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g r a p h i c a l a b s t r a c t
� A bioelectronic tongue formed by
biomimetic sensors has been
developed.

� The system contains enzymes spe-
cific for the detection of phenols and
sugars.

� The system is able to discriminate
musts according with the grape
variety.

� The loadings plot confirms the
excellent complementarity of the
biosensors.

� Excellent correlations with chemical
analysis have been obtained.
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A bioelectronic tongue based on nanostructured biosensors specific for the simultaneous detection of
sugars and phenols has been developed. The array combined oxidases and dehydrogenases immobilized
on a lipidic layer prepared using the Langmuir-Blodgett technique where Glucose oxidase, D-Fructose
dehydrogenase, Tyrosinase or Laccase were imbibed. A phthalocyanine was co-immobilized in the
sensing layer and used as electron mediator. The array thus formed has been used to analyze grapes and
provides global information about the samples while providing specific information about their phenolic
and their sugar content. Using Principal Component Analysis (PCA) the array of voltammetric biosensors
has been successfully used to discriminate musts prepared from different varieties of grapes (Tempranillo,
Garnacha, Cabernet-Sauvignon, Prieto Picudo and Mencía). Differences could be also detected between
grapes of the same variety and cultivar harvested in two successive vintages (2012 and 2013).

Moreover, the ripening of grapes could be monitored from veraison to maturity due to the changes in
their phenolic and sugar content. Using Partial Least Squares (PLS-1) analysis, excellent correlations have
been found between the responses provided by the array of biosensors and classical parameters directly
related to phenols (total polyphenol index, TPI) and sugar concentration (degree Brix) measured by
chemical methods with correlation coefficients close to 1 and errors close to 0. It is also worthy to notice
the good correlations found with parameters associated with the pH and acidity that can be explained by
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taking into account the influence of the pH in the oxidation potentials of the phenols and in the enzy-
matic activity.

This bioelectronic tongue can assess simultaneously the sugar and the phenolic content of grapes and
could be used to monitor the maturity of the fruit and could be adapted easily to field analysis.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The quality of the grapes is typically established on the basis of
their phenolic and sugar content [1,2]. Sugar content is the
parameter usually used to monitor the maturity of grapes because
it is directly associated with the alcohol degree of the final product.
Phenols are a large group of metabolites with a direct influence on
the organoleptic characteristics of wine [3]. There is an increasing
interest to detect the phenolic maturity of grapes, a parameter that
would be crucial to decide when to harvest.

Sugar and phenolic content of wines and musts are usually
analyzed using optical, spectroscopic or chromatographic methods
[4]. Electrochemical biosensors can be an alternative to classical
methods due to their high specificity, low detection limits, rapid
response and possibility of miniaturization [5,6].

A large variety of biosensors dedicated to the detection and
quantification of phenols has been developed. Those sensors
contain phenol oxidases such as tyrosinase, laccase or horseradish
peroxidase [7]. Similarly, many efforts have been carried out to
develop biosensors devoted to the detection of sugars using glucose
oxidase [8,9]. Biosensors containing other enzymes such as fructose
dehydrogenase have been studied in lesser extent [10,11].

The immobilization of the enzyme onto the substrate is a key
step on the development of efficient biosensors with high enzy-
matic activity [12]. Classical immobilization strategies include
adsorption on a substrate [13], immobilization in a carbon paste or
PVCmatrix [14,15], entrapment in a polymeric matrix [16], covalent
binding [17], cross-linking [18] or encapsulation on liposomes
among many others [19]. The advances in Nanoscience and Nano-
technology provide alternative methods to immobilize bio-
molecules preserving their activity more efficiently. Layer by layer
(LbL) [20e22] and Langmuir-Blodgett (LB) [23e25] are two exam-
ples of these techniques. The advantages of LbL and LB films are
directly associated with the control of the thickness and the pos-
sibility of tuning the molecular architectures. Moreover, these
techniques allow preparing sensors where the enzymes are
adsorbed in biomimetic lipidic layers formed by fatty acids or
phospholipids (similar to membrane cells) via COOH group inter-
action. This biomimetic environment contributes to the preserva-
tion of the enzymatic conformation. This strategy has been
successfully used to prepare glucose oxidase [26] and tyrosinase
biosensors [27]. Up to now LB films of dehydrogenases have not
been developed. LB technique can also be advantageous because
the electron mediator can be co-immobilized with the enzyme in
the lipidic layer, facilitating the electron transfer process [27e29].

During the last years, multisensory systems combined with
appropriate pattern recognition software (electronic tongues) have
been developed and applied to analyze complex liquids [30,31].
They have been successfully used for the discrimination and clas-
sification of wines according to their grape variety, type of ageing or
adulteration [32e34] and grapes [35].

It has been claimed that arrays formed by biosensors can be
advantageous because they combine the advantages of classical
arrays of electrochemical sensors (that provide global information
about the sample) with the specificity of the enzyme-substrate
reaction typical of biosensors. In spite of their good capability to
discriminate wines or beers, bioelectronic tongues have rarely been
used to obtain specific information about the composition of the
samples [14,36,37].

Nowadays, the quality of grapes is only analyzed by measuring
the sugar content. There is a need to monitor simultaneously the
phenolic maturity. Unfortunately, up to now there is not a method
able tomonitor simultaneously the sugar and phenolic content. The
aim of this work was to develop an array of nanostructured bio-
sensors (a bioelectronic tongue) able to discriminate musts pre-
pared from different varieties of grapes, to discriminate grapes
harvested in two different vintages and to monitor the ripening of
grapes from veraison to harvest according to their sugar and
phenolic content. For this purpose a multisensory system formed
by four LB films containing two phenol oxidases (tyrosinase and
laccase) and two sensors dedicated to the detection of sugars
(glucose oxidase and D-fructose dehydrogenase) has been devel-
oped. This is the first time that oxidases and dehydrogenases have
been combined. The capability of discrimination of the array has
been evaluated using Principal Component Analysis (PCA). The
correlation of the responses with the phenolic and sugar content of
the grapes analyzed by classical chemical methods has been eval-
uated using Partial Least Squares (PLS-1).

2. Materials and methods

2.1. Chemicals

Laccase (Lac), from Trametes versicolor (EC Number: 1.10.3.2,
activity of plus of 20.7 U mg�1), Tyrosinase (Tyr) from Mushroom
(EC Number 1 1.14.18.1, activity of 3610 U mg�1), Glucose Oxidase
(GOX) from Aspergillus Niger, type VII (EC Number: 1.1.3.4, activity
plus 100000 U mg�1) and D-Fructose Dehydrogenase (FDH) from
Gluconobacter Industrius (EC Number:1.1.99.11, activity of
400e1200 U mg�1) were purchased from Sigma Chemical Co.
(USA). 70 mg mL�1 solutions of the phenol oxidases were prepared
in phosphate buffer 0.01 mol L�1 (pH ¼ 7.0) (PBS) whereas solution
of glucose oxidase and D-fructose dehydrogenase were prepared in
phosphate buffer 0.01 mol L�1 (pH ¼ 4.5) (PBS).

All chemical and solvents (Sigma Chemical Ltd.) were of reagent
grade and used as supplied. Deionized water was obtained from a
Millipore purifier (18.2 MU cm�1).

The lutetium (III) bisphthalocyaninate was synthesized and
purified in the neutral radical state following a previously pub-
lished procedure [38].

2.2. Grape samples

Five varieties of grapes (Tempranillo, Garnacha, Cabernet-
Sauvignon, Prieto Picudo and Mencía) were selected and harvested
in Castilla y Le�on region (Spain). Grapes were harvested from the
same cultivar in two consecutive vintages (2012 and 2013). In
addition, during the year 2013, grapes of Tempranillo variety were
collected periodically in order to monitor the ripening. Sample 1
corresponded to grapes collected at veraison (change of the grape
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color from green to red). Then, samples were collected on a weekly
basis (Samples 2 to 5). To obtain the musts, 300 g of each type of
grape were crushed using standard procedures. This process was
carried out by septuplicate giving a total of 98 samples. Chemical
analyses were carried out following international regulations [4].
Parameters measured included classical chemical markers of the
sugar content (Degree brix, Density, Sugars, Grade (16.8), Grade
(17.5)), markers of the polyphenolic content (Total Polyphenol In-
dex, TPI) and indicators of the acidity (pH, Total acidity, Malic acid,
Tartaric acid).

2.3. Langmuir-Blodgett films

LB sensors containing enzyme (Enz), fatty acid (arachidic acid,
AA) and the electron mediator (lutetium bisphthalocyanine, LuPc2)
(Enz/AA/LuPc2), were fabricated using a KSV 2000 trough (KSV
Instruments, Finland). Films of Tyr/AA/LuPc2 and Lac/AA/LuPc2
were prepared using the conditions previously described [33]. LB
film sensors based on FDH and GOX are reported here for the first
time and preparation conditions were established in order to
maximize the insertion of the enzyme into the floating film.

GOX and FDH films were prepared at pH 4.5 using a phosphate
buffered saline (PBS-NaCl) subphase (NaCl 0.1mol L�1, phosphate
buffer 0.01mol L�1, pH ¼ 4.5). Langmuir monolayers at the air/
water interface were characterized by surface pressure vs. mean
molecular area (p-A) isotherms at 21 �C by spreading 100 ml of a
chloroform AA/LuPc2 mixture (10:1) onto the subphase. Once the
solvent was evaporated, 40 ml of a 70 mg ml�1 solution of the cor-
responding enzyme (GOX or FDH) in 0.01 mol L�1 PBS (pH ¼ 4.5)
were injected drop by drop underneath the air/liquid interface. The
enzymes were then adsorbed inside the floating film for one hour.
Barriers were compressed at a speed of 5 mm min�1.

Enz/AA/LuPc2 transferred to ITO glass at a surface pressure of
40 mN m�1 by Y-type deposition with a transfer ratio close to 1
with a substrate speed of 3 mmmin�1. Finally, the Enz/AA/LuPc2 LB
films were treated with glutaraldehyde (2.5% w/v in PBS).

Brewster Angle Microscope (BAM) images were registered using
a KSV/Nima MicroBAM.

2.4. Electrochemical measurements

Biosensors were used as working electrode, the reference elec-
trode was AgjAgCl/KCl 3 M and the counter electrode was a plat-
inum plate. The potentiostat was an EG&G PARSTAT 2273
potentiostat/galvanostat. Cyclic voltammograms were registered at
a sweep rate of 0.1 V s�1 from�0.8 V toþ1.0 V. In order to facilitate
the diffusion of ions and to reduce the complexity of the sample,
musts were diluted 50% in water.

2.5. Statistical analysis

Curves were pre-processed a data reduction technique based on
“kernels” [39]. The voltammogram curve is multiplied by 10
smooth, bell-shaped windowing functions defined as:

Ki
�
Vj
� ¼ 1

1þ
�
Vj�ci
ai

�2bi
(1)

where ai, bi and ci define the width, shape and center of the
different windowing functions Ki. Subsequently, data were inte-
grated with respect to voltage. After compression, each voltam-
mogram has been reduced to a vector of 10 variables which were
used as input data source for statistical analysis.

A non-supervised multivariate method, Principal Component
Analysis (PCA), was used to evaluate the capability of discrimina-
tion of the system. Partial Least Squares (PLS-1) method was used
to establish correlations between the signals produced by the array
of biosensors and the results obtained by means of chemical
methods. Chemometric analyses were carried out using the soft-
ware Matlab v5.3. (The Mathworks Inc., Natick, MA, USA).

3. Results and discussion

3.1. Characterization of the Langmuir films

In this work, novel sensors have been developed based on
Glucose Oxidase (GOX) and D-Fructose Dehydrogenase (FDH). They
have been combined with biosensors containing tyrosinase and
laccase. This, four biosensors will form an array containing enzymes
able to detect phenols and sugars, two of the most important pa-
rameters to be analyzed in grapes.

The first step in this work was to develop a method to prepare
GOX/AA/LuPc2 and FDH/AA/LuPc2 LB films. For this purpose, Sur-
face pressure/Area (p/A) isotherms of the Enz/AA/LuPc2 systems
were registered. Fig. 1 shows the isotherms registered for the four
sensing layers included in the array. The isotherm obtained from
the mixture of the lipid and the electron mediator (AA/LuPc2) has
been included in the graph for comparison purposes.

The limiting area obtained from the mixture AA/LuPc2 was
37 Å2. As expected, the incorporation of enzymes produced the
expansion of the isotherms to higher areas per molecule.

The limiting area per molecule values obtained for GOX/AA/
LuPc2 and FDH/AA/LuPc2 with values of 63mNm�1 and 60mNm�1

were clearly higher than those observed for phenol oxidases
(47 mN m�1 for Lac/AA/LuPc2 and 51 mN m�1 for Tyr/AA/LuPc2).
This indicated that enzymes were adsorbed in the amphiphilic
monolayer. The large values observed in GOX and FDH can be due to
an enhanced adsorption of the enzyme into the AA environment
caused by more favorable hydrophobic-hydrophilic interactions
between the enzymes and the floating AA/LuPc2 film. The differ-
ences in molecular weight of the enzymes must also have an
important effect (120e133 KDa for Tyr, 50e100 KDa for Lac,
160 KDa for GOX, 150 KDa for FDH). In fact, GOX and FDH which
present the higher molecular weights also show the larger areas
per molecule.

In order to better understand the intermolecular interactions
inside the floating films, compression-expansion cycles were
analyzed (Fig. 1b and c). Under these conditions, the behavior of
GOX and FDH enzymes was different from the behavior shown by
phenol oxidases which are desorbed during the expansion cycle
[40]. In the case of GOX/AA/LuPc2 and FDH/AA/LuPc2 the limiting
area per molecule obtained after decompression was only slightly
smaller than the value observed in the first compression. During
the second compression, the area per molecule values were only
slightly smaller than those registered in the first compression. In
summary, only a small amount of GOX or FDH was desorbed from
the film during the expansion. In addition, a large part of this
desorbed enzyme was readsorbed during the second compression.
Because GOX and FDH are not completely expelled from the film
during decompression and are easily readsorbed it can be
concluded that the interactions with the AA/LuPc2 film are stronger
than in the case of Tyr and Lac, justifying the larger area per
molecule observed.

The homogeneity of the floating films was analyzed using
Brewster Angle Microscopy (BAM) (Fig. 1b and 1 c inset). Good
quality surfaces were observed for all the films analyzed. BAM
images also showed a clear increase in the roughness of the film
(with respect to the AA/LuPc2 film). This increase was particularly
evident in GOX/AA/LuPc2 films that could be associated with the



Fig. 1. (a) Pressure area isotherms registered in PBS-NaCl subphase for AA/LuPc2 and Enz/AA/LuPc2 films where Enz is Tyrosinase (Tyr), Laccase (Lac), Glucose Oxidase (GOX) and D-
Fructose dehydrogenase (FDH). (b) Compression-expansion cycles of GOX/AA/LuPc2 and (c) Compression-expansion cycles of FDH/AA/LuPc2. First cycle (solid line), second cycle
(dotted line). Inset show BAM images.

Fig. 2. Voltammetric responses of the four sensors towards must prepared from the
grape variety Prieto Picudo harvested in 2012. Glucose oxidase (black solid line),
Laccase (dotted line), D-Fructose dehydrogenase (dash-dot line) and Tyrosinase
(dashed line).

C. Medina-Plaza et al. / Analytica Chimica Acta 947 (2016) 16e22 19
high affinity of the enzyme towards the lipidic layer.

3.2. Characterization of the biosensors

The individual response of the biosensors was previously tested
towards primary substrate solutions (D-glucose, D-fructose and
catechol) and the limits of detection were calculated as 3SD/b
(where SD is the standard deviation of the blank and b is the slope
of the calibration graph). The limits of detection found were 0.46,
0.52, 77 and 9 mM for tyrosinase, laccase, glucose oxidase and D-
fructose dehydrogenase respectively. The voltammetric responses
obtained were highly reproducible with a coefficient of variation
(n ¼ 10) lower than 2% calculated from the peaks associated with
the analytes. The reproducibility between different sensors (i.e.
containing the same enzyme) immersed on the same solution was
always lower than 2.5%. All the measurements present associated
uncertainties lower than 5%.

It is important to remark that sensors are highly reproducible
and this is a key feature to be able to monitor the ripening of grapes
for months.

3.3. Discrimination of musts obtained from different varieties of
grapes harvested in two consecutive vintages

The array formed by four biosensors was used to analyze musts
prepared from five varieties of grapes (Tempranillo, Garnacha,
Cabernet-Sauvignon, Prieto Picudo and Mencía) harvested in two
different vintages (2012 and 2103) from the same cultivar.

The response of the array is illustrated in Fig. 2 for Prieto Picudo
variety. The peaks related to the antioxidants appear as anodic
waves in the 0.5e1.0 V region with the corresponding cathodic
peaks at ca. 0.6 V. The peaks associated with sugars appeared at
negative potentials (ca. �0.2 V). Obviously, due the complexity of
the media, the peaks were wider than those observed in standard
aqueous solutions [41]. Each electrode provided a different
response towards the same must sample and the positions and the
intensity of the peaks changed with the grape variety. Moreover,
voltammograms could detect small differences from one vintage to
another however, the general behavior of grapes of the same va-
riety was maintained.

When PCA was carried out in musts obtained from grapes of
different varieties (harvested in 2012), the scores plot showed that
the array was able to discriminate musts according to the type of
grape. The three first components explained ca. 97% of the total
information of the system.

The experiment was repeated in the vintage 2013 and the re-
sults were similar. Moreover, PCA was carried out merging in the
same matrix the responses obtained in both 2012 and 2013 (Fig. 3).
Grapes were discriminated according to their variety. Samples
collected in different vintages could be clearly distinguished but
appeared close one to each other in the scores plot. This result in-
dicates that the bioelectronic tongue provides similar results than
classical chemical analyses that clearly establish that varietal
qualities are maintained from one year to another.

The position of the clusters was directly related to the chemical
composition of the grapes. For this reason, the must prepared from
Mencía variety, with the lowest concentration of sugar (average of
215 g L�1) and lower TPI (average of 12), was located in the left side
of the diagram, whereas samples from Tempranillo variety with the
highest sugar content (average of 238.2 g L�1) and highest TPI
(average of 20) were located in the top part of the figure. Musts
obtained from Garnacha, Cabernet-Sauvignon and Prieto Picudo
grapes, with intermediate sugar (220e230 g L�1) and TPI values
(TPI of 15), appeared far apart from the rest. pH seems to play an
important role in the response of the array: Tempranillo and
Mencía samples showed the highest pHs (4.18 and 4.17 respec-
tively) and were located far from Prieto Picudo (3.7) and Cabernet-
Sauvignon (3.8). Finally, Garnacha which showed the lowest pH
(3.4) was clearly discriminated from the rest.

Fig. 3 b shows the contribution of the variables (10 kernels per
sensor) in the PCA loading plot. The loadings of each sensor were



Fig. 3. PCA scores plot (up) and loading plot (down) illustrating the discrimination
capability of the bioelectronic tongue exposed to must prepared from the same five
varieties harvested in two vintages (2012 and 2013).

Fig. 4. Response of the Tyr/AA/LuPc2 towards all the samples of Tempranillo harvested
weekly from veraison to over-ripeness (vintage 2013). First week (dotted line), second
week (dash-dot line), third week (dashed line), fourth week (grey solid line) and fifth
week (black solid line).
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located in a different quadrant and showed values close to 1. This is
important because each one of the four sensors forming the array
contributes in an important manner to the discrimination process.
This also evidences the high cross-selectivity attained by the four
biosensors.
Fig. 5. PCA scores plot illustrating the discrimination capability of the bioelectronic
tongue exposed to must prepared from Tempranillo samples harvested in 2013 weekly
from 1-first week, 2-s week, 3-third week, 4-fourth week (harvest), 5-fifth week (over-
ripened).
3.4. Monitoring the grape ripeness by means of the bioelectronic
tongue

The bioelectronic tongue was used to analyze grapes harvested
from the veraison to ripening in a weekly basis during five weeks
(variety Tempranillo, vintage 2013). Sample 1 was collected during
the veraison (change of the grape color from green to red). Samples
2e5 were harvested in subsequent weeks. Sample number 4 cor-
responded to the optimal date of harvesting predicted by chemical
parameters. Sample 5 corresponded to over-ripened grapes.

Fig. 4 illustrates how voltammograms changed with the
ripening using a tyrosinase electrode. The anodic peak at ca. 0.7 V
associated with polyphenols shifted to higher potentials whereas
the peaks at ca. 0.4 V and �0.1 V increased their intensity pro-
gressively from weeks 1e3. Suddenly, in week 4 (the optimal date
as indicated by classical techniques) the intensity decreased and
was maintained in over-ripened grapes collected in week 5. These
changes are in good agreement with changes in the phenolic
maturation measured by chemical methods which indicate that the
development of phenolic maturation in the late stage of ripening
produces a notorious increase near the harvest [42]. Similar results
were obtained with biosensors modified with laccase. In turn,
sensors modified with glucose oxidase could follow the increase in
the sugar content by showing an increase in the intensity of the
cathodic peak at �0.2 V.

PCA showed a clear discrimination of the samples collected
during the progression of maturing. (Fig. 5). Clusters corresponding
to samples harvested in successiveweeks fromveraison to ripening
(samples 1 to 4) were located in a clockwise order. Grapes collected
one week after the optimal maturity (sample 5), did not follow the
same trend than the others.

3.5. Multiparametric correlations between the bioelectronic tongue
and the classical chemical analysis

Table 1 shows the statistical parameters for the PLS-1 regression
models correlating the output of the array with the chemical pa-
rameters. In order to select the number of factors a leavedone-out
cross-validation method was used. This method involves using one
observation as the validation set and the remaining (n-1) obser-
vations as the training set. This is repeated on all ways to cut the



Table 1
Results of the PLS-1 analysis.

Parameter RMSECa RMESPb RC
c RP

d LVe

Degree brix 0.25352 0.30653 0.9874 0.9818 3
Density 0.00309 0.00502 0.9042 0.7319 2
Sugars 0.80089 1.29796 0.9024 0.7285 2
Grade (16.8) 0.47520 0.77026 0.9024 0.7288 2
Grade (17.5) 0.45787 0.73801 0.9002 0.7249 2
pH 0.05800 0.06997 0.9822 0.9740 3
Total acidity 0.04724 0.05948 0.9948 0.9918 3
Malic acid 0.20872 0.24564 0.9266 0.8973 3
Tartaric acid 0.12617 0.14325 0.9955 0.9943 3
TPI 0.59340 0.67736 0.9731 0.9649 3

a Root Mean Square Error of Calibration.
b Root Mean Square Error of Prediction.
c Squared correlation coefficient in calibration.
d Squared correlation coefficient in prediction.
e Latent variables.
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original sample on a validation set of one observation and n-1
training set.

Excellent correlations were found for all the parameters related
to sugar (sugar, degree brix, grade and density) and in particular
with the degree Brix which is commonly used to evaluate the
quality of grapes. Also good correlations have been found with TPI.
These good correlations can be attributed to the excellent perfor-
mance of the enzymes imbibed in the LB films. It is also worthy to
notice the good correlations found with parameters related to the
pH (pH, Total acidity, Malic and Tartaric acid). This can be explained
by the influence of the pH in the enzymatic activity.

4. Conclusions

A bioelectronic tongue formed by four voltammetric biosensors
based on LB films containing glucose oxidase, D-fructose dehydro-
genase, tyrosinase and laccase, using LuPc2 as electron mediator
and AA as lipid, has been developed. The increase in the area per
molecule observed in the surface pressure-area isotherms confirms
that enzymes are imbibed inside the floating monolayer formed by
LuPc2 and AA.

The array of biosensors is able to discriminate five varieties of
grapes according to their sugar and phenolic composition. The
system is more sensitive to the differences caused by the variety of
grape than to the changes caused by weather conditions from
vintage to vintage. It is also able to monitor the ripening of grapes
from veraison to harvesting and could be used to predict the
appropriate date to harvest.

The loading plot confirms the excellent complementarity of the
biosensors. Moreover, PLS-1 shows exceptional correlations with
all the chemical parameters directly related to phenols and sugar
concentration.
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