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Desenvolvimento de um Biossensor Eletroquimico Baseado em HRP-MWCNT para
Determinag¢ao de Compostos Fendlicos em Efluentes da Lavagem de Graos de Café

Resumo: O presente estudo demonstra o desenvolvimento de um biossensor descartavel impresso a base de HRP
(peroxidase de rabano silvestre) — MWCNT (nanotubo de carbono de paredes multiplas) para a determinagdo de
compostos fendlicos em efluentes da lavagem de grdos de café. A imobilizacdo enzimatica na superficie do MWCNT
foi realizada por adigdo covalente de glutaraldeido reticulado com BSA (albumina sérica bovina) e o desempenho do
método eletroquimico foi comparado com o método de referéncia (Folin-Denis). O nanocompédsito HRP-MWCNT foi
caracterizado por Microscopia Eletronica de Varredura (MEV) e Espectroscopia de Infravermelho por Transformada de
Fourier (FT-IR). Parametros experimentais incluindo pH, concentragdo de tampdo, concentragdo de H,0,, quantidade
de enzima, BSA e glutaraldeido foram otimizados. As melhores condigdes para a preparagdo do biossensor descartavel
a base de HRP foram: 25 pL de solugdo de HRP (53 U mg? sélido em 100 uL de agua), 1.0 mg de BSA e 5 uL de
glutaraldeido (5% v / v). O método proposto apresentou sensibilidade de 0,283 A L mol™* com uma faixa de resposta
linear de 20 a 32,5 umol L?, limites de deteccdo e quantificagdo de 0,16 pmol L e 0,47 umol L%, respectivamente ,
usando a voltametria de onda quadrada. Os resultados revelaram que o biossensor apresentou um bom desempenho
na determinagdo de compostos fendlicos, quando comparado a outros métodos descritos na literatura. O biossensor
descartavel proposto foi aplicado com sucesso na determinagdo de compostos fendlicos em amostras de aguas
residuais da lavagem de grdos de café, mostrando potencial aplicagdo no controle de qualidade de efluentes.

Palavras-chave: Biossensor impresso; compostos fendlicos; nanotubo de carbono de paredes multiplas; peroxidase.

Abstract

The present study demonstrates the development of an electrochemical HRP (horseradish peroxidase) - MWCNT
(multiwalled carbon nanotube) based screen-printed disposable biosensor for the determination of phenolic compounds
in effluent from washing coffee beans. The enzyme immobilization onto the surface of MWCNT was performed by
covalent addition of glutaraldehyde cross-linked with BSA (bovine serum albumin) the performance of electrochemical
method was compared with the reference method (Folin-Denis). The nanocomposite HRP-MWCNT was characterized
by Scanning Electron Microscopy (SEM) and Spectroscopy Fourier Transform Infrared (FT-IR). Experimental parameters
including pH, buffer concentration, H,0, concentration, amount of enzyme, BSA and glutaraldehyde have been optimized.
The best conditions for the preparation of the disposable biosensor based HRP were: 25 pL solution of HRP (53
U mg?solidin 100 pL of water), 1.0 mg of BSA and 5 pL of glutaraldehyde (5% v/v). The proposed method had a sensitivity
of 0.283 A L mol* with a linear response range from 20 to 32.5 umol L%, limits of detection and quantification of 0.16
pmol L™ and 0.47 pmol L?, respectively, using the square wave voltammetry. The results revealed that the biosensor had
a good performance for the determination of phenolic compounds, when compared to other methods described in the
literature. The proposed disposable biosensor was successfully applied for the determination of phenolic compounds in
samples of wastewater from washing coffee beans, showing potential application in quality control of effluents.

Keywords: Screen-printed biosensor; phenolic compounds; multiwalled carbon nanotube; peroxidase.
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1. Introduction

Monitoring of phenolic compounds in the food
industry and in environmental and biomedical
analyses, by using portable, cost-effective devices,
has become an area of growing interest over the
past decade. This because some phenols are
ubiquitous pollutants that come to natural waters
from the effluents of chemical industrial activities,
such as coal refineries, pharmaceuticals, production
of resins, paints, textiles, petrochemicals, and pulp,
including the manufacturing of phenol. *2

Consequently, aquatic organisms, including
fish, are subjected to these pollutants, and, due
to their toxicity, some phenolic compounds are
subject to regulation as water pollutants. Thus,
both the European Commission (EC) and the
US Environmental Protection Agency (US EPA)
have created lists and classifications to prioritize
hazardous substances for their monitoring in
drinking or natural waters, and, among them,
special attention has been devoted to phenolic
compounds (e.g., polycyclic aromatic hydrocarbons
(PAHs) and organophosphates). Of particular
concern are emerging pollutants, mainly those
occurring in phenolic compounds, with endocrine-
disrupting activity, and those represented by
chlorophenols and their derivatives. 3

In this context of generation of emerging
contaminants due to several activities, such as
agricultural, the Brazil faces serious problems
with regard to the final destination of the various
types of residues generated in wet processing of
coffee fruits, such as liquids (washing water, pulp
and demucilage) and solids (wet pulp and bark). *
One of the residues generated in large amounts
during wet processing of coffee, the bark,
contains compounds such as tannins, caffeine and
phenolic compounds which limit its application,
characterizing a serious disposal problem in coffee
producing countries. >

In the work described by Bolands et al. using
this type of matrix (wastewater) were found high
content of total phenolic compounds (0.5 mg L?),
which exceed the limits established by CONAMA
(Brazilian organresponsible for adopting measures
regarding the national environment system) and
may affect the activity of the microorganisms in
a bilogical treatment, thus justifying the need for
analytical methods capable of quantifying these
compounds quickly and accurately. ’
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Although spectrophotometric and
chromatographic techniques are the most common
methods for the determination of phenolic
compounds, capable of identifying and quantifying
them with great accuracy, a wide variety of
pollutants exist at trace levels, and the most
recent research in monitoring techniques is mainly
focused on analytical tools, such as sensors and
biosensors, which offer advantages over classical
analytical techniques in terms of selectivity,
sensitivity, short assay times, and reduced cost
of analysis. #* The use of enzymatic biosensors
has increased over time, due to their specific and
peculiar properties. Some biosensor research has
been carried out on the detection of phenolic
compounds based on enzymes, such as tyrosinase
and horseradish peroxidase (HRP). The HRP is a
important redox mediator for the reduction of H,O,
as electrons relay due to the intrinsic selectivity
and intensification of the enzymatic reaction. *?

The immobilization of enzymes on electrodic
materials surface provides greater stability
and protection from the environment different
from that behavior observed in bulk solution.
The literature present immobilization methods
commom such as cross-link bonding, covalent
attachment, polymer inclusion and sample
adsorption. ¥ The immobilization of an enzyme
entails interactions the enzyme and the carrier.
Therefore, carriers with high surface area and
chemically and mechanically stable are preferred
to allow a higher enzyme loading and a better
efficiency of immobilization.

Carbon nanotubes (CNTs) paste enzyme
electrodes have been widely prepared by mixing
CNTs with mineral oil. CNTs provide fast electron
transfer between biorecognition elements and
transducers due to their great electrical and
mechanical properties. Because the CNTs have
electrochemical stability and high surface area, they
are very employed in sensors and biosensors. 16

Screen printed electrodes (SPEs) have also been
widely employed in sensors for their especially low
cost, fast response and large-scale production. ¥
Regardless of these advantages, signal conductivity
remains a weak point of SPE electrode. To solve
this problem, various materials such as carbon
nanomaterials, ¥ metal nanoparticles * and
polymers 2° have been used to modify SPEs. In this
sense, the modification of the electrode surface
with MWCNT (multiwalled carbon nanotube) could
increase the conductance of the electrode, thus is
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possible to increase the electron transfer between
enzyme and the electrode.

According to aforementioned the main
aim of this study was development of an new
electrochemical HRP (horseradish peroxidase)-
MWCNT (multiwalled carbon nanotube)-based
screen-printed disposable biosensor for monitoring
phenolic compounds in effluent from washing
coffee. Until at moment there are no reports from
the present study.

2. Experimental

2.1. Reagents and solution

All chemical reagents used in the development
of this work had analytical purity. Sodium acetate,
sodium phosphate monobasic, Hepes, Pipes,
Tris, hydrogen peroxide, mineral oil, bovine
serum albumin (BSA), horseradish peroxidase
(HRP) 53 U mg?, all from Sigma-Aldrich brand;
Hydrochloric acid and sodium hydroxide (Vetec)
and glutaraldehyde (Dinamica). The multiwalled
carbon nanotube (MWCNT) was acquired by
the company Nanocyl and has the following
specifications: purity of 99%, diameter between 6
and 13 nm, length between 2.5 and 20 um; the
graphite powder with 98% purity was purchased
from Synty brand. All solutions were prepared
with milli-Q purified water by the Millipore®
system with resistivity of 18 MQ cm™.

2.2. Instrumentation and electrochemical
characterization

The electrochemical measurements were
performed using a potentiostat/galvanostat
from Autolab model PGSTAT12, interfaced to a

Counter Electrode
L

o

Working Electrode «
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microcomputer equipped with GPES 4.9 software,
to acquire the experimental data.

A conventional electrochemical cell system
was used in the electrochemical measurements
and it was consisted of three electrodes: a
reference electrode Ag/AgCl (KCI 3.0 mol L?), the
counter electrode, a platinum wire spiral and the
proposed biosensor as working electrode.

Two working electrodes were used. The first
electrode consisted of a Pt plate located at the
upper end of a 15 cm long glass tube, with a lower
cavity with 4 mm in internal diameter, depth of 1
mm and area of 0.12 cm?. A Pt plate was connected
to a nickel/chromium wire that was responsible
for the electrical contact of the electrode and
the modified carbon paste with nanotube was
deposited under the surface of the plate. The
second working electrode used was a disposable
electrode purchased commercially from Metrohm
Pensalab, where the system is constituted as
follows: printed working electrode with carbon
nanotube multi-walled, silver reference electrode
and auxiliary carbon. Their dimensions were
3.4x1.0x0.05 cm and electrical silver contacts were
used. Figure 1 illustrates a disposable electrode.

To prepare the different solutions, the reagents
were weighed out on a Shimadzu analytical
balance, model AUW2200. The solutions pH
values were adjusted by means of a properly
calibrated Tecnal pHmeter.

The prepared electrodes were characterized
by scanning electron microscopy (SEM, Jeol®,
Model JSM 300, Tokyo, Japan) and infrared
spectroscopy. Fourier transform infrared (FT-IR)
absorbance spectrum was recorded on a FT-IR
8300 (Shimadzu®, Kyoto, Japan) (spectra recorded
in the region of 4000-500 cm™) spectrometer
equipped with a DTGS detector and the KBr pellet
technique was used to characterize the electrode.

Reference Electrode
L

Reference Electrode connection
v

Working Electrode connection

Counter Electrode connection

Figure 1. Schematic of a disposable electrode
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These analyzes were performed at the Center of
Exact Sciences in the Department of Chemistry,
State University of Londrina (UEL) in collaboration
with Professor César Ricardo Teixeira Tarley.

2.3. Enzyme immobilization onto the surface
of multi-walled carbon nanotube by covalent
crosslinking

The obtaining of the biosensor for the
determination of phenolic compounds was
performed by immobilizing the enzyme HRP by
covalent crosslinking using glutaraldehyde, which
acts by reacting with the amino groups of the
enzyme, providing a strong chemical bond between
the biomolecules. That is, the crosslinked did not
relate to immobilization bioelement the surface of a
support, but the bond between the enzymes forms
a large complex three-dimensional structure. 2

The biological material has been immobilized by
homogenizing 10.0 mg of carbon nanotube, 25 pL
of a solution of HRP (53 U mg? solid in 100 puL of
water), 1 mg of BSA, 5 pL of glutaraldehyde (5% v/v)
for 15 minutes. This mixture was allowed to stand
in the refrigerator for 15 hours. After this step, 1 mg
of powdered graphite and 20 uL of mineral oil were
added to the mixture. Then, obtained paste was
introduced into a cavity in the working electrode.

2.4. Preparation of the biosensor based on
the disposable electrode

The disposable biosensor was obtained after
the surface modification of the commercial
disposable electrode. So, a solution was prepared
from 1 mg of HRP (53 U mg? solid), 4 mg of BSA
and 20 pL of glutaraldehyde (5% v/v) in 100 uL of
water. Then, 25 pl of this solution were added in
the contact of the working electrode, and it was
allowed to stand for 2 hours at room temperature.

2.5. Evaluation of experimental parameters

To evaluate the sensibility of the biosensor
for the determination of phenolic compound, a
standard solution of catechol with a concentration
of 3.0 mmol L was used and an analytical curve
was constructed in the range of 30 to 300 umol
L* of catechol, using the cyclic voltammetry
technique. All linear correlation -coefficients
obtained were greater than 0.99.

Va

First, the amount of HRP added to the carbon
paste (0.24, 0.48, 0.72, 0.96, 1.20, 1.45, 1.69, 1.93
U mg? of carbonaceous material) was varied, then,
the type of buffer system (phosphate, trizma, pipes,
hepes), concentration of phosphate buffer solution
(0.05, 0.2, 0.25, 0.3, 0.5 mol L?) and the pH of the
phosphatebuffer(5.0,5.5,6.0,6.5,7.0,7.5,8.0) were
evaluated. Finally, the concentration of hydrogen
peroxide (10, 20, 30, 40, 50, 60, 70, 80, 90 and
100 pmol L) was varied. These are the parameters
that are aimed at obtaining greater sensibility of
the biosensor for the determination of phenol
compounds.

Thereagentsthatinfluencedtheimmobilization
of the enzyme were also optimized. The amount
of glutaraldehyde solution 5% v/v was varies
between 0 to 7 pL. According to several studies
reported in the literature,?*?* in this study, a
concentration of 5% v/v of glutaraldehyde was
used. This concentration of glutaraldehyde was
maintained for studying the optimal amount of
BSA. The evaluated values were: 1.0; 1.5; 2.0; 2.5;
3.0; 3.5 mg.

2.6. Evaluation of the operational parameters
of electrochemical techniques employing
disposable electrode

The choice of the electrochemical technique which
permitted a better response in the determination
of phenolic compounds was performed from
the comparison of different techniques (cyclic
voltammetry, differential pulse voltammetry and
square wave voltammetry), after optimization of the
parameters related to the technical.

The cyclic voltammetry technique was used to
study the electrochemical behavior of catecholand
for the optimization of experimental parameters.
The measurements were performed in a potential
range of -0.2 to 0.5 V vs. Ag/AgCl using biosensor
based on carbon nanotube (disposable electrode)
as working electrode.

In differential pulse voltammetry two
parameters were evaluated: scan rate (v) and the
pulse amplitude (Ap) in the potential range of -0.2
to 0.5 V vs. Ag/AgCl using the proposed biosensor
working electrode. In the square wave voltammetry,
the frequency (f) and A, (pulse amplitude) applied
the same potential range were evaluated.

After the optimization of the parameters for
each electrochemical technique, analytical curves
were constructed using each of the techniques
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mentioned, and the calibration curve for the
determination of phenolic compounds in real
samples was obtained using the most suitable
technique for the determination of the analyte
using the disposable biosensor.

2.7. Determination of total phenolic compounds

To be credible on the quantification of
phenolic compounds by the method developed,
a comparison between the results obtained was
done, with an already reliable method from the
addition of standards. The comparison of methods
consists on the comparative evaluation of the
results obtained using the proposed method and
the results obtained using a reference method,
assessing the degree of proximity between the
results obtained by the two methods, that is, the
degree of accuracy of the tested method in respect
to the reference. This approach assumes that the
uncertainty of the reference method is known. %

The reference method of Folin-Denis was used
for the determination of total phenoliccompounds
in environmental samples in order to compare the
results obtained through the disposable biosensor
modified with HRP. The statistical t-test is used for
statistical analysis between the two methods.

To perform this test it is necessary to make a
comparison between the limits of reliability for
the average of the data, using the value of t___ .

The standard addition method consists in the
addition of known amounts of the substance of
interest that is being analyzed to known quantities
of the sample prior to its preparation. An analytical
curve correlating the quantity of the substance
added to the sample is built and the extrapolation
of the linear region on the x-axis defines the
concentration of the substance in the sample.

2.8. Application in samples

To evaluate the performance of the disposable
biosensor developed, the determination of the
phenolic compounds in environmental samples
(wastewater from coffee washing) was done.
Aliquots of the samples were added to the
electrochemical system without any pretreatment
for performing the analysis.

Wastewater from wet processing of coffee fruits
were collected at Sdo Carlos farm, located in Bom
Sucesso, Minas Gerais, Brazil, at 1006 m altitude, 21°
01°31.95” latitude and 44° 53 14.5’* W longitude.
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Four collection points of wastewater were used:
Point 1: water from the washer water; Point 2: water
from the peeler; Point 3: water from the mucilage
remover and Point 4: water from the storage tank,
where all the processing effluent is mixed. The
samples were vacuum pre-filtered with Whatman
filter paper n® 15 to remove any interfering impurity
and they were stored in amber bottles at 4 °C.

3. Results and Discussions

3.1. Composite characterization

The Fourier transform infrared spectra
recorded in the region of 4000-500 cm? for the
CNT, for the HRP enzyme and for the composite
formed by the method of immobilization of
enzyme in the carbon nanotube by covalent
crosslinking were evaluated in this work, with the
aim of showing the different functional groups
present in the studied materials.

Figure 2a shows the FT-IR spectra obtained for
the sample of the carbon nanotube. It was observed
an absorption peak at 3449 cm™ attributed to the
stretching of the O-H bond. % The small oscillations
appearingin 2925 and 2853 cm™ may be associated
with symmetric and asymmetric stretches of CH,
and indicate the presence of fractures on the sides
of the tubes. * The absorption peak at 1688 cm is
related to the presence of carbonyl group. %

In Figure 2b, the region between 1637-1676 cm™
is attributed to alpha helical structure at 1650 cm.
One can see in Figure 2c that the bands showed a
shift in regions of lower wavelengths of 1688 cm™
(carbon nanotube) to 1650 cm™. The spectra show
only variations in the intensity of the bands. The
intensity can decrease due to the coupling HRP
immobilized of with glutaraldehyde. ¥

The morphological characteristics of these
same materials were evaluated employing
scanning electron microscopy. In Figure 3a it was
possible to observe the SEM images for carbon
nanotubes where a medley of nanotubes was
noticed. Figure 3b illustrates the SEM images of
the enzyme HRP in nature. It is observed that
the enzyme is composed of a very thin plate with
a smooth surface. This fact contributes to the
increased number of active sites on the electrode
surface, allowing a homogeneous crosslinking to
occur with glutaraldehyde, favoring the process of
immobilization by crosslinking. %
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Figure 2. FT-IR spectra of the (a) carbon nanotube, (b) HRP enzyme and (c) composite obtained by the
immobilization of HRP enzyme in the carbon nanotube by covalent crosslinking

Figure 3. SEM images of the multi-walled carbon nanotube with magnification of 30000x (A), SEM
images of HRP enzyme with magnification of 1600x (B) and SEM images of the composite formed with
maghnification of 30000x (C)

Figure 3c shows the SEM images of the
composite obtained from the immobilized enzyme
by covalent crosslinking. In this figure, a fill between
filamentous structures CNT stands out, i.e., the
homogeneous filling of the crosslinking between
glutaraldehyde and the enzyme. In this image, the
carbon nanotubes are well dispersed throughout
the matrix, indicating that the procedure was
successfully employed.

3.2. Optimization of the biosensor for catechol

The electrochemical behavior of the biosensor
obtained by immobilizing the enzyme HRP by the
method of covalent crosslinking was evaluated by
cyclic voltammetry and compared to the electrode
without modification.

Comparing the voltammograms in the
presence of catechol in the modified electrode and
the electrode unmodified, note voltammograms
obtained with the modified electrode, the
presence of minimum and maximum points of
current peaks correspond to the reduction and
oxidation of catechol, which respectively occur
at values near +0.10 and +0.30 V vs. Ag/AgCl.
The reduction of catechol in modified electrode
generated a cathodic peak current greater than
that produced by the electrode unmodified,
probably due to the catalytic activity of the
enzyme when it was immobilized.

Thevoltammogramsin Figures 4 (a)and (b)inthe
absence of catechol, present no faradaic process,
characterized by the formation of the electrical
double layer between the electrode surface and the
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electrocatalytic solution. The absence of cathodic
and anodic peaks in the modified electrode may be
related to a larger blockade in the electron transfer
between the electrode and the enzyme, in the
redox couple Fe?*/Fe3* present in the heme group
of HRP, preventing the direct transfer between the
electrode and the HRP enzyme. %:2°

3.3. Evaluation of the experimental parameters

The main problem during the process of
immobilization of an enzyme is a partial or
complete loss of activity, which can be attributed
to several factors, such as the properties of the
enzyme, of the support, of the reagents used
and the experimental conditions.3%3! Thus,
were studied the influences of all reagents used
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in the enzyme immobilization procedure and
electrochemical systems, as well as all operational
parameters of the analytical technique chosen to
obtain the maximal response of the biosensor.
Figure 5 shows the cyclic voltammograms
with successive additions of catechol from a stock
solution with a concentration of 1.0 mmol L. The
choice of the optimal value for each experimental
parameter studied was performed by comparing
the sensibility of the biosensor obtained through the
slope of the analytical curve of cyclic voltammetry.

3.3.1. Evaluating the amount of biological material

The sensibility of the modified electrode
depends on the amount of enzyme incorporated
into the carbon paste, as shown in Table 1.
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Figure 4. (a) Cyclic voltammograms to the CNT unmodified, in the absence and presence of catechol.

(b) Cyclic voltammograms to the CNT modified, HRP immobilized by covalent crosslinking method, in

the absence and presence of catechol. Measurements performed in PBS 0.1 mol L'? pH 6.5, at a scan

rate (v) of 30 mV s, at a potential range of -0.2 to 0.5 V vs. Ag/AgCl in the absence and presence of 150
umol L? catechol
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Figure 5. Cyclic voltammograms obtained from different concentrations of catechol (30 to 300 umol L?)
in increments of 30 umol L and v = 30 mV s. Measurements performed in PBS 0.1 mol L pH 7.0,
containing 20 umol L* of H,0,
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Table 1. Response biosensor for catechol obtained with different amounts of HRP

Amount of HRP (U mg)

Sensitivity (A L mol?)

0.24
0.48
0.72
0.96
1.20
1.45
1.69
1.93

14.08
30.71
42.71
72.74
123.5
96.16
95.11
42.11

From the data presented in Table 1, it was
possible to observe an increase in the sensibility
of the biosensor to 1.20 U mg? of enzyme,
whereas for larger values there was a decrease
in the response, because the high amount
of enzyme caused diffusional limitations. 32
Therefore, all new experiments were performed
using 1.20 U mg* of HRP.

3.3.2. Effect of buffer system

The choice of the electrolyte is important
to improve the sensibility of the biosensor in
determining catechol. Several buffer systems were
prepared in the same concentration and pH in
order to determine the effect of these parameters
on the biosensor response.

Table 2 shows that the PBS had greater sensibility
to the method. This result may be related to the
size of the ions present in the electrolyte, allowing
greater ease of diffuse through the electrode
compared with the ions of the other studied
electrolytes. %

3.3.3. Study of the concentration of phosphate
buffer solution

According to the results, shown in Figure 6, the
PBS concentration that showed better sensibility

in electrochemical response of the biosensor
developed for the determination of catechol
was 0.1 mol L?, indicating that the increased
concentration of ions existing in the solution
causes a greater transport of charges.

The reduced sensibility at concentrations higher
than 0.1 mol L can probably be explained by the
fact that increasing the amount of phosphate
ions, the diffusion process may still be impaired,
due to decreased ionic mobility of this ion at high
concentrations. Thus, the concentration chosen to
be used in subsequence experiments was 0.1 mol L.

3.3.4. Effect of pH

Another factor that greatly influences the
response of the HRP-based biosensor is the pH
of the buffer solution, since the charges of the
amino and carboxylic groups will vary with pH,
and enzymes exhibit a characteristic pH where
they have a maximum activity. Table 3 presents
the evaluation of the response of the biosensor in
PBS 0.1 mol L in the range of pH from 5.0 to 8.0.

According to literature, ** the optimum pH of
peroxidase varies between 6.0 and 6.5. As the
results presented in Table 3 it is observed that
the best response of the biosensor was at pH 6.5
within the range of optimal pH of the enzyme,
showing that the immobilization process did not

Table 2. Response of the biosensor for catechol obtained in different buffer solutions, concentrations

0.1 mol L%, pH7

Buffer Solution

Sensitivity (A L mol?)

Trizma

Pipes

Hepes
Phosphate

0.719
0.349
0.156
0.803
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Figure 6. Influence of the PBS concentration in the sensitivity of the biosensor to cathecol. Measurements
obtained at different concentrations of PBS, pH 7.0, v = 30 mV s! and the absence of the analyte
containing 20 umol L™ of H,0, in the work cell

Table 3. Response of the biosensor to catechol at different pH values

pH Sensibility (A L mol?)
5.0 0.52
5.5 0.53
6.0 0.58
6.5 1.02
7.0 0.89
7.5 0.75
8.0 0.64

affect the catalytic activity of the immobilized
biological material. The better sensitivity at pH 6.5
can also be related to the better immobilization
of the enzyme on the electrode surface in this
condition. pH values above and below 6.5 resulted
in less sensitivity, probably the immobilization
was not as effective, so pH 6.5 was selected as the
optimal value for the proposed sensor.

3.3.5. Effect of hydrogen peroxide

Theinfluence of hydrogen peroxide concentration
on the response of the proposed biosensor for the
detection of catechol was investigated from cyclic
voltammetry at different concentrations of hydrogen
peroxide. Hydrogen peroxide is the natural substrate
of the peroxidase enzyme. However, at very high
concentrations of hydrogen peroxide, inactivation of
the enzyme can occur, which is an important factor
to be optimized. %

Table 4 shows the dependence of the
concentration of hydrogen peroxide on the

sensibility of the biosensor. The results show
that the response of the device increases up
to a concentration of 30 umol L? of hydrogen
peroxide, decreasing for higher concentrations.
This observation is a consequence of the decrease
in the formation of inactive enzyme, due to high
concentrations of peroxide. H,0, concentration
was fixed at 30 umol L for further studies, as it
was in this condition that the biosensor showed
the best sensibility.

3.3.6. Study of the amount of glutaraldehyde

Glutaraldehyde is a bifunctional reagent used
for immobilizing the enzyme (organic material) on
thesurfaceofthecarbonaceouswhereanaldehyde
group at one end of the molecule attached itself
to the electrode and the other group attached
to the enzyme. The immobilization may cause a
decrease in the catalytic activity of the enzyme
at certain concentrations due to the distortion
in the conformational structure of the enzyme.
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Table 4. Dependency of concentration of H,0, on the response of the biosensor

[H,0,] (umol L)

Sensibility (A L mol?)

10
20
30
40
50
60
70
80
90
100

0.75
1.15
1.18
1.16
0.61
0.59
0.92
0.96
0.96
0.97

Consequently, the optimization of the amount of
glutaraldehyde must be carried out to verify the
viability of this method of immobilization for the
determination of phenolic compounds. 3¢

Figure 7 shows the responses obtained by
a biosensor for the determination of phenolic
compounds using different concentrations of
glutaraldehyde. The highest sensibility was found
when5.0ul of asolution of 5% (v/v) glutaraldehyde
was used, and then this concentration was chosen
for further studies.

The increase in the amount of glutaraldehyde
resulted in an increase in the sensibility of the
biosensor, since the immobilized enzyme was
more effective, avoiding loss of enzymatic material
by leaching. The decrease in the sensibility of
the biosensor when it was added a volume of
5 uL can be explained by the distortion of the

18

conformational structure of HRP caused by the
excess of glutaraldehyde.

3.3.7. Evaluation of the
amount of BSA

influence of the

Generally, the immobilization of the enzyme
through covalent crosslinking is done with the use
of BSA, which aims to change the environment of
the enzyme to the closest to nature, enabling better
sensibility and stability. 3 Since glutaraldehyde
can decrease the enzyme activity, the function of
the BSA is to increase the number of crosslinks in
order to obtain a greater physical strength of the
immobilized layer, reducing the disadvantage of
the use of glutaraldehyde. As can be seen in Figure
8, the best response of the proposed biosensor for
the determination of catechol was obtained when a

1.6—-
1_4-— I
124 e
1_0-
o.e:

0.6

Sensibility / A L mol”

0.4

0.2
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0 1 2 3

L= b 7 z
4 5 6 7

Amount of glutaraldehyde / L

Figure 7. Influence of the amount of glutaraldehyde on the sensitivity of the biosensor to cathecol.
Measurements obtained in PBS 0.1 mol L%, pH 6.5, v = 30 mV s? and the absence of the analyte
containing 30 umol L™ of H,0, in the work cell
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mass of 1.0 mg of BSA was used, and therefore this
value was set for subsequent studies. The decrease
in the responses to values larger than 1.0 mg of BSA
mass can be related to the increase in diffusional
resistance, rigid fixation of the enzyme or enzyme
replacement for BSA in the surface of the biosensor.
37 Probably below 1.0 mg of BSA, the sensitivity will
be low, because the amount of BSA is not enough to
cause a favorable effect on enzyme immobilization.

3.4. Evaluation of the operating parameters of
different electroanalytical techniques employing
the disposable electrode

The disposable electrode used is a device
containing carbon nanotubes printed on an inert
material. After optimization of the experimental
parameters that influenced the response of
the bench scale biosensor, the electrochemical
behavior of the modified disposable electrode was
evaluated by optimizing the operating parameters
of different electroanalytical techniques for the
determination of catechol phenolic compound,
so the technique that showed the best sensitivity
was chosen for this determination.

3.4.1. Cyclic Voltammetry

Figure 9a illustrates cyclic voltammograms
obtained from the successive addition of catechol
to the electrochemical cell. Under optimized
experimental conditions, in order to evaluate the
effect of the immobilization of HRP enzyme on the
surface of the disposable electrode, a calibration

Duarte, R. R. et al.

curve was constructed, and it showed a linear
response in the range from 20 to 32.5 umol L*
(Figure 9b), with a correlation coefficient, r =
0.9921 (n =6). The analytical curve was adjusted by
Equation 1 showing sensitivity of 0.05 pA L umol™.

| (LA) = 0.05 [catechol] (umol L) —0.484 (1)

Cyclic voltammetry (CV) is a technique
to obtain qualitative information about
electrochemical processes, but it is not a very
sensitive technique for quantitative applications.®
To obtain voltammograms with an improved
relationship between resolution and sensibility
for the determination of phenolic compounds, the
differential pulse voltammetric (DPV) and square
wave voltammetric (SWV) techniques were used.

3.4.2. Differential pulse voltammetry (DPV)

With the optimization of operational
parameters of the Differential Pulse Voltammetry
(DPV) — Scan rate 5 mV s, Amplitude 30 mV —
analytical curves were constructed with successive
additions of catechol.

The differential pulse voltammograms, shown in
Figure 10(a) were obtained with successive additions
of catechol in the electrochemical cell under optimized
conditions. As shown in Figure 10b, the analytical
curve obtained by differential pulse voltammetry
to determine catechol showed a sensitivity equal
to 0.121 pA L pmol?. The linear response range
was between 20 to 32.5 umol L with a correlation
coefficient, r =0.9915 for n = 6, (Equation 2).

1.6 =
1.4 4 ==
T 1.2 4
[}
(=
— 1.0
<< d
=
> 0.8 4
E 4
@ 0.6
=
3 J
0.4 4
0.2
0.0 T T
1.0 )b

T T T
20 2.5 3.0

Quantity of BSA / mg

Figure 8. Influence of the quantity of BSA in the sensitivity of the biosensor to cathecol. Measurements
obtained in PBS 0.1 mol L?, pH 6.5, v =30 mV s and the absence of the analyte containing 30 umol L*
of H,0, in the work cell
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Figure 9. (a) Cyclic voltammograms obtained using the disposable biosensor, with PBS 0.1 mol L%, pH
6.5, v =30 mV st in presence of 30 umol L of H O, for successive additions of cathecol. (b) Analytical

272

curve using the disposable biosensor, developed from the cyclic voltammograms
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Figure 10. (a) Differential pulse voltammograms obtained using the disposable biosensor after successive
addtions of cathecol, with PBS 0.1 mol L, pH 6.5, in presence of 30 umol L of H O, Scan rate = 0.005
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V stand 0.03 V of amplitude. (b) Analytical curve for cathecol using the disposable biosensor from the
differential pulse voltammograms

| (WA) = 0.121 [catechol] (umol L) —0.439 (2)

The voltammograms obtained by DPV, after
optimization of the operating parameters, showed
a good resolution and a greater sensibility than
the one obtained by CV.

3.4.3. Square wave voltammetry (SWV)

After optimization of operational parameters
for Square Wave Voltammetry (SWV) — Amplitude
25 mV, Frequency 15 Hz — analytical curves were
constructed with successive additions of catechol
standard.

Figure 11a
voltammograms

illustrates
obtained

square  wave
from  successive

additions of catechol. Figure 11b shows the
analytical curve obtained from the data of the
cathodic current intensity generated in the
redox process of the catechol over the biosensor
developed. The curve has a linear region between
20 and 32.5 pumol L' with r = 0.9963 for n = 6 and
sensitivity of 0.2827 pA L umol?. The calibration
curve for the determination of the phenolic
compound, catechol, was adjusted by Equation 3.

| (WA) = 0.282 [catechol] (umol L) - 0.117 (3)

The analytical curves were constructed in
order to evaluate which of the electroanalytical
techniques showed a better sensitivity to catechol,
aiming at the application of the disposable
biosensor proposed in determining the target
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Figure 11 (a) Square wave voltammograms obtained with the disposable electrode modified with 1.20 U
mg* of HRP in 0.1 mol L PBS, pH 6.5, in the presence of 30 umol L™ of H,O,. (b) Analytical curve for catechol

analyte in real samples. In Table 5 it can be seen
that the square wave voltammetry was the most
sensitive. This result was expected because in the
square wave voltammetry, the measurements of
electric currents are made at the end of the direct
and reverse pulses and the signal is obtained as
a resultant differential current, which usually
ensures high analytical sensitivity compared to
other voltammetric techniques . 3

After choosing the technique and optimizing
the operational parameters, the LOD and LOQ were
estimated using the equations LOD =3 x s/aand LOQ
=10 x s/a, where s represents the standard deviation
of the peak currents obtained in blank solution (in the
absence of catechol) (n = 10) and a refers to the slope
of the calibration curve. The LOD and LOQ were equal
to 0.16 and 0.47 umol L}, respectively. 3

The present method was based on univariate
calibration, analyzing only the analytical response
of the catechol. Phenolic compounds can be easily
analyzed by electrochemical detection, due to the
fact that they can generate electroactive products
in the presence of the HRP enzyme. Oxidation
products can be reduced electrochemically
in the electrode surface and therefore an
electrochemical signal directly proportional to
the concentration of the phenolic compound is
obtained when H,0, is present in excess. *°

Basedontheseresults,itwaspossibletodetermine
phenolic compounds using electroanalytical method
developed. As the disposable biosensor allow good
sensitivity and high-speed scanning, it was employed
to determine phenolic compounds in wastewater
from coffee washing (environmental sample), using
the voltammetry square wave technique.

3.5. Application of the method in a sample
of environmental interest using the disposable
biosensor

It is required the quantification of phenolic
compounds present in wastewater from coffee
washing, prior to subsequent treatment and disposal,
in comply with the legislation; or for appropriate reuse
in order to minimize environmental impact in terms of
coffee post-harvest. Therefore, the disposable biosensor
based on HRP was tested for the determination of the
amount of total phenolic compounds in samples from
different points of coffee washing.

Table 6 presents the results obtained by applying
the proposed method and the standard Folin-
Denis method at different points of the wastewater
sample from coffee washing. Point 1, point 2, point
3and point 4 arerelated, respectively, to water from
the washer, water peeler, water desmucilador/
pulper and the water of the ditch.

Table 5. Response of the biosensor for catechol obtained from different methods of analysis. The
experiments were performed with 0.1 mol L'* PBS pH 6.5 using a disposable biosensor

Technical Electroanalytical

Sensibility ( A L mol?)

Square wave voltammetry
Differential pulse voltammetry

Cyclic voltammetry

0.28
0.12
0.05
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The statistical t-test was used to determine the
difference between the proposed method and a
standard method. The paired t-test uses the difference
between the values obtained from the two methods.

Equation 4 determines the value of the test: *
t=—4
sd

(4)

S

(5)

(6)

where d corresponds to the average difference
(Equation 5), 5z is the standard deviation of the
difference (Equation 6), and N is the number of
samples.

Va

The calculated value of the t test, used
to compare the Folin-Denis method and the
analytical method proposed in this work, is t =
3.49. Therefore, for a confidence level of 99%,
arcuated < L THUS, statistically, the two methods
provide equivalent results in a confidence level of
99% and 3 degrees of liberty.

Table 7 compares the data obtained between the
developed biosensor and biosensors and sensors
described in the literature. The proposed biosensor
is characterized by low cost and manufacturing
simplicity with good analytical performance, so it
represents a viable option in comparison to other
available electrodes in literature. Due to the sensitivity
presented by the developed method, the proposed
biosensor can be used in the detection of phenolic
compounds in a large number of real samples.

Table 6. Determination of the amount of total phenolic compounds by Folin Denis method and by

the biosensor developed

Wastewater Folin-Denis method(mg L) Electroanalytical method developed (mg L) Relative error’® (%)
Point 1 11.41 15.33 34.36
Point 2 119.07 95.27 -24.98
Point 3 168.83 154.59 -9.21
Point 4 115.27 138.59 16.83

[a] Relative Error = [(Proposed method - Standard method) / (Standard method)] x 100

Table 7. Analytical characteristics of biosensors and sensors described in the literature in order to

compare with the developed biosensor

Method of

Sensibility LOD

Electrode Immobilization Analyte (mA L mol) (umolL?) Reference

Disposable graphite electrode Sol-gel Catechol 3.0 10 .

modified with "ferrocene" € Caffeic acid 6.2 6

Disposable graphite electrode Encapsulation Hydroquinone 9.4 1.1 43

Blose.nsor-based field effect NanosFructured o 1.54 482 a4

transistors films

Carbon paste electrode Adsorption Guaiacol - 1.89* 45

Carbon paste electrode Crosslinking Catechol 0.36** 4.5 46

Electrodes of graphite rod Adsorption Phenol 0.26** - 47

Electrode paste CNT Covalent crosslinking Hydroquinone 8.0 6.42 48

Hydroquinone  0:0659** (HQ),  0.052 (HQ),

CRGO modified GCE™ - (HQ), dopamine  0.1452 (DP),  0.012 (DP), 49
(DP), catechol (CT) ¢ o866 (cT)  0.055 (CT)

Boron doped diamond (BDD) electrode - Catechol 3.97 0.69 50

Disposable carbon nanotube CovaTIer?t Catechol 0.28%* 016 This work

electrode crosslinking

LOD = Limit of Detection. * Detection limit at mmol L. **Sensibility at uA/umolL™. ¥ Glassy carbon electrode (GCE)
modified with chemically (CRGO) and electrochemically reduced graphene oxide (ERGO)
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4. Conclusions

This work showed that the disposable biosensor
modified with HRP enzyme is a viable alternative
for the analytical determination of total phenolic
compounds in different environmental samples, like,
wastewater from coffee washing, by square wave
voltammetry. In addition, it has many advantages
such as ease of enzyme immobilization by the
covalent crosslinking method and quickness of
analysis, electroanalytical method developed proved
to be very simple and sensitive to the analyte.

The studies showed that the carbon nanotubes
matrix is a great environment for immobilization of
HRP. The process for immobilization of the enzyme
to the substrate held by the reagent glutaraldehyde
has a great importance in the sensibility of the
biosensor. The covalent bonds created during the
crosslinking reaction of the enzyme were stable,
since the use of BSA is intended to become the
closest to the natural environment of the enzyme,
allowingabetterenzyme activity. The images of SEM
and FT-IR spectra obtained for characterizing the
material used for the modification of the electrode
showed that there was an effective immobilization
of HRP by the covalent crosslinking method. The
electrochemical characterization system proposed
for the determination of the catechol shows that
the formed composite is stable, and that the
proposal relating to the development of the device
for the determination of phenolic compounds was
successful.

The result of the comparison of the proposed
method with the Folin-Denis standard method
showed the reliability of the biosensor, thus it
can be concluded that the method is suitable for
the detection of phenolic compounds, showing
the possibility of using this biosensor without
previous treatment of the samples.
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