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Abstract 

The proposed approach reports the combined advantages of biosensors made of 

molecularly imprinted polymers (MIPs) and the modelling capabilities of Artificial 

Neuronal Networks (ANN) in a bio-electronic tongue (BioET) approach for the very first 

time. Molecularly imprinted polymers for 4-ethylphenol (4-EP) and 4-ethylguaiacol (4-

EG) and their control polymers, non-imprinted polymers (NIPs) were synthesized 

successfully with similar morphologies and successfully integrated onto an 

electrochemical sensor surface, as the recognition element, via sol-gel immobilization. 

The resulting MIP-functionalized electrodes were employed to arrange an array of 

different biosensor electrodes to quantify by means of ANN the binary mixtures of 4-EP 

and 4-EG yielding an obtained vs. expected correlation coefficient > 0.98 and a 

normalized root mean square error (NRMSE) < 0.076 (external test subset). 

 

Keywords: molecularly imprinted polymer, electronic tongue, artificial neural networks, 

differential pulse voltammetry, volatile phenols. 
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1. Introduction 

Since the first electronic tongue (ET) was proposed in 1998 by Vlasov [1], a vast number 

of publications and applications of these devices have been described in the literature. 

This approach is based on the use of several sensors displaying cross-response for the 

elements in a sample, with the combination of advanced mathematical data treatment in 

order to analyse complex samples when the traditional sensors present undesirable matrix 

effect. However, the use of highly-selective sensing materials may help in the final 

specificity of the analytical system, where a sought goal might be the resolution of a 

mixture of similar compounds, e.g. sugars or phenols.  

Nowadays, there is an increasing interest in the improvement of the ET performance, and 

thus in the generation of new application fields which has ended in the development of a 

second generation of ET named BioET [2][3]. The BioET follows the same approach of 

the ET, but introducing one or more sensors modified with a specific bio-recognition 

element into the array. In the literature there are examples that have already integrated 

different bio-recognition elements such as antibodies or enzymes [4]. For instance, 

laccase and tyrosinase have been widely integrated in the electronic tongue and applied 

for the detection of phenolic compounds in wines [5][6], another interest example is the 

use of different types of native or recombinant acetylcholinesterases (AChE) for pesticide 

detection in water taking profit of the different inhibition pattern. 

Besides, examples using another biomolecular recognition system that can be applied in 

the development of the BioET is that of the Molecularly Imprinted Polymers (MIPs).  

MIPs are plastic materials able to recognize biological and chemical species, which are 

synthesized using host-guest principles [7]. In these, chemicals targets are firstly used as 

templates during the polymerization to generate molecular motifs, for example tailored 

made supramolecular cavities allowing for the selective capture of the desired molecules. 

MIPs present advantages towards other biorecognition elements due to the possibility to 

work: in a wider pH range, using higher temperatures or pressures, having physical 

robustness and the feasibility of mimicking biological specificity reactions in a non-

physiological media. They also show high selectivity and affinity towards the target 

molecule and they have low synthesis costs and higher mechanical and chemical 

stability[8]. They can be, in principle, synthetized ‘à la carte’ for almost any given 

substance and there have been described MIPs for metal ions, organic molecules, 
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macromolecules, proteins, even microorganisms. Different types of synthesis are used in 

molecularly imprinted technology such as bulk [9], co-precipitation [10], nanoimprinting 

[11]. This field maintains active research such in areas like: solid phase extraction (SPE) 

[12], high liquid performance chromatography (HLPC) [13], drug delivery [14], 

environmental monitoring [15], sensing [16][17] and electrochemical sensors [10][18].  

Although the interest in MIPs as recognition elements has increased in the last few years, 

their integration in BioET system still to be developed. Examples using fluorescence 

electronic tongue have been developed for the discrimination of several nucleobases by 

using docecanethiol MIP films and PCA [19]; in the discrimination of different aryl amine 

environmental toxins [20] or the classification of six health risk compound including 

atrazine or chlorphyrifos among them [21].  

An important limitation in the development of BioET with electrochemical transduction 

and using MIPs is the complexity in the MIP integration onto the electrode surface [10] 

[22]. The major problem with MIP polymers is that they usually produce insulating layers, 

making difficult their integration in the electrochemical sensors; this is due to the 

impossibility of electron transfer between the analyte captured by the MIP and the 

electrode. To this aim, different approaches have been proposed in the literature such as 

the MIP entrapment onto gels followed by a deposition step onto the electrode surface 

[10][23] or the electropolymerization within a conducting polymer enviroment [24][25]. 

The case selected for application was the analysis of volatile phenols, as defects during 

wine production. The presence of Brettanomyces yeast during the wine fermentation 

stages causes losses, running into millions, in the beverage sector industry. Due to the use 

of oak barrels and the natural presence of the yeast in the grape fruit [26], the proliferation 

of Brettanomyces yeast produces volatile phenolic compounds such as 4-ethylphenol (4-

EP), 4-ethylguaiacol (4-EG) and 4-ethylcatechol (4-EC) among others [27], their 

presence in wine can modify the beverage properties providing a sort of uncontrolled 

flavours and aromas that highly modify the wine sensory perception [28]. Traditional 

analytical methods for their detection are expensive, time-consuming, require qualified 

technicians and high-cost equipments, making the development of rapid and low-cost 

analysis method a real need in the wine industry to avoid major losses [29]. The human 

threshold is approximately 0.5 g mL-1 for 4-ethylphenols [26], making the detection of 

this compound in early fermentation stages a challenging demand on the analytical 

chemistry sector, which demands on-site and label free real time measurements. 
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Following the interest in ET of our group, in this work we propose a new BioET approach 

based on the use of MIPs as recognition element integrated in the multielectrode array 

and utilizing differential pulse voltammetry (DPV) for the 4-EP and 4-EG detection. MIP 

particles were integrated in the electrode using sol-gel technique in the presence of 

graphite as conducting material. 4-EP and 4-EG MIP were synthetized using co-

polymerization standard protocols and immobilized onto the surface via a sol-gel 

membrane [10]. The voltammetric data from the MIP modified electrodes was analysed 

using chemometrics tools, such as principal component analysis (PCA) for identification 

and Artificial Neural Networks (ANN) for quantitative analysis. Our results demonstrate 

that MIPs, obtained for the two selected templates, were successfully integrated by a sol-

gel immobilization onto each electrode surface providing an electrode array which forms 

the first BioET using MIPs as recognition element. Interferent studies showed that typical 

polyphenol present in wine did not interfere in the detection of 4-EP and 4-EG. Moreover, 

a classification study carried out using the BioET and PCA demonstrated a good 

discrimination performance among the 4-EP, 4-EG and the rest of the interferents. The 

developed BioET was finally applied for the determination of 4-EP and 4-EG mixtures, 

in a concentration range of 5-20 g mL-1.  

 

2. Experimental  

2.1. Chemicals and reagents 

Reagents used were analytical reagent grade and all solutions were made up using MilliQ 

water from MilliQ System (Millipore, Billerica, MA, USA). Divinylbenzene (DVB), 4-

ethylphenol (4-EP), 4-ethylguaiacol (4-EG), tetramethyl orthosilicate (TEOS) and 

hydrochloridric acid (HCl) were purchased from Sigma-Aldrich (St. Louis, Mo, USA). 

Ethylene dimethacrylate (EGDMA) was purchased from Fischer Scientific. Methanol 

(MeOH) and Ethanol (EtOH) were purchased from Scharlau (Barcelona, Spain) and 2,2’-

azobis(2,4-dmethylvaleronitrile) (AIVN) was purchased from Wako Chemicals GmbH 

(Neuss, Germany). Graphite powder (particle size < 50 μm) was received from BDH 

(BDH Laboratory Supplies, Poole, UK) and Resineco Epoxy Kit resin was supplied from 

Resineco green composites (Barcelona, Spain). 

2.2. MIP Synthesis  
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In a round bottomed flask, it was added 40 mL of EtOH, 0.5 mmol of template (4-EP or 

4-EG) and 2.05 mmol of DVB. The mixture was then stirred gently at low temperature 

for 15 min. Afterwards 9.81 mmol of EGDMA and 0.08 mmol of AIVN were added and 

then all the mixture was purged with nitrogen for 2 min. Synthesis of MIP was done in a 

water bath thermally controlled at 60 ºC during 16h with magnetic stirring (See Figure 

SP1). Then the polymer was extracted and dried for an overnight at room temperature. 

The material was packaged in a cartridge and the template extraction was performed with 

a Soxhlet using MeOH:HAC (9:1) during 72 h. Control non-imprinted polymers (NIP) 

were also synthesized for comparison purposes under the same conditions that MIP, but 

in the absence of the template molecule. All the synthesized polymers were characterized 

by scanning electron microscopy (SEM) by using a scanning electron microscope 

EVO®MA10 operated at 30 kV. The resulting microscopy images were treated with Fiji 

package software and Image J software (Zeiss GmbH, Jena, Germany) and Origin 8.0. 

 

2.3. Integration of the MIP onto the sensor surface 

Each final biosensor was prepared by the immobilization of the polymers in micro beads 

form onto the surface of a GEC electrode previously developed elsewhere [27], using a 

sol-gel technique [10]. For preparation of the sol-gel 0.5 ml of TEOS, 0.5 mL of EtOH, 

0.25 mL of H2O and 25 L of HCl 0.1 M were vigorously mixed for 45 min and then 

rested 35 min in order to achieve the optimal polymerization conditions. Then 0.2 mL of 

the rested solution were added to a 7 mg of graphite and 40 L of a 15 mg mL-1 polymer 

(4-EP MIP, 4-EG MIP and NIP) suspension in EtOH. 40 L of EtOH were added to 

obtain a sol-gel modified electrode which was used as a control. This mixture was stirred 

for 10 min at 1400 rpm. The surface then spin-coated was by depositing 10 L of the 

solution onto the surface and spin using a home-made spin-coater. Polymerization was 

finished drying the electrodes overnight at 4 °C. 

 

2.4. Sample preparation  

All samples were prepared in phosphate buffer (100 mM KCl, 42 mM K2HPO4·2H2O, 8 

mM KH2PO4, pH 7.0). For the electrochemical sensor characterization 4-EP and 4-EG 

samples were prepared in 20 mL of phosphate buffer in a concentration range of 5 to 35 

g mL-1. Moreover, for the adsorption kinetics onto the electrode surface, the 
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reproducibility and classification studies, a unique sample of 7 g mL-1 was prepared and 

measured for both analytes. Furthermore, for classification studies, 3 samples of 25 g 

mL-1 for gallic acid and quercitine in the presence of 3 g mL-1 of 4-EP and 4-EG were 

prepared. For quantification studies a total of 33 samples were prepared by mixing both 

4-EP and 4-EG in 4 concentrations leves  in the range of 3 to 20 g mL-1 and subdivided 

in two sets (16 samples for the training set and 9 samples for validation set) by the use of 

an experimental design. 

 

2.5. Electrochemical measurement 

All the electrochemical measurements were performed using AUTOLAB PGSTAT30 

(Ecochemie, Netherlands) controlled with GPES Multichannel 4.7 software package. A 

home-made voltammetric cell was built using a Ag/AgCl electrode as a reference 

electrode, a platinum electrode as a counter electrode. Graphite epoxy composite 

electrode (GEC) modified with MIPs, NIP and sol-gel were used as working electrodes 

[30]. Differential Pulse Voltammetry (DPV) measurements were recorded by scanning 

potential from 0 V and 0.9 V vs. Ag/AgCl with a step potential of 5 mV and a pulse 

amplitude of 50 mV at room temperature without stirring. After each measurement the 

electrodes were cleaned by repeating the DPV measurement in a buffer solution.  

 

2.6. Data Processing 

All the preprocessing and artificial neural networks routines were built by the authors 

using MATLAB 2016b (MathWorks, Natick, MA) programming environment and its 

Neural Network Toolbox and Statistical Toolbox; while the graphical representation and 

analysis of the results was performed with Sigmaplot (Systat Software Inc., San Jose, 

CA). 

 

3. Result and discussions 

3.1. SEM microscopy 

The polymers and their integration onto the surface was characterized by SEM technique. 

Images from the polymers before their immobilization onto the electrodes show that 
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similar polymeric materials (see Figure SP2) with non-regular spherical particles were 

obtained. The average size and standard deviation of 4-EP MIP, 4-EG MIP and NIP was 

0.76 ± 0.034 µm, 0.64 ±0.17 µm and 0.67 ± 0.14 µm respectively, where it can be 

assumed that all the materials have a similar particle size and distribution and they are 

also highly cross-linked. Additionally, these equivalence make them especially suitable 

for comparison experiments.   

Figure 1 displays the SEM images for the 4 different electrode biosensors prepared in this 

work. The images were taken in order to corroborate the presence of the polymers onto 

the electrode surface and moreover to confirm that the polymer morphology was kept 

after the sol-gel deposition. The Figure 1A shows the SEM image from the GEC surface 

while the rest of the images display the modified electrodes with sol-gel (B), 4-EP MIP 

(C), 4-EG MIP (D) and NIP (E). Due to the similar size of the polymers the only 

conclusion that can be extracted from the comparison of the images is that the sol-gel is 

immobilized onto the electrode surface, increasing the roughness of it, but it was not 

possible to differentiate among the synthesised polymers. 

 

Insert here Figure 1 

 

3.2.Individual electrochemical response 

 

Prior to use the sensor as a BioET, the electrochemical behaviour of each MIP biosensor 

was evaluated by studying the response of each kind of electrode towards the two 

different analytes of interest. By the study of the adsorption kinetics of each electrode, 

the striping time was established. A total of 4 types of electrodes were prepared and their 

response against 4-EP and 4-EG evaluated with the aim to demonstrate that both MIPs 

present higher response than the control electrodes (NIP and sol-gel) but also to show 

their cross-selectivity to each analyte, a pre-requisite for developing an ET. 

 

3.2.1. Adsorption kinetics 

Since one of the characteristics to take into account in the use of MIPs is the adsorption 

kinetics of the materials, the optimal time where the specific adsorption processes are 
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higher rather the unspecific ones was investigated. For this reason, the 4-EP MIP and 4-

EG MIP were evaluated in the presence of 7 g mL-1 of their corresponding template and 

compared with the control electrode and the sol-gel electrode. 

 

Insert here Figure 2 

 

The figure 2A displays the 4-EP kinetics obtained once the 4-EP MIP was deposited onto 

the electrode surface while the figure 2B) shows the results obtained for the 4-EG MIP in 

the presence of 4-EG. In both cases the adsorption processes present a higher adsorption 

rates, reaching the saturation value between 3 and 5 minutes, while the adsorption values 

for the control polymers (NIP and sol-gel) are lower than the MIP. This region of the 

isotherm also showed the maximum differences in the adsorption capabilities among the 

MIP, NIP and sol-gel, indicating that the optimal stripping time to perform the 

measurements was 3 min. However, in the case of 4-EG, when the time increases, the 

control polymer displays a similar signal to the MIP. This phenomena can be attributed 

to the fact that the unspecific adsorption processes acquire a major importance in the final 

adsorption signal, providing another reason to avoid long-time stripping conditions. 

 

3.2.2. Calibration curves and reproducibility of the electrodes. 

The biosensor performance of each MIP electrode was evaluated towards their 

corresponding template. In both cases, the response of MIP, NIP and sol-gel electrode 

was evaluated by DPV. In the case of 4-EP, the calibration curve was measured in a 

concentration range between 5-35 g mL-1 (See Figure SP3 (left)) and the slope values 

were 2.19 ± 0.04 A·g-1 mL-1 for 4-EP MIP, 1.06 ± 0.02 A·g-1 mL-1 for NIP 1.38 ± 

0.03 and sol-gel and the LODs were 1.33, 1.28 and 1.52 g mL-1, respectively. The slope 

value of the MIP was double than the NIP and the sol-gel, indicating that the affinity for 

the analyte is better than in the rest of the cases due to the presence of the tailored-made 

cavities. The same experiment was carried out for the 4-EG MIP (Figure SP3 (right)) with 

a concentration range of 3-21g mL-1. In this case the slope values were 0.401 ± 0.014, 

0.069 ± 0.002 and 0.299 ± 0.015 A·g-1 mL-1 for 4-EG MIP, NIP and sol-gel, 

respectively and the LOD were 1.55, 1.22 and 1.51 g mL-1, respectively. 
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In order to evaluate the reproducibility of the sensors, two different calibration using 4-

EP MIP electrode towards 4-EP were carried out using the same electrodes in two 

different days. Moreover, the second curve was performed at random. The slope value 

achieved were 0.797 ± 0.043 and 0.703 ± 0.021 A·g-1 mL-1for the first and the second 

day respectively, with a correlation values of 0.979 and 0.993. Comparing both results, a 

negligible reduction in the slope value and a minimal increase in the regression coefficient 

was observed, indicating that the electrodes can be used at least for 20 measurements with 

good reproducibility and furthermore, it demonstrates that the electrodes are suitable to 

be used as electronic tongue. 

 

3.2.3. Cross-selectivity 

As it is well known, the cross-selectivity towards all components in the sample is a 

mandatory feature which have to be present in the BioET electrode array, condition that 

was expected in this study due to the similarity in the chemical structure of both targets. 

For this reason the response of each MIP-electrode was evaluated towards 4-EP and 4-

EG. In order to corroborate this behaviour and the possible use of the sensors as a BioET, 

4 calibration curves were carried which fitting parameters are shown in Table 1. As it was 

expected, the response of the 4-EP MIP electrode towards the 4-EP was higher than the 

response for 4-EG, giving slope values of 0.270 ± 0.015 and 0.217 ± 0.011 A·g-1 mL-

1, respectively. A similar behaviour was found when the 4-EG MIP response was 

evaluated, obtaining values of 0.245 ± 0.015 and 0.401 ± 0.014 A·g-1 mL-1 for 4-EP 

and 4-EG, respectively. In addition, the correlation parameters were much closer to 1 

when each analyte was measured using their corresponding MIP electrode. 

Furthermore, the response of the NIP and sol-gel electrodes was also evaluated. Although 

for the NIP electrode the obtained slope values were negligible comparing with the MIP 

electrodes, in the case of the sol-gel the slope values were comparable to the MIP 

electrode response. However, the advantage in the use of MIPs is the improvement in the 

selectivity instead of the sensitivity. As can be seen bellow (Figure 3), when MIPs are 

used, the interferents can not reach the electrode surface increasing the selectivity of the 

system. 

Insert here Table 1 
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3.3. Classification studies 

 

In the qualitative approach were evaluated the following pure compounds: gallic acid, 

quercitine, 4-ethylphenol and 4-ethylguaiacol. All the samples were prepared in 

phosphate buffer solution and the polyphenol concentrations were 25 g mL-1 for gallic 

acid and quercitine and 3 g mL-1 for 4-EP and 4-EG.  The solutions were prepared and 

measured by triplicate and the resulting voltammetric responses (See Figure 3A) as 

example) were processed employing Principal Component Analysis (PCA) for cluster 

visualization. Data used for the processing, for each sample, included the DPV 

voltammograms of the four biosensors forming the array: the 4-EP and 4-EG MIPs, the 

NIP and the sol-gel. 

As can be seen in Figure 3B, which depicts the scores of the three first principal 

components and represents the 95.6% of the accumulated explained variance, each cluster 

corresponds to a certain compound with a clear separation between compounds.  

Insert here Figure 3 

 

3.4. Quantification study 

 

Using the above biosensor array, the quantification model was built based on a full 

factorial experimental design with 4 levels and 2 factors, a set of 16 samples in the range 

of 3 to 20 g mL-1 were used for training the model and an external set of 9 samples was 

prepared for validation purpose.  The sample concentrations in the test subset were 

randomly distributed inside the concentration range of the experimental domain. 

The voltammetric data obtained with the 4-sensor array for each samples is very rich but 

unfortunately this richness results in complex highly dimensional data that difficult its 

processing using ANNs. This data complexity has to be reduced, as it will hinder the 

model performance and increase the training times exponentially. The reduction of the 

complexity of the input signal (6 sensors x 164 current values at different potential) is a 

necessary step that compress the highly dimensional data of the original signals while 
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preserves the relevant information; by applying a compression step the generated model 

will perform better and will have a better generalization ability [31]. 

The compression of the voltammetric data was achieved in this case by means of Discrete 

Wavelet Transform [32]: each voltammogram was compressed using the mother function 

Daubechies 3 and a 3rd decomposition level. In this manner, the 986 inputs per sample 

were reduced down to 144 coefficients [33], achieving a compression ratio of 85.4%. 

After the compression step, the architecture of the neural network was systematically 

evaluated: the final DWT-ANN model had 144 neurons in the input layer (the number of 

wavelet coefficients obtained in the compression step), 3 neurons and tansig transfer 

function in the hidden layer and 2 neurons and the purelin transfer function in the in the 

output layer (corresponding to the concentrations of 4-EP and 4-EG). 

The performance of the obtained DWT-ANN model is shown in Figure 4. Therefore, it 

can be seen that the model shows a linear trend for both subsets. Nevertheless, the training 

subset is showing better results but this fact is expected as it has been used to build the 

prediction model; the test subset, a totally independent set of samples, is used to evaluate 

the performance of the obtained model and as it is shown a linear trend is obtained.  

Insert here Figure 4 

 

The detailed regression parameters are shown in Table 2. A satisfactory linear trend is 

obtained for both cases considered, as commented previously with better results for the 

training subsets; with intersections close to 0, slopes and correlations near 1 and a 

normalized root mean square error (NRMSE) of 0.049 and 0.059 for 4-EP and 4-EG 

respectively. The model was able to predict the concentration of the binary test samples 

with a total NRMSE of 0.076. 

Insert here Table 2 

In order to provide some contrast to the approach, results obtained with the ANN model 

were compared with a PLS model, one of the most widely employed chemometric 

methods. The linear fittings and selection of variables are shown in Fig. SP4 and SP5, as 

it can be seen the ANN model has a slightly better performance with slopes closer to 1.0 

and correlation coefficients near 1.0. The train and test NRMSE values for the PLS model 
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are 0.051 and 0.083 respectively, slightly more than those obtained for the ANN model. 

This small improvement in the overall predictive capabilities is probably caused by some 

degree of non-linear response which results in a better ANN model performance. 

 

4. Conclusions 

This work presents the combination of MIPs as recognitions elements and chemometrics 

tools such as ANN in a bio-electronic tongue approach for the very first time. Molecularly 

imprinted polymers for 4-EP and 4-EG and control polymer were synthesized and 

characterized successfully with similar morphologies. The synthesized polymers were 

successfully integrated onto the sensor surface, as a recognition element, via sol-gel 

immobilization. 

The resulting MIP-functionalized electrodes were employed to arrange an array of 

electrodes able to identify 4-EP and 4-EG from some of the different polyphenolic 

compounds present in wine, such as gallic acid or quercitine, even though their analogue 

chemical structure. 

The ANN model built has demonstrated a good performance for the quantification of the 

binary mixtures of 4EP and 4EP with a correlation coefficient > 0.98 and a NRMSE < 

0.076. 

4-EP and 4-EG can be discriminated in a wine matrix with an estimated detection limit 

of 1.3 g mL-1 for 4-EP and 2.4 g mL-1 for 4-EG. 

Reported principles is of generic use, utilizable for a wide variety of examples where the 

conditions is that differentiated MIPs can be synthetized and template compounds are 

electroactive, a necessary condition to obtain the voltammetric transduction. 
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FIGURE CAPTIONS 

 

Figure 1. SEM of the GEC surface (A), and GEC after sol-gel immobilization (B). SEM 

images for the modified electrodes using: NIP (C), 4-EP MIP (D) and 4-EG (E).  

 

Figure 2. Adsorption kinetics of the electrodes modified with MIP, NIP and sol-gel for 

4-EP (left) and 4-EG (right). 

 

Figure 3. (A) Differential pulse voltammetry signals obtained for the considered 

compounds with the MIP (solid line) and GEC (dashed line) sensor and (B) Scores plot 

for the three first principal components for 4EP, 4EG, Quercitine and Gallic acid. 

 

Figure 4. Fittings of predicted vs. expected concentrations for (A) 4-EP and (B) 4-EG, 

both for training (●, solid line) and testing subsets (○, dashed line). Dotted line 

corresponds to theoretical diagonal line. 
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