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1. Introduction

Towards the development of flexible carbon
nanotube—parafilm nanocomposites and their
application as bioelectrodesy

N. Gopal,® S. Kumar® and R. Sahney { *2

Soft, flexible and conductive interfaces, which can be used as electrode materials integrated with
commercial electronic components and the human body for continuous monitoring of different analytes
are in high demand in wearable electronics. In the present work, we explore the development of
a functionalized multi-walled carbon nanotubei-parafilm§ nanocomposite (f-MWCNT-PF) for the
The f-MWCNT-PF
nanocomposite was characterized by transmission electron microscopy, energy dispersive X-ray analysis,
Fourier-transform infrared spectroscopy, Raman spectroscopy, and electrochemical techniques. A
bioelectrode fabricated by immobilization of glucose oxidase at the f-MWCNT-PF surface was further
characterized by atomic force microscopy and tested for glucose. The bioelectrode provides two linear

fabrication of a flexible electrochemical platform for glucose detection.

regions of glucose detection: a linear range from 0.08 mM to 3 mM, with a correlation coefficient of
0.982 and a sensitivity of 35.322 pA mM~% and a linear range from 5 mM to 25 mM, with a correlation
coefficient of 0.964 and a sensitivity of 9.346 pA mM™. The proposed method was successfully applied
to measure glucose in blood serum samples, differentiating healthy and diabetic persons. Additionally,
the lower detection region could be effectively applicable for glucose sensing in sweat or interstitial fluid
samples. The flexible, water-repellant sensing platform can be used as a universal platform for analyte
detection, demanding waterproof, conductive platforms for biosensing applications, as it is suitable for
protein/enzyme immobilization.

support is needed to facilitate communication between the
components so that biological events can be transduced into

Biomolecules such as proteins and DNA are attractive building
blocks for molecular-scale devices/nanodevices in which
biomolecules and electronic elements are integrated into func-
tional systems." Hybrid systems formed by the integration of
biomolecules with electronic elements such as electrodes or
transistors enable the electronic readout detection of biomolec-
ular functions, the transformation of biocatalyzed processes into
electrical power, and the templating of nanosized circuitry.
Electron transfer between biomolecules and electronic elements
such as electrodes is the hallmark of biomolecular systems and
the construction of biosensors.? Nevertheless, electrode units and
biomolecules lack natural communication.® Therefore, the
structural design of biomolecular architectures on electronic
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electronic signals.” Our group has reported the fabrication of an
electrode for urea sensing using a glass pH electrode®” and
cholesterol measurement using liquid membrane-based
sensors,® demonstrating the potential application of hybrid
systems in clinical applications. Glassy carbon electrode modi-
fied with nickel oxide (NiO)-decorated molybdenum disulfide
(MoS,) nanosheets and MoSe, nanosheets-decorated nickel oxide
(NiO) nanorods have also been used for the fabrication of non-
enzymatic glucose sensors.”’® To meet the ever-increasing
demands for new and efficient electrochemical platforms,
stretchable conductive composites are promising electrode
materials for electrochemical biosensor fabrication." In partic-
ular, multi-walled carbon nanotubes (MWCNT), when paired
with a polymeric matrix, offer a hybrid material system that can
be tailored for many high-value applications in addition to being
sustainable.””* The conducting m-conjugative structure and
hydrophobic surface of CNTs allows them to form new compos-
ites and films, which have been used in designing many nano-
devices and biosensors.”® The advantageous properties of
MWCNT exploited for the development of new hybrid systems
include high electrical conductivity,'® impressive mechanical and
thermal stability,"” flexibility of modulating the specific surface
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area (50 to 500 m> g~ ' with internal diameters from 5 to 100
nm),"”® and the possibility of shaping the macroscopic
morphology of the support.” Other attractive features of
MWCNTs used for the development of new materials are the
possibility of fine-tuning the specific metal-support interac-
tions,*** the flexibility of functionalizing the surfaces and thus
changing the hydrophilicity, pH, electron donor-acceptor prop-
erties, and specific chemical properties of the surface®>* that are
more resistant to changes by aqueous hydrolytic effects
compared to other conventional support materials, such as silica.

For a seamless integration of rigid MWCNT on polymeric
supports, innovative polymeric materials with stretchable and
hydrophobic properties are advantageous for many electronics
applications,* such as flexible energy storage, wearable elec-
tronics, and printable circuitry. Different techniques have been
exploited for the development of CNT-polymer nanocomposites
with multifunctional properties by transferring the excellent
electrical properties of CNTs to insulating polymer matrices.>

Paraffin wax doped with various carbon-based materials has
been used for thermal energy storage, enhanced heat transfer
application, and electrochemical sensing.***®* But the scalable
single-step fabrication of flexible sheet-type composite electrodes,
which can have significant advantages for practical application in
wearable biosensors, has not been reported. Parafilm-M (PF) is
a blended thermoplastic film containing paraffin wax and poly-
olefin as constituents.” It is soft, stretchable, non-toxic, and semi-
transparent.*>*' PF has found applications in plants for grafting
scaffolds,® as a source for n-alkane standards in gas chromatog-
raphy,® and in analytical devices,* reduction of dental plaque
formation* and biopsy-tissue preservation. Owing to its low
melting point,* it becomes adhesive on heating and sticks
strongly to the receiving material. Elastomeric films of graphene
nanoplates/PF laminated on fluoroelastomers show anti-corrosive
behavior and can be used as valuable packaging films,* while
combining PF with carbon nanofibers affords elastomeric
conductive composites capable of sustaining severe elastic defor-
mation with uncompromised hydrophobicity and recoverable
electrical performance.*” The self-sticking feature of PF is useful
for the large production of stretchable multifunctional materials.

In the present study, we aim to develop a f-MWCNT-PF
nanocomposite electrode as a universal conductive platform
that can be used for immobilization of enzymes or antibodies.
We show that once CNT is transferred to the self-adherent PF, it
can be used for the development of biosensors. We employ
glucose oxidase (GOx) as a model enzyme for the evaluation of
the biosensing function of a universal electrochemical platform
for sensing glucose. Our study suggests new directions for
fabricating sheet-type electrodes for biosensing applications in
future biomedical devices.

2. Experimental
2.1 Materials

Pristine multiwalled carbon nanotubes (p-MWCNTs) with
average dimensions for individual MWCNTs of 10-30 nm in
diameter and 0.2-2.00 um in length were purchased from
Chengdu Organic Chemistry Co. Ltd. Parafilm M (PF), Product
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Number P 7793, and potassium ferricyanide were obtained from
Sigma-Aldrich. 1-(3-Dimethylaminopropyl)-3-ethyl carbodii-
mide hydrochloride (EDC), N-hydroxysulfosuccinimide (NHS),
and GOx were supplied by Sisco Research Laboratory Pvt. Ltd
(SRL). All other chemicals used in the experiments were
supplied by Merck, India. Double-distilled water was used
throughout the experiments.

2.2 Functionalization of p-MWCNT and bio-electrode
fabrication

Chemical oxidation of p-MWCNTs was performed with
a mixture of H,SO, and HNO; (3 : 1 v/v) in a round-bottomed
flask at 60 °C for 6 h.*®

The -MWCNTs (50 mg) so obtained were placed in a glass
bottle (15 mL), and 1.0 mL of ethanol was added at intervals of one
hour while continuously sonicating the mixture for 10 h. The
resulting -MWCNT-ink was transferred to a glass slide (6 x 2 cm?)
using the doctor's blade method.* The film was dried overnight at
room temperature. A piece of PF (6 x 2 cm?®) was cast over a f-
MWCNT film spread on the glass plate and heated on the hot
plate at a constant temperature (65 °C) to form a nanocomposite
film. Finally, the fMWCNT-PF was cut into small pieces. It was
directly used for various studies and as working electrodes.

The amount of surface carboxylic functions present at f-
MWCNT and f-MWCNT-PF were determined by the Boehm
titration method.*® EDC-NHS chemistry** was used to immo-
bilize GOx at the surface of the f-MWCNT-PF nanocomposite
with carboxylic functional groups to develop a GOx-f-MWCNT-
PF nanocomposite film. Washed nanocomposite films were
directly used for the determination of enzyme activity, in
stability studies, and as a working electrode.

2.3 Characterization

The morphologies of the MWCNTs and nanocomposites were
characterized by transmission electron microscopy (TEM; Tec-
nai g2T30). The elemental composition of different samples was
determined using a Zeiss EVO 50 scanning electron microscope
(SEM) coupled with energy dispersive X-ray analysis (EDX)
equipment. Fourier transform infra-red (FTIR) spectra were
recorded in transmission mode using a Perkin-Elmer spec-
trometer (Model: Spectrum RXI - Mid IR) in the spectral range
from 4000 to 500 cm ‘. Raman spectra were recorded using
a 532 nm excitation laser beam (Varian FT-Raman 600 UMA).
Surface immobilization of GOx at the surface of the fFMWCNT-
PF nanocomposite was studied using atomic force microscopy
(AFM) with a Solver NT-MDT probe in contact mode.

2.4 Electrochemical measurements

Electrochemical measurements were performed with a poten-
tiostat (Gamry Interface 1000, USA) using a conventional three-
electrode setup consisting of a working electrode (fFMWCNT-PF
nanocomposite/GOx-f-MWCNT-PF nanocomposite electrode),
Ag/AgCl as a reference electrode, and a platinum wire as
a counter electrode. All measurements were performed in
5.0 mL of an aqueous solution containing 5 mM K;[Fe(CN)e] (5
mM), 0.1 M KCl, and 0.1 M sodium phosphate buffer at pH 7.4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The immobilization of GOx on the f-MWCNT-PF nano-
composite electrode was characterized by electrochemical
impedance spectroscopy (EIS). The alternating voltage used for
measurement was 10 mV, and the frequency range was 0.2 Hz to
1.0 MHz. The concentrations of B-p-glucose solution were
measured by the standard addition method using voltammetry,
and a calibration curve was obtained. Glucose measurements in
blood serum samples (anonymized) obtained from the hospital
were performed by using 10 pL of the sample in the same buffer
medium as above. GOx-f-MWCNT-PF nanocomposite elec-
trodes were stored in phosphate buffer at 4 °C in a refrigerator
when not in use.

Details of the experimental methods are given in the ESI data
file as S1.t

3. Results and discussion

3.1 Preparation of a flexible glucose sensor with the f-
MWCNT-PF nanocomposite

The schematic fabrication process of the flexible glucose sensor
using f-MWCNT and thermoplastic PF is illustrated in Fig. 1.
’\ 0-0H
A Acid oxidation J!
W — ¥
"o

pP-MWCNTs

(a) EDC-NHS
(b) GOx immohilization

y (¥)
GOx- FMWCNT-PF
hanocomposite electrode V)

Glucose (£) | (vi)

GOx

[Fe(CN)g*

o
A
D )

'}\

fFMWCNTs

nanocomposite electrode

FADH

View Article Online

RSC Advances

The overall steps include (i) functionalization of p-MWCNT by
chemical oxidation, (ii) stable dispersion of f-MWCNT in
ethanol to form a homogeneous CNT-ink, (iii) f-MWCNT ink
casting on a glass slide manually by the doctor's blade method
and drying at room temperature (8 h) in the air, (iv) PF casting
on the dried CNT-ink platform and simultaneous thermal
transfer of - MWCNT onto the PF surface by heating at 65 °C to
form the -MWCNT-PF nanocomposite film, (v) immobilization
of GOx on the nanocomposite surface to produce the GOx-f-
MWCNT-PF nanocomposite film, which is directly used as the
working electrode, and (vi) electrochemical measurements
using the glucose-sensitive electrode (bioelectrode).

The f-MWCNT-PF nanocomposite film was designed to
fabricate a new flexible electrode by transferring the unique
electrical properties of rigid nanotubes to the rather insulating
PF matrix. The nanocomposite fabrication was achieved by
casting PF at the fMWCNT layer on the glass slide; therefore,
the density of MWCNT on the MWCNT-rich side of our film is
higher. The strong sticking behavior of PF at low temperature
allows embedding of f-MWCNT in the PF, forming f-MWCNT-

HO

0-OH Dispersion

(if)
£MWCNT ink
Coating on glass

i) | slide by Doctor's
Blade method

(i

y—
COOH CHO

/m” Parafilm (PF)
£-MWCNT film on
glass slide

(v)

[Fe(CN]ﬁla-\ GOx pap \ / Gluconic acid

/\ Glucose
2

Mechanism of glucose detection at GOx-~MWCNT-PF nanocomposite electrode

Fig. 1 Schematic of the steps involved in the fabrication of the f-MWCNT-PF nanocomposite-based glucose biosensor.
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PF nanocomposites. The possibility to achieve reasonably high
conductivity at low CNT content owing to its high aspect ratio
(L/D, where L is the length and D is the diameter of the CNTs)
makes them an ideal candidate for several potential applica-
tions.”** Their high aspect ratio enables CNTs to form
a ‘network-like’ structure in the composites at a particular, often
low concentration, a phenomenon termed ‘percolation’.*®

Usually, CNTs are entwined with each other by hydrophobic
van der Waals forces and dispersed as aggregates in a polymeric
matrix, which limits their applications in biomolecule immo-
bilization and sensor fabrication. Strategically, acid treatment
(HNO3/H,S0,4) was applied to fine-tune the surface properties of
P-MWCNT for enzyme immobilization.*” The oxidation process
generates several hydrophilic groups at the CNT surface, but
carboxyl functions are most pertinent*® for enzyme/protein
immobilization. These acidic oxygen groups at the nanotube
surface can interact with the amine groups of the protein chains
from the enzyme, allowing strong interactions by the formation
of amide bridges.”” This implies that the surface carboxyl
function governs the enzyme content at the sensing surface.
Thus, Boehm titration*® was applied to determine the effec-
tiveness of the oxidation process for enzyme immobilization, as
reported earlier.”® The potentiometric quantification of surface
carboxylic groups attained in the fMWCNT and f-MWCNT-PF
nanocomposite films is 1.3009 mmol g ' of MWCNT and
1.1466 mmol g, respectively (details are given in the ESI data
file as S2%). The partial hydrophilic nature of -MWCNT allowed
us to produce a CNT-ink in ethanol, which is a non-corrosive
solvent to the human body. The CNT ink transferred onto
a glass slide exhibited outstanding adhesion.

The maximum amount of CNT filler that can be homoge-
neously incorporated in a polymeric host is limited. For elec-
trochemical sensor applications, the electrical properties of the
f-MWCNT-PF nanocomposite are important. These can be
controlled by the MWCNT content and its dispersion in the PF
matrix. Thus, different -MWCNT-PF nanocomposites were
prepared with varying CNT content. The cyclic voltammetry was
performed at a scan rate of 50 mV s~ between the potentials of
+1.0 V. Nanocomposite electrodes with large, reproducible
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peak current (I,), accompanied by the smallest difference in
peak potential (AE,) and no visible cracks at the electrode
surface, were chosen as working electrodes for sensor fabrica-
tion. Thus, in our experiments, a nanocomposite film contain-
ing 0.01589 g of f-MWCNT per gram of PF (1.58% wt) was
chosen as the electrode material (-MWCNT-PF nanocomposite
electrode) for further studies, as it showed uniform dispersion
of CNTs in PF with reproducible electrical properties.

3.2 Characterization by TEM and EDX

Oxidation of nanotubes and sonication in ethanol affects the
morphology, size, and dispersion of f-MWCNT in ethanol.*>**
Thus, we used TEM to study the surface morphology of f-
MWCNT and compared it with the morphology of p-MWCNT
to verify the occurrence of oxidation-induced transformations
at the CNT surface and the distribution of fFMWCNT in the PF
matrix (Fig. 2a—c). A comparison of Fig. 2a and b shows that p-
MWCNTs (as supplied) are in the form of heavily entangled
bundles bound together by van der Waals forces, while the f-
MWCNTs are more segregated from each other due to the
formation of hydrophilic functional groups, breaking the van
der Waals attraction between the tubes.*® The oxidation of p-
MWCNT creates varied hydrophilic functionalities, which
appear as multiple darker notches at the f-MWCNT surfaces,
representing points of functionalization/oxidation.”>** Some
tubes are broken and have jagged ends, indicating degradation
of the tubular structure of the MWCNTs under strongly
oxidizing conditions.*® However, the core diameter of -MWCNT
remains intact, i.e., 5 nm in p-MWCNTSs, as determined from
the TEM images. Thus, it is evident that surface functionaliza-
tion was achieved without significant damage to the CNT core
structure.

In the present study, a homogeneous f-MWCNT-ink in
ethanol was used to construct the MWCNT-PF nanocomposite.
A micrograph of the f-MWCNT-PF nanocomposite (Fig. 2c)
shows a homogeneous distribution of fMWCNTs in PF with
clear tubular structures intertwined with each other, suggesting
the possible formation of a 3D interconnected nanotube
network.

Fig. 2 TEM images of (a) p-MWCNT, (b) f-MWCNT (disentangled) and (c) the f-MWCNT-PF nanocomposite.
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The elemental compositions of CNTs and nanocomposite
were studied by energy-dispersive X-ray analysis. The EDX data
shown in Table 1 reveal that p-MWCNT contains carbon
(99.06 wt%). -MWCNT has a lower weight percent of carbon
(91.18 wt%) and higher weight percent of oxygen (8.65 wt%),
suggesting oxidation of the p-MWCNT surface and formation of
oxygen-based functionalities at the nanotube surface (-COOH,
—OH).**> The absence of an oxygen peak in the case of p-MWCNT
may be due to the presence of vacuum conditions applied
during the EDX measurement. The presence of trace amounts
of Ni and Pd suggests that the metal impurities are introduced
during CNT synthesis at the manufacturer's level (EDAX images
are given in the ESI data file as S3). The decrease in oxygen
content (wt%) after nanocomposite formation could be due to
amalgamation of the MWCNTs in the parafilm matrix con-
taining paraffin wax and polyolefins, which are hydrocarbons.

3.3 Chemical group analysis by FTIR spectroscopy

The FTIR spectrum of p-MWCNT (as received) is shown in
Fig. 3a. The almost featureless, very low intensity IR spectrum
obtained is characteristic of the sp® carbon present in CNTs.
However, the oxidation treatment leads to the appearance of
new bands with comparatively high intensity, as shown in
Fig. 3b, with peaks at 3468 cm™ ' (O-H stretching vibration),
1600 cm ™' (conjugated C=C stretching), 1731 cm™* (C=0
stretching in carboxylic acid) and 1384 cm ™' (C-H stretching
vibration). After the transfer of f-MWCNTs to the PF surface by
heating at 65 °C, the FTIR spectrum undergoes variation, as
shown in Fig. 3c. The thermoplastic film parafilm contains
paraffin wax and polyolefins. The IR spectrum of the nano-
composite exhibits a broad band at about 3462 cm ™", indicating
the presence of an O-H bond. The absorption bands at
2934 cm™ ' and 2378 cm ™! are the prominent and characteristic
bands for C-H stretching vibration and the hydrocarbon chains
of paraffin wax present in PF.**** Besides, the spectrum of the f-
MWCNT-PF nanocomposite sample shows vibration bands
characteristic of the polyolefins present in PF as a sharp peak at
1662 cm™*, assigned to the overlap of C=C and C=O0, and at
1110 ecm™?, assigned to the —-C-O-C- group.*® These results
confirm that the characteristics of fMWCNT and PF were
incorporated in the nanocomposite.

Table1l EDX data showing the elemental compositions of p-MWCNT,
f-MWCNT, and the f-MWCNT-PF nanocomposite

Weight%
f-MWCNT-PF

Element p-MWCNT f-MWCNT nanocomposite
C 99.06 91.18 90.44
Cl 0.27 0.09 —
Ni 0.67 0.08 0.42
O — 8.65 0.86
Pd — — 1.62
Au 6.66

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of (a) p-MWCNT, (b) f-MWCNT and (c) the f-
MWCNT-PF nanocomposite.

3.4 Raman spectroscopic study of MWCNT and the f-
MWCNT-PF nanocomposite

Surface functionalization of MWCNTSs causes lattice defects in
CNTs, which can be detected by Raman spectroscopy.®” Fig. 4a—c
shows the Raman spectra of p-MWCNT, {-MWCNT, and the f-
MWCNT-PF nanocomposite, respectively. In these spectra, the
D-mode is the disorder band located between 1349-1353 cm ™ *,
the G band is the tangential (vibrations along the tube axis)
stretching mode (1500-1600 cm™ ') and the G* band is the
second-order overtone of the D band, appearing between 2690
and 2715 cm ™. The intensity ratio of the D-band to the G-band
(In/Ig) reflects both the purity and the defect density of CNTs.**
A comparison of the Raman spectra of the p-MWCNT, f-
MWCNT and f-MWCNT-PF nanocomposites shows that the D,
G and G* bands are present (Fig. 4a—c) at similar wavenumbers,
but their intensities are different. The I,/I; ratio increases when
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Fig. 4 Raman spectra of (a) p-MWCNT, (b) f~-MWCNT and (c) the f-
MWCNT-PF nanocomposite.
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P-MWCNT (Ip/Ig = 0.9706) is oxidized to fMWCNT (Ip/lg =
1.0415) and further added as filler to form the f-MWCNT-PF
nanocomposite (In/Ig = 1.0669). Thus, the chemical oxidation
process is less corrosive to the sp? carbon present in CNTs.
Nanocomposite film synthesis does not aggressively disrupt the
structure of the CNTs.

3.5 Electrode assembly and characterization by AFM

A fMWCNT-PF nanocomposite electrode with fixed geomet-
rical dimensions (5 mm x 2 mm) was used to immobilize GOx
through EDC-NHS coupling reactions and enable the develop-
ment of a bioelectrode (GOx-f-MWCNT-PF nanocomposite
electrode). AFM is an important tool to study the surface
features and the immobilization of biomolecules at the micro-
scale.*>®® The nano-features of the fMWCNT-PF and GOx-f-
MWCNT-PF nanocomposites can be distinguished in the AFM
images, which represent both a two- and three-dimensional
reconstruction of the surface topography measured across a 1
um? square pattern. The AFM images (Fig. 5a-d) show the
micro-morphology and roughness of the -MWCNT-PF (Fig. 5a
and b) and GOx-f-MWCNT-PF (Fig. 5¢ and d) nanocomposites.
A network of MWCNT tubes can be observed on the surface in
Fig. 5a and b. The CNTs are dispersed uniformly in the f-
MWCNT-PF and GOx-f-MWCNT-PF nanocomposites, and no
apparent aggregation can be seen in the images. Thus, it can be
presumed that the intrinsic molecular chains are locally disor-
dered in PF on heating, and an interpenetrating structure
between the polymer and CNT phases exists due to the ther-
moplastic behavior of PF. The f-MWCNT-PF nanocomposite
has a comparatively smooth surface, with a roughness (RMS)
value of 32.4 nm. The immobilization of GOx on the fFMWCNT-
PF nanocomposite surface by EDC-NHS chemistry leads to an
increase in the roughness value of the GOx-f-MWCNT-PF
nanocomposite film (RMS = 59 nm), suggesting deposition of
GOx molecules at the nanocomposite film surface.

o
ol
po-
o~
20 -
°

Fig. 5 AFM images: (@) f-MWCNT-PF nanocomposite (2D), (b) f-
MWCNT-PF nanocomposite (3D), (c) GOx-f-MWCNT-PF nano-
composite (2D), (d) GOx—f-MWCNT-PF nanocomposite (3D).
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3.6 Electrochemical studies of the MWCNT-PF
nanocomposite electrodes

3.6.1 Voltametric measurements of GCE, the f-MWCNT-PF
nanocomposite electrode, and the GOx-f-MWCNT-PF nano-
composite electrode. Cyclic voltammetry was used to evaluate
the sensing responses of the electrodes at different assembly
stages. Electrochemical characterization of the f-MWCNT-PF
and GOx-f-MWCNT-PF nanocomposite electrodes revealed
their basic electrode properties and potential for bioanalytical
application. Fig. 6a, b and ¢ show cyclic voltammograms ob-
tained from a bare glassy carbon electrode (GCE), -MWCNT-PF
nanocomposite electrode and GOx-fMWCNT-PF nano-
composite electrode, respectively, in a phosphate buffer solu-
tion containing 5 mM K;[Fe(CN)q] with 0.1 M KCl at a scan rate
of 50 mV s~ . A pair of well-defined redox peaks were observed
for each electrode, with considerable differences in the peak
heights. Both the CNT electrodes show higher anodic peak
current (Ip,) and cathodic peak current (I,.) as compared to
GCE,; this confirms their excellent electrical conductivity, which
is beneficial for promoting electrochemical studies.®** The
GOx-f-MWCNT-PF nanocomposite electrode shows lower peak
currents (I, and I,c) than the fMWCNT-PF nanocomposite
electrode due to covalent immobilization of GOx at the elec-
trode surface, which acts as a barrier that inhibits electron
transfer at the CNT surface.®® The f-MWCNT-PF nanocomposite
electrode shows a higher charging current, as dissociation of
the surface carboxylic groups occurs at pH 7.4 in the buffer
solution. Thus, the presence of surface carboxylic groups
improves the electron transport behavior at the f-MWCNT-PF
nanocomposite electrode surface.® The effective surface area of
the working electrode (f-MWCNT-PF nanocomposite electrode)
was evaluated with the Randles-Sevcik equation using
K;Fe(CN)e/K,4Fe(CN)g as an indicator.®

I, = (2.687 x 10n"*'"2D'"4C

where n = 1, v is the scan rate (Vs '), D = 7.17 x 10 ®cm®s™ 7,

and C is the concentration (mol cm™>) of K;[Fe(CN)g]. The

Current (pA)(a.u.)
&

Potential (V)

Fig. 6 Comparative cyclic voltammetric responses of the electrodes
at a scan rate of 50 mV s% (a) GCE, (b) the f-MWCNT-PF nano-
composite electrode and (c) the GOx—f-MWCNT-PF nanocomposite
bioelectrode in 5 mM Kz[Fe(CN)g] with 0.1 M KCl solution.
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Fig. 7 Overlaid cyclic voltammograms of the f-MWCNT-PF nano-
composite electrode recorded at different scan rates ranging from 50
to 400 mV s~* and expressed as current versus potential vs. Ag/AgCL;
the inset shows the cathodic and anodic peak current (/o and /g,
respectively) as a function of the square root of the scan rate.

effective surface area of our nanocomposite electrode was
computed as 0.332 em®. Thus, a large increase in the charging
current within the £1.0 V voltage range at the nanocomposite
electrode is consistent with the increase in the conducting
surface area of the f-MWCNT-PF nanocomposite electrode and
the electrical conductivity of CNT.

The effect of applying different scan rates on the redox
process of the Fe*'/Fe*" system was also investigated. Voltam-
mograms obtained at different scan rates are shown in Fig. 7.
The peak currents (I, and I,¢) in Fig. 7 increase with the scan
rate (50-400 mV s~ ') and shift to more positive potentials. The
current increases linearly with the square root of the scan rate
(»"?) in the range of 50-400 mV s~ * (Fig. 7, inset), indicating
diffusion-controlled behavior of the nanocomposite electrode.
The fitting equations are:

View Article Online
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Lo (MA) = 260.72 + 65.58»"%; R = 0.983
Ie (RA) = —549.92 — 66.263v"%; R* = 0.9955

The shift in oxidation potential with the scan rate is an indi-
cation of system irreversibility.®>%°

3.6.2 Impedance spectroscopic study of the f-MWCNT-PF
nanocomposite and GOx-f-MWCNT-PF nanocomposite. We
studied the stepwise assembly of the GOx-f-MWCNT-PF nano-
composite electrode (bioelectrode) using EIS measurements.
EIS is an effective method to study surface modifications in an
electrode.®**” Fig. 8 shows the impedance features, presented as
Nyquist plots (Zimag VS. Zrear) Of the electrode before immobili-
zation (a) and after immobilization (b) of GOx.

The Nyquist plots for the f-MWCNT-PF nanocomposite
electrode and GOx-f-MWCNT-PF nanocomposite electrode are
composed of low-frequency linear parts and high-frequency arc-
shaped parts. A small arc in the high frequency region (Fig. 8a)
is generally ascribed to a relatively low charge transfer resis-
tance in the aqueous electrolyte. When GOx was immobilized
on the functionalized electrode, the semicircle diameter
increased (Fig. 8b), indicating that the modified film (bio-
electrode) hindered the electron transfer of [Fe(CN)¢]>~/*~. The
electron transfer resistance (R.) of the f-MWCNT-PF nano-
composite electrode surface is 30.58 Q. It increases to 161.2 Q
when GOx is immobilized on the surface by EDC-NHS chem-
istry. The low R, value of the f-MWCNT-PF nanocomposite
electrode indicates that it acts as an excellent conducting
interface and provides a favourable microenvironment for
subsequent GOx immobilization at the surface. These data are
consistent with the results obtained from CV experiments and
demonstrate that GOx is successfully immobilized on the f-
MWCNT-PF nanocomposite electrode and that the design of
the electrochemical platform for glucose detection has been
well depicted in Fig. 1.

400.0 ohm | ¢
£ . 5
rF—
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g g cal |
- ° °
N 200.0 ohm 2 s |
i — e
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Fig. 8 EIS spectra of (a) the f-MWCNT-PF nanocomposite electrode and (b) the GOx—f-MWCNT—-PF nanocomposite electrode in buffer
solution. The inset shows the equivalent electrochemical cell circuit, which includes electron transfer, along with its equivalent circuit. Cq,
double-layer capacitance; R, charge transfer resistance; Ry, solution resistance; W, Warburg resistance.
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3.6.3 Effect of pH. The solution pH is an important
parameter for describing the electrochemical performance of
a biosensing platform. The choice of an appropriate supporting
electrolyte and its pH affects the redox behavior of the
biochemical reaction and the biosensor sensitivity. This depen-
dence is attributed to the protonation and deprotonation activity
in the aqueous system, which affects the electron transfer
process.®® The effect of the pH of the supporting electrolyte on the
analytical response of the bioelectrode was measured in the pH
range of 5.0-8.0 in the presence of 5 mM of glucose as the analyte.
The response of the GOx-f-MWCNT-PF nanocomposite electrode
measured as anodic peak current (I,,) with the pH of the medium
is shown in Fig. 9a. GOx has optimum activity at pH 5.5. The
anodic current-pH graph (Fig. 9b) also shows the maximum
current density at pH 5.5. As shown in Fig. 9b, the maximum
response peak current density with a GOx-f-MWCNT-PF nano-
composite electrode was found to decrease sharply above and
below pH 5.5. Covalent immobilization thus does not alter the
optimal pH of GOx. Protonation/deprotonation in the reaction
medium affects the active site of immobilized GOx and the
carboxylic functional groups present at the surface. The moder-
ately high current response at pH 7.4 can be attributed to the
dissociation of free/un-blocked carboxyl groups present at the
CNT surface in the nanocomposite electrode. The cyclic voltam-
mograms obtained at different pH values show only one oxida-
tion peak and one reduction peak, confirming a one-electron-
exchange reaction at the working electrode. Usually, a blood or
blood serum sample is employed to measure blood glucose at the
physiological pH of 7.4.% Therefore, it will be advantageous to
test the performance of the proposed sensor in a pH 7.4 buffer
solution, as used in the present study.

3.7 Analytical performance of the biosensor: calibration
curve

The voltammetric response of the bioelectrode (GOx-f-
MWCNT-PF nanocomposite electrode) was investigated using
standard addition methods by successively adding glucose to

Ipa (HA)

EE¥EEEEL Y

pH
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5 mL of PBS solution containing 5 mM ferricyanide solution
{K;[Fe(CN)s]} at room temperature. The reactions used for the
measurement of glucose using fabricated bioelectrode can be
described as follows:™

Glucose + GOx(ox) — gluconic acid + GOXred) (A)
GOX(reqy + 2Fe®™ = GOx(oy) + 2Fe** + 2H* (B)

2Fe? — 2Fe* + 2e” (9]
where GOXx(ox) and GOXcq) represent the oxidized and reduced
forms of glucose oxidase and Fe*" and Fe*" represent the
oxidized and reduced forms of the mediator {Ks[Fe(CN)s]},
respectively. The voltammograms obtained for different glucose
concentrations are presented in Fig. 10(I) and (II). For the lower
range, glucose concentrations with 0.08 mM (Fig. 10(Ia)),
0.1 mM (Fig. 10(Ib)), 0.4 mM (Fig. 10(Ic)), 0.5 mM (Fig. 10(Id)),
0.8 mM (Fig. 10(Ie)), 1 mM (Fig. 10(If)), 2 mM (Fig. 10(Ig)), and
4 mM (Fig. 10(Th)) were used. For a higher glucose range,
glucose concentrations of 5 mM (Fig. 10(Ila)), 10 mM
(Fig. 10(1Ib)), 15 mM (Fig. 10(Ilc)), 20 mM (Fig. 10(11d)), 25 mM
(Fig. 10(IIe)), 30 mM (Fig. 10(1If)), and 35 mM (Fig. 10(11g)) were
prepared. From the voltammetric response, it was observed that
the anodic current increases with the concentration of glucose,
which confirms that the oxidation of glucose to gluconic acid is
catalyzed by the enzyme GOx in the presence of ferricyanide as
a mediator and generates the reduced form of the mediator, i.e.
ferrocyanide {(K,[Fe(CN)¢]}. Thus, the electrochemical signal
produced by the oxidation of ferrocyanide released at the bio-
electrode is used to quantify the glucose concentration
present in the buffer solution.” The corresponding calibration
curve [Fig. 10(III)] obtained from the well-defined current
responses for glucose measured from the cyclic voltammetric
current profiles exhibited two different regions of bioelectrode
response behavior for glucose concentrations from 0.08 to
35.0 mM. The insets show the calibration plots obtained for the
response to glucose at lower (A) and higher (B) concentrations

%

b

Current (pA)

Fig. 9 Response of the bioelectrode at different pH values of buffer solution obtained from voltammetric measurements: (a) changes in the
anodic peak current (/o) of the bioelectrode towards 5 mM glucose at different pH values, and (b) voltammograms obtained at different pH

values: (i) 5, (i) 5.5, {iii) 7, (iv) 6.5, (v) 6, (vi) 7.4, and (vii) 8.
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Fig. 10 Response of the GOx-f-MWCNT-PF nanocomposite bioelectrode to different glucose concentrations, obtained as: (I) voltammograms
for glucose concentrations from 0.08 mM to 4 mM (a—h), with the inset showing the variations of the reduction current from (a—f); (ll) vol-
tammograms for glucose concentrations from 5 mM to 35 mM (a—g), with the inset showing the variations of the reduction current from (a—g);
(1) calibration curve, with the insets showing (A) the calibration range from 0.08 mM to 4 mM (lower range); (B) the calibration range from

5.0 mM to 35 mM (higher range).

of glucose (details are given in the ESI data file as S47). Thus, we
found two regions of linear behavior: (A) 0.08 mM to 3 mM, with
a correlation coefficient of 0.9723 and a sensitivity of 35.322 pA
uM~'; and (B) 5 mM to 35 mM, with a correlation coefficient of
0.9613 and a sensitivity of 9.346 pA mM ", represented by eqn
(1) and (2), respectively:

I (1A) = 35.322 [glucose (mM)] + 2.7983; R2 = 0.9723 (1)

I (uA) = 9.3462 [glucose (mM)] + 333.78; RZ = 0.9613  (2)

The bioelectrode formed by immobilization of GOx onto the
f-MWCNT-PF nanocomposite film shows uniform conductivity
with an effective surface area 0.332 cm?, possibly due to the
homogeneous distribution of fMWCNT on PF. The 3D inter-
twined MWCNT-PF network secures a constant sensitivity in
the lower region of the calibration curve between 0.08 mM and
3 mM glucose concentration, represented by the accumulated
points in the lower region of the calibration curve. The LOD

© 2021 The Author(s). Published by the Royal Society of Chemistry

values for the calibration curve are 0.03167 mM at a signal to
noise ratio of 3. The capability of the bioelectrode for detection
of the substrate at low concentration is essential for the devel-
opment of wearable glucose sensor systems in which glucose
can be measured from sweat, tears, or interstitial fluid above the
dermis.”*”* In the lower concentration region (0.08-3.0 mM) of
the calibration curve, the sensitivity is lower, as the large density
of GOx molecules immobilized at the electrode surface act as
a barrier to electron transfer between the electrode surface and
the solution interface, as reported in the literature.”*”> The
linear behavior found in the second region extends from 5 mM
to 25 mM glucose concentration. The measurement of blood-
glucose concentrations within these ranges can differentiate
between a healthy and diabetic patient.”

3.8 Reproducibility, storage, and stability of the bioelectrode

The reproducibility of the proposed bioelectrode (GOx-f-MWCNT-
PF nanocomposite electrode) during continuous operation was
tested by measuring the decrease in the output signal (I,) using

RSC Adv, 2021, 11, 34193-34205 | 34201
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Table 2 Determination of glucose in blood serum samples using the proposed bioelectrode and a comparative spectrophotometric method

used in clinical laboratories

Concentration of glucose (mg dL ™) Concentration of glucose (mg dL ™) . Up — U

S. no. (clinical method) (vg) (present method) (v,) Relative error {T X 100}
1 127 134.0014 5.5129

2 186 193.33 3.9408

3 250 264.450 5.78

4 211 224.054 6.1867

5 225 232.972 3.5431

6 96 98.2100 2.3020

5 mM of glucose solution in buffer solution (pH 7.4). The relative
standard deviation (RSD) values obtained for the intraday and
interday repeatability were 1.300427 (n = 12) and 1.511755 (n =
12), respectively, showing good accuracy for the measurements.
This may be due to the stabilization of GOx at the CNT electrode
surface by EDC-NHS immobilization, as reported earlier.”

Additionally, the reproducibility of the bioelectrode
construction process was determined by measuring the
response of three bioelectrodes prepared in different batches
using the same procedure. The study was performed using
5 mM glucose solution measured in phosphate buffer solution
(pH 7.4). Voltammetry was applied to measure the peak current
(Ip) in triplicate, and the RSD was found to be within acceptable
limits. The storage stability of the proposed bioelectrode was
also examined in a buffer solution. It was found that after
storage at 4 °C for 55 days, the sensor retained 95.0% of its
initial current response. These results are considered to be
acceptable and can be attributed to the conservation of the
enzymatic activity, due to the effective immobilization of GOx
on the CNT-based biocompatible support.””

3.9 Analytical application of the proposed method

The fabricated bioelectrode (GOx-fMWCNT-PF electrode) was
applied to determine the glucose concentrations in anonymized
blood serum samples obtained from the hospital. The measure-
ments were performed using standard addition methods in tripli-
cate. The results obtained with our fabricated glucose-sensing
bioelectrode and with the clinical method” are compared in Table 2.

The glucose content obtained with the present bioelectrode
system was always higher than that measured by the clinical
method, probably due to interference from other compounds
present in blood serum. In healthy subjects, blood glucose
levels are typically in the range of 4.9-6.9 mM, which increases
up to 40 mM in diabetics after glucose intake.” The present
study shows that our electrode is satisfactorily applicable to
samples containing 5-25 mM (90.090-450.450 mg dL™') of
blood glucose, with a relative error of not more than 6%. Thus,
the bioelectrode-based measurement can differentiate a healthy
person from a diabetic patient.

4. Conclusion

In summary, we have developed a fMWCNT-PF nanocomposite
with surface carboxylic functional groups which can act as

34202 | RSC Adv, 2021, 11, 34193-34205

a flexible, sheet-type universal electrochemical platform for the
fabrication of enzyme-based electrochemical biosensors. The
stepwise characterization of the bioelectrode fabrication process
suggests that the oxidation of p-MWCNT by acidic oxidation does
not break the internal structure of p-MWCNT and generates
surface carboxylic functions that are essential for the develop-
ment of CNT-ink and biomolecule immobilization. A stable
dispersion of -MWCNT in ethanol was created by sonication and
was used as a CNT ink that is curable at room temperature. The
thermal transfer of the CNT-ink onto a flexible PF surface
generates the FMWCNT-PF nanocomposite. Further, immobili-
zation of GOx at the CNT surface yields a hybrid nanocomposite
(GOx-f-MWCNT-PF) which can be directly used as a sheet-type
flexible electrode for glucose sensing. The voltammetric calibra-
tion curve of the glucose biosensor shows two different linear
regions of glucose response. The linear response of the biosensor
between 0.08 mM and 2.0 mM indicates that our sensor platform
can be effective for glucose sensing in sweat or interstitial fluid
samples. As the nanocomposite is water repellent, flexible, and
biocompatible, it can be directly integrated into the electronic
components and the human body for continuous monitoring of
other analytes that require waterproof platforms for analysis. We
also demonstrated the potential application of the sensor in
blood glucose measurement. Moreover, the relatively simple
fabrication process of our sensor system is promising for mass
production with uniform performance.
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