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A novel copper () ions [Cu(l)]-graphene oxide (GO) nanocomplex-modified
screen-printed carbon electrode (SPCE) is successfully developed as a versatile
electrochemical platform for construction of sensors without an additionally external
redox probe. A simple strategy to prepare the redox GO-modified SPCE is described.
Such redox GO based on adsorbed Cu(ll) is prepared by incubation of GO-modified
SPCE in the Cu(ll) solution. This work demonstrates the fabrications of two kinds
of electrochemical sensors, i.e., a new label-free electrochemical immunosensor
and non-enzymatic sensor for detections of immunoglobulin G (IgG) and glucose,
respectively. Our immunosensor based on square-wave voltammetry (SWV) of the
redox GO-modified electrode shows the linearity in a dynamic range of 1.0-500
pg.mL~" with a limit of detection (LOD) of 0.20 pg.mL~" for the detection of IgG
while non-enzymatic sensor reveals two dynamic ranges of 0.10-1.00mM (sensitivity
=36.31 pAmM~1.cm~2) and 1.00-12.50 mM (sensitivity = 3.85 pA.mM~".cm~2) with
a LOD value of 0.12 mM. The novel redox Cu(ll)-GO composite electrode is a promising
candidate for clinical research and diagnosis.

Keywords: copper, graphene oxide, immunosensor, electrochemistry, sensor, glucose, immunoglobulin G,
screen-printed carbon electrode
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INTRODUCTION

Changes in levels of some metabolites, immunogens, or
substances in the human body fluids are found and associated
with humoral immunological responses against abnormality in
health, virus infections, and many diseases (Rama and Costa-
Garcia, 2016; Norfun et al., 2017; Putnin et al., 2018). The high
levels of some chemicals or metabolites in the human body are
specifically due to each disease. Such biomolecular substances
can be employed as indicative and clinically relevant biomarkers
for medical diagnostics. For instance, a high glucose level in
blood is caused by diabetes (Vargas et al., 2019). Elevated levels
of immunoglobulins G and M (IgG and IgM) are observed
after the infection with new coronavirus 2019 (SARS-CoV-2)
for 14 days (Yakoh et al,, 2021). In addition, prostate specific
antigen (PSA) is detected in men who suffer with prostate cancer
(Han et al., 2017; Li and Ma, 2017). These substances can be
commonly and frequently used as the target biomarkers for
diagnosis of the diseases (Rama and Costa-Garcia, 2016; Han
et al., 2017; Li and Ma, 2017; Norfun et al., 2017; Putnin et al,,
2018; Vargas et al., 2019; Yakoh et al., 2021). The overexpression
of the biomarkers generally occurs at trace levels (Kuntamung
et al.,, 2021). Consequently, high-performance sensing devices
are required for the quantitative detections of the biomarkers
(Rama and Costa-Garcia, 2016; Norfun et al.,, 2017; Putnin
et al,, 2018; Kuntamung et al.,, 2021). By the detections of the
biomarkers, diagnosis before disease severe situation can lead
to the successful medical treatments of the health problems,
improving the patient survival rates (Condrat et al., 2020).
Based on the specific bioreaction and biorecognition (enzyme-
substrate and antibody-antigen), many traditional assays have
been used for the determination of the biomarkers such as
biosensing assays using enzymes (Vargas et al., 2019), enzyme-
linked immunosorbent assays (ELISA) (Albright et al., 2016),
chemiluminescence immunoassays (Tanaka and Matsunaga,
2000), and surface plasmon resonance (SPR) immunoassays
(Dong et al.,, 2008; Pothipor et al., 2018). Although these methods
have high sensitivity and accuracy, they are time-consuming,
operated with high cost, and complicated (Jumpathong et al.,
2016). Electrochemical sensors have been received increasing
attention due to its easy assembly, low-cost, rapid detection, and
compatibility for miniaturization (Cruz et al., 2014). The devices
present great advantages in determining the target analytes in
complicated systems. They also offer low limits of detections
(LODs) and high sensitivity (Khristunova et al., 2020).

In recent years, the electrochemical immunosensors have
been employed in detecting the many kinds of biomarker
proteins for the disease and virus-infection diagnoses (Rama
and Costa-Garcia, 2016; Norfun et al, 2017). With some
exceptional advantages such as cost-effective instrumentation,
less complexity in operation, and fast detection, label-free
immunosensors have attracted research development in the
diagnoses (Zhang et al.,, 2008, 2017; Qiu et al., 2010; Jumpathong
et al, 2016; Li et al, 2016; Tabrizi et al, 2016; Wang and
Ma, 2018; Chanarsa et al.,, 2020; Kuntamung et al., 2021). The
immunosensors are also constructed with no complex fabrication
process, leading to convenience of use (Norfun et al., 2016, 2017;

Putnin et al, 2018; Wang and Ma, 2018; Zhao et al., 2018;
Kuntamung et al., 2021). Moreover, they are actually constructed
without non-specific adsorption of the biomarkers in human
body fluid, resulting in high selectivity and sensitivity (Putnin
etal., 2018; Wang and Ma, 2018). In addition, instead of enzyme
based biosensors, many sensors without use of enzymes have
been intensively developed for detection of disease-related target
analytes (Sridhar and Park, 2018; Li et al,, 2019; Wang S. et al.,
2020). They are constructed with electrocatalytic materials such
as nanometals (Lee et al., 2018; Liu et al., 2019; Chinnadayyala
et al., 2021), metal nano-oxides (Zhou et al., 2020; Dong et al.,
2021), and nanocomposites (Li et al, 2019; Ramachandran
et al., 2019; Wang S. et al, 2020). Such materials offer
higher environmental stability (Lee et al., 2018; Ramachandran
et al, 2019; Wang S. et al, 2020; Zhou et al., 2020), giving
the stable detection performances. Interestingly, these non-
enzymatic sensors present acceptable and comparable analytical
performances in terms of LOD, sensitivity, and selectivity (Li
et al,, 2019; Ramachandran et al., 2019; Wang S. et al., 2020).
The quantitation of the target substances can be carried out
with the recorded amperometric, potentiometric, impedimetric,
or conductometric signals (Dawan et al., 2013; Soldatkin et al.,
2013; Kim et al., 2017; Zhao et al., 2018).

There are many kinds of electroactive materials employed to
construct a sensitive and simple electrochemical sensors such as
conducting polymers (Tabrizi et al., 2016; Pothipor et al., 2018;
Putnin et al.,, 2018; Chanarsa et al., 2020), metal nanoparticles
(NPs) (Hoa et al., 2015; Jeong et al., 2018; Tran et al., 2018;
Dilmac and Guler, 2020), metal oxide nanostructures (Dong
et al., 2021; Yang et al, 2021), and carbon nanoarchitectures
(Pothipor et al.,, 2015; Li et al., 2016; Shen and Shen, 2019). Many
attempts aim to develop the materials offering the sensors with
LODs (Li et al., 2014, 2016; Shen et al., 2015; Zhu et al., 2015;
Montes et al., 2016; Tang and Ma, 2016; Zhang et al., 2016; Dong
etal, 2017; Han et al., 2017; Barman et al., 2020). Moreover, they
are also investigated as multifunctional materials playing many
roles in the device performances when they are used to construct
electrodes and/or modify electrodes. Two electrochemical
devices, namely both supercapacitors and non-enzymatic glucose
sensors, are successfully developed using the CuyO/Cu electrodes
(Wang S. et al, 2020) and tremella-like NiS/CoS/NiCo,S4
hierarchical structure (Li et al., 2019). A porous NiO microsphere
and Ti3C,Tx hybrid is developed as a bifunctional electrode
for uses in supercapacitor and non-enzymatic H>O, sensor
(Ramachandran et al., 2019). Moreover, layered materials (Wang
C. etal., 2020) and conducting polyindole (Marriam et al., 2020)
can be used to construct both batteries and supercapacitors.
Na-ion batteries and glucose sensor can be elaborated using
carbon encapsulated CoS; nanoparticles (NPs) anchored on
reduced graphene oxide (rGO) (Sridhar and Park, 2018).
Additionally, a report shows a dual-biomarker sensing chip
with two working electrodes that are individually modified with
different bioactive elements, i.e., enzymes and antibodies for
detections of glucose and insulin, respectively (Vargas et al,
2019). There is no report about the materials having many
functions that can be used in fabrication of both chemical
sensors and immunosensors. Consequently, the investigation
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of the materials for wide-range applications still remains a
crucial challenge. The materials require anti-biofouling and the
ability to reduce nonspecific adsorptions of non-target proteins
in human serum. To date, many electrochemical platforms
are widely used to immobilize antibodies for construction
of the immunosensor, including redox hydrogel (Li and Ma,
2017; Tang et al, 2017), CuPdPt nanowire networks (Wen
et al., 2018), AuPd NP-multiwalled carbon nanotube (CNT)
composite/ferrocenecarboxaldehyde/chitosan hybrid hydrogel
(Yin et al.,, 2018), AgPt nanorings supported on rGO (Wang
etal., 2018), and high quality graphene oxide (GO) (Jumpathong
et al., 2016; Norfun et al., 2016, 2017). In addition, metals and
metal oxides decorated on CNTs, rGO, and GO as efficient
electrocatalysts are employed for uses in the non-enzymatic
detections (Dhara et al., 2014; Hoa et al,, 2015; Ngo et al., 2017;
Jeong et al,, 2018; Tran et al,, 2018; Dilmac and Guler, 2020).
Among these nanocarbons, low-cost GO and rGO attracted
more interest because of its large electrochemical active surface
area, oxygenic functional groups in complexation with metal
ions/metal NPs (redox probes) and in the immobilization of the
active antibodies, and good electrical conductivity (Wu et al,
2013; Li et al,, 2016; Sridhar and Park, 2018; Wang et al,
2018; Barman et al., 2020). Moreover, metal-rGO and metal-
GO complexes as redox materials can be eventually used for
constructions of immunosensors (Wu et al., 2013; Li et al., 2016;
Wang et al., 2018; Barman et al., 2020) and electrocatalysis-based
sensors with no enzyme usage (Alizadeh and Mirzagholipur,
2014; Badhulika et al., 2014; Jiang et al., 2014; Hoa et al,
2015; Yazid et al., 2016; Ngo et al,, 2017; Sridhar and Park,
2018; Dilmac and Guler, 2020). It is known that although
rGO has the higher electric conductivity, GO offers sufficient
electrochemical reactivity (Jumpathong et al., 2016; Norfun et al.,
2017). Utilization of GO for both sensor types may reduce the
reduction step and it would obtain high uptake of metals (redox
probes or electrocatalysts), thus giving high device performances.
Among many metal nanostructures, copper is particularly
interesting material due to its considerable low cost compared
to AgNPs and AuNPs. It also reveals high electrical conductivity
and good electrocatalytic activity, having great potential for
non-enzymatic glucose sensor application (Song et al., 2013;
Na et al, 2019). In many cases, the precisely controlled
conditions, specific technical skills, complicated instruments,
reducing agents, and capping agents are typically required for
the synthesis of Cu nanostructures or their nanocomposites
to control nanocrystal growth, prevent agglomeration, avoid
oxidation, and ensure good dispersibility and stability (Na
et al,, 2019). Consequently, the Cu(II)/GO nanocomposite is
interesting due to its ease of formation and simple preparation,
which Cu(II) can offer the catalytic centers for electrooxidation
of glucose as well as electrochemical amplification using its redox
response in immunosensor.

Herein, a versatile redox Cu(II)/GO platform was simply
prepared via an adsorption of Cu(II) ions on a disposable
GO-modified screen-printed carbon electrode (SPCE) and
successfully employed for the fabrications of label-free
electrochemical immunosensor and non-enzymatic glucose
sensor, for the first time. The redox Cu(II)/GO-modified

SPCE has a dual-function, namely signal amplification in
the immunosensor and electrocatalysis in the glucose sensor.
Our redox Cu(II)/GO-modified SPCE was further used in
the immobilization of the anti-immunoglobulin G (anti-IgG)
antibodies for construction the immunosensor. By virtue of the
loaded Cu(Il) in Cu(II)/GO as the redox probe, the analytical
responses of the proposed label-free immunosensor for the
sensitive quantification of immunoglobulin G (IgG) were
performed by restriction of voltammetric stripping due to
the occurrence of immunocomplex formed on the electrode.
A Cu(I)/GO-modified SPCE containing Cu(Il) species as
electrocatalytic centers was used as a sensing electrode for the
non-enzymatic quantitative detection of glucose. The Cu(II)
can electrocatalyze the oxidation of glucose, producing the
current response proportional to glucose concentration. Both
sensors preliminarily reveal satisfied sensitivities, selectivities,
dynamic ranges, and LODs for detections of IgG and glucose.
This bifunctional Cu(II)/GO electrode is a good candidate for
many applications in clinical diagnoses such as screening and
monitoring diabetes and detecting new coronavirus (COVID-19)
infection together with IgM determination (Yakoh et al., 2021).

EXPERIMENTAL DETAILS

Chemicals and Materials

Copper (II) nitrate [Cu(NO3);, 99.5%] was purchased from
Loba Chemie, India. Copper (II) acetate (C4sHgCuOy, 98%) was
achieved from Carlo Erba reagents (Milan, Italy). Hydrochloric
acid (HCIl, 37%), sulfuric acid (H;SO4, 96%), potassium
fericyanide{K3[Fe(CN)]s, 98.5%}, potassium nitrate (KNOs3,
99%) were purchased from Lab Scan (Poland). Graphite powder
(synthetic, size < 20 pm), dopamine hydrochloride (DA, 99.5%),
anti-human immunoglobulin G (Fab specific) antibody (anti-
IgG, 5.5 mg.mL™!) produced in goat, immunoglobulin G (IgG)
from human serum (IgG, 4.8 mg.mL’l, >95%), human serum
from human male (AB plasma, USA origin, lot: SLBS6544),
myoglobin from human heart (Mb, 2.4 mg.mL™!, >95%), and
phosphate-buffered saline (PBS) tablets (pH 7.4) were ordered
from Sigma-Aldrich (Singapore). Nitric acid (HNOs3, 65%),
sodium di-hydrogen phosphate dehydrate (NaH,PO4-2H,O,
98.5%), and L(+)-Ascorbic acid (AA, CsHgOg, 99.7%) were
achieved from Merck (Germany). Di-Sodium hydrogen
phosphate dehydrate (NaHPO4-2H,O, 99%) from Scharlau
(Spain), glucose (CeH206, 99%) from Fluka (Switzerland),
hydrogen peroxide (H;O;, 50%) from AJAX (Australia),
potassium permanganate (KMnOy, 99%) from Carlo Erba (Italy),
and uric acid (CsH4O3Ny, 98.5%) from Hopkin and Wiliums
(USA) were obtained and used as achieved. Bovine serum
albumin (BSA, 98%) and interleukin-15 (IL-15, lot: 2381730,
>98%) were ordered from Merck (Germany) and Millipore
(USA), respectively. Sodium acetate (CH3;COONa-3H,0, 99.1%)
and acetic acid (CH3COOH, 99.7%) were purchased from Fisher
Scientific (USA) and RCI Lab Scan (Thailand), respectively.
Deionized water (DI water, 18.2 MQ cm™! at 25) was collected
from a purification system (Millipore systems, USA) and used
throughout this study. In addition, 100-fold and 50-fold dilution
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SCHEME 1 | Fabrications of IgG immunosensor and non-enzymatic glucose sensor based on a versatile Cu(ll)/GO-modified SPCE.

human sera were employed for study of the IgG and glucose
determinations in real sample analyses.

Fabrication of Sensor and Biosensor

Graphene oxide (GO) powder achieved from the modified
Hummers’ process (Pothipor et al., 2015; Norfun et al., 2016) was
employed for modification of screen-printed carbon electrodes
(SPCEs). Firstly, 5 pL of GO dispersion was added onto
the plasma-cleaned SPCE and then the SPCE was dried in
the air for 2h. The GO-modified SPCEs were incubated
with Cu(II) ions solution for 70min and washed with DI
water several times. 5.0mM copper (II) acetate solution
and 2.5mM copper (II) nitrate solution were employed for
preparation of Cu(II)/GO-modified SPCEs in detections of
IgG and glucose, respectively. Scheme 1 shows the fabrications
of both immunosensor and non-enzymatic sensor using the
Cu(II)/GO-modified SPCE. For construction of immunosensor,

the Cu(II)/GO-modified SPCEs were incubated with 7.0 wL
of 50 pg.mL™! anti-IgG antibody solution in a humidity
chamber at 4°C for 40 min. After incubation, the modified
SPCEs were washed with 0.010M PBS solution (pH 7.4)
several times. To eliminate and block non-specific binding
or adsorption, the electrodes were incubated with 7.0 pL
of 1.0 wt% BSA in the same condition and washed with
the same solution. For non-enzymatic glucose fabrication, the
Cu(II)/GO-modified SPCEs were directly employed without
any further modification and chemical treatment and the
detection of glucose was operated in a basic solution (0.10 M
NaOH). Finally, for the immunoassay, anti-IgG/BSA/Cu(II)/GO-
modified SPCEs were incubated with 7.0 L of the IgG solutions
at different concentrations in the humidity chamber at 4°C
for 40 min and, to remove unbounded IgG molecules, the
electrodes were consequently washed with the PBS buffer several
times. The responses of Cu(Il) ions at the electrodes, after
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incubation with blank and the IgG solutions, were recorded
by square wave voltammetry (SWV) at the potential range
from —0.50 to 0.40V (vs. Ag/AgCl) in 0.20 M acetate buffer
(pH 5.5). The electrochemical properties of electrodes and the
electrocatalysis of the electrodes toward glucose were studied
using cyclic voltammetry (CV). For detection of glucose, the
responses of fresh Cu(II)/GO-modified SPCE in basic glucose
solutions at different concentrations were undertaken using
chronoamperometry at an operating potential of +0.50V in
0.10 M NaOH solution.

Apparatus and Instrumentation

The morphologies of the electrode surfaces were studied using
a JSM-6335F Field-emission Scanning Electron Microscope
(SEM, JEOL, Japan). Energy dispersive X-ray spectroscopy
pattern was also recorded by this microscope. In addition, X-ray
photoelectron spectroscopy (XPS) technique was employed
to analyze elemental composition of prepared electrodes.
The experiment was measured at the SUT-NANOTEC-
SLRI XAS Beamline (BL5.2) and the SUT-NANOTEC-SLRI
XPS Beamline (BL5.3) at the Synchrotron Light Research
Institute (Public Organization), Thailand. A electrochemical
cell used in this study comprised of a working modified
SPCE [Cu(Il)/GO- or anti-IgG/BSA/Cu(II)/GO-modified
SPCE], a platinum wire (Pt) counter electrode (Niko,
Japan), and silver/silver chloride (Ag/AgCl, 3M NaCl)
reference electrode (BASi, USA). The SPCEs were prepared
following the procedure from previous reports (Reanpang
et al, 2015; Thunkhamrak et al., 2017). Cyclic voltammetry
(CV), square-wave voltammetry (SWV), and amperometry
were performed on Palmsense 3 and Emstat 3 potentiostats,
PalmSens (Netherland).

RESULTS AND DISCUSSION

Adsorption Study of Cu(ll) lons on

GO-Modified SPCE

Adsorption of Cu(Il) ions onto GO-modified SPCE is
investigated by incubation with 5.0 mM Cu(II) acetate solution.
The uptake of Cu(II) in GO-modified SPCE is monitored using
CV as shown in Figures 1, 2. In general, the amount of adsorbent
(GO) on the electrode is one of the most important parameters,
which is needed to be optimized. Although GO is a very good
adsorbent for Cu(II) ions (Zhao et al., 2011; Tan et al., 2015; Peng
et al, 2017; Ni and Li, 2018), it has low conductivity and low
electrochemical reactivity, giving a low redox current response
of Cu(Il). Thus, high amount of GO sitting on the electrode
surface containing high Cu(II) content would not offer the
maximum current response of Cu(II). In this study, our GO
synthesized by the modified Hummer’s method with the triple
exfoliation has higher electrochemical reactivity as compared
to that of naked SPCE (Jumpathong et al., 2016; Norfun et al.,
2017). In order to get the proper Cu(II) uptake as monitored
by CV, GO concentration for the modification is investigated
in range of 0-5.0 mg.mL_1 (0-25 pg). CVs of Cu(Il)-adsorbed
GO-modified SPCEs with different GO contents (0-25 jg) in
contact with 0.20 M acetate buffer (pH 5.5) are recorded as
depicted in Figure 1A. The adsorption time is fixed at 5min.
It was found that the current increases to a maximum point
and then decreases regarding GO content on the SPCE. As
observed in Figure 1B, the GO concentration of 3.0 mg.mL™~!
(15 pg) offers the maximum current of the oxidation process
of Cu(Il), suggesting that this GO content would give the
best sensitivity of the immunosensing device and the best
electrochemical reactivity in the electro-oxidation of glucose,
which can be employed in the non-enzymatic detection of
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glucose. Moreover, the period of time in the adsorption process ~ GO-modified SPCE with different incubation times (0, 20, and
also affect the amount of Cu(II) in the GO-modified SPCE. Thus, = 70 min) in Cu(II) solution. It is found that peak responses of
the optimization of the adsorption time is required as shown in  copper from all bare SPCEs over long period and GO-modified
Figure 2, of which the CV response of Cu(II) on Cu(II)/GO-  SPCE with no incubation are not observed, indicating no
modified SPCE is used to track the amount of adsorption.  adsorption of Cu(Il) in the naked SPCE. When presence of
Figure 2A compares the adsorption uptakes in bare SPCE and ~ GO on the platform, the Cu(II) is adsorbed as found that with

A B
120 - 110 ;
100 - : PE s,
100 ; s § ¢
90 - 3
80 1 —— SPCE (t=0 min) 30 - .
~—— SPCE (t=20 min)
60 70 1
- ~—— SPCE (=70 min) 4
= «— SPCE/GO (=0 min) =60 1 L
- 40 1 = - +SPCE
o e SPCE /GO (t=20 min) =50 1
3520 1 —— SPCE/GO (=70 min) %‘40 ) #SPCE/GO
v 0 O 30 +
20 - 20 4
10 +
0 o & ¥ 3 ¥ 3§ = = % 3 3 3
-60 -10 T T T T T T T T T T "
05 04 03 02 01 0 01 02 03 04 05 0 10 20 30 40 50 60 70 S0 90 100 110
Potential /V

Time /min

FIGURE 2 | Effect of adsorption period on Cu(ll) ions uptake on GO-modified SPCE; (A) CVs of Cu(ll)/GO-modified SPCEs with different adsorption times and (B)
corresponding oxidation peak currents, in 0.20 M acetate buffer (pH 5.5).

FIGURE 3 | FE-SEM images of bare SPCE (A), GO-modified SPCE (B), and Cu(ll)/GO-modified SPCE (C).
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increasing the period, the response increases. Figure 2B displays
plots of the current responses vs. adsorption time for naked
SPCE and GO-modified SPCE. There is no significant change in
current response over the time from 0 to 110 min for adsorption
on bare SPCE whilst for the adsorption on GO-modified SPCE,
an increment of the peak response is found until the incubation
time of 70 min and then at this point the current intensity starts
constant. This suggests that the adsorption of Cu(Il) favors
and requires GO. The adsorption also needs suitable time to
be complete. From this study, the adsorption time of 70 min is
chosen for further study as well as construction of the label-free
immunosensor and non-enzymatic glucose sensor. This time
would offer the best performances of both devices. In addition,
the maximum Cu(II) uptake in Cu(II)/GO-modified SPCE (from
3.0mg.mL~! GO dispersion) at the adsorption time is calculated
using the surface coverage equation (Fleming and Bond, 2009).
The adsorbed Cu(Il) amount is 2.04 x 107! mole (12.96 ng)
and % Cu(IT) content in GO (15 jLg) on the SPCE is 8.6 x 1072,

Characterization of Modified SPCEs

As shown in Figure 3, FE-SEM images depict comparison
of surfaces of bare SPCE (Figure3A), GO-modified SPCE
(Figure 3B), and Cu(II)/GO-modified SPCE (Figure 3C).
Morphology of bare SPCE is rough with some particles of
carbons and binder. The mountain-like smooth surface is
observed for the two later samples, suggesting full coverage of
the electrode with GO. No significant change in the morphology
is observed in both samples due to adsorption of Cu(II) ion. To
illustrate the presence of copper metal in the GO-modified SPCE,
Supplementary Figure 1A shows a FE-SEM image of Cu(II)
ion-adsorbed GO-modified SPCE. The wave-like smooth surface
of GO characteristic is found, indicating that electrode surface is
fully covered with GO. Additionally, Supplementary Figure 1B
represents the corresponding EDS spectrum. The spectrum
indicates that the surface contains copper metal (3.8 atomic%),
carbon (72.3 atomic%), and oxygen (23.9 atomic%). The
carbon and oxygen are of GO surface while presence of copper

=
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—SPCE/GO
—SPCE/GO/Cu
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FIGURE 4 | Electrochemical properties of bare SPCE and GO- and
Cu(ll)/GO-SPCEs in contact with 0.010 M PBS containing 5mM [Fe(CN)g]*~.

refers to the Cu(Il) ions adsorption onto GO-modified SPCE.
Supplementary Figure 2 shows XPS spectra of GO- and
Cu(II)/GO-modified SPCEs. The simulated spectra show that
both surfaces contain some oxygenic functional groups of GO,
on which could chelate with the Cu(II) ions, inferring Cu(II)-GO
complexes (Muralikrishna et al., 2016). Moreover, the surface
would possess charge due to its oxygenic groups in solution.
Therefore, the uptake of Cu(Il) into GO-modified SPCE by the
incubation in Cu(II) solution would involve physical adsorption
and the electrostatic interaction as well as the complexation.

The electrochemical properties of prepared electrodes such
as current responses (Ips and Ip) and peak-to-peak separation
(AEp) were studied by CV in 0.010 M PBS (pH 7.4) solution
containing 5.0 mM [Fe(CN)s]3~ as exhibited in Figure 4. The
current response is sequentially improved by modification with
GO and Cu(II)/GO complexes, respectively. The oxidation
and reduction peak currents of Cu(II)/GO-modified SPCE are
improved about 184 and 315%, respectively, from those of
naked SPCE. Moreover, the peak separation is also reduced
after the modification, indicating that the electron transfer
at the electrode is improved and its kinetics is faster. The
smallest AEp value is observed for Cu(II)/GO-modified SPCE,

110 1
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8 10 o 12 14 16
(Scan rate)!2
FIGURE 5 | Electrochemical responses for [Fe(CN)e]*~/3~ process at

Cu(llyGO-modified SPCE; (A) CVs and (B) related anodic and cathodic peak
currents at different scan rates.
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FIGURE 6 | Sensograms and corresponding calibration curve for label-free immunosensing of human IgG using Cu(ll)/GO-modified SPCE.

resulting from the fastest electron transfer kinetics (Tsierkezos,
2007). This indicates that Cu(II)/GO offers not only highest
electrochemical reactivity but also redox response of redox
probe, Cu(II), which can be further used in signal amplification
of proposed immunosensor and as catalyst center for non-
enzymatic oxidation in the quantitative assay of glucose.
Furthermore, CVs of the Cu(II)/GO-modified SPCE in contact
with 0.010M PBS solution containing 5.0 mM [Fe(CN)g]>~
at different scan rates are recorded as illustrated Figure5. It
is found that the current response increases with increasing
the scan rate (Figure5A) (Tsierkezos, 2007). As seen in
Figure 5B, plots of anodic (I,) and cathodic (I,c) peak currents
against square root of scan rate show the great linearity,
suggesting that the reaction mechanism is diffusion-controlled
(Tsierkezos, 2007). It is plausible that the redox reaction at the
electrode surface behaves well over the scan rate range. The
electrode-to-electrode reproducibility in Cu(II)/GO-modified
electrode’s production is also assessed by construction of 10
individual electrodes as shown in Supplementary Figure 3.
The SWV responses of Cu(Il) of the Cu(II)/GO-modified
electrodes in contact with 0.2M acetate buffer (pH 5.5) are
examined. It is observed that percent relative standard deviation
(% RSD) is of 1.262%, indicating an exceptional electrode
fabrication reproducibility.

Application in Label-Free Immunosensor
for IgG Detection

After immunosensor is constructed regarding the Scheme 1
and employing the proposed Cu(II)/GO-modified SPCE,

its analytical performances are studied. To construct the
calibration curve, the detection of immunoglobulin G (IgG) is
tested by incubation of the anti-IgG/BSA/Cu(II)/GO-modified
SPCEs" surfaces with the solutions containing different IgG
concentrations as illustrated in Figure 6. It is seen that the
SWYV peaks of the stripping of Cu(I) on the electrodes are
located in potential range of ca. —0.05-0.00V. The SWV
current response decreases when the IgG concentration
is raised. This is due to the restriction of Cu(II) stripping
process by the immunoreaction products. The retained
response is inversely proportional to the amount of the
immunocomplexes. The result reveals the linear logarithmic
relationship between current response and IgG concentration
from 1 to 500 pg.mL~!) with limit of detection (LOD) of 0.20
pgmL~!. The linear equation is i (LA) = —12.939log[IgG
(pg.mL_l)] + 42.667 with a correlation coefficient (R%) of
0.9938. A comparison of analytical performance of the proposed
biosensor with other previous reports is shown in Table 1.
LOD and dynamic range of our sensor are comparable
and acceptable, which are satisfied in the detection of
IgG. Moreover, this immunosensor is much simpler in the
detection operation.

The inaccuracy in detection of IgG may be caused by
interfering substances. Therefore, in this study, myoglobin
(MB), interleukin-15 (IL-15), dopamine (DA), uric acid (UA),
glucose (Glu), ascorbic acid (AA), and their mixture are
used as interferences to examine the specificity and selectivity
of the proposed immunosensor as shown in Figure7. The
study is operated with the detections of 2.5 pg mL™! IgG,
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TABLE 1 | Comparison of our proposed sensors with other reported sensors.

Immunosensor Detection Linearrange Detection References
method (ng mL~") limit
(ng mL~")
OPPy-AuNP/SPE EIS 0.5-125 2.0 x 1072 Tabriziet al.,
2016
PTH-MB/AuUNP/AUE DPV 10-10* 3 Qiu et al., 2010
AuNP/L-cysteine DPV 0.82-90 25 x 107 Zhang et al.,
electrode 2008
Cd?+/GP- Amp 5.0 x 2.0x 10°% Lietal, 2016
FesO4/Au@Ag/GCE 107650
GO/SPCE DPV 2.5-100 1.99 Jumpathong
et al., 2016
Cu(ll/GO/SPCE SWvV 1.0 x 2.0 x 107*  This work
10-%-0.5
Glucose sensor Detection Linearrange Detection References
method (mM) limit
(M)
Enzymatic glucose sensor
CS/GOx/ZnO/GCE GV 0.2-5.6 10 Zhou et al.,
2013
GOx/MoS,/GP/GCE Amp 2.0-20.0 29 x 102 Jeongetal.,
2017
GP-CdS-GOx/GCE  CV 2-16 7.0 x 10 Wanget al.,
2011
AuNPs/GOx- Amp 0.5-8.0 2.0 x 10?  Zhanget al.,
MWCNTs-PVA/GCE 2011
PDA/GOx/GP Amp 0.001-4.7 0.1 Ruan et al.,
2013
Non-enzymatic glucose sensor
PDA/CuO-C- Amp 0.5-2, 2-5 110, 62.3  Sridara et al.,
dot/SPCE 2020
Cu(ll)- Amp 0.5 x 0.35 Zheng et al.,
C3N4/MWCNTs/GCE 1073-12 2018
CuO/TiE Amp 5.0 x 2.0 Jietal, 2014
10°3-1.6
NiO-TiO./GCE Amp 2.0 x 0.7 Rajendran
1073-2.0 etal, 2018
Pt nanoflowers/ Amp 1.0-7.0 3.9 x 102 Badhulika et al.,
MWCNTs/GP/GCE 2014
Nafion/CuNPs-N- Amp 4.0 x 1.3 Jiang et al.,
GP/GCE 108-4.5 2014
Cu(ll)-GO/SPCE Amp 0.10-1.0, 1.2 x 102 This work
1.0-12.5

OPPYy, overoxidized polypyrrole; AUNF, gold nanoparticle; SPE, screen printed electrode;
EIS, electrochemical impedance spectroscopy; PTH, polythionine; MB, methylene blue;
AUE, gold electrode; DPV, differential pulse voltammetry; Cd?t, cadmium ion; GP
graphene; Au@Ag, gold and silver core-shell nanoparticles; GCE, glassy carbon electrode;
Amp, amperometry; GO, graphene oxide; SPCE, screen printed carbon electrode; Cul(ll),
copper(ll) ion; SWV, square wave voltammetry; CS, chitosan; GOx, glucose oxidase; ZnO,
zinc oxide; CV, cyclic voltammetry; MoS», molybdenum disulfide; CdS, cadmium sulfide;
MWCNTs, multi-wall carbon nanotubes; PVA, polyvinyl alcohol; PDA, polydopamine; CuO,
copper oxide; C-dots, carbon nanodots;, CsNa, graphitic carbon nitride; TiE, titanium
substrate electrode; NiO, nickel oxide; TiOs, titanium dioxide; Pt, platinum; CuNPs-N-GF,
copper nanoparticles decorated nitrogen-doped GR.

250 pg mL~! of each individual interfering substance, mixtures
of 2.5 pg mL™! IgG and 250 pg mL™! of each interference,
and a mixture of 2.5 pg mL™' IgG and 250 pg mL!
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FIGURE 7 | Interference study for label-free immunosensing of human IgG
using Cu(ll)/GO-modified SPCE.

TABLE 2 | Recovery study of IgG in serum sample using the prepared
immunosensor.

Samples Standard Found Recovery RSD

of IgG (pg/mL) (%) (%)

(pg/mL)

1 10 10.12 101.2 2.03
2 25 25.68 102.7 0.97
3 50 49.91 99.81 1.56
4 100 97.80 97.80 1.13
5 250 250.6 100.2 0.64

of interference mixture. As compared with the response of
blank, the responses of individual interferences determined
by our immunosensor are fluctuated and slightly changed
(ca. 1.9-4.8%). After the sensor surface is incubated with 2.5
pg.mL~! IgG solution, the current response is extremely dropped
to lower current response (ca. 66.7% of initial value) owing to
blockage of redox response by the immunoreaction product.
When the detection of IgG is obtained in presence of each
interference or the interference mixture, the current responses
are significantly different from that of IgG only, indicating high
device selectivity. This result shows the good anti-interference
ability of the sensor and no non-specific adsorption of interfering
substances on the immunosensing surface. Furthermore, to
demonstrate the reliability and accuracy, human serum with
known amounts of spiked IgG concentrations (10-250 pg mL ™)
are employed. As summarized in Table2, the % recoveries
and % RSDs are found to be in the ranges of 97.80-102.73%
and 0.64-2.03%, respectively. Moreover, the serum used may
contain some proteins and salts, which would interfere the
detection response. As exhibited in Table 2, they do not affect
the biosensor response. The result suggests the satisfactory
performance of the proposed immunosensor for real sample
analysis. It has the potential to detect IgG with high precision
and accuracy.
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Application in Non-enzymatic Sensor for

Glucose Detection

The Cu(II)/GO-modified SPCE is freshly employed for the
electrooxidation of glucose. Figure 8 displays comparison of
glucose oxidation at three electrodes, bare SPCE, and GO-, and
GO/Cu(Il)-modified SPCEs. CVs of the electrodes in contact
with 0.10 NaOH solution with absence and presence of 5.0 mM
glucose are recorded at the potential range of —0.20 to 0.80'V.
The oxidation of glucose can be performed at three electrodes as
seen with increased current responses from 0.30 V. Interestingly,
Cu(II)/GO-modified SPCE provides the highest oxidation peak
of glucose oxidation and the current peak is clearly observed
at 0.60 V. Moreover, by the oxidation of 5.0mM glucose,
the current of Cu(II)/GO-modified SPCE is ~3.57-fold and
10-fold higher than those of GO-modified and bare SPCEs,
respectively. This indicates good electrocatalysis toward glucose

= (a) SPCE in NaOH
-(b) GO/SPCE in NaOH
(¢) Cu(II)/GO/SPCE in NaOH
=== (d) SPCE in glucose
e (¢) GO/SPCE in glucose
f e (f) Cu(II)/GO/SPCE in glucose

40
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0:0 0:2 0:4 0:6 0.8
E/V vs Ag/AgCl (3 M NaCl)

-0.2

FIGURE 8 | CVs of different modified electrodes; bare SPCE, and GO- and
GO/Cu(ll)-modified SPCEs in 0.10 M NaOH solution with the absence and
presence of 5.0 mM glucose at a scan rate of 50mV s~

over Cu(II)/GO-modified SPCE. Cu(II) can improve and catalyze
the electrochemical oxidation of glucose over GO-modified SPCE
as obviously seen with the peak response (4-0.60 V) in Figure 8
(curve f). The electrocatalytic activity for glucose oxidation of
Cu(II)/GO modified SPCE mainly originates from Cu(II) ion.
The catalytic mechanism would be regarding previous proposed
reports (Alizadeh and Mirzagholipur, 2014; Jiang et al.,, 2014;
Ji et al, 2014; Sridara et al, 2020; Wang S. et al, 2020).
The presence of abundant functional groups and large surface
area of GO promotes the favorable adsorption of Cu(Il) on
the electrode surface which can enhance the electrocatalytic
performance. In the alkaline medium, the OH™ ion would
react with Cu(II) ion to form Cu(OH), which can catalyze the
oxidation reaction of glucose. The current response at 0.60 V
is increased with raised glucose concentration (1-10mM) as
shown in Supplementary Figure 4, which can be further used for
the development of non-enzymatic glucose sensor. In addition,
Supplementary Figure 5 reveals the effect of scan rate on CV
response of 5.0 mM glucose at the Cu(II)/GO-modified SPCE.
The oxidation current linearly increases with increasing the scan
rate, thus indicating that the electrochemical oxidation of glucose
at the electrode well behaves in diffusion-controlled process
(Tsierkezos, 2007).

For non-enzymatic glucose detection, the sensor based on
such electrode is constructed. Chronoamperometric responses of
the electro-oxidation of glucose at Cu(II)/GO-modified SPCE-
based sensor in contact with different glucose concentrations
(0.10-12.50 mM) in 0.10 M NaOH solution are determined
at an operating potential of 0.50V as observed in Figure9.
An increase in current response is significantly observed,
after the glucose concentration is raised. The relationship
between the steady current and glucose concentration at the
Cu(II)/GO modified SPCE (Figure 9B) exhibits two linear
ranges of 0.10-1.00 mM (R? 0.9907) and 0.10-12.5mM
(R* = 0.9926) with the sensitivities of 36.31 and 3.85 pA
mM~! cm™2, respectively. The detection limit is estimated to
be 0.12mM (n = 3). The result is satisfied in term of the
detection of glucose in human blood. Therefore, the sensor

20
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% 0-01 my]
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60

FIGURE 9 | (A) Chronoamperograms from different glucose concentrations (0.10-12.50 mM) using Cu(ll)/GO-modified electrodes at an operating potential of 0.50V
in 0.10 M NaOH solution and (B) the corresponding calibration curves of glucose determination.

B7 r
& y=0.2723x + 2.8075
R? = 0.9926
5 F
3r
2 ¥ =2.5673x +0.1074
1 R?=0.9907
0 1 1 PO 1 PER 1 1 1 1 )
0 2 4 6 8 10 12 14
Concentration of glucose/mM

Frontiers in Chemistry | www.frontiersin.org

10

May 2021 | Volume 9 | Article 671173


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Phetsang et al.

Redox Cu(ll)-Graphene Oxide Versatile Sensing Platform

can be a good candidate of the analytical tools in use for
diabetes diagnosis.

Moreover, to evaluate reproducibility in the glucose
oxidation process, the anodic current responses at seven
individual Cu(II)/GO-modified electrodes in 0.10M NaOH
containing 5.0mM glucose are examined as depicted in
Supplementary Figure 6. An acceptable % RSD value of
1.60% for the reproducibility is obtained. The 10-day
stability of the prepared Cu(II)/GO-modified SPCE is also
inspected by measuring the anodic current responses in
0.10M NaOH containing 5.0mM glucose. As acquired in
Supplementary Figure 7, 95.97% of initial response is found
after storage for 10 days. This implies that the Cu(II)/GO-
modified electrode for non-enzymatic detection of glucose
has high stability. As listed in Table 2, the performance of the
developed non-enzymatic sensor vs. available sensors including
enzymatic and non-enzymatic sensors are compared. Our
non-enzymatic glucose sensor exhibits a comparable LOD
value with those of the previous studies involving both kinds of
sensors. Furthermore, the non-enzymatic sensor from our study
is simpler and cost-effective. Among these biosensors/sensors,
it also demonstrates the measurement with no complexity and
disposability. The performance of the proposed immunosensor
and non-enzymatic sensor, thereby make it very attractive for
point-of care (POC) applications.

CONCLUSIONS

A new, simple, and versatile electrochemical platform based on
Cu(IT)/GO-modified SPCE for both label-free immunosensing
detection of IgG and non-enzymatic detection of glucose is
successfully developed. The redox Cu(II)/GO-modified electrode
is simply prepared with an adsorption of Cu(II) ions onto
GO-modified SPCE. Cu(II) on Cu(II)/GO-modified SPCE acts
as a redox signal amplifier and a catalytic center toward
electrochemical glucose oxidation for immunosensor and non-
enzymatic chemical sensor, respectively. Both sensors show
prominent analytical performances, which have great potentials
to detect IgG and glucose, which would be employed and further
developed for clinical diagnoses as well as screening diseases
and virus infections, especially COVID-19 infection during the
pandemic situation. In addition, the fabrication of the redox
Cu(II)/GO-based electrode via the Cu(II) adsorption is facile.
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