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Electropolymerization of brilliant cresyl blue (BCB) in ethaline deep eutectic solvent (DES) has been
carried out. Poly(brilliant cresyl blue) (PBCB) films were formed by electrodeposition on carbon nanotube
modified glassy carbon electrodes by potential cycling in ethaline (choline chloride + ethylene glycol)
with the addition of different ionic species i.e. NO3, S03~, CI-, Cl0z. The novel nanocomposite films were
characterized by scanning electron microscopy, cyclic voltammetry and electrochemical impedance
spectroscopy. The composition of the polymerization solution had a large influence on the morphology
as well as on the electrochemical behaviour of the electrodeposited films. The effect of scan rate on BCB
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D?;‘;/Oerutsectic solvent polymerization was also investigated and the PBCB film synthesized at 150 mVs~! in ethaline + NO3
Ethaline presented a superior electrochemical performance. The PBCBgthaline-HNO3/MWCNT and PBCBaqueous/

MWCNT nanocomposite films were used as electrode support for the enzymes glucose oxidase and
tyrosinase for the biosensing of glucose and catechol, respectively and were more sensitive than the PBCB
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based electrodes prepared in aqueous solution.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Conducting polymers have remarkable electronic, optical, elec-
trochromic, electroluminescent, chemosensitive, and conductivity
properties, being applicable in different research fields such as solar
cells, batteries, electrochemical sensors and biosensors [1-3].
However, when used as substrates for enzyme immobilization in
biosensing applications the results are not always so promising due
to the low catalytic current obtained [4,5]. This can be overcome by
choosing a suitable monomer capable of forming a polymeric
conducting film which itself has redox properties and is biocom-
patible. Azine dye polymer films can address this problem through
their ability to act as electron donors/acceptors in enzyme re-
actions, promoting long-term stability and catalytic efficiency [6,7].
Brilliant cresyl blue (BCB) is a cationic quinine-amine phenazine
dye with a planar rigid structure, the corresponding polymer hav-
ing promising properties as a redox conducting polymer with good
electrocatalytic properties, fast rate of charge transfer, and ion
transport, and can be synthesized by electrochemical

* Corresponding author.
E-mail address: cbrett@ci.uc.pt (C.M.A. Brett).

https://doi.org/10.1016/j.electacta.2019.06.003
0013-4686/© 2019 Elsevier Ltd. All rights reserved.

polymerization [4,8]. Recently, PBCB-modified electrodes prepared
by polymerization in aqueous solution have been reported
[4,6,7,9—11].

Despite the excellent properties mentioned above, polymer dye
films electrogenerated in aqueous solution can result in an unstable
material, which can detach from the electrode to the solution and
compromise sensor response. lonic liquids (ILs) have been suc-
cessfully used as solvents for radical polymerization, enhancing
polymerization rates and leading to the formation of higher mo-
lecular weight and more stable polymers than those formed in
aqueous electrolytes. This has been attributed to a reduction in
activation energy for polymerization and the formation of a sol-
vation sphere around propagating radicals, creating “protected
radicals”, thus increasing the polymerization rate and mass of the
material electrodeposited [12,13]. Deep eutectic solvents (DES),
have emerged as another alternative medium for polymer syn-
thesis due to the formation of a material with controlled nano-
structure [14]. A DES is defined as a binary mixture of at least two
components, a hydrogen bond acceptor (HBA) and a hydrogen bond
donor (HBD) with a composition corresponding to the eutectic
point [15]. DES have properties in common with ILs, such as a large
working temperature range, good chemical stability and wide
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electrochemical window that is important for polymer electro-
synthesis, which often requires a high potential for radical gener-
ation. Additionally, compared to ILs, DES have easier preparation at
lower cost, do not require exhausting steps of preparation and/or
purification and are normally biodegradable [16—18].

The combination of multiwalled carbon nanotubes (MWCNT)
with polymers is beneficial for sensor applications, since this
combination normally leads to an improved performance sensing
device, because of their complementary electrical and catalytic
properties [19], as well as a significant increase in active surface
area upon electrode modification by MWCNT.

The present work focuses on the development and character-
ization of a novel electrode architecture based on the redox poly-
mer PBCB electrodeposited in ethaline DES on a MWCNT-modified
glassy carbon electrode and its evaluation for biosensing applica-
tions. In order to increase the ionic strength of the solution of BCB
in ethaline during BCB polymerization, the influence of adding
small quantities of different acids (HNOs, H,SO4, HCI, and HCIO4)
was tested. The best conditions were chosen for PBCBethaline/
MWCNT nanocomposite film fabrication and comparison made
with PBCB films formed in aqueous solution. Scanning electron
microscopy (SEM) was used to examine the influence of the elec-
trolyte composition on the morphology of the nanocomposite
films. Cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS), and differential pulse voltammetry (DPV) were
employed to evaluate the electrochemical behaviour of the nano-
composite films. Finally, the nanocomposite-modified electrode
with the best sensing properties was evaluated for biosensing ap-
plications using two model enzymes: glucose oxidase and
tyrosinase.

2. Experimental
2.1. Reagents and solutions

The reagents were all analytical grade and were used as
received. Tyrosinase (Tyr, from mushroom, activity 2687 Umg~,
CAS number: 9002-10-2), glucose oxidase (GOx, from Aspergillus
niger, type X—S, activity 250 Umg~!, CAS number: 9001-37-0),
bovine serum albumin (BSA), 98%, glutaraldehyde (GA)(25% v/v in
water), choline chloride, chitosan from crab shells, minimum 85%
deacetylated, ethylene glycol, nitric acid (65%), sulfuric acid (98%),
hydrochloric acid (37%), acetic acid (99.99%), and perchloric acid
(70%) were acquired from Sigma-Aldrich, Germany. Brilliant cresyl
blue was purchased from Fluka, Switzerland. Multiwalled carbon
nanotubes (MWCNT) with ~95% purity, 30 + 10 nm diameter, and
1-5 pum length were from Nanolab, U.S.A. Britton-Robinson (BR)
buffer supporting electrolyte was made by mixing phosphoric acid,
acetic acid and boric acid (all solutions of 0.040 M concentration)
and adjusting the pH with 0.5 M sodium hydroxide and used for
polymer film characterizations. The phosphate buffer (PB) solution,
pH 7.0, was prepared by mixing NaH,PO4 and Na,HPO4-2H,0 in the
appropriate proportion and used as supporting electrolyte for
biosensor evaluation. Millipore Milli-Q nanopure water (re-
sistivity > 18 MQ cm) was used for the preparation of all solutions.
All experiments were performed at room temperature (25 + 1 °C).

2.2. Instrumentation

Voltammetric experiments were performed with an Ivium
CompactStat potentiostat (version 2.024, Ivium Technologies,
Netherlands) using a conventional three electrodes cell consisting
of a glassy carbon electrode (GCE) (geometric area 0.00785 cm?) or
GCE modified as working electrode, a platinum wire as counter
electrode and an Ag/AgCl (3 M KCl) electrode was used as reference.

Electrochemical impedance measurements were carried out with a
Solartron 1250 Frequency Response Analyser coupled to a Solartron
1286 electrochemical interface using ZPlot 2.4 software (Solartron
Analytical, UK). A sinusoidal voltage perturbation of amplitude
10 mV rms was applied in the frequency range between 65 kHz and
0.1 Hz with 10 frequency steps per decade. Equivalent circuit fitting
was done with ZView 3.2 software (Scribner Associates, USA). A
scanning electron microscope (SEM) (JEOL, JSM-5310, Japan) was
used to characterize the morphology of the nanostructured nano-
composites on carbon film electrodes. The pH measurements were
carried out with a CRISON 2001 micropH-meter (Crison In-
struments SA, Barcelona, Spain) at room temperature.

2.3. Functionalization of the multiwalled-carbon nanotubes
(MWCNT) and electrode preparation

Because of the hydrophobic nature of the MWCNT and the
presence of metallic impurities obtained from the process of syn-
thesis, its functionalization and purification are necessary before
use as a modifier. The procedure described in Ref. [20] was fol-
lowed. First, an appropriate amount of MWCNT in a 5 M nitric acid
aqueous solution was stirred for 24 h, in order to create defects,
more edge sites and ensure a better dispersion of the carbon
nanotubes by the creation of carboxylic groups. The latter refers to
the creation of terminal carbons in the shortening of nanotubes,
which upon oxidation are converted into carboxyl groups. After-
wards, the functionalized MWCNT were rinsed with Milli-Q water
on a Millipore filter paper (0.3 um) until a neutral pH was reached,
then were collected and dried at 80 °C overnight.

In order to ensure a stabilized and adherent MWCNT layer on
the electrode surface, a dispersion of MWCNT in chitosan solution
was prepared. Chitosan possesses reactive amino and hydroxyl
groups, the positive amino group ensures electrostatic interaction
with negative carboxyl groups of the carbon nanotubes, leading to a
robust structure. Furthermore, chitosan has a high permeation to
water and ions, good mechanical strength, high film-forming
ability and is an excellent matrix for biomolecule immobilization.
It has been used in enzyme biosensors as binding molecule due to
the electrostatic interaction between its negative hydroxyl and
positive charges of the amino groups in enzymes [21]. A 1.0% w/v
MWCNT-chitosan solution was prepared by weighing 1 mg of dried
MWCNT followed by dispersion in 100 puL of 1.0% w/v chitosan so-
lution, previously dissolved in 1.0% v/v acetic acid solution. The
mixture was then sonicated for 2h to obtain a homogeneous
solution.

Before modification with carbon nanotubes, the bare GCE was
polished with diamond spray (Kemet, UK) with 6 um, 3 um, and
finally 1 pm particle size. Then it was rinsed with Milli-Q water and
sonicated to guarantee the removal of adherent solid particles.
After the cleaning step, the MWCNT/GCE was prepared by casting
2 uL of the previously prepared dispersion of MWCNT-chitosan on
the GCE and drying at room temperature.

2.4. BCB polymerization

Ethaline melt was prepared by mixing choline chloride and
ethylene glycol in a 1:2 ratio. The solid choline chloride was pre-
heated at 80 °C to evaporate the excess of water followed by the
addition of ethylene glycol. The mixture was then stirred and
heated up to 100 °C until a homogenous and colourless solution of
ethaline was formed. After cooling down to room temperature, this
was used for the preparation of BCB polymerization solutions. In
pure ethaline, BCB electropolymerization was not effective, since
there is no appearance of polymer current peaks. DES by itself has a
low conductivity that can be made higher by increasing the ionic
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strength of the solution that also increases the rate of diffusion of
species. This can be achieved by the addition of small amounts of
different acids to DES. First, a solution of 0.1 mM BCB in 10 mL
ethaline was prepared, to which a small volume (less than 100 pL)
of different concentrated acids (HNO3, H,SO4, HCI, and HCIO4) was
added, to obtain a final concentration of 0.5 M of acid. PBCB was
potentiodynamically electrodeposited on MWCNT/GCE by cycling
during 30 scans in the potential range from —0.6 to +1.0 V at scan
rates in the range from 50 to 200 mV s~ .. For comparison, PBCB was
also prepared in an aqueous solution containing: 0.1 mM
BCB +0.1 M KNOs + 0.1 M PB (pH 7.0) at a scan rate of 50 mV s~ ! as
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optimized in Ref. [4]. Polymerization of BCB in aqueous acidic
media only occurred to a very small extent.

2.5. Biosensor preparation

In order to assess the biosensing properties of the MWCNT/GCE
modified with PBCBethaline films, PBCBaqueous films, and bare GCE,
two enzymes, glucose oxidase (GOx) and tyrosinase (Tyr) were
immobilized for the detection of glucose and catechol, respectively.
For enzyme solution preparation, 2.0% w/v of GOx or Tyr was dis-
solved in 100 pL of 0.1 M PB solution (pH 7.0) containing BSA (2.0%
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Fig. 1. Potential cycling electrodeposition of PBCB on MWCNT/GCE at scan rate 50 mV s~' from a solution containing 0.1 M BCB in: (A) ethaline + 0.5 M H,SO4; (B) ethaline + 0.5 M
HNOs; (C) ethaline + 0.5 M HCI; (D) ethaline + 0.5 M HCIOy; (E) 0.1 M KNO; + 0.1 M PB (pH 7.0).
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w/v). For enzyme immobilization, 1uL of the corresponding
enzyme/BSA solution, mixed with 1 pL of GA (2.5% v/v) as cross-
linking agent, was cast on the bare or modified electrodes and then
left to react at room temperature during 1h. After drying, the
biosensors were immersed in PB solution (pH 7.0) for at least 2h
before use.

3. Results and discussion

3.1. Influence of the composition of the polymerization solution on
PBCB film growth

Electrodeposition by potential cycling can be influenced by
factors that include the composition of the supporting electrolyte,
pH, monomer concentration, temperature, applied potential, scan
rate, etc. Fig. 1A—E shows CVs for the electropolymerization of BCB
on MWCNT/GCE from an ethaline-acid solution containing
different acids as anion sources, H;SO4, HNO3, HCI, HClIO4 and, for
comparison, in 0.1 M PB (pH 7.0) + 0.1 M KNO3 aqueous solution, at
a scan rate of 50mVs~ .. BCB species oxidise at high potentials
(=+0.80V)and it has been proposed that the amino group oxidises
to form a cation radical. The cation radicals are cross-linked by
electropolymerization via a C—N coupling reaction forming stable
PBCB [6,22]. Thus, in this work, the potential range was from - 0.6 V
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to +1.0 V vs. Ag/AgCl. In all polymerization media, the CV show an
increase of the peak currents with increasing number of cycles
indicating nucleation and growth processes [23].

For CV of PBCB electrodeposited on MWCNT/GCE in ethaline-
acid, Fig. 1A—D, three redox couples marked as I/, II3/1lc and I,/
Il appear. The I,/I. couple is assigned to the oxidation/reduction of
the monomer units trapped in the polymer film and the other redox
pairs are due to alternating oxidized and reduced repeat units in
the polymer structure. The unpaired electrons can be localized at
either the nitrogen atom or the other carbon atoms in the benzene
ring. The cation radicals are more concentrated near the electrode
surface; their diffusion rate is high, they may find a neutral
monomer to react with or, more likely, they react with other rad-
icals forming dimers and trimers. This new structure can undergo
deprotonation and form intermediate polymerization products
[24].

For BCB electropolymerised in aqueous solution, Fig. 1E, only
two redox peaks are seen, I/l and Il /Ilc; the redox peaks I,/I¢
continuously decrease with the number of cycles while II/Il¢ in-
creases and there is no formation of intermediates. Interestingly,
the redox peaks of PBCB electrodeposited on MWCNT/GCE from
ethaline-acidic media (pH 2.0) are at more positive potentials than
those of PBCB electrodeposited in aqueous solution (pH 7.0). This
means that the redox process is directly related with protons being
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Fig. 2. Potential cycling electrodeposition of PBCB on MWCNT/GCE from a solution of 0.1 M BCB in ethaline +0.5 M HNOs at different scan rates: (A) 50; (B) 100; (C) 150; (D)

200mvVs'.
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released into the solution from the polymer during its oxidation,
and vice versa for reduction. This behaviour has also been found for
other poly (azines) e.g., poly(methylene blue), poly(brilliant green),
Poly(Nile blue), and polyaniline [11,25,26].

The mechanism of electropolymerization of BCB on MWCNT has
been reported elsewhere in the literature [1,6,7]. The sidewall
curvature of MWCNT, the -1 conjugative structure and highly
hydrophobic surface, allow them to interact with BCB monomer,
through -7 interactions and/or hydrophobic interactions. Elec-
trostatic interactions can also occur at sufficiently high pH, due to
carboxylate groups at the defects and extremities of the function-
alized MWCNT attracting the positively charged amino groups of
BCB. In the acidic polymerization media used here, the former
mechanism will take place.

The formal potential (E® = (Epa + Epc)[2) of the monomer units
within the polymer film structure was calculated from the redox
couple I,/I¢, in the CVs obtained at 50 mV s~! scan rate. The formal
potential was calculated for the 1st cycle and 30th cycle, and the
values were, vs. Ag/AgCl:

PBCBEthaline-H2S04/MWCNT/GCE: E% =0.24 V and E% = 0.26 V;
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Fig. 3. (A) CVs of PBCBgthaline-acia modified MWCNT/GCE in 0.1 M BR buffer solution
(pH 7.0) at 50mVs~'; (B) CVs of PBCBEhaiine-HNO3 modified MWCNT/GCE, for PBCB
films formed at different scan rates: from 50 to 200 mV s~' in 0.1 M BR buffer solution
(pH 7.0) at 50mVs~.

PBCBEthaline-HCl/MWCNT/GCE: E% =0.25V and E%3 = 0.27 V;
PBCBEthaline-HNO3/MWCNT/GCE: E®; =0.25V and E%3 = 0.27 V;
PBCBEthatine-HClO4/MWCNT/GCE: E% =0.15V and E%=0.16V;
PBCBaqueous/MWCNT/GCE: E% = - 0.084V and E% =- 0.073 V.

Only very small differences in the values of the formal potential
of PBCB electrodeposited in the presence of ethaline with different
acids are seen, except for HClO4. The large difference in the formal
potentials for PBCB electrodeposited from aqueous solution
compared with PBCB electrodeposited from ethaline is due to the
higher pH. Very little change in the E° values occurs during polymer
growth.

The polymer growth rate expressed as the ratio between the
oxidation peak current in the thirtieth and in the first cycle I330/Ia1
was calculated. For PBCBEgthaline-H2S04/MWCNT/GCE is 10.0, for
PBCBgthaline-HCI/MWCNT/GCE  is 7.3, for PBCBgthaline-HNO3/
MWCNT/GCE is 11.7, for PBCBghaline-HClIO4/MWCNT/GCE is 3.2 and
for PBCBaqueous/MWCNT/GCE, is 3.9. From this point of view, HNO3
is the best acid dopant, closely followed by H,SO4. It was previously
observed [4,27] that NO3 acts as a polymerization accelerator and it
can also serve as a shielding agent since it neutralizes the positive
charge of BCB molecules. On the other hand, some other anions
(Cl0z, BFz) are known to form tight ionic pairs with BCBT,
precipitating the BCB monomer and/or produce polymer films with
an irregular nanostructure [4,27], see Fig. 5F.

3.2. Influence of the scan rate on PBCB film growth

The influence of scan rate on BCB electropolymerization in the
range 50—200 mV s~ 'was investigated in ethaline + HNOj3 solution
since, in this medium, PBCB exhibited the best growth profile,
Fig. 2A—D. The peak currents corresponding to the polymer redox
processes increased with increase of scan rate from 50 to
150 mV s, but decreased at 200 mV s~ '; this is in agreement with
previous observations for poly(methylene blue) in Ref. [28]. This
behaviour may be explained as follows. The scan rate during
polymerization influences the mass transport of the monomer from
the solution to the electrode, as does the viscosity of the solution. In
viscous solutions ion movement is more difficult, but an increase in
scan rate will increase diffusion of the monomer in the solution
towards the electrode surface owing to the concentration gradient
created by its oxidation. However, at higher scan rates, the mono-
mer cannot be replenished at the electrode surface sufficiently fast,
due to the high viscosity, so that a decrease in monomer oxidation
current will be observed. This will limit polymer growth and the
effect is already seen at 200 mV s~ ! scan rate. The formal potential
is not influenced by the scan rate, being E%; =0.25 +0.02V and
E%0=0.27 +0.02 V. The polymerization growth rate for different
scan rates (cycle 30 divided by cycle 1 peak current) was calculated
as 11.7, 11.9, 12.5 and 6.4 for 50, 100, 150 and 200 mV s~ !, respec-
tively. Thus, among the scan rates investigated for polymer growth,
the best was 150 mV s~!, in agreement with results in Ref. [28].

3.3. Electrochemical properties of the nanocomposite films

3.3.1. Cyclic voltammetry

In order to evaluate the electrochemical behaviour of PBCB on
MWCNT with a view to applications, CVs of the modified electrodes
were recorded in 0.1 M BR buffer solution (pH 7.0) at a potential
scan rate of 50 mV s~ Fig. 3A displays CVs of the PBCB/MWCNT
nanocomposite films formed in the various media described in the
previous sections. The CV profiles of PBCB electrodeposited in
ethaline containing different acids show the same two redox cou-
ples, a less well-defined I,/I. attributed to entrapped BCB monomer
and a well-defined II,/II; corresponding to the polymer film, while
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PBCB electrodeposited in aqueous solution presents just one redox
couple I,/I. shifted to more negative potentials; the same tendency
was also verified during electropolymerization. The CVs clearly
evidence that PBCB films obtained in ethaline containing different
acids have higher peak currents, which may be attributed to a
greater amount of polymer electrodeposited than that of PBCB
formed in aqueous solution. The peak-to-peak separation

(AEp = Epa - Epc) was calculated to be 0.08 V in aqueous solution and
~0.13V in ethaline-acid media. The surface coverage (I') of the
nanocomposites was estimated using the equation [29]:

= /nFA (1)

where T is the surface concentration (mol cm~2), is the charge(C)

Fig. 5. SEM micrographs on carbon film electrodes of (A) Multiwalled-carbon nanotubes (MWCNT); (B) PBCByqueous/MWCNT nanocomposite film; (C) PBCBghatine-HNO3/MWCNT
nanocomposite film; (D) PBCBg¢haline-H2504/MWCNT nanocomposite film; (E) PBCBgpajine-HCI/MWCNT nanocomposite film; (F) PBCBgpajine-HClIO4/MWCNT nanocomposite film.
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obtained by integrating the corresponding area of the cathodic
peak II; after baseline correction, n (=2) is the number of electrons
transferred (calculated in Section 3.5), F is the Faraday constant
(96485 Cmol~!) and A is the electrode geometric surface area
(0.00785 cm?). The calculated order of increasing I' values was
931x107% < 104x107 < 193x1077 < 231x107 <
4.27 x 107 mol cm 2, for PBCB,queous/MWCNT, PBCBEthaline-HClO4/
MWOCNT, PBCBghajine-HClI/MWOCNT, PBCBEhaline-H2S04/MWCNT and
PBCBEthaline-HNO3/MWCNT modified GCE, respectively. The order
of these values is in agreement with what is observed in Fig. 1, in
which the BCB polymerized in ethaline containing NO3 presented
the highest increase in current during polymerization. Fig. 3B
shows CVs for PBCBgthaline-HClO4/MWCNT/GCE with PBCB elec-
trodeposited at different scan rates from 50 to 200 mVs~". As ex-
pected, the peak currents increased with increase of
electropolymerization scan rate up to 150mVs~!, where the
highest peak current was achieved, decreasing for 200 mV s~

The values of AE, for PBCBgthaline-HNO3 films were 0.133V,
0.113V,0.102 V and 0.110 V for films electrodeposited at 50,100, 150
and 200 mV s~ . Mirroring the trend in polymer film growth, the
AE,, values decrease with increasing scan rate up to 150 mV s~ L The
surface coverage (n was estimated to be
427 x 1077 <4.84 x 1077 <5.74 x 1077 > 5.05 x 10~ mol cm 2, for
PBCBghaline-HNO3 electrodeposited at 50, 100, 150 and 200 mV's~,
respectively. Therefore, the electropolymerization of BCB in etha-
line containing NO3 at 150 mV s~ ! scan rate led to the formation of
polymer/MWCNT structures with the best electrochemical
properties.

3.3.2. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was used to examine
the interfacial properties of the PBCB films electrodeposited under
different experimental conditions. The measurements were carried
out at an applied potential of - 0.10 V vs. Ag/AgCl, chosen from cyclic
voltammograms recorded at the modified electrodes, Fig. 3A, cor-
responding to the approximate formal potential value for oxida-
tion/reduction of the polymer, peaks Il /lIlc. BR buffer solution
(0.10 M, pH 7.0) was used as supporting electrolyte, the same as for
characterization by cyclic voltammetry.

In all cases, the spectra obtained present three regions: a semi-
circular part at high frequencies corresponding to the electron
transfer processes and two linear parts at medium and lower fre-
quencies corresponding to diffusional and charge separation phe-
nomena, respectively. The spectra in the low-frequency region are
very similar for all types of modified electrode, the main differences
only appearing in the high-frequency region.

Complex plane impedance spectra are illustrated in Fig. 4A, for
PBCB polymer films obtained from ethaline + different acids
(H2SO4, HNOs3, HCl and HClO4) and from aqueous solution

(PB+KNOs3), and Fig. 4B are spectra of PBCB films obtained at
different scan rates (50,100, 150 and 200 mV s~ !). The spectra were
all fitted to the electrical circuit depicted in Fig. 4C. The circuit
comprises a cell resistance, Rq, in series with a parallel combination
of a resistance R; and CPE; which is modelled as non-ideal capac-
itor expressed by CPE = 1/(iwC)* where C is the capacitance,  is
the frequency in rad s—! and the exponent, 0.5 < o < 1, reflects the
surface non-uniformity and roughness of the modified electrodes,
o= 1 corresponding to a perfect uniform and smooth surface [30].
The constant phase element (CPE;) and the resistance (R;) are
associated with the processes which occur at the electrode/modi-
fier interface at high frequencies. The intermediate frequency re-
gion is modelled by a mass transport finite-diffusion Warburg
element Zy. The Warburg element, Z, results from the equation:
Zw = Rpcth [tiw)*] X [tiw)*], where a < 0.5, and is characterized by a
diffusional time constant (7), a diffusional pseudocapacitance (Cp)
and a diffusional resistance (Rp = t/Cp) [30]. For low frequencies a
second constant phase element was used, CPE;, corresponding to
the charge separation at the modifier film/solution interface and
within the film. Values of the circuit parameters obtained by fitting
the spectra are presented in Table 1.

The charge separation processes occurring at the electrode/
modifier interface are influenced by the nanocomposite structures,
reflected by the different values of CPE; obtained. For all PBCB
polymer films prepared in ethaline, there is a decrease in Ry values
accompanied by an increase in Cj, attributed to greater charge
separation, and easier electron transfer compared with PBCB films
produced in aqueous solution. Values of Ry decrease in the order:
(PBCBaqueous/ MWCNT/GCE) > (PBCBEthaline-HCIO4/MWCNT/

GCE) > (PBCBEthaline-HCI/MWCNT/GCE) > (PBCBEthaline-H2S04/
MWCNT/GCE) > (PBCBgthatine-HNO3/MWCNT/GCE), the fastest
electron transfer occurring at PBCBg¢haline-HNO3/MWCNT/GCE. The
average o1 = 0.85, for films obtained in ethaline, reflects a rela-
tively high surface uniformity of the polymer films at the nano-
metric scale. For PBCB films formed in aqueous solution, oy was
0.77, revealing a less smooth film, as also verified in SEM analysis,
see below. The values of R; for PBCBgthaline-HNO3/MWCNT/GCE
obtained at different electropolymerization scan rates were in the
order: 50mVs~!>100mVs~' >200mVs~! > 150 mV s~ Values
of CPE also show a scan rate dependence, in the inverse sense, with
films prepared at 150 mV s~! giving the highest charge separation.
This is in agreement with the CV results.

The values of diffusional resistance obtained from the Warburg
element increased at polymer films electrodeposited in ethaline
compared with those in aqueous solution, spectra in Fig. 4A, which
may be attributed to a thicker film, as also observed from the values
of 7, which were also a bit higher. The exponent « calculated from
the Warburg element was close to 0.45, as usually found in thin
films [31]. From fitting the spectra in Fig. 4B, the scan rate seems to

Table 1
Equivalent circuit element values obtained by fitting the impedance spectra in Fig. 4A (polymerization scan rate 50 mV s~ ') and 4B (different scan rates in Eth -+ HNOs). Eth:
ethaline.
Experimental conditions Ry/Q cm? CPE;/(uF cm~2 s*°1) o Z|Q cm? 7/ms O CPE,/(mF cm~2 s*~1) o> Error? (%)
Aqueous 5.98 12.5 0.77 1.01 0.07 0.46 68.5 0.80 43
Eth + HCIO4 3.63 211 0.84 1.72 0.71 0.49 98.3 0.85 4.7
Eth + HCl 2.10 571 0.86 1.71 0.75 0.49 132.2 0.84 45
Eth + H,S04 1.73 66.3 0.88 1.74 0.76 0.48 148.2 0.95 4.6
Eth + HNO3 1.15 94.1 0.85 1.63 0.78 0.49 198.4 0.96 4.5
Scan rate/mV s~!
50 1.15 94.1 0.85 1.63 0.78 0.49 198.4 0.96 4.5
100 0.87 118.2 0.86 1.76 0.76 0.50 2204 0.92 43
150 0.12 155.3 0.84 1.80 0.84 0.49 268.1 0.97 4.7
200 0.38 125.2 0.85 1.79 0.80 0.49 2324 0.95 4.6

@ Error calculated by ZView software.
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have little influence on diffusional resistance values.

In relation to CPEy, the trend is the same as for CPE;. Varying the
acid dopant significantly influences the values, being highest for
HNOs, and the values of a, also increase, being very similar for
H,S04 and HNO3 dopants. There is not much influence of scan rate
on CPE; or the a5 values.

3.4. Morphological characterization of the nanostructured films

The morphology of the nanostructured PBCB films electro-
deposited in ethaline in the presence of different acids as anion
source and in aqueous solution was examined by SEM, see Fig. 5.
SEM images of MWCNT without, Fig. 5A, and with polymer elec-
trodeposited, Fig. 5B—F were recorded. Fig. 5A shows the MWCNT
morphology prior to polymer deposition, with the presence of
agglomerates of MWCNT entangled bundles, of uniform diameter
and smooth surface, and without any indication of metallic cata-
lysts obtained from their synthesis, which indicates the success of
the acid treatment.

An SEM image of PBCB electrodeposited on MWCNT in aqueous
solution is shown in Fig. 5B. The diameter of the MWCNT increases
after deposition of the PBCBaqueous film, as observed by comparing
the SEM images before and after PBCB electrodeposition. However,
a non-uniform and very thin film is formed, that is, BCB polymer-
ization from aqueous solution did not change the overall
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Fig. 6. (A) Differential pulse voltammograms at PBCBgthajine-HNO3/MWCNT film
modified electrodes in BR buffer solution at different pH values (from 3.0 to 10),
recorded at 50 mV s~ !(B) plots of oxidation peak currents and peak potentials vs. pH,
data from Fig. 6A.

morphology of the MWCNT surface revealed by the presence of
some exposed MWCNT bundles in the composite film, as also re-
ported in Refs. [32—34] for other poly(azines) synthesized in
aqueous solution. Fig. 5C—F shows the morphology of PBCB films
electrodeposited in ethaline DES in the presence of different acids
as anion source, namely HNO3 H,SO4, HCl, and HClO4. In contrast to
aqueous solution, the use of DES for BCB polymerization shows the
formation of rough and compact nanostructures covering all the
MWCNT bundles for all four systems evaluated. This can explain
their enhanced electrochemical properties, namely the higher
polymer oxidation and reduction currents in CVs and the lower
charge transfer resistance in EIS compared with PBCB synthesized
in aqueous solution, Fig. 3A and Table 1.

Furthermore, the use of different anion sources played an
important role in the nanocomposite film morphology. PBCB gha-
line-HNO3/MWCNT presents a more uniform surface than the other
nanocomposite films that may explain the best electrochemical
performance. PBCB gthaline-H2S04/MWCNT nanocomposite film re-
veals the presence of a thicker film and less uniform surface with
the presence of agglomerates. PBCBgthaline-HCI/MWCNT nano-
composite film has a relatively smooth surface but appears brittle,
that may be responsible for its lower stability and less good elec-
trochemical performance than PBCBgthaline-HNO3/MWCNT and
PBCBethaline-H2S04/MWCNT. PBCBEghajine-HCIO4/MWCNT presents
an irregular sponge-like surface, which may be due to a change in
the mechanism of polymer deposition in the presence of ClOz that,
during the initial formation of the polymer film, hinders direct
access of unreacted monomers to the electrode surface leading to
formation of an irregular, thinner and less conductive film than the
other polymer films prepared in ethaline [35].

3.5. Effect of pH on peak current and peak potential at the modified
electrodes

Due to the presence of amino groups in poly(azines), protons are
involved in the electrode reactions. Hence, the effect of solution pH
at PBCBEthaline-HNO3/MWCNT/GCE, with PBCB electrodeposited at
150 mV s, was investigated by differential pulse voltammetry
(DPV)in 0.1 M BR buffer solution in the pH ranging from 3.0 to 10.0.
The parameters used in DPV were: amplitude 10 mV, step potential
2mV, scan rate 50 mV s~ ! and pulse time 10 ms. As seen in Fig. 6A,
with increase in pH, the oxidation peak potential (Epa) shifts line-
arly to negative potentials, according to the equation: Ep,/
V =0.32—0.056 pH, the slope of = 56 mV pH~, Fig. 6B, indicating
an equal number of protons and electrons participating in the
oxidation process. DPV also demonstrated that the peak current
increases with increase in pH up to pH 7.0, where the highest
response is exhibited, and then decreases. Therefore, this pH was
selected for further experiments. The peak width at half-height
(W1)2) gives an indication of the reversibility of electrode reaction
and the number of electrons involved. The value of Wy, in pH 7.0
BR buffer solution was estimated to be 42 + 3 mV (three measure-
ments), suggesting that the total number of electrons transferred in
the oxidation of the electroactive centres in the polymer is equal to
2, together with 2 protons. There are contradictory reports in the
literature regarding the number of electrons involved in BCB
oxidation, the number seeming to be dependent on the electrode
support material and experimental conditions. It was found that
the electron transfer is a one electron process in Refs. [4,36], but a 2
electron process in Refs. [7,21,37], in agreement with what was
obtained here.

3.6. Effect of the scan rate at modified electrodes

The effect of the scan rate in 0.1 M BR buffer solution, pH 7.0 was
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investigated at PBCBgthaline-HNO3/MWCNT/GCE with PBCB films
electrodeposited at different scan rates namely, 50, 100, 150 and
200mV s~ ! and with PBCBaqueous/MWCNT film electrodeposited at
150 mV s~ L. The anodic and cathodic peak currents increase with
increase of scan rate from 10 to 100 mV s, as illustrated in Fig. 7A
for the PBCBgthaline-HNO3/MWCNT/GCE with film electrodeposited
at 150 mV's~!, and which exhibited the highest peak currents. For
all nanocomposite films, there is a linear relationship between the
anodic peak current, I, and the cathodic peak current, Ipc, with
scan rate, v, Fig. 7B, as also observed in Refs. [36,37] for other PBCB
modified electrodes. The following equations were obtained: for
the redox couple (I4/Ip) jpla = 0.006 + 0.26 v and jpip, = 0.007—-0.32 v
and for the redox couple (IIy/I) jpia = 0.05 + 42.1 v and jipip = -
0.23—31.2 v, where the current densities (j) are expressed in mA
cm~2 and the scan rates (v) are in Vs~

The relationship log (jpiia/mA cm~2) vs log (v/V s~1) (not shown)
was plotted for all modified electrodes. The slopes (S) were calcu-
lated to be 0.98, for PBCBaqueous/MWCNT/GCE at 150 mV s~1 for
PBCBghaline-HNO3/MWCNT/GCE the values were 0.96 (50mVs~!);
0.96 (100mVs~1), 0.97 (150mVs ') and 0.96 (200mVs™1), all
close to the theoretical value of 1.0, characteristic of a surface-
confined process [38].

3.7. Application of the PBCBghgline-HNO3/MWCNT nanocomposite
film in enzyme biosensors

After optimization of the best conditions for PBCB electrode-
position in DES and corresponding film characterization, applica-
tion of the nanocomposite-modified electrode (with BCB
electropolymerised at scan rate 150 mV s~ ') in enzyme biosensors
was investigated. Fixed potential amperometry was carried out by
successive addition of glucose or catechol aliquots in buffer and the
corresponding enzyme (GOx or Tyr immobilized on PBCBgthaine-
HNO3/MWCNT/GCE) catalysed response measured, see Fig. 8A1 and
8B1, respectively. For comparison, the enzymes were also immo-
bilized on PBCB,queouss/MWCNT/GCE and unmodified GCE, as
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Fig. 7. (A) CVs for PBCBgpaline-HNO3/MWCNT modified GCE in 0.1 M BR buffer solution
(pH 7.0) at scan rates 10—-100mV s~ ; (B) Plots of peak current vs. scan rate.

described in the experimental section. All experiments were
repeated three times; each set of measurements consists in 16
successive analyte injections. No enzyme leaching from the elec-
trode was observed after these measurements.

3.7.1. Determination of glucose

Fig 8A2 displays calibration plots at the glucose oxidase bio-
sensors following sequential additions of glucose under continuous
stirring at an applied potential of - 0.3V vs. Ag/AgCl in 0.1 M PB
solution (pH 7.0), as in Ref. [39].

In order to compare the sensitivity of the three biosensor con-
figurations GOX/PBCBEthaline-HNO3/MWCNT/GCE, GOX/PBCBaqueous/
MWCNT/GCE and GOx/GCE, the same amount of glucose oxidase
was immobilized on all electrodes, see details in experimental
section.

The first biosensor assembly, with PBCB deposited in DES,
exhibited the highest sensitivity of 700 pAcm2mM™! and the
lowest limit of detection of 2.9 uM. The second, with PBCB depos-
ited in aqueous solution, had a 30% lower sensitivity of
500 pAcm 2 mM~! and higher limit of detection of 4.2 uM. GOx/
GCE showed significantly inferior analytical parameters: a sensi-
tivity of 5.0 pJAcm™2mM~! and limit of detection of 12.1 uM. The
apparent Michaelis-Menten constant, Ky, is the concentration
corresponding to half the maximum, saturation response of the
biosensor. Ky can be estimated as around 80 uM for the first two
biosensor assemblies with PBCB and around 400 pM for the GCE
without it.

Comparison of the analytical parameters of GOx/PBCBgthaline-
HNO3/MWCNT/GCE with the most recent glucose oxidase-based
electrochemical biosensors was made. The novel approach offers
better characteristics (limit of detection and sensitivity) than other
glucose biosensors recently reported in the literature. For example,
when GOx was adsorbed onto a nanoporous TiO; film layer on the
surface of an iron phthalocyanine (FePc) vertically-aligned CNT-
modified electrode, the biosensor exhibited a sensitivity of only
825 uAcm~?>mM, the linear range was from 50 pM to 4.0 mM
and a much higher detection limit of 30 uM [40]. Mani et al. [41]
developed a biosensor for glucose, by immobilization of GOx on
electrochemically reduced graphene oxide—MWCNT hybrid modi-
fied glassy carbon electrode (GCE); the sensitivity of this biosensor
was 7.95 pAcm~2 mM~!, the linear range was 10 yM—6.5 mM and
the limit of detection was 4.70 pM. Luo et al. [42] also proposed a
glucose biosensor, by immobilization of GOx on a reduced graphene
oxide/PAMAM—silver nanoparticles nanocomposite
(RGO—PAMAM-—Ag), the sensitivity being 75.75 pAcm 2 mM ™, the
linear range was between 320 uM and 6.5 mM and the limit of
detection 4.50 puM, higher than in this work.

3.7.2. Determination of catechol

The same platforms were used to prepare Tyr biosensors for the
amperometric detection of catechol. Amperometric measurements
were carried out in 0.1 M PB solution (pH 7.0), at an applied po-
tential of —0.2V vs.Ag/AgCl, as in Ref. [43]. Aliquots of catechol
solution were injected into the electrochemical cell under stirring,
as for glucose. Fig. 8B2 shows the corresponding calibration plots.
The Tyr/PBCBEgthaline-HNO3/MWCNT/GCE presented the best per-
formance for catechol determination, as occurred for glucose with
GOx, with the highest sensitivity of 750 pAcm~2 mM~! and lowest
limit of detection of 3.9 uM. The Tyr/ PBCBagueous/MWCNT/GCE
biosensor exhibited a sensitivity of 330 uA cm and a limit
of detection of 5.3 uM whereas Tyr/GCE presented a sensitivity of
30pAcm~2mM~! and a limit of detection of 43 pM. The values of
Ky, are around 80 uM for the first two biosensor assemblies with
PBCB and around 1000 uM for GCE without PBCB. The analytical
parameters of the Tyr/PBCBghaline-HNO3/MWCNT/GCE biosensor
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MW(CNT/GCE, (inset bare GCE) for (A2) glucose using GOx and (B2) catechol using Tyr.

were also compared with the most recent biosensors reported in
the literature. Tembe et al. [44] developed an electrochemical
biosensor for catechol using tyrosinase enzyme entrapped in an
agarose—guar gum composite matrix with  sensitivity
1 pAcm 2 mM~}, the linear range was 65 pM—1.0 mM and a limit of
detection of 6 uM. Lépez and Ruiz [45] proposed a biosensor based
on the immobilization of Tyr onto microparticles prepared by
polymerization of the ionic liquid 1-vinyl-3-ethyl-imidazolium
bromide (ViEtIm™Br~) for catechol determination having a sensi-
tivity of 17.96 pAcm 2 mM~, the linear range was from 39 uM to
2.5mM and a limit of detection of 20 uM. Lépez and Merkogi [46]
also developed a biosensor for catechol determination using Tyr
immobilized on MWCNT decorated by magnetic nanoparticles
modified screen-printed electrode with a sensitivity of
48 pAcm2mM], the linear range was between 10 pM—120 uM
and limit of detection of 7.61 uM.

Additional experiments were performed, in order to evaluate if
the absence of oxygen influences the electroactivity of the PBCBg-
thaline-HNO3/MWCNT for both GOx and Tyr for glucose and catechol
biosensing. Cyclic voltammograms were recorded in the presence
and absence of oxygen, and no significant changes were observed,
either in the voltammograms shape, or in the peak current.
Compared with other sensors used for biosensing glucose and
catechol, the proposed platform exhibited the lowest limit of
detection, highest sensitivity and comparable linear range. These
results also suggest that the novel PBCBgaline-HNO3/MWCNT
platform has the best affinity for enzyme immobilization, pre-
senting an excellent performance for enzyme electrochemical

biosensors.

4. Conclusions

Brilliant cresyl blue has been successfully polymerized in
ethaline-DES in the presence of a small amount of acid dopant,
presenting superior properties compared with polymer films syn-
thesized in aqueous solution. The composition of ethaline-acid
solutions had an important role in PBCB growth also influencing
their nanoscale morphology, and thence electrochemical behav-
iour. The polymer films electrodeposited in ethaline-HNO3 pre-
sented a more uniform morphology and better electrochemical
performance than with the other acids studied. The influence of
scan rate is also an important factor in polymer electrodeposition,
PBCBEgthaline €lectrodeposited at 150 mVs~! exhibiting the best
electrochemical characteristics. The enzymes GOx and Tyr were
immobilized on PBCB ghaline-HNO3/MWCNT/GCE, presenting
excellent sensing performance for glucose and catechol determi-
nation. These properties demonstrate that the novel nano-
composite film modified electrode is very promising for future
applications in electrochemical enzyme biosensors.
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