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Abstract

Asimple and reliable method for rapid evaluation of mixtures of phenolic compounds (phenol/chlorophenol, cathecol/phenol,
cresol/chlorocresol and phenol/cresol) using a dual amperometric device is described. This new approach is based on the dif-
ference between the sensitivity of laccase and tyrosinase for different phenolic compounds. A multichannel potentiostat was
used to monitor simultaneously laccase- and tyrosinase-based biosensors, and the data were treated using the partial leas
squares (PLS) chemometric algorithm. This system showed an excellent efficiency for the resolution of the phenolic mixtures.
For example, in the phenol/chlorophenol mixture it was studied the determination of individual species in a concentration
range from 10 x 10~ to 10.0 x 10~® mol I-* obtaining relative standard deviations of 3.5 and 3.1% for phenol and chlorophe-
nol, respectively. The excellent correlation between the estimated and the real concentrations can also be observed by the
correlation coefficients (0.9958 and 0.9981 for phenol and chlorophenol, respectively). These results show that proposed
methodology can be successfully employed to the simultaneous determination of phenolic compounds in mixtures, even in
more diluted solutions.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction down from some pesticides and by-products from
paper pulp industry, with the types and abundances
Nowadays the determination of phenolic com- of phenolic compounds changing with the particular
pounds is of great importance, since these compoundssource or mill proces§6-8]. Phenolic compounds
are widely used in industrial processes, such as thebelong to a class of chemicals polluting, easily ab-
manufacture of plastics, polymers, drugs and dyes sorbed by animals and humans through the skin and
[1-5]. This kind of compound also result as break- mucous membrang8]. Their toxicity affects a great
variety of organs and tissues, primarily lungs, liver,
kidneys and genito-urinary syste®,9]. In addition,
due to their great variety, phenolic compounds show
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properties of many fruits, and consequently the qual- low cost and potential for miniaturization/automation.
ity of foods and beverages, are correlated with the Horseradish peroxidase (HRP|27,28] laccase-
concentration and kind of phenolic compoufd]. [29-32] and tyrosinase-based electrodgs3,5,32]
Furthermore, many neurotransmitters and medicines have shown good sensitivity and selective for determi-
have phenolic structure with different bioactivities. nation of phenols. Laccase and tyrosinase, which are
Thus, the development of procedures for detection polyphenol oxidases, can catalyze the conversion of
and simultaneous determination of these compoundsphenolic compounds to the corresponding quinones

in different matrices is highly desired.

Analytical methods for the detection and quan-
tification of mixtures of phenols are usually based
on analytical separation techniques, which allow the
identification and quantification of individual con-
stituents[11]. Many methods have been developed
for the determination of phenolic compounds, such
as chromatographic, fluorimetric and spectrophoto-
metric methodg12-15] However, these techniques
do not easily allow continuous monitoring, they are
expensive, time-consuming, need skilled operators,
and sometimes require preconcentration and extrac-
tion steps that increase the risk of the sample loss or
contaminatio{16—19]

Thus, the development of new methods, that allows
the simultaneous determination, without previous

separations of these compounds is a relevant subject

in the presence of oxygen, the formed quinone can
be electrochemically reduced to phenolic substances
at low potential without any mediatd29,30] This
kind of amperometric enzyme-based biosensors have
been shown several advantages over direct electro-
chemical oxidation of phenolic compounds,33].
The first one is the selectivity, since the biosensors
require a lower potential (around 0.0V) than direct
oxidation (around1.0 V), becoming less exposed to
interferenced33,34] The increase in the sensitivity
due to the signal amplification through the quinone
recycling mechanism is another advantdfy®9,34]
as shown inFig. 1 The biosensors tend to be more
stable and more suited to environmental monitoring,
clinical testing, or food assays compared with the
direct electrochemical oxidation of phen¢is14,15]
Reagentless devices based on laccase or tyrosinase

of research. There are some reports about the applicaimmobilization onto various transducers have been de-

tion of spectrometric methods and chemometric tools
for the resolution of phenolic compounds in mixtures
[20-23] However, very few reports have described
the employment of electrochemical techniques for
phenols detectiorf24]. One of the main goals of
electrochemical detection is the improvement in the
versatility and in the scope of applications. However,
the electrochemical oxidation of phenols has some
drawbacks, such as the poisoning of the electrode sur-
faces due to the accumulation of reaction by-products.
In order to overcome these limitations, the aim of this
work was to develop a dual amperometric biosensor
device capable of making high sensitivity and reliable
determination of phenolic compounds in mixtures.
Although some studies using cell-based electrochem-
ical biosensors for determination of ternary mixtures
of sugars have been descriljgd,26], the application
of amperometric enzyme-based biosensors coupled
to the chemometric multivariate calibration has not
been reported.

Electrochemical biosensors present some advan-
tages that can be satisfactory employed in this kind of
analysis, such as intrinsic selectivity, high sensitivity,

veloped[1]. These two enzymes display different sub-
strate selectivity and mechanisms of action, and thus
the use of laccase- and tyrosinase-based biosensors
on the analysis of mixtures of phenolic compounds
can allow the screening and quantification of the

H,0 0,
E Laccase
* Tyrosinase carbon fiber
electrode
E=-0.05 Vvs SCE
PC,,, PC,,

N

Fig. 1. Reactions mechanism on the laccase- and tyrosinase-based
biosensor. PC: phenolic compound; E: enzymeetandox are the
reduced and oxidized forms.
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individual componentf29,32]. Thus, for the firsttime,  Table 1
the application of a dual amperometric enzyme-based Factorial design for the binary mixtures composition
b?osenso_r device is proposed for the res_olution _of PoCo PoCo  PsCo PsCo  PsCo  PsCo  PuoCo
binary mixtures of phenolic compounds, using multi- PoC2  P.C;  PsC;  PsC;  PsCz PsCz PioCp
variate calibration. PoCs P2Cs PsCs PsCs PeCs PeCs P1oCq
PoCs  PCs PsCs PsCs PsCs  PgCs  P1oCs
PoCe P,>Ce P4Cq P5Cs PsCe PsCe P10Cs
. PoCs  P.Cg  PsCg  PsCg  PsCg  PgCg  P1oCs
2. Experimental PoCio  PoCio PiCio PiCio PeCio PsCio  PioCio

P: Phenolic compound 1; C: phenolic compound 2. The subscripts
indicate the concentration, e.9.11.0 x 10°%; 2 =2.0 x 1078,
respectively until 16= 10.0 x 10~®mol -1,

All solutions were prepared with deionized wa-
ter. Laccase (fronTrametes versicolofungus (CCT i o
4521)) was produced and extracted as described byOf 1-cyc|ohexy|—3—(2—morp.hol|noethyl)carbodum|de
Minussi et al.[35]. Tyrosinase (2000Umd, EC methop—toluenosullfonate. in 0.05 n_wH acetate
1.14.18.1) was purchased from ICN (USA). Bovine Puffer at pH 4.8 (with continuous stirring36]. Then,
serum albumin, 1-cyclohexyl-3-(2-morpholinoethyl) thg electrodes were dipped, during 30 min, into a so-
carbodiimide meth@-toluenosulfonate, glutaralde- !ution of glutaraldelhyde (10mgmt), bovine serum
hyde (50% (w/v), water solution, reagent grade), cate- &lPumin (6mgmt™) and enzyme (65U mi- for
chol, phenolp-chlorophenol, cresol angchlorocresol  laccase or 140U mi for tyrosinase).
were purchased from Sigma or Aldrich. All exper-
iments were carried out using a phosphate buffer 2.4. Dataset and samples selection
solution (pH 5.0, 10 mmoti1).

2.1. Reagents

The samples utilized for simultaneous determina-
2.2. Apparatus and procedure tion of binary mixtures of phenols (catechol/phenol,
phenol/chlorophenol, cresol/chlorocresol and phe-
Experiments were performed using a multichan- nol/cresol) were synthetics, resulting from the facto-
nel potentiostat PGSTAT 10 model from AUTOLAB  rial design, as shown ifiable 1 The sample sets were
( The Netherlands) connected to a PC microcomputer prepared in the concentration range fror & 10~
for data acquisition and potential control. Voltam- to 100 x 10~®moll~1 (which are inside the linear
metric experiments were carried out scanning the response range), resulting in a total of 49 samples
potential from 0.1 to—0.3V for both enzyme-based for each binary mixture. Randomly, for every sample
working electrodes simultaneously and using a sat- the current was monitored in three different potential:
urated calomel electrode (SCE) as reference and a—50, —75 and—100 mV versus SCE and all of them
platinum wire as the counter electrode. All electrodes were used in the models. Models made with less than
were displayed in the same electrochemical cell, al- three potentials showed a very poor fit, on the other
ways keeping the same position. Scanrate: 25mVs  hand, models with four or more potentials do not pre-
All experiments were carried out at room temperature. sented any significant improvement compared to the
system with three potentials. Thus, for each sample
2.3. Electrode pre-treatment and enzyme it was recorded three different currents, resulting in
immobilization a total of 147 independent variables for each binary
mixture, which provided necessary information to the
The carbon fiber electrodes (home m§2i¢] using multivariate calibration.
about 20 fibers PAN type T-800 sized witlwén diam- The dataset was split in two subsets, one for cali-
eter, Toray Industries Inc., Japan) were pre-treated at abration and other for external validation of the model.
potential of+-0.8 V versus SCE for 180 sin 0.1 mofl The calibration set had 35 samples and the validation
phosphate buffer (pH 7.2). After this process, the elec- set 15 samples. The selection of the samples to sub-
trodes were allowed to react for 2h with a solution sets was made using the principal component analysis
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(PCA) [37], in order to guarantee the homogeneity in is calculated. In this equatior; is the experimental
the subsets. value, ¢; the predicted value and is the number of
samples used for model building. The number of fac-

2.5. Partial least squares (PLS) method tors is chosen to minimize SEB7,38]

The chemometric calculations were carried out us- . .
: . : . 3. Results and discussion
ing the commercial Pirouette software (version 3.02,
Infometrix Inc.). In partial least squares (PLS) anal-
ysis [37,38], a regression model is built between the
X block of independent variables (where each column
contains the variables measured for each sample) an
the response variabl€'. In reality, two models are

The biocatalytic activity of laccase and tyrosi-
nase, immobilized over carbon fiber, was used for
dthe biorecognition of phenolic compounds in this
multichannel system. Laccase- and tyrosinase-based
biosensors presented different selectivity for different

built:

phenolic compounds, as can be observedahle 2
X=TP"+E Both biosensors presented a wide linear response
C=Tq+f range for each phenolic compound (between 0.1

) _ and 10Qumol I=1). Although, the biosensors allowed
where E and f are the residual matrix and vectors, the convenient quantification of these compounds
respectivelyl’ and P are the scores and loadings ma- 4t |evels down to nmoH? [32], the range between
trices. Note that the scoreb is a link between the 10« 106 and 100 x 10-®molI-! was chosen to
two models. This means that the scores are obtained;jystrate the favorable characteristic of the proposed
in such way to modek and have maximum covari-  method. Furthermore, the response signals were ad-
ance withC simultaneously. The produZTPT approx-  dictive for the compounds in the binary mixtures,
imates X while the productl'q to C. Animportant  propably due to the biosensors signals for different
feature of PLS is that it takes into account the errors compounds presenting neither competition between
in both X andC. A commonly used procedure to de-  the two substrates for the active centers of the enzyme
termine the number of factors in the model is to use pqr overlapping of the diffusion layers. In other words,
“leave-one-out” cross-validation to estimate predic- although both biosensors were set closed on a same
tion errors. In this procedure, one sample is excluded pg|der and monitored simultaneously, they presented
attime, the model is constructed and the concentration 5, independent response for the phenolic compounds
of the omitted sample predicted. Each sample is pre- presented in the binary mixtures. These characteris-
dicted once and the standard error of prediction (SEP) tics combined with the biosensors selectivity allowed

defined as building a multivariate calibration method using PLS.
- " Two PLS models were separately elaborated one for
SEP— dizalei — &) each component of the binary mixture. The data sets
n were meancentered and the optimal number of factors
Table 2
Comparison between the relative responses for different phenolic compounds using the laccase- and tyrosinase-based biosensors
Compound Laccase Tyrosinase
Sensitivity (na,mol 1) Relative response (%) Sensitivity (namol I=1) Relative response (%)
Catechol 80.3 100.0 45.7 100.0
Phenol 0.4 2.6 14.2 25.2
Chlorophenol 0.1 1.9 20.0 41.4
Cresol 0.7 4.1 4.5 9.1
Chlorocresol 0.6 3.7 30.7 52.3

Working potential:—75mV vs. SCE.
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Fig. 2. Results obtained for prediction set modeled with PLS to
(A) phenol and (B) chlorophenol, at a concentration rangeldf—
10.0) x 10~% wmol 11 in phosphate buffer 0.01 mot} at pH 5.0.

Fig. 3. Results obtained for prediction set modeled with PLS
to (A) catechol and (B) phenol, at a concentration range of
(1.0-1Q0) x 10~ wmol =1 in phosphate buffer 0.01 mott at pH
5.0.

(latent variables) utilized in PLS models was obtained
by cross-validation, leaving one sample out at a time. Figs. 2-5. Furthermore, these results show that the
Although the complexity caused by currents overlaps proposed method was extremely efficient, since the
and the competition between the components by the system allows a convenient screening and quantifica-
electrodes surface, all the models showed a good pre-tion of the phenolic compounds in binary mixtures
diction employing just two factors. The consideration with a low concentration levelyimol =1 range). In
of an additional factor slightly increases the percent- addition, due to the high sensitivity of both biosen-
age of variance for the components but involves an sors the concentration range can be easily reduced
overfitting of the model. to meet the practical applications needs. Moreover,
The results obtained for the prediction sets are both biosensors showed an excellent long-term sta-
shown inFigs. 2-5and inTable 3 This system showed  bility maintaining their bioelectroactivity over a long
an excellent accuracy and precision for the resolution period, with a variation of just 12% in the concentra-
of the binary phenolic mixtures as can be observed by tion prediction after 200 successive determinations of
the low standard error of prediction and relative stan- 5.0 x 10-% mol 1= phenol/chlorophenol mixture.
dard deviation Table 3, and also by the correlation The results obtained show that the use of a dual
between the estimated and real concentration (insetelectrochemical biosensor system with multivariate
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Table 3
Standard error of prediction and relative standard deviations between the concentrations predicted and added
Mixture compound 1/compound 2 Compound 1 Compound 2

SEP (umoll~1) R.S.D. (%) SEP ¢molI=1) R.S.D. (%)
Phenol/chlorophenol 0.2344 35 0.1728 3.1
Catechol/phenol 0.0852 2.1 0.1603 35
Cresol/chlorocresol 0.5029 6.5 0.1553 2.6
Phenol/cresol 0.0931 1.8 0.2116 35

calibration analysis can be a promising approach Furthermore, the number of components analyzed in
for simple, fast, reproducible, selective and sensitive the mixtures can be improved, since more biosensors
determination of phenolic compounds in mixtures. can be easily added to the system with no operational

Such conjugation of favorable characteristics quali- inconvenience. Thus, a HRP-based biosensor may
fies the proposed system for monitoring phenols mix- expand the scope to additional phenolic substances.
tures in industrial, clinical or environmental samples.
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Fig. 4. Results obtained for prediction set modeled with PLS Fig. 5. Results obtained for prediction set modeled with PLS
to (A) cresol and (B) chlorocresol, at a concentration range of to (A) phenol and (B) cresol, at a concentration range of
(1.0-100) x 10~8 pumol I~ in phosphate buffer 0.01 mot} at pH (1.0-1Q0) x 10~8 pmol 1=t in phosphate buffer 0.01 mot} at pH
5.0. 5.0.



R.S. Freire et al./Analytica Chimica Acta 485 (2003) 263-269

Moreover, this method can also easily be modified
(e.g. using other biological elements) to include new
kind of compounds, and promote a fast and effi-
cient determination of a wide range of compounds in
different types of matrices.
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