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Abstract

A highly electroactive bio-nanohybrid film of polypyrrole (PPy)-Nafion (Nf)-functionalized
multi-walled carbon nanotubes (fMWCNTSs) nanocomposite was prepared on the glassy carbon
electrode (GCE) by a facile one-step electrochemical polymerization technique followed by
chitosan-glucose oxidase (CH-GOx) immobilization on its surface to achieve a high-performance
glucose biosensor. The as-fabricated nanohybrid composite provides high surface area for GOx
immobilization and thus enhances the enzyme-loading efficiency. The structural characterization
revealed that the PPy-Nf-fMWCNTs nanocomposite films were uniformly formed on GCE and
after GOx immobilization, the surface porosities of the film were decreased due to enzyme
encapsulation inside the bio-nanohybrid composite materials. The electrochemical behaviour of
the fabricated biosensor was investigated by cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and amperometry measurements. The results indicated an
excellent catalytic property of bio-nanohybrid film for glucose detection with improved
sensitivity of 2860.3 pAmM™.e¢m?, the linear range up to 4.7 mM (R? =0.9992), and a low
detection limit of 5 uM under a signal/noise (S/N) ratio of 3. Furthermore, the resulting biosensor
presented reliable selectivity, better long-term stability, good repeatability, reproducibility, and
acceptable measurement of glucose concentration in real serum samples. Thus, this fabricated
biosensor provides an efficient and highly sensitive platform for glucose sensing and can open up

new avenues for clinical applications.
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1. Introduction

A comprehensive approach for early detection of diabetes mellitus is urgently needed to assess
the risk, diagnosis, and further management of several diseases causing adverse effect on human
health. It is well known that dysfunction or diminished effectiveness of endogenous. insulin
secretion by the pancreatic -cells increases the blood glucose level for prolong period, which
predominantly results in heart attacks, stroke and amputations, and proteinuria contributing to
higher mortality rate in recent years [1]. To overcome the increasing demands for early
monitoring and detection of diabetes, numerous strategies have been studied extensively over the
past several years [2-5]. Among all, glucose detection based on electrochemical technique is
particularly cited as a feasible platform to achieve excellent specificity, accuracy, reliability, and
interference free assays [6].

Various forms of nanomaterials have been extensively utilized for the fabrication of
electrochemical based glucose biosensors [7-12]. Among them, composite materials offer several
distinctive benefits over traditional materials; as they provide super electrical conductivity,
biocompatibility, strong mechanical strength, thermal and chemical stability, large surface area to
volume ratio and low mass density [13]. Composite materials including carbon nanotubes (CNTS)
and metal/metal oxide nanostructures have received much attention over the past decade as
sensing elements for nano-engineered biosensors, which enhance the electron transfer rate during
electrochemical reaction due to high surface-to-volume ratio by catalyzing the biomolecules, like
dopamine, protein, glucose, uric acid, and ascorbic acid [14]. On the other hand, electroactive
conducting polymers (EACPs) and their derivatives have shown excellent physical,
electrochemical, and biological response [15-17]. Especially, polypyrrole (PPy) as EACPs has

been actively researched as a potential material for biosensor fabrication because of its easily



synthesis, rapid electron transport, chemical stability, environmental stability, good mechanical
properties, low ionization potential, high electron affinity, and promising biocompatibility under
physiological conditions [18]. Thus, incorporation of PPy on functionalized multi-walled carbon
nanotubes (fIMWCNTS) not only enhances the catalytic properties but also improves the enzyme-
loading efficiency. The carboxylic groups on fMWCNTS also help to directly immobilize the GOx
via covalent linkage, which further provide stability to the fabricated electrode. In addition, PPy
acts as an effective redox mediator that reinforces to shuttle electrons from flavin adenine
dinucleotide (FAD) centers within GOx to electrode surface that improves the biosensor
performances [19].

To date, composite materials based on fMWCNTs with EACPs have been utilized for GOx
immobilization through physical adsorption and entrapment methods [20,21]. However, such non-
covalent methods results in decreased enzyme activity and poor stability of electrodes. Thus, a
biosensor with significant architecture is needed with comprehensive improved sensing properties
i.e. high sensitivity, fast response, high stability and lower potential of redox reaction. Herein, we
fabricated a highly electroactive bio-nanohybrid film of PPy-Nf-fMWCNTs on GCE surface by a
facile one-step in situ electrochemical polymerization technique and sequentially used for the CS-
GOx immobilization to design high performance glucose biosensor. The Nf used during sensor
fabrication reduces the aggregation of fMWOCNTSs in electrolytic solution during electro-
polymerization. The nanohybrid film provided high surface area for GOx immobilization and
good electron transport path, which further led to an outstanding catalytic property for glucose
detection. Importantly, the fabricated biosensor showed high sensitivity for glucose detection.
Thus, using this biosensor would avert the requirement of drawing a lot of blood for analysis. A

small amount of diabetic patients blood/serum can be diluted and used for the glucose



concentration measurement. In addition, the fabricated sensors were utilized to detect glucose in

real serum samples.

2. Experimental details
2.1. Reagents

The heterocyclic organic compound pyrrole (C4HsN, 99% purity)-was purchased from
Daejung-Korea. The MWCNTSs (95% purity Ca.10 nm in external diameter) prepared by chemical
vapor deposition (CVD) were obtained from Nanosolution Co. Ltd. Korea. Glucose oxidase (GOX,
EC 1.1.3.4, Type X-S 127 unit/mg, Aspergillus niger), Nafion (Nf, 5 wt. % in the mixture of
lower aliphatic alcohol with water), dopamine (DA), uric acid (UA), acetic acid (CH3;COOH),
sulfuric acid (H,SQO,), nitric acid (HNO3), acetonitrile (CH3CN), and chitosan (CH) a linear
polysaccharide with 75%-85% deacetylation, viscosity of 1% solution in 1% acetic acid = 200-
800 cps in medium molecular weight, and potassium ferricyanide (Ks[Fe(CN)g] were obtained
from Sigma-Aldrich (Korea). Glucose and ascorbic acid (AA) were purchased from Tokyo
chemical industry Co. Ltd from Bioshop Canada Inc. Na,HPO, KH,PO, and KCI were purchased
from Samchun Pure Co. Ltd (Korea). All chemicals used were of analytical grade and used as
received without any further purification. Phosphate buffer solution (PBS, 0.1 M, pH 7.4) was

freshly prepared in ultrapure water purified using a Millipore-Q system.

2.2. Synthesis of bio-nanohybrid film and characterization

For the preparation of bio-nanohybrid film, first, 0.5 gm of as-obtained pristine multi-walled
carbon nanotubes (MWCNTSs) were added in a round bottom flask containing the mixture of
concentrated sulfuric acid (120 mL) and nitric acid (40 mL). The obtained mixture was sonicated

for 30 min before refluxing at 90 °C for 24 h with continuous magnetic stirring [22]. The resulting
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mixture was washed with deionized (DI) water with sufficient dilution after 72 h for complete
generation of carboxylic acid group having pH equivalent DI water. The formation of carboxylic
groups on sidewalls have tendency to form hydrogen bonds and covalent bonds with other
chemical moieties. Then, a homogenous distribution of fIMWCNTSs was achieved by dissolving 1
mg/mL fTMWCNTSs in 10 mL aqueous acetonitrile solution (1 M) containing 200 pL of 0.05 % NT.
The resultant solution was ultra-sonicated for 30 min at room temperature followed by addition of
0.1 M pyrrole and again sonication for 30 min at normal temperature and pressure. In the next
step, glassy carbon electrode (GCE) was taken and polished with 0.3 and 0.05 pm alumina
slurries followed by 0.25 pm diamond suspensions on. rayon polishing pads prior to the
modification with bio-nanohybrid materials. All polishing steps required extensive rinsing before
treating ultra-sonication into ethanol for 15 min. The electrodes were cleaned with DI water and
dried under nitrogen atmosphere. Finally, in situ electrochemical polymerization was carried out
to deposit the nanohybrid film of PPy-Nf-fMWCNTs on GCE using three electrodes
electrochemical cell in the potential range from -0.4 to +0.8V (vs. standard calomel electrode
(SCE)) at the scan rate of 50 mV/sec for 25 cycles. The anodic polymerization of pyrrole
produces PPy that could form hydrogen bonds with carbonyl groups of fMWCNTSs, which
contributes mechanical stability and proper conjugation to the nanohybrid composites [23]. The
modified electrodes were washed sequentially with DI water to remove loosely attached PPy and
fMWCNTSs and dried at room temperature for 4 h before glucose oxidase immobilization.

The general morphologies of as-obtained fMWCNTSs and synthesized bio-nanohybrid films
were characterized by field emission scanning electron microscopy (FESEM; Carl Zeiss SUPRA
40VP, Germany) equipped with an energy dispersive spectroscopy (EDS) and Cs-corrected

scanning transmission electron microscope (Cs-STEM; JEOL/JEM-ARM200F). Furthermore, the



absorption of infrared radiation by the composite material was analyzed by Fourier transmission
infrared spectrometer (FTIR, Perkin Elmer, Spectrum GX, USA) and Raman spectroscopy
(Nanofinder 30,Tpkyo Instrument Inc.). The UV-visible spectra were recorded using

spectrophotometer (UV-2450, SHIMADZU CORP.)

2.3. Fabrication of glucose biosensor and measurements

Fig. 1 shows the schematic of glucose biosensor fabrication strategy. First, 1 mg/mL of GOx
prepared in 0.1 M PBS (pH 7.4) solution was mixed with 0.5 wt % CH prepared in 1 % aqueous
acetic acid in the ratio of 2:1 v/v and kept for 12 h at 4 °C. Then, 5 pyL of CH-GOXx suspension
was casted onto the surface of modified GCE electrode and kept at 4 °C for overnight. Finally, as
prepared electrodes (CH-GOx/PPy-Nf-fMWCNTs/GCE) were washed with PBS to remove
loosely attached enzymes and stored in 0.1 M PBS (pH 7.4) at 4 °C when not in use.

All  electrochemical  measurements = were performed on a ZIVE SPl
potentiostat/galvanostat/EIS electrochemical workstation (WonATech Co. Ltd. Seoul, Korea) at
normal temperature and pressure. A conventional three-electrode electrochemical system was
utilized, which includes a modified GCE (0.071 cm?) as the working electrode, a platinum wire as
the counter electrode, and a standard calomel electrode (SCE) as reference electrode. The cyclic
voltammetry (CV) and amperometry measurements were performed in 10 mL of 0.1 M PBS (pH
7.4) solution. All experimental solutions were purged with high purity nitrogen for 15 min prior to
each measurement. The Galvanostatic electrochemical impedance spectroscopy (EIS) of bio-
nanohybrid biosensors were measured in 0.1 M PBS at an amplitude of 1 mV and the frequency

from 0.1 Hz to 1 MHz.

3. Results and discussion



3.1. Structural characterizations

Fig. 2(a-f) presented the FESEM images of GCE modified with different nanohybrid
composite films deposited by electrochemical polymerization technique. As seen in Fig. 2(a), the
anodic oxidation of pyrrole produced PPy that was uniformly covered on GCE surface and has
tubular array with nanopore structure in vertical orientation. Fig. 2(b & c) show the fMWCNTs
decorated with PPy in the absence and presence of Nf, respectively. Fig: 2 (d-f) shows the
FESEM images after CH-GOx immobilization on PPy (d), PPy-fTMWCNTSs (e) and PPy-Nf-
fMWCNTs (f) along with their EDS data in respective insets. The porosity of film was decreased
after CH-GOx immobilization due to enzyme encapsulation inside the nanohybrid composite film;
as a result smooth surface of modified electrodes were obtained. The EDS data confirms the
formation of nanohybrid composite and showed that the electrochemical polymerization of
pyrrole in the presence of Nf enhances the enzyme immobilization capacity with cationic redox
polymer like chitosan, which further improves the chemical and physical stability of the biosensor
[24]. As well, the homogenous integration of PPy on fMWCNTSs along with Nf exhibits synergetic
effects on the electron transfer rate, which increases the diffusion-controlled reduction currents of
fabricated biosensor-electrode [25]. Moreover, the hydrophilicity of sulfonic groups in polymer
chain of Nf also provides high surface area to volume ratio for enzyme loading during sensor
fabrication. The Nf not only played an important role for well dispersion of fMWCNTSs but also
helped to form strong supramolecular composite between PPy and fMWCNTSs through hydrogen
bonds that enables the homogeneity of PPy-Nf-fMWCNTSs films.

Furthermore, fTMWCNTs and PPy decorated fTMWCNTs were examined by CS-Corrected-
FETEM/STEM as shown in Fig. 3. The low (Fig. 3a) and high (Fig. 3b and ¢) magnification

images obtained from CS-Corrected-FETEM/STEM showed smooth surface morphology with



reduced diameter (~8.54 nm) of fMWCNTs from 10 nm pristine MWCNTs during acid
functionalization (Fig. 3b). The integration of PPy on fMWCNTs was observed by mapping of
PPy decorated fMWCNTSs (Fig. 3c), which showed that the surfaces of fIMWCNTSs were decorated

with PPy (circled in yellow colour).

The FTIR spectra were recorded to verify the PPy grafting on the surface of fMWCNTSs
through weak hydrogen bonds. Fig. 4 shows the FTIR spectra of fMWCNTSs (a), PPy (b), and
PPy-Nf-fMWCNTSs nano-hybrid composites (c). The characteristic peaks centered at 3423 and
2398 cm™ depicts the presence of O-H stretching and strong hydrogen bonds of -COOH groups
on the sidewall of fMWCNTSs as shown in Fig. 4a [26]. More significant peaks were appeared at
1704 cm™ and 1214 cm™ are assigned to C=0 and C-O stretching, respectively. In addition, the
evidence of symmetric and asymmetric vibration of -COO group was supported by the presence
of two peaks at 1384 cm™ and at 1620 cm™ [27]. The FTIR spectra of PPy (Fig. 4b) shows a
strong peak at 3180 cm™, which is.assigned to the N-H stretching. Two peaks at around 787 to
932 cm™ are assigned to =C-H-out-of-plane deformation and at 1040 cm™ with respect to C-H in-
plane deformation. Furthermore, the intense bands at 1569 cm™ and 1183 cm™ correspond to C=C
ring stretching and-C-N symmetric stretching vibrational mode, respectively [28]. The spectra of
PPy-Nf-fMWCNTs nano-hybrid composites (Fig. 4c) shows a broad peak at 3430 cm™ that may
be associated with the formation of hydrogen bonds between C=0 groups on fMWCNTSs with N-
H position of PPy [29]. Moreover, two peaks at 1156 cm™ and 961cm™ are due to the presence of
Nf in the composite, which correspond to the C-F and C-O-C symmetric stretching, respectively
[30].

The electronic state and vibrational spectra of fMWCNTSs, PPy, and PPy-Nf-fMWCNTSs nano-

hybrid composites were characterized by Raman spectroscopy (Fig. 5). The typical bands at 1356



cm™and 1586 cm™ indicate the D-band in hexagonal framework and G-band along with graphite
nano-sheet in tangential mode of fMWCNTS, respectively (Fig. 5a) [31]. The characteristic peak
of D-band intended to the defect or disorders induced due to the presence of oxygen groups as
well as diamond like carbon in SP® hybridization with A4 of breathing mode in C-C bonds.
Moreover, the G-band is assigned from in-plane Ejq stretching vibration mode ‘with graphite
carbon in SP? configuration [32]. The higher value of peaks intensity ratio of D-band (Ip) to G-
band (Ig) correspond to the presence of more defects on side walls of oxidized MWCNTSs [33].
The most oxidized state of PPy which could examine the charge distribution, redox properties,
and state of conjugation was confirmed by the presence of Raman peaks at 935 cm™ (C-H,
symmetrical out-of-plane), 1054 cm™ (in-plane bending), and at 1087 cm™ (Fig. 5b) [34].
Furthermore, the broad band at ~1330 cm™ (C-C stretching), ~1416 cm™ (C-N stretching mode)
and at 1587 cm™ (C=C backbone stretching) explain the superior electrical conductivity of PPy
[35]. Furthermore, Raman spectra of PPy-Nf-fMWCNTs nano-hybrid composite (Fig. 5¢) showed
a low intensity peak at 786 cm™; which suggests formation of the hydrogen bonds between
fMWCNTSs with PPy [36]. Noteworthy, all bands at 741 cm™ and 783 cm™ assigned to CF,
symmetric stretching and C-C-C linear chains, respectively [37]. In addition the symmetric
stretching modes of SOs™ groups and C-O-C side chain skeleton are located at 1048 cm™ and 971
cm™, respectively, that confirms the presence of Nf in composite material [38]. The slight shift of
G-band (1572 cm™) indicates electrical conductivity enhancement of composite film associated
with the charge transfer from fMWCNTSs in & state to dopant species of PPy (Fig. 5¢) [39].

Fig. 6 shows the UV-Visible spectra of fMWCNTs (a), PPy (b), and PPy-Nf-fMWCNTSs nano-
hybrid composites (c). A small peak appeared at ~312 nm corresponds to the n-n* transition of

unshared paired of electrons in -COOH groups of fMWCNTSs (Fig. 6a). The characteristic peaks
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appeared at ~240 nm and ~488 nm of PPy (Fig. 6b) are assigned to m conjugation in Py ring
within C=C stretching and the transition between valance bond and the anti-banding polaron or
bipolaron transition state, respectively [40]. Furthermore, two absorption peaks at ~286 nm and
~508 nm are observed in the spectra of nano-hybrid composite material (Fig. 6¢), which showed a
red shift compared to oxidized PPy (Fig. 6b). The displacement of peaks position towards the
direction of higher wavelength confirm the fMWCNTSs doping with polymer, as a result the active

surface area and conductivity of nano-hybrid composite was enhanced [41].

3.2. Electrochemical characterizations
3.2.1 Electrochemical characterization of the different modified electrodes

In order to verify the electrochemical activity of surface modified electrodes, the EIS of (a)
CH-GOX/PPY/GCE, (b) PPY/GCE, (c) CH-GOX/PPy-fMWCNTs/GCE, (d) PPy-fMWCNTSs/GCE,
(e) CH-GOx/PPy-Nf-fMWCNTs/GCE and (f) PPy-Nf-fMWCNTs/GCE electrodes were measured
in 0.1 M PBS (pH 7.4). Fig. 7 shows the typical Nyquist plots acquired from the modified
electrodes. A Randles circuit was used to fit the EIS data (see upper inset of Fig. 7), indicating
the solution resistance (R ), double layer capacitance (Cq), charge transfer resistance (R¢) and
diffusion element known as Warburg impedance (Zy). A small semicircular domain at high
frequencies and a straight line at low frequencies correspond to the electron transfer limited
process and diffusion process, respectively. Next, the R values of different modified electrodes
were compared with or without CH-GOx immobilization. The significant decrease in R value of
PPy-Nf-fMWCNTs/GCE (121.69 Q, curve f) with respect to PPy-fMWCNTS/GCE (214.35 Q,
curve d) and PPy/GCE (779.10 Q, curve b) was attributed to the microstructures, increase in

specific surface area and influence of the electroconductivity of both Nf and fMWCNTSs [42]. A
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considerable increase in R values of CH-GOX/PPy-Nf-fMWCNTs/GCE (151.71 Q, curve e),
CH-GOx/PPy-fMWCNTSs/GCE (277.13 Q, curve c¢) and CH-GOx/PPy/GCE (1133.74 Q, curve a)
and decrease in slop of straight lines confirm the successful immobilization of CH-GOx on bio-
nanohybrid composite which slightly decreases the electron transfer and diffusion process of the

matrix.

3.2.2. Electrochemical behavior of CH-GOx/PPy-Nf-fMWCNTs/GCE biosensor electrode
The electrochemical characteristics of the GOx-CH/PPy-Nf-fMWCNTs/GCE biosensor

electrodes were studied by CV using [Fe (CN)g] *™*

solution as the redox mediator. Fig. 8(a)
depicts typical CVs of GOx-CH/PPy-Nf-fMWCNTSs/GCE at different scan rates in 5 mM [Fe
(CN)e] ** with 0.1 M KClI prepared in 0.1 M PBS (pH 7.4). The obtained average anodic peak-to-
cathodic peak separation (AE, = ~136 mV) indicates that the modified electrode exhibits quasi-
reversible electron transfer process. The larger value of peaks separation indicates presence of
more active sites on the surface of composite film with higher electrocatalytic activities.
Furthermore, the peaks width increases due to the strong immobilization of CH-GOx, which
assists the small hindrance for the transfer of charges/electrons. The presence of thin film of Nf
resists the interference of anionic biomolecules creating high partition coefficient of redox
compound having synergetic effect on higher peak current along with fMWCNTSs. With increasing
CVs scan rate (25-250 mV/s), the anodic and cathodic peak currents are linearly proportional to
the square root of the scan rates with high regression coefficient values (Fig. 8(b)). Moreover, the

increase in peak-to-peak separation indicates the limitation arising from charge transfer Kinetics

rather than diffusion process [43].

3.2.3. Electrocatalytic activities of fabricated biosensor electrodes

The electrocatalytic activities of CH-GOx/PPy/GCE, CH-GOx/PPy-fMWCNTs, and CH-
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GOx/PPy-Nf-fMWCNTSs/GCE biosensor electrodes were examined through CV in the potential
range of -0.2 to +0.8 V in 0.1M PBS (pH 7.4). In Fig. 9, the CV response showed an increased
current in the presence of 2.0 mM glucose (solid lines), while no peaks were observed in the
absence of glucose (dash lines) in PBS solution. A remarkable increase in oxidation peak current
(496 pA) at +0.25 V was observed for CH-GOx/PPy-Nf-fMWCNTSs (curve f) modified GCE
electrode, which was ~1.8 times higher than the oxidation peak current (281 pA) obtained form
CH-GOx/PPy-fMWCNTSs (curve d) modified GCE electrode. Noteworthy, the presence of Nf
provides effective and chemically stable high surface area by homogenously distributing the
fMWCNTSs that may combine with biopolymer containing covalently immobilized GOx. The

possible mechanism of electrocatalytic oxidation of glucose could be expressed as following [5].

B-D-Glucose + GOx(-FAD) — D-Glucono-1-5-lactone + GOx-FADH, (1)
GOx-FADH; + O,— GOx-FAD + H,;0, (2)
H,O, — 2H +05 + 2¢” (3)

3.3. Amperometric detection of glucose

We further used fabricated biosensor electrodes (CH-GOx/PPy-Nf-fMWCNTs/GCE) to
evaluate the analytical performance by amperometric measurements at the applied potential of
+0.25 V (vs:'SCE) in 0.1 M PBS (Fig. 10). With successive addition of different concentrations of
glucose (0.005-5.7 mM), a fast and well-defined amperometric response with an average time (~3
s) required to reach the steady-state current was observed (Fig. 10a). This shows a fast
electrocatalytic process on as-fabricated electrode surface. The corresponding calibration curve of
biosensor response is shown in Fig. 10b. With increased glucose concentration, the current
response of the biosensor was increased and reaches a saturation state at high glucose

concentration, further suggesting the saturation of enzymes active sites at those glucose levels.
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The sensing performances i.e. sensitivity, correlation coefficient, linear range, and detection limit
under S/N ratio of 3 were calculated. The biosensor showed large linear range from 0.01 mM to
4.7 mM with high correlation coefficient (R?=0.9992), highest sensitivity of 2860.3 pAmM*cm?,
and low detection limit of 5 uM (inset of Fig. 10a). As compared to previously reported PPy
modified GCE-based glucose biosensors (Table 1), the present biosensor holds remarkably high
sensitivity and wide linear range [44-48]. This indicates the excellent affinity of PPy decorated
fMWCNTSs in Nf for GOx immobilization, high electrocatalytic activity and conductivity, and
good biocompatibility of prepared bio-nanohybrid composite film. The apparent Michaelis-
Menten constant (K“P?) was evaluated from the Lineweaver-Burk equation [49]: 1/i = (KPP finax)
(1/C) + 1/imax), Where i is the steady-state catalytic current after adding substrate, imax IS the
maximum current measured under saturation of substrate and C refer to the glucose concentration.

The low (0.34 mM) K“}V’,”value assures the enzyme-substrate kinetics and also confirms the

homogenous distribution of enzyme on the electrode surface for oxidizing the glucose (Fig. 10b,
inset). This value is lower than the previously reported values for GOx encapsulation in
polyaniline and PPy based biosensors [50,51]. This is likely due to high surface area to volume
ratio of fIMWCNTSs and bio-friendly microenvironment of the prepared nano-hybrid composite

film.

3.4. Anti-interference, reproducibility, long-term stability, and repeatability test

The anti-interference property of the CH-GOx/PPy-Nf-fMWCNTs/GCE biosensor
electrodes were evaluated by measuring amperometric response with initial addition of 1.0
mM glucose and then 0.5 mM of each interfering species i.e. AA, DA, UA and again 1.0
mM glucose (Fig. 11a). A rapid response was observed upon addition of 1.0 mM glucose,

whereas negligible responses were noticed after addition of interfering species (each 0.5
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mM). Considering that the concentration of these interfering species in real samples are
much lower than the tested concentrations, which showed that anti-interference property of
our fabricated biosensor would be suitable for selective glucose detection in real human
serum samples.

In addition, reproducibility of CH-GOx/PPy-Nf-fMWCNTs/GCE biosensor electrodes
were examined by measuring the response current of five similar independently fabricated
electrodes. The current response of each electrode was measured in a fixed concentration
of glucose (1.0 mM), which showed almost similar response for all sensing devices. A low
relative standard deviation (RSD=3.2%) of biosensors current response confirms excellent
reproducibility of the electrode. In order to demonstrate long-term stability and
repeatability of the biosensor electrode, the response to glucose were evaluated by
measuring its performance after every 3 days interval as shown in Fig. 11b. The sensor
was stored at 4 °C in 0.1 M PBS (pH 7.4) when not in use. The efficacy of CH-GOx/PPy-
Nf-fMWCNTs/GCE electrode nearly had no change within first 21 days and after 45 days
the electrodes retains about 93% of its original response to glucose. The excellent
reproducibility, long-term stability, and repeatability confirm that the CH-GOx/PPy-Nf-
fMWCNTSs/GCE! electrodes are reliable to accurately and precisely determine glucose
concentrations.

3.5. Real sample detection

To explore the realistic application of the fabricated CH-GOx/PPy-Nf-
fMWCNTSs/GCE biosensor in practical applications, it was applied to detect the amount of
glucose in human serum samples at 37 °C. As prepared biosensor was examined in 0.1 M

PBS (pH 7.4, at +0.25 V) containing different concentrations of human serum samples
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diluted from known glucose concentration in serum sample. Then, the recovery of glucose
was determined by standard addition of pure glucose to the solutions containing the serum
samples. As shown in Table 2, the measurement of glucose recovery percentage was found
to be >96 % with RSD of <3.2%, indicating that the potential interfering species in serum
do not affect glucose detection. The results presented from the proposed glucase biosensor
were consistent with the known concentration of glucose (4.89 mM) inthe human serum

(Sigma-Aldrich, H4522) [52].

4. Conclusion

In conclusion, a high-performance glucose biosensor was successfully developed via
one-step in situ electro-polymerization of PPy-Nf-fMWCNTs nanocomposite on GCE
surface followed by CH-GOx immobilization. The as-fabricated biosensor exhibited a very
high sensitivity of 2860.3 pAmM™em™?, wide-linear range up to 4.7 mM, and low
detection limit of 5 uM. We found that Nf presence in the composite facilitated uniform
dispersion of fMWCNTSs, improved physicochemical stability, and adsorption capacity of
biopolymer during-enzyme immobilization. Further, the bio-nanohybrid composite (CH-
GOx/PPy-Nf-fMWCNTSs) provides a biocompatible environment, which increases the
electrocatalytic activity of immobilized enzyme and facilitates the electron transfer rate.
The cross-linking of CH with GOx prevents GOx leaching and maintains the bioactivity
during operation and under storage. Additionally, the resulting biosensor exhibited
excellent anti-interference ability, reproducibility, long-term storage stability, repeatability,
and acceptable glucose detection in real serum samples. To sum up, these results can be

envisioned to open new horizons for the fabrication of high-performance sensing devices.
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Figure captions

Fig. 1 Schematic of glucose biosensor fabrication strategy showing MWCNTSs functionalization
with carboxylic groups, electrochemical polymerization on GCE after adding fMWCNTS, pyrrole

monomers and Nf, and CH-GOx immobilization, respectively.

Fig. 2 FESEM images of bio-nanohybrid composites used for electrode fabrication. (a) only PPy,
(b) PPy-fMWCNTSs, (c) PPy-Nf-fMWCNTSs, (d) CH-GOx/PPy, () CH-GOx/PPy-fMWCNTSs, and
(f) CH-GOx/PPy-Nf-fMWCNTSs. Inset d, e and f show the EDX analysis of CH-GOx immobilized

on PPy, PPy-fMWCNTSs and PPy-Nf-fMWCNTSs, respectively.

Fig. 3 Low (a) and high (b) resolution Cs-Corrected-FETEM/STEM image of fMWCNTs with

PPy and (c) mapping of PPy decorated fMWCNTSs.

Fig. 4 FT-IR spectra of (a) fMWCNTSs, (b) electropolymerized PPy, and (c) PPy-Nf-fMWCNTSs

nano-hybrid composite.

Fig. 5 Raman spectra of (a) fMWCNTSs, (b) electropolymerized PPy, and (c) PPy-Nf-fMWCNTSs

nano-hybrid composite at A=488nm.

Fig. 6 UV-Visible absorption spectra of (a) fMWCNTSs bundles, (b) electropolymerized PPy, and

(c) PPy-Nf-fMWCNTSs nano-hybrid composite.

Fig. 7 Nyquist plots of the GCE modified electrodes with (a) CH-GOx/PPy, (b) PPy, (c) CH-
GOx/PPy-fMWCNTs, (d) PPy-fMWCNTSs, (e) CH-GOx/PPy-Nf-fMWCNTs, and (f) PPy-Nf-
fMWCNTSs in 0.1M PBS (pH 7.4). An upper and lower inset shows the equivalent circuit and an

enlargement for the high-frequency plots, respectively.

Fig. 8 (a) CV responses of the CH-GOx/PPy-Nf-fMWCNTSs/GCE biosensor electrode in 0.1 M
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PBS containing redox mediator (5 mM [Fe (CN)g] >** with 0.1 M KCI) at different scan rates and

(b) Variation of anodic and cathodic peak currents as a function of square root of the scan rates.

Fig. 9 CVs of (a, b) CH-GOx/PPy/GCE, (c, d) CH-GOx/PPy-fMWCNTs/GCE, and (e, f) CH-
GOx/PPy-Nf-fMWCNTs/GCE biosensor electrodes measured in the absence (dash lines; a, ¢, and
e) and presence of 2.0 mM glucose (solid lines; b, d, and f), respectively, in 0.1 M PBS (pH 7.4)

at the scan rate of 50 mV/s.

Fig. 10 (a) Amperometric response of the CH-GOx/PPy-Nf-fMWCNTs/GCE electrode with
successive addition of different concentrations of glucose at +0.25 V (vs. SCE) in 0.1 M PBS and
(b) corresponding calibration curve. The inset of figure (a) and (b) show its current response

towards 5 uM glucose and the Lineweaver-Burk plot, respectively.

Fig. 11 (a) Interference test of fabricated biosensor with successive addition of 1.0 mM glucose,
0.5 mM of each interfering species i.e. AA, DA, UA, and 1.0 mM glucose, respectively in 0.1 M
PBS at +0.25 V (vs. SCE); (b) The histogram showing long-term stability measurement of CH-

GOx/PPy-Nf-fMWCNTSs/GCE electrode for 45 days.
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Table 1. Comparison of analytical performance with previously reported PPy modified GCE-

based glucose biosensors.

Working electrode Sensitivity K®P  LOD Linear Ref.
(WAcm?mM™)  (mm) (uM)  range (mM)

GOXx/PPy/GCE - 0.045 - .06-0.25 [44]
GOx-CH/PPy-Au NPs/GCE 0.58 1.83 68 1-20 [45]
GOx/Au-PPy/GCE 1.089 - 2.1 0.0025-5 [46]
GOx-CH/AUNPs/PPY/RGO/GCE 123.8 - - 0.2-1.2 [47]
GOx/PPy NWs-Pt/GCE 9.9 23.9 0.45 0.0015-13 [48]
GOx/PPy NWs/GCE 35 6.9 0.95 0.0055-12 [48]
CH-GOx/PPy-Nf-fMWCNTs/GCE 2860.3 0.034 5 0.01-4.7 This work
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Table 2. Determination of glucose in human serum samples.

Samples Glucose concentration in RSD (n=5) Added pure Recovery of added
serum sample (mM) (%) glucose (mM) glucose (%)
1 0.49 3.2 1.0 97
2 0.98 2.6 1.0 96
3 2.45 1.9 1.0 98
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