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Development of an efficient immobilization matrix
based on a conducting polymer and functionalized

G e e crem 82042 myyltiwall carbon nanotubes: synthesis and its
application to ethanol biosensors

Saniye Soylemez,? Fulya Ekiz Kanik,” Sema Demirci Uzun,© Serife O. Hacioglu®
and Levent Toppare*@<d

Material modification is one of the hot topics recently. Hereby a novel functional monomer, 2-(4-
nitrophenyl)-4,7-di(thiophen-2-yl)-1H-benzoldlimidazole (BIPN), was synthesized for matrix generation
through electrochemical polymerization. Its conducting polymer was successfully used for the biolayer
construction in the biosensor preparation. The electrochemical and morphological properties were
improved by the introduction of carboxylic acid functionalized multiwall carbon nanotubes (f-MWCNTs).
Carboxylic acid functionalization of MWCNTs was carried out via acid treatment. The electrode surface
was modified with the polymer and f-MWCNTs during electropolymerization to achieve a perfect
immobilization matrix for alcohol oxidase. In order to prepare a new alcohol biosensor, alcohol oxidase
(AOx) was immobilized onto the modified electrode. The modified electrode was characterized by
scanning electron microscopy (SEM), X-ray photoelectron microscopy (XPS) and Fourier transform
infrared (FTIR) spectroscopy techniques. Electrochemical responses of the enzyme electrodes were
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ethanol. Kinetic parameters, operational and storage stabilities were investigated. Ki¥P, /max, LOD and
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1. Introduction

Material design is important in surface modification depending
on the purpose of the application. Rather than using a pristine
material, creating a modified one for a target application and
tuning the material properties to make it useful for a certain
purpose is a worthy step in scientific progress. Conducting
polymers are materials which fulfil these properties due to their
tunable and easy production for specific purposes. Conducting
polymers (CPs) are recommended for their superior properties
to serve as materials in different kinds of technological appli-
cations in electrochromic devices,' lithium ion batteries®> and
enzyme immobilization.® CPs provide high surface area,
adjustable morphology depending on the thickness of the film,
as well as well-organized suitable platform for enzyme immo-
bilization. Moreover, CPs have functional groups, which
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Finally, this biosensor was applied to estimate the alcohol content in various beverages successfully.

provide maximum enzyme loading through the interaction
between the enzyme molecule and functional groups of the
polymers. With the help of these interactions, well organized
platforms for biosensors can be achieved. Hence, functional-
ized conducting polymers are favorable materials and can be
used for biomolecules.*

Carbon nanotubes (CNTs) are important nanomaterials for
their incorporation into electrochemical and biological sensing
devices due to fast electron transfer, high surface area, elec-
trochemical stability and biocompatibility.® Moreover, CNTs
can act as immobilization matrices and as electrochemical
transducers, resulting in the improvement of performance of
the immobilized enzyme which enhances their use in bio-
sensors.**” CNTs are classified as single wall carbon nanotubes
(SWCNTs) and multiwall carbon nanotubes (MWCNTs) which
have the advantages of good dispersion and low cost. So far,
most studies have focused on the development of an effective
immobilization matrix using f-MWCNTs.” The functionaliza-
tion of CNTs is an effective way to prevent nanotube aggrega-
tion, which helps to better disperse and stabilize the CNTs
within solvent and a polymer matrix. The dispersion properties
of CNTs can be improved by sidewall modification of nano-
tubes. Functionalization is the one of the most effective
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methods where strong oxidants (HNO; and H,SO,) are used to
oxidize defect sites on the CNTs to produce hydrophilic groups.®
Furthermore, the most promising step in biosensor preparation
is enzyme immobilization. For preparation of mechanically
robust and stable biosensors CNTs with the superior electron
transfer properties are considered as appropriate electron
transfer agents between the redox side of the enzyme molecules
and the electrode.

The detection of ethanol with high sensitivity, selectivity and
accuracy plays an important role in the quality control of alco-
holic beverages as well as clinical analysis. Many analytical
methods have been proposed for ethanol determination, which
are poorly selective, expensive and time consuming. On the
other hand, enzyme amperometric biosensors are very attractive
due to the characteristics of the biocomponent specificity and
the high sensitivity.” AOx from Pichiapastoris (EC 1.1.3.13) is
one of the most used enzymes due to its substrate specificity
and availability and stability over a useful range of reaction
conditions, which makes this enzyme a promising catalyst for
biosensor applications.'**® AOx is the oligomeric flavoprotein
with eight identical sub-units containing flavin adenine dinu-
cleotide molecule (FAD) as the cofactor. AOx from Pichiapas-
toris catalyzes the oxidation of low molecular weight alcohols to
aldehydes in the presence of molecular oxygen. During this
reaction, the AOx cofactor (FAD) is first reduced to its hydro-
genated form (FADH,) and re-oxidized to its native form by
molecular oxygen resulting in the formation of hydrogen
peroxide.'* The proposed biosensor working principle is based
on Scheme 1.

In this study, with these motivations, a novel DAD type
monomer, 2-(4-nitrophenyl)-4,7-di(thiophen-2-yl)-1H-benzo[d]-
imidazole (BIPN), was synthesized and its polymer was
successfully synthesized electrochemically. The novel benz-
imidazole containing polymer was thought to be used in
biosensor application. Alcohol oxidase was immobilized onto
the conducting polymer coated electrode to construct the
biosensor. To improve the immobilization and enhance the
interaction between the polymer and enzyme molecules,
carboxylic acid functionalized multiwall carbon nanotubes
(fMWCNTs) were introduced within the polymer coat. By this
way, not only covalent immobilization between the enzyme and
carboxylic acid functionalized carbon nanotubes was provided
to enhance the immobilization and prolong the stability, but
also fast electron transfer on the electrode surface was ach-
ieved. Hence, the electrochemical properties of the polymer
and the performance of the biosensor were improved. We
developed a sensitive, simple and effective matrix for the
preparation of an alcohol biosensor. The use of a conducting
polymer of BIPN as the host matrix for immobilization of AOx
enhanced the sensitivity, stability and film quality. Besides, the

Scheme 1 Working principle of AOx.
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electrogenerated polymer film provides an easy control over the
properties of the polymeric coat such as morphology and
thickness.*” Also, CNTs have attracted enormous interest due
to their excellent electron transfer properties for oxidase-based
amperometric biosensors."* CNTs and CPs are both interesting
for their unique electrochemical properties. Without CNTs, the
thin conducting polymer films provide a reasonable ampero-
metric response time, but they can suffer from low conductiv-
ities. On the other hand, when the thickness of the polymeric
film increases, charge transport between the active side of the
enzyme molecule and the transducer becomes slow. To over-
come these problems efficient binding between enzyme mole-
cules and immobilization matrix was achieved with the
combination of CPs and functionalized CNTs. The presence of
—-COOH or -OH groups on the nanotube surface improves the
attachment of organic or inorganic materials since a variety of
chemical reactions can be conducted with this group. More-
over, wrapping of functional CNTs in polymeric chains was
found to be useful to improve their solubility as well as prevent
nanotube aggregation, which helps to disperse and stabilize
the CNTs in a polymer matrix." With the help of the combi-
nation of CNTs, ordered and homogeneous free defect films
have been easily achieved.” This combination process is con-
structed through the van der Waals interactions and w7
stacking between CNTs and polymer chains. Conducting
polymers are attached to CNT surfaces by in situ polymerization
to improve the processability, and electrical, magnetic and
optical properties of CNTs. AOx was immobilized onto the CNT
modified conducting polymer coated graphite electrode with
the help of EDC/NHS crosslinking agents in order to construct
an amperometric alcohol biosensor. The presence of the free
carboxylic acid groups on the nanotube backbone can be
utilized for the covalent attachment of enzymes via formation
of amide bonds. In this case, 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
were used to activate the free carboxylic acid groups of the
conducting nanotube backbone.' Through functional carbox-
ylic acid groups of the CNT, amide bond formation between
enzyme molecules and CNTs was generated. In addition to this
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Scheme 2 Typical preparation of the proposed biosensor ((A) before
and (B) after dispersibility behavior of f-MWCNTSs in BIPN monomer
solution given as the inset).
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covalent binding, the physical adsorption process occurs where
the enzyme molecules were adsorbed in the polymer interface
due to m-m stacking and the hydrogen bond between the
functional groups of the enzyme molecule and NO, of the
conducting polymer. Therefore, the research is increasingly
focused on the preparation of a novel immobilization matrix
with the combination of CNTs and conducting polymer.
Moreover, the affinity of biological molecules to the benz-
imidazole unit is well-known. This idea was also used while
synthesizing the monomer. By this way, it was aimed to have a
polymeric immobilization matrix with high affinity to enzyme
molecules in order to well immobilize them onto the electrode
surface. This allows better contact between the biomolecule
and the electroactive layer thereby improving the biocompati-
bility of enzyme molecules. A representative preparation of the
proposed biosensor is depicted in Scheme 2. The immobiliza-
tion matrix was characterized by scanning electron microscopy
(SEM), Fourier transform infrared (FTIR) spectroscopy and
X-ray photoelectron microscopy (XPS) techniques. The prac-
tical application of this modified electrode was tested via
determining alcohol in various beverages.

2. Experimental
2.1 Materials

Alcohol oxidase (E.C.1.1.3.13) from Pichiapastoris (28 units per
mg protein), methanol, NaClO, and LiClO, were purchased
from Sigma-Aldrich and used with no further purification.
Dichloromethane (DCM), acetonitrile (ACN) were purchased
from Merck (Darmstadt, Germany). 2-Propanol and ter¢t-butanol
were obtained from (Merck). Ethanol (Carlo Erba) was used as
received to prepare the substrate solution (1.7 M) at room
temperature. For enzyme immobilization, a phosphate buffer
solution (pH 7.0) consisting of 0.025 M Na,HPO, (Fisher
Scientific Company) and 0.025 M NaH,PO, (Fisher Scientific
Company) was used. N-Hydroxysuccinimide (NHS) and N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC) were purchased from Fluka (Buchs, Switzerland) and
Sigma, respectively. All chemicals were of analytical reagent
grade. Bromine, 2,1,3-benzothiadiazole, ammonium cerium(wv)
nitrate, ethyl acetate, chloroform, dichloromethane, bis-
(triphenylphosphine)palladium(i) dichloride, 4-nitro-
benzaldehyde, thiophene, n-butyllithium solution (2.5 M in
hexane), tributyltin chloride and multi-wall carbon nanotubes
(0.D. x L 6-9 nm X 5 pm, >95% carbon) were purchased from
Sigma-Aldrich. Hydrobromic acid was purchased from Acros.
Tetrahydrofuran was purchased from Fisher and purified over
benzophenone and sodium. Alcoholic beverages were of
commercial types.

2.2 Apparatus

Electrochemical measurements were performed with a Ivium
CompactStat (The Netherlands) potentiostat in a cell equipped
with three electrodes. Electropolymerization was performed
with a Voltalab 50 potentiostat in a three-electrode cell con-
sisting of graphite electrode (RingsdorffWerke GmbH, Bonn,
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Scheme 3 Synthetic pathway of the corresponding monomer (BIPN).

Germany, type RW001, 3.05 mm diameter and 13% porosity) as
the working electrode. A platinum wire as the counter electrode,
and a Ag wire as the pseudo-reference electrode were employed.
In order to perform the spectroelectrochemical studies of
polymer films a Varian Cary 5000 UV-Vis spectrophotometer
was used. For surface analysis of the ethanol electrode, scan-
ning electron microscopy (SEM) (JEOL JSM-6400 model) and
X-ray photoelectron spectroscopy (XPS) (PHI 5000 Versa Probe
(F ULVACPHI, Inc., Japan/USA)) with monochromatized Al Ko
radiation (1486.6 €V) 10 as an X-ray anode at 24.9 W were used.
1H NMR and 13C NMR spectra were recorded in DMSO-d6 on a
Bruker Spectrospin Avance DPX-400 spectrometer and the
chemical shifts were expressed in ppm relative to DMSO-d6 and
CDCl; as the internal standard. Infrared (IR) spectra were
recorded on a Varian 1000 FT-IR spectrophotometer in KBr
pellets. A Waters Synapt MS System HRMS (High Resolution
Mass Spectrometer) was used to confirm the synthesized
materials.

2.3 Synthesis of 4,7-dibromo-2(4-nitrophenyl)-1H-benzo[d]-
imidazole (4)

To synthesize the corresponding acceptor group, firstly, benzo-
thiadiazole (1) was brominated and further reduction of this unit
was carried out in the presence of NaBH, as reported in the
literature.**”  3,6-Dibromobenzene-1,2-diamine (3) (1.0 g,
3.7 mmol) was dissolved in 7.0 mL acetonitrile (ACN). Subse-
quently, hydrogen peroxide (H,0,) (2.0 mL, 20 mmol) was added
into the mixture. After dropwise addition of 4-nitrobenzaldehyde
(0.36 mL, 3.7 mmol) and ammonium cerium(v) nitrate (0.2 g, 0.4
mmol) to the mixture, the resulting solution was stirred overnight
at room temperature. Afterwards, the reaction mixture was poured
into the ice/water mixture and the solid was filtered. The residue
was washed with acetonitrile and the target product was yielded as
a pale beige solid (4) (0.5 g, 1.26 mmol, 36%) (Scheme 3).
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Fig. 1 Repeated potential scan polymerization of (A) poly(BIPN) and
(B) f-MWCNT/poly(BIPN) in 0.1 M LiClO4/NaClO4, DCM—-ACN (5 : 95,
V/V) solution at 100 mV s~ (C) Cyclic voltammograms of poly(BIPN)
and f-MWCNT/poly(BIPN) at different f-MWCNT concentrations. (D)
Cyclic voltammograms of poly(BIPN) and optimum f-MWCNT/poly-
(BIPN) electrode in 0.1 M LiClO4/NaClO4, DCM-ACN (5: 95, V/V)
solution at 100 mV s,
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1H NMR (400 MHz, d-DMSO): 6 13.67 (s, 1H), 8.59 (d, 2H, J =
8.91 Hz), 8.42 (d, 2H, J = 8.92 Hz), 7.45 (s, 2H). 13C NMR (d-
DMSO): 159.2, 149.3, 146.9, 133.5, 127.1, 122.6, 121.9, 108.0.

2.4 Synthesis of 2-(4-nitrophenyl)-4,7-di(thiophen-2-yl)1H-
benzo[d]imidazole (BIPN)

4,7-Dibromo-2(4-nitrophenyl)-1H-benzo[d|imidazole (0.5 g,
1.3 mmol) and tributyl(thiophen-2-yl)stannane (2.4 g, 6.5 mmol)
were synthesized according to a previously described method.*®
After the mixture was heated under argon atmosphere, bis-
(triphenylphosphine)palladium(u) dichloride was added as the
catalyst.” The reaction proceeded under reflux in argon atmo-
sphere for 16 hours and ended with TLC monitoring after 16
hours. The solvent was evaporated and the product was purified
by column chromatography and obtained as an orange solid
(eluent: DCM-hexane, 3 : 1) (0.12 g, 0.3 mmol, 20%) (Scheme 3).

1H NMR (400 MHz, d-DMSO): 6 13.02 (s, 1H), 8.66 (d, 2H, ] =
7.97 Hz), 8.45 (d, 2H, J = 8.94 Hz), 8.25 (s, 1H), 7.71-7.66 (m,
4H), 7.41 (d, 1H, J = 6.76 Hz), 7.32-7.25 (m, 2H). 13C NMR
(CDCl,): 6 147.1, 146.9, 143.7, 143.5, 138.3, 133.6, 126.5, 125.6,
124.3, 124.2, 124.1, 122.7. HRMS: calculated [M]" = 404.0527,
measured [M]" = 404.0522.

2.5 MWCNT functionalization

Pristine MWCNT (0.3 g) was dispersed in concentrated nitric
acid (HNOj3, 70 mL, 65%) and refluxed for 48 hours. Afterwards,
the reaction mixture was cooled to room temperature and
filtered under vacuum. The residue was washed with distilled
water until the pH of the solution became neutral. Then, the
thin film of -MWCNTSs was dried at 80 °C overnight and a black
powder was obtained.>®

2.6 Biosensor preparation

For the construction of the bioactive layer on the graphite
electrode, graphite rods were polished on emery paper and
washed completely with distilled water. f-MWCNT modified
poly(BIPN) based electrodes were prepared as follows: the
functionalized MWCNT (0.2 mg) was mixed in 0.001 M BIPN
monomer solution in 0.1 M NaClO,/LiClO,/DCM : ACN (5 : 95)
by ultrasonication for 4 h. The f-MWCNT comprising a con-
ducting polymer layer was obtained through electro-
polymerization by cycling the potential between 0 and 1.3 Vata
scan rate of 0.1 V s~ ' on the graphite electrode. The electrode
was washed with distilled water to remove the organic impuri-
ties. After successful deposition of f-MWCNT/poly(BIPN) by
cyclic voltammetry, 10 pL of AOx solution (50 mM pH 7.0
sodium phosphate buffer solution containing 3 U AOx, 0.4 M N-
(3-dimethylaminopropyl)-N-ethylcarbodiimide  hydrochloride
(EDC) and 0.1 M N-hydroxysuccinimide (NHS)) was spread over
the modified graphite electrode and left to dry for 3 h at room
temperature. The enzyme electrode was stored at 4 °C over-
night. Finally, to get more uniform films, it was rinsed with
distilled water. Hence, we obtained adherent, robust and higher
response signals via an efficient combination of enzyme mole-
cules with modified electrode containing f-MWCNT/poly(BIPN)/
AOx successfully.

This journal is © The Royal Society of Chemistry 2014
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2.7 Amperometric biosensor measurements

Amperometric studies were achieved in a reaction cell con-
taining 10 mL phosphate buffer solution (50 mM, pH 7.0) under
continuous stirring. After each measurement, working buffer
solution was refreshed and electrodes were washed with
distilled water and kept in phosphate buffer solution (50 mM,
PH 7.0). A decrease in oxygen level as a result of enzymatic
reaction was monitored at —0.7 V vs. Ag in phosphate buffer.
After background current reached a steady state, freshly
prepared ethanol solution was injected into the medium and
the current change was recorded. All the experiments were
carried out at ambient conditions. Measurements of ampero-
metric analyses were calculated as the average of three
measurements and standard deviations were given as +SD.

3. Results and discussion
3.1 Electrochemical polymerization of f-MWCNT/BIPN

The purified -MWCNT (0.2 mg) was mixed with 0.001 M BIPN
monomer solution in the 0.1 M NaClO,/LiClO,/DCM : ACN
(5 : 95) electrolyte/solvent system by ultrasonication for 4 h at
room temperature. After this treatment a black suspension was
obtained as depicted in Scheme 2. During this step, functional
groups of BIPN were adsorbed on the f-MWCNT surface with the
help of m-m conjugation of BIPN. The polymer film of f-
MWCNT/poly(BIPN) was potentiodynamically coated on the
graphite electrode with 10 scans between 0 V and 1.30 V versus
Ag wire pseudo-reference electrode via cyclic voltammetry with a
scan rate of 100 mV s~ * (Fig. 1(B)).

Charges involved in the film formation were calculated as
0.32 mC (thickness, 7.0 nm) for pristine poly(BIPN) and 0.50 mC
(thickness, 11.0 nm) for fMWCNT/poly(BIPN). This difference
can be related to the presence of f-MWCNTSs on the electrode
surface. Moreover oxidation potentials for monomer, polymer
and f-MWCNTs incorporating the polymer can be calculated
from cyclic voltammograms. From Fig. 1(A) and (B), E5’" were
calculated using the first cycle of repeated potential scan

1 —20 cycle
—— 30 cycle
—— 40 cycle
= 3] = 50 cycle
2
c
2
3 21

5 6 7 8 9 10 11 12 13
Ethanol Concentration (mM)

Fig. 2 Effect of cycle number (in phosphate buffer, 50 mM, pH 7.0,
25 °C, —0.7 V). Error bars show the standard deviation (SD) of three
measurements.
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polymerizations as 1.05 V and 0.99 V, respectively. Insertion of
functionalized MWCNTSs into poly(BIPN) has a significant effect
on both electroactivity (current, charge) and oxidation poten-
tials. After inserting -MWCNTS, AE,, was calculated as 60 mV
from the cyclic voltammetry results. A tremendous increase in
the current density of -MWCNTs compared to the pristine one
also proves the previously discussed argument (Fig. 1(A) and
(B)). Therefore, it can be concluded that insertion of -MWCNTs
into the corresponding polymer solution increases the
electroactivity.>?*®

CPs can be used as immobilization matrices due to their
good electrochemical and physical properties. Moreover,
thanks to their easy decoration with functional groups during
their synthesis, more powerful and robust polymeric films can
be achieved for desirable enzyme immobilization. On the other
hand, CNTs have received considerable attention as an elec-
trode material due to their good electrocatalytic properties. As
seen in Fig. 1(D), addition of an optimum amount of modified
CNTs (0.2 mg) improved biosensor performance. In Fig. 1(D),
the second cycles for the polymerizations of BIPN and f-
MWCNT/poly(BIPN) were seen. The amounts and conditions in
electropolymerization were kept constant whereas electro-
polymerization shown with a black line depicts only the poly-
merization of the monomer.

CNTs have high specific surface area making them prom-
ising candidates for the construction of a highly porous skel-
eton.”® Especially, carboxylic acid group functionalized CNTs
have advantages in the immobilization of biomolecules through
covalent bond formation and hence, highly specific biomole-
cule detection can be achieved. This combination offers a useful
platform for immobilizing biomolecules to enhance sensor
performances. It also provides a good interaction between the
active site of the enzyme and CNTs inside the polymer layer.
These results were evidenced by cyclic voltammetry where
higher amperometric responses and charge involved in the film
formation were obtained compared to the matrix without CNTs
(Fig. 1(C)). The formation of f-MWCNT/poly(BIPN) has been
explored for a possible improvement in the electrical properties

4.0d— 0.1 mg f-MWCNT/poly(BIPN)
——— 0.2 mg f-MWCNT/poly(BIPN)
3.5|— 0.4 mg f-MWCNT/poly(BIPN)
||—— 0.6 mg f-MWCNT/poly(BIPN)
3.04 Poly(BIPN)

2.5
2.0 1

Current (pA)

1.5
1.0 4
0.5

0.0 +—— -.-.vlvl/I/\x

| S | T - 31 1 v 3 2 -3 "0
12 3 4 5 6 7 8 9 10 11 12 13
Ethanol Concentration (mM)

Fig. 3 Effect of f-MWCNT amount on the biosensor response (in
50 mM phosphate buffer, pH 7.0, 25 °C, —0.7 V). Error bars show the
standard deviation (SD) of three measurements.
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of polymers. Polymerization changes with the introduction of f-
MWCNTs into the monomer solution as seen in the second
cycles of each electropolymerization (Fig. 1(C)). The effect of
carbon nanotube addition can be clearly seen and is discussed
above. However, when the amount of f-MWCNTSs increases in
the monomer solution (0.4 and 0.6 mg), the charge deposition
of the films decreases. This may be associated with the defect
formation in the polymer film due to the excess presence of
CNTs on the electrode surface. The polymer chains may form
shorter or the stacking of the chains may be destroyed; hence,
the ordered structure of the polymeric film may be affected after
a certain amount of -MWCNTs during polymerization.

3.2 Optimization studies

The thickness of the polymer/f-MWCNT layer can be adjusted
with the scan number during electropolymerization. To inves-
tigate the effect of the film thickness on a biosensor perfor-
mance, electrodes were prepared with different scans and
biosensor responses were determined (Fig. 2). Since the
released electrons during the enzymatic reactions should be
properly transferred to the transducer, the thickness of the film
is very important. To keep the enzymatic layer stabilized on the
electrode surface, a proper thickness is desired. On the other
hand, enzyme molecules together with the modified layer due to
the covalent and physical binding may leach from the surface.
In a small thickness huge protein molecules could not be
stabilized on the electrode surface. In order to investigate the
effect of conducting polymer and functionalized carbon nano-
tube layer thickness, an optimum concentration (0.2 mg carbon
nanotube in 2 mL monomer solution) was used in polymeri-
zation on the graphite electrode via using different scan
numbers (20, 30, 40 and 50 scans). During these experiments,
other than polymeric layer thickness, all other parameters were
kept constant. The optimum value was found with 30 scan
electropolymerization.

For the investigation of sensor coating composition,
different compositions of f-MWCNT/poly(BIPN) suspension
were tested. In these experiments, other than CNT amount, all

0,0005 5 y = 0.0009x - 7E-05
R? = 0.990
__ 10,0004
<
-
]
2 0,0003 4
=
o
=2
3 0,0002
a T
0,0001 -
. 0.0 0.1 0.2 0.3 0.4 0.5 0.6
0,0000 . . s . Potential (V) .
0,1 0,2 0,3 0,4 0,5 0,6

Scan Rate“z(vﬂz 12 )
Fig. 4 The effect of peak currents for the determination of the
working surface area. Inset: Cyclic voltammograms of working elec-
trode in 5.0 MM Fez(CN)g*~ solution in 0.1 M KCl and 50 mM pH 7.0
phosphate buffer at scan rates 10-300 mV s 1.
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other parameters were kept constant. For this reason, five
different biosensors were prepared on the graphite electrode in
the 0.1 M NaClO,/LiClO,/DCM : ACN (5 : 95) electrolyte/solvent
system at room temperature via scanning the potential between
0 V and 1.3 V (vs. Ag reference electrode) with a scan rate of
100 mV s~ ' for 30 cycles. Fig. 3 shows that the response to
ethanol does not continually increase or decrease with the
amount of nanotubes incorporated. Higher carbon nanotube
amounts caused decrease in the responses and this might be
due to the diffusion problem for the substrate as well as limited
orientation for the enzyme molecules. High amounts of CNTs in
the films allow electrical communication but at some point, the
response is limited by the electron transfer from the enzyme to
the polymer's redox center. Moreover, in such excess amounts,
the polymer coating on the electrode surface loses its quality
due to the defects in the polymer chains in the presence of
CNTs. This result is in accordance with previous studies.”” The
large surface area due to the presence of CNTs on the trans-
ducer surface may cause an increase in the background current.
In similar works,?”?® after some point, the introduction of CNTs
into the surface affects signal in an unfavorable manner
resulting in a decrease in biosensor responses.

On the other hand, with low amounts of CNTs, enzyme
molecules could not be fixed properly onto the poly(BIPN)
coated electrode which resulted in lower responses and leach-
ing of enzyme from the electrode surface. Fig. 3 shows that the
optimum f-MWCNT amount was found to be 0.2 mg in 0.001 M
monomer solution. Maximum interaction and satisfactory
immobilization of the enzyme molecules were achieved with
this amount. The effect of -MWCNT amount is also in accor-
dance with the results in cyclic voltammograms taken in
different amounts of -MWCNT. The most electroactive coating
also gives the best results in amperometric studies. This shows
the reliability and effectiveness of the prepared matrix.

The surface area of the modified electrode plays an impor-
tant role in the construction of biosensors. So, for the deter-
mination of the effective surface area, experiments were done
and estimated using the Randles-Sevcik equation. Using the

3.0+
2.5

2.0+

Current (pA)

1.5+

1.0

4 5 6 7 8 s 10
pH

Fig. 5 Effect of pH (50 mM sodium phosphate buffer at pH 4.5, 5.5,
7.0, 7.5 and 50 mM sodium bicarbonate buffer at pH 8.0 and 10.0,
8.55 mM ethanol, 25 °C, —0.7 V). Error bars show the standard devi-
ation (SD) of three measurements.
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equation, the surface area is proportional to Ip/v” %, To calculate
this proportion, cyclic voltammograms of the bare and also
modified electrode were measured in a mixture solution of
0.1 M KCl and 5 mM K;Fe(CN), under various scan rates such as
10, 20, 50, 80, 100, 200 and 300 mV s~ *. The applied potentials
are between 0 and 0.6 V. As shown in Fig. 4 the linearity for the
modified electrode is very good. Using the slope, the modified
electrode surface area was found to be 1.078 x 10" cm?® which
is higher than the bare electrode surface area. This result clearly
shows that the modified electrode surface was used for the
efficient immobilization matrix.

The effect of different amounts of AOx on the amperometric
response was also investigated in the presence of 8.55 mM
ethanol. Different amounts of the enzyme (2 U, 3 U, 4 U and 5.2
U) were immobilized on the modified electrode surface and the
highest signals were recorded by the biosensor with 3 U AOx in
the bioactive matrix. Higher enzyme amounts caused leaching
from the surface. Hence, for the further experimental steps a
biocomposite matrix with an optimum amount of AOx was
used.

Since enzyme stability is highly affected by certain environ-
mental conditions, pH is the one of the main factors for
biosensors. The effect of pH on the amperometric biosensor
response was examined using 50 mM phosphate buffer solution
in a range of pH 4.5-10 in the presence of ethanol as the
substrate (8.55 mM). Maximum current responses were found
at pH 7 (Fig. 5). If the pH of the environment is extremely out of
range, protein can be denatured.*

3.3 Characterization

3.3.1 Scanning Electron Microscopy (SEM) studies. Scan-
ning electron microscopy (SEM) was used to characterize the
surface morphologies of modified electrodes. Fig. 6 shows SEM

Fig. 6 Surface characteristics of (A) only f-MWCNT, (B) only poly-
(BIPN), (C) f-MWCNT/poly(BIPN) and (D) f-MWCNT/poly(BIPN)/AOx
via SEM images.

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 XPS Cls spectra of (a) pristine MWCNT, (b) f-MWCNT, (c) poly-
(BIPN), (d) f-MWCNT/poly(BIPN) and (e) AOx immobilized f-MWCNT/
poly(BIPN).
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images of the conducting polymer coated graphite electrode
poly(BIPN), f-MWCNT, poly(BIPN)/f-MWCNT and poly(BIPN)/f-
MWCNT/AOx modified electrode surfaces, respectively. The
surface morphology of the only FMWCNT film (Fig. 6(A)) shows
typical fibrous shape. For the pure polymer, Fig. 6(B) depicts the
porous and cauliflower structure of a typical conducting poly-
mer. In Fig. 6(A-C), it can be observed that the poly(BIPN) and
f-MWCNT films reveal a morphology composed of uniform
surface due to the good interaction between nanotubes and
polymer's functional groups. This structural difference may
explain different electrochemical behaviors of poly(BIPN) and
f-MWCNT/poly(BIPN). As shown in Fig. 6(C) the deposited poly-
(BIPN) is mostly wrapped around the f-MWCNTs. This fact leads
to a higher conductivity and improved electrochemical proper-
ties for the films. The polymer and carbon nanotubes uniformly
cover the electrode surface and provide porosity and a network.
Such a surface design acts as a perfect layer for enzyme
immobilization which is also supported by the amperometric
results. Enzyme molecules are well-adhered on the coated
electrode surface with the help of covalent binding due to the
functional groups. In Fig. 6(D), after immobilization of AOx
onto the modified electrode, the morphology of the surface
changed drastically. This change can be related to the interac-
tion between the functional groups of conducting polymer/
nanotubes and protein molecules. In addition to this,
comprehension of enzyme molecules through the structure of
nanotubes may form electrostatic interactions between the
enzyme and poly(BIPN). This clearly shows that the enzyme was
well-organized onto the modified surface.

3.3.2 X-ray photoelectron spectroscopy (XPS) studies.
Using X-ray photoelectron spectroscopy, carboxylic acid func-
tionalization of MWCNTs and preparation of biolayer on the
electrode surface were monitored (Fig. 7(a—f)). All samples were
degassed before each analysis. XPS data recorded for each
sample were used to determine the specific binding energies via
a fitting program. Fig. 7(a) and (b) depict the C1s spectra of
MWCNT and f-MWCNT which could be resolved into several
characteristic peaks. In addition to the peak at 284.8 eV repre-
senting unmodified carbon (C-C/C=C), the peaks at 286.4 and
288.7 eV are attributed to C-O/C=0 and O=C-OH confirming
the functionalization and introduction of the COOH substit-
uent.’® The peaks at 285.3 and 286.4 eV for unmodified MWCNT
(which was used as-received in XPS studies) can be related to
sp*>-hybridized carbon atoms and structural defects on the
nanotube structure®*' and atmospheric oxidation or remaining
oxides arising from the purification process of MWCNTs. These
results are also coherent with the FTIR results.*® Moreover, the
polymerization and immobilization were also confirmed via
XPS studies using the C1s spectrum (Fig. 7(c)). In the C1s
spectrum of conducting polymer, the peak at 284.3 eV can be
attributed to aromatic carbons in the structure of polymer
backbone and benzene unit and C-S in thiophene units.** The
peaks at 285.6 and 287.8 eV belong to C-N in benzimidazole and
C-N bond of nitrobenzene group, and C=N in benzimidazole
ring, respectively.**** XPS of the f-MWCNT containing con-
ducting polymer coated surface was also performed. Due to the
presence of -MWCNT aromatic units in the polymer, the peak
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at 284.0 eV is attributed to C-C/C=C. 285.4 eV shows the C-N
bond. 287.0 eV indicates the benzimidazole unit and nitro-
benzene presence as well as C=0 bond in the f-MWCNT
structure. In addition, a peak at 288.1 eV belongs to the O=C-
OH substituent which confirms the presence of f-MWCNTSs
within the polymeric structure (Fig. 7(d)).

Successful immobilization of alcohol oxidase and covalent
binding were confirmed via XPS results. In the C1s spectrum of
the enzyme immobilized f-MWCNT/conducting polymer coated
electrode surface, the increase in intensity of the peak at 285.2
eV shows the presence of C-N bond, imidazole, nitrobenzene
and MWCNT.*** The peak at 287.1 eV is attributed to the O=C-
N bond which confirms the covalent immobilization via amide
bond formation between carboxylic acid groups of the f-
MWCNT and amino groups of the enzyme molecules.* Besides,
the increase in the signal at 288.2 eV confirms the presence of
carboxylic acids due to f-MWCNT and protein molecules.

3.3.3 Fourier transform infrared (FTIR) studies. FTIR
spectra of pristine MWCNT, functionalized MWCNT, poly-
(BIPN) and poly(BIPN) with - MWCNT are represented in Fig. 8.
In pristine MWCNTs, the characteristic peak of C=C vibration
was observed at 1560 cm ™" (Fig. 8(a)).>* After functionalization
of MWCNTs, three new peaks appeared at 3440 cm ',
1730 cm ™" and 1400 cm ™" referring to O-H stretching, C=0
stretching and O-H bending vibrations, respectively
(Fig. 8(b)).* This result clearly shows that the -COOH group was
successfully obtained on the surface of MWCNTSs. Fig. 8(c)
shows the spectrum of electropolymerized poly(BIPN). The peak
at 3392 cm ' indicates the characteristic N-H stretching of
imidazole moiety. Another observation related to the aromatic
imidazole ring is the C-N stretching peak at 1402 cm™'.>* The
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——MWONT-COOIl

2
75 e i T
£ w— pristine MWCNT
e {-MWCNT
: L0 400 0 0 o WIY(BIPN)
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Fig. 8 FTIR spectra of (a) pristine MWCNT, (b) f-MWCNT, (c) poly-
(BIPN) and (d) poly(BIPN)/f~-MWCNT (1300-1800 cm™* interval for
pristine MWCNT and f-MWCNT given as the inset).
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Fig. 9 Calibration curve for ethanol (in 50 mM phosphate buffer, pH
7.0,25°C, —0.7 V). Error bars show the standard deviation (SD) of three
measurements.

symmetrical stretching vibrations of nitro group are assigned to
the peaks at 1379 cm™' and 1344 cm™'.>* The C-H bending
vibrations are summarized as 1143 cm ', 1111 cm™' and
1086 cm ' in-plane, 856 cm ' and 798 cm ' out of plane
(Fig. 8(c)).>* The structure of BIPN was also characterized by 1H
NMR spectroscopy. In Fig. §(d) O-H and N-H bending for f-
MWCNTs and poly(BIPN) overlapped and represented as a
broad peak at 3414 cm™". The C=0 stretching peak was shifted
from 1730 cm ' to 1697 cm ' as a result of the hydrogen
bonding formation between -COOH and -NO, groups due to
the presence of poly(BIPN) (Fig. 8(d)).*

3.4 Analytical properties, repeatability and storage
stabilities of the ethanol biosensor

After all optimizations, biosensor responses for different
amounts of ethanol were recorded to construct a calibration
curve (Fig. 9). The limit of detection (LOD) was calculated as
0.17 uM based on S/N = 3. Some characteristic parameters
including kinetic parameters (K3;?, Imax) and sensitivity were
calculated as 16.949 mM, 3.31 pA and 476 pA mM ' cm >
respectively. A perfect linearity was obtained between 0.855 mM
and 11.97 mM ethanol in 50 mM sodium phosphate pH
7.0 buffer as given in Fig. 9. SD and the RSD were calculated as
0.067 and 2.38%, respectively. K3fP and I, values were calcu-
lated from the Lineweaver-Burk plot. A low K3fP value is an
indication of higher substrate affinity. Hence, with the help of
the modified layer, immobilized enzyme molecules exhibit
higher affinity toward ethanol. Moreover, the K3tP value for the
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poly(BIPN)/f-MWCNT/AOx biosensor is extremely smaller than
the ones reported in earlier studies (Table 1). This shows the
effectiveness and success of the immobilization matrix, sensi-
tivity of the biosensor and applicability in other operations. In
recent years, several studies related to conducting polymer and
carbon nanotube based ethanol biosensors were investigated in
the literature and are summarized in Table 1.

Over the past few years, various approaches on carbon
nanotubes, especially the functionalized ones, have been
developed in order to improve the communication between the
active site and electrode. Moreover, carbon nanotube based
biosensors exhibit higher sensitivity, better stability and espe-
cially a broad linear response range. For example, a polyaniline/
carboxy functionalized MWCNT nanocomposite was developed
as an interesting biosensor.” Functionalized carbon nanotubes
were mixed with chemically polymerized polyaniline, stirred
and filtered to get the composition. Then the composition was
mixed with the HRP enzyme and transferred to the Au electrode
surface. It was proved that the linear range was expanded from
26-8000 UM to 886 uM to 10 mM with the help of both carbon
nanotubes and conducting polymer.” Liu et al. demonstrated
that the bio-composite film constructed via the layer by layer
technique containing MWCNT, chitosan and PAMAM nano-
composite could be used as dopamine and uric acid sensor with
improved sensitivity and very extensive linear range.** An
amperometric lactate biosensor based on conducting polymer
and MWCNT composite on a gold electrode was reported by
Rahman et al.*> Results of this biosensor proved that sensitivity,
stability as well as reproducibility had been improved signifi-
cantly via using MWCNTs. With this information, the use of
nanotubes for the construction of biosensors has been very
promising to obtain fast response and an efficient biosensor.
Also in our case the use of -MWCNTs improved the perfor-
mance of biosensors as well as lowered the detection limit
compared to the pristine poly(BIPN) biosensor.

There are multistep applications of similar methods for the
preparation of CNT containing surfaces in the literature.**** To
the best of our knowledge, one step preparation of MWCNTSs
and conducting polymer composite biolayer is rare in the
literature.**"*® Hereby, a novel monomer for conducting polymer
was synthesized and applied for the formation of a composite
layer with MWCNT. The combination of a novel conducting
polymer of BIPN with functionalized MWCNTs is not explored
for the detection of ethanol. The novel monomer is dissolved in
organic solvents; nevertheless, the system works well. The one
step procedure is easy to apply, simple, effective and homoge-
neous. Moreover, the preparation of alcohol biosensors with

Table 1 Comparison of biosensors, using the same technique, examples from the literature involving ethanol biosensors. (NR: not reported.)

Immobilization matrix Linear range Sensitivity Ref.
Carbon paste matrix/AOx-HRP-osmium 250-2000 uM NR 36
MWCNT-Nafion/Aox/Au electrode 8.0-42 UM 3.0 pAmM ! 37
Hydrogel/AOx/platinum electrode 0.02-3.75 mM 10.6 nA mM " 38
Chitosan/AOx-eggshell membrane 60-800 UM NR 39
Poly(neutral red) (PNR)/carbon film electrode 0-1.0 mM 171.8 nAmM ™" 40

f-MWCNT/poly(BIPN)/AOx

This journal is © The Royal Society of Chemistry 2014
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Table 2 Substrate selectivity of the biosensor (amperometric
response of methanol accepted as 100%)

Substrate Activity (%)
Ethanol 97
Methanol 100
2-Propanol 32
tert-Butanol 2

this method brings novelty and improved results with the help
of effective surface design and modification.

To determine substrate selectivity of the biosensor, 8.56 mM
of various substrates such as ethanol, methanol, 2-propanol
and tert-butanol were tested. The results indicated that the
biosensor responded to primary aliphatic alcohols, and the
maximum responses were obtained for ethanol (Table 2).
Compared with the primary aliphatic alcohols, the biosensor
response decreased with an increasing chain length. The
decrease can be attributed to steric effects of branched alcohols
which make it hard to reach the biosensor surface. Hence,
the proposed biosensor was very suitable for ethanol
determination.*

The lifetime of the modified electrode was determined by
measuring the amperometric response for 30 days. During the
experiments, an activity loss of 2% was observed on the 30th
day. This result is the superior for the construction of a long-life
biosensor. The biosensor was kept at +4 °C when not in use.

In addition, investigation of the effects of various materials
as interferents was carried out with the proposed biosensor.
Possible interferents like ascorbic acid, cholesterol, glucose and
urea (between 1 mM and 10 mM) were studied as the substrate
in a reaction cell containing 50 mM, pH 7.0 phosphate buffer
solution. Amperometric measurements were done under opti-
mized working conditions by applying —0.7 V where no inter-
ference effect was detected.

During the enzymatic reactions, oxygen consumption can be
determined at —0.7 V. When a potential of —0.7 V is applied to
the cathode, a current proportional to the oxygen content is
generated. During the catalytic reactions of oxidase enzymes,
oxygen is consumed. Hence this proposed biosensor can be
used in various applications even in the presence of such
interferents in the analyte.

3.5 Sample application

To investigate the performance and reliability of the con-
structed biosensor, it was tested for various beverages. Real

Table 3 Ethanol detection in various samples

Label Poly(BIPN)/f-MWCNT/  Relative
Sample value (%) AOX (%) error (%)
Y Brand Raki 40.0 39.9 0.25
J Brand Whiskey 40.0 43.0 7.50
B Brand Wine 21.0 21.3 1.43
S Brand Liquor 20.0 22.1 10.5

520 | J Mater. Chem. B, 2014, 2, 511-521

View Article Online

Paper

samples with no dilution were analyzed with f-MWCNT/poly-
(BIPN)/AOx biosensor (Table 3). The experiments were carried
out at optimum conditions. Traditional conventional methods
are often slower and with high cost which utilize undesirable
routine analysis whereas this proposed biosensor has the
advantages such as simple measurement procedure, easy
fabrication and efficient sensitivity and selectivity. Thus,
construction of this enzyme based amperometric biosensor has
an importance for the detection of ethanol samples. Results
prove that there exists no significant difference between the two
methods showing the reliability and accuracy of the biosensor.
Hence, our system enables us to determine ethanol with an
acceptable accuracy and rapid analysis.

4. Conclusions

In this study, a novel conducting polymer was used for the
construction of ethanol biosensors. The surface modifications
of the proposed biosensor provide a perfect immobilization
matrix for the alcohol oxidase enzyme. The fabricated biosensor
exhibits excellent kinetic parameters such as KytP, Iinax, low LOD
and high stability. The combination of the CPs and nanotubes
serves as a proper immobilizing platform for biomolecules and
preserves enzyme activity for a long period. For the proper
enzyme immobilization, it is known that the immobilization
matrix has to preserve the stability and biological activities
besides its orientation on the electrode surface. Moreover, it
was successfully applied to the alcoholic samples with satis-
factory results.
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