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Polyaniline (PANI), a nanostructured conducting polymer, has shown significant potential in optical and
bioelectrochemical devices. However, its performance and stability on various substrates are hindered by
weak adhesion to the surface. In this study, a strongly adherent polyaniline conducting polymer layer with
a thickness of five nanometers was electrografted onto an initiating monolayer on gold and tin-doped
indium oxide substrates. These electrografted monolayers consist of vertically oriented fully oxidized-pro-
tonated (pernigraniline salt) and deprotonated (pernigraniline base) forms of polyaniline. The monolayer
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exhibits pH-dependent colour changes and it is suitable for enzyme compatibility. In light of these
findings, we have developed and characterized an electrochemical glucose biosensor based on the
monolayer of polyaniline on a gold electrode. The biosensor utilizes glucose oxidase as the bio-
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1. Introduction

Nanostructured conducting polymers have been extensively
studied and widely applied in state-of-the-art technologies due
to the processing advantages of polymeric conductors and the
nano-size effect of nanomaterials." Vertically aligned and
ordered conducting polymer monolayers, known as polymer
brushes, have received special attention due to their fast
charge transfer and the associated mass transport phenom-
enon characteristic of nanolayers.” In recent years, the fabrica-
tion of polymer brushes using surface-initiated polymerization
techniques has led to significant advancements in surface
science and applications.® On the other hand, the deposition
of conducting polymers as thin layers onto various materials,
such as glass and metals, has garnered considerable attention
in the field of nanotechnology.® However, a major issue with
these layers is the typically weak and short-term adhesion
between the polymers and the substrate. To address this
problem, covalent bonding to the surface of the substrate and
surface graft polymerization through chemical or electro-
chemical deposition, achieved by oxidizing the monomer, have
been employed. In these approaches, polyaniline (PANI) has
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recognition element for the selective detection of glucose concentrations in real blood plasma samples.

garnered great interest as a conducting polymer for a broad
range of applications, including gas, pH, and bioanalyte
sensors, printable electronics, electrochromics and photovol-
taics, actuators, and supercapacitors.’

Grafting molecules onto carbon-based surfaces through the
electroreduction of aromatic diazonium salts is a widely used
electrografting method, resulting in the formation of an aro-
matic organic layer that is covalently bonded to the surface.®
This diazonium approach is commonly employed for electro-
grafting PANI onto carbon substrates by means of electro-
chemical polymerization of aniline.””® A facile method for
chemically grafting conjugated tetraaniline as the smallest
conjugated repeat unit of polyaniline decorated with a reactive
azide group onto important materials including graphite,
carbon nanotubes, reduced graphite oxide and polymers was
reported by Lin et al. The authors found that these tetraaniline
modified membranes are hydrophilic and exhibit extraordi-
narily low bovine serum albumin (BSA) and Escherichia coli
adhesions.’ Additionally, this method is suitable for electro-
grafting on metal oxide electrodes such as tin-doped indium
oxide (ITO) for enzyme immobilization and bioelectrocataly-
sis.’® Through covalent bonding to metal oxide substrates,
new and innovative methods have been proposed and devel-
oped. Zhang et al. demonstrated the modification of an ITO
substrate with 4-aminobenzylphosphonic acid, followed by the
covalent bonding of a stable PANI thin layer with a thickness
of 30 nm through electropolymerization."” Gold (Au) sub-
strates are also suitable for PANI electrografting. Vacca et al.
coated a gold substrate with PANI using the electrografting of
aryl diazonium salts.'®> Furthermore, Pillalamarri et al syn-
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thesized PANI polymers on gold nanoparticles using surfac-
tants with a side peroxide group.*?

High blood glucose levels, exceeding 6 mM, indicate dia-
betes mellitus as a metabolic disorder resulting from defects
in insulin secretion, insulin action, or both. Consequently, the
quick and convenient determination of glucose levels in
human blood holds great importance in bioanalysis. In 1962,
Clark and Lyons published the first enzymatic glucose sensor
utilizing glucose oxidase (GOx) as a biorecognition element.'*
This seminal work paved the way for intensive scientific
research on the development and application of biosensors.
Meanwhile, PANI has found widespread use as an interlayer
between biomolecules and electrode substrates in glucose bio-
sensors.”” This is owing to its favourable conductivity, cost-
effectiveness, and straightforward fabrication. Numerous fabri-
cation methods for PANI-based bioelectrodes in glucose bio-
sensor applications have been extensively studied and dis-
cussed in the scientific literature.'® However, their commercia-
lization remains challenging due to issues such as ageing and
stability effects, low electrochemical stability of PANI, and the
absence of well-optimized deposition techniques.

In this study, a stable electrografted monolayer is designed,
prepared, and characterized as conducting polymer brushes
on ITO and Au substrates. This PANI monolayer demonstrates
efficient oxygen reduction and pH-response, while being bio-
compatible with enzymes. Consequently, a stable biosensor for
glucose detection is tested and developed using this approach.

2. Results and discussion
2.1 Electrografting of PANI monolayers

To prepare the grafted polyaniline (PANI) monolayer on
indium-tin-oxide (ITO) and gold (Au) surfaces, a combination
of chemical and electrochemical methods was employed.
Scheme 1 depicts a schematic visualization of the process for
the deposition of the initiating monolayer and polymerization
of electrografted polyaniline monolayers on the Au and ITO
surfaces. It illustrates the sequential steps involved in the
preparation of the monolayers. First, the ITO and Au surfaces
were chemically and electrochemically cleaned. Then, 3-(phe-
nylamino)propyltrimethoxysilane (PhNHPrSi) and 4-ami-
nothiophenol (SPhN) containing N-substituted phenyl groups
were deposited on the activated ITO and Au surfaces, respect-
ively, serving as the polymerization initiating monolayers.
Finally, aniline monomers were electrochemically polymerized
via cyclic voltammetry (CV) on the initiating monolayers to
obtain the electrografted polyaniline monolayers on Au and
ITO surfaces.

As the monomer, aniline was then subjected to electro-
chemical polymerization through cyclic voltammetry (CV) in
0.1 M H,S0, electrolyte solution on the aforementioned mono-
layers. Fig. S11 shows the electrochemical synthesis of the elec-
trografted PANI monolayer on the ITO and gold substrates
with correspondingly grafting PANHPrSi and SPhN molecules
using CV. However, no significant difference in the electro-
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chemical response was observed. This process resulted in the
formation of electrografted and non-grafted regular PANI. The
resulting ITO/PhNHPrSi/PANI and Au/SPhN/PANI electrodes
were immersed in water and subjected to ultrasonic cleaning
to remove any non-grafted PANI polymers. The progress of
polymer removal from the ITO/PhNHPrSi/PANI surface was
monitored using UV-vis absorption spectroscopy in pH 4
buffer at 5-minute intervals (Fig. S2at). It was observed that
the absorption of the layer remained unchanged after
35 minutes, indicating the removal of additional polymers.
The resulting ITO/PhNHPrSi/PANI monolayer exhibited a light
green colour and remained firmly attached to the ITO glass. In
contrast, Fig. S2b and cf illustrate that the unattached regular
electropolymerized PANI layer on ITO has weak adhesion to
the surface and is not stable after an ultrasonic 30 min
washing. Mechanical removal of this layer was only possible
when removing the entire ITO layer from the glass. On the
other hand, the monolayer on the Au surface could only be
removed through abrasive cleaning followed by electro-
chemical oxidation and reduction in 0.5 M H,SO, solution.

2.2 Characterization of the surfaces

The surfaces were characterized to understand their properties
and morphology. ITO and Au electrodes were chosen for
further research and characterization due to the optical trans-
parency of ITO and the large surface area of the electrode.
After the deposition of ITO/PhNHPrSi with hydrophobic
groups, the average water contact angles increased from 38 +
5° for the bare activated ITO to 78 + 4°. However, after the
deposition of the PANI monolayer, the surface became more
hydrophilic than that of the bare activated ITO, with a water
contact angle of 23 + 4°. Fig. 1a illustrates that the ITO/
PhNHPrSi/PANI surface is more hydrophilic than the original
ITO surface.

To estimate the average lengths of the grafted PANI
polymer, the surface morphologies of the bare ITO and ITO/
PhNHPrSi/PANI surfaces were investigated using atomic force
microscopy (AFM) in a 300 nm x 300 nm area, as shown in
Fig. 1b and c. Both surfaces exhibited characteristic grains,
with average diameters of 23.8 + 0.5 nm and 33.5 + 0.7 nm for
the bare ITO and ITO/PhNHPrSi/PANI surfaces, respectively.
The increase in the grain diameter is proportional to the
length of the PANI molecules.'” Therefore, by analyzing the
statistical distributions of grain diameters, the average length
of the grafted PANI polymer was calculated to be 4.8 + 0.1 nm.
Based on density functional theory (DFT) computation, this
length corresponds to eight aniline monomers attached to the
anchor PhANHPrSi molecule (Fig. S3b¥).

To confirm the molecular structures of the monolayer,
Fourier-transform infrared spectroscopy (FT-IR) was performed
on the starting ITO/PhNHPrSi silane monolayer, as well as the
ITO/PhNHPrSi/PANI samples before and after ultrasonic
washing (Fig. 2). After electropolymerization, the electrografted
PANI and unattached regular electropolymerized PANI layers
formed on this electrode. Subsequent to ultrasonic washing,
only the monolayer of PANI adhered to the electrode persisted.

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic visualization of the polymerization initiating and electrografted polyaniline monolayers on Au and ITO.
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Fig. 1 Properties of the ITO/PhNHPrSi/PANI surface: (a) the averaged
water contact angles of the bare ITO, ITO/PhNHPrSi, and ITO/PhNHPrSi/
PANI surfaces; (b) AFM image of the bare ITO and (c) the ITO/PhNHPrSi/
PANI surfaces; (d) the statistical distributions of grain diameters (the his-
tograms are mean distributions of the grains diameters) on the surfaces.
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Consequently, the FT-IR spectrum (Fig. 2b) of the sample
exhibited a greater number of bands before the washing
process. The spectra of the samples before (Fig. 2b) and after
(Fig. 2c) ultrasonic washing exhibit characteristic peaks indi-
cating a fully oxidized pernigraniline base form."® Specifically,
the peak at 1586 cm™" with a shoulder at 1604 cm™" corres-
ponds to the C-C stretching vibration of the phenyl ring in
PANI in the sample after polymerization without washing
(Fig. 2b). After washing, the peak at 1586 cm™' remains
(Fig. 2c) indicating the presence of both non-grafted and
grafted PANI polymers in the layer. Additionally, characteristic
peaks at 1514 cm™", 1349 ecm ™", and 1172 cm™", corresponding
to the C=C stretching vibration of the quinoneimine ring,
stretching of C-N bonds, and scissoring of C-H bonds,
respectively, are observed in the spectrum of the ITO/
PhNHPrSi/PANI self-assembly (SAM) monolayer (Fig. 2c). The
broad peak at 851 cm™' is assigned to ITO and silane
vibrations. The spectra were also computationally simulated
using density functional theory (DFT) at the B3LYP/6-31G(d,p)
level to confirm the structural analysis. The experimental
FT-IR spectrum of the monolayer (Fig. 2¢) closely matches the
theoretical spectrum of the proposed fully oxidized and proto-
nated PANI (pernigraniline salt) form (Fig. 2g). The monolayer
may also contain the pernigraniline base form (Fig. 2e) and
not fully protonated pernigraniline base and salt forms

Nanoscale, 2024, 16, 4647-4655 | 4649


https://doi.org/10.1039/d3nr03680d

Published on 01 de febrer 2024. Downloaded on 3/2/2026 14:59:14.

Paper

800 1000 1200 1400 1600 1800
—— DFT of PANIOx_fullH

0.78 |
0.39 [ .
0.00 AR
——— DFT of PANIjox_4H £
078 | )
0.39 .
0.00 Nt ' T —— -
—— DFT of PANI_ox
0.78 |- e) |
—~ 039 [ .
=]
« 0.00 : 1~ :
- —— DFT of PANI_red d
2078 ) ]
2 039 [
g 1
= LLOOE ITOI/PhNHP Si/PANI SAI\‘/| 1586 om ]
rol &
0.062 N e, i ) 1
cm

0.031 |
0.000
0.06
0.03 f

" 1
1586 cm™!

" 1 L L "
ITO/PhNHPri/PANI b) ]

604 cm™]

000 | ; . . ) ) | ]
0.050 _— PhNHPrSi silane onto ITO & ]
0.025 ]
0.000 W

800 1000 1200 1400 1600 1800
Wavenumber, cm™

Fig. 2 Experimental FT-IR spectra recorded in the ATR mode: (a)
PhNHPrSi silane on ITO; (b) ITO/PhNHPrSi/PANI layer after electropoly-
merization; (c) ITO/PhNHPrSi/PANI self-assembly monolayer (SAM) after
washing, and theoretical spectra of various PANI polymer forms: (d)
reduced PANI_red (leucoemeraldine); (e) deprotonated PANI_ox (perni-
graniline base); (f) not fully protonated PANI_ox_4H (pernigraniline half
base and salt); (g) fully oxidized and protonated PANI_ox_fullH (perni-
graniline salt) forms.

(Fig. 2f). However, peaks corresponding to the leucoemeral-
dine form (Fig. 2d) are not observed in the experimental spec-
trum. Summing up, the FT-IR spectroscopy, in conjunction
with theoretical calculations, confirms the presence of the
fully oxidized and protonated PANI (pernigraniline salt) form
in the ITO/PhNHPrSi/PANI monolayer. The monolayer may
also contain other protonated PANI forms, but the not reduced
PANI form was detected in the experimental spectrum. It is
worth noting that the emeraldine form of PANI is not necess-
ary to explain all the color changes in our case.

2.3 Optical and electrochemical properties of the PANI
monolyers

The optical properties of the ITO/PhNHPrSi/PANI monolayer
were investigated by varying the buffer pH from 3.4 to 10
(Fig. 3a). Observable colour changes were noted on the slide,
with the monolayer appearing light green at acidic pH 3.4,
blue at neutral pH 7, and purple at alkaline pH 10. These
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colour variations are indicative of different protonation states
of the PANI polymer. UV-vis spectra (Fig. 3a) reveal a broad
band at around 800 nm and a shoulder at around 420 nm for
the ITO/PhNHPrSi/PANI monolayer under acidic conditions
(pH 3.4, 4, and 5). As the pH increases, the band maximum
undergoes a hypsochromic shift to 690 nm at pH 6 and
640 nm at pH 7. Under more alkaline conditions, the band
maximum shifts and stabilizes at around 600 nm. The pH
dependence of the band maximum at 600 nm and 800 nm is
illustrated in Fig. 3b, representing the protonation and depro-
tonation processes of the PANI polymer. The point of inter-
section of these curves allows estimation of the negative logar-
ithm of the acid dissociation constant (pk,) for the electro-
grafted PANI, which was determined to be 6.1. This value is
lower than the pK, value of 6.9 observed for the electrochemi-
cally deposited PANI layer (~1 pm thick) on ITO in a previous
study.'® Furthermore, slight variations in the absorption band
maxima at 455 nm, 630 nm, and 855 nm were measured as the
PH increased for the PANI monolayer.

Theoretical UV-vis spectra were computed for the optimized
structures®® of the reduced PANI-red as the leucoemeraldine
form, oxidized deprotonated PANI-ox as the pernigraniline
base form, oxidized-tertraprotonated PANI-ox-4H as the perni-
graniline half base and salt, and oxidized fully protonated
PANI-0ox-8H as the pernigraniline salt with a silane moiety
(Fig. S3bt). The time dependent density functional theory
TD-CAM-B3LYP/6-31+G(d,p) method with a polarizable conti-
nuum solvation model for water was used for the computation
of UV-vis spectra of such PANI forms (Fig. S3at). The obtained
theoretical spectra show good agreement with the experimental
results (Fig. 3a). The experimental spectra exhibit bands at
around 430 nm and 800 nm, which correspond to the oxidized-
tertraprotonated PANI-ox-4H form. This form predominates in
solutions with pH values ranging from 3.4 to 5. On the other
hand, the oxidized deprotonated PANI-ox form is predominant
in solutions with pH values of 8 to 10. A mixture of these forms
is observed at an intermediate pH of 6 to 7. It is important to
note that the absorption bands of the reduced PANI-red and the
oxidized fully protonated PANI-ox-8H forms would be expected
to appear at around 330 nm and 1300 nm, respectively.
However, due to the limited absorption window of ITO, these
bands were not observed in the experimental spectra.

To investigate the electrochemical properties of the ITO/
PhNHPrSi/PANI monolayer as the working electrode, cyclic vol-
tammetry (CV) was conducted by varying the pH of the electro-
Iyte from 3.4 to 10 and applying working potentials ranging
from 0 to 800 mV versus Ag/AgCl. During the measurements, a
decrease in the redox potentials of the positive current density
peaks was observed as the pH increased from 3.4 to 6 (Fig. 3c).
However, no redox signal was observed at pH values higher
than 7 because the deprotonated form of PANI, known as the
pernigraniline base, is non-conductive. Furthermore, a single
wide redox signal indicated a synchronous transfer of protons
and electrons. The redox potential values were plotted against
pH (Fig. 3d). The ITO/PhNHPrSi/PANI electrode exhibited a
linear Nernstian response of 125.5 + 2.5 mV per pH with an

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Optical and electrochemical properties of ITO/PhNHPrSi/PANI: (a) UV-vis spectra of the monolayer by changing the buffer pH from 3.4 to 10
(inset: visualization of the samples after exposure to the buffer of pH 3.4, 7, and 10); (b) the pH and band maximum trends for protonation and
deprotonation of the samples at 600 nm and 800 nm; (c) CVs of the electrodes by changing the buffer pH from 3.4 to 10; (d) the potential against

pH plot.

excellent correlation coefficient of R* = 0.999 within the pH
range of 3.4 to 6. Assuming a temperature of 298 K and com-
bining the ideal gas and Faraday constants into a single value,
the potential against pH plot should increase according to the

. 59m
equation: E=EOprH, where m and n represent the

number of protons and electrons involved in the redox reac-
tion, respectively. In our case, the redox reaction involved two
electrons (n = 2) and four protons (m = 4). Therefore, the linear
Nernstian response of the ITO/PhNHPrSi/PANI electrode is
twice as high as the typical response for most pH sensors
based on regular PANL.>' This indicates that the electrografted
polymer is fully deprotonated and then protonated. We
attempted to use these glass electrodes as optical sensors for
pH determination in juice samples. Unfortunately, the juices
had pH values between 2 and 3, and their optical absorption
interfered with the analysis, making it challenging to accu-
rately determine the pH using this method.

It is worth noting that the ITO-based electrodes are not
stable at a negative potential due to the reduction of indium
and tin oxides. Therefore, during electrochemistry at a negative
potential, the used electrode loses conductivity and the
attached monolayer. These ITO electrodes are suitable only for
optical measurements. For a wider application of the PANI

This journal is © The Royal Society of Chemistry 2024

monolayer, the structures were deposited on the Au surface.
So, similar optical properties were observed for the electro-
grafted monolayer on Au. Following the electrochemical syn-
thesis of Au/SPhN/PANI in an acidic solution, the monolayer
appeared transparent, revealing the gold surface (Fig. S2df).
However, after ultrasonication of the electrode, the monolayer
became nontransparent, resulting in a blue surface appear-
ance (Fig. S2df). Additionally, the Au-based electrodes are
stable to —0.4 V vs. Ag/AgCl potential. Therefore, the Au/SPhN/
PANI electrode was used for further work on biosensors.

2.4 A glucose biosensor based on the PANI monolayer

The Au/SPhN/PANI electrode was used to fabricate an electro-
chemical biosensor based on glucose oxidase (GOx). GOx is an
affordable and stable enzyme that finds widespread use in the
analysis of glucose concentrations in various biological
samples.’* In our previous studies, we have extensively
employed this enzyme to assess the biocompatibility and
efficacy of polymeric interlayers of electrodes in biosensor
applications.>® To evaluate the performance of our system, a
drop of GOx solution (1 mg mL™") was deposited on the PANI
monolayer and allowed to dry. This step facilitated the immo-
bilization of the enzyme on the electrode surface. To prevent

Nanoscale, 2024, 16, 4647-4655 | 4651
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the adsorbed enzyme from being washed away, a dialysis mem-
brane was added as a protective barrier (Fig. 4). This configur-
ation ensured the retention of the enzyme on the electrode
surface and enabled the detection of glucose through enzy-
matic reactions.

To investigate the electrochemical properties of the Au/
SPhN/PANI/GOx bioelectrode, CV measurements were con-
ducted in a pH 7 buffer solution, both without and with the
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addition of 10 mM glucose (Glu). Fig. 5a illustrates changes in
currents at negative and positive potentials, but no bioelectro-
catalytic currents indicative of direct charge carrier transfer
between the electrode and the enzyme were observed.>* Also,
chronoamperometry measurements were performed at
different potentials (—0.4 V, 0.25 V, —0.25 V vs. Ag/AgCl) to
assess the response to Glu concentration. Notably, there was
no change in current upon adding Glu at 0.25 V and —0.25
V. Still a noticeable current response was observed at —0.4
V. Also, no current response of the Au/SPhN/PANI electrode
after the addition of 1 mM Glu at —0.4 V vs. Ag/AgCl and pH 7
was indicated (Fig. S47).

To determine the optimal buffer pH, current responses at
this potential were measured using four different buffer solu-
tions ranging from pH 5 to pH 8. Notably, the current response
at pH 5 was discernible; however, the most significant
response to the addition of 1 mM glucose was observed at pH
7 (see Fig. S5af). Furthermore, it is widely recognized that the
enzyme exhibits greater stability and reactivity at a neutral pH,
which is why this pH was selected for subsequent experiments.
Fig. 5b displays the current density response obtained by
chronoamperometry as the Glu concentration was varied from
50 pM to 4 mM. A linear relationship between current and Glu
concentration was observed in the range of 50 pM to 2 mM,
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Fig. 5 Electrochemical characterization of the Au/SPhN/PANI/GOx bioelectrode: (a) CV of this bioelectrode without and with 10 mM Glu in PPB pH 7
from —0.4 V to 0.5 V vs. Ag/AgCl at a scan rate of 5 mV s (b) the chronoamperometric titration from 50 uM to 4 mM of Glu in PPB pH = 7 (inset: pho-
tography of the electrochemical cell used in the experiments); (c) changes in currents at —0.4 V vs. Ag/AgCl upon the addition of glucose (inset: data of
linear fitting and the change in currents at low Glu concentrations); (d) chronoamperometry after adding interfering reagents at —0.4 V vs. Ag/AgCL.
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Table 1 Comparison of the amperometric glucose biosensor based on PANI and GOx

Entry Bioelectrode Potential, V, vs. Ag/AgCl Linear range Sensitivity, pA mM ™' em ™ LOD Ref.

1 Au/SPhN/PANI/GOx —-0.4 Up to 2 mM 3.7 17 This work
2 CC/PANI-NWs/GOx 0.5 Up to 8 mM 2.5 50 25

3 Au/PANI/PAA/GOx + Cat -0.3 Up to 1.6 mM 49 27 26

4 GC/PANI (microtubes)/GOx -0.5 Up to 0.8 mM 35 0.8 27

with a squared correlation coefficient (R*) of 0.999. Based on
this linear range, the sensitivity and limit of detection (LOD) of
the bioelectrode were calculated to be 3.7 pA mM™" ecm™2 and
17 pM, respectively, with a signal-to-noise ratio (S/N) of 3.0.

The repeatability of the bioelectrode was evaluated by per-
forming five measurements at a fixed concentration of 1 mM
Glu. As shown in Fig. S5b,f the maximum difference in
response currents was only 3%. The statistical repeatability, i.e.
relative standard deviation (RSD%), for 1 mM Glu samples (N
= 6) remained below 1.5%. Additionally, after storing the bioe-
lectrode in a PPB solution at 4 °C for seven days, the response
currents only decreased by 11%. These results indicate that
the electrode surface decorated with the electrografted
polymer is biocompatible with biomolecules and suitable for
use in biosensor technology. To assess the selectivity of the
Au/SPhN/PANI/GOx bioelectrode, interfering reagents that may
be present in blood samples, such as galactose, fructose, uric
acid, urea, ascorbic acid, and lactate, were tested. Fig. 5d
shows that these reagents did not interfere or inhibit the
glucose bioanalysis. Finally, the prepared Au/SPhN/PANI/GOx
bioelectrode was employed to detect Glu concentrations in a
pH 7 buffer solution and bovine blood serum. In the real
Cormay Serum HN sample, the declared range of Glu concen-
tration was 4.13-5.05 mM, and the measured Glu concen-
tration was found to be 4.6 + 0.2 mM (N = 3).

The classification of enzymatic electrochemical biosensors
into three generations based on their mechanisms of action is
well-established in the field.'* In the first-generation bio-
sensors, the electrochemical signal is directly related to the
concentration of a product or reagent of the enzymatic reac-
tion, such as hydrogen peroxide or oxygen. In the second-gene-
ration biosensors, an electrochemically active mediator is used
to transfer the charge between the enzyme and the electrode.
In the third-generation biosensors, the charge is transferred
directly from the enzyme to the electrode.>* Additional experi-
ments were performed to determine the mechanism of action
of the Au/SPhN/PANI/GOx-based biosensor. Hydrogen peroxide
was added to the solution, and the dissolved oxygen was
removed by purging the electrolyte with argon gas, respectively.
The observed low drop in currents after the addition of hydro-
gen peroxide and the smaller increment in currents after the
addition of glucose in the absence of oxygen confirm that the
biosensor operates based on the first-generation mechanism,
where the response is dependent on the concentration of
oxygen (Fig. S6a and bf¥). First, glucose oxidizes with oxygen to
gluconic acid and hydrogen peroxide by catalyzing GOx.
Second, the decrease of oxygen concentration is electrochemi-
cally registered during the reduction of the oxidized PANI layer

This journal is © The Royal Society of Chemistry 2024

by oxygen (Fig. 4). This finding is consistent with previous
studies that have shown PANI to be an effective electrocatalyst
for the reduction of oxygen to hydrogen peroxide.
Furthermore, comparison of the performance of the Au/SPhN/
PANI/GOx-based biosensor with that of other PANI-based bio-
sensors has demonstrated its good and reliable biosensor per-
formance. Overall, these findings support the conclusion that
the Au/SPhN/PANI/GOx biosensor operates based on the first-
generation mechanism and exhibits comparable performance
to other published PANI-based biosensors."®

According to the review,'® the characteristics obtained for
the Au/SPhN/PANI/GOx-based biosensor, including sensitivity,
linear range, and limit of detection, are comparable to the
results reported in the literature for similar glucose biosensors
based on PANI. These characteristics have been provided and
compared with the literature results of glucose biosensors
based on the PANI polymer and GOx without metallic nano-
structures in Table 1. Horng et al. demonstrated an ampero-
metric enzyme biosensor based on GOx-incorporated polyani-
line nanowires (PANI-NWs) on a carbon cloth (CC) electrode at
0.5 V vs. Ag/AgCl with a linear range up to 8 mM by detecting
H,O0, (Table 1, entry 2).>*> However, this high positive potential
cannot avoid interference from ascorbic acid, a common inter-
fering substance in the detection of glucose. Kuwahara et al.
provided an amperometric glucose bioelectrode based on a
PANI/PAA (poly(acrylic acid)) composite film with immobilized
GOx and catalase (Cat). The performance of this biosensor is
based on a competitive oxygen consumption reaction with
PANI. The authors utilized immobilized Cat to reproduce O,
from H,0, by GOx-catalytic glucose oxidation. The addition of
Cat significantly enhances the performance of this biosensor
(Table 1, entry 3).>® Zhang and colleagues chemically prepared
PANI microtubes. The immobilization of GOx on the surface of
a glassy carbon (GC) electrode with these PANI microtubes was
utilized to prepare the glucose biosensor. The authors showed
that increasing the nanostructured surface area affects the sen-
sitivity of this biosensor, but a narrower linearity up to 0.8 mM
was observed (Table 1, entry 4).”” The fact that our biosensor
shows good sensitivity, a wide linear range, and a low limit of
detection demonstrates its potential for accurate and reliable
glucose concentration measurements.

3. Conclusions

Through comprehensive characterization and performance
analysis, we have gained insights into the electrochemical and
optical properties of the electrografted PANI monolayer on ITO
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and Au substrates. Based on our AFM measurements, the
average length of the grafted PANI polymers was calculated to
be 4.8 + 0.1 nm. The optical properties of grafted PANI exhibi-
ted pH-dependent colour changes, while the electrochemical
properties demonstrated a high linear Nernstian response of
125.5 + 2.5 mV per pH, indicating the suitability for pH
sensing applications. The fully oxidized and protonated PANI
(pernigraniline salt) form of this grafted monolayer was
proved by vibrational spectroscopy and theoretical compu-
tation. Furthermore, we have successfully developed an electro-
chemical glucose biosensor based on a monolayer of polyani-
line (PANI) on a gold electrode. The biosensor utilizes glucose
oxidase (GOx) as the biorecognition element for the selective
detection of glucose concentrations at —0.4 V vs. Ag/AgCl. The
GOx-based biosensor showed excellent sensitivity and a wide
linear range, from 0.05 mM to 2 mM, of glucose detection,
with a sensitivity of 3.7 pA mM ™" em ™2 and a limit of detection
of 16 pM. The biosensor also exhibited good repeatability and
stability, and can be used to detect glucose in real blood
plasma samples. Based on the mechanistic studies, the bio-
sensor operates through the first-generation mechanism, as
the response is dependent on the presence of oxygen. The
PANI monolayer on the electrode surface effectively catalyzes
the reduction of oxygen to hydrogen peroxide, enabling the
measurement of glucose concentrations by detecting oxygen
consumption. Overall, this research has demonstrated the suc-
cessful development of a highly sensitive and selective electro-
chemical glucose biosensor based on the electrografted mono-
layer of polyaniline. We believe that this PANI-based platform
will be suitable for biosensors based on other oxidase enzymes
as well.

4. Methods

The used reagents, instruments, all the experimental pro-
cedures of electrode preparation and electrochemical grafting
of PANI, and theoretical computational methods are provided
in the ESL¥
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