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ABSTRACT: Diabetes is a global menace, and its severity results in various
disorders including cardiovascular, retinopathy, neuropathy, and nephropathy.
Recently, diabetic conditions are diagnosed through the level of glycated
hemoglobin. The level of glycated hemoglobin is determined with enzymatic
methodology. Although the system is sensitive, it has various restrictions such as
long processing times, expensive equipment required for testing, and complex
steps involved in sample preparation. These limitations are a hindrance to faster
results. The limitations of the developed methods can be eliminated through
biosensors. In this work, an electrochemical platform was fabricated that facilitates
the identification of glycated hemoglobin protein in diabetic patients. The
working electrode on the integrated circuit was modified with molecularly
imprinted polymer decorated with tungsten disulfide nanoparticles to enhance its
analytical properties. The analytical properties of the biosensor were studied using
electrochemical techniques. The obtained detection limit of the nanoelectronic
sensor was 0.01 pM. The calculated sensitivity of the biosensor was observed to be 0.27 μA/pM. Also, the sensor promises to
operate in a dynamic working concentration range and provide instant results.

1. INTRODUCTION
Diabetes was introduced in ancient scripts, and it has been
considered as a serious illness. However, its effect was not
studied by the healers or physicians of the past. In the last few
decades, it has been observed that human health and
development are continuously affected by the increasing
cases of diabetic conditions. Major health issues are observed
due to the changes in the living standards of human beings.
The changing lifestyle, unhealthy diet, and reduced exercise
have all resulted in an epidemic disease called diabetes mellitus
(DM). This is a chronic health condition that affects the
energy produced in the body through food taken.1−3 Diabetes
is a challenging and growing healthcare condition worldwide. It
is a metabolic disease that is caused due to the deficiency of
insulin or its secretion. The increased level of blood sugar has a
lasting impact on the patient’s body, with some of these effects
being organ failure (eyes, blood vessels, nerves, kidneys, and
heart) or dysfunction. The latest reports generated by the
International Federation of Clinical Chemistry and Laboratory
Medicine (IFCC) show that about 415 million people are
affected by diabetes globally, and 47% of the population are
not aware of their condition.4−7 Globally, it was observed that
the number of adults suffering from diabetes increased from
198 (1980) to 422 (2014) million. The global prevalence
increased from 4.7 to 8.5% in 1980. Over the past decade, the

rate of diabetic patients is rising at a faster speed in developing
countries rather than in developed countries. In 2012, about 1
million deaths were reported due to diabetes. Another 22
million deaths were recorded due to cardiovascular and other
diseases that occurred because of higher-than-optimal blood
glucose.8

Types of diabetes can lead to complications in different parts
of the human body, and there is a higher risk of premature
death. Complications that can occur due to diabetes are vision
loss, stroke, heart attack, nerve damage, leg amputation, and
kidney failure. During pregnancy, diabetes can result in various
complications and also the risk of fetal death. The diabetic
condition is usually developed due to the aging factor or
obesity. In consideration with the American Diabetes
Association, the diabetic condition can be categorized into
four classes: syndrome monogenic diabetes, type 1 diabetes
(T1D), gestational diabetes mellitus (GDM), and type 2
diabetes (T2D). Type 1 diabetes occurs due to the degradation
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of insulin which helps in the production of B cells. These B
cells are destroyed by the active T cells accidentally. Cases of
type 1 diabetes are mainly (95%) caused due to autoimmunity,
whereas only 5% of cases are idiopathic.9 In type 2 diabetes,
the use of insulin is not properly carried out by the body.
There is a majority of people who are affected by type 2
diabetes. In previous times, the diabetes condition was limited
to adults, but at present, it has exceeded among children and
infants. The currently available knowledge on type 1 diabetes is
not sufficient to prevent it. Recently, various effective
approaches are available that help to prevent type 2 diabetes,
and this can control premature death and severe complications.
Healthy eating, regular exercise, controlling lipids and blood
pressure, and avoiding smoking are good practices for
controlling diabetes.8

The detection of diabetes is becoming an important factor
globally. Detection in the early stages can help in the control
and management of the condition. Presently, various analytical
and electroanalytical approaches have been employed to
identify biological and environmental compounds. Analytical
methods like high-performance liquid chromatography, thin-
layer chromatography, capillary electrophoresis, and spectro-
photometry are the popular methods available for determi-
nation. Despite various advantages, it has some drawbacks,
such as complex sample preparation, time consumption, and
special instruments required for the application. The electro-
analytical methods can provide various advantages over the
analytical methods as they are cost-effective and feasible,
provide instant results, have a broad linear range, higher
specificity, and better reproducibility, are portable, and have a
longer storage period.10−15

Recently, different methods can be used for the detection of
diabetes such as high-performance liquid chromatography
(HPLC), boronate affinity chromatography, thiobarbituric acid
(TBA), and ion exchange chromatography.16−19 Although
these methods are producing sensitive results, they also have
various drawbacks like expensive instruments and infra-
structure, smaller storage periods, and long processing time,
with a complex and time-consuming sample preparation
process.20−22 Therefore, new technology and methods are
needed to be introduced for removing these constraints, and a
promising solution to this problem can be the use of
biosensors.23−26 Therefore, in this study, an electrochemical
nanobiosensor was introduced. The biosensor is designed to
identify the level of glycated hemoglobin (HbA1c) in diabetic
patients. HbA1c is a protein that is present in the form of
glycosylation in the body. The level of HbA1c facilitates
determining the average blood glucose for a period of 2 to 3
months. It can help in monitoring glucose levels over a long
time and also studying potential diabetes risk factors in
complicated patients. The level of HbA1c has been set by the
World Health Organization (WHO) and American Diabetes
Association (ADA). If the cutoff value for HbA1c is ≥6.5%,
then the patient is diabetic.27−31

Therefore, HbA1c was chosen as the potential protein for
diabetes detection. The nanobiosensor is designed on an
integrated electronic platform that is a screen-printed electrode
(SPE). The size of SPE is in centimeters (i.e., very small);
therefore, this nanosensor can be transformed into a
miniaturized device that can be used in point-of-care (POC)
applications. The surface of the electrode was modified with
tungsten disulfide (WS2) nanoparticles (NPs) decorated on
the molecularly imprinted polymer (MIP). The NPs can

enhance the properties of a biosensor by increasing the surface
area-to-volume ratio (SA/V), electron transfer, and a large
surface area.32,33 MIPs are artificial recognition elements. They
provide higher sensitivity, specificity, and thermal stability.
MIP integrated biosensing platforms are stable at higher
temperatures and pressure.34−40 In this work, fructosyl amino
acid oxidase was used as a template and HbA1c as an analyte.
The concentration of HbA1c is determined with further
experimentation, and different conditions were examined on
the biosensor surface to check and evaluate the activity,
stability, and other parameters of the designed nanobiosensor.
The MIP-based biosensor promises to show higher stability in
comparison with enzyme-based biosensors. The working of the
biosensor was recorded in a wide concentration range and
provides a lower limit of detection. Also, the sensor shows
higher sensitivity.

2. MATERIALS AND METHODS
2.1. Reagents and Apparatus Required. Ethylene glycol

dimethacrylate (EGDMA), fructosyl amino acid oxidase
(FAO), acetonitrile, and methyl acrylate acid (MAA) were
procured from the U.S.A. originated company Sigma-Aldrich.
An India-based company, Sisco Research Laboratories Pvt.
Ltd. (SRL)-India, provided other reagents such as acetonitrile
(ACN), tungsten trioxide (WO3), sulfur potassium, ferro/
ferricyanide, distilled water (DW), and azobis(isobutyronitrile)
(AIBN). Screen-printed carbon electrode was purchased from
Palmsens, a company in The Netherlands. A potentiostat from
Bio-Logic (SP-190) company in France was used to carry out
the electrochemical measurements.
2.2. Tungsten Disulfide NP Synthesis. The preparation

of WS2 NPs was carried out with the chemical vapor
deposition (CVD) method. For the preparation of WS2 NP
precursors, WO3 and sulfur (S) were used. The CVD method
was carried out at atmospheric pressure for WS2 NPs. Argon
gas was used as a carrier gas during the synthesis. A ceramic
boat was used to place the precursor sulfur and WO3 in a
quartz tube containing a hole. This quartz tube was then
inserted into the furnace, and the temperature of the furnace
was set to 1070 °C while the heating rate of the system was set
to 15 °C/min.41 The placement of the precursor WO3 was at
the center of the heating zone of the furnace, whereas
precursor S was placed outside from the heating center at a
distance of 18−20 cm for proper radiation by the emitting
heat. The holding time of the furnace was 15 min.
2.3. Molecularly Imprinted Polymer for FAO. A

molecularly imprinted polymer is a three-dimensional matrix.
The synthesized MIP is highly specific to the FAO molecule.
The preparation of molecularly imprinted polymer for FAO
was completed using bulk polymerization. The reagents such
as MMA, EGDMA, and FAO were immersed in a porogen
ACN (50 mL) and WS2 NPs within a specific ratio. The
mixture was sonicated for 30 min to form the homogeneous
solution, and then nitrogen gas was passed through the
solution for 15 min for oxygen removal. Further, the mixture
was stirred at a temperature of 45 °C for 15 min. The initiator
AIBN was added, and inert conditions were maintained so that
the polymerization process can occur; the mixture was kept for
48 h under this condition. The resultant MIP was a white
powder, and this white powder was then crushed and dried
properly for experimentation and characterization.6,7,19−21

Scanning electron microscopy was used to observe the surface
of MIP with the FAO molecule.
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Scheme 1. Pictorial Representation of Steps Involved in Designing the Nanobiosensor for HbA1c Detection

Figure 1. Surface modification of screen printed electrode. (a) Electrodeposition of WS2-MIP on SPE with cyclic voltammetry (in 5 mM electrolyte
solution, scan rate 50 mV/s, and potential −0.6 to 0.6 V for 15 cycles). (b) Mechanism occurring on the surface of the modified electrode. (c)
Scanning electron microscopy for surface characterization of (i) WS2 nanoparticles and (ii) molecularly imprinted polymer for FAO. (d)
Electrochemistry curve for developed nanobiosensor at each stage: (i) bare SPE (red); (ii) MIP (control, blue); (iii) WS2-MIP (black) on
electrode surface.
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2.4. Stepwise Development of Sensing Platform.
2.4.1. Electromodification of SPE with Synthesized Molec-
ularly Imprinted Polymer Decorated with WS2 NPs. The
stepwise development of the biosensor is displayed in Scheme
1. The modification on the electrode was done with WS2
decorated MIP. The deposition was carried out with an
electrochemical technique. Here, cyclic voltammetry (CV) was
used for deposition, and the potential window was considered
from −0.6 to +0.6 V for 15 cycles. Figure 1a displays the CV
cycles for deposition of WS2-MIP on the SPE surface. The x-
axis in the graph represents the potential window during the
deposition process, and the y-axis shows the current value on
each deposition. The electrodeposition was carried out in the
presence of a ferro/ferrielectrolyte solution of 5 mM and 7 pH.
Also, a control experiment was performed with the synthesized
MIP in the absence of WS2 NPs. After, coating the surface area
of the electrode was calculated in both cases (unmodified and
modified electrode). It was observed that the surface area of
the unmodified electrode was 2.14 mm2, and the surface area
of the modified electrode was 2.7 mm2.
2.4.2. Electrochemical Study of a Modified Electrode

Surface. The activity of the developed nanobiosensor was
examined using electrochemical techniques on the potentiostat
manufactured by a France-based company BioLogic (SP-190).
In this work, CV, differential pulse voltammetry (DPV), and
square wave voltammetry (SWV) were applied to record the
activity of the reformed electrode. The modification stages of
the electrode were studied with CV. The response of the
electrode was obtained with the varying concentration of
HbA1c. Further, the electrode was evaluated with varying pH
and temperature. A scan rate study was carried out for
examining the kinetics of the system. The selectivity of the
biosensor was determined by various interfering compounds
(uric acid, acetylcholine, cholesterol, and glucose). The
repeatability of the data was checked with seven electrodes
that were prepared at similar conditions.
2.5. Working on the Developed Biosensor. The

present study is based on the development of a biosensor
with the integration of MIP for FAO. The surface of the
working electrode was modified with WS2 NP decorated MIP.
The NPs enhance the analytical properties of the electrode
with increased surface area and higher electron mobility that
lead to enhanced conductivity and surface-to-volume ratio.
The molecules of FAO bind with HbA1c, and the electrons are
generated which were used to interpret the concentration of
the analyte. A control experiment was performed with only
MIP in the absence of NPs to check the value of oxidation and
reduction peaks.
2.5.1. Mechanism for the Developed Biosensor. The blood

samples were treated with ethylenediamine tetraacetic acid
(EDTA) which was used as an anticoagulant. The whole blood
was mixed with lysis buffer to obtain the hemolysis. The
proteolytic digestion of the blood samples was carried out in
the presence of purified 4U/mL Bacillus spp. proteases, 1 mM
oxidizing agent, and 5 mM of 4-morpholinoethane sulfonic
acid. The performed proteolytic digestion resulted in the
release of amino acids, and this also included glycated valines
that are released from the beta chains of hemoglobin. The
glycated valines now serve as a substrate for the FAO enzyme
which continuously produces H2O2. This results in the
breaking of N-terminal amino acids. The electrons generated
during this process are measured in the term of current. The
principle of detection is based on the H2O2 splitting occurring

due to the FAO oxidation. The splitting of H2O2 is directly
proportional to the concentration of HbA1c.42 The mechanism
of this process is shown in Figure 1b.

3. RESULTS AND DISCUSSION
3.1. Characterization of Prepared NPs and MIP. The

WS2 synthesized NPs were characterized with scanning
electron microscopy (SEM). As shown in Figure 1c(i), the
sphere-like shapes visible on the surface corroborate the
synthesis of WS2 NPs. The size of the nanomaterial was
determined to be within a range from 58.4 to 64.3 nm. These
nanoparticles provide a higher SA/V. The nanomaterial
enhances the electron transfer and this leads to higher
electrical conductivity on the redesigned surface of the
integrated circuit (SPE). Thereafter, the synthesized MIP
was also characterized by SEM as shown in image (ii) of Figure
1c. In the case of MIP, the SEM images show a similar
molecular pattern over the surface. These structures are for
FAO molecules. The HbA1c molecules bind to the FAO
structures, and chemical activity on the surface was measured
with CV. The MIPs are highly specific to the target molecule,
and they provide longer stability at higher temperatures and
pH.
3.2. Nanoelectrochemistry of a Designed Biosensor

at Each Stage. The designed nanobiosensor was examined
using an electrochemical technique. Figure 1d describes the
CV response of biosensors for different cases. It was observed
that the SPE with electron mediator gave lower oxidation and
reduction peaks. Here, in this study, in the first step,
ferrocyanide and ferricyanide were used as an electron
mediator. First, when CV was performed, the oxidation and
reduction peaks obtained showed lower current values because
no biochemical reaction was occurring on the surface of the
electrode. When the electrode was coated with WS2-MIP, the
bioelectrocatalysis process takes place. The enhancement in
the oxidation and reduction peaks occurs due to the exchange
of electrons on the surface of SPE in the presence of the
electron mediator. A potential window from −0.8 to +0.8 V
was applied to obtain CV results. Hence, higher charge
diffusion takes place on the SPE. The nanomaterials facilitate a
higher electron transfer, hence, increasing the conductivity of
the biosensor. The control experiment shows that coating of
MIP in the absence of WS2 NPs results in lower oxidation and
reduction peaks.
3.3. Response of Biosensor at Varying Concentra-

tions of HbA1c. The varying concentrations of HbA1c were
investigated with DPV. Figure 2 describes the DPV curves
obtained on the surface of the SPE in the presence of different
concentrations. The results were obtained at −0.5 V and with
an electron mediator of 5 mM (ferro/ferri) and pH 7. The
current value increases simultaneously with the increasing
concentration of HbA1c. The lowest current value of
approximately 12.9 μA was observed at the smallest
concentration (0.01 pM); further, with the increase in the
concentration, the current value reaches its maximum at the
highest concentration. The interaction of FAO and the HbA1c
molecule is greater at higher concentrations; therefore, a large
number of electrons are generated, which results in the
enhancement of the current on the working electrode. The
working concentration range of the biosensor was calculated
from 0.01 pM to 100 mM, and the sensitivity was 0.27 μA/pM.
Also, the biosensor shows a very lower limit of detection at
0.01 pM.
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3.4. Optimized Parameters for the Fabricated Nano-
biosensor. 3.4.1. Deposition Cycle for MIP on the SPE
Surface. The deposition of WS2 decorated MIP was carried
out with CV, and the potential range for deposition was chosen
to be from −0.6 V to +0.6 V. The deposition was carried out in
the presence of a 5 mM (7 pH) electron mediator of 20 μL
and WS2-MIP solution of 80 μL. The optimization study was
carried out with a different number of deposition cycles, that is,
5, 10, 15, and 20. The DPV curves were obtained for various

observations. In the first case, 5 CV cycles were run for
deposition. Thereafter, the sample was removed from the
electrode surface, and washing was done to remove unbounded
reactants; the electrode was then dried. Now, in the presence
of ferro/ferri, DPV results were obtained to study the
deposition cycle of WS2-MIP on the electrode surface. The
DPV results were obtained at a potential of −0.5 V. Similarly,
the same steps were carried out for all four cases, and the
maximum value of current among the four cases was obtained
after 15 cycle depositions (that is case 3), as shown in Figure
3a (error bar represents ±2 standard error (SE)). After 15
cycles, the peak current started to decrease. Therefore, 15
cycles were used for depositing the WS2-MIP on the electronic
platform.
3.4.2. Incubation Time of the Developed Nanosensor.

Incubation time is an important factor in the evaluation of a
biosensor. It helps to study the interaction between the FAO
and HbA1c molecules. The activity of the working electrode
was checked at different incubation times ranging from 5 to 25
min, and the interval was 5 min (5, 10, 15, 20, 25). The DPV
measurements were carried out at −0.5 V with ferro/ferri
solution (5 mM; pH 7). It was observed that the peak current
rises from 5 to 10 min, and after 10 min incubation, the peak
current starts decreasing. Therefore, it can be concluded that
the interaction between FAO and HbA1c reaches a balance
after 10 min. A bar graph demonstrates the difference in the
peak current for distinct cases, as shown in Figure 3b (error bar
represents ±2 SE). The figure represents the peak value of
DPV analysis with different incubation times. Hence, the
incubation time for the designed biosensor was selected as 10
min.

Figure 2. Differential pulse voltammetry studies for HbA1c
concentrations from 0.01 pM to 100 mM in the presence of ferro/
ferrielectrolyte of 5 mM and pH 7 at a potential of −0.5 V.

Figure 3. Optimization studies: (a) MIP deposition cycle (5−20 with an interval of 5 cycles); (b) incubation time (5 to 25 min interval of 5 min);
(c) pH 5.5 to 9 with the difference of 0.5 units; (d) temperature (10 to 50 °C, with an interval of 10 units); all the measurements were carried out
in the presence of ferro/ferri electron mediator (5 mM; pH 7).
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3.4.3. pH and Thermal Stability of the Assembled
Biosensor. The designed biosensor was evaluated with
different pH solutions. The pH of the solution highly
influences the binding of FAO and MIP. The effect of pH
on the activity of the biosensor was evaluated from pH 5.5 to 9.
The pH response of the electrode was determined with DPV
measurement. The peak value obtained with the DPV study is
represented in the bar graph in Figure 3c (the error bar
represents ±2 SE). The potential was applied at −0.5 V for
DPV measurements. It can be observed that the peak current
rises from pH 5.5 and is maximum at pH 7. This shows that
the electrode operates best in a neutral atmosphere; therefore,
pH 7 was considered to be the optimum pH for the
constructed biosensor.
Further, the thermal stability of the designed SPE was

studied with varying temperatures from 10 to 50 °C with
intervals of 10 °C chosen for analysis. The DPV analysis was
carried out in the presence of a ferro/ferri mediator, and the
applied voltage was −0.5 V. The peak value obtained at
different temperatures is displayed using the bar graph in
Figure 3d (the error bar represents ±2 SE). The maximum
electrode current was obtained at 20 °C. Therefore, it was
selected as the optimized temperature for the fabricated
biosensor.
3.5. Cyclic Voltammetry at a Different Scan Rates for

Biosensor Stability. The electrochemical reaction rate of the
target molecule was examined using the scan rate study. For
the scan rate study, CV results were obtained in the voltage
range from −1.0 V to +1.0 V for the designed SPE. All of these
measurements were carried out in the presence of ferro/ferri
(5 mM; pH 7). The scan rate range was selected from 20 to
140 mV/s. Figure 4a represents the CV curves for different
scan rates. The observation made depicts that there is an
increase in the oxidation and reduction peaks with the

simultaneous increase in the scan rate. For studying the
electron-transfer kinetics, a graph was plotted considering the
peak value of oxidation and reduction versus scan rate, as
shown in Figure 4b. The graph plotted represents the linearity
for both cases (oxidation and reduction) with the increasing
scan rate.
3.6. Activity of Modified SPE with Various Interfering

Compounds. There are various interfering compounds
available in real blood samples. Therefore, the developed
biosensor was evaluated with all of the possible interferences
that can affect the activity of the biosensor. The included
interfering compounds in the work are acetylcholine, ascorbic
acid, cholesterol, glucose, and uric acid.43 DPV measurements
were used to record the result at −0.5 V. The experimentation
was carried out in the presence of an electrolyte (5 mM and
pH 7). The activity loss of the biosensor was calculated, and
the loss was observed between 10 and 15%. For each
interfering compound, the activity loss was 5.1% for acetylcho-
line, 11.3% for ascorbic acid, 4.7% for cholesterol, 1.4% for
glucose, and 2.0% for uric acid. The activity loss of the
biosensor is shown in Figure 5a (the error bar represents ±2
SE).

3.7. Checking the Stability and Repeatability of the
Designed Nanobiosensor. Stability is an important
parameter for any biosensor. In this work, the stability of the
biosensor was determined by conserving the designed
electrode for 2 months. The activity of the nanosensor was
checked every 10 days. It was noted that after a period (6
weeks), the activity of the biosensor starts decreasing and a
20% loss was obtained in the biosensor activity. The 20%
activity loss after 6 weeks for the fabricated biosensor is
considerable. The storage of the electrode was done properly
in a dry place, and the temperature was maintained at 4 °C.
The repeatability of data for the fabricated nanobiosensor was
checked with seven electrodes that were prepared at the same
time, and all of the conditions were kept similar. Figure 5b
(error bar represents ±2 SE) shows the data for electrode

Figure 4. Scan rate studies: (a) cyclic voltammetry at different scan
rates from 20 to 140 mV/s; (b) linear graph with oxidation and
reduction peak at different scan rates.

Figure 5. (a) Interference studies with different compounds (5.1%
acetylcholine, 11.3% ascorbic acid, 4.7% cholesterol, 1.4% glucose,
2.0% uric acid). (b) Repeatability data for developed nanobiosensor
with electrodes prepared similarly.
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repeatability with seven electrodes. The current difference was
minimum within these electrodes. Hence, it can be concluded
that the system is highly reproducible. The developed
biosensor was compared with reported literature, as shown
in Table 1. The present biosensor shows a lower limit of
detection, wide concentration range, and fast incubation time.

4. CONCLUSION
In this present work, an electrochemical sensing platform was
designed for easy and rapid detection of HbA1c. HbA1c is a
specific biomarker for diabetes, and early detection will help in
preventing severe conditions or disorders such as cardiovas-
cular, retinopathy, neuropathy, and nephropathy. Presently,
several methods are available for its detection, but they possess
several limitations such as being time-consuming, expensive,
cumbersome, and tedious. To overcome these constraints, this
research work was carried out. The presented study is based on
the imprinting technique integrated with nanomaterials. MIP
was synthesized for the FAO enzyme, and this MIP was
decorated with WS2 NPs. The NPs enhance the electrical
conductivity and analytical properties of the nanosensor.
Further, the integration of synthesized MIP for FAO facilitates
the high specificity of the biosensor. The platform was
developed on an integrated electronic surface SPE. The
surface of the working electrode was moderated using WS2-
MIP. Varying concentrations of HbA1c were used to evaluate
the response of the designed biosensor. The concentration
range for the fabricated biosensor was 0.01 pM to 100 mM,
with a lower LOD (0.01 pM) and higher sensitivity of 0.27
μA/pM. The developed biosensor promises to produce early
results; it is cost-effective, miniaturized in size, and can be
easily converted into a portable device.
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