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Laccase from Botryosphaeria rhodina MAMB-05 was covalently immobilized on carboxymethyl-
botryosphaeran by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide (EDC/
NHS) in aqueous solution. This approach was employed to fabricate a novel laccase-based biosensor to
electrochemically quantify quercetin (QCT), using a simple carbon black paste electrode as a transducer.
The proposed biosensor was characterized by electrochemical impedance spectroscopy and Nyquist plots
were used to evaluate the immobilization of the enzyme. For determining QCT, variables were optimized,

{__(5{] W:lrf:écase that included experimental conditions for laccase immobilization, pH of the supporting electrolyte, and
b- gli can instrumental parameters of the electroanalytical technique. From square-wave-voltammograms, a linear

dependence between the cathodic current peak and QCT concentration was observed within the range 4.
98-50.0 x 10~ mol L', with a theoretical detection limit of 2.6 x 10~ mol L. The proposed method
was successfully applied to determine QCT in beverages, pharmaceuticals, and biological samples. The
proposed biosensor device presented good selectivity in the presence of uric acid, various inorganic ions,
as well as other phenolic compounds, demonstrating the potential application of this biosensing platform
in chemically complex solutions. Operational and analytical stability of the laccase-biosensor were eval-
uated, and good intra-day (SD = 1.23%) and inter-day (SD = 2.32%) repeatability, and long storage stability
(SD = 3.47%) are presented.
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1. Introduction

Natural biopolymers have received much attention in funda-
mental science, industrial biotechnology and applied research in
the biomedical and pharmacological fields. Considering their
remarkable structural and functional properties, polysaccharides,
such as chitosan and carboxymethyl-cellulose, are some of the
most applicable in the field of advanced sensor and biosensor tech-
nology [1,2]. Recently, our research group reported the application
of botryosphaeran as a matrix for enzymatic immobilization and
the construction of new bioanalytical devices [3,4]. This exocellular
carbohydrate is produced by the ascomyceteous fungus Botryo-
sphaeria rhodina MAMB-05, and its chemical structure consists of
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a backbone chain bound by B-(1 — 3)-glucosidic linkages with
22% side-branches of B-(1 — 6)-linked glucose and gentiobiose
units [5].

The carboxymethylated derivative of botryosphaeran
(carboxymethyl-botryosphaeran, CMB) was recently used in the
construction of a novel electrochemical sensor, as described by
Eisele et al. [6]. According to the authors, the electroanalytical
studies indicated the formation of a homogenous, adherent and
stable film of CMB on the surface of a glassy carbon electrode
(GCE), generating a reproducible and sensitive electrochemical
response for organic molecules. Carboxymethylation of botryo-
sphaeran occurs primarily at the carbon-6 position, and the degree
of substitution can vary according to the experimental conditions
of carboxymethylation. The carboxylic groups inserted in the
polysaccharide chain act as immobilization sites for proteins/en-
zymes, and the covalent bond linking the enzyme to CMB can be
promoted through the action of activation/cross-linking agents.
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Carboxyl-reactive chemical groups in biomolecular probes for
labeling and crosslinking carboxylic acids to primary amines
include the carbodiimide compound 1-ethyl-3-[3-dimethylamino
propyl]carbodiimide hydrochloride (EDC) [7]. N-
hydroxysuccinimide (NHS) is often included in EDC-coupling pro-
tocols to improve efficiency and create stable intermediates. The
combined system, EDC/NHS, is one of the most attractive
approaches for the covalent attachment of enzymes onto
carboxyl- terminated surfaces in electrochemical biosensors,
because of its high efficiency in coupling reactions and biocompat-
ibility. These coupling reagents only slightly affect enzymatic
activity [8]. Wang et al. [9] and Janegitz et al. [10] used EDC/NHS
for enzyme immobilization on functionalized carbon nanotubes
(CNTs) for bioelectroanalytical applications. However, the use of
CMB as a support matrix for covalent immobilization of an enzyme
using carbodiimide cross-linkers has not been described. Besides,
this type of procedure for immobilizing the enzyme laccase onto
functional groups of polysaccharides from the same biological
source (B. rhodina MAMB-05) is not described in the literature,
showing a novelty feature on the work we report.

In general, considering previous works reported in the litera-
ture, the preparation of electrochemical devices for biosensing
applications involves several steps, all performed directly on the
electrode surface [11-13]. However, this method has some draw-
backs, such as time-consuming procedures, continuous enzyme
leakage due to variable distribution on the electrode, and large
quantities of reagents that are required. Exploring the immobiliza-
tion of enzyme on a suitable support in aqueous solution with the
activating agents EDC/NHS [9,10] minimizes time of the coupling
reaction, the reagents used, and the biosensor device can be pre-
pared in several units at a time, modifying the electrode only once
with the proposed enzyme.

B. rhodina MAMB-05 besides producing the B-glucan, botryo-
sphaeran, also produces an extracellular laccase (EC 1.10.3.2) con-
stitutively, but which can be induced at higher enzyme activity
levels by the inducer veratryl alcohol [14]. Laccases are glycopro-
teins within the class of multicopper oxidases that contain a clus-
ter of copper atoms (T1/T2/T3) at the enzyme’s active center [15].
This enzyme acts selectively in the oxidation of phenolic com-
pounds in the reduced form that occurs at the T1 copper center,
while simultaneously reducing molecular oxygen to water, which
takes place at the T2 and T3 copper sites.

Laccase (LCE) is a strong candidate to act as a biorecognition
molecule for the monitoring of phenolic compounds (analytes),
providing some advantages over other enzymes considering its
ability to catalyze electron-transfer reactions without additional
cofactors or mediators [16]. Several enzyme-based biosensor
topics of research have been conducted on determining phenolic
compounds based on the laccase-catalyzed reaction for applica-
tions in environmental, medical and food analyses [17-19]. LCE
has also been used in the design of bioanalytical devices for the
detection of flavonoids, a subclass of polyphenols [20-22]. These
compounds represent a diverse group of plant natural products
that are ubiquitously distributed in nature, and are present in a
variety of plant-based foods common to the human diet [23].

Quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-
chromen-4-one; QCT) is a flavonoid and a natural substrate for lac-
cases. There are beneficial associations between QCT intake and
human health, including the prevalence or incidence of conditions
such as stroke, cardiovascular diseases, cognitive dysfunction, and
cancer [24]. In order to evaluate the potential impact of consuming
foods of high flavonoid content, and/or extract-based dietary sup-
plements, an appropriate level of food characterization based upon
analytical determinations is required. In this context, electrochem-
ical biosensors act as promising bioanalytical tools, as these

devices are chemically selective, have relatively low construction
costs, and are applicable in routine chemical analyses.

According to the aforementioned, this study reports for the first
time the construction of a laccase-biosensor based upon the cova-
lent attachment of the enzyme laccase on CMB as support matrix
via activation by EDC/NHS in aqueous solution, employing a simple
carbon black paste electrode (CBPE) as the transducer. The pro-
posed biosensor, named CBPE/CMB-LCE, was characterized electro-
chemically employing the redox pair [Fe(CN)]>/*~ by
electrochemical impedance spectroscopy (EIS). The analytical per-
formance of this novel electrochemical biosensor is described and
discussed, as well as its comparison to other biosensors reported in
the literature. Furthermore, the developed method using this bio-
analytical device was applied for the determination of QCT in bev-
erages, pharmaceutical and biological samples.

2. Materials and methods
2.1. Reagents and solutions

N-Hydroxysuccinimide (NHS), 1-ethyl-3-[3-dimethylaminopro
pyl]carbodiimide hydrochloride (EDC), QCT and H,SO, were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Botryosphaeran
and laccase were obtained as previously described [25,26]. Car-
boxymethylation of botryosphaeran was performed with some
modification as described by Xu et al. [27]. Carbon black
VXC72R/LOT-3945501 was kindly provided by Cabot Brasil
InddGstria e Comércio Ltda., Sdo Paulo-SP, Brazil. Uric acid and
K4[Fe(CN)g] were obtained from Synth (Sdo Paulo-SP, Brazil). All
reagents were of analytical grade and used as received. Commer-
cial beverages and pharmaceutical samples were acquired from a
local market and drugstore, respectively, in Londrina, Brazil.

All solutions were prepared using ultra-purified water supplied
by a Milli-Q system (Millipore®) with resistivity greater than 18
MQ cm. Phosphate buffer solutions (PBS) (0.1 mol L), that were
used as the supporting electrolyte throughout the electroanalytical
experiments, were prepared from potassium monobasic phosphate
and potassium dibasic phosphate (pH adjusted to pH 6.0). A stock
solution of 10 mmol L~! QCT was freshly prepared daily in a solu-
tion of 0.1 mol L~! PBS (pH 6.0). Standard solutions of QCT were
prepared from the stock solutions by appropriate dilutions.

2.2. Apparatus

Square-wave voltammetry (SWV) and electrochemical impe-
dance spectroscopy (EIS) measurements using the fabricated
biosensor were performed on a FRA2 pAutolab Type III poten-
tiostat/galvanostat (Metrohm Autolab B.V., The Netherlands), and

controlled with NOVA 2.1 software (www.metrohm-autolab.com/

Products/Echem/Software). A conventional three-electrode single-
compartment glass cell was used at room temperature (25.0 £ 0.
5 °C) for all experiments, and comprised the biosensor as the work-
ing electrode, an Ag/AgCl (3.0 mol L~ KCl) reference electrode, and
a platinum plate as the auxiliary electrode. To ensure QCT was
totally solubilized within the PBS contained in the electrochemical
cell, the contents were stirred for 30 s prior to the measurements.

SW-voltammograms were baseline-corrected using the moving
average method (peak width: 0.001). The EIS experiments were
performed in the range of 10 mHz to 100 kHz (10 points per dec-
ade), and with a 10 mV (r.m.s.) ac perturbation for a 1 mmol L™!
K4[Fe(CN)s] in 0.1 mol L~! KCI solution.

All pH measurements were made at 25.0 + 1.0 °C using a com-
bined glass electrode with an Ag/AgCl (3.0 mol L~! KCl) external
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reference electrode connected to a pH meter, model W3B (BEL, SP,
Brazil).

High-Performance Liquid Chromatography (HPLC) determina-
tion of QCT was carried out using a LC Shimadzu (Shimadzu, SP,
Brazil) coupled to a system with a LC-20AT pump, SIL-20 AC auto-
matic injector and SPD-M20A PDA detector, and an ACE 5 C-18 col-
umn (250 mm x 4.6 mm i.d., particle size: 5 um) at 25.0 + 1.0 °C.
The mobile phase was composed of methanol and water (65:35).
UV absorbance was monitored from 200 to 400 nm.

2.3. Preparation of the CBPE-CMB/LCE biosensor

CBPE was prepared by mixing carbon black and mineral oil
(Nujol®) in a ratio of 30:70% (w/w). We observed that the paste
prepared could be used over a five-month period without any vari-
ation in the values of the current obtained in the electrochemical
analyses. The CB paste was carefully packed in the cavity of a
Teflon® tube supported with a copper plate, and the contents com-
pacted to produce a smooth surface.

Two methods were investigated to immobilize laccase onto
CMB. In the first, the enzyme was immobilized onto CMB in solu-
tion, and the prepared immobilized enzyme soluble complex was
then layered onto the surface of the CBPE electrode (designated
CBPE/CMB-LCE/1; see Schematic 1), while in the second procedure,
laccase was immobilized in a sequential manner directly onto the
surface of the electrode (designated CBPE/CMB-LCE/2); see Sche-
matic SM1 (SM - Supplementary Material).

The carboxyl coupling reaction (method 1) was performed by
mixing an aliquot of 0.5 mL of PBS (pH 6.0) containing EDC (2 mmol
L) with a solution of 0.5 mL CMB (6 mg mL~' in PBS, pH 6.0) and
left stirring for 1 h at room temperature. Thereafter, the same pro-
cedure was used with the NHS solution (2 mmol L~! in PBS, pH
6.0), as shown in Schematic 1. To covalently couple laccase to the
activated carboxylic groups on CMB, 0.5 mL of LCE (activity 27.5
U mL™') was added to the above solution and thoroughly stirred
for 1 h. Following the coupling step of laccase onto CMB, an aliquot
sample (10 pL) was layered onto the surface of the prepared CB
paste electrode, and the electrode cured for 1 h at 16 °C to evapo-
rate the solution. The developed biosensor was stored at 4 °C (re-
frigerator) when not in use. It is important to mention that the
final solution (2 mL) can be used to produce 200 bioanalytical
devices.

For comparative purposes, a biosensor was prepared by directly
immobilizing the enzyme on the CBPE surface (method 2). The
electrode was modified by first dropping 10 pL of the CMB solution
(1.5 mg mL~" in PBS, pH 6.0) using a micropipette on the electrode

surface and allowing it to dry for 1 h at room temperature. After
this step, 10 pL of EDC solution (0.5 mmol L~! in PBS, pH 6.0)
was dropped on the modified surface of CBPE containing CMB
and the electrode allowed to dry (1 h, room temperature). This
was followed by applying 10 pL of NHS solution (0.5 mmol L™!
in PBS, pH 6.0) onto the electrode surface, and then allowed to
dry for 1 h. Finally, 10 pL of LCE (activity 6.88 U mL~") was dropped
onto the top of the activated modified electrode and allowed to
couple and dry for 1 h at 16 °C. During the preparation of the elec-
trode (CBPE/CMB-LCE/2), it was rinsed carefully with PBS (pH 6.0)
after the deposition of each component. Schematic SM1 shows a
schematic view of the mechanisms carried out in each step in
the preparation of this biosensor.

2.4. Measurement procedures

Square-wave voltammograms were obtained for the different
sensors constructed (CBPE, CBPE/CMB, and CBPE/CMB-LCE), and
in the presence of QCT to evaluate the electrochemical contribution
of each modified procedure of the electrode architecture devel-
oped. The voltammetric measurements were performed using an
electrochemical cell containing 10 mL of PBS (pH 6.0) and scanning
the potential from 0.5 to —0.5 V. Measurements were carried out in
triplicate to ensure the reproducibility of the results.

The calibration curve for QCT (4.98 to 50.0 x 10~% mol L) was
obtained by adding small volumes of a standard solution
(1.0 x 107> mol L71) in the electrochemical cell containing 10 mL
of PBS (pH 6.0), and measurements were performed in triplicate.
SW voltammograms of QCT were recorded scanning the potential
from 0.5 and —0.5 V, after successive additions. The limit of detec-
tion (LOD) was calculated from the formula 3S/M, where S is the
standard deviation of ten measurements of the blank solution,
and M is the slope of the calibration curve [28].

2.5. Preparation and analysis of pharmaceutical samples

Ten capsules of a commercial pharmaceutical sample (250 mg
capsule™!) containing QCT were weighed and ground to a fine
powder. A mass corresponding to the average weight of one cap-
sule was transferred to a volumetric flask (100 mL) and made up
to volume with PBS (pH 6.0). The solution was shaken for one min-
ute to ensure the dissolution of QCT. Then, 60 pL of this solution
was transferred to a 5.0 mL volumetric flask and the volume com-
pleted with PBS (pH 6.0). An aliquot was directly transferred to the
electrochemical cell containing 10 mL of PBS (pH 6.0), without fil-
tration of the undissolved excipients. The current was measured in
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Schematic 1. Scheme showing the steps involved in the procedure for the immobilization (in solution) of laccase onto the activated carboxylic groups of carboxymethyl-

botryosphaeran (CMB).
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triplicate and QCT concentration was determined by interpolation
from the obtained analytical curve.

2.6. Preparation and analysis of commercial beverage samples (wine,
apple juice, lemon juice and green tea) for quercetin

The beverage samples (red wine (merlot), apple juice, lemon
juice and green tea) were added directly in the electrochemical
cell, without any pretreatment step. The quantitative analysis of
QCT in these samples was conducted in triplicate using the stan-
dard QCT calibration curve. Standard addition analysis was accom-
plished by measuring the current intensity on 200 pL of tea and
wine samples, and 100 pL of apple/lemon juices, before and after
the addition of precise aliquots of a known standard solution of
QCT (1.0 x 10~> mol L™1).

In order to check the accuracy of the proposed method employ-
ing the laccase-biosensor, chromatographic determination (HPLC)
of QCT was carried out on green tea, red wine, apple juice, and
lemon juice as described by Price et al. [29], Dias et al. [30], Kahle
et al. [31], and Gattuso et al. [32], respectively.

2.7. Preparation and analysis of a biological sample

As an example of a biological sample, urine was selected to
determine whether concomitant substances interfered with the
analysis of QCT. A urine sample was acquired from a healthy adult
male volunteer (male, 21 years old, non-smoker) immediately
prior to the experimental measurements. For analysis, 0.1 mL of
fresh urine was placed in the electrochemical cell containing
10 mL of PBS (pH 6.0). This solution was then spiked with a stan-
dard solution of QCT (1.0 x 10> mol L™!) to achieve the required
concentration. Addition and recovery tests were performed on the

urine sample to verify the accuracy of the method on this biological
specimen.

3. Results and discussion
3.1. Covalent attachment of LCE on CMB by EDC/NHS activating agents

EDC reacts with carboxylic acid groups on the carboxymethyl-
botryosphaeran chain to form an active O-acylisourea intermediate
(Schematic 2, step 1) that is easily displaced by nucleophilic attack
from primary amino groups present on laccase. The primary amine
forms an amide bond with the original carboxyl group, according
to the representation of the chemical reactions in Schematic 2 (step
2) [33]. NHS, or its water-soluble analog (sulfo-NHS), is often
included in EDC-coupling reactions to improve efficiency [34]. EDC
couples NHS to carboxyl groups forming an NHS ester (step 3) that
is considerably more stable than the O-acylisourea intermediate
while allowing for an efficient conjugation to the primary amines
(step 4).

EDC/NHS crosslinking is most efficient under pH conditions in
the range from 4.5 to 7.2, and phosphate buffer solutions with
pH less than 7.2 are compatible with the reaction as well [35]. In
this study, the process was conducted in PBS (pH 6.0), as the lac-
case from B. rhodina MAMB-05 remains stable under these condi-
tions [25]. Covalent immobilization provides the strongest
enzyme/support interaction, and ensures low protein leakage dur-
ing catalysis, besides increasing the resistance to changes under
conditions such as pH or temperature. This approach is the most
effective in the field of bioelectrochemical devices since the
enzyme maintains its catalytic activity, and the products are easily
separated from the active site, allowing the device to be reused
[36]. In this case, the CMB-LCE film on the CBPE surface was stable,
reproducible and sensitive, providing excellent analytical perfor-

Schematic 2. Reaction scheme showing the proposed covalent coupling of laccase onto CM-botryosphaeran via activation by EDC and NHS.
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Fig. 1. Electrochemical impedance spectra for CBPE (@), CBPE/CMB (M) and CBPE/
CMB-LCE/1 (A)in 0.1 mol L~ KCl solution containing 1.0 mmol L [Fe(CN)s]*~, open
circuit mode (Inset A circuit model), 10 mV amplitude and frequency range of
10 mHz to 100 kHz.

mance for monitoring flavonoids, as we discuss throughout the
text.

3.2. Electrochemical characterization of the CBPE-CMB/LCE biosensor

The physical-chemical characterization of bioelectrochemical
devices can be performed based on impedance measurements
associated with the electronic transfer kinetics for the surface phe-
nomena. The electrochemical characterization of the following fab-
ricated electrodes: CBPE, CBPE/CMB, and CBPE/CMB-LCE/1 was
performed by EIS using the classical electrochemical probe [Fe
(CN)s]* /4~ The Randles circuit is one of the most common models
used for impedance measurements and electrochemical character-
ization. This system includes only solution resistance (Rso.), a par-
allel combination of a double-layer capacitor (CPE - constant phase
element) and a charge transfer or polarization resistance (Rct), as
represented in the circuit model shown in Fig. 1 (inset A) [37].
The Nyquist plot of a Randles cell can be used to evaluate the effect
of different modifications on the electrochemical surface. The
diameter of the semi-circle at high frequencies represents the
charge transfer resistance, and the straight line at an angle of 45°
to the real axis at lower frequencies represents the diffusion pro-
cess (mass transfer control).

As shown in Fig. 1, the layer of CMB caused an electrochemical
alteration at the electrode/solution interface, increasing the semi-
circle ratio (Rer 11.9 kQ) compared to the unmodified CBPE (Rct
8.3 kQ). This result suggests that the negative charges from the
carboxyl groups on the carboxymethyl-botryosphaeran structure
repel the ferrocyanide group, decreasing the diffusion of this inor-
ganic electroactive species on the electrode surface. When the
CBPE was layered with the complex CMB-LCE, the device reached
the highest resistance value (Rcr 16.3 kQ). According to studies
reported in the literature, laccases commonly present an isoelectric
point between 3.0 and 5.0 [38]. In this case, the impedance exper-
iment was performed at pH 7.0, above the laccase isoelectric point.
In this condition, the enzyme presents a negative charge, and the
electric repulsion causes the increase in the resistance. In addition,
previous work in the literature described that the immobilized
proteins seriously inhibited the electron transfer of the electroac-
tive probe with the electrode [39-41]. Therefore, our result ensures
the efficient and stable immobilization of LCE on the CMB
structure.

3.3. Electrochemical behavior of the quercetin molecule on the CBPE-
CMBY/LCE biosensor surface

As previously mentioned, laccases catalyze the oxidation of
polyphenolic compounds, such as QCT, in the presence of molecu-
lar oxygen as the final acceptor of electrons. In this study, the elec-
trochemical monitoring was based on the oxidation of QCT to the
corresponding o-quinone by laccase, followed by the electrochem-
ical reduction at the surface of the proposed biosensor at 0.23 V vs.
Ag/AgCl, according to the mechanism shown in Fig. 2. The mea-
sured cathodic peak current from the electrochemical reduction
of the o-quinone on the biosensor surface was directly proportional
to the concentration of QCT in the electrochemical cell, allowing
the determination of this flavonoid in real samples.

Fig. SM1 (SM - Supplementary Material) presents the electro-
chemical behavior of 99.0 pmol L~! QCT studied by cyclic voltam-
metry in PBS (pH 6.0) at a scan rate of 100 mV s~'. As can be seen,
using the CBPE/CMB-LCE/1 device resulted in a decrease in the oxi-
dation peak and a remarkable increase in the reduction peak com-
pared to the non-enzymatic electrodes (CBPE and CBPE/CMB). As
discussed above, laccase catalyzes the oxidation of QCT to o-
quinone. Therefore, the o-quinone is reduced electrochemically
(reverse scan), regenerating the QCT at the electrode surface and
increasing the voltammetric signal.

The electrochemical behavior of the o-quinone was evaluated
by SWV on the surface of the four different working electrodes:
CBPE, CBPE/CMB, CBPE/CMB-LCE/1 (laccase immobilized in solu-
tion), and CBPE/CMB-LCE/2 (enzyme immobilized directly on the
CBPE surface). Fig. 2 shows the square-wave voltammograms
obtained in PBS (pH 6.0) resulting from the electrochemical reduc-
tion of o-quinone at an initial quercetin concentration of 99.0 pmol
L~'. Based on the presented behavior, the significant increase in
current magnitude for QCT o-quinone reduction on the CBPE/
CMB surface, compared to unmodified CBPE, suggests probable
hydrogen bonding interaction between the carboxyl groups on
the structure of CMB and the hydroxyl groups on o-quinone.

The best performance in terms of analytical signal intensity was
obtained for the proposed biosensor (CBPE/CMB-LCE/1, immobi-
lized in solution) using laccase as a biocatalyst. As can be seen,
there is no significant difference between the two methods of

I/pA
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HO. 0. O HO. 0. ‘
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2e” +2H*
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Fig. 2. SW voltammograms obtained using the electrodes: CBPE (===), CBPE/CMB
(===), CBPE/CMB-LCE/1 (immobilization in solution) (=) and CBPE/CMB-LCE/2
(immobilization directly on the CBPE) (==) in PBS (pH 6.0) containing 90.0 pmol L~!
QCT. SWV conditions: a = 50 mV, AE; = 2 mV and f = 30 Hz. Inset: proposed
mechanism for the enzymatic oxidation of QCT and the subsequent electrochemical
reduction of o-quinone.
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immobilizing laccase. However, performing the covalent attach-
ment in aqueous solution allows the large-scale production of
the immobilized enzyme for constructing the proposed biosensor.
The enzymatic activity based on a stereospecific reaction confers
high selectivity on the proposed bioanalytical device and promotes
the rapid conversion of QCT to o-quinone (oxidized structure) on
the biosensor surface, which upon reduction by the electrochemi-
cal electrode results in a greater signal of cathodic current.

The stability and preservation of laccase activity of the pro-
posed biosensor (CBPE/CMB-LCE) were tested by evaluating the
electrochemical responses after a long period of storage. The
response was monitored in QCT solution (99.0 umol L~!) by repet-
itive measurements over several days. After each measurement,
the biosensor was rinsed and stored at 4.0 °C (refrigerator). After
30 days of these sequential experiments, cathodic current signals
showed a standard deviation (SD) of 3.24%, providing 300 stable
and reproducible measurements taken without surface renovation,
as determined by electrochemical responses obtained from the
analysis of QCT by the bioanalytical device. The stable maintenance
of laccase activity on the electrode is attributed to the preservation
of the three-dimensional structure of the enzyme’s polypeptide
chain at all structural levels (primary, secondary, tertiary and qua-
ternary) due to the efficient covalent immobilization onto the CMB
structure via EDC/NHS. Thus, this carboxymethylated derivative of
the exopolysaccharide botryosphaeran shows itself as a biological
matrix suitable for the immobilization of laccase and fabrication
of a biosensor device, maintaining enzyme activity, ensuring stabil-
ity and a long lifetime for the constructed biosensor.

3.4. Selection of the experimental/instrumental parameters for the best
analytical performance of the proposed laccase biosensor

The electrochemical behavior of organic molecules on the inter-
facial phenomena is usually dependent upon the pH of the sup-
porting electrolyte. Since these compounds have different
chemical groups that act as weak acids or bases, the charge is vari-
able according to the pKa for each molecule, and this affects the
electroactive profile. In the field of biosensor technology, electro-
analytical measurements are dependent upon enzyme activity.
Enzymes have a primary structure made up of L-amino acids that
present weak acidic and basic groups, which are affected by pH
variations resulting in different levels of enzymatic activity.

The influence of pH of PBS (ranging from 4.0 to 8.0) on the
reduction of the current peak of o-quinone was evaluated for the
response of the biosensor. As shown in Fig. 3A, the highest voltam-
metric response for the reduction of o-quinone was registered at
pH 6.0. The internal transfer of electrons from the T1 Cu ion site
to the trinuclear copper cluster of the active center of laccase is
affected by the binding of OH™ ions to T2 Cu and T3 Cu sites at
higher pH's, as can be seen for PBS at pH 7.0 and 8.0 [42]. The inter-
action between hydroxide and the copper ions hinders the catalytic
stability of the laccase resulting in lower levels of o-quinone, and
consequently, less cathodic current is monitored. Therefore, PBS
of pH 6.0 was used in further studies in order to obtain the best
reproducible intensity of the analytical signals. Fig. 3B shows the
linear variation between the peak potential and the pH of PBS with
a slope of —54.8 mV/pH (1 = 0.998); a value closer to that expected
for a Nernstian system with two electrons and two protons
involved, as described above for the inserted mechanism in Fig. 2
[43].

Prior to the construction of the analytical curve, the SWV oper-
ating parameters were optimized in order to obtain a higher cur-
rent signal and a defined peak for the determination of QCT. The
parameter and ranges investigated were: 10-100 mV, for the pulse
amplitude (a); 10-100 Hz, for the square wave frequency (f) and
1-6 mV, for the scan increment (AEs). The selected values for
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Table 1
Comparison of the analytical parameters and method features presented by the proposed biosensor with other electrodes for determining quercetin.
Technique/Electrode Linear range (uM) LOD Method features Reference
(UM)
SWV | GCE-MWCN-monosuccinyl - 1.5-7.5 - - time-consuming for electrode preparation; selectivity problems. [44]
cyclodextrin
SWV | GCE-MWCN-Nafion 0.02-1.7 - - rapid determination; selectivity problems. [45]
DPV | MWCN-Nujol 0.1-1.0 0.03 - rapid determination; but is not selective. [46]
SWV | Lac/Ag-BMLTf;N 0.499-7.407 0.037 - time-consuming for electrode preparation; selectivity. [43]
SWV | CBPE/CMB-LCE/1 0.0498-0.794 0.026 - lowest LOD; efficient method for enzyme immobilization; selectivity. This work

GCE - glassy carbon electrode; MWCN - multi-walled carbon nanotubes; Lac and LCE - laccase; Ag-BMLTf2N - silver nanoparticles in 1-butyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide; Nafion - name for a sulfonated tetrafluoroethylene based fluoropolymer- copolymer, an ionomer.

Table 2

Quercetin content of commercial beverage samples determined using the proposed laccase-biosensor and compared to HPLC analysis.

Beverage sample QCT amount (mg L)

LCE-biosensor HPLC E (%)° Fealc
Red wine 9.8+0.2 102 £ 0.3 -39 2.25
Green tea 7.6 £0.3 7.8 £0.1 -2.6 0.11
Apple juice 6.7+04 6.5+0.2 3.1 0.25
Lemon juice 6.5+0.8 6.8 £ 0.5 —-4.4 0.39

2 Average of three measurements.
® 100 x [(LCE-biosensor — HPLC method)/HPLC method].
¢ Critical F-value = 19.0 (95% confidence level).

further voltammetric measurements were: a = 50 mV, f = 50 Hz,
and AEs = 3 mV. These parameters were used to record the analyt-
ical curve using aliquots of a standard solution of QCT in PBS (pH
6.0).

The analytical curve was obtained from the resultant cathodic
peak current recorded in the square-wave voltammograms, as a
function of the concentration of QCT (Fig. 4). A linear relationship
was observed between the current (pA) and QCT concentrations
ranging from 4.98 to 50.0 x 10~® mol L' (Fig. 4, Inset), using the
linear regression equation: Icp (pA) = 0.07 + 0.025 [c (x107 mol
L~1] (r? = 0.998) at pH 6.0 where I¢p is the cathodic peak current,
and c the QCT concentration. The theoretical LOD was 2.64 x 108
mol L1,

The analytical performance of the proposed biosensor was com-
pared with those previously reported in the literature for modified
electrodes or biosensors used for the determination of QCT, and
this information is presented in Table 1. The comparative data con-
firms that the proposed biosensor presents excellent performance,
in terms of LOD and the linear range examined, with analytical
parameters better than those reported in the literature. In addition,
using CMB as a matrix for covalent immobilization of enzyme
guaranteed a longer lifetime for laccase, maintaining its catalytic
activity and protecting the enzyme against inactivation by external
factors. Therefore, the biosensor constructed, as well as the pro-
posed immobilization method of laccase, was found to be promis-
ing in developing an electroanalytical method for the
determination of QCT in real samples.

The repeatability of the electroanalytical measurements per-
formed using the proposed biosensor was evaluated by monitoring
the cathodic current by SWV in PBS (pH 6.0) using 15.0 pmol L™!
QCT. After ten successive measurements, the current signals pre-
sented a SD of 1.23% on the same device, without any necessary
electrode surface treatment or renovation. The results confirmed
the stability of the laccase immobilized, and that this biosensor
can be used in repetitive analyses providing accurate results.

In order to evaluate the reproducibility level of the biosensor
assembly, the cathodic currents of three biosensor constructed
using the same immobilization procedure (in solution) were mon-
itored using 15.0 pmol L~! QCT in PBS (pH 6.0). The SD between

measurements of the three devices at the same concentration
was 2.32%, indicating excellent reproducibility for the biosensor
constructed.

3.5. Selectivity and analytical application of the proposed CBPE/CMB-
LCE biosensor for the determination of quercetin

In order to assess the selectivity of the proposed biosensor, the
effect of different chemical species on the electrochemical reduc-
tion of o-quinone was evaluated by SWV. This procedure was per-
formed to determine possible interference in measuring QCT using
a standard solution of 99.0 ymol L™, and evaluated at a ratio con-
centration of QCT-to-other chemical species of 1:1 and 1:10. Sub-
strate specificity was evaluated in the presence of related
phenol-model compounds: epinephrine, dopamine, paracetamol,
guaiacol and catechol. No significant interference was observed
in the cathodic current signal corresponding to QCT (SD < 2%) since
the reduction signals for each phenolic compound analyzed did not
overlap with the QCT peak. In the presence of uric acid and some
inorganic ions commonly found as complexes (Ca%*, Mn?*, Fe?*,
Zn?*, SO3~ and NO>?-), the proposed biosensor also presented a
stable and reproducible response to QCT (RSD < 1%).

In order to evaluate the applicability of the proposed biosensor
in real and chemically complex samples, QCT was determined in
commercial flavonoid-containing beverages, such as green tea,
red wine, and apple/lemon juice. Fig. SM2 shows the SW-
voltammograms obtained by the standard addition analysis for
(A) green tea, (B) red wine, (C) apple juice and (D) lemon juice. A
linear signal response for all the samples was observed in the con-
centration range of 0.0 to 35.7 x 10~ mol L™, following equations:
(A) Icp (HA) = 0.171 + 0.003 [c (x10~8 mol L™1)] (r? = 0.998); (B) Icp
(HA) = 0.208 + 0.005 [c (x108 mol L™1)] (r? = 0.996); (C) Icp (HA) =
0.147 + 0.003 [c (x10~® mol L™1)] (r? = 0.998) and (D) Icp (1A) = 0.
100 + 0.005 [c (x1078 mol L™ 1)] (r? = 0.999).

The results of the analysis of all the samples are summarized in
Table 2. No significant differences were observed between the val-
ues found for the contents of QCT in the commercial samples using
the developed bioanalytical device, and the validated HPLC analy-
ses [29-32]. According to the F-test [47], the two methods provide



8 A. Gomes et al./Bioelectrochemistry 135 (2020) 107543

an equivalent level of precision at a 95% confidence level. All calcu-
lated values were lower than the standard value (Ftica = 19.0).
Besides, considering that the paired t-test [47] was applied to these
results and the calculated t value (t = 1.35) is smaller than the crit-
ical value (3.18, o = 0.05), the results obtained with either method
are statistically equivalents, at a 95% confidence level.

In the pharmaceutical samples analyzed, the results obtained
for QCT in one sample employing the laccase-biosensor
(249 + 2 mg capsule™!) was very similar to that obtained by Shaikh
and Jain (2018) using the HPLC technique (251 # 3 mg capsule™!)
[48]. In addition, good recovery was obtained for the commercial
sample investigated, ranging from 98.4% to 102%, indicating there
was no interference by the excipients in the preparation.

The proposed biosensor was also employed to determine QCT
when added to a biological specimen; e.g., human urine. The sam-
ples were doped with two different concentrations of QCT: 2.0 and
6.0 mg L™, and excellent recovery resulted in values close to 100%
(98 and 102%, respectively). Based upon these results, the proposed
bioanalytical device ensured a high degree of accuracy in the quan-
titative analysis of this flavonoid.

4. Conclusion

The proposed electrochemical biosensor (CBPE/CMB-LCE/1) was
fabricated with a fungal laccase immobilized onto carboxymethyl-
botryosphaeran in aqueous solution; a procedure that minimized
the number of steps in preparing this analytical device. This novel
biosensing platform was successfully applied to the detection and
quantitation of QCT in commercial beverages and pharmaceutical
preparations, and a biological sample, human urine. The excellent
analytical performance of this biosensing device was attributed
to the stable covalent coupling of the enzyme on the CMB structure
in aqueous solution through the use of the activating agents EDC/
NHS. The laccase biosensor maintained its catalytic activity at the
electrode/solution interface, providing selectivity and stability of
the proposed analytical method. In view of this, carboxymethyl-
botryosphaeran was demonstrated to be a promising biomaterial
for the construction of bioanalytical sensor devices. The determi-
nation of QCT in chemically complex samples (beverages and bio-
logical fluids) did not require a priori treatment. Based upon the
addition and recovery studies for human urine, no interference
from other components in these samples was observed, confirming
the biosensor was highly selective. The results for the quantitation
of QCT in beverages and commercial pharmaceutical preparations
were in agreement with HPLC determinations at 95% confidence
level. Furthermore, the proposed biosensing platform presented
in this study appears to have wide applications in bioanalytical
determinations, with fast response times, chemical selectivity, in
a cost-effective manner and non-polluting; recognition elements
for commercial production.
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