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Abstract: An individual's diabetic and pre-diabetic condition can be evaluated by measuring glycated
hemoglobin (HbA1c) in the blood samples. This study aims to fabricate an electrochemical biosensor
to identify HbAlc concentration in blood samples. The biosensor is developed based on molecularly
imprinting technology and modified with iron oxide nanoparticles (FeszO4). The nanoparticles enhanced
the electrochemical activity on the electrode surface, while synthesized molecularly imprinted polymer
(MIP) for HbAlc provided high specificity and selectivity on the fabricated interface. Each step was
significantly characterized during the modification stages of the developed biosensor. As a result, the
biosensor exhibits a wide detection range of 1 pM to 0.1 uM and a low detection limit of 1 pM. The
fabricated biosensor requires very few drops of the blood sample and provides a fast response and long-
term stability.

Keywords: Diabetes; Iron oxide; Molecularly imprinted polymer; Glycated hemoglobin;
Electrochemical biosensor.
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1. Introduction

Diabetes is observed as a chronic disease across the globe leading to premature death
and several disabilities. The number of patients with diabetic conditions has increased in the
last decades and is believed to rise further every year [1,2]. About 382 million cases were
reported in 2013 and are expected to reach up to 592 million in 2035 [3,4]. Type 2 diabetes
mellitus has been recorded as the general type of diabetes worldwide [5-7]. Type 2 diabetes is
identified by hyperglycemia levels in the body leading to the change in fat, carbohydrate, and
lipid metabolism and obstructed secretion of insulin in the pancreatic region. Glycated
hemoglobin (HbALc) has been reported as the standard gold method. This helps track the
change in the glucose level in the blood for controlling glycemic conditions in individuals
affected by diabetes mellitus. The assay developed for HbAlc monitoring provides accurate
and precise results. Also, it facilitates the understanding of diabetes-associated complications
and risks. Several international diabetes societies and World Health Organization (WHO) have
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approved this test for clinical applications [8-10]. In 2010, based on the HbAlc level, a criterion
was set for diabetic and pre-diabetic conditions by American Diabetic Association and
International Expert Committee. If HbAlc lies between 5.7-6.4% (39-46 mM/M) then the
condition is pre-diabetic whereas, if HbAlc >6.5% (>48 mM/M) is considered as diabetic
Mellitus [11-13].

The formation of HbAlc takes place with an irreversible glycation process that occurs
regularly at a slow rate. It is a combination of sugar available in the serum and naive
hemoglobin (Hb) in the red blood cells (RBC) [8]. Obesity is considered a major complication
of irregular glucose levels in diabetes, and this has reached epidemic proportions. The
hypothesis is that the individual with obesity has a higher risk of being diabetic when compared
with a normal-weight person. A study has reported that a person suffering from obesity has a
higher risk of the pre-diabetic condition.

Presently, various detection assays have been developed for the identification of HbAlc
levels, for instance, high-performance liquid chromatography (HPLC) [8,12-15], immunoassay
[16], thiobarbituric acid (TBA) assay, and boronate affinity. HPLC is the most preferred and
commonly used technique, but it has some drawbacks such as high cost, requiring more
quantity of solvents, trained expertise, large space for setting the instrument, and long analysis
time. Therefore, developing an efficient method for the diagnosis of HbAlc is required.
Recently, biosensors development is an emerging technology that is very much in demand for
medical diagnosis [17-21].

This work aims to develop a biosensor based on evaluating electrochemical sensing
changes to identify glycated hemoglobin concentration. A novel biosensing platform based on
electrochemical measurement was designed and fabricated on the surface of a screen-printed
electrode (SPE) integrated with nanomaterials and molecularly imprinted polymer. The
biosensor was modified with iron oxide nanoparticles (FezO4NPs) to obtain higher activity on
the electrode surface. The FezO4 nanoparticles facilitate improving the surface area on the
electrode that enhances the transfer of electrons. Thus, the conductivity of the electrode is
increased [22-24].

Further, the electrode surface was customized using synthesized molecularly imprinted
polymer (MIP) for HbAlc. The MIP approach was used in developing the biosensor. These 3D
matrices are highly specific to the biomolecules, providing high selectivity and sensitivity on
the moderated electrode surface. The designed biosensing platform is highly selective and
produces stable results; also, the sensor operates in a wide detection range. This designed
biosensor on SPE can effectively be used for the potential application of HbAlc monitoring.
The miniaturized size and rapid detection provide an advantage over the point-of-care devices.

2. Materials and Methods

2.1. Chemicals and apparatus.

Methyl  methacrylate = (MMA), Ferrous chloride  anhydrous  (FeCly),
Azobisisobutyronitrile (AIBN, 98%), Ethylene glycol dimethacrylate (EGDMA), Sodium
hydroxide (NaOH), Ferric chloride anhydrous (FeCls), Glycated hemoglobin (HbA1c),
Hydrochloric acid 37% (HCI), Acetonitrile (ACN) were procured from Sigma Aldrich. The
screen-printed electrodes were acquired from PalmSens Compact Electrochemical Interfaces.
All the solutions during experimentation were prepared in Distilled water (DW). Furthermore,
modification of the fabricated surface of the SPE was examined using Scanning electron
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microscopy (SEM) and electrochemical techniques with the help of a potentiostat (Biologics
SPE-200) device.

2.2. Construction of FesO4NPs.

The co-precipitation method was adopted for synthesizing the FesOsNPs [22]. A
mixture of FeClz (0.03 M) and FeCl> (0.015 M) was prepared in a solution of 25 mL DW and
0.85 mL HCI (37%) with a continuous and vigorous stirring. A dropwise addition of FeCls and
FeCl, mixture in a 1.5 M NaOH (250 mL) was performed at room temperature and with
continuous stirring. The mixture was kept for continuous stirring for 30 minutes to complete
the nucleating process. Afterward, the obtained black precipitate was separated by
centrifugation and washed with DW three times [23,24].

2.3. Synthesis of MIP.

Synthesis of MIP was carried out with a bulk polymerization process. The reagents,
template-HbAlc, monomer-MMA, and crosslinker-EGDMA with specific ratios were
dissolved in 50 mL of ACN solution and sonicated for 45 minutes. Afterward, nitrogen purging
was carried out for 10 minutes. 200 mg of AIBN was added to initiate the reaction; while
maintaining the inert condition, the prepared mixture was kept at 40 ‘C with continuous stirring
for 2 days in a water bath to carry out the polymerization process. Finally, a white crystalline
powder was obtained after 2 days. This procured powder was then washed to remove the
molecules of HbAlc from its surface with a solution prepared using methanol-acetic acid 3
times. Then the product was dried at 60 °C and prepared into a powder by crushing it into fine
particles [25-27].
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Scheme 1. Stepwise development of the biosensor for HbAlc: Step 1: Deposition of Fe3O4 nanoparticles on the
surface of redesigned SPE; Step 2: Electrodeposition of molecularly imprinted polymer (MIP) on
Fe304NPs/SPE; Step 3: Removal of a template (HbA1c) from MIP/FesO4NPs/SPE; SPE-Screen printed
electrode; EGDMA-Ethylene glycol dimethylacrylate; AIBN-Azobisisobutyronitrile; HbAlc-Glycated
Hemoglobin; MMA-Methyl methacrylate; MIP-Molecularly imprinted polymer; ACN-Acetonitrile.
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2.4. Fabrication of working screen-printed electrode.
2.4.1 Electrochemically depositing FesO4 nanoparticles on SPE.

A mixture of 1 mg FesO4 nanoparticles in 1 mL of DW was prepared. This mixture was
then used for electrodeposition of FesOsNPs. The electrodeposition of Fe30sNPs was done
using the chronoamperometry technique for 180 seconds in an electron mediator solution (5
mM- ferro-ferri) [28].

2.4.2. Modification of FesO4sNPs/SPE with MIP.

The MIP synthesized for HbAlc was deposited on Fe3OsNPs coated SPE surface. For
deposition of MIP on an electrode surface, the cyclic voltammetry (CV) technique was used at
a scan rate of 20 mV/s when the potential was applied from -0.2 to +0.6 V (15 cycles) at a scan
rate of 20 mV/s [25]. Afterward, the customized SPE was washed once to remove the
unbounded reagents using DW, dried, and then used for experimentation. Scheme 1 describes
the stepwise fabrication of the biosensor.

3. Results and Discussion

3.1. Surface study for developed MIP/FesO4NPs/SPE electrode.

The surface area, pore-volume, size, and diameter of synthesized molecularly imprinted
polymer and the non-imprinted polymer (NIP) were obtained with Brunauer-Emmett-Teller
(BET) analysis, as shown in Figures 1. (A) and (B), which depict the pore diameter and
isotherm graph for synthesized MIP. The image describes that MIP is a microporous material
[29,30]. The parameters obtained with BET analysis are summarized in Table 1. The pore
diameter of the MIP was recorded as 3.772 nm, and the surface area was 5.316 m?%/g.

0.0009 12

0.0008 -| *

10 Y.
A

0.0007 - —
- **\ S 84 [
=] o Iy
= 000064 | * = /]
E * @ /]
£ £ *x |
) 6| '
S 0.0005 / * 2 |

* > S ok

E \

0.0004 * 4 -

\ K ! s
0.0003 * e
\-\ * 2 % " —
* = T ——
0.0002 T T T T T v T T T T T T T T T T T
4 8 12 16 20 24 28 060 065 070 075 08 085 090 095 1.00
Pore diameter (nm) Relative Pressure (P/P )
(A) (B)

Figure 1. BET analysis for MIP: (A) Pore size distribution; (B) Adsorption and desorption.

Table 1. BET parameters for synthesized MIP.
Surface area (m?/g) | Volume of pore (cm*g)
5.316 0.017

Polymer |
Molecularly imprinted
polymer (MIP)

| Diameter of pore (nm)
3.772

The FesO4NPs were characterized with Energy-dispersive X-ray spectroscopy (EDX)
as represented in Figure 2. The weight % of iron was obtained as 48.4%. Thereafter, the surface
modification of fabricated SPE was studied with SEM (as illustrated in Figure 3). Figure 3(a)
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shows the electrode surface coating with iron oxide nanoparticles. The spherical structures
confirm the presence of nanoparticles. The FesO4NPs provide a large surface area and better
catalytic property to the biosensor. Figure 3(b) describes the surface modification of the
electrode with MIP for glycated hemoglobin molecules. The MIP provides high specificity and
stability to the biosensor.

Further, the modified surface was washed using a mixture of methanol and acetic acid
to remove the template. After that, the washing of the template resulted in the imprints of the
HbALc obtained, as shown in Figure 3(c). These imprints result in an enhanced diffusion rate
of electron mediator on the electrode surface and higher electrical conductivity of the
biosensor.
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Figure 2. Energy-dispersive X-ray spectroscopy for FesO. nanoparticles.

Figure 3. Scanning electron microscopy for stepwise modification of developed electrode (a) iron oxide
nanoparticles; (b) Molecularly imprinted polymer with the template; (c) Molecularly imprinted polymer after
template washing.
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3.2. Electrochemical studies for modified stages of developed MIP/FesO.NPs/SPE electrode.
3.2.1. Cyclic voltammetry.

The modification stages of the designed SPE was examined using the CV technique.
All these measurements were performed in ferro-ferri mediator solution (5 mM) under an
applied potential from -1.0 to +1.0 V. Figure 4 describes the CV curve for each modification
stage. The bare electrode shows the lowest anodic (Ipa) and cathodic (Ipc) peaks at +1.5 and -
1.4 mA, respectively. The deposition of FesOsNPs on the surface of an SPE results in the
enhancement of Ipa and Ipc to +2.6 and -2.4 mA due to the increased surface area, and the rate
of electron charge transfer was significantly increased [31]. Afterward, when the surface of the
SPE was modified with electrodeposition of MIP, the peaks were decreased due to the polymer.
This restricts the current flow on an electrode surface. Whereas, after template removal, the
anodic and cathodic peaks are again enhanced because eliminating the template from the MIP
and the electrode generates more electroactive sites, increasing the charge transfer.

Bare

Fe,0,/SPE
MIP/Fe,O,NPs/SPE

2 - MIP-washed/Fe, 0 ,NPs/SPE

Current (mA)

. . | .
1.0 -0.5 0.0 0.5 1.0
Potential (V)

Figure 4. Cyclic voltammetry observation for every step: Bare SPE, FesOsNPS/SPE, MIP/ Fes0sNPS/SPE, and

MIP-washed/Fe;0sNPS/SPE performed in a electron mediator solution (5 mM- ferro-ferri) applying a potential
from -1.0to +1.0 V.

3.3. Optimization studies for MIP-washed/Fe;O04NPs/SPE biosensor.

3.3.1. Effect of concentration study on MIP-washed/FesO.NPs/SPE electrode.

The concentration effect was studied in a range from 1 pM to 0.1 uM. To study the
concentration effect on an electrode surface, the electrochemical impedance spectroscopy (EIS)
technique was incorporated. All the evaluations were performed in a 5 mM ferro-ferri solution
and with frequency Finitia-100 KHz to Frina-100 mHz. Figure 5 illustrates the EIS graph for
varying concentrations. It was evaluated that the Rct value is enhanced in the case of a higher
concentration, whereas it decreases with the decreasing concentration. The higher Rct value
was obtained at higher concentrations due to the blocking of molecule binding with the MIP;
hence this causes an increase in resistance.
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On the other hand, at lower concentrations, the molecules are free to bind with the MIP.
Hence, low resistance is generated on the electrode surface [32-34]. The biosensor exhibits a
low detection limit (1 pM).
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Figure 5. HbAlc concentration study with EIS technique ranging from 1 pM to 0.1 uM at frequency Finitia-100
KHz to Ffinai-100 mHz.

3.3.2. pH and temperature effect on the MIP-washed/FezO4NPs/SPE electrode.

The optimum pH of the designed biosensing platform was examined in a pH solution
ranging from 5.5 to 8.5 pH. For the study of different pH values, the square wave voltammetry
technique was adopted. Figure 6(A) describes the bar graph for different pH values and the
peak current attained during the square wave voltammetry (SWV) measurements once
performed in a ferrro-ferri solution (5 mM) while maintaining the steady potential (0.5 V). The
graph explains that the electrode generates a higher current with the 7.5 pH solution. Beyond
this pH, the current decreases because of the formation of hydrogen bonds on the surface of
modified SPE [33]; therefore, the optimum pH was selected as 7.5 for all experiments.
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Figure 6. (A) Optimum pH study ranging from 5.5 to 8.5 with an interval of 0.5 units performed in ferro-ferri
solution (5 mM) at -0.5 V; (B) Optimum temperature study for fabricated electrode ranging from 5C to 35C
with each interval of 5 C.

The electrode was optimized with distinct temperature values from 5 to 35 °C after
every 5°C interval. The current generated on the surface of the designed SPE was measured
using the SWV technique with different temperatures in a ferro-ferri solution (5 mM). The
applied potential was kept constant at -0.5 V for all the measurements. Figure 6(B) displays
the peak current of SWV measurements for distinct temperature values. The highest current
was obtained at 25 °C, and beyond this, the current value decreases; therefore, we considered
25 °C as the optimum temperature for the developed biosensor.

3.4. Validation of the developed biosensor.

3.4.1. Interference affecting the developed MIP-washed/Fe;OsNPs/SPE electrode.

The interference study was carried out on the electrode in a ferro-ferri solution (5 mM)
with various compounds such as cholesterol (C27H60) and glucose (CsH120s), acetylcholine
(Ach), ascorbic acid (CsHgOs), and uric acid (CsHaN4Os3). Figure 7 illustrates the bar graph for
different interference compounds and the activity of biosensors (%). The interfering

compounds show less than 15% activity loss.
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Figure 7. Effect of interference compounds on developed electrode performed in ferro-ferri mediator solution (5
mM) with concentration 1 pM.
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3.4.2. Repeatability and stability of the designed electrochemical biosensing platform.

The repeatability of the fabricated SPE was investigated with five identical electrodes
prepared simultaneously and following the same conditions. Figure 8 shows that the bar graph
for these five electrodes displays a negligible current change. The current difference was

observed in pA.
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Figure 8. Reproducibility of the developed biosensor with similarly prepared electrodes under the same

conditions.

To study the stability of the developed electrode, it was kept at 4 °C in a dry condition.
The fabricated sensing platform was evaluated for 3 months. The activity of the designed SPE
was examined every 7" day [35]. After 3 months, it was observed that the activity of the
electrode decreased from 100% to 80%. Table 2 describes a comparison data for the reported
and fabricated biosensors to detect HbAlc. The designed biosensing platform for HbAlc
detection exhibits a dynamic concentration range and a very low detection limit.

Table 2. Comparison of the designed biosensor with reported for HbAlc detection

S.No. Sensing platform Biosensor type Detection Detection Reference
range limit

1. SPCE/CNT-Nf@Blood-Nf Electrochemical 31.2-500 nM 4.2nM [36]

2. AuNPs/GNs/FTO Electrochemical 10-65 pg/mL 1.70 pg/mL [37]

3. GS/rGO-Au nanostructure Electrochemical 1 nM-13.83 uM | 1 nM [38]

4, SPCE/pTBA@MWCNT Electrochemical 0.006-0.74 pM | 3.7nM [39]

5. FPOX/AUNPs/GO/CHIT/FTO Electrochemical 0.1-2 mM 0.3 uM [40]

6. 4-MPBA-Au NFs modified SPCE Electrochemical 5-1000 pg/mL | 0.65% [41]

7. Aptasensor Electrochemical 100 pg/mL- 0.2 ng/mL [42]
100 ng/mL

8. MIP/Fe304NPs/SPE electrode Electrochemical 1 pM-0.1 uM 1pM Present work

3.4.3. Clinical validation of the fabricated SPE-based biosensor.

To validate the electrode with clinical samples, the samples were spiked (sample A (1
nM), sample B (0.01 nM), sample C (0.1 pM), sample D (100 nM)), and the SWV technique
was used to measure the electrode current. Figure 9 depicts the peak current values recorded
during the SWV measurements. The highest current was observed with sample C, which had a
low concentration of HbAlc. In contrast, the lowest current was observed with sample D

representing a higher concentration of HbA1c in the sample.
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Figure 9. Graph for real blood samples on the modified versus current obtained.
4. Conclusions

An electrochemical biosensor was developed to detect HbAlc concentration in blood
samples for diabetic conditions. The FezO4 nanoparticles were used to facilitate the higher
conductivity of the developed biosensor by enhancing the electrode's surface area and thereby
increasing the rate of transfer of electrons on the surface of the screen-printed electrode. The
molecularly imprinted polymer enhances the selectivity and specificity of the developed
biosensor by imprinting the molecule's predefined structure. The fabricated biosensor exhibits
a dynamic concentration range from 1 pM to 0.1 uM and a low detection limit. The biosensor
requires less sample quantity for detection, and therefore, it provides rapid results and
satisfactory stability. The designed sensing platform can be advanced into a point of care (POC)
device because of several advantages: miniaturized size, cost-effectiveness, rapid detection,
and user-friendly approach.
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