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Abstract

Objectives: Nonenzymatic biosensor-based-conductive poly-
mers like polyaniline are highly electrochemically stable,
cheap, and easy to synthesize biosensors, which is the main
objective of research as well as testing applied in different pH
conditions to get optimum sensitivity.

Methods: A nonenzymatic glucose biosensor based on pol-
yaniline was electrochemically deposited on a glassy carbon
electrode; the cyclic voltammetry under range applied
voltage —0.2 to 1.2V vs. Ag/AgCl was employed to synthesize
the biosensor electrode.

Results: The polyaniline biosensor electrode properties were
characterized, and the morphology surface photographic
confirmed mesoporous architecture with many accessible
pores, while chemical bonding analysis confirmed the syn-
thesis of polyaniline. The initial investigation examined the pH
levels of phosphate-buffered saline, including 5, 5.5, 6, and 6.5.
The cyclic voltammetry measurement revealed that the pH=5.5
provides excellent sensitivity toward glucose detection. The
sensitivity of pH=55 is 68.7 yAmM " cm ™, and the low detec-
tion limit is 1 pM.

Conclusions: The findings above indicate that the biosensor
could be an excellent candidate for application in electro-
chemical glucose sensing under pH=5.5 conditions of
phosphate-buffered saline.
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Introduction

Diabetes is a chronic disease that occurs when the pancreas
does not produce enough insulin or is less effective. Diabetes is
a condition where the level of glucose in the blood is too high,
which can be hazardous to health and lead to death [1, 2]. Daily
monitoring of the glucose level is so important for diabetes.
Various techniques were used to measure the glucose level in
the blood, including enzymatic and nonenzymatic techniques
[3]. The enzymatic technique is one of the old techniques, cost,
and non-long-term stability used glucose oxidase (GOx), which
electrochemically converts glucose into gluconic acid and H,0,
[4]. The nonenzymatic technique was released by the direct
electrochemical oxidation of glucose without glucose oxidase,
which is an inexpensive and long-term stable technique to
measure glucose [5-7]. The nonenzymatic technique usually
uses electrode-based noble metals or metal oxide because of its
excellent sensitivity toward glucose detection. However, noble
metals (bimetallic or alloy) are expensive to use in daily
monitoring, while nanomaterials-hased metal oxide requires
expensive equipment to prepare biosensor electrodes [7-9].
Recently, conductive polymers like polyaniline, polypyrrole,
and polythiophene were used to fabricate electrochemical
biosensors due to their high sensitivity and selectivity [10-13].

Polyaniline (PANI) was intensively studied because of its
unique electrical, electro-optical, and electrochemical proper-
ties, such as electrochemical synthesis and long-term stability,
as well as flexibility.

Different parameters can influence the sensitivity of
biosensors like nanostructure and nanocomposite. Nano-
structured materials were synthesized with different shapes,
such as nanoparticles, nanofibers, nanotubes, and meso-
porous [14-16]. Herein, a surface area can influence biosensor
detection. The large surface area was achieved by meso-
porous nanostructure; consequently, high active sites were
generated on the biosensor surface [17-19]. Moreover, the
active sites on the biosensor surface are highly dependent on
pH electrolytes [20]. The glucose oxidation can only occur via
the chemisorption of glucose, producing gluconic- §-lactone,
which is further oxidized into gluconic acid via various
reaction pathways depending on the pH. Based on the
previous reports, most biosensors of glucose detection were
studied under alkaline conditions. However, different pH
values were rarely studied for biosensor-based polyaniline
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electrodes [21, 22]. Nevertheless, almost all glucose biosensors
were applied in vitro only due to the use of alkaline electro-
Iytes. However, wearable biosensor needs pH=7.4 for human
blood which is still under challenge.

The polyaniline with chemical stability under a wide
range of pH values allows charge transfer at the interface
surface between biomaterials and polyaniline electrodes.
There are two processes to understand the mechanism of
polyaniline biosensors. In the first process, glucose should be
adsorption on polyaniline. Secondly, for the charge transfer
to oxidize glucose, electrocatalysis needs high active sites,
which are normally provided by a porous surface.

Based on the above considerations, polyaniline can offer
selectivity adsorption toward glucose biomaterial and a good
electrocatalyst for directly oxidizing glucose. This study has
been adopted to optimize the maximum sensitivity of poly-
aniline biosensors by controlling the pH of phosphate-buffered
saline electrolytes. The biosensor glucose was constructed from
the mesoporous architecture of polyaniline film on the glassy
carbon electrode. The polyaniline film was characterized by
different techniques to study crystallinity, chemical bonding
and morphology. The biosensor was investigated under pH
values 5, 5.5, 6, and 6.5. The excellent sensitivity of pH value was
5.5, and are good as anti-interface materials such as Uric acid,
Ascorbic acid, and dopamine acid.

Chemicals and methods
Chemicals

Aniline (CgH;N, Mol. wt. 93.13) was used as a raw monomer,
and sulfuric acid (H,SO,) was utilized in electrochemical syn-
thesis. The phosphate buffer saline solutions of Monobasic so-
dium phosphate (NaH,PO,) and Dibasic sodium phosphate
(Na,HPO,) were applied in different weight percentages to
adjust the pH level of the prepared electrolyte. Glucose powder
was employed to evaluate biosensor performance. Uric acid
(UA), Ascorbic acid (AA), and dopamine acid (DA) were used as
anti-interface materials. All the chemical materials were pur-
chased from Sigma Aldrich and used in this research study
without any purification. Fluorine-doped tin oxide substrates
(FTO), which are transparent conductive material on glass,
were purchased from MTI corporation.

Preparation of biosensor electrode

The biosensor electrode was electrochemically prepared
from a solution containing sulfuric acid (H,SO4, 1M) and
distilled water in a volumetric ratio (20:100 mL), and then
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(2 mL) of Aniline was slowly dropped into the previous solution
[23]. Three electrode systems were used in these experiments.
The glassy carbon electrode (GC) 0.2 cm diameter and 0.31 cm®
area was used as a working electrode. GC electrode was pol-
ished on the micro cloth pad with alumina powder (Al,Os,
300 nm), rinsed with distilled water, and then dried before use.
A platinum wire electrode (Pt) was employed as a counter
electrode. A silver/silver chloride (Ag/AgCl) electrode was uti-
lized as a reference electrode (RE). Cyclic Voltammetry (CV) was
performed at the potential range (0.2 to 1.2 mV) repeated 5
times and a scan rate of 50 mV/s. A black-greenish thin film was
gradually grown on the GC electrode. In the same method
above, it has prepared a polyaniline thin film on FTO glass for
absorption spectra and crystalline test.

Preparation of phosphate buffered saline
(PBS) electrolyte

Phosphate buffered saline electrolyte (PBS, 0.1M) with
different pH values were prepared from NaH,PO, (1 M) and
Na,HPO, (1 M) solution. The based Na,HPO, solution was
dropped to the acidic solution of NaH,PO, to control the
desired pH level of 5, 5.5, 6, and 6.5 via pH meter.

Preparation of glucose solution

The glucose solution was prepared in two groups, the first
group was prepared by adding low concentration (0-5) uM of
glucose powder to PBS electrolyte. The second group was pre-
pared by adding (0-5) mM of glucose powder to PBS electrolyte.

Characterization

X-ray diffraction (XRD, Shimadzu, 6000) was used to determine
the phase and composition of the polyaniline film. Electron
Microscopy (SEM, Tescan, Vega II) was used to examine the
morphologies and microstructures of the polyaniline film.
Fourier Transform Infrared Spectroscopy (FTIR, Shimadzu,
IRAffinity-1S) was used to obtain the spectra of polyaniline film
using wavelengths ranging from (400-2,000 cm ™).

Biosensor test

The sensitivity is the most important parameter to evaluate
the biosensor. Any change in biomaterial concentration,
such as glucose, uric acid, and ascorbic acid in liquid, cor-
responds change in electrical response.



DE GRUYTER Alabdali

DY2300 (Digi-Ivy, Inc) Potentiostat/Galvanostat was used
for electro electropolymerization of polyaniline as a thin
film on the GC electrode by CV. The same procedure and
three electrodes system were used as mentioned in the
section on the preparation of biosensor electrodes. The po-
tential range between (-0.2 to 0.6V) and five cyclical
numbers at scan rates 50 mV/s were applied for different
concentrations of glucose solution with 0-10 uM, 0-5 mM. In
addition, the CV was carried out with various scan rates of
10, 20, 50, 100, and 200 mV/s. The biosensor measurements
were carried out for four different pH electrolytes, and then
repeated test was repeated 3 times for each glucose con-
centration of 0-5 mM.
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Figure 1: Cyclic voltammogram of glassy carbon electrode in
(H,S04, 1 M) and distilled water in volume ratio (20:100 mL), and scan
rate: =50 mvVs~.
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Results and discussion

Polyaniline (PANI) was deposited on the GC electrode sur-
face by a potentiodynamic method. The sweep voltage
was -0.2 to 1.2V vs. AgCl/Ag, and the scan rate voltage was
50 mV/s. The CV finding of PANI shows three distinct anodic
current peaks (oxidation reaction) and two cathodic current
peaks (reduction reaction), as illustrated in Figure 1. The first
oxidation/reduction peak A/A’ between (0.2-0.3V) repre-
sents the transformation from the reduced leucoemeraldine
state to the partly oxidized emeraldine state. The second
oxidation/reduction peak B/B" has occurred between 0.4 and
0.6 V. This change is attributed to the transition from the
reduced leucoemeraldine state to the fully oxidized perni-
graniline state. The last oxidation peak (C) was observed at
the potential range of 0.8 and 1 V with non-reversible cycles,
indicating oxidation of an aniline monomer, which initiates
the electropolymerization process. The same results were
shown in previous studies [24-26].

The biosensor’s sensitivity is highly dependent on its
morphology, which can be obtained by using SEM. Figure 2a
shows the SEM image of the polyaniline after being deposited
on the GC electrode. The morphology of polyaniline film shows
a homogeneity surface and a porous nanoarchitecture.

Nanoarchitectures take significant advantage, providing
more surface area, and consequently, more active site reacts
with biomaterials in solution. Therefore, it is expected that the
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porous nanoarchitecture has excellent performance sensitivity
toward biomaterials [27, 28].

Figure 2b illustrates the XRD analysis of polyaniline film
over an angular diffraction ranging between 10 and 80°. The
polyaniline film was initially electropolymerized on the FTO
substrate to obtain a large surface area for the XRD instru-
ment. The electropolymerization of polyaniline revealed
semi-crystallinity, which is related to the distinct nature of
polyaniline. The prepared polyaniline film was confirmed by
XRD, which shows the semi-crystallinity of polyaniline
around 26=20-30°, which agreed with the previous studies
[29, 30]. The other peaks are related to the FTO substrate.
However, further identification is required to investigate
product quality.

The FTIR was used to acquire the spectra of polyaniline
film, as shown in Figure 2c. The main distinct peaks were
obtained at wavenumber 1,545 and 1,492 cm™., which are
related to the stretching vibration of the C=C bond in quinoid
and benzenoid rings, respectively. The peaks at 1,284 and
1,172 cm ™ are attributed to the C-N and C=N bond stretching
of the secondary aromatic amine. Furthermore, the peaks at
wavenumber 883 and 846 cm™ are related to the out-of-
plane deformation of C-H in the 1,4-disubstituted benzene
ring. The other peaks are related to the C-C and C-H bond
modes of the aromatic ring [31, 32].

In addition, the UV-vis spectroscopy was examined to
identify the absorbance spectra of polyaniline. Figure 2d
depicts the absorbance spectra exhibited by two separate
broadening peaks, A and B. The A peak at 700-900 nm
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indicates excitation absorption of the quinoid rings, whereas
the B peak at 300-500 nm is assigned to the n-m* transition of
the benzenoid rings. The shoulder peak observed at 434 nm
is ascribed to the polaron formation. This result is in
agreement with previous studies [33, 34].

The most essential electrochemical technique for
measuring current as a function of applied potential is CV.
Depending on the accuracy of an applied potential, the redox
of chemical substances in the electrolyte can react with the
electrode. Therefore, it is detectable through the oxidation or
reduction of biomarkers at a specific applied potential. The
purpose of this study is to increase the sensitivity of PANI
biosensors by regulating the pH of PBS electrolytes. Figure 3
depicts the CV of a PANI biosensor in PBS electrolyte with
0-5 mM glucose concentration and pH values of 5, 5.5, 6, and
6.5. Figure 3a shows the CV of PANI at pH=5 since the current
increased gradually when the glucose concentration
increased from 0-5mM. The oxidation reaction of glucose
converted to gluconic acid at 0.55V vs. Ag/AgCl, while the
reduction reaction peak is —0.15 V vs. Ag/AgCl. The oxidation
and reduction reaction displayed a reversible CV at pH=5.5,
which is preferred in electrochemical biosensors to avoid
interface biomaterials that appear at the oxidation potential
of 0.1-0.6 V, such as ascorbic acid at 0.18 V [35] and uric acid
at 0.35V [36] against Ag/AgCl (3 M KCl) reference electrode.
The reduction peak offers additional data to characterize
glucose on two sides: oxidation and reduction peaks [37].

The fully symmetric cathodic and anodic currents
increased when the pH was adjusted to 5.5, as shown in
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Figure 3b. This increase can be attributed to the activation of
a functional group located on the surface of the polyaniline.
The oxidation peak of glucose at pH=6 is more prominently
displayed in Figure 3c compared to the peak observed at
pH=5.5 in Figure 3b. Meanwhile, the level of sensitivity
diminished. Furthermore, Figure 3d shows the CV of PANI at
pH=6.5, which displayed a low oxidation reaction. All of the
above results are related to the electrocatalytic activity of
functional groups on polyaniline surfaces that are activated
at different pH levels.

The linearity of CV was clarified in Figure 4, which rep-
resents the relation between glucose concentration and cur-
rent. From the slopes, the maximum sensitivity obtained at
pH=5.5 is 68.7 JAmM " cm™, while the sensitivities at pH 5, 6,
and 6.5 are 15, 15.5, and 5.8 A mM " cm™, respectively. Thus,
the sensitivity of the biosensor depends on the pH value, which
can activate the functional groups on the polyaniline’s surface.

Different surface nanostructures, such as nanowires,
nanorods, nanotubes, and nanoporous, are essential surface
modifiers [38] for polyaniline porous nanoarchitecture as
shown in Figure 2a, which can increase its characteristics by
making the high interfacial area between PANI and its
environment. Therefore, it facilitates electron transfer be-
tween the reduction center of glucose and the polyaniline
surface. Thus, a surface modifier investigation was con-
ducted. GC electrode was investigated before and after the
deposit of polyaniline, as the same procedure before, under
PH=5.5; the scan rate was 50 mV/s, and glucose concentration
was 5 mM. It was observed, as shown in Figure S1, that there
was a large difference in sensitivity. GC electrode with de-
posit polyaniline shows higher sensitivity compared with GC
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electrode only, indicating deposited polyaniline on GC pro-
duced an excellent surface modifier.

Figure 5a, reveals the relation between the sensitivity of
biosensors and the pH of PBS electrolyte. The optimum
sensitivity was obtained at pH=5.5 compared with other pH
electrolytes. Further parameters, such as scan rate were
carried out under different scan rates. Figure 5b shows the
potential vs. the current at pH=5.5 with various scan rates of
10, 20, 50, 100, and 200 mV/s. The sensitivity exhibited a
linear proportionality with increasing the scan rate and
reversible CV, indicating the glucose diffusion on the poly-
aniline surface and resulting in a higher current. These re-
sults obey the diffusion-controlled process.

The low concentration of glucose (0-10 uM), the limit of
detection was carried out. Figure 6a and b shows the current
increased linearity with increasing glucose concentration,
indicating stable and reliable detection for biological species. In
comparison with previous studies, some details have been lis-
ted in Table 1. This work shows a reasonable sensitivity of
68.7 UAmM " cm %, compared with composite materials under
pH=5.5 acidic medium while the linearity is 1-5 mM and LOD is
1uM. In the present study, the biosensor was prepared from
polyaniline by electrochemical method. As a result, low cost,
easy synthesis, and mechanical flexibility can be applied as
biosensors for glucose levels in the blood. However, the pH of
human blood is 7.4; therefore, it needs to test the human blood
under electrolytes with pH=7.4. Thus, the test should be con-
ducted outside the human body.

The results of the present study show reasonable per-
formance, even in the absence of any additional substances
in our sample. Initially, the glucose detection mechanism
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Table 1: Comparison of the present study with previous studies on nonenzymatic glucose biosensors.

concentration (0-10pM). (b) glucose

concentration vs. current.

Electrode materials Technique  Electrolyte Linear range  Detection limit  Sensitivity )AmM™"cm™  Ref.
NiNPs/PAni AMP 0.1 M NaOH 0.02-1mM 1uM 278.8  [39]
PAni/Cd AMP 0.1 M NaOH 0.0005-0.01 M 0.5mM 5.23  [40]
Cu-PAni AMP 0.1 M NaOH 0.02-10mM 9.36 pM 61.6  [41]
PAni(COOH)-PEI-Fc/Cu-MCNB ~ DPV 0.01 M PBS 0.50-14 mM 0.16 mM 143 [42]
GO/Fe304/PAni cv PBS 0.05 yM-5mM 0.01uM - [43]
PAni cv 0.1PBS (pH=5.5) 1-5mM 1M 68.7  Present study

involves the adsorption of glucose molecules onto a polyaniline
surface, which serves as an electrocatalyst. The chemisorption
model is assumed to be an important factor in adsorbing the
molecules. Secondly, the glucose molecules will undergo an
oxidation reaction, leading to their direct conversion into glu-
conic acid. Thirdly, the pH condition of the PBS electrolyte is a
vital parameter to activate the surface.

The interfacing of chemical substances with glucose is
important to show selectivity in the detection of glucose
mixed with other biomaterials. Different biomaterials were
used like AA, UA, and DA, by adding 1 mM to PBS containing
1mM glucose. No apparent interfaces with other bio-
materials are shown in Figure 7a. This result led to the
conclusion that our biosensor is selective. Furthermore, the
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Figure 7: The bar chart of Interference and

stability of polyaniline biosensor,

(a) Interference test, (b) stability electrode of
the polyaniline film grown on glassy carbon
electrode under pH = 5.5, and PBS (0.1 M).
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stability of the PANI electrode was evaluated at repetitions
10. Experimental results showed a 50 % reduction in stability
after 10 tests, as depicted in Figure 7b. The low stability due
to low adhesive mesoporous polyaniline on the glassy car-
bon electrode causes easy corrosion.

Conclusions

Daily diagnosis of diabetes is so expensive by using enzymatic
agents. A great effort was carried out to synthesize cheap bio-
sensors with excellent performance to detect glucose. A
nonenzymatic technique was used to fabricate polyaniline bio-
sensors. Polyaniline was directly deposited on the GC electrode
by electropolymerization, and different techniques were used to
characterize the biosensor. The glucose sensor performance was
significantly affected by the pH condition. The excellent pH
condition was obtained with pH=5.5 with the higher sensitivity
of 68.7 pA mM™ cm™, while the limit of detection (LOD) shows
low concentration detection of 1 uM. However, it is impossible to
directly test the blood in the human body due to the need change
of pH blood. Therefore, it prefers to test glucose in vitro. More-
over, there is no influence on biosensor sensitivity after adding
different biomaterials such as UA, AA, and DA.
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