graphite electrode (Cu(OH),/PGE). The obtained
electrode was investigated by field-emission scanning electron microscopy, atomic force microscopy, energy-dispersive X-ray
spectroscopy, X-ray diffraction, and FT-IR characterizations. The electrocatalytic properties of the modified electrode were
investigated by cyclic voltammetry, amperometry, and electrochemical impedance spectroscopy techniques, which can be
readily applied to determine glucose using the fabricated sensor, as the results after optimization revealed. Furthermore, a
single frequency impedance method was applied for glucose determination as an alternative to conventional EIS methods.
The fabricated Cu(OH),/PGE electrode exhibited a selective impedimetric response towards glucose over an exceptional
linear range from 0.1 to 12 mM (R?=0.999) with a detection limit of 71.8 uM. Finally, Cu(OH),/PGE was successfully
applied to the assay of glucose in blood samples with unknown interferences.
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Introduction

Recently, many scientists have taken a great interest in
the detection of glucose, owing to the importance of its
in vivo and in vitro determination in the food industry,
pharmaceutical monitoring, and blood [1, 2]. Diabetes is a
metabolic chronic disease caused by long-term high blood
glucose levels, and often characterized by hyperglycemia.
The blood glucose level of diabetic people ranges from
1.1 to 20 mM, while for healthy people it ranges from 3.6
to 7.5 mM. This disease can trigger several major compli-
cations, such as heart disease, kidney failure, blindness,
nerve disorder, and chronic damage to vessels, etc. [3, 4].
With about 120 million affected people around the world,
diabetes has become an incurable pathology that takes
the lives of nearly 1 million people yearly [5, 6]. Due to
its high impact on human life, there were many efforts
conducted to develop accurate, fast, and reliable glucose
sensors. Among the methods that were developed to pro-
vide an accurate diagnosis and clear data are fluorimetry
approaches [7], electrochemiluminescence [8], HPLC [9],
Raman spectroscopy [10], infrared spectroscopy [11],
capacitive detection [12], and colorimetry [13]. However,
the long-term use of these methods added to their high
cost constitute an obstacle to their expansive usage.

The electrochemical sensor is considered to be among
the most popular and effective glucose detection methods
based on the direct catalytic oxidation of glucose, because
it is simple, highly sensitive, and has a fast response period
[14, 15]. Despite the meritorious features of the enzymatic
glucose sensors, such as high sensitivity and selectivity, it
still has some intrinsic defects that could reduce the enzy-
matic activity over time. These defects include difficul-
ties to maintenance circumstances, and lack of long-term
stability [16—18].

To address limitations of enzymatic glucose sensors,
many researchers have focused on the use of nanostructured
electrodes with improved surface area as well as various
studies on electrocatalytic activities have been conducted
on non-enzymatic glucose sensors [19-23]. The develop-
ment of these sensors was directed towards the use of several
nanomaterials, such as carbon based [24—27], noble metals
[28-30], transition metals [31-33], and their oxides [34-38].
Among transition metals, copper-based nanomaterials were
the most extensively promising ones due to their exceptional
electrochemical properties, low toxicity, low cost, abun-
dance, and an easy preparation. Copper is known for its
high electrical conductivity. Hence, a special attention was
paid over the last few years, to the development of copper
modified electrodes for non-enzymatic glucose sensors [39].

Pencil graphite electrodes (PGEs) possess a lot of
advantages like high electrochemical reactivity, market
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availability, mechanical rigidity, disposable, costless, and
could be easily modified [40-43]. Moreover, disposable
electrodes, which are used only once, can surpass the
regeneration limitations of other solid/hard electrodes. It
was stated that PGEs provide a renewal surface that is
quicker and more simplified than polishing procedures,
common with solid electrodes [44]. In the majority of
research reports, PGEs were utilized for the non-enzymatic
glucose determination [45-47].

According to a literature review, non-enzymatic ampero-
metric sensors have been widely used for the detection of
glucose (Fig. S1). In recent years, electrochemical imped-
ance spectroscopy (EIS) and in particular, the concept of
single-frequency analysis was proposed as a transduction
principle in the glucose sensors to study the analyte in lower
concentrations, to evaluate the interfacial behaviour of elec-
trode [48]. In this technique, at a fixed frequency, the imped-
ance of the electrode/electrolyte interface is measured by AC
impedance spectroscopy in low frequency range to establish
the relationship between impedance values and glucose con-
centrations [48-50].

To the best of our knowledge, the use of impedimetric
copper hydroxide-modified PGEs for non-enzymatic detec-
tion of glucose has not been yet applied in any study. It is
with this in mind that a pencil graphite electrode modified
by electrochemical deposition of copper hydroxide nano-
structures, designated as Cu(OH),/PGE, is characterized and
applied for the high-sensitive amperometric and impedimet-
ric glucose determination in real human blood serum.

Results and discussion
Physical surface characterization

To examine the surface morphologies of unmodified PGE
and Cu(OH),/PGE modified electrodes, field-emission scan-
ning electron microscopy (FE-SEM) and energy-dispersive
X-ray spectroscopy (EDX) were recorded in Fig. 1. It can
be seen that bare PGE displayed a flat surface and uneven
structure (Fig. 1a). After copper electrodeposition, aggre-
gates were densely grown on the PGE surface (Fig. 1b). The
aggregates branched and transformed into a three-dimen-
sional copper dendritic microstructure. The Cu dendrites
grow in longitudinal and transverse directions, which largely
increase the surface area of the material. (Fig. 1c). Figure 1d
displays the EDX spectrum of the copper modified PGE,
which disclosed a sign for copper, oxygen, sulfur, and carbon
ions with an atomic weight of 87.67%, 4.26%, 1.32%, and
6.75%, respectively. The presence of the Cu peak shows the
effective modification of Cu on PGE surfaces.

X-ray diffraction patterns of bare PGE and Cu/PGE
were also recorded for further examination of the surface
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Fig. 1 FE-SEM images of a
PGE and b, ¢ Cu(OH),/PGE
at low and high magnification;
d EDX spectrum of Cu(OH),/
PGE

structure. As shown in Fig. 2a, the peak at angular position
26.75°, corresponds to (002) cubic crystal face structure
of graphite carbon. After Cu deposition on PGE surface,
the latest diffraction peaks observed at angular positions
20=43.83°, 50.77°, and 74.35° were attributed, respec-
tively, to (111), (200), (220) fcc of the Cu structure. FT-IR
was employed to further investigate the structure of the pre-
pared materials. As illustrated in Fig. 2b, the FT-IR spec-
trum of the modified electrode exhibits relevant strong as
well as, weaker defined peaks at 3555, 3478, 3413, 1617,
620, and 480 cm~! which were attributed to the free OH
group, CuO-H, hydrogen bonded hydroxyl groups, bending
mode of the hydroxyl group of water, and Cu—O-H bond,
respectively [51-54].

Moreover, atomic force microscopy (AFM) was applied
to assess the surface topography of PGE before and after
the electrodeposition of copper. Under the 2D and 3D AFM
images of PGE and Cu/PGE, as described in Fig. 3a—d, the

modified electrode surface had a rough texture, with average
roughness of 742 and 856 nm for PGE and Cu/PGE, respec-
tively. Consequently, the large surface area of the modified
electrode can provide much more catalytic active sites.

Electrochemical characterization of the copper
modified PGE electrode

In this work, cyclic voltammetry (CV) and EIS measure-
ments were used to evaluate the performance of unmodi-
fied and modified electrodes in 5 mM Fe(CN)63'/ 4= solution
containing 0.1 M KClI (Fig. 4a, b). The CV grams in Fig. 4a
display that the potential peak separation between the anodic
and cathodic peaks (AE|) was slightly decreased to 120 mV
at the modified Cu/PGE compared to 135 mV for unmodi-
fied PGE. Moreover, the ratio of the redox peak currents
is about 0.96 and 1.42 for unmodified and modified PGE,
respectively.

Fig.2 XRD patterns of unmodi- (a) CuwPGE| (b)
fied and modified electrodes (a); =
FTIR spectrum of Cu (OH),/ 5 X
PGE e¢lectrode (b) s S °
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Fig.3 2D and 3D AFM images (b)
of a, b bare PGE and of ¢, d
copper modified PGE

(d)
Fig.4 a CV curves and b @)o.15F PGE (b). _[—=—rce
Nyquist plots of the bare PGE CwPGE 15} —@—cupie
and Cu/PGE. The insets show 0.10F b e —CuirG
the Nyquist plot of the modified E 10 52:
electrode and the equivalent cir- = 0.05¢ g Roa
cuit. The supporting electrolyte 5 0.00} E o P —
was 5 mM Fe(CN)¢>™#~ solu- g < S5t = n::’?“’)*“ i ,PJI )R, —
tion containing 0.1 M KCl1 © .0.05 f
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The smaller value of AE,, and the higher redox peak cur-
rents obtained on the modified electrode indicate that the
dendrite Cu electrode has high electrical conductivity and
better electrochemical properties than the bare PGE elec-
trode, which might be attributed to the 3D structure of den-
drite Cu that provided a large surface area, leading to a large
electrochemical surface area on the modified electrode.

Figure 4b shows the Nyquist diagram of unmodified and
modified electrodes in the same ferricyanide solution (5 mM
Fe(CN)>™~ + 0.1 M KCl). EIS was done in the frequency
range from 100 kHz to 0.1 Hz at the amplitude voltage of
10 mV. The impedance plots involve two parts; the first one
is the semi-circular part which refers to the electron transfer
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limited process at higher frequencies where the diameter cor-
responds to the electron transfer resistance (R,) which refers
to the electron transfer process. The second one is the linear
portion, which refers to the diffusion process at lower frequen-
cies. The electrical equivalent circuit can describe the faradic
impedance of the bare PGE and Cu/PGE. In the Randles
equivalent circuit, R, CPE|, R,, and Wy, stand for solution
resistance, constant phase element, charge transfer resistance,
and Warburg element simulating, respectively (inset Fig. 4b).
As illustrated in Fig. 4b, the bare PGE displayed a large semi-
circle at higher frequencies (R,=7921 Q). It can be noticed
that the Cu/PGE (R,=203.8 €2) is accompanied by a substan-
tial decrease in the interfacial resistance, which indicates that
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the PGE surface was successfully covered by copper and that
the introduction of copper facilitates the electron transfer. In
conclusion, the electrodeposition of the dendrite copper struc-
ture on PGE surface area enhanced the electron transfer rate
considerably [55, 56].

The electrochemical surface areas of unmodified and modi-
fied electrodes were calculated from the slope of anodic peak
current /;, versus square root of scan rate v!/2 curves (Fig. S2).
Randles—Sevcik’s equation was used to calculate surface areas,
as follows [57, 58]:

nFDv

I, = 0.436nFAC
RT

ey

where Ip, C, and D are anodic peak current (A), bulk con-
centration (mol cm™), and diffusion coefficient (cm” s™")
respectively. The obtained results were 0.07 and 0.10 cm?
for PGE and Cu/PGE surface areas, respectively (an increase
of 30%). Hence, the dendrite Cu structure enhanced the pro-
posed electrode surface area.

Before studying the electrochemical behaviour of the pre-
pared electrode, Cu/PGE was firstly activated by CV in 0.1 M
NaOH solution under the potential range from —1.1 to 0.6 V
for 15 cycles at 50 mV s~! (Fig. 5). It can be seen that several
anodic and cathodic peaks appeared in the cyclic voltammo-
grams of the Cu/PGE electrode, among which the oxidation
peaks at —0.412, —0.176, and 0.160 V that indicate the oxida-
tion of Cu(0) to Cu(I), Cu(I) to Cu(Il), and Cu(Il) to Cu(Ill),
respectively. The reduction peaks at 0.48, —0.56 and —0.86 V
are related to the transition of Cu(IIl) to Cu(Il), Cu(II) to
Cu(I), and Cu(I) to Cu(0), respectively. Reactions mechanism
is respectively as follows [59, 60]:

Cu+OH™ — CuOH +e” 2)
Cu+20H™ — Cu(OH), + 2¢e~ 3)
Cu(OH), < CuO + H,0 4)
Cu/Cu e
0.4 i5ieycles el » /Cu
= 0.2 T
E oo}
k= Cu™'/cu®™
£-0.2
5
© 04 )
Cu/cu  Cu”/Cu”
-0 . )

6 —
-1.2 -09 -06 -03 0.0 03 0.6
Potential / V

Fig.5 Cyclic voltammograms of the Cu(OH),/PGE obtained from an
alkaline solution at a scan rate of 50 mV s~ for successive cycling
from 1 to 15 cycles

CuO + OH™ < CuOOH + e~ 4)

All changes observed in CVs indicate that the formation
of copperoxy-hydroxide onto the surface area of PGE was
perfectly successful.

Furthermore, the electrochemical behaviour of the
Cu(OH),/PGE was studied by cycling potential from —0.3
to 0.8 V in 0.1 M NaOH solution at various scan rates (Fig.
S3a). The redox peak currents increase continuously with
the increase of the scan rate from 10 to 1000 mV s~! while
the anodic and cathodic peak potentials have a slight posi-
tive and negative shifts, respectively. In addition, it can be
observed that the oxidation peak current (Ipa) and the reduc-
tion peak current (/) increase linearly with the square root
of the scan rate, suggesting a diffusion controlled redox
process (Fig. S3b) with the linear regression Eqgs. (6) and
(7) [61]:

I,/mA = 0.0271v'/2/(V /s)'/* = 0.1098, R* = 0.998  (6)

I./mA = —0.0255v'/2/(V /$)'/* + 0.0979, R* = 0.998 (7)

Electrocatalytic oxidation of glucose

CV and EIS were both performed to explore the electro-
chemical behaviour of the unmodified and modified elec-
trodes in the absence and the presence of 1.0 mM glucose in
0.1 M NaOH solution at a scan rate of 50 mV s~!. The CVs
voltammograms of the unmodified PGE are depicted in the
inset of Fig. 6a. It can be seen that no redox peaks appear
and there are no changes in current upon adding 1.0 mM
glucose in the voltammogram which reflects an insensitivity
to glucose which can be explained by the free electrode in
metallic impurities.

However, the CVs grams of Cu(OH),/PGE in 0.1 M
NaOH solution in the absence and the presence of 1.0 mM
glucose; illustrated in Fig. 6a. No detectable current was
observed in the absence of glucose. After the addition of
1.0 mM glucose, the oxidation peak current increased, and
the cathodic peak current decreased, indicating the excel-
lent catalytic activity the proposed electrode towards glucose
oxidation reaction.

Therefore, the redox couple Cu(II)/Cu(Ill) is responsible
of for the conversion of glucose to glucolactone according
to the following reaction [62].

CuOOH + glucose — Cu(OH), + €~ + glucolactone  (8)

Figure 6b illustrates the Nyquist plots of the proposed
electrode Cu(OH),/PGE prepared under the same conditions
as CV. This figure reveals clearly the effect of glucose addi-
tion to the alkaline solution in the modification of Nyquist
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Fig.6 Cu(OH),/PGE CVS (a) Cu(OH),/PGE without glucose (b) Cu(OH) /PGE without glucose
response (a) and Nyquist plots 12 Cu(OH)_/PGE with 1.0 mM glucose 3[—— Cw(OH) /PGE with 1.0 mM glucose
in the absence and presence of ™ g g
1.0 mM glucose in 0.1 M NaOH é Hos
solution at 50 mV s~! (b). Inset: S 08 3 gt
CVs response of the unmodified § 3 E /./ g
in the absence and presence of 8 04t = N —
1.0 mM glucose in 0.1 M NaOH D e T
solution at 50 mV s~! oo /
Bl T . .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.4 0.8 1.2
Potential / V Zre / kQ
plots. From a quasi linear curve of sole electrolyte solution, L,/nA = 88.926C, /mM +79.24, R? = 0.999 (11)

we observe a curved shape when adding glucose (0.1 M),
suggesting the decrease in the charge transfer resistance.

This electrocatalytic activity was ascribed to both the
excellent catalytic property of Cu(OH), and the high sur-
face area provided by the 3D dendrite structure of the elec-
trodeposited Cu. In addition to investigate the effect of dif-
ferent scan rates on the electrocatalytic oxidation behaviour
of the prepared electrode, the CV technique was carried
out in 0.1 M NaOH aqueous solution with the addition of
1.0 mM glucose at various scan rates (10-1000 mV s™1).
Fig. S4a shows that the redox peak currents and peak poten-
tials of the CV curves increase considerably as the scan rates
increase, suggesting a quasi-reversible electron transfer reac-
tion. Figure S4b indicates that the redox peak current is lin-
ear with the square root of the scan rate according to the
following linear regression Eqs. (9) and (10):

I,/mA = 0.0372v'/2/(V /s)'/* = 0.1048, R* = 0.998  (9)

I./mA = —0.0268v"/2/(V/$)'/* + 0.111,R* = 0.994 (10)

These outcomes demonstrate that the electrooxidation
reaction of glucose was controlled by a typical diffusion-
controlled process [63, 64].

To get more information the modified electrode for
non-enzymatic glucose sensing application, cyclic vol-
tammetry, amperometry and electrochemical impedance
spectroscopy were all used.

Figure 7a illustrates typical CVs curves of the Cu(OH),/
PGE upon successive additions of glucose concentrations
from 0.1 to 13 mM in 0.1 NaOH solution. The CVs curves
and the Nyquist diagrams of the same electrode for lower
and medium glucose concentration are demonstrated in
Fig. S5.

It is found that the increase in the glucose concentration
is accompanied by an increase in the anodic current, shift-
ing the anodic peak current towards more positive values
(see Fig. 7b). Furthermore, peak current densities increased
simultaneously with a linear calibration Eq. (11).
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The limit of detection (LOD) and the sensitivity of the
modified electrode were calculated to be 0.48 uM (S/N=3)
and 889.26 uA mM~! cm™2, respectively. Hence, Cu(OH),/
PGE has a remarkable electrocatalytic oxidation impact on
glucose detection.

Before analysing the amperometric sensing of glucose on
the copper modified electrode, the amperometric response of
the Cu(OH),/PGE upon the successive addition of 0.5 mM
of glucose in 0.1 M NaOH solution was recorded at vari-
ous potentials (see Fig. S6). It has been observed that the
response currents rise gradually with the increase of work-
ing potential. However, the current intensity from 0.65 to
0.75 V has higher fluctuation, and lower stability than that of
0.55 V, and the higher applied potential could oxidize many
interfering species in the blood [56, 61]. So 0.55 V was then
chosen as the optimal detection potential.

To determine the sensitivity, the detection limit, and lin-
ear range of the proposed sensor, the amperometric glucose
detection was realized by consecutive addition of various
glucose concentrations from 0.001 to 10 mM, in 0.1 M
NaOH solution at the applied potential of 0.55 V and under
continuous stirring. As a result, the current response of
Cu(OH),/PGE sensor increased by increasing the glucose
concentration (Fig. 7c), providing a linear relationship rely-
ing on the two variables. Figure 7d was used to determine
the sensitivity and linear range of Cu(OH),/PGE for glucose
detection. The modified glucose sensor shows excellent lin-
earity in the range from 0.001 to 10 mM (R*=0.998) with
the regression Eq. (12).

I./hA = 106.465Co, /mM + 14.063, R = 0998 (12)

The sensitivity was found to be 1064.7 pA mM~! cm™

and the detection limit was 0.2 uM. The Cu II and Cu III
redox couple electrocatalytic effect and surface roughness
are responsible for increasing the sensitivity of the proposed
electrode. Also, the direct growth of Cu(OH), on the PGE,
without the use of any binder, is considered as significant
advantage of the modifying electrode.
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Table S1 contains the electrocatalytic performance of
Cu(OH),/PGE electrode and other enzyme-free glucose sen-
sors as mentioned in literature [3, 8, 35, 39, 65-67]. Apart
from the observation that the applied potential in this work,
is the same or very close to those used in the selected stud-
ies, the modified electrode has wider linear range and lower
LOD than other copper-based sensors. Also, the sensitivity
of the Cu(OH), glucose sensor is much higher than most of
these nanostructured sensors cited in the Table S1.

As the third method applied here, the analytical
response of the glucose sensor was evaluated by the
EIS technique. Figure 7e shows the Nyquist diagrams of
Cu(OH),/PGE for selected glucose concentrations to alle-
viate the figure. The whole curves related to each glucose
concentration are gathered in Fig. S4. As stated above, glu-
cose incorporation into sodium hydroxide solution makes a
significant change in the Nyquist plot. Furthermore, it can
be seen from higher glucose concentrations, that Z;  ver-
sus Z,, graph is depicted by a depressed semicircle in the

Concentration / mM

low frequency zone. When glucose concentration increases
from 0.1 to 12 mM in the alkaline solutions, the semicir-
cles diameter decreases gradually, which support that the
charge transfer resistance declines [48-50].

A single-frequency impedance is suggested to evaluate
the performance of the obtained electrode at 0.125 Hz.
Figure 7f illustrates the calibration curve of 1/IZ] vs. glu-
cose concentrations. The linear calibration curve was
obtained for Cu(OH),/PGE electrode in the concentration
range of 0.1-12 mM (R? = 0.999). The limit of detection
and the sensitivity were calculated to be 0.227 kQ™' mM™!
and 71.8 uM, respectively. Compared with other reported
research (Table 1), as an obtained electrode which is used
as a new impedimetric sensor, shows higher sensibility, a
lower limit of detection and a wider linear range.

The comparison of the obtained results reveals that EIS
gives a wider linear range for glucose determination. Nev-
ertheless, the amperometric technique provides the highest
sensitivity and the lower limit of detection.
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Table 1 The Cu(OH),/PGE
electrode as an impedimetric
non-enzymatic glucose sensor
in comparison with previous
literature reports

Electrode Sensitivity Linear range /mM LOD /uM Ref
MIP@Ni foam® - 10-55 - [2]
EAuNi(OH),’ 0.484 kQ/mM 0.1-2 370 [48]
Ni(OH),/SPE® 0.137kQY/mM  0.1-2 315 [49]
Ni(OH),/SPEY 0.168kQ~'/mM  0.1-4 53 [50]
Cu(OH),/SPE® 0475kQ"Y/mM  0.2-10 51 [50]
Ni(OH),/Cu(OH),/SPE’ 0.705kQ~'/mM  0.1-5 40 [50]
FTO/Nano-NiQ/GOx® 4.45 kQ/mM 0.2-4 24 [70]
Ni(OH),/AuNp/SPE" 0.073kQ'/mM  0.1-2 40 [71]
TiO,/APTES @ CG/GOx! - 0.05-1 24 [72]
FTO/Nano-CuO/Chitosan/GOx! 0.261 kQ/mM 0.2-15 27 [73]
Cu(OH), /PGE 0227kQ'/mM  0.1-12 71.8 This work

“Molecularly imprinted polymers (MIPs) modified porous Ni foam
Gold electrode modified by thin films of nickel hydroxide

“Nickel hydroxide nanoparticles (Ni(OH),) onto a screen-printed electrode (SPE)

9Nickel hydroxide Ni(OH), modified screen-printed graphite macroelectrode (SPE)

®Copper hydroxide Cu(OH), modified screen-printed graphite macroelectrode (SPE)
Copper hydroxide Cu(OH), modified screen-printed graphite macroelectrode (SPE),nickel hydroxide

Ni(OH), modified Cu(OH),/SPE

€Nanostructured nickel oxide (Nano-NiO) modified F-doped SnO, conducting glass (FTO) glucose oxidase
enzyme (GOx) modified FTO/Nano-NiO

hGold nanoparticles (AuNp) modified screen-printed electrodes (SPE), nickel hydroxide (Ni(OH),) modi-

fied AuNp/SPE

iTitanium dioxide(TiO,) modified with 3-aminopropyltriethoxysilane (APTES) TiO,/APTES cross-linked
with carboxylic graphene (CG) glucose oxidase (GOx) added to TiO,/APTES@CG

JNanostructured copper oxide (Nano-CuO) sputtered on the fluorinated-tin oxide (FTO) layer glucose oxi-
dase (GOx) was mixed with the chitosan Chitosan/GOx was deposited on FTO/Nano-CuO

Anti-interference and stability of Cu(OH),/PGE

The anti-interference and stability study were conducted
using the amperometric technique. In fact, besides glu-
cose, there are major interfering substances that naturally
co-exist in human blood serum, such as uric acid, ascor-
bic acid, acetaminophen, and sucrose. The concentration of
glucose is 30 times higher than that of these substances in
human blood serum [68, 69]. The oxidation current obtained
from an interfering substance like uric acid, ascorbic acid,
acetaminophen, and sucrose, was measured to perform the
selectivity analysis. The interference studies were carried

out on Cu(OH),/PGE modified electrode by successive
injection of 1.0 mM of glucose, 0.1 mM of AA, 0.1 mM
of AP, 0.1 mM of UA, and 0.1 mM of Suc in 0.1 M NaOH
solution at 0.55 V. It can be seen in Fig. 8a that the response
current of interfering species is very low even negligible
when compared with that of glucose. Thus, the Cu(OH),/
PGE electrode has an exceptional selectivity and excellent
anti-interference performance.

On the other hand, cyclic voltammetry was used to
investigate the prepared sensor stability at various storage
periods (21 days) under optimum conditions. From Fig. 8b
it is noticed that the current decreases slowly (7%) which

Fig.8 a Current response (a) 1.0 (b) 120
curves of the modified electrode
after injection of 1 mM of < 08 i 1.0 mM Gle i I B R
glucose and interfering species E 0.6] 0mmGle ‘ ; ; i 80}
in alkaline solution at 0.55 V. b s A i =
Stability of the Cu(OH),/PGE 2 04} : j 1 £ oo
stored under optimum condi- 5 i 8 40}
tions for 21 days using 0.5 mM 0.2 bl
of glucose in 0.1 M NaOH 0.0 20¢
50 100 150 200 250 300 0 7 14 21
Time /s Time / days
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demonstrate that the proposed Cu(OH),/PGE sensor has
good stability.

Detection of glucose in human blood serum

To assess the commercial reliability and applicability of
the developed electrochemical glucose sensor, the glucose
level in the human blood serum samples was analyzed by
a commercial glucometer and then by our sensor using
impedimetric measurements. As shown in Table 2, the non-
enzymatic glucose sensor displays recoveries in the range
of 99.24-104.57% showing excellent practicability in the
determination of glucose in real serum samples.

Conclusion

A novel dendritic Cu(OH),/PGE as impedimetric non-
enzymatic glucose sensor was successfully elaborated by
an effective, low and fast two steps electrochemical method.
The glucose sensing application of the proposed electrode
was investigated by cyclic voltammetry, amperometry, and
electrochemical impedance spectroscopy. The results dem-
onstrate that Cu(OH),/PGE sensor provides a good level of
sensitivity, linear range, and limit of detection. Also, the
designed impedimetric Cu(OH),/PGE was successfully
applied to detect glucose in human serum with highly accu-
racy. For all of these reasons, we believe that obtained sensor
can be used as a potential candidate for routine analysis and
determination of glucose.

Experimental

All chemicals involved in this work were used without fur-
ther purification and had an analytical grade. Copper sulfate
pentahydrate (CuSO,-5H,0), sodium hydroxide, (NaOH),
and sodium sulfate (Na,SO,) were obtained from Sigma-
Aldrich. While potassium hexacyanoferrate (K,Fe(CN),)
and (K;Fe(CN),), p(+)-glucose, uric acid (UA), L-ascorbic
acid (AA), acetaminophen (AP), sucrose (Suc) were pro-
cured from Fluka. All solutions were prepared with distilled
water (DI). Human serum samples were obtained from the
local hospital.

A potentiostat (Versa STAT 3, Princeton Applied
Research, AMETEK, USA) was used to perform electro-
chemical experiments. A three-electrode electrolytic cell
was employed for all electrochemical measurements; satu-
rated calomel electrode (SCE) was used as the reference
electrode (3.5 M KCl), unmodified and modified electrodes
were the working electrode and platinum wire was set as the
counter electrode. All potentials were quoted in respect to
the SCE electrode. A Rotring pencil (model T, 2B, 0.7 mm
diameter) was purchased from Rotring (Germany). The PGE
has been prepared by cutting the leads into 6 cm long sticks
and 2 mm was dipped in electrolyte, the geometric surface
area was calculated and estimated to be 0.047 cm?.

Atomic force microscopy (AFM) (BRUKER, Germany),
field emission scanning electron microscope (FE-SEM)
(JEOL, 6301F, Japan) and energy-dispersive X-ray analyzer
(EDX) measurements were used to examine the morpho-
logical features. X-ray diffraction pattern analysis (XRD)
(Bruker D8 Discover spectrometer) and Fourier Transform
Infrared (FT-IR) (Perkin Elmer in the wavelength range of
4000 to 500 cm™") measurements were used to analyse the
structure of the proposed sensor.

Preparation of the modified electrode

After subsequent sonication for 2 min in DI, and acetone,
bare PGE was kept at room temperature till use. A solution
of CuSO,'5H,0 0.2 M and Na,SO, 0.2 M (pH 3.5) was used
for electrochemical deposition of copper onto the working
electrode to get Cu/PGE. Copper electrodeposition was car-
ried out by applying a potential between —0.3 and —0.5 V
at a fixed scan rate of 50 mV s~! for 6 cycles at 45 °C in the
above described solution. After that, the prepared electrode
was washed, dried in the air. Lastly, the modified electrode
was transformed into Cu(OH),/PGE using multiple scan
cyclic voltammetry between — 1.1 V and 0.6 V in an alkaline
medium (NaOH, 0.1 M) for15 cycles at 50 mV s7L

Electrochemical studies

The bare PGE and Cu(OH),/PGE electrodes were investi-
gated as a glucose sensors in 0.1 M NaOH solution. CV
measurements were carried out in the potential range
between 0 and 0.9 V, acquired at a fixed scan rate of

Table 2 Determination of

) in blood ) Samples  Concentration of glucose/mM Recovery /%  Added Found Recovery/%
glucose in blood serum samples . . glucose / glucose /
This sensor Deter.mmed by a com- mM mM
mercial glucometer
1 4.18 4.13 101.21 2.00 6.11 101.1
7.55 7.22 104.57 2.00 9.42 101.3
3 10.49 10.57 99.24 2.00 12.15 102.7
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50 mV s~! in alkaline medium. Amperometry measurements
at various concentrations of glucose were performed at a
potential 0.55 V in the stirred alkaline medium. Electro-
chemical impedance spectroscopy (EIS) as a highly sensitive
and effective technique was used to determine the perfor-
mance of the fabricated glucose sensor. The working poten-
tial was optimized at+0.35 V and the frequency range was
varied from 100 kHz to 0.1 Hz. To investigate Cu(OH),/
PGE sensor, module (IZl) of complex impedance was ana-
lysed at 0.125 Hz. The interference studies were carried
out on Cu(OH), modified electrode by successive injection
of 1 mM of glucose (GIc), 0.1 mM of ascorbic acid (AA),
0.1 mM of acetaminophen (AP), 0.1 mM of uric acid (UA),
and 0.1 mM of sucrose (Suc) in 0.1 M NaOH solution at
0.55 V. The amperometric current obtained from an inter-
fering substance was measured to perform the selectivity
analysis. Also, the cyclic voltammetry was used to investi-
gate the storage stability of the prepared sensor at various
storage periods (21 days). All experiments were run at room
temperature except the electrodeposition of copper which
was performed at 45 °C.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00706-021-02883-8.
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