
1. Introduction
Conducting polymers such as polyaniline, polypyr-
role, polythiophene, and their derivatives have been
widely studied and applied in various applications,
including biosensors and chemical sensors [1–4], bat-
teries, and supercapacitors [5–7]. In biosensor appli-
cations, conducting polymers have been one of the
attractive materials as they are utilized for the im-
mobilization of biomolecules and improve the elec-
tron transfer rate [8]. The combination of conducting
polymers and nanomaterials, e.g., carbon materials,
metal nanoparticles, has been focused on developing
a new generation of electrochemical biosensors [9–
12]. The advantages of the combination, especially

with carbon nanotubes (CNTs), including the achieve-
ment of large electroactive surface area, increasing
electron transfer performance, electrical conductiv-
ity, and mechanical properties had been reported
[13, 14]. Carbon materials, especially CNTs and
graphenes, have been studied for utilization of the
direct electron transfer to enzyme active site, which
could act as molecular wires capable of tunneling
electrons from the enzyme active site to the electrode
[15–17]. CNTs have been intensively and extensive-
ly studied in many applications, including sensors
[15, 18, 19], environmental treatment [20, 21], anti-
bacterial applications [22], and supercapacitors [5]
due to their high surface area, high thermal capacity,
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mechanical stability, great electrochemical property
[23, 24]. In addition, CNTs exhibited a unique struc-
ture which led to certain electrical and electrochromic
properties for suitable use as transducers to generate
the signal upon detection of the target molecules
[25–27]. They also could serve as support materials
for the non-covalent absorption of biomolecules in
biosensor applications [28, 29]. The limitation of
using CNTs in polymer composites was the disper-
sion and compatibility of CNTs with the polymer
matrices [30]. The decreasing of graphene layers in
CNTs leads to increasing of aggregation. The order
of aggregation increment is multi-walled, double-
walled, and single-walled CNTs, respectively [31].
Moreover, to overcome this limitation, the function-
alization of CNTs by covalent or non-covalent sur-
face modification and filling of CNTs had been an
attractive method to facilitate in various studies [25,
32–34]. We, therefore, employed carboxylic acid-
functionalized multi-walled CNTs in this study. Fur-
thermore, the toxicological effects of CNTs, includ-
ing cytotoxicity, oxidative stress, or genotoxicity,
could be considered as one of the limitations for
CNTs usage. The metal contaminants of CNTs, e.g.,
nickel or iron which used in CNTs synthesis, could
cause cytotoxicity and oxidative stress of studied
cells. Typically, the commercial CNTs have been syn-
thesized by chemical vapor deposition (CVD) as the
metals have not been used in the synthesis [35, 36].
We, therefore, employed the commercially available
CNTs synthesized by CVD.
The development of electrochemical biosensors for
the detection of various biomolecules such as DNA
[37, 38], glucose [39, 40], biomarkers [41, 42] had
been reported. Especially, enzyme-based electro-
chemical biosensors or bioelectrodes have been ex-
tensively studied. The enzyme could act as a biocat-
alyst that transfers electrons to the electrode. In ad-
dition, the redox mediators such as conducting poly-
mers and composites could utilize electron transfer
to the electrode. The common electrodes, including
glassy carbon [43, 44], gold [28], indium tin oxide
[23, 45], fluorine-doped indium tin oxide [46, 47]
electrodes, have been normally used to fabricate the
electrochemical biosensor electrodes. In addition, a
screen-printed electrode (SPE) had become an at-
tractive electrode due to its suitability for microvol-
ume usage, the ability for chemical modification,
disposability, ease of production, and opportunity for
incorporation with nanomaterials [17, 48, 49]. We,

therefore, selected the SPE for the fabrication of the
electrochemical glucose biosensor in this study. The
performance of the electrodes or biosensors had been
affected by their morphologies at nanoscale. There-
fore, the surface morphology of electrodes or biosen-
sors could be adjusted by the film fabrication process.
The electrospinning method has been a promising
method for producing polymeric nanofibers in vari-
ous applications, including sensors [46, 50, 51], an-
tibacterial surfaces [52], drug delivery, or pharmaceu-
tical applications [53, 54], lithium-ion battery [55].
In biosensor application, the electrospun nanofibers
with high porosity and high surface area to volume
ratio on the electrodes can utilize as the matrices for
immobilization of biomolecules. Recently, the biosen-
sors based on electrospun nanofibers showed higher
sensitivity and selectivity than the flat film sensor
[56, 57]. In this study, we fabricated the electrochem-
ical glucose biosensor based on electrospun nano -
fibers of the conducting polymer composite.
Diabetes has become one of the major diseases with
a high death rate worldwide. The development of
glucose biosensors with inexpensive, easy-to-use,
high sensitivity and selectivity is nowadays, there-
fore important for monitoring glucose [46]. This
study aims to develop the electrochemical glucose
biosensor based on conducting polymer, i.e., poly(3-
aminobenzylamine) (PABA)/functionalized multi-
walled carbon nanotubes (f-CNTs) composite. To the
best of our knowledge, the composite of this polyani-
line derivative (PABA) with f-CNTs for electrochem-
ical glucose biosensors has never been reported. The
electrospun fiber film of PABA/f-CNTs composite
was fabricated on SPE, which was then immobilized
with glucose oxidase (GOD) for use as an electro-
chemical glucose biosensor. The electrospun fiber
film was characterized by attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR),
X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS), and field emission–scanning
electron microscopy (FE-SEM). The electrochemi-
cal properties of the obtained glucose biosensor were
investigated using cyclic voltammetry (CV), amper-
ometry, and electrochemical impedance spectroscopy
(EIS). Figure 1 represents the schematic diagram of
the electrochemical glucose biosensor based on the
electrospun fiber of PABA/f-CNTs. The presence of
f-CNTs in the composite could improve the perform-
ance of the developed glucose biosensor in terms of
sensitivity, selectivity and stability.
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2. Experimental
2.1. Materials
D-glucose, 3-aminobenzyl amine (ABA), 4-(2-hy-
droxyethyl) piperazine-1-ethanesulfonic acid
(HEPES), polyacrylonitrile (PAN), 1-ethyl-3-(3-di-
methylaminopropyl) carbodiimide (EDC), N-hydrox-
yl succinimide (NHS), dimethylformamide (DMF),
and dopamine (DA) were purchased from Sigma-
Aldrich (Darmstadt, Germany). Ascorbic acid (AA)
was purchased from Poch (Gliwice, Poland). Glu-
cose oxidase (GOD) and uric acid (UA) were pur-
chased from Bio Basic (Ontario, Canada). Potassium
hexacyanoferrate (K3Fe(CN)6) was purchased from
Scharlau (Barcelona, Spain). All chemicals were used
as received without further purification. All aqueous
solutions were prepared with DI water. Screen-print-
ed electrode (BVT-AC1) with silver/silver chloride
(Ag/AgCl) as reference electrode, gold (Au) as work-
ing, and counter electrodes were purchased from
PalmSens BV (Houten, Netherlands) and cleaned
prior to use. The PABA was synthesized according
to our previous study [47], and the f-CNTs were pre-
pared according to a previous study [34].

2.2. Fabrication of electrospun PABA/f-CNTs
composite fiber film 

The electrospun PABA/f-CNTs composite fiber film
was prepared on SPE with the following procedure.
The PABA/f-CNTs solution was firstly prepared by
dissolving PABA (3% w/v), f-CNTs (0.05% w/v), and
PAN (5% w/v) in DMF. The solution was sonicated
for 30 min and centrifuged at 4000 rpm for 30 min.
The obtained solution was then freshly stirred for 1 h

before use for fabrication of electrospun PABA/
f-CNTs composite fiber film. The optimized electro-
spinning condition was the voltage of 15 kV, feeding
rate of 1.0 ml/h, the distance between the syringe and
the collector (i.e., SPE) of 15 cm, and period time of
10 min. The obtained PABA/f-CNTs composite fiber
film was immobilized with GOD by immersing in
0.1 M EDC/0.4 M NHS aqueous solution for 10 min-
utes to activate the PABA/f-CNTs surface [58] and
subsequently immersing in GOD (1 mg/ml in HEPES
buffer) for 10 minutes to obtain PABA/f-CNTs/GOD
film on SPE [59]. The PABA/f-CNTs/GOD was fur-
ther employed for electrochemical detection of
glucose.

2.3. Characterization of PABA/f-CNTs
composite

The obtained PABA/f-CNTs composite was charac-
terized with various techniques prior to employing
for electrochemical detection of glucose. The chem-
ical constituents were investigated using ATR-FTIR
(Bruker Tensor 27, Billerica, MA, USA), XRD
(Rigaku Smartlab, Akishima, Japan), and XPS (AXIS
ultra DLD spectrometer, Manchester, UK). The sur-
face morphology was characterized using FE–SEM
(JEOL JSM-6335F, Tokyo, Japan).

2.4. Electrochemical detection of glucose
All electrochemical experiments, including CV, am-
perometry, and EIS, were performed using a ready-
to-go potentiostat Sensit Smart (PalmSens BV,
Houten, Netherlands) with the three-electrode sys-
tem on SPE (Ag/AgCl as reference electrode, Au as
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Figure 1. Schematic diagram represents the fabrication of the electrochemical glucose biosensor based on electrospun
PABA/f-CNTs.



working and counter electrodes). The electrochemi-
cal properties of the electrospun fibers were investi-
gated using CV at various scan rates (20–400 mV/s)
with a potential range of –0.2 to 0.7 V in 10 mM
HEPES buffer (pH 7.0) containing 5 mM K3Fe(CN)6
and 0.1 M KCl. The surface resistance of the ob-
tained electrospun fiber films was studied using EIS
measurement in the buffer at an applied voltage of
0.1 V and frequency range of 0.1 to 100 kHz. The
sensitivity of the obtained glucose biosensor based
on electrospun PABA/f-CNTs/GOD was obtained by
performing the amperometric experiment with suc-
cessive adding of various concentrations of glucose
(0.56–2.8 mM) into the buffer at a constant applied
potential of 0.7 V. In addition, the amperometric re-
sponses upon adding of the common interferences
(i.e., dopamine, ascorbic acid, uric acid) at a constant
applied potential of 0.7 V were obtained for selec-
tivity experiment. The stability of the glucose sen-
sors was also investigated using amperometry at
constant applied potential of 0.7 V for 14 days.

3. Results and discussion
3.1. Characterization of PABA/f-CNTs

composite
The electrospun fiber films of PABA and PABA/
f-CNTs composite were fabricated with the opti-
mized electrospinning condition, which was the volt-
age of 15 kV, feeding rate of 1.0 ml/h, period time
of 10 min, and distance between the syringe and the
collector of 15 cm. The prepared electrospun fiber
films were characterized with various techniques in-
cluding, ATR-FTIR spectroscopy, XPS, XRD, and
FE-SEM. The functional groups and chemical con-
stituents were studied by ATR–FTIR spectroscopy.
The ATR-FTIR spectra of PABA, f-CNTs, and PABA/
f-CNTs composite films are shown in Figure 2. The
broad band at around 3400 cm–1 and peak at
1645 cm–1 of f-CNTs spectrum indicated the O–H
and C–O stretching vibrations of COOH groups on
the surface of f-CNTs [34]. The PABA and PABA/
f-CNTs composite films showed identical spectra.
The peak at 2930 cm–1 was assigned to the C–H
stretching of the aromatic ring on the PABA chain.
The C=C of the aromatic ring and C–N stretching of
PABA presented the peaks at 1450 and 1350 cm–1,
respectively [47]. The presence of f-CNTs in the
PABA/f-CNTs composite film was not clearly ob-
served using FT-IR spectroscopy. However, other
characterization techniques, i.e., XPS and XRD,

were then employed to confirm the presence of
f-CNTs in the PABA/f-CNTs composite film.
XPS measurement was performed to further analyze
the chemical constituents of the electrospun films.
Figure 3 represents the XPS spectra of f-CNTs,
PABA, and PABA/f-CNTs films. The survey spectra
in Figure 3a showed the C1s, N1s, and O1s at about
285, 400, and 532 eV, respectively, for f-CNTs, PABA,
and PABA/f-CNTs films. The presence of oxygen in
PABA film was probably from the contamination
during the preparation process which was caused by
the environmental contact and water adsorption upon
storage [10]. The high-resolution C1s spectrum of
f-CNTs (Figure 3b) represented the C–C(sp2) of
hexagon wall of CNTs, C–C(sp3) of the defect in the
aromatic structure of CNTs, C–O, C=O, O–C=O at
a binding energy of 284.2, 285.0, 285.8, 287.0 and
287.6 eV, respectively [20]. Figure 3c shows the
high-resolution spectra of PABA film. The C1s peaks
appeared at 283.3, 285.0, 286.1, and 287.6 eV cor-
responding to C=C, C–N/C=N, C–N•+/C=N•+, and
C=N of benzenoid and quinoid structures in the
PABA chain. In addition, the N1s spectrum present-
ed 2 peaks at 399.0 and 400.6 eV, which contributed
to –N=, –NH/–NH2, and –N•+– species in PABA
structure [60]. The high-resolution C1s and N1s spec-
tra of PABA/f-CNTs film are presented in Figure 3d.
The contributions of C1s and N1s peaks are identical
to PABA film. However, the proportion of –N•+– was
observed to be higher than PABA, which could be
proof for interaction between PABA and f-CNTs in
the composite film [61]. This interaction led to the
enhancement of electrochemical characteristics of
the PABA/f-CNTs composite, which will be inves-
tigated in the next title.
XRD patterns of f-CNTs, PABA, and PABA/f-CNTs
films are shown in Figure 4. The f-CNTs presented

S. Sriwichai and S. Phanichphant – Express Polymer Letters Vol.16, No.4 (2022) 439–450

442

Figure 2. ATR-FTIR spectra of PABA, f-CNTs, and PABA/
f-CNTs composite films.



a broad peak of the (002) plane at an angle of 2θ =
25.7° which indicated the graphitic carbon in f-CNTs
structure [62, 63]. The broad peak of PABA was ob-
served at an angle of 2θ = 22.6° which attributed to
amorphous structures of benzenoid and quinoid rings
of the PABA chain [64, 65]. This broad peak of the
PABA in PABA/f-CNTs films was slightly shifted to
a higher angle of 2θ = 23.6° which could be implied
that the f-CNTs in the composite could decrease the
interlayer spacing due to the interaction of PABA
and CNTs. This result could confirm the presence of

f-CNTs in the composite. The peak at an angle of 2θ =
17.0° was from the (100) plane of PAN [66] which
was employed for electrospun film formation. In the
case of conducting polymers, especially polyaniline
and its derivatives, the production of the electrospun
fiber was difficult because of the rigid backbone and
lack of elastic properties [10]. The addition of non-
conductive polymers such as PAN or polyacrylic
acid (PAA) could therefore improve the formation
of the electrospun conducting polymer fiber.
To investigate the morphology of the prepared elec-
trospun films, the cross-section view of the films was
performed using FE-SEM. Figure 5 presents the
FE-SEM images of PABA (Figure 5a) and PABA/
f-CNTs (Figure 5b) films. It can be observed that the
surfaces of the PABA and PABA/f-CNTs fibers were
smooth, uniform, and bead-free, with the average di-
ameters of the fibers were 106±20 and 150±24 nm,
respectively. The incorporation of f-CNTs in the
composite can cause the increase of PABA/f-CNTs
fiber size [10]. The addition of f-CNTs could influ-
ence the volatility and viscosity of the composite so-
lution employed in the electrospinning process,
which results in an increase in the fiber diameter.

S. Sriwichai and S. Phanichphant – Express Polymer Letters Vol.16, No.4 (2022) 439–450

443

Figure 3. XPS a) survey spectra and high-resolution spectra of b) f-CNTs, c) PABA, and d) PABA/f-CNTs films.

Figure 4. XRD patterns of f-CNTs, PABA and PABA/
f-CNTs films.



3.2. Electrochemical characteristics of the
electrospun films

The electrochemical characteristics of the electro-
spun PABA and PABA/f-CNTs films on SPE were
investigated using CV and EIS. The CV measure-
ment was performed in the potential range of –0.2
to 0.7 V at various scan rates (20–400 mV/s) prior
to use as an electrochemical glucose biosensor. The

K3Fe(CN)6 (5 mM) containing KCl (0.1 M) in
HEPES buffer solution (pH 7) was employed as a
redox mediator in this experiment. The CV respons-
es of PABA and PABA/f-CNTs films are presented
in Figure 6a and Figure 6b, respectively. The PABA
and PABA/f-CNTs films presented the identical CV
responses with the average difference of anodic and
cathodic peak potentials (ΔEp) of 0.25 V. Figure 6c
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Figure 5. FE-SEM images of a) PABA and b) PABA/f-CNTs films.

Figure 6. Cyclic voltammograms of a) PABA, b) PABA/f-CNTs films performed in HEPES buffer solution (pH 7) containing
K3Fe(CN)6 (5 mM) and KCl (0.1 M) at various scan rates and c) linear relationship expression of peak current (Ip)
versus square root of the scan rate (ν1/2).



showed the linear relationship expressions of anodic
current peak height (Ipa) and cathodic current peak
height (Ipc) versus square root of the scan rate (ν1/2).
The linear expressions indicated the diffusion control
at the electrode surface [10, 47].
To further study the electrochemical property of the
fabricated electrospun films, EIS measurement was
employed to investigate the impedance of the differ-
ent electrodes, i.e., PABA and PABA/f-CNTs com-
posite films [67]. The obtained Nyquist plots with
the Randles equivalent circuit model of PABA and
PABA/f-CNTs electrodes in HEPES buffer at an ap-
plied voltage of 0.1 V and frequency range of 0.1 to
100 kHz are shown in Figure 7. The charge or elec-
tron transfer resistance (Rct) of the electrodes was
calculated from the semicircle of the obtained spec-
tra. The larger semicircle of PABA exhibited the Rct
of 4,810 Ω, whereas the PABA/f-CNTs electrode
showed the Rct of 3,100 Ω. The surface resistivity
of the PABA/f-CNTs composite was decreased due
to the presence of the f-CNTs could increase the di-
rect electron transition and influence the electroac-
tivity of the electrode [46]. The CV and EIS results
can therefore confirm the presence of f-CNTs in the
electrospun PABA/f-CNTs composite fiber elec-
trode.

3.3. Amperometric detection of glucose
For electrochemical detection of glucose, the fabri-
cated electrospun PABA and PABA/f-CNTs films
on SPE were immobilized with GOD for selective
detection of glucose. In electrochemical enzyme-
based glucose biosensor, the GOD was chosen as a
model enzyme because of its stability, inexpensive

and practical usage [68]. The oxidized GOD was
also utilized as the catalyst for glucose oxidation to
gluconolactone and hydrogen peroxide at an anodic
potential higher than 0.6 V vs. Ag/AgCl electrode.
We, therefore, used the potential of 0.7 V in the am-
perometric experiment to ensure the electrochemical
oxidation of glucose. The reduction of hydrogen per-
oxide was then occurred, which resulted in the cur-
rent flow [9, 69]. The amperometric responses for de-
tection of glucose (0.56–2.8 mM) in HEPES buffer
at a constant applied potential of 0.7 V are shown in
Figure 8. The current responses of PABA and PABA/
f-CNTs electrodes were increased upon successive
addition of glucose into the buffer solution, whereas
the current responses of the bare SPE, PABA, and
PABA/f-CNTs without immobilized GOD were ob-
served to be constant. The results could demonstrate
and confirm the role of GOD for the selective detec-
tion of glucose. The current response of the PABA/
f-CNTs electrode was obviously greater than that of
PABA, which demonstrated that the presence of
f-CNTs could enhance the electroactivity of PABA
for the detection of glucose. The carboxylic group of
f-CNTs could create the reactive sites at the sidewall
and end of f-CNTs which utilize the interaction with
the target molecule. The sensitivities of the electrodes
were calculated to be 0.21 and 0.40 µA·mm–2·mM–1

with a limit of detection (LOD) of 0.083 and
0.067 mM in the linear range of 0.56–2.8 mM (R2 =
0.95) for PABA and PABA/ f-CNTs, respectively.
These results emphasized that the presence of
f-CNTs could improve the sensitivity and LOD of
the PABA/f-CNTs electrode. Table 1 presents the
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Figure 7. Nyquist plots with the equivalent circuit model of
PABA and PABA/f-CNTs electrodes in HEPES
buffer at an applied voltage of 0.1 V and frequency
range of 0.1 to 100 kHz.

Figure 8. Amperometric responses of PABA and PABA/f-
CNTs electrodes upon successive addition of glu-
cose (0.56–2.8 mM) in HEPES buffer at a constant
applied potential of 0.7 V. Inset is the correspon-
ding calibration curves.



comparison of the PABA/f-CNTs electrode in this
study with the previously reported studies.

3.4. Interference, stability and reproducibility
tests

The common interferences, i.e., ascorbic acid (AA),
uric acid (UA), and dopamine (DA), could affect the
electrochemical detection of glucose because they
could produce undesirable electrochemical signal
[68]. The selectivity experiment under the normal
level of these interferences was performed using am-
perometry. The amperometric response of PABA/
f-CNTs electrode for detection of glucose (5.6 mM),
AA (50 µM), UA (0.4 µM), and DA (1 µM) in
HEPES buffer at a constant applied potential of
0.7 V is shown in Figure 9. It could be obviously ob-
served that glucose exhibited a higher response than
the interferences due to the immobilization of GOD
catalyst onto the PABA/f-CNTs electrode utilized the
selective detection of glucose in the common inter-
ferences.

To evaluate the stability of the fabricated electrodes,
the fabricated electrodes were stored at room tem-
perature without humidity for up to 14 days. The am-
perometric responses of the electrodes upon detec-
tion of glucose were measured every two-day interval
for 1 week. The current response of the PABA/f-CNTs
electrode retained about 80% after 1 week, whereas
the current response of the PABA electrode retained
only about 22% after 3 days (Figure 10). However,
the current responses of both electrodes were dropped
to almost zero after 2 weeks, i.e., zero for PABA and
about 10% for PABA/f-CNTs. These results indicat-
ed that the presence of f-CNTs in the PABA/f-CNTs
could improve the stability of the electrode. In addi-
tion, the reproducibility of the PABA/f-CNTs biosen-
sor electrode was examined by measuring the am-
perometric current responses of five similar inde-
pendently fabricated electrodes in 1.0 mM glucose.
A low relative standard deviation (RSD) of 2.4%
was obtained, which indicated great reproducibility
of the PABA/f-CNTs electrode.
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Table 1. Comparison of electrochemical glucose biosensors based on conducting polymers/CNTs.

Abbreviation: glassy carbon electrode (GCE), Nafion (Nf), Chitosan (CH), single-walled carbon nanotube (SWNT), polypyrrole (PPy),
polyaniline (PANI), indium tin oxide (ITO).

Electrode Sensitivity
[µA·mm–2·mM–1]

LOD
[mM]

Linear range
[mM] References

CH-GOD/PPy-Nf-f-CNTs/GCE 28.60 0.005 0.01–4.70 [9]
SWNT-PPy-GOD/Pt 7.06 – 1–50 [12]
Nf-silica-CNT-PANI/GOD/ITO 5.01 – 1–10 [70]
GOD/PANI/CH-CNTs/Au 0.21 0.100 1–20 [71]
GOD/n-TiO2/PANI-active carbon/GCE 0.063 0.018 0.02–6.00 [72]
PABA/f-CNTs/Au 0.40 0.067 0.56–2.80 This work

Figure 9. Amperometric response of PABA/f-CNTs elec-
trode upon successive addition of glucose and in-
terferences (UA, AA, DA) in HEPES buffer at a
constant potential of 0.7 V.

Figure 10. Stability histograms of PABA and PABA/f-
CNTs electrodes upon electrochemical detec-
tion of glucose.



4. Conclusions
The electrospun fiber film of conducting polymer/
carbon nanotubes (PABA/f-CNTs) composite was
successfully fabricated on SPE for use as an electro-
chemical glucose biosensor. The electrochemical
characteristics of the PABA/f-CNTs confirmed that
the presence of f-CNTs in the composite utilized the
enhancement of electrochemical properties of PABA
upon detection of glucose at various concentrations
(0.56–2.8 mM) and under common interferences. The
amperometry was employed to investigate the sen-
sitivity, selectivity, and stability of the prepared elec-
trospun PABA/f-CNTs electrode. It can be conclud-
ed that the PABA/f-CNTs electrode represented high
selectivity, the sensitivity of 0.40 µA·mm–2·mM–1

with LOD of 0.067 mM in the linear range of 0.56–
2.8 mM and good stability up to 1 week with the cur-
rent response retained about 80%. This obtained
electrode could be developed as a sensing platform
for future use in real sample analysis.
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