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Multiwalled Carbon Nanotubes (MWCNTs) were used as a support of amperometric enzymatic biosensors of guaiacol. The
structural quality of MWCNTs was determined for Raman Spectra and DRX analysis. MWCNTs were decorated with iron oxide
nanoparticles (36 w/w%), which were observed by FE-SEM, and were confirmed by with EDX, and TGA analysis. Laccase
enzyme (aspergillus sp.) was immobilized on the surface of MWCNTs (oxidized and decorated with iron oxide nanoparticles)
confirmed by XPS analysis and used to amperometric detection of guaiacol. The material obtained was deposited on the active
surface of glassy carbon electrode (GCE) and was carried out using a typical three-electrode system with saturated calomel
electrode as a reference and a graphite rod as a counter-electrode. The results confirm the potential use of bioelectrode Lac/
MWCNTs/GCE and Lac/Fe3O4/MWCNTs/GCE for the guaiacol detection in low concentrations. Amperometric sensitivities and
detection limits of Lac/Fe3O4/MWCNTs/GCE bioelectrode (110.186 μA mMcm−2 and 34.301 nM for reduction current
respectively) showed better results than Lac/MWCNTs/GCE bioelectrode in a linear range 0–0.066 μM of guaiacol.
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Polyphenols are found naturally in plants, condiments and spices.
They have an important role in human health and nutrition, because
they contribute to the taste of wine, tea, olive oil, and have
antioxidant and anti-inflammatory capacity, which provides the
body protection against some diseases.1–3 Today, spectrophoto-
metry, capillary electrophoresis, gas chromatography-mass spectro-
scopy (GC-MS), and HPLC are quite powerful analytical techniques
for the determination of polyphenols from various samples.
However, these techniques require a lot of time, expensive equip-
ment, various pretreatments and solvents that are not always
environmentally friendly.4,5

According to IUPAC, a biosensor is a device that uses specific
biochemical reactions mediated by enzymes or other biological
elements to detect chemical compounds usually by electrical,
thermal or optical signals. These mentioned biological elements
come into direct contact with the analyte, generating a particular
change that can be measured in the transductor. If the recognition
element is an enzyme, it is known as an enzymatic biosensor. Most
of the enzymatic biosensors developed so far are electrochemical in
nature since the analyte is recognized by immobilized enzymes in
working electrodes and its electrocatalytic activity can cause
electronic transfer, producing either current or voltage. This kind
of biosensors are preferable due to its low cost, relatively fast
response times, ease of use and small size.6,7

Recently, several polyphenol biosensors have been developed
that use redox enzymes such as tyrosinase, peroxidase, laccase,
among others. Laccase biosensors being the simplest to build
because this enzyme does not require hydrogen peroxide (H2O2)
as a co-substrate or any other cofactor to modify its catalytic action.7

Laccase (benzenediol:oxygen oxidoreductases, EC 1.10.3.2) is a
dimeric or tetrameric glycoprotein, which contains four copper
atoms per monomer distributed at three redox sites. This enzymes
catalyzes the oxidation of various inorganic and aromatic com-
pounds (like a phenols) and the reduction of molecular oxygen to
water.5,8 Laccases can be applied to certain processes that improve
or modify the color appearance of food or beverages, so some of
their applications consist in the elimination of undesirable poly-
phenols, responsible for blackening and the formation and develop-
ment of turbidity in juices fruit, beer and wine. They have also been

applied to different processes, mainly the development of biosen-
sors, fuel cells and the oxidation of organic pollutants.8

Recently, the use of nanomaterials (specially of carbon and
metals) has led to an improvement in the analytical performance of
enzyme biosensors. Since their discovery in the nineties, carbon
nanotubes (CNTs) have proven to be an extremely versatile material
due to their incredible physical, physicochemical and electroche-
mical properties, of which, their excellent thermal, electrical and
mechanical properties, they make them a good candidate for
applications in the sensing and detection of moisture, gases and
various analytes and biomolecules.9,10 The sensing of biomolecules,
such as enzymes, proteins, biomarkers, cells, microorganisms and
even DNA using biosensors based on single and multiple wall
carbon nanotubes have been widely reported in the literature.11–14

Enzymatic electrochemical biosensors have been fully used in
health care, environmental monitoring and food safety, being one of
the most common glucose biosensors. The use of these biosensors
constitutes an economic and simple analytical method with remark-
able detection sensitivity, reproducibility and ease of miniaturiza-
tion. The electrodes that include carbon nanotubes in their manu-
facture, exhibit a low detection limit and a rapid response due to the
improvement of the signal provided by the high surface area, low
overvoltage and rapid electrode kinetics and have presented
numerous advantages in the analysis of various chemical products
of food, clinical or environmental interest.6,15

Although there are advances in this area, it is possible to improve
the electrochemical response of electrodes modified with carbon
nanotubes, physicochemical modified being one of the most pro-
mising ways to improve this response. Twice of the most used
superficial modification of carbon nanotubes techniques is plasma
and acid treatments.15 It has been found that, the deposition of
metallic nanoparticles on the surface of carbon nanotubes helps to
decrease the response time of the biosensor, improve electron
transfer and increase its electrocatalytic activity.16

Some authors have reported the use of enzymatic biosensors of
immobilized laccase on carbon nanotubes using Au, Ag, Ni and Zn
nanoparticles,4,7,17 however, this work explores the incorporation of
iron oxide nanoparticles because it has a small size (with respect to
CNTs) and good electrical and magnetic properties in addition to its
shape is also conducive to enzyme immobilization, which could
result in an improvement in the performance of the biosensor. Other
works have already reported the decoration of the walls of CNTszE-mail: erbin.uc@correo.uady.mx

ECS Journal of Solid State Science and Technology, 2020 9 115009

https://orcid.org/0000-0001-6002-6614
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/2162-8777/aba8da
https://doi.org/10.1149/2162-8777/aba8da
https://iopscience.iop.org/issue/2162-8777/9/11
https://iopscience.iop.org/issue/2162-8777/9/11
mailto:erbin.uc@correo.uady.mx
https://crossmark.crossref.org/dialog/?doi=10.1149/2162-8777/aba8da&domain=pdf&date_stamp=2020-07-30


with iron oxides in enzymatic biosensors for the detection of
glucose,18 however, the use of this class of nanoparticles in this
type of applications is relatively low. Therefore, the goal of this
work is the amperometric detection of polyphenols (specially
guaiacol) using enzymatic biosensors with immobilized laccase in
CNTs oxidized and decorated with iron oxides nanoparticles.

Experimental

Materials.—Commercial MWCNTs (Cheap Tubes Inc., Brattleboro,
USA) with purity>95 wt.% and<1.5% of ash, outer and inner diameter
of 50–80 and 5–10 nm, respectively were used. They have length ranging
from 10–20 μm and electrical conductivity >100 S cm−1. The measured
BET surface area was 90 m2 g−1 (Fig. 1) and the average Raman ratio for
IG/ID intensity is 1.57 (Fig. 3).

For oxidation process, were used nitric acid (70% v/v) and
sulfuric acid (98.6% v/v), both of J.T. Baker; iron (III) chloride
hexahydrate (99% v/v); triethylene glycol (TREG, 99% v/v) and
anhydrous sodium acetate (99% w/w) used for the nanoparticle
decoration were acquired from Sigma-Aldrich. In addition, in order
to prepare acetate buffer solution (ABS) with acetic acid and
anhydrous sodium acetate was used.

Laccase enzyme expressed in Aspergillus sp. (⩾1000 units g−1);
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDAC) and N-Hydroxysuccinimide (NHS) were used for the
immobilization process acquired from Sigma-Aldrich. Guaiacol ⩾
98.0% acquired from Sigma-Aldrich was used as substrate in the
electrolyte solution.

Oxidation, decoration and immobilization of laccase onto
carbon nanotubes.—The as-received MWCNTs were oxidized
with a mixture 8.0 M of HNO3 and H2SO4 which has been proven
an efficient generation of OH, CO and COOH functional groups.19

This procedure consists in the dispersion of 0.3 g of MWCNTs in
70 ml of the mixture of these acids and stirring for 15 min at 60 °C,
followed by 2 h of dispersion in an ultrasonic bath. Finally the
MWCNTs were then washed with distilled water, filtered and dried
at 100 °C for 12 h.

For the decoration of MWCNT with iron oxide nanoparticles, the
method used20 consisted of the ultrasonic dispersion of 100 mg of
oxidized MWCNT in 50 ml of TREG for 1 h. After dispersion,
200 mg of FeCl3*6H2O and 3.6 g of anhydrous sodium acetate were
added to the solution. The resultant mixture was brought to reflux at
200 °C for 30 min, for later were centrifuged with acetone, washed
and filtered with distilled water and finally dried at 100 °C for 12 h.

Laccase was immobilized over the surface of MWCNTs through
amide/imide bonds formation by the reaction among carboxylic
functional groups of the oxidized and decorated MWCNTs and
amines groups of laccases, inspired in Ref. 21 For this, 10 mg of
MWCNTs were dispersed using an ultrasonic bath in 10 ml
of distilled water for 1 h, them in mechanical agitation, add 20 mg
of EDAC followed by 30 mg of NHS under a nitrogen atmosphere.
Upon dissolution of EDAC and NHS, 50 μl of laccase were added
maintaining the agitation for 24 h. The MWCNTs with immobilized
laccase were filtered, washed with distilled water and stored at 3 °C.
The enzyme immobilization it was done in both oxidized only and
oxidized and decorated MWCNTs (See Fig. 1).

Physicochemical and electrochemical characterization.—MWCNTs
were characterized by Nitrogen adsorption–desorption isotherms at 77 K
using a Micromeritics TriStar 3000 equipment. Morphology of only
oxidized and decorated MWCNTs were observed by scanning electron
microscopy (SEM) coupled with an energy dispersive X-ray (EDX)
analyzer in a Jeol SEM 6360LB; Raman spectroscopy under similar
conditions to the as-received MWCNTs, disperse 10 mg in 10 ml of
acetone and deposited in a glass sample holder for us characterization. X-
ray powder diffraction (XRD) was carried out at 40 kV, 20 mA, with a
step time of 10 s and step angles of 0.02° in a Siemens D5000
diffractometer; the thermogravimetric analysis (TGA) was carried out
in a TA Instruments analyzer at a heating rate of 10 °C min−1 under
synthetic air flow of 20 ml min−1. X-ray photoelectron spectroscopy
(XPS) was performed with a Thermo K-Alpha spectrometer using a
monochromatic Al X-ray source (1486.6 eV) and spot size of 400 μm.

Electrochemical analysis was performed at room temperature using
an Autolab PG-STAT 302 potentiostat-galvanostat. Measurements

Figure 1. Schematic representation of the process performed in the MWCNT.
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were carried out using a conventional three-electrode cell using a
saturated calomel electrode (SCE, Hg/Hg2Cl2/KCl) as reference, a
graphite rod as an auxiliary-electrode, and a glassy carbon electrode
disk (GCE) with 3 mm diameter as a working electrode. The working
electrodes were prepared depositing 10 μl of the solution with
MWCNTs on the GCE disk by using a micropipette (Fig. 1). A
scan rate of 50 and 25 mV s−1 was chosen for cyclic voltammetry
(CV). The CV cycles showed reproducibility from the second cycle,
and thus the third cycle was chosen as representative for CV. For
selected sensing experiments, 1.0 M ABS (pH = 5.1) was used as
electrolyte and different guaiacol concentrations was gradually added
to the solution. Each experiment was repeated four times using
different working electrodes and representative analytical curves are
shown.

Results and Discussion

Physicochemical characterization.—Figure 2 shows the N2

adsorption–desorption isotherms for complete range of partial
pressure of as-received MWCNTs. These isotherms can be
identified as “Type IV” according to the IUPAC classification,22

corresponding to mesoporous materials with hysteresis loops
occurring around 0.80\P/P0\1. The BET specific area (SBET) was
90.095 m2 g−1 determined using the Brunauer, Emmett, and Teller
equation23 in the interval P/P0 = 0.05–0.30.

The SEM micrographs of the MWCNT as-received and after the
oxidation and decoration process can observed in Fig. 3. The
dimensions of as-received MWCNTs are reasonably agree with
those provided by the supplier, which is described in section
Materials.

For as-received MWCNTs (Fig. 3a) the agglomeration of the
material, traces of amorphous carbon and metal impurities are

observed. The length and diameter of MWCNTs reported by the
supplier are consistent. In Fig. 3b can observed the morphology of
oxidized MWCNTs, which is similar to what was observed in
Fig. 3a, with a little bigger dispersion. The acidic oxidation
performed, slightly increases the density and extent of structural
defects on the surface of the MCNT.19 The presence of new
functional groups in the external walls of the MWCNT was
determined by changes in atomic and weight percentages of carbon
and oxygen, which were obtained by EDX. Table I shows the
percentage of carbon decreases and the percentage of oxygen
increases after the oxidation process, due to the formed external
bonds.

Figure 3c can observed MWCNTs decorated with iron oxide
nanoparticles attached to the outer walls are seen in. The negatively
charged functional groups on the surface of the oxidized nanotubes
provide active sites for physical interactions with metal ions. In
previous work we reported that the diameter of iron oxide
nanoparticles were 1–10 nm.20 The main elements present in the
decorated samples (see Table I), reported in weight percentage are
carbon (62.66%), oxygen (21.49%) and iron (21.49%).

Figure 4 shows representative Raman spectra of as-received,
oxidized and decorated MWCNTs with iron oxide nanoparticles.
Bands D and G were observed in the three different spectra. G band
located around 1580–1600 cm−1 is a first-order Raman mode and
corresponds to vibrations of sp2 carbon atoms. The D band is
originated from a second-order scattering process (around
1280–1350 cm−1), which provides information about the presence
of defects, vacancies and the finite size of the network what
represents his loss of translational symmetry.21 The intensity ratio
between the G and D bands (IG/ID) can be used to characterize the
structural ordering of the MWCNTs.20–23

For as-received MWCNTs Raman IG/ID intensity ratio is 1.57,
while for oxidized MWCNTs, IG/ID = 1.528 and for decorated
samples, IG/ID = 3.17. The increment in the value of IG/ID are a clear
indication that the structural ordering is significantly less in the
MWCNTs, for example with the decoration of iron oxide nanopar-
ticles in the MWCNTs walls. In this case, the oxidation process
generates more surface defects and, in consequence, new functional

Figure 2. N2 adsorption–desorption isotherms for as-received MWCNTs.

Figure 3. FE-SEM images of (a) As-received MWCNTs, (b) Oxidized MWCNTs and (c) Decorated MWCNTs with iron oxide nanoparticles.

Table I. EDX analysis of MWCNTs.

Element Weight% Atomic%

As-received MWCNTs
C 97.32 97.97
O 2.68 2.03
Oxidized MWCNTs
C 97.18 97.86
O 2.82 2.14
Decorated MWCNTs
C 62.66 76.23
O 21.49 19.63
Fe 15.84 4.15
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groups in the MWCNTs walls, but at the same time, eliminates
surface traces of amorphous carbon and metal impurities, these is the
reason on the decrease in the value of IG/ID from as-received to
oxidized samples.

On the other hand, the presence of two additional bands in the
Raman spectra was observed, one at 122.29 cm−1, which is
attributed to the radial breathing mode (RBM) that is characteristic
of single-wall carbon nanotubes (SWCNTs).24 RBM corresponds to
movements of the carbon atoms in the radial direction, as if the atom
was breathing, this band appears between 120 and 350 cm−1 for
MWCNTS with very few walls. In the case of the band observed at
2699.3 cm−1 for the oxidized MWCNTs and at 2700.6 cm−1 for as-
received, they correspond to the overtone of the sp2 hybridization
disorders of carbon atoms generated by the amorphous material, and
also with the other bands a shift with oxidation and decoration are
observed.

In Raman spectra of decorated MWCNTs were observed
different displacements of the main D (1355.00 cm−1) and G
(1584.09 cm−1) bands compare with as-received and oxidized
MWCNTs. In general, D, G, the overtone due to sp2 hybridization
and RBM bands, presented variations in their intensity and position.

Figure 5 presents the diffraction patterns of as-received, oxidized
and decorated MWCNTs. The samples show a diffraction peak at
angle 2θ= 26.1° which is attributed to the (002) plane of MWCNTs.25

This diffraction peak increases its intensity with de oxidation process
(see the red line in Fig. 5), evidence of elimination of metal impurities
and amorphous carbon; however decrease after the decoration process,
for the presence of iron oxide nanoparticles. In the decorated
MWCNTs, new 2θ diffraction angles indicate the presence of iron
oxide nanoparticles.26 Decorated MWCNTs exhibit new diffraction
peaks at 2θ = 30.6°, 35.5° which correspond to the (220) and (311)
planes of magnetite face-centered cubic (Fe3O4) but also overlap with
maghemite (c-Fe2O3), according to the joint committee on powder
diffraction standard (JCPDS) cards No. 19-629 for magnetite (Fe3O4)
and No. 39-1346 for maghemite (c-Fe2O3).

Figure 6 shows thermogravimetric analysis under synthetic air flow
of as-received, oxidized and decorated MWCNTs. The weight losses
before approximately 150 °C is associated to evaporation of physio-
sorbed water and possible decomposition of a few oxygen-containing
groups. Decarboxylation and dehydration of functional groups it is
expected that occur between 150 °C–350 °C for MWCNTs without
decoration.27 However, for decorated MWCNTs, the iron oxide

nanoparticles catalyze the thermal degradation of both amorphous
carbon and the carbon nanostructure itself20,27 producing a marked
weight loss in the 200 °C–300 °C region. After this zone, thermal
degradation of the graphitic structure (sp2) of the MWCNTs occurs,
which also occurs at lower temperatures for decorated samples.

The remaining weight of as-received and decorated MWCNTs
after all the carbon material is burned off, provides valuable
information about the amount of metallic impurities and iron oxide
nanoparticles respectively. The as-received MWCNTs retained
about 18 wt%, evidence of the metallic impurities present; after
the oxidation process the MWCNTs only retained near of 4 wt%
(evidence of the successful of this step) and finally the MWCNTs
decorated with iron oxide nanoparticles retain 36 wt%, in agreement
with the EDX results.

Figure 7 show XPS spectra of as-received MWCNTs (Fig. 7a),
compared with oxidized and decorated MWCNTs after the laccase
immobilization (Figs. 7b, 7c).

Figure 4. Raman spectra of (a) As-received MWCNTs (black line),
(b) Oxidized MWCNTs (red line) and (c) Decorated MWCNTs with iron
oxide nanoparticles (blue line).

Figure 5. XRD patterns of (a) As-received MWCNTs (black line),
(b) Oxidized MWCNTs (red line) and (c) Decorated MWCNTs with iron
oxide nanoparticles (blue line).

Figure 6. TGA of (a) As-received MWCNTs (black line), (b) Oxidized
MWCNTs (red line) and (c) Decorated MWCNTs with iron oxide nano-
particles (blue line).
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Figure 7a shows the XPS survey of as-received MWCNTs
(before laccase immobilization process) with bands at 285 and
532 eV which are attributed to the energetic distribution of C 1s and
O 1s. Figure 7b shows the XPS survey of oxidized MWCNTs after
the laccase immobilization process. This spectrum shows bands at
285, 400 and 532 eV which are attributed to the energetic distribu-
tion of C 1s, N 1s and O 1s respectively. The bands of C 1s and O 1s
stayed with respect to the as-received samples, but the N 1s band
appear. The N 1s band confirm the presence of laccase molecules in
the sample. N 1s core levels of laccase layers deposited on MWNCT
were originated from amino and imide groups for laccase deposited
on oxidized (with carboxylic groups) MWCNTs and activated by
EDAC and NHS.27,28 The laccase enzyme used, was in solution, so
that half the activity/number of units of enzyme immobilized via
UV–vis result in 500 units ml−1.

The XPS survey of decorated MWCNTs after the laccase
immobilization (Fig. 7c) show bands at 285, 400, 532, and 711 eV
which are attributed to the energetic distribution of C 1s, N 1s, O 1s,
and Fe 2p respectively. The N 1s band is evidence of laccase
immobilization originated from amino and imide groups deposited
on decorated MWCNTs.28,29 Fe 2p1/2 and Fe 2p3/2 bands located at
710 and 724 eV are related to Fe chemical states in Fe3O4;

20,30 and
the orbital between Fe 2p1/2 and Fe 2p3/2 suggests that additional Fe
states could be found in the c-Fe2O3 form.31

Electrochemical characterization.—The cyclic voltammetry
characterization in a three electrodes system with and without
sample as-received, oxidized and decorated MWCNTs were reported

in a previous work,18 emphasizing differences in behaviors for each
type of MWCNTs and their redox peaks founded before enzymes
immobilization. Herein, we will take the information obtained with
the MWCNTs before the enzymatic immobilization in order to
compare with the observed behavior in the same samples with the
immobilized laccase enzyme, that is, the response of our bioelec-
trode Lac/MWCNTs/GCE and Lac/Fe3O4/MWCNTs/GCE when
they are evaluated as an amperometric guaiacol biosensors.

Amperometric guaiacol sensing.—The objective of this work
was to detect very small quantities of guaiacol (<0.1 μM), some-
thing new in this type of devices, with mainly interest in food
industry, environmental and clinical analysis. In previous works, the
detection of guaiacol starts 0.1 μM of concentration,32,33 but there
are no works that evaluate the range anticipated to 0.1 μM, which
was evaluated in this work, whose idea is the detection of guaiacol
free substances.

CV technique was used to evaluate the electrochemical biosen-
sing properties (charge transfer) and the catalytic activity of laccase
on the surface of GCE modified with MWCNTs, CV was evaluated
using ABS solution (pH = 5.1) as electrolyte with different
concentrations of guaiacol in a potential range between −0.7 to
0.7 V. This potential interval was used in many others works for
laccase biosensors at the same operation conditions with different
analytes and scan rates.4,7,32–38

Representatives cyclic voltammograms of GCE modified with
oxidized and decorated MWCNTs containing immobilized laccase at
25 mV s−1 is shown in Fig. 8. Figure 8a show the comparative CV

Figure 7. Survey of XPS spectrum of (a) As-received MWCNTs (before laccase immobilization), (b) Oxidized MWCNTs (after laccase immobilization) and
(c) Decorated MWCNTs with iron oxide nanoparticles (after laccase immobilization).
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response of modified GCE with oxidized MWCNTs and laccase;
voltammograms corresponding to each one at different electrolyte
solutions. For ABS solution, the voltammogram is marked with
number “i”, and the voltammograms for ABS solution with three
different concentrations of guaiacol added are marked with in-
creasing roman numbers “ii,” “iii” and “iv,” corresponding to
0.016 μM; 0.033 μM and 0.066 μM of guaiacol respectively. It
was observed that with the addition of small molar concentrations of
guaiacol, the oxidation current was increased and the reduction
current was decreased, that’s reveal the improve of catalytic
properties of the modified GCE. A well-defined quasi-reversible
redox peak (∼0.2 V vs SCE) was observed, evidence of the direct
electron transfer between the laccase enzyme and the guaiacol in
solution, that suggest the oxidation of guaiacol. The second cathodic
peak observed at −0.4 V is related with the oxidation of functional
groups in MWCNTs.39

The Fig. 8b shows the CV results of MWCNTs oxidized and
decorated with iron oxide nanoparticles with laccase immobilized,
the identification of voltammograms is similar to the Fig. 8a; ABS
solution is marked with “i”, and ABS solution with the three
different concentrations of guaiacol are marked with increasing
roman numbers “ii,” “iii” and “iv,” corresponding to 0.016 μM;
0.033 μM and 0.066 μM respectively. The representative voltammo-
grams shows a similar CV behavior when add at ABS solution small
concentrations of guaiacol, however, for the CGE with MWCNTs
decorated with iron oxide nanoparticles and immobilized laccase
(Fig. 8b), the changes in the oxidation and reduction currents are
more notorious than the CGE with MWCNTs oxidized and
immobilized laccase (Fig. 8a) with respect to free guaiacol solution;
although the redox peaks are not symmetrical, the oxidation peak
occurs at similar potential that the only oxidized samples (∼0.2 V vs
SCE), but the reduction peak moves to more negative potentials
(∼−0.05 V vs SCE), evidence of the presence of iron oxide
nanoparticles.33

Oxidized MWCNTs with immobilized laccase enzyme (Fig. 8a)
and decorated MWCNTs, same with laccase (Fig. 8b) show an
oxidation symmetric peak at ∼0.2 V, characteristic of activity of
laccase enzyme immobilized on MWCNTs and metallic nanoparti-
cles, when used as a guaiacol biosensor.4,7,32–38 This redox peak is
related to the oxidation and reduction of laccases when catalyze
hydrogen abstraction reactions from phenolic and related substrates
resulting in corresponding phenoxy radicals, they content four
copper ions classified in one T1 Cu ion and a T2/T3 cluster. It has
been shown that the T1 site is the primary redox center accepting
electrons from the electron donors, the fully oxidized laccase is

transformed in fully reduced laccase via internal electron transfer
from copper sites, depending of immobilization method, pH, scan
rate and diameter of the nanoparticle where it is immobilized.32,40,41

In Fig. 8 is not clear to compare between two types of enzymatic
amperometric guaiacol biosensors (Fig. 8a for oxidized MWCNTs
and Fig. 8b for decorated MWCNTs), the changes in current density
with the subsequent addition of guaiacol are very similar. To better
capture this effect, Fig. 9 plots the normalized changes in the current
density (Δj/j0, where j0 is the initial current, that is when only use
ABS solution as an electrolyte) directly proportional to guaiacol
concentration for four replicates of the experiment showed in Fig. 8.
The procedures were conducted for both currents, oxidation (Fig. 9a)
and reduction (Fig. 9b). As seen from this figure, the changes in
oxidation and reduction current densities are significantly higher
when GCE is modified with MWCNTs decorated with iron oxide
nanoparticles than when used MWCNTs only oxidized, clearly
indicating the paramount role of the iron oxide nanoparticles in
the electron transfer. A similar behavior was observed in previous
work, for the development of amperometric glucose biosensors
using MWCNTs, where emphasis the analysis of electrochemical
behaviors before and after enzyme immobilization,18 something that
is not presented in this work.

By fitting a straight line to the data in Fig. 9 and using the area of
the electrode, the amperometric sensitivity can be found and such a
parameter is listed in Table II for both types of redox currents for
each enzymatic amperometric biosensor. As well as observed
changes in redox current densities, the slopes, the amperometric
sensitivity values obtained are in concordance; higher values were
observed in guaiacol biosensor prepared with decorated MWCNTs
(71.202 and 110.186 μA mMcm−2 for oxidation and reduction
current respectively), comparing with amperometric sensitivity
values obtained with oxidized MWCNTs (64.919 and 63.487 μA
mMcm−2 for oxidation and reduction current respectively). All
amperometric sensitivities obtained were high compared to other
amperometric laccase biosensors reported in the literature.32

Detection limits (DL) for the biosensors have been calculated
using the following expression: DL = (3*SD)/S where SD is the
standard deviation in peak oxidation current and S is the ampero-
metric sensitivity of the electrode towards guaiacol. The detection
limits of guaiacol are found to be about 9.227 nM and 7.238 mM for
Lac/MWCNTs/GCE bioelectrodes configuration in oxidation and
reduction current respectively, also 19.916 and 34.301 nM for
bioelectrodes configuration Lac/Fe3O4/MWCNTs/GCE in oxidation
and reduction current respectively; for the linear range 0–0.066 μM
of guaiacol.

Figure 8. Cyclic voltammograms of MWCNTs containing laccase immobilized for increased guaiacol concentration in ABS. (a) Oxidized, (b) Decorated with
iron oxide nanoparticles.
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Conclusions

MWCNTs with immobilized laccase enzyme were used as a
bioelectrode for electrochemical detection of small concentrations of
guaiacol in ABS solutions. MWCNTs were subjected at two
different treatments, first were oxidized by an acid treatment,
generating a reactive surface with the incorporation of functional
groups. Subsequent the oxidized MWCNTs were decorated with
∼36% w/w iron oxide nanoparticles trough a solvothermal reaction.
MWCNTs with different treatment (both, with laccase immobilized)
were deposited in a GCE and tested in the amperometric detection of
guaiacol.

The covalent immobilization of laccase enzyme over the
MWCNTs was demonstrated by XPS analysis with the presence of
N 1s band in immobilized samples, in the same way it was shown
that the decoration with iron oxide nanoparticles does not blocked
the enzyme immobilization.

Amperometric sensitivities of 64.919 and 63.487 μA mMcm−2

(for oxidation and reduction current respectively) was measured for
the oxidized MWCNTs with laccase immobilized by cyclic voltam-
metry, while the decorated MWCNTs with laccase immobilized
showed a sensitivities of 71.202 and 110.186 μA mMcm−2 (for
oxidation and reduction current respectively). Detection limits were
found 9.227 and 7.238 nM for Lac/MWCNTs/GCE, also 19.916 and
34.301 nM for Lac/Fe3O4/MWCNTs/GCE bioelectrodes configura-
tion (in oxidation and reduction current respectively) in a linear
range 0–0.066 μM of guaiacol.

Finally, it is concluded that the use of iron oxide nanoparticles
decorating the MWCNT surface enhance the electron transfer,
increasing the sensitivity and detection limit of guaiacol.
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