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ABSTRACT

Objective(s): During this study, a novel and fast response platform based on in-situ synthesis of Cu-metal
organic frameworks (Cu-MOFs) integrated with electrochemically reduced graphene quantum dots
(ErGQDs) was developed through an electrochemical deposition method and a conversation process for
non-enzymatic glucose determination.

Materials and Methods: In the first step, metallic copper and ErGQDs were simultaneous electrochemically
deposited on the surface of carbon ceramic electrode (CCE). Then, metallic copper was converted to copper
oxide by cyclic voltammetry technique. Finally, by adding the benzene-1, 3, 5-tricarboxylic acid (BTC),
copper-based MOFs was formed on the surface of constructed electrode by an in-situ conversation process
and the fabricated electrode (Cu-MOFs/ErGQDs/CCE) was used for the non-enzymatic electrochemical
detection of glucose. The physicochemical characterization and electrocatalytic behavior of fabricated
electrode toward glucose oxidation were studied through the suitable techniques.

Results: The electrochemical results demonstrated that the Cu-MOFs/ErGQDs/CCE is a suitable sensor for
glucose determination which exhibits wide linear ranges (2.0-500.0 uM), low detection limit [0.59 uM (S/
N=3)], high sensitivity (5069 pA mM-1cm-2), stability (RSD%=3.02), reproducibility (RSD%= 2.09) and
good selectivity.

Conclusion: Overall, this study highlights the development of Cu-MOFs/ErGQDs/CCE as a sensor with
promising characteristics for non-enzymatic determination of glucose. So that, the present sensor was used
for detection of glucose in human blood serum and saliva samples.

Keywords: Copper-metal organic frameworks, Carbon ceramic electrode, Electrochemical detection, Glucose,
Reduced graphene quantum dots
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INTRODUCTION

Metal-organic frameworks (MOFs) are a unique
category of tunable porous materials composed
of metal ions coordinated to organic ligands that
have been well-tried to be used in countless fields
such as sensing device, electrocatalysis, chemical
separation, gas adsorption, supercapacitors,
drug delivery and etc due to their adjustable
and unique properties like high available surface
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area and ordered crystalline structure [1-3].
Various methods such as microwave-induced [4],
solvothermal [5], seeded growth [6], layer by layer
deposition [7], electrochemical deposition [8, 9]
and in situ growth methods [10, 11] have been
reported for deposition of MOFs on the surface
of electrodes and electrical devices. Compared to
other synthetic procedures used for the formation
of MOFs on the surface of electrodes, in-situ
synthesis method seems to be a remarkably easier
and acceptable method due to the facile synthesis
by conversion, without any need for much time
and special condition [10-12]. Therefore, it seems
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that the MOFs can be effectively used to modify
solid surfaces such as carbon ceramic electrode
(CCE), which is widely used in electrochemistry
owing to their high mechanical and chemical
stability, renewable surface, and wide potential
window [13, 14]. However, the constitutional
imperfection and low electrical conductivity of
the pure MOFs led to their lack of acceptable
behavior in electrochemical applications [3,
15]. To resolve these problem and growth the
steadiness and usefulness of MOFs, they are
integrated with various functional materials to
improve their electrochemical performances and
stability compared to pure MOFs [16-18]. In recent
studies, combinations of MOFs with graphene
quantum dots (GQDs) was used and their multiple
interactions elevated [19]. GQDs are small (less
than 100 nm) two-dimensional graphene flakes
with ideal properties such as higher surface-to-
volume ratio, strong chemical effect, and excellent
optical stability also; they are high biocompatibility
and non-toxic [20]. Due to the presence of various
functional groups on the surface of GQDs such as
carbonyl groups, hydroxyl groups and amino acids,
has good solubility in aqueous media, and is a
good electron transporter and acceptor too [21].
Thanks to strong m-mtinteractions, they can interact
with other substances, inorganic and biological
nanostructures and their unique properties are
merged due to the hydrogen bonding, m-mt stacking
and metal-O coordination between MOFs and
GQDs [22]. This is an effective strategy to improve
the essential properties of MOFs and increase their
signal as a modifier in electrochemical sensors.
Recently, some papers have reported on the
reduction of graphene quantum dots (GQDs) to
reduced graphene quantum dots (rGQDs) through
the use of reducing agents [23, 24]. The reduction
process involves the elimination of excessive
functional groups, which inturnreduces the energy
band gap and enhances the electron transfer
properties. Due to the more negative conduction
band of GQDs in comparison to the linkers present
in MOFs, a donor-acceptor charge transfer can
be observed from the electron-donating GQDs to
the electron-retreating linkers [25]. Consequently,
the hybrid materials containing rGQDs and MOFs
exhibit superior electrochemical sensing activity
when compared to both pristine GQDs and MOFs
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[12, 15, 22]. Additionally, the inherent ultrahigh
surface areas and porosities of MOFs confer
advantages that facilitate mass transfer and
accumulation of target analytes, thereby leading
to a rapid response during the sensing process. On
the other hand, considering the extensive benefits
and additionally complementary and synergetic
results among MOFs and rGQDs, the combination
of MOFs and rGQDs can be used to improve the
performance of the designed sensors [12, 22].

On the other hand, as known diseases such
as diabetes has become a global epidemic today,
due to the complications and consequences of this
issue, it typically causes people to die. Therefore,
it is better to diagnose the disease in the early
stages [26]. The World Health Organization
(WHO) also estimates significant deaths toll from
diabetes annually. Scientific and research studies
in this field are expected to expand. The glucose
level of human blood could be a crucial signal of
diabetes. Consequently, appropriate, accurate and
fast response detection of glucose has attracted
global attention [14, 22]. A variety of instrumental
methods are used to detect the blood glucose level
[27, 28], but one of the best strategies is the use
of electrochemical sensors, which have received
more attention thanks to their fast performance
and low cost [28, 29]. On the other hand, the use
of enzymes in glucose sensors is bounded due to
temperature and pH sensitivity as well as high
cost [30]. However, compared with them, none-
enzymatic electrochemical sensors have received
much attention from researchers [30-32].

In this work, we presented an electrochemical
detecting  platform  based on  Cu-MOFs
nanocomposite modified electrode as a non-
enzymatic sensor for sensing of the glucose. In
this regard, in order to improve the conductivity
and stability of Cu-MOFs film, the MOFs and
electrochemically reduced graphene quantum
dots (ErGQDs) nanocomposite was prepared on the
CCE surface. The constructed modified electrode,
Cu-MOFs/ErGQDs/CCE, was used as a sensor for
non-enzymatic electrochemical determination
of glucose with satisfactory results. Finally, the
present sensor was applied to determine the
glucose level in human blood serum and saliva
samples as the real samples.
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Experimental section
Reagents

Benzene-1,3,5-tricarboxylic acid [CH.-1,3,5-
(COOH),](BTC), methyltrimethoxysilane(C,H,,0.Si)
(MTMOS), hydrochloric acid, graphite powder,
copper (ll) chloride, sodium hydroxide, methanol,
ethanol and citric acid were purchased from
company of Merck (Darmstadt, Germany; www.
merckgroup.com). Potassium hexacyanoferrate
[K,Fe(CN)], uric acid, ascorbic acid, dopamine,
potassium chloride, acetaminophen, glucose,
potassium nitrate, sodium hydrogen phosphate,
and sodium dihydrogen phosphate were purchased
from Sigma-Aldrich Chemical company (St. Louis,
MO, USA; www.sigmaaldrich.com) with analytical
grade. Human serum samples were received
from the Blood Transfusion Center (Tabriz, Iran)
and saliva samples were collected from healthy
volunteers in pathological laboratories.

Electrochemical measurements and instruments
An AUTOLAB PGSTAT-204 (Potentiostat/
Galvanostat) with a three-electrode setup; An Ag/
AgClandplatinumwirerespectivelyasthereference
and auxiliary electrode and Cu-MOFs/ErGQDs
nanocomposite modified CCE as the working
electrode was utilized for all electrochemical
tests including cyclic voltammetric analysis,
amperometric analysis and electrochemical
impedance spectroscopy. Agilent carry-630 FT-
IR spectrometer was utilized for recording of
FT-IR spectra to certify the functional groups in
the proposed nanocomposites. FT-IR stands for
Fourier Transform InfraRed, the preferred method
of infrared spectroscopy. In infrared spectroscopy,
IR radiation is passed through a sample. Some of
the infrared radiation are absorbed by the sample
and some of it are passed through (transmitted).
The resulting spectrum represents the molecular
absorption and transmission, creating molecular
fingerprint of the sample. In the present work, FT-
IR method was utilized to detect the changes in
the preparation of nanocomposites by tracing the
changes in functional groups. Scanning electron
microscope (SEM) images were taken by Phenom
ProX scanning electron microscope equipped with
X-ray energy dispersive spectroscopy (EDX) for
surface morphological investigation and surface
elemental analysis of the modified electrodes,
respectively._SEM is an advanced technology
used to capture the micro and nanostructure
image of the nanomaterials. In SEM, an electron
beam focused by electromagnetic lenses scans
the surface of prepared materials (in this work,
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nanocomposites), where the reflected/interacted
electrons create an image of the material
surface and topography. Energy dispersive x-ray
spectroscopy (EDX) is an analytical technique which
is used for the identification of compositions of
different elements in surface of a specific sample.
The EDX analysis can be used to determine the
surface elemental composition of individual points
or to map out the lateral distribution of elements
from the imaged area. X-ray powder diffraction
(XRD) is a rapid analytical technique primarily used
for phase identification of a crystalline material and
can provide information on unit cell dimensions.
Here, XRD patterns were obtained by Bruker AXF
(D8 Advance) X-ray powder diffractometer in order
to crystalline structure analysis of the prepared
nanocomposites.

Preparation of the CCE

CCE was composed of graphite powder that
is bonded together by a silicate carrier made by
sol-gel method. Carbon ceramic electrodes have
noticed due to their extensive properties such as
no concern for price, easiy manufacturing, porosity
and continuous surface renewal. In this work CCE
was prepared according to previous methods [33].
Initially 600 pL HCI, 600 pL MTMOS and 900 pL
methanol were mixed and gently shaken for 20 min
at40°C, as soon as the sol-gel mixture get opalescent,
0.3 g of graphite powder was added to it. Then, the
product was stirred again to obtain a homogeneous
mixture. Finally, the resultant mixture was molded
into a Teflon tube and dried at room temperature for
24 hr and used as a working electrode by a copper
wire attached to the end.

Synthesis of GQDs

In this work, the production process of GQDs
is completed with pyrolysis of citric acid [34]. In
order to prepare GQDs in a routine and validated
method, 5 g citric acid was put into a 100 mL
beaker and heated to 180 °C using a heater stirrer
under uniform agitation with a magnet. About 10
min later, citric acid molecules are connected to
each other and melted, indicated starting pyrolysis
reaction [35]. At the same time, the color of the
resulted liquid was altered from colorless to light
yellow, and then slowly become brown in 40
min, implying the formation of GQDs during the
carbonization process [35].

Fabrication of the Cu-MOFs/ErGQDs/CCE

A simple and fast three-step in-situ process
was used to fabricate the proposed electrode; Cu-
MOFs/ErGQDs/CCE. In this way, at the first step
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for the fabrication of Cu-ErGQDs nanocomposite
modified CCE, the CCE was immersed in 0.1 M
KNO, containing CuCl2 (5 mM) and GQDs (500
ppm) solution. A potentiostatic method with fixed
potential of -0.55 V for 300 s was utilized for the
simultaneous electrodeposition of metallic Cu
and ErGQDs on the surface of CCE [12]. Then, the
formed electrode; Cu/ErGQDs/CCE, was immersed
in 0.1 M KOH solution in order to convert the
metallic copper to copper oxide and preparing
of the copper oxide-ErGQDs modified electrode
(CuO/ErGQDs/CCE) using the cyclic voltammetry
technique with 20 cycles in the range of -1.5 to 0.8
V. The following electrochemical reactions show
the simultaneous deposition of metallic copper and
ErGQDs and the conversion of copper to copper
oxide in the presence of KOH, respectively [36].

Cu*+2e > Cu (Eq. 1)
GQDs + ne” >ErGQDs (Eq. 2)
Cu+OH - [CuOH + e ]+ OH-> Cu(OH), + e (Eq.3)
Or

2Cu + 20H- > [CUZO +H,0 +2e 1+ 20H-- 2Cu0*
H,O +2e (Eq. 4)

In the final step, in order to convert of the CuO or
Cu(OH), to Cu-MOFs and form the [Cu (BTC),] on
the surface of electrode by in-situ process: the as-
deposited CuO/ErGQDs/CCE was immersed into a
50/50 vol% ethanol/water solution containing 5.8
mM BTC and 6.42 mM KNO3 at room temperature.
After about 1 min (optimized) placing of the CuO/
ErGQDs/CCE in the alcohol/water solution, the
color of the electrode surface changes from black
to dark blue which indicates the formation of Cu-
MOFs on the electrode surface [37, 38].
3Cu0 + 2H,BTC-> Cu,(BTC), + 3H,0 (Eq. 5)
RESULTS AND DISCUSSION
Electroconversion of the Cu/ErGQDs/CCE to CuO/
ErGQDs/CCE

Fig. 1 shows the consecutive cyclic
voltammograms (CVs) of the Cu/CCE and Cu/
ErGQDs/CCE in the 0.1 M of KOH solution. As
can be seen, the resulting CVs in both cases have
two obvious oxidation (ipa, and ipa,) and two
reduction peaks (ipc, and ipc,), which include the
conversion of metallic copper (Cu) to copper oxide
(CuO) or copper hydroxide [Cu(OH).], that have
been reported in previous researches [36, 39]. The
results demonstrated that with the increases in
the number of scans, the current of all peaks rise.
Therefore, it is expected that, the amount of metal
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Fig. 1. 25 successive CVs of the CuO/ErGQDs/CCE and CuO/CCE

in 0.1 M KOH solution at the scan rate of 50 mV s-1 in the ranges

of-1.5t0 0.6 V vs. Ag/AgCl. Inset (A): 1th CV of CuO/ErGQDs/CCE

(a) and CuO/CCE (b) in the same conditions. Inset (B): CV of the

Cu-MOFs/ErGQDs/CCE in 0.1 M PBS (pH=7.2) at the scan rate of
50 mV s in the ranges of -1.0 to 1.0 V vs. Ag/AgCl

copper decrease and turn into the copper oxide
or copper hydroxide. According to our previous
study [36], it is predicted that in the presented
voltammograms, at the first anodic peak (ipal),
metallic copper will first be converted into copper
(1) hydroxide (CuOH) or copper oxide (Cu,O)
during the oxidation reaction in the presence of
KOH solution. In the second anodic peak (ipa,),
the species produced in the first anodic peak are
oxidized to the copper oxide (CuO) or copper
hydroxide [Cu(OH).]. In the reverse scan, the
first reduction peak (ipc,) is expected to include
the reduction of the species formed in the most
prominent oxidation peak, which is copper oxide,
and the hydroxide ion is released. The second
reduction peak (ipc,) is related to other species
existing and residual copper oxide species (Eq.1,
Eg.3and Eqg. 4). Inset Ain Fig. lis related to 1st CVs
of CuO/CCE (curve a) and CuO/ErGQDs/CCE (curve
b) in 0.1 M KOH solution. It is obvious that, the
presence of copper oxide and ErGQDs composite
on the surface of the electrode significantly
increases the currents of all peaks, which is
expected due to the synergistic effect of copper
oxide and ErGQDs. Indeed, in the composite,
the conductivity, porosity and electron transfer
rate increase and subsequently improves the
electrocatalytic effect. After conversion of the CuO
or Cu(OH), to the Cu-MOFs at the surface of CuO/
ErGQDs/CCE and construction of the Cu-MOFs/
ErGQDs/CCE by in-situ process, its electrochemical
behavior was studied in phosphate buffer solution
(PBS) (pH=7.2). Inset B shows the CV of the Cu-
MOFs/ErGQDs/CCE in 0.1 M PBS (pH=7.2).
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Characterization of the Cu-MOFs/ErGQDs/CCE

Morphology of the prepared electrodes was
studied by scanning electron microscopy (SEM).
Fig. 2 A (low) and B (high) show the SEM images of
Cu-MOFs/ErGQDs/CCE with different magnification.
According to the observed SEM images, the Cu-
MOFs particles have cubic shapes that have been
individually deposited on ErGQDs sheets. On the
other hand, Cu-MOFs/ErGQDs nanocomposite was
formed properly on the surface of CCE with a three-
dimensional appropriate structure fabricated which
is suitable for the electrocatalytic purposes and mass
transfer processes. The surface elemental analysis
of the Cu-MOFs/ErGQDs/CCE was performed using
energy dispersive X-ray analysis (EDX). The results,
depicted as inset in Fig. 1 A, which confirm the
presence of C, O, Si, and Cu elements, providing
evidence for the successful electrodeposition of the
Cu-MOF and ErGQDs on the surface of the CCE. The
EDX analysis of the Cu-MOFs/ErGQDs/CCE showed
60.21%, 23.53, 9.14 and 7.12 atomic percentage of
C, O, Si and Cu, respectively.

XRD patternsofthe Cu-MOFs/CCE (blueline)and
Cu-MOFs/ErGQDs/CCE (red line) were illustrated
in Fig. 2C, to investigate the crystalline structure
of them. The peak at 20 of 552 in both patterns
corresponds to the carbon (006) of the support
material (CCE) [40]. ErGQDs display a sharp and

MIRAS TESCAN

weakly broad peak at around 26 value of 26.5¢
which shows the formation of similar planes (002)
(red line pattern) [41]. The main peaks in the XRD
patterns of the Cu-MOFs/ErGQDs/CCE and Cu-
MOFs/CCE at 20 values of 7.029, 11.69, 13.769,
16.119, 27.01, 20.102, and 24.712 corresponding
to (110), (220), (222), (400), (333), (440), and (040)
crystal planes for the Cu-MOFs/ErGQDs/CCE and
also Cu-MOFs/CCE. The diffraction peaks were good
agreement with those reported in the previous
work [42-44], demonstrating a successful synthesis
of Cu-MOFs/ErGQDs nanocomposite. On the other
hand, Cu-MOFs/ErGQDs/CCE shows sharp and
narrowed peaks which point to the products were
in high-quality crystalline. These results suggested
that the presence of ErGQDs did not affect the
formation of the Cu-MOFs crystalline.

FT-IR spectrum can give some information
on the functional groups and special bonds
present in the Cu-MOFs and Cu-MOFs/ErGQDs
nanocomposite (Fig. 2D). The absorption bands of
C=0 was observed in both spectrums at 1646.17
cm™. A broad band at 3000-3500 cm™ in each
spectrum was assigned to the O-H stretching
vibration. The deformation and stretching peak
of the O-H group also appeared at 1456.53 cm™.
For MOFs in both spectrums, the C-C stretching
and three C-H vibrations on the benzene ring of
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Fig. 2. SEM images of Cu-MOFs/ErGQDs/CCE with different magnification [A (low) and B (high)], (C) XRD patterns of Cu-MOFs/CCE
and Cu-MOFs/ErGQDs/CCE. (D) FT-IR spectra of (a): Cu-MOFs/CCE and (b): Cu-MOFs/ErGQDs/CCE. Inset A is the EDX spectrum of the
Cu-MOFs/ErGQDs/CCE.
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BTC appeared at 665.79, 728.94 and 815.20 cm™
respectively. Also, the sharp peak at 1370.17 cm™
in Cu-MOFs/ErGQDs nanocomposite was related
to C-OH that proved proper reduction of GQDs to
ErGQDs in the surface of Cu-MOFs/ErGQDs/CCE.
The peak at 476.36 cm™ belonged to the stretching
vibrations of the Cu-O in the Cu-MOFs and Cu-
MOFs/ErGQDs nanocomposite. The FT-IR results
are agreed with the reported papers [45-47].

Electrochemical characterization of the Cu-
MOFs/ErGQDs/CCE

As presented in Fig. 3, the electrochemical
behavior of the Cu-MOFs/ErGQDs/CCE was
investigated by cyclic voltammetric method in
0.1 M KCL solution containing a standard redox
probe system; [Fe(CN) ]/~ (5 mM). According to
the observations, the different electrodes have
significant redox peaks with different currents in
the presence of [Fe(CN)]?/~, which gradually
increases with the modification of the electrode
at each stage; MOFs/ErGQDs/CCE (curve d)>Cu-
MOFs/CCE(curve c¢)>ErGQDs/CCE(curve b)>bare
CCE(curve a). According to the Fig. 3, it is clear
that in the curve d (CV of Cu-MOFs/ErGQDs/CCE),
both of the anodic and cathodic peaks increased
significantly in compared with other electrodes
due to the synergistic effect of Cu-MOFs and
ErGQDs. On the other hand, as can be seen in Fig.
3, the peak potential separation (AEp) for the Cu-
MOFs/ErGQDs/CCE, Cu-MOFs/CCE, ErGQDs/CCE
and bare CCE are 0.295 V, 0.478 V, 0.632 V and
0.986 V respectively. The obtained results show

0.35 -

T/mA

-0.05 -

-0.25

E/V vs.Ag/AgCl

Fig. 3. cyclic voltammograms of (a) CCE, (b) ErGQDs/CCE, (c) Cu-

MOFs/CCE, (d) Cu-MOFs/ErGQDs/CCE in 0.1 M KCI containing

5 mM [Fe(CN)6]-3/[Fe(CN)6]-4 as the redox probe at the scan
rate of 50 mV s in the ranges of -1.0 to 1.0 V vs Ag/AgCl
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that the Cu-MOFs/ErGQDs nanocomposite has
lower peak potential separation and higher redox
peak current than the other electrodes due to the
high electron transfer rate, electrical conductivity and
the synergistic effect of nanocomposite component.

It is clear that the evaluation of the
electrochemical active surface area (ECSA) of the
manufactured electrodes is important from the
electrochemical point of view, and its purpose is
to measure the real surface area of the prepared
modified electrode that is in direct contact with
the electrolyte solution and charge transfer
process. There are different electrochemical
methods to estimate the ECSA [48]. One of them
is the evaluation of the voltammetric behaviors’
of desired electrode in a standard redox probe
system such as [Fe(CN),]7?/[Fe(CN).]™. Here, the
redux reaction of [Fe(CN)]?/[Fe(CN)]™ on the
surface of Cu-MOFs/ErGQDs/CCE is:
[Fe(CN),]* <> [Fe(CN) ] +e’ (Eq. 6.)
Since the oxidation of [Fe(CN)]?/[Fe(CN)]™* on
the surface of the Cu-MOFs/ErGQDs/CCE (curve
d in Fig. 3) is a reversible reaction controlled by
the diffusion process, therefore the peak current is
proportional to the ECSA (A) that can be calculated
using the Randles-Sevcik equation (Eq. 7).
| =268600 n32ADY2C u*/? (Eq. 7)
By replacing the relevant values in the Eq. (7),
ECSA can be calculated for the Cu-MOFs/ErGQDs/
CCE. Where Ip (A), n, A (cm?), D (cm?/s), C (mol/
cm?) and v (V/s) are related to the peak current,
number of electrons transferred (n=1), active
surface area, diffusion coefficient (7.6 x 10°
cm?/s), concentration of the reaction species (5
mM) in the electrolyte and potential scan rate,
respectively. The ECSA of the MOFs/ErGQDs/CCE
was estimated by anodic peak current of cyclic
voltammograms at different scan rate in 5 mM
[Fe(CN)]*/[Fe(CN),]*" solution as 0.157 cm? [49].

To study the future electrochemical
characteristics of the prepared electrodes (CCE,
ErGQDs/CCE, Cu-MOFs/CCE, Cu-MOFs/ErGQDs/
CCE), the ion and charge transfer properties
between electrolyte and electrodes, were analyzed
by electrochemical impedance spectroscopy
(EIS) in 0.1 M NaOH solution at the open circuit
potential over a frequency range of 0.01 to 100
KHz. The diameter of the semicircle represents

23



S. Makani et al. / Non-enzymatic glucose sensor based on Cu-MOFs/ErGQDs/CCE

12000 -
4 CCE - Cu-MOF
.~ErGQDs +-Cu-MOF/ErGQDs
9000 -
o~ 6000
=]
o
N
3000 - >
P””""», )'s R :?;m p
kS Y0 = 238 pMho*s N
N=0726
0 s/ T T T ]
0 6000 12000 18000 24000
7(Q)

Fig. 4. Nyquist plots of bare CCE, ErGQDs/CCE, Cu-MOFs/CCE

and Cu-MOFs/ErGQDs/CCE in 0.1 M NaOH solution from 0.01

to 100,000 Hz. Inset is the corresponding equivalent circuit of
the Cu-MOFs/ErGQDs/CCE

the Faradic charge-transfer resistance, which
normally reflects the electrical conductivity and
the electron transfer resistance (Rct) process. As
illustrated in Fig. 4, the Rct values of CCE, ErGQDs/
CCE, Cu-MOFs/CCE and Cu-MOFs/ErGQDs/CCE
are determined as 21.8 and 11.9, 7.8 and 3.9 KQ,
respectively. The observed reduction in resistance
is attributed to the enhanced conductivity of
these materials. According to the description
provided, when ErGQDs and Cu-MOFs particles
were deposited individually on the CCE surface,
Rct obviously became larger owing to the poor
electrical conductivity of them. However, as the
integration of ErGQDs and Cu-MOFs, Rct became
lower and synergetic effect of the nanocomposite
like conductivity, porosity and surface area
increased. Thereby, these results indicated that
integration of ErGQDs and Cu-MOFs provided more
anchoring sites and electrochemical conductivity,
thus the electron transfer rate and ion diffusion at
the electrode surface was enhanced. Inset shows
the corresponding equivalent circuit of Cu-MOFs/
ErGQDs/CCE [49, 50].

Effect of pH on the stability of Cu-MOFs/ErGQDs/
CCE response

As shown in Fig. 5, the maximum anodic and
cathodic peaks of Cu-MOFs/ErGQDs/CCE in the
0.1 M BPS are related to natural pH buffer solution
(pH=7). The potential of peaks had been depending
on the pH solution and shifted negatively with the
increase in the pH of the solution. This indicates
the involvement of protons and electrons in
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Fig. 5. (A) Cyclic voltammograms of Cu-MOFs/ErGQDs/CCE
in different pH in PBS (0.1 M) solution at the scan rate of 50
mV s in the ranges of -1.0 to 1.0 V vs Ag/AgCl. Inset: cyclic
voltammograms of Cu-MOFs/ErGQDs/CCE in pH=7 (before and
after long time working in high basic solution at pH 12)

the electrochemical reaction at the Cu-MOFs/
ErGQDs/CCE. On the other hand, according to
inset Fig. 5, the anodic and cathodic peaks of the
desired electrode at pH 7 are stable after receiving
pH to 12, accomplishing various tests at this pH
for a long time and returning the pH to 7, which
indicates the stability of the modified electrode
and non-destruction of the present modified
electrode surface at different pH.

Electrocatalytic activity of the Cu-MOFs/ErGQDs/
CCE toward glucose oxidation

The electrocatalytic activity of the Cu-MOFs/
ErGQDs/CCE toward electrooxidation of glucose
was studied by cyclic voltammetry technique.
Fig. 6 A illustrates the cyclic voltammetry results
of different electrodes; bare CCE (curve a), Cu-
MOFs/CCE (curve b), ErGQDs/CCE (curve c) and
Cu-MOFs/ErGQDs/CCE (curve d) in 0.1 M NaOH
solution containing 5 mM glucose. It is evident
that in all cases except at the bear CCE, in the
presence of glucose, the anodic peak current of
the electrooxidation of glucose appears, which
indicates that, the electrocatalytic activity of the
modified electrodes toward glucose oxidation.
Actually, as shown in Fig. 6 A, the bare CCE has no
specific peak for glucose oxidation, which indicates
the poor electrocatalytic effect of bare CCE for the
oxidation of glucose (curve a). A broad oxidation
peak can be observed in the cyclic voltammogram
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Fig. 6. Cyclic voltammograms of different electrode (a):
CCE, (b): ErGQDs/CCE, (c): Cu-MOFs/CCE and (d): Cu-MOFs/
ErGQDs/CCE in NaOH 0.1 M containing 5 mM of glucose at scan
rate of 50 mV s in the ranges of 0.0 to 1.0 V vs Ag/AgCl. (B)
cyclic voltammograms of Cu-MOFs/ErGQDs/CCE in PBS (0.1 M)
solution at various pH (5.0-12.0) containing 5 mM of glucose at
scan rate of 50 mVs™ in the ranges of 0.0 to 1.0 V vs Ag/AgCl.
Inset (a) plot of Epa vs. pH and inset (b) plot of Ipa vs. pH

of the ErGQDs/CCE (curve b), with a weak oxidation
current signal at high anodic peak potential (Epa)
indicates the partial electrocatalytic effect of
ErGQDs/CCE toward electrooxidation of glucose.
In the cyclic voltammogram curve of Cu-MOFs/
CCE (curve c), a similar oxidation peak with some
current signal is appeared, which indicates the
increased surface area of the electrode due to its
modification by a porous material such as Cu-MOFs.

Nevertheless, compared to the curves of b
and ¢, the Cu-MOFs/ErGQDs/CCE nanocomposite
modified electrode (curve d) shows a significant
oxidation signal which confirms enhancement of
its electrocatalytic effects when ErGQDs and Cu-
MOFs are used simultaneously on the surface of
electrode [14, 22, 38, 39, 45-47, 51]. It maybe
because the high surface area, the porosity of
Cu-MOFs and synergistic contributions of these
materials that increase the electrocatalytic activity
of the Cu-MOFs/ErGQDs/CCE toward glucose
oxidation. On the other hand, the synergistic
effects of porous Cu-MOFs and ErGQDs causes
the improved conduction pathway for electron
transfer. Therefore, the Cu-MOFs/ErGQDs/CCE
can be used as a glucose-sensing sensor [53-57].
Finally, as can be seen in Fig. 6A, no cathodic peak
is observed for the glucose redox system during the
reverse scanning, so based on scientific findings,
it can be concluded that the electrochemical
reaction of glucose molecules on all the present
electrodes is totally irreversible [14, 22, 38, 39, 45-
47,51, 53-57].

The effect of pH value on the electrocatalytic
activity of the Cu-MOFs/ErGQDs/CCE in the
electrooxidation of glucose was investigated.
Fig. 6 (B) shows the cyclic voltammograms
of Cu-MOFs/ErGQDs/CCE in 5 mM glucose
concentration at different pH values (5-12). The
results reveal that by increasing the pH values,
the anodic and cathodic potential of peaks shift
to less positive value [inset (a)] and the peak
current increased significantly [inset (b)] which
indicates the participation of proton in the
glucose oxidation reaction [14, 22, 38, 39, 45-47,
51, 53-57]. As a result, the relationship between
the peak potential (Ep) and pH according to
the obtained equation Ep (mv) = —-0.0321pH +
0.9478 (R*= 0.999) is linear and corresponds to
the Nernstian theoretical slope value of -0.059
V/pH [58]. According to the obtained results and
its correlation with the Nernstian equation, the
number of protons has been transferred in the
process of electrochemical oxidation of glucose,
was calculated according to Nernst equation (Eqg.
8) [58].

E=E°+ (E) Ln ( L0x] ) + (2.305?71;21") pH (Eq.8.)

nF [Red]
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As can be seen in inset b of Fig. 6B, the slope was
32.1 mV pH* which is almost half of the theoretical
value of 59 mv pH* which shows that, the number
of two protons is involved in the electrochemical
process of glucose oxidation. [38, 39, 45, 46,
47, 51, 53-57]. Since more reproducible results
and high catalytic activity of modified electrode
was observed at the pH 12, this pH was used as
optimum value for glucose determination in the
next measurements.

Fig. 7 demonstrated the cyclic voltammograms
of the Cu-MOFs/ErGQDs/CCE in different
concentrations of glucose and calibration curve
of the oxidation peak current vs. concertation
of glucose as the inset. As can be seen, there
is a linear relationship between the glucose
concentration and oxidation peak current at the
Cu-MOFs/ErGQDs/CCE by cyclic voltammograms
curves in the ranges of glucose concentrations (1-5
mM). The peak current of Cu-MOFs/ErGQDs/ CCE
was linear for glucose concentration with linear
correlation (R?*=0.9991). The linearequation was

E,=E

reaction kinetics of glucose, the effect of potential
scan rate on the electrooxidation reaction of
glucose in various scan rates from 5 to 100 mV
s' was investigated in a 0.1 M NaOH solution
containing 5 mM glucose by cyclic voltammetric
technique and the obtained results are shown in
Fig. 8. As can be seen, the anodic peak current
(Ipa) increases accordingly with the increasing
of the scan rate from 5 to 100 mV s™. The plot
of Ipa vs. u*2 displays a linear dependency with
a correlation coefficient of 0.9979 which can be
observed in inset, suggesting the electrochemical
oxidation of glucose at the Cu-MOFs/ErGQDs/CCE
is a diffusion-controlled process [45-47, 51, 53-63].
Furthermore, based on the theory of Laviron
for an irreversible electrode process, the E-Log
v plot (Fig. 8) can be used for the estimating of
charge transfer coefficient (a) and catalytic rate
constant (k ) based on the equation 9.
where n, F, R, T, and other symbols have their
conventional and usual meanings [50]. By using the
Laviron equation, the a and Ks were calculated

P anf
Ipa(mA)= 8x10° C(mM) + 0.0002, where Ipa is the
peak current and C is the glucose concentration.
The effective response to elevated glucose
concentration indicates that the Cu-MOFs/
ErGQDs/CCE could be considered as an effective
electrocatalyst for glucose oxidation and
electrodetermination [38, 39, 45-47, 51, 53-60].
In order to determine the electrochemical

1/2 A

y = 8x10%x + 0/0002
R*=0/9991

091 5 o6
2
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Fig. 7. Cyclic voltammograms of Cu-MOFs/ErGQDs/CCE in 0.1

M NaOH solution containing different concentration of glucose

1- 5 mM at scan rate of 50 mVs™ in the ranges of 0.1 to 1.0 V vs
Ag/AgCl. Inset shows the calibration curve
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y 2.303RT RTk, 2.303RT
+ e ) el ) +

anF

)lugv (Eq.9)

anf

from the result of Fig. 8 and its inset as about 0.5
and 3.24 M%s™?, respectively.

Amperometric sensing of glucose by the Cu-MOFs/
ErGQDs/CCE

Under the optimal conditions mentioned
above, a glucose sensing platform was constructed
based on the high-quality electrocatalytic activity
of Cu-MOFs/ErGQDs/CCE toward the oxidation

0.0016 A
135 o v=8x109x +0.0003
11
-
0.0012 { & 088
= s
035
E 5 25 45 65 85
= 0.0008 vl (mVsT)L2

E/V vs.Ag/AgCl

Fig. 8. Cyclic voltammograms of the Cu-MOFs/ErGQDs/CCE in

0.1 M NaOH solution in the + 5 mM glucose and the potential

window of 0.2 V to +1.0 V at different scan rates of 5-100 mV
s, Inset: plot of Epa vs. Log u
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of glucose. The analytical performance of the
glucose sensing platform was investigated using
amperometric technique. Fig. 9 describes the
amperometric responses of the Cu-MOFs/ErGQDs/
CCE at 0.6 V after successive addition of glucose
in 0.1 M NaOH while stirring solution. It can be
observed, when glucose is added, the current-time
curve sensitively exhibits apparent current step,
which refers to the fast response of Cu-MOFs/
ErGQDs/CCE. As shown in Fig. 9, the response
current increases linearly with increasing glucose
concentration over the ranges of 2-70 uM (Fig. 9A

0.006

o y=4x10"x+0.0023
R2=0.9967

50pM

0.006 - Eo.o(m

I/'mA

0.004 -

0.002

0 1000 2000 3000

t/s

and inset) and 50-500 uM (Fig. 9B and inset), with
good correlations (R2=0.9935 and 0.9966) (insets),
respectively. Moreover, the detection limit of this
sensing platform was estimated as 0.59 uM (S/N =
3), while the sensitivity in the lower concentration
range was calculated as 5069 pA mM?® cm2 To
further evaluate the analytical performance
of our proposed glucose-sensing platform, the
comparison of our work with other reported
glucose sensors was performed and shown in
Table 1. As shown in Table 1, a comparison was
done with the reported glucose sensors. The wide

e y=3%104x-0.0041 »
R =0.9952 o°
0.12 - o*
E 0.08 0 100 200 300 400
= C/pM
—
0.04
®)
0 T T T
0 1000 2000 3000
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Fig. 9. Amperometric i-t curve for the determination of glucose at the Cu MOFs/ErGQDs/CCE in 0.1 M NaOH solution with an applied
potential of 0.6 V. (A) 2-70 uM of glucose and (B) 50-500 uM of glucose. Insets are the calibration curves

Table 1. Comparison of fabricated non-enzymatic glucose sensor with others reported amperometric-sensing platform

Electrode materials Linear range

Detection limit Sensitivity Ref.

(um) (u™m) (MA.mM*.cm?)
Cu-MOF 0.5-5000 0.07 - 47
Ni(TPA)-SWCNT/GCE 20-4400 4.6 - 51
C-Ni-MOF-74/G/GCE 5-1400 0.44 7234 53
NiP/CCE 0.5-5000 0.1 40 54
graphene@ZIF-67 1-805.5 0.36 1521.1 56
Cu-MOF/MWNTSs/GCE 0.5-118400 0.4 3878 57
CoCu oxides/CF 1-1070 0.72 11.916 60
Ni@Cu-MOF 5-2500 1.67 1703.33 61
CuONPs/Ce-MOF 0.005-8600 0.002 2058.5 62
C0304-MCNT/GCE 1.0-122 0.28 2550 63
NiNPs/SMWNTs 1-1000 0.5 1438 64
Au@Cu0 50-2000 18 715 65
CC@MOF-74(NiO) @NiCo LDH 10-9000 0.278 1699 66
Ni-MOF/Ni/NiO/C 4-5664 0.8 367.45 67
Pt/PANI/rGO/CuO 0-13000 15 1252 68
C03(BTC):MOFs/GCE 1-1380 033 1792 69
Co-MOF 5-900 1.6 169 70
PA-ZIF-67@GS 0.025-1257.75 0.086 2718.3 71
Au NPs-TiO2/PANI 10-10000 0.15 379.8 72
Ni-MoS/rGO 5-8200 2.7 256.6 73
Zn0/C0304/rGO 15-10000 0.043 1551.38 74
Cu-MOF/ErGQD/CCE 2-500 0.59 5069 This work
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Fig. 10. Amperometric responses of Cu-MOFs/ErGQDs/CCE to successive addition of glucose, ascorbic acid (AA), dopamine (DA),

glucose, uric acid (UA), acetaminophen (AP) and glucose for selectivity of Cu-MOFs/ErGQDs/CCE in stirred 0.1 M NaOH solution with

an applied potential of 0.6 V. (B) The reproducibility investigation of seven successive experiments (R1-R7) for determination of 5

mM glucose in 0.1 M NaOH solution with an applied potential of 0.6 V and (C) The storage stability of the modified electrode for
determination of 5 mM glucose 0.1 M NaOH solution with an applied potential of 0.6 V vs time (day).

sensitivity, anticipated LOD values, suppression
of other electrodes, fabrication simplicity, and
suitability for further research were all significant
reasons in favor of the proposed electrode.
Overall, it can be concluded that, our proposed
sensing platform performs reasonably well.

Selectivity, reproducibility and stability of glucose
sensor

Theselectivityoranti-interference performance
of physiological substances in real samples is a
crucial consideration in the implementation of
electrochemical sensors. Numerous studies have
demonstrated that there are several substances
present in biological samples, including fructose,
lactose, ascorbic acid, dopamine, KCI, and NacCl,
which exhibit similar electrochemical behaviors
to glucose [66, 71-74]. Consequently, the
accurate detection of glucose can be hindered
by the interference caused by these substances.
Hence, it is of utmost importance to effectively
eliminate the interference of these factors in

28

order to ensure accurate glucose detection. For
glucose determination, the interference of several
physiological coexisting materials such as ascorbic
acid (AA), dopamine (DA), uric acid (UA), and
acetaminophen (AP) were estimated using the
amperometric i-t curve in a homogeneous solution
of 0.1 M NaOH (Fig. 10A). The initial current
response was associated with the addition of 10
UM glucose. Furthermore, the current response
has no apparent signal with the addition of a 10-
fold excess of interference species, by successfully
addition of the second 10 uM glucose, again
an analogous grow with the previous steps was
observed in the current response. Therefore, it
can be concluded that Cu-MOFs/ErGQDs/CCE
showed acceptable anti-interference performance
and excellent stability performance and a high
selectivity behavior in glucose detection.

The reproducibility of the proposed sensors
was investigated by recording the glucose oxidation
current response for five independently selected

Nanomed J. 12(1): 18-32, Winter 2025
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Table 2. Results of the recovery test of glucose in real samples (n=3)

Sample Concentration (uM) Expected Found (uM) Recovery (%) R.S.D.
(M) (%)
0.0 0.0 200.0
40.0 240.0 255.7 106.5 2.98
Human blood serum 100.0 300.0 292.2 97.4 3.10
150.0 350.0 346.9 99.1 3.61
0.0 0.0 80.0
Saliva 40.0 120.0 119.5 99.6 2.58
60.0 140.0 136.8 97.7 2.95
80.0 160.0 160.8 100.3 3.52

Cu-MOFs/ErGQDs/CCE provided by the same
procedures in 0.1 M NaOH solution containing 5
mM of glucose through consecutive experiments.
The relative standard deviation (RSD) of their anode
peak current is only 2.09 %, indicating that the
electrodes have a good reproducibility (Fig. 10B).

In addition, the storage life or long-term stability
of the proposed sensor was evaluated by detecting
the electrochemical signals of glucose at a fixed
concentration and over a long period using the
amperometric technique. Measured currents over
25 days shows a stable current response (Fig. 10 C)
(maintaining 96.97% of the initial signal) indicating
that the proposed sensor has good stability.

Real sample analysis

To verify the practical efficiency of the detection
platform, human blood serum and saliva samples
were analyzed for glucose detection. Human blood
serum were obtained from the Blood Transfusion
Center of Tabriz, Iran and saliva samples were
collected from healthy volunteers. To facilitate
glucose detection in the human blood serum, the
serum samples underwent centrifugation at a speed
of 8000 rpm for a duration of 15 min. Subsequently,
the supernatant was gathered to enable the
electrochemical measurement of glucose levels
using the standard addition method. To collect the
saliva samples, first, the oral cavity was completely
washed, then the saliva samples were collected from
volunteers in a vial and stored at 4 °C before the
assay. The saliva samples were used directly without
any purification before measurements. For glucose
sensing with Cu-MOFs/ErGQDs/CCE, amperometric
i-t curves were recorded for diluted human blood
serum and saliva samples with standard addition
technique. The recovery is defined as following
equation (Eq. 10) [59]:

Nanomed J. 12: 18-32, Winter 2025

Recovery%-= (Cfound — Creal/Cadded) x 100  (Eq. 10)
Where Cfound is the concentration of analyte
which was detected by Cu-MOFs/ErGQDs/CCE,
Creal is the concentration of glucose in real samples
and Cadded is the concentration of glucose was
spike in the real samples. The results are presented
in Table 2. This table shows good recovery with
average of about 101% and 99.2% for glucose
detection in human blood serum and saliva
samples, respectively. The results suggest that
the developed glucose sensor can be successfully
utilized for glucose detection in real samples.

CONCLUSION

In this study, a novel and fast response
platform based on in-situ synthesis of Cu-metal
organic frameworks (Cu-MOFs) integrated with
electrochemically reduced graphene quantum dots
(ErGQDs) was developed through electrochemical
deposition method and conversation process for
non-enzymatic glucose determination. In this
regard, in the first step, the Cu metal and ErGQDs
simultaneously electrodeposited on the surface
of CCE. Then, the metallic copper was converted
to copper oxide; CuO/ErGQDs/CCE, via cyclic
voltammetric technique. Finally, CuO on/in the
CuO/ErGQDs/CCE easily transformed to MOFs
through the in-situ conversation and preparation
of the Cu-MOFs/ErGQDs/CCE. Then, the Cu-
MOFs/ErGQDs/CCE was used as an electrocatalyst
toward the oxidation of glucose. The Cu-MOFs/
ErGQDs/CCE, exhibited high electrocatalytic
activity, good stability, reproducibility and
selectivity in glucose detection. The prepared
sensor offered a wide detection range (from 2
to 500 uM) with a low detection limit of 0.59
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UM (S/N = 3) and high sensitivity (5069 pA mM?
cm-2). Finally, the Cu-MOFs/ErGQDs/CCE with
satisfactory results was utilized to detect the
glucose in real samples (human blood serum and
saliva samples) demonstrate the excellent sensing
performance of the present sensor. Therefore, it
can be suggesting that the developed sensor may
become a promising simple tool for the detection
of glucose in biological samples.
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