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Abstract: An array of electrochemical quartz crystal electrodes (EQCM) modified with 

nanostructured films based on phthalocyanines was developed and used to discriminate 

musts prepared from different varieties of grapes. Nanostructured films of iron, nickel and 

copper phthalocyanines were deposited on Pt/quartz crystals through the Layer by Layer 

technique by alternating layers of the corresponding phthalocyanine and poly-allylamine 

hydrochloride. Simultaneous electrochemical and mass measurements were used to study 

the mass changes accompanying the oxidation of electroactive species present in must 

samples obtained from six Spanish varieties of grapes (Juan García, Prieto Picudo,  

Mencía Regadío, Cabernet Sauvignon, Garnacha and Tempranillo). The mass and 

voltammetric outputs were processed using three-way models. Parallel Factor Analysis 

(PARAFAC) was successfully used to discriminate the must samples according to their 
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variety. Multi-way partial least squares (N-PLS) evidenced the correlations existing 

between the voltammetric data and the polyphenolic content measured by chemical 

methods. Similarly, N-PLS showed a correlation between mass outputs and parameters 

related to the sugar content. These results demonstrated that electronic tongues based on 

arrays of EQCM sensors can offer advantages over arrays of mass or voltammetric sensors 

used separately. 

Keywords: LbL; EQCM; phthalocyanine; must; grapes; electronic tongue 

 

1. Introduction 

The combination of an array of partially selective sensors with overlapping specificities with 

advanced mathematical signal-processing methods has yielded a new sensing technology for chemical 

analysis in liquid media, the so called electronic tongue (ET) [1,2]. ETs are holistic systems that 

provide global and qualitative information about samples instead of quantitative data about specific 

compounds. However, if the data matrix obtained by such multisensor systems is analyzed with 

adequate chemometric processing tools, descriptive or predictive information of particular parameters 

can be extracted [3,4]. 

Arrays of sensors dedicated to the analysis of liquids are usually based on electrochemical sensors 

including potentiometric [5], amperometric [6], voltammetric [7–9] or impedimetric ones [10].  

Many efforts have been dedicated to the discrimination of wines and musts using electronic  

tongues [2,3,8,9,11–14]. Voltammetric electrodes chemically modified with electrocatalytic materials 

are particularly suitable for the analysis of wines because voltammograms contain information related 

to the redox and ionic species present in wines [15]. For this reason, e-tongues based on voltammetry 

have been able to discriminate red wines with different antioxidant capability [16], wines elaborated 

with different varieties of grapes [17], to detect adulterations [8] or to follow the ageing of red wines 

using different methods [18]. 

The intrinsic complexity, richness and cross-selectivity of the signals generated by voltammetric 

sensor arrays are an advantage because the datasets contain meaningful information about the samples. 

Using partial least squares regression analysis (PLS), correlations could be established between the 

voltammetric curves (not only specific peaks) and the polyphenol content, or the acidity of red  

wines [12,16,19]. Finally, multi-transduction systems are more and more popular, since they combine 

different classes of sensors that provide complementary information [13,20–24]. 

Quartz Crystal Microbalances (QCM) are a different approach where the sensing element is a 

coated resonator. The interaction with the sample results in a change in the mass of the crystal which 

affects the frequency at which the crystal oscillates. QCM sensors modified with a variety of materials 

(porphyrins, CNTs, calixarenes and biomolecules, among others) have been widely used in electronic 

noses to analyze vapors with sub-nanogram sensitivity [25–28]. QCMs can also work in an aqueous 

environment and they have been able to detect a variety of substances in solution [29,30].  

However, only few examples of electronic tongues based on QCM sensors for the analysis of liquids 

have been reported [31–33]. 
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There are numerous methods to functionalize QCM surfaces. They include hydrophobic bonds, 

ionic bonds, hydrogen bonds or electrostatic interactions, among others [34]. Nanostructured films 

show enhanced surface to volume ratios that can increase the sensitivity of the sensors [35]. In fact, 

QCM sensors have been prepared using Langmuir-Blodgett (LB) [36], Layer by Layer (LbL) [37],  

Self-Assembling Monolayer (SAM) [38], Electrodeposition (EDP) [39,40], Plasma-Polymerized  

Films (PPF) [41] or Molecular Imprint (MIP) [42] techniques. 

Apart from their sub-nanogram sensitivity, another possible advantage of QCM sensors for the 

analysis of liquids, is that the same device can be used to obtain simultaneously mass changes and 

electrochemical signals. For this reason, the Electrochemical Quartz Crystal Microbalance (EQCM) 

has become a well-established technique for the investigation of mass changes associated with 

electrochemical surface processes such as adsorption of enzymes [43], electrodeposition [44], 

electropolymerization [45], ion insertion [46] or redox processes [33]. In this way, EQCM can provide 

higher amounts of information about a sample than electrochemistry or mass measurements performed 

separately [33,47,48]. 

EQCM sensors covered with phthalocyanines have been successfully used to analyze phenols 

present in wines [33]. The reason for their success is that phthalocyanines show electrocatalytic 

properties towards a variety of analytes including phenols [33,49,50]. In addition, nanostructured 

electrodes based on phthalocyanines can be prepared by electrodeposition [40], the Langmuir-Blodgett 

(LB) [35,51] or the Layer by Layer (LbL) technique [52–54] on different substrates such as indium tin 

oxide (ITO) or platinum. 

The objective of this work was to combine EQCM sensors to form an array able to discriminate 

musts with different phenolic content, obtained from different varieties of Spanish grapes. For this 

purpose, QCM substrates were modified with three different metallophthalocyanines using the LbL 

technique. The response of the array of sensors towards the must samples was studied by recording 

cyclic voltammetry and mass changes synchronously. The capability of the system to discriminate 

grapes of different varieties was evaluated by means of parallel factor analysis (PARAFAC).  

The relationship between the voltammetric or the mass signals with the results obtained by chemical 

analysis was studied by means of multi-way partial least squares (N-PLS). The complementarity of the 

information provided by the electrochemical and mass outputs was discussed. 

2. Experimental Section 

2.1. Chemicals and Grape Samples 

All chemicals and solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used 

without further purification. The solutions were obtained by dissolving substances in deionized water 

(resistivity of 18.2 MΩ·cm−1) acquired from a Milli-Q system (Millipore, Billerica, MA, USA). 

Three water soluble tetrasulfonate acid metallophthalocyanines (MPcSO3) were used as the anions in 

the LbL films. They included iron(III) phthalocyanine tetrasulfonic acid monosodium salt, copper(II) 

phthalocyanine tetrasulfonic acid tetrasodium salt, and nickel(II) phthalocyanine tetrasulfonic acid 

tetrasodium salt; (denoted as FePcSO3, NiPcSO3 and CuPcSO3 respectively). Polyallylamine hydrochloride 

(PAH), was used as the polycation in LbL films. 
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Six varieties of red grapes were included in the study (Juan García, Tempranillo, Prieto Picudo, 

Mencía Regadío, Cabernet, Garnacha). They were harvested in September 2013 from the vineyards 

“Bodega Cooperativa de Cigales” and “Instituto Tecnológico Agrario de Castilla y León (ITACYL)”, 

both located in the Valladolid area of Castilla y León in Spain. To obtain the musts, 200 berries were 

introduced in a plastic bag and crushed for one minute. The Oenological Centre of Castilla y León 

carried out the chemical analysis following international regulations [55]. Parameters analyzed 

included the typical indicators of the glucose content: sugar content (g/L), degree 16.8 and Brix 

degree. The classical indicator of the polyphenolic content, the Total Polyphenol Index (TPI) was also 

analyzed. The polyphenolic content was also evaluated using the Folin-Ciocalteau method. The results 

are collected in Table 1. 

Table 1. Results of the chemical analysis carried out by traditional chemical methods. 

Grape Variety 
Sugar Content 

(g/L) 
Brix Degree 

Total Polyphenol 

Index. TPI 
Degree 16.8 

Polyphenol Content. Folin-Ciocalteau Method 

(g/L) 

Prieto Picudo 224.1 22.89 19 13.31 0.46 

Garnacha 187.4 19.68 15 11.13 0.38 

Cabernet-Sauvignon 246.4 24.75 28 14.64 0.62 

Tempranillo 209.1 21.53 28 12.42 0.52 

Juan García 216.0 22.18 29 12.83 0.69 

Mencía Regadio 203.3 21.05 23 12.08 0.54 

2.2. Electrochemical Measurements 

Electrochemical quartz crystal microbalance experiments were carried out with a quartz crystal 

microbalance (QCM200 + QCM25 Crystal Oscillator, purchased from Standford Research Systems, 

Sunnyvale, CA, USA) connected to a Parstat 2273 potentiostat/galvanostat (EG&G, Oak Ridge, TN, 

USA). The mass-sensitive oscillators were 2.54 cm diameter, 5 MHz AT-cut planoconvex quartz 

crystals coated with platinum. 

The oscillators were used simultaneously to register mass changes and as the working electrode of 

the electrochemical measurements. PC software displays the relative frequency changes in synchronicity 

with the electrochemical data. 

Cyclic voltammetry was carried out using a conventional three-electrode cell. The reference 

electrode was Ag|AgCl/KCl 3 mol·L−1 and the counter electrode was a platinum sheet with a surface of 

1 cm2. Cyclic voltammograms were registered at a sweep rate of 0.1 V·s−1. The variations of mass 

taking place simultaneously to the cyclic voltammetry experiment were registered. All the samples 

were measured seven times with each sensor to check the robustness of the experiments. 

2.3. Calibration of the Quartz Crystal 

A calibration of the quartz crystal was carried out to determine the sensitivity factor (also called 

Sauerbrey constant) by galvanostatic deposition of copper on the platinum surface. Sauerbrey 

constants have been used to calculate mass shifts during the experiment (Equation (1)): 

ff C mΔ = − ⋅Δ  (1)



Sensors 2015, 15 29237 

 

 

where ∆f is the observed frequency change (Hz), Cf is the Sauerbrey constant (56.6 Hz·cm2·µg−1 for a  

5 MHz At-cut quartz crystal at room temperature) and mΔ  is the change in mass per unit  

area (µg·cm−2). 

A 0.5 mol·L−1 solution of CuSO4 in 0.1 mol·L−1 H2SO4 (pH = 1.37) was used to deposit copper on 

the platinum electrode using chronopotentiometry (−2 mA, 70 s). The plot of the frequency shift vs. 

charge showed excellent linearity (y = 7 × 10−5x − 0.0632; R2 = 0.9996). According to the linear plot 

obtained in the calibration process, the Sauerbrey constant of the quartz crystal obtained was  

59.4 Hz·cm2·µg−1, which is consistent with the theoretical value of 56.6 Hz·cm2·µg−1. 

2.4. Sensor Preparation 

The platinum-coated quartz crystal substrates were cleaned using a mixture of H2SO4 and H2O2 

(piranha solution; 3:1 mixture of sulfuric acid and 30% hydrogen peroxide) and thoroughly rinsed in 

deionized water (resistivity of 18.2 MΩ·cm−1) before use. 

The LbL films were grown using PAH as the positive layer and iron, nickel or copper tetrasulfonate 

phthalocyanines (FePcSO3, NiPcSO3 or CuPcSO3) as the negative layer using a previously published 

procedure [56]. Water solutions of PAH (0.5 g·L−1) and of the corresponding phthalocyanine  

(0.05 g·L−1) were used to build the films. LbL films were fabricated by successive immersions of the 

QCM substrate in the PAH and phthalocyanine solutions. The following sequence of immersions was 

followed: (1) PAH solution (5 min); (2) deionized water gently stirred to remove excess of  

non-adsorbed PAH (1 min); (3) MPcSO3 solution (5 min); (4) deionized water gently stirred to remove 

excess and non-adsorbed MPcSO3 (1 min). After these four steps a bilayer was formed and more layers 

are grown by repeating the sequence. After each electrochemical measurement, QCM substrates were 

cleaned by immersing the Pt/quartz device in HNO3 60% (sonication during 1 min) to remove LbL 

films. QCM devices were then rinsed in deionized water and dried with nitrogen gas. 

2.5. UV-Visible Characterization 

The growth of LbL films was monitored with UV-Vis absorption spectroscopy (UV-2600 model, 

purchased from Shimadzu, Kyoto, Japan) by testing the linearity between the number of layers 

deposited and the absorbance. 

2.6. Multisensor System Statistical Analysis 

A multisensor system was constructed using the signals obtained from four sensors: the already 

described FePcSO3/PAH, NiPcSO3/PAH and CuPcSO3/PAH LbL films and a bare Pt quartz crystal 

microbalance. The multivariate data analysis was performed by using Matlab v2014b (The Mathworks 

Inc., Natick, MA, USA) and The Unscrambler (CAMO Software AS, Oslo, Norway). Voltammograms 

and massograms were pre-processed by using an adaptation of a data reduction technique based on 

predefined response “bell-shaped-windowing” curves called “kernels” [15,57]. Using this method,  

10 variables were obtained from each voltammogram and from each massogram. These data were used 

as the input variable in statistical analysis. A non-supervised multivariate method, the Parallel Factor 

Analysis (PARAFAC) was used to analyze the curves and to evaluate the capability of discrimination 
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of the array of sensors. Multi-way partial least squares (N-PLS) was used to evidence the correlations 

between the voltammetric and mass outputs and the chemical indicators. 

3. Results and Discussion 

3.1. UV-Visible characterization 

LbL films were prepared using the four-step sequence described above. The procedure was repeated 

20 times to obtain 20 bilayer-thick films. The growth of bilayers was monitored every four bilayers by 

UV-vis absorption spectroscopy. The characteristic B band at shorter wavelengths and Q band at 

longer wavelengths, which are attributed to HOMO→LUMO electronic transitions of the π electrons 

of the Pc ring, could be clearly seen. The features observed in the UV-Vis absorption spectra are 

assigned to the MPcSO3 since PAH does not absorb within this wavelength range. 

The absorbance of the Q band increased linearly with the number of bilayers. This is illustrated in 

Figure 1 for the CuPcSO3/PAH film where the absorbance at 620 nm vs. the number of deposited 

bilayers is represented, confirming the good quality of the deposition. This shows that a similar amount 

of material is transferred onto the substrate per deposited layer confirming a uniform growth of the 

LbL films. The quality of the layers (and hence the linearity regression coefficient) decreased when 

more than 20 bilayers were deposited. For this reason, further studies were carried out with 20 bilayers. 

Similar results were obtained with the three phthalocyanines tested and the only difference was the 

value of the Q band position (640 nm for FePcSO3/PAH, 620 nm for NiPcSO3/PAH and 620 for 

CuPcSO3/PAH), which are in good agreement with previous results [53,54]. 

 
(a) (b) 

Figure 1. UV-Vis characterization of 4–20 CuPcSO3/PAH LbL bilayers. (a) UV-Vis 

absorption spectra; (b) Linear correlation between absorbance vs. number of bilayers. 

In addition, the absorbance values registered increased when advancing in the transition metal series 

(FePcSO3/PAH < NiPcSO3/PAH < CuPcSO3/PAH films) (for instance, the values of Q band absorbance 

registered for 20 bilayers were FePcSO3/PAH: 0.031, NiPcSO3/PAH: 0.158 and CuPcSO3/PAH: 0.189). 

Taking into account that the molar extinction coefficients of the three phthalocyanines are of the same 

order of magnitude, it could be concluded that the CuPcSO3/PAH films were more closely packed than 

NiPcSO3/PAH films or FePcSO3/PAH films. The preparation method was highly reproducible and 

coefficients of variation calculated from the maximum absorbance of 20 bilayer films, were lower than 2%. 
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3.2. EQCM Measurements in Glucose and Catechol 

In a first approach and in order to test the sensing performance of the EQCM LbL films, they were 

immersed in catechol (an antioxidant usually found in grape juices) and glucose, one of the major 

sugars. Cyclic voltammograms (potential range from −1.0 to +1.0 V vs. Ag|AgCl) and massograms 

were recorded simultaneously. 

The responses towards catechol are illustrated in Figure 2 for NiPcSO3/PAH films. It is important to 

remark that in all cases, the first scan was always different from the subsequent cycles. After the 

second cycle, scans were highly reproducible with a coefficient of variation (%CV) of the highest peak 

were lower than 2%. 

 

Figure 2. Response of the array of sensors towards catechol 10−3 mol·L−1 in KCl  

0.1 mol·L−1. Voltammetric output (black line) and mass output (grey line) for the 

NiPcSO3/PAH sensor. 

The voltammetric responses were characterized by two redox process, one corresponding to the 

oxidation/reduction of catechol (at +0.30 V and +0.05 V for the anodic and cathodic waves 

respectively). The decomposition of water occurring at negative potentials was accompanied by the 

oxidation of hydrogen that was observed as an anodic wave at −0.45 V. The four electrodes forming 

the array showed similar trends but the peak positions and their intensities differ from one electrode to 

another. For instance, the oxidation of catechol occurs at +0.25 V for FePcSO3/PAH, +0.30 V for 

NiPcSO3/PAH and +0.42 V for CuPcSO3/PAH sensor, indicating that the electrocatalytic effect of the 

phthalocyanine decreased when advancing in the transition metal series. The intensity of the peaks 

increased with respect to the values observed in the bare Pt electrode (2780 µA), FePcSO3/PAH  

(2800 µA), NiPcSO3/PAH (2930 µA) and CuPcSO3/PAH (3260 µA). 

Hydrogen was formed during the water decomposition that occurred at ca. −0.45 V according to the  

next reaction: 

2 22 2 2H O e H OH− −+ ⎯⎯→ +  (2)

Also in this case, the peak position shifted to more negative values when advancing in the transition 

metal series (−0.25 V for FePcSO3/PAH, −0.35 V for NiPcSO3/PAH and −0.42 for CuPcSO3/PAH sensor 

and −0.45 for the Pt bare electrode), confirming the electrocatalytic effect of the nanostructured films. 

Massograms showed a mass increase during the oxidation of catechol and a large decrease in mass 

during the reduction. Massograms were highly stable, however, a net increase in the mass at the end of 
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the experiment was observed, indicating that catechol was adhering to the surface of the electrode.  

This result is in good accordance with previously published results that demonstrated the passivation 

of the electrodes during cycling due to polymerization of phenols [58]. In fact, when sensors used to 

analyze catechol were immersed in a KCl 0.1 mol·L−1 solution, the presence of catechol was still 

observed. According to this, sensors were considered as single use devices and a brand new sensor 

must be prepared to measure each sample. 

As expected, the glucose solution did not produce redox peaks in the studied range (except peaks 

associated to protons at negative potentials). A progressive increase in mass was observed under 

consecutive cycling that could be attributed to the adhesion of sugars to the sensing surface. The effect 

of the concentration in the responses of the sensors was analyzed by exposing the EQCM devices to 

different catechol and glucose concentrations. The results are illustrated in Figure 3 for CuPcSO3/PAH. 

When increasing the concentration of catechol, the voltammetric peak at −0.4 V decreased in intensity, 

while peak at ca. +0.4 increased in intensity and simultaneously shifts to lower potentials. Similarly, 

the shape of massograms was different depending on the concentration. This behavior impedes the 

construction of calibration curves and justifies the need of an array of electrodes, where the whole 

curve provides information about the sample. 

 

Figure 3. (a) Voltammetric response towards catechol in KCl 0.1 mol·L−1 for the 

CuPcSO3/PAH sensor; (b) Mass response of the CuPcSO3/PAH sensor towards glucose  

10−3 mol·L−1 in 0.01 mol·L−1 phosphate buffer (pH 7.0); (c) Mass response of the 

CuPcSO3/PAH sensor towards glucose 10−2 mol·L−1 in 0.01 mol·L−1 phosphate buffer (pH 7.0). 

3.3. Analysis of Grape Juices 

The array of sensors was immersed in must samples prepared from different varieties of grape and 

EQCM analysis was performed. It has to be pointed out that preliminary experiments were carried out 

in undiluted must and the signals demonstrated a poor reproducibility. This can be attributed to the 

large amount of suspended materials (i.e. proteins) present in must samples that can adhere to the 

sensor surface. The reproducibility was clearly improved when musts were diluted 1:2 in KCl  

0.05 mol·L−1. For this reason, further experiments were carried out in diluted musts. Cyclic 

voltammetry was carried out at a potential range from −0.6 to +1.0 V vs. Ag|AgCl and 

voltammograms/massograms were simultaneously registered. As an example of the responses obtained 

Figure 4 shows the voltammetric and mass outputs of NiPcSO3/PAH sensor towards a must obtained 

from the Juan García grape variety. 
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Figure 4. Voltammetric (black line) and mass (grey line) response of the NiPcSO3/PAH 

sensor towards a must obtained from Juan García grapes. 

As usual, the first cycle was different from the rest, but subsequent responses were stable and  

highly reproducible with coefficients of variation (%CV) within the range of 0.4%–2.8%.  

Voltammograms were dominated by a broad anodic peak that could be associated to the polyphenolic 

content of wines [8,59]. On the other hand, the massograms showed a progressive increase in mass.  

In a complex mixture such as must, it is difficult to establish the process by which the mass increases.  

Taken into account the results obtained in the presence of catechol and glucose, it can be assumed that 

polymerization of phenols can play a key role in the observed mass changes. In addition, the adhesion 

of other main components of musts without redox activity in the studied range such as sugars cannot  

be neglected. 

The results obtained were similar for all the phthalocyanines tested, but the peak positions and their 

intensities depend on the phthalocyanine used to form the LbL film. Figure 5 illustrates the 

voltammetric response of the array of sensors towards musts. The responses obtained towards the 

Mencía Regadío and the Juan García varieties have been chosen as examples. In good accordance with 

the results obtained in catechol, the peak positions shifted to higher values when advancing in the 

transition metal series, confirming that these anodic peaks are associated to the polyphenolic content  

of grapes. 

Because the polyphenolic content varied from one must to another (see Table 1), the positions, 

broadness and intensities of the peaks were different. 

 
(a) (b) 

Figure 5. Voltammetric outputs of the EQCM sensors immersed in (a) Mencía Regadío;  

(b) Juan García grapes. 
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The massograms registered simultaneously to the cyclic voltammetry are illustrated in Figure 6 for 

different sensors/musts (due to the complexity of the signals it is not possible to superimpose signals 

for comparison purposes). As expected, all massograms showed a progressive increase in mass, but 

also in this case, each must produce a different signature. The change in mass could be attributed to the 

adhesion of sugars and/or to other complex processes and polymerizations. It has to be noticed that in 

some cases, the adhesion of suspended material caused spikes or a sudden increase in mass. In those 

cases (15% of the measures), the results were discarded. In the absence of such processes, the 

experiments were highly reproducible. 

 

Figure 6. Mass outputs of (a) Pt bare sensor immersed in Prieto Picudo; (b) FePcSO3/PAH 

sensor immersed in Tempranillo; (c) NiPcSO3/PAH sensor immersed in Juan García;  

(d) CuPcSO3/PAH sensor immersed in Cabernet. 

3.4. Statistical Analysis 

The intrinsic complexity, richness and cross-selectivity of the signals generated by voltammetric 

sensor arrays are an advantage because the dataset contains meaningful information about the sample. 

As the array of EQCM sensors showed a characteristic voltammetric and mass response depending on 

the must analyzed, these data could be used to discriminate musts according to their chemical nature.  

In order to evaluate the capability of discrimination of the system, a non-supervised multivariate 

technique, the multi-way decomposition PARAFAC method was used. 

Prior to statistical analysis, voltammograms and massograms were preprocessed by means of a data 

reduction technique using “kernels” to obtain 10 variables from each voltammogram and  

10 variables from each massogram. The input array for computing the PARAFAC model was a  

three-way data matrix (“6 must samples with 3 replicas” × “10 kernels” × “4 sensors”), therefore the 

size was (18 × 10 × 4). 

Figure 7 represents the tridimensional PARAFAC scores plot for the multisensor system using 

voltammetric outputs. As observed in the figure, the clusters corresponding to the six studied musts 
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(three replicas per must) were clearly separated and were located according to the Total Polyphenol 

Index (TPI): musts with high TPI (Mencía Regadío, Cabernet Sauvignon, Tempranillo and Juan García 

variety) appeared in the region corresponding to a positive C3, while musts with low TPI (Prieto 

Picudo and Garnacha variety) appeared in the negative C3 values region. This good discrimination can 

be explained taking into account that voltammograms reflect the redox activity of the phenols.  

The error in terms of root-mean-square error (RMSE) was 0.4551. 

 
(a) (b) 

Figure 7. PARAFAC scores plot of the array obtained from (a) The voltammetric 

responses; (b) The mass responses. Must samples are 1: Prieto Picudo; 2: Garnacha;  

3: Cabernet Saugvinon; 4: Tempranillo; 5: Juan García; and 6: Mencía Regadío. 

Figure 7 also shows the tridimensional PARAFAC scores plot when analyzing the mass output. In 

this case RMSE was 0.6472. Massograms also allowed a good-quality discrimination. However, the 

positions of the clusters were not related to the Total Polyphenol Index. Instead, their positions were 

located according to the sugar content. 

Musts with the highest Brix degree (Cabernet Sauvignon and Prieto Picudo) were located at 

negative values of C3, whereas those with lower sugar content at positive values of C3 (Tempranillo, 

Mencía Regadío, Juan García and Garnacha). This result confirms that changes in mass observed from 

one massogram to the subsequent one are due to the adhesion of sugars. 

Prediction models were established by N-PLS. The classification models were subjected to full  

cross-validation by means of the “leave-one-out” method. N-PLS was carried out to establish 

correlations between the EQCM signals obtained from the array and chemical parameters.  

N-PLS regression builds a calibration model incorporating a relationship between the sets of predictors 

and responses based on the multiway structure of the arrays. Calibration fits the model to the available 

data, while validation checks the model for new data. Results are shown in Tables 2 and 3. 

Correlations were obtained with the voltammetric data, which showed higher coefficients of 

correlations and lower errors. Results indicate that the voltammetric signals are better correlated with 

the TPI with only three components (Table 2). 

The mass outputs present a better correlation with those parameters related to the sugar content 

(sugar content, degree 16.8 and Brix degrees) (Table 3) than with those related to the polyphenolic 

content. The correlations calculated between mass data and chemical parameters showed lower 

correlation coefficients and higher errors than the correlations obtained with voltammetric data. 
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Table 2. Statistical parameters obtained for the N-PLS regression model established between 

the chemical parameters and the voltammetric responses of the sensors towards musts. 

Voltammetric Outputs 

Parameters R2
C (a) RMSEC (b) R2

P (c) RMSEP (d) Number of Components

Sugar content 0.997 0.99187 0.945 4.24917 4 
Brix degree 0.996 0.09242 0.935 0.40019 4 
Degree 16.8 0.997 0.05894 0.946 0.25147 4 

TPI 0.992 0.46538 0.983 0.68089 3 
Polyphenolic content 

0.998 0.33442 0.989 1.11841 3 
Folin-Ciocalteau method 

(a) Squared correlation coefficient in calibration; (b) Root Mean Square Error of Calibration; (c) Squared 

correlation coefficient in prediction; (d) Root Mean Square Error of Prediction. 

Table 3. Statistical parameters obtained for the N-PLS regression model established 

between the chemical parameters and the mass responses of the sensors towards musts. 

Mass Outputs 

Parameters R2
C 

(a) RMSEC (b) R2
P (c) RMSEP (d) Number of Components

Sugar content 0.941 4.45005 0.839 7.31293 4 
Brix degree 0.972 0.00176 0.865 0.00291 4 
Degree 16.8 0.941 0.26438 0.840 0.43420 4 

TPI 0.961 1.02511 0.845 2.04940 5 
Polyphenolic content 

0.965 1.91428 0.921 3.0353 5 
Folin-Ciocalteau method 

(a) Squared correlation coefficient in calibration; (b) Root Mean Square Error of Calibration; (c) Squared 

correlation coefficient in prediction; (d) Root Mean Square Error of Prediction. 

As voltammetric and mass data are registered simultaneously, EQCM can improve the discrimination 

of must samples while providing good correlations with both sugar and polyhenolic content. 

4. Conclusions 

A multisensor system formed by EQCM sensors modified with LbL films containing 

phthalocyanines have been successfully fabricated and used to discriminate musts obtained from 

different varieties of grapes. The capability of the sensor array to discriminate grapes according to their 

chemical parameters has been evidenced using the multivariate decomposition method PARAFAC. 

Voltammograms showed anodic peaks that were related to the phenolic content in musts and 

massograms showed an increase of mass that was related to the sugar content of the musts. Prediction 

models performed by multi-way partial least squares (N-PLS) have showed correlations between the 

voltammetric and mass outputs with the chemical parameters. EQCM has demonstrated to be 

advantageous because voltammetric and mass data can be registered simultaneously, providing good 

correlations with the sugar and the polyhenolic content, which are the most important indicators of 

quality and degree of ripeness in grapes. 
  



Sensors 2015, 15 29245 

 

 

Acknowledgments 

Financial support by MINECO and FEDER (grant CICYT-AGL2012-33535) and the Junta de 

Castilla y León (VA-032U13) is gratefully acknowledged. Cristina Medina-Plaza would also like to 

thank the University of Valladolid for a grant (FPI-UVA). 

Author Contributions 

The manuscript was written by Maria Luz Rodríguez-Méndez and Celia Garcia-Hernandez.  

In addition, the concept of the experimental setup was also proposed by Maria Luz Rodríguez-Méndez 

and implemented by Celia Garcia-Hernandez. For the experimental works, the sensing tests and material 

analyses were done by Celia Garcia-Hernandez, Cristina Medina-Plaza, Cristina Garcia-Cabezon,  

Isabel del Valle and Jose Antonio de Saja. Finally, data analyses were accomplished by  

Celia Garcia-Hernandez and Fernando Martin-Pedrosa. The final manuscript has been read and 

approved by all authors. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Tahara, Y.; Toko, K. Electronic tongues—A Review. IEEE Sens. J. 2013, 13, 3001–3011. 

2. Śliwińska, M.; Wiśniewska, P.; Dymerski, T.; Namieśnik, J.; Wardencki, W. Food analysis using 

artificial senses. J. Agric. Food Chem. 2014, 62, 1423–1448. 

3. Kirsanov, D.; Mednova, O.; Vietoris, V.; Kilmartin, P.A.; Legin, A. Towards reliable estimation 

of an “electronic tongue” predictive ability from PLS regression models in wine analysis. Talanta 

2012, 90, 109–116. 

4. Oliveri, P.; Casolino, C.; Forina, M. Chemometric Brains for Artificial Tongues. In Advances in 

Food and Nutrition Research; Elsevier Inc.: Amsterdam, The Netherlands, 2010; pp. 57–117. 

5.  Ciosek, P.; Wroblewski, W. Potentiometric Electronic Tongues for Foodstuff and Biosample 

Recognition—An Overview. Sensors 2011, 11, 4688–4701. 

6. Scampicchio, M.; Ballabio, D.; Arecchi, A.; Cosio, S.M.; Mannino, S. Amperometric electronic 

tongue for food analysis. Microchim. Acta 2008, 163, 11–21. 

7. Winquist, F.; Olsson, J.; Eriksson, M. Multicomponent analysis of drinking water by a 

voltammetric electronic tongue. Anal. Chim. Acta 2011, 683, 192–197. 

8. Parra, V.; Arrieta, A.; Fernández-Escudero, J.A.;  Rodríguez-Méndez, M.L.; de Saja, J.A. 

Electronic tongue based on chemically modified electrodes and voltammetry for the detection of 

adulterations in wines. Sens. Actuators B 2006, 118, 448–453. 

9. Ceto, X.; Apetrei, C.; del Valle, M.; Rodriguez-Mendez, M.L. Evaluation of red wines antioxidant 

capacity by means of a voltammetric e-tongue with an optimized sensor array. Electrochim. Acta 

2014, 120, 180–186. 

10. Riul, A.; Dantas, C.A.R.; Miyazaki, C.M.; Oliveira, O.N. Recent advances in electronic tongues. 

Analyst 2010, 135, 2481–2495. 



Sensors 2015, 15 29246 

 

 

11. Gil-Sanchez, L.; Soto, J.; Martinez-Mañez, R.; Garcia-Breijo, E.; Ibañez, J.; Llobet, E. A novel 

humid electronic nose combined with an electronic tongue for assessing deterioration of wine.  

Sens. Actuators A 2011, 171, 152–158. 

12. Buratti, S.; Ballabio, D.; Benedetti, S.; Cosio, M.S. Prediction of Italian red wine sensorial 

descriptors from electronic nose, electronic tongue and spectrophotometric measurements by 

means of genetic algorithm regression models. Food Chem. 2007, 100, 211–218. 

13. Di Natale, C.; Paolesse, R.; Macagnano, A.; Mantini, A.; D’Amico, A.; Ubigli, M.; Legin, A.; 

Lvova, L.; Rudnitskaya, A.; Vlasov, Y. Application of a combined artificial olfaction and taste 

system to the quantification of relevant compounds in red wine. Sens. Actuators B 2000, 69,  

342–347. 

14. Rudnitskaya, A.; Rocha, S.M.; Legin, A.; Pereira, V.; Marques, J.C. Evaluation of the feasibility 

of the electronic tongue as a rapid analytical tool for wine age prediction and quantification of the 

organic acids and phenolic compounds. The case-study of Madeira wine. Anal. Chim. Acta 2010, 

662, 82–89. 

15. Parra, V.; Hernando, T.; Rodriguez-Mendez, M.L.; de Saja, J.A. Electrochemical sensor array 

made from bisphthalocyanine modified carbon paste electrodes for discrimination of red wines. 

Electrochim. Acta 2004, 49, 5177–5185. 

16. Prieto, N.; Gay, M.; Vidal, S.; Aagaard, O.; de Saja, J.A.; Rodriguez-Mendez, M.L.  Analysis of 

the influence of the type of closure in the organoleptic characteristics of a red wine by using an 

electronic panel. Food Chem. 2011, 129, 589–594. 

17. Parra, V.; Arrieta, A.; Fernandez-Escudero, J.A.; Garcia, H.; Apetrei, C.; Rodriguez-Mendez, M.L.; 

de Saja, J.A. E-tongue based on a hybrid array of voltammetric sensors based on phthalocyanines, 

perylene derivatives and conducting polymers: Discrimination capability towards red wines 

elaborated with different variety of grapes. Sens. Actuators B 2006, 115, 54–61. 

18. Apetrei, C.; Apetrei, I.; Nevares, I.; del Alamo, M.; Parra, V.; Rodríguez-Méndez, M.L.;  

de Saja, J.A. Using an e-tongue based on voltammetric electrodes to discriminate among red 

wines aged in oak barrels or aged using alternative methods. Correlation between electrochemical 

signals and analytical parameters. Electrochim. Acta 2007, 52, 2588–2594. 

19. Legin, A.; Rudnitskaya, A.; Lvova, L.; Vlasov, Y.; di Natale, C.; D’Amico, A. Evaluation of 

Italian wine by the electronic tongue:recognition, quantitative analysis and correlation with human 

sensory perception. Anal. Chim. Acta 2003, 484, 33–44. 

20. Baldacci, S.; Matsuno, T.; Toko, K.; Stella, R.; de Rossi, D. Discrimination of wine using taste 

and smell sensors. Sens. Mater. 1998, 10, 185–200. 

21. Rodriguez-Mendez, M.L.; Arrieta, A.A.; Parra, V.; Bernal, A.; Vegas, A.; Villanueva, S.;  

Gutierrez-Osuna, R.; de Saja, J.A. Fusion of three sensory modalities for the multimodal 

characterization of red wines. IEEE Sens. J. 2004, 4, 348–354. 

22. Lvova, L.; Pudi, R.; Galloni, P.; Lippolis, V.; di Natale, C.; Lundstrom, I.; Paolesse, R.  

Multi-transduction sensing films for Electronic Tongue applications. Sens. Actuators B 2015, 207, 

1076–1086. 

23. Gutierrez, M.; Llobera, A.; Vila-Planas, J.; Capdevila, F.; Demming, S.; Büttgenbach, S.;  

Mínguez, S.; Jiménez-Jorquera, C. Hybrid electronic tongue based on optical and electrochemical 

microsensors for quality control of wine. Analyst 2010, 135, 1718–1725. 



Sensors 2015, 15 29247 

 

 

24. Apetrei, I.M.; Rodriguez-Mendez, M.L.; Apetrei, C.; Nevares, I.; del Alamo, M.; de Saja, J.A. 

Monitoring of evolution during red wine aging in oak barrels and alternative method by means of 

an electronic panel test. Food Res. Int. 2012, 45, 244–249. 

25. Zampetti, E.; Pantalei, S.; Macagnano, A.; Proeitti, E.; di Natale, C.; D’Amico, A. Use of 

multiplexed oscillator in a miniaturized electronic nose based on a multichannel quartz crystal 

microbalance. Sens. Actuators B 2008, 131, 159–166. 

26. Compagnone, D.; Faieta, M.; Pizzoni, D.; di Natale, C.; Paolesse, R.; van Caelenberg, T.;  

Beheydt, B.; Pittia, P. Quartz crystal microbalance gas sensor arrays for the quality control of 

chocolate. Sens. Actuators B 2015, 207, 1114–1120. 

27. Wilson, A.D.; Baietto, M. Advances in electronic-nose technologies developed for biomedical 

applications. Sensors 2011, 11, 1105–1176. 

28.  Panigrahi, S.; Sankaran, S.; Mallik, S.; Gaddam, B.; Hanson, A.A. Olfactory receptor-based 

polypeptide sensor for acetic acid VOC detection. Mater. Sci. Eng. C 2012, 32, 1307–1313. 

29. Guo, X.; Lin, C.S.; Chen, S.H.; Ye, R.; Wu, V.C.H. A piezoelectric immunosensor for specific 

capture and enrichment of viable pathogens by quartz crystal microbalance sensor, followed by 

detection with antibody-functionalized gold nanoparticles. Biosens. Bioelectron. 2012, 38,  

177–183. 

30. Ermolaeva, T.N.; Kalmykova, E.N.; Shashkanova, O.Y. Piezoquartz biosensors for the analysis of 

environmental objects, foodstuff and for clinical diagnostic. Russ. J. Gen. Chem. 2008, 78,  

2430–2444. 

31. Sun, H.; Mo, Z.H.; Choy, J.T.S.; Zhu, D.R., Fung, Y.S. Piezoelectric quartz crystal sensor for 

sensing taste-causing compounds in food. Sens. Actuators B 2008, 131, 148–158. 

32. Hauptmann, P.; Borngraeber, R.; Schroeder, J.; Auge, J. Application of novel sensor electronics 

for quartz resonators in artificial tongue. In Proceedings of the 2000 IEEE/EIA International 

Frequency Control Symposium & Exhibition, Kansas City, MO, USA, 7–9 June 2000;  

pp. 100–105. 

33. Gay-Martin, M.; Diez-Arevalo, E.; Rodriguez-Mendez, M.L.; Saja, J.A.D. Electrochemical quartz 

crystal microbalance analysis of the oxidation reaction of phenols found in wines at lutetium 

bisphthalocyanine electrodes. Sens. Actuators B 2013, 185, 24–31. 

34. Cheng, C.I.; Chang, Y.P.; Chu, Y.H. Biomolecular interactions and tools for their recognition: 

Focus on the quartz crystal microbalance and its diverse surface chemistries and applications.  

Chem. Soc. Rev. 2012, 41, 1947–1971. 

35. Medina-Plaza, C.; De Saja J.A.; Rodriguez-Mendez, M.L. Bioelectronic tongue based on lipidic 

nanostructured layers containing phenol oxidases and lutetium bisphthalocyanine for the analysis 

of grapes. Biosens. Bioelectron. 2014, 57, 276–283. 

36. Ozmen, M.; Ozbek, Z.; Bayrakci, M.; Ertul, S.; Ersoz, M.; Capan, R. Preparation and gas sensing 

properties of Langmuir-Blodgett thin films of calix[n]arenes: Investigation of cavity effect.  

Sens. Actuators B 2014, 195, 156–164. 

37. Deligöz, H.; Tieke, B. QCM-D study of layer by layer assembly of polyelectrolyte blend films and 

their drug loading-release behavior. Colloids Surf. A 2014, 441, 725–736. 



Sensors 2015, 15 29248 

 

 

38. Erbahar, D.D.; Harbeck, M.; Gumus, G.; Gurol, I.; Ahsen, V. Self-assembly of phthalocyanines 

on quartz crystal microbalances for QCM liquid sensing applications. Sens. Actuators B 2014, 

190, 651–656. 

39. Ningsih, P.; Holdsworth, C.Z.; Donne, S.W. Mn-modified polypyrrole thin films for supercapacitor 

electrodes. Synth. Meth. 2014, 196, 8–19. 

40. Martin, M.G.; de Saja, J.A.; Munoz, R.; Rodriguez-Mendez, M.L. Multisensor system based on 

bisphthalocyanine nanowires for the detection of antioxidants. Electrochim. Acta 2012, 68, 88–94. 

41. Wang, M.H.; Liu, S.L.; Zhang, Y.C.; Yang, Y.Q.; Shi, Y.; He, L.H.; Fang, S.M.; Zhang, Z.H. 

Graphene nanostructures with plasma polymerized allylamine biosensor for selective detection of 

mercury ions. Sens. Actuators B 2014, 203, 497–503. 

42. Jha, S.K.; Liu, C.J.; Hayashi, K. Molecular imprinted polyacrylic acids based QCM sensor array 

for recognition of organic acids in body odor. Sens. Actuators B 2014, 204, 74–87. 

43. Su, Y.H.; Xie, Q.J.; Chen, C.; Zhang, Q.F.; Ma, M.; Yao, S.Z. Electrochemical quartz crystal 

microbalance studies on enzymatic specific activity and direct electrochemistry of immobilized 

glucose oxidase in the presence of sodium dodecyl benzene sulfonate and multiwalled carbon 

nanotubes. Biotechnol. Prog. 2008, 24, 262–272. 

44. Yu, R.M.; Ma, M.; Wang, L.L.; Xie, Q.J.; Cao, Z.J.; Jiang, X.Q.; Yao, S.Z. Highly sensitive and 

surface-renewable electrochemical quartz crystal microbalance assays of heparin and chondroitin 

sulfate based on their effects on the electrodeposition of neutral red. Biosens. Bioelectron. 2009, 

24, 1771–1776. 

45. Subbaiyan, N.K.; Obraztsov, L.; Wijesinghe, C.A.; Tran, K.; Kutner, W.; D’Souza, F. 

Supramolecular Donor-Acceptor Hybrid of Electropolymerized Zinc Porphyrin with Axially 

Coordinated Fullerene: Formation, Characterization, and Photoelectrochemical Properties.  

J. Phys. Chem. C 2009, 113, 8982–8989. 

46. Sigalov, S.; Levi, M.D.; Salitra, G.; Aurbach, D. EQCM as a unique tool for determination of 

ionic fluxes in microporous carbons as a function of surface charge distribution. J. Electrochem. 

Commun. 2010, 12, 1718–1721. 

47. Malitesta, C.; Picca, R.A.; Mazzotta, E.; Guascito, M.R. Tools for the development of 

electrochemical sensors: An EQCM flow cell with flow focusing. Electroanal 2012, 24, 790–797. 

48. Pinto, E.M.; Gouveia-Caridade, C.; Soares, D.M.; Brett, C.M.A. Electrochemical and surface 

characterisation of carbon-film-coated piezoelectric quartz crystals. Appl. Surf. Sci. 2009, 255, 

8084–8090. 

49. Brown, R.J.C.; Brett, D.J.L.; Kucernak, A.R.J. An electrochemical quartz crystal microbalance 

study of platinum phthalocyanine thin films. J. Electroanal. Chem. 2009, 633, 339–346. 

50. Harbeck, M.; Erbahar, D.D.; Gurol, I.; Musluoglu, E.; Ahsen, V.; Ozturk, Z.Z. Phthalocyanines as 

sensitive coatings for QCM sensors operating in liquids for the detection of organic compounds. 

Sens. Actuators B 2010, 150, 346–354. 

51. Rodriguez-Mendez, M.L.; Gay, M.; de Saja, J.A. New insights into sensors based on radical 

bisphthalocyanines. J. Porphy. Phthalocyan. 2009, 13, 1159–1167. 

52. Alessio, P.; Pavinatto, F.J.; Oliveira, O.N.; Saez, J.A.D.; Constantino, C.J.L.;  

Rodriguez-Mendez, M.L. Detection of catechol using mixed Langmuir-Blodgett films of a 

phospholipid and phthalocyanines as voltammetric sensors. Analyst 2010, 135, 2591–2599. 



Sensors 2015, 15 29249 

 

 

53. Volpati, D.; Alessio, P.; Zanfolim, A.A.; Storti, F.C.; Job, A.E.; Ferreira, M.; Riul, A.;  

Oliveira, O.N.; Constantino, C.J.L. Exploiting distinct molecular architectures of ultrathin films 

made with iron phthalocyanine for sensing. J. Phys. Chem. B 2008, 112, 15275–15282. 

54. Zucolotto, V.; Ferreira, M.; Cordeiro, M.R.; Constantino, C.J.L.; Balogh, D.T.; Zanatta, A.R.; 

Moreira, W.C.; Oliveira, O.N. Unusual interactions binding iron tetrasulfonated phthalocyanine and 

poly(allylamine hydrochloride) in layer-by-layer films. J. Phys. Chem. B 2003, 107, 3733–3737. 

55. OIV. Compendium of International Methods of Analysis of Wines and Musts; Organisation 

Internationale de la Vigneet du Vin: Paris, France, 2013. 

56. Aoki, P.H.B.; Volpati, D.; Riul, A.; Caetano, W.; Constantino, C.J.L. Layer-by-Layer technique 

as a new approach to produce nanostructured films containing phospholipids as transducers in 

sensing applications. Langmuir 2009, 25, 2331–2338. 

57. Gutiérrez-Osuna, R.; Nagle, H.T. A method for evaluating data-preprocessing techniques for odor 

classification with an array of gas sensors. IEEE Trans. Syst. Man Cybern. B 1999, 29, 626–632. 

58. Ferreira, M.; Varela, H.; Torresi, R.M.; Tremiliosi, G. Electrode passivation caused by 

polymerization of different phenolic compounds. Electrochim. Acta 2006, 52, 434–442. 

59. Rodriguez-Mendez, M.L.; Apetrei, C.; Gay, M.; Medina-Plaza, C.; de Saja, J.A.; Vidal, S.; 

Aagaard, O.; Ugliano, M.; Wirth, J.; Cheynier, V. Evaluation of oxygen exposure levels and 

polyphenolic content of red wines using an electronic panel formed by an electronic nose and an 

electronic tongue. Food Chem. 2014, 155, 91–97. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


