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Abstract

:

Honey is usually classified as “unifloral” or “multifloral”, depending on whether a dominating pollen grain, originating from only one particular plant, or no dominant pollen type in the sample is found. Unifloral honeys are usually more expensive and appreciated than multifloral honeys, which highlights the importance of honey authenticity. Melissopalynological analysis is used to identify the botanical origin of honey, counting down the number of pollens grains of a honey sample, and calculating the respective percentages of the nectariferous pollens. In addition, sensory properties are also very important for honey characterization, and electronic senses emerged as useful tools for honey authentication. In this work, a comparison of the results obtained from melissopalynological analysis with those provided by a potentiometric electronic tongue is given, resulting in a 100% match between the two techniques.
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1. Introduction


Honey is defined as the natural sweet substance produced by Apis mellifera bees from the nectar of plants, from secretions of living parts of plants or from excretions of plant-sucking insects on plants. Bees collect it, transform it by combining it with specific substances of their own, deposit it, dehydrate it, store it and leave it in honeycombs to ripen and mature [1,2,3,4,5]. Honey is a very nutritious food product, being a solution of sugars, mainly fructose and glucose, with a small amount of higher sugars, enzymes, acids, salts and aromatic substances [6,7,8]. Its composition depends on several factors, such as the floral source used to collect the nectar, the environment where the plants grow, and the insect itself [9,10]. Honeys may be classified as “unifloral” or “multifloral”, depending on whether a dominating pollen grain, originated from only one particular plant or no dominant pollen type in the sample is found. Unifloral honeys are usually more expensive and appreciated than multifloral honeys [11,12,13,14,15,16]. In addition, the high variability of this product highlights the importance of honey authenticity, which is a fundamental requirement for all food products that can easily be adulterated [17]. Traditionally, melissopalynological analysis is used to identify the botanical origin of honey. This approach consists of counting down the number of pollens grains in a honey sample, and calculating the respective percentages of the nectariferous pollens [16,18]. Sensory properties are also very important for honey characterization, and sensory analyses represent an important complementary part of the pollen analysis [19,20,21]. However, it always requires a panel of skilled assessors [22]. In addition, analytical and quantitative methods such as high-performance liquid chromatography (HPLC) and high-performance anion-exchange chromatography are also routinely performed, resulting in a discrimination obtained from the general fingerprints or from the different profiles of the components identified (e.g., amino acids, benzene derivatives, terpenes) [23,24,25,26,27,28,29]. However, these methods are laborious and time-consuming, require considerable analytical skills, involve a lot of tedious and complex pre-treatment of samples, and use many hazardous organic reagents that require high costs for storage and disposal [30]. For this reason, the growing interest toward electronic senses [31,32] coupled with chemometrics, lead to successful application in the field of honey authentication [33]. The E-tongue is a device comprising an array of non-specific, poorly selective chemical sensors, with partial specificity, which operates in an aqueous environment, for the recognition of qualitative and quantitative composition of multispecies solutions [34]. In principle, the sensor array of an E-tongue produces a pattern of signals, which is correlated to certain features or qualities of the sample [35,36], and processed with multivariate statistical analysis [37,38]. Regarding the sensor array used in the design of E-tongues, a wide variety of chemical sensors have been employed: electrochemical, optical, mass, and enzymatic [36,39,40,41]. Features of these sensors are different from those of traditional chemical sensors. Instead of a high selectivity in a substance detection, they have an overall selectivity that provides for global information on the solution, which is later applied as a digital fingerprint of the gustatory compounds [36]. Ion-selective electrodes (ISEs) represent the largest group among potentiometric sensors [36,39,42]. The principle of operation is based on the measurement of the potentials of non-polarized electrodes lacking current flow, which is a function of the activity of the ionic species in the sample solution, and it is formed at the ion-sensitive membrane, where the selective complexation and ion recognition of the analyte molecules occurs [36,41]. Voltammetric sensors are also extensively used in E-tongue systems [39,41]. In voltammetric techniques, a potential is applied on the working electrode, followed by the measurement of the resulting current between the working electrode and the reference electrode. As a result, an electrochemical redox reaction occurs at the electrodes’ surface, and gives rise to the measured current [36]. So far, E-tongues have been successfully used for honey botanical origin identification, providing an economic and rapid method of recognition [12,16,25,43,44,45,46,47]. In particular, E-tongues have been used to classify honey according to its botanical [8,43,47,48] or geographical origin [43,49], and to detect adulterations with sugar syrups [8,50,51]. In addition, a potentiometric E-tongue has been used to perform a “human-like” sensory evaluation of honey, based on the correlation of the E-tongue’ sensor scores with sugars content and pH values, as they have the major influence on the sweetness, bitterness and sourness of the honey [47]. Scepankova et. al. [52] studied the effects of high pressure and temperature on heather honey during storage. Italy and its islands, including mainly Sicily, have a strong vocation for honey production. In recent years, however, the climatic trend has severely penalized Sicily and, for example, the production of citrus honey, particularly appreciated by the market, has been scarce and often other mixed nectars have been found (ONM, 2018). For this reason, the beekeepers have strongly urged the choice of a method to be able to make a first screening of the botanical origin of the honey produced, in order to make quick strategic choices during production, without waiting for the results of official analyzes (melissopalynological analysis). So, the aim of the present work was to validate the results obtained by a potentiometric E-tongue with those provided from the pollen analysis, in order to develop a simple approach, involving a single instrument, with no sample preparation and low cost of the analysis, which can be performed by the manufacturers themselves. For this reason, our attention was focused on a commercial E-tongue, and on four honey varieties, being the most produced in Sicily.




2. Materials and Methods


2.1. Honey Samples


In the present study, twenty-three unifloral honey samples, coming from different areas of Sicily (Figure 1), have been used.



Four of them, that is, 2 Chestnut honeys and 2 Citrus honeys, were acquired through participation in the BIPEA (Bureau InterProfessionnel d’Etudes Analytiques) Proficiency Testing, opened to laboratories from 120 countries worldwide. Therefore, the results obtained from these samples are supported by the final reports from the organizer. On the other hand, the remaining 19 samples were kindly supplied from local manufacturers, which provided reliable information on the honeys, including the production source. In particular, 5 were Chestnut honeys (Castanea sativa), 6 Eucalyptus honeys (Eucalyptus camaldulensis and Eucalyptus occidentalis), 6 Sulla honeys (Hedysarum coronarium) and 2 Citrus honeys (Citrus spp.). These varieties have been chosen due to the presence of normative requirements, establishing the identification parameters and the analytical methods for the definition of “Eucalyptus honeys” (UNI 11383:2010), “Chestnut honeys” (UNI 11376:2010) and “Citrus honeys” (UNI 11384:2010) [53,54,55]. Moreover, for all the varieties used, the identification characteristics are well harmonised in the international literature, the recognition is simple, the pollen grains percentage content is high, and the sensory attributes are well defined. Table 1 resumes the sample set.




2.2. E-Tongue


In the present work, a potentiometric E-tongue (αAstree, Alpha M.O.S., Toulouse, France), equipped with seven potentiometric sensors designated as JB, BA, BB, HA, ZZ, CA and GA by the manufacturer (Alpha M.O.S.), an Ag/AgCl reference electrode (Metrohm, Ltd., Herisau, Switzerland), a mechanical stirrer (Metrohm, Ltd.), a 48-position Sample Changer and a 759 Swing Head for sampling (Metrohm, Ltd.), an interface electronic module for signal amplification and analog to digital conversion (Alpha M.O.S.) has been employed. The electronic tongue was connected to a personal computer with the Astree II software (Alpha M.O.S., Version 12.4., 2012) installed. The software automatically gathers and stores the outputs of the sensors. The sensors used in this study are chemically sensitive field-effect transistors (chemFET). The sensors were specially designed by the manufacturer for food and beverage analysis (αAstree User’s Manual Alpha M.O.S., 2012). Before starting samples analysis, conditioning, calibration and diagnostic steps were performed: for conditioning and calibration a solution of hydrochloric acid (0.01 mol/L) was used, while for diagnostic step 3 solutions were used, one of hydrochloric acid (0.01 mol/L), one of sodium glutamate (0.01 mol/L) and one of sodium chloride (0.01 mol/L) (αAstree User’s Manual Alpha M.O.S., Toulouse (2012)). Then the samples array was analysed. Each analysis cycle lasted for 120 s. Prior to each sample measurement the sensor array was conditioned in honey solution (5 g of honey in 25 mL of distilled water) to obtain stable sensor responses. After every sample measurement a reference sample was analyzed consisting of hydrochloric acid diluted in deionized water (0.01 mol/L) to monitor and correct the drift of sensors in time. The sensors were rinsed with deionized water for 10 s after every analysis cycle.



Data taken as the average of the last 10 s have been used for further statistical analysis. Moreover, each sample was tested 10 times and the first 6 measurements were discarded, in order to obtain the most stable possible potentiometric signals, according to our previous works [46,47].




2.3. Melissopalynological Analysis


The melissopalynological analysis was carried out according to the method UNI 11299:2008, which consists of preparing the microscopic slides with a fixed quantity of honey, followed by the identification and count of the present pollen grains [56]. In particular, 10 g of honey was dissolved into 20 mL of water; the solution was centrifuged at 1000 g for 10 min, and the surnatant was discarded. The residual pellet was suspended in other 20 mL of water, and subjected to a second centrifugation at 1000 g for 5 min; then, the water was decanted. The precipitate remaining at the bottom of the tube was infused with a quantity of glycerin-gelatin, and this material was then transferred onto the glass slide. The slide was covered by a cover slip, for permanent preparation, and heated at 40 °C to allow a homogeneous distribution of the glycerin jelly. The samples were observed under compound microscope with 400x–1000x magnification. Pollen was counted in groups of 100, following parallel equidistant lines uniformly distributed from one edge of the cover slip to the other, until 500 grains had been counted. Therefore, a comparison with the pollen source catalogues of flowers in the study area was performed. For each pollen type the abundance was calculated according to the following equation:


%p = np × 100/N



(1)




where np is the total number of pollen grains for that particular specie, and N is the total number of all observed pollen grains [57,58,59].




2.4. Statistical Analysis


Electronic sensors generate a vast volume of data; therefore, it is necessary to apply methods of data analyses, which allows for data classification [33,34,45,46,47,53,54,55,56,57,58,59,60]. Principal component analysis (PCA) is a dimension reduction technique, which creates a few new variables, called principal components (PCs), from the linear combinations of the original variables, allowing the distribution of samples and variables to be easily plotted and visually analyzed, using the Euclidean distance as a similarity metric [61,62,63]. In order to discriminate between the different honey varieties, a SIMCA (Soft Independent Modeling Class Analogy) method has been developed. This approach is a supervised classification technique that builds a distinct confidence region around each class, after applying a PCA. Then, new measurements are projected into each PCs space that describes a certain class, to evaluate whether they belong to it or not [64]. All statistical analyses were performed using the same native software used for the sensorial analysis (Alpha Soft., Version 12.4., Alpha M.O.S., 2012).





3. Results and Discussion


3.1. E-Tongue


Several authors had already achieved honey classification with different E-tongue technologies [8,12,16,33,43,44,45,46,47,48,49,51,65,66]. Traditional physicochemical parameters used to discriminate between different botanical origins are: (i) electrical conductivity; (ii) mineral composition; and (iii) pH. These properties are related each other [46,67,68,69,70,71]. The ability of the E-tongue to recognize the different honey varieties may arise from the potential measured by the ion-selective electrodes, which is a function of the activity of the ionic species in the honey solution [33,41,46,47,72]. In the present work, the sensor outputs have been used to perform a PCA (Figure 2) with normalized data and 95% of confidence level.



The E-tongue proved to be an effective instrument for the discrimination of different honey varieties, with the samples clustered in the bi-dimensional space according to their botanical origins. Later on, the same data matrix has been used to build a SIMCA model with a 90% confidence level, able to recognize the botanical origin of an unknown honey sample. In particular, two samples from each group have been selected as the “training set”, after being authenticated through the melyssopalynological analysis, while the remaining samples have been used as the “testing set”. The four models, one for each honey variety, have been cross-validated, and the corresponding testing set was projected into it. The SIMCA model for the Chestnut honeys revealed that three samples were authentic, while two were multifloral, and positioned outside of the light blue box (Figure 3).



Regarding the Eucalyptus honeys, all the samples have been classified as multifloral, while none of them was authentic, despite those used as the training set (Figure 4).



The opposite result was obtained for Sulla and Citrus honeys, where all the samples have been recognized as authentic (Figure 5a,b).




3.2. Melissopalynological Analysis


The photographs of the pollen types, taken under the microscope, are shown in Figure 6.



The results obtained from the melissopalynological analysis for the investigated samples are reported in Table 2.



According to the present results, two samples labeled as “Chestnut honey” were, in reality, multifloral, as the Castanea pollen content required to declare a Chestnut honey as unifloral is > 90%. On the other hand, the remaining 5 samples can be considered authentic. The same requirement is stated also for unifloral Eucalyptus honeys, which should contain > 90% of Eucalyptus pollen. According to the present results, only two Eucalyptus honey samples can be considered authentic. For Sulla honeys, the percentage of Hedysarium pollen required is > 50%; therefore, all the samples are authentic. Regarding the Citrus honey samples, a Citrus pollen percentage ≥ 10% is usually required; however, in some circustamces, lower contents are also accepted. In agreement, all the Citrus honey samples were considered authentic.




3.3. Validation of E-Tongue Results through Melissopalynological Analysis


A qualitative comparison of the results obtained from E-tongue and melissopalynological analysis is given in Table 3.



As shown, the results are perfectly overlapping. In particular, the melissopalynological analysis revealed that the two Chestnut honey samples, which have been classified as multifloral with the SIMCA model, actually do not meet the requirements in terms of pollen content. Regarding the Eucalyptus honeys, only the two samples used to build the SIMCA model are authentic; therefore the other 4 samples were not recognized as “Eucalyptus” with either of the two techniques. The same results were obtained for Sulla and Citrus honeys, which were all considered authentic by both the analytical methods.





4. Conclusions


In this paper, the capability of a potentiometric E-tongue for the classification of Sicilian honeys, according to their botanical origin, was assessed. In addition, a characterization of the honeys’ pollen profiles was carried out through melissopalynological analysis to verify the results achieved by the electronic tongue. The model developed helped to establish limits of acceptability for the membership of a honey to the predetermined category according to the pollen percentage required (Chestnut honey: Castanea pollen content > 90%; Eucalyptus honey: Eucalyptus pollen > 90%; Sulla honey: Hedysarium pollen > 50%; Citrus honey: Citrus pollen ≥ 10%). Our work revealed the suitability of the E-tongue in the recognition of honey botanical origins, and its helpful contribution as a rapid and economic support tool for the melissopalynological analysis, which may be used routinely in the future. Specifically, a simple method can be useful for beekeepers to be able to immediately verify the acceptability of a honey and to be able to make quick and useful decisions before labeling.







Author Contributions


Conceptualization, A.R.D.R.; Validation, G.G.C., and R.P.G.; Formal Analysis, F.L. and A.R.D.R.; Investigation, A.R.D.R. and F.L.; Resources, V.C. and A.M.F.M.; Data Curation, F.L.; Writing-Original Draft Preparation, F.L.; Writing-Review & Editing, A.R.D.R.; Visualization, F.L.; Supervision, V.C. and A.M.F.M.; Project Administration, A.R.D.R.; Funding Acquisition, V.C. and A.M.F.M.




Funding


This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Okeke, O.; Okeke, M.U.; Ezejiofor, C.C.; Ndubuisi, J.O. Antimicrobial Activity of Honeys from Nsukka and Ugwuaji in Enugu State, on Selected Pathogenic Bacteria Isolated from Wound. Adv. Anal. Chem. 2018, 8, 6–9. [Google Scholar] [CrossRef]

	



Mohammed, F.; Abdulwali, N.; Guillaume, D.; Bchitou, R. Element content of Yemeni honeys as a long-time marker to ascertain honey botanical origin and quality. LWT–Food Sci. Technol. 2018, 88, 43–46. [Google Scholar] [CrossRef]

	



Matysiak, I.; Balcerzak, M.; Michalski, R. Ion chromatography with conductimetric detection for quantitation of formic acid in Polish bee honey. J. Food Compos. Anal. 2018, 73, 55–59. [Google Scholar] [CrossRef]

	



Spiteri, M.; Jamin, E.; Thomas, F.; Rebours, A.; Lees, M.; Rogers, K.M.; Rutledge, D.N. Fast and global authenticity screening of honey using 1H-NMR profiling. Food Chem. 2015, 189, 60–66. [Google Scholar] [CrossRef] [PubMed]

	



Burns, D.T.; Dillon, A.; Warren, J.; Walker, M.J. A critical review of the factors available for the identification and determination of Manuka honey. Food Anal. Methods 2018, 11, 1561–1567. [Google Scholar] [CrossRef]

	



Nayik, G.A.; Nanda, V. Physico-chemical, enzymatic, mineral and colour characterization of three different varieties of honeys from Kashmir Valley of India with a multivariate approach. Pol. J. Food Nutr. Sci. 2015, 65, 101–108. [Google Scholar] [CrossRef]

	



Saitta, M.; Di Bella, G.; Fede, M.R.; Lo Turco, V.; Potortì, A.G.; Rando, R.; Russo, M.T.; Dugo, G. Gas chromatography-tandem mass spectrometry multi-residual analyses of contaminants in Italian honey samples. Food Addit. Contam. Part A 2017, 34, 800–808. [Google Scholar] [CrossRef]

	



Gan, Z.; Yang, Y.; Li, J.; Wen, X.; Zhu, M.; Jiang, Y.; Ni, Y. Using sensor and spectral analysis to classify botanical origin and determine adulteration of raw honey. Int. J. Food Eng. 2016, 178, 151–158. [Google Scholar] [CrossRef]

	



Oroian, M.; Amariei, S.; Escriche, I.; Leahu, A.; Damian, C.; Gutt, G. Chemical composition and temperature influence on the rheological behaviour of honeys. Int. J. Food Prop. 2014, 17, 2228–2240. [Google Scholar] [CrossRef]

	



Attanzio, A.; Tesoriere, L.; Allegra, M.; Livrea, M.A. Monofloral honeys by Sicilian black honeybee (Apis mellifera ssp. sicula) have high reducing power and antioxidant capacity. Helyon 2016, 2, e00193. [Google Scholar] [CrossRef] [PubMed]

	



Moussa, A.; Noureddine, D.; Abdelmelek, M.; Saad, A. Antibacterial activity of various honey types of Algeria against pathogenic Gram-negative bacilli: Escherichia coli and Pseudomonas aeruginosa. Asian Pac. J. Trop. Dis. 2012, 2, 211–214. [Google Scholar] [CrossRef]

	



Sousa, M.E.C.B.; Dias, L.G.; Veloso, A.C.A.; Estevinho, L.; Peres, A.M.; Machado, A.A.S.C. Practical procedure for discriminating monofloral honey with a broad pollen profile variability using an electronic tongue. Talanta 2014, 128, 284–292. [Google Scholar] [CrossRef] [PubMed]

	



Escriche, I.; Kadar, M.; Domenech, E.; Gil-Sanchez, L. A potentiometric electronic tongue for the discrimination of honey according to the botanical origin. Comparison with traditional methodologies: Physicochemical parameters and volatile profile. Int. J. Food Eng. 2012, 109, 449–456. [Google Scholar] [CrossRef]

	



Escriche, I.; Kadar, M.; Juan-Borras, M.; Domenech, E. Suitability of antioxidant capacity, flavonoids and phenolic acids for floral authentication of honey. Impact of industrial thermal treatment. Food Chem. 2014, 142, 135–143. [Google Scholar] [CrossRef] [PubMed]

	



Scandurra, G.; Tripodi, G.; Verzera, A. Impedance spectroscopy for rapid determination of honey floral origin. J. Food Eng. 2013, 119, 738–743. [Google Scholar] [CrossRef]

	



Dias, L.G.; Veloso, A.C.A.; Sousa, M.E.B.C.; Estevinho, L.; Machado, A.A.S.C.; Peres, A.M. A novel approach for honey pollen profile assessment using an electronic tongue and chemometric tools. Anal. Chim. Acta 2015, 900, 36–45. [Google Scholar] [CrossRef] [PubMed]

	



Perna, A.; Simonetti, A.; Intaglietta, I.; Sofo, A.; Gambacorta, E. Metal content of southern Italy honey of different botanical origins and its correlation with polyphenol content and antioxidant activity. Int. J. Food Sci. Technol. 2012, 47, 1909–1917. [Google Scholar] [CrossRef]

	



Corvucci, F.; Nobili, L.; Melucci, D.; Grillenzoni, F.-V. The discrimination of honey origin using melissopalynology and Raman spectroscopy techniques coupled with multivariate analysis. Food Chem. 2015, 169, 297–304. [Google Scholar] [CrossRef] [PubMed]

	



Jandric, Z.; Haughey, S.A.; Frew, R.D.; McComb, K.; Galvin-King, P.; Elliot, C.T.; Cannavan, A. Discrimination of honey of different floral origins by a combination of various physicochemical parameters. Food Chem. 2015, 189, 52–59. [Google Scholar] [CrossRef] [PubMed]

	



De Sousa, J.M.B.; de Souza, E.L.; Marques, G.; Benassi, M.D.T.; Gullon, B.; Pintado, M.M.; Magnani, M. Sugar profile, physicochemical and sensory aspects of monofloral honeys produced by different stingless bee species in Brazilian semi-arid region. LWT–Food Sci. Technol 2016, 65, 645–651. [Google Scholar] [CrossRef]

	



Marcazzan, G.L.; Mucignat-Caretta, C.; Marchese, C.M.; Piana, M.L. A review of methods for honey sensory analyses. J. Apic. Res. 2018, 57, 75–87. [Google Scholar] [CrossRef]

	



Piana, M.L.; Persano Oddo, L.; Bentabol, A.; Bruneau, E.; Bogdanov, S.; Guyot Declerck, C. Sensory analysis applied to honey: state of the art. Apidologie 2004, 35, 26–37. [Google Scholar] [CrossRef]

	



Kus, P.M.; Congiu, F.; Teper, D.; Sroka, Z.; Jerkovic, I.; Tuberoso, C.I.G. Antioxidant activity, color characteristics, total phenol content and general HPLC fingerprints of six Polish unifloral honey types. LWT–Food Sci. Technol. 2014, 55, 124–130. [Google Scholar] [CrossRef]

	



Kus, P.M.; van Ruth, S. Discrimination of Polish unifloral honeys using overall PTR-MS and HPLC fingerprints combined with chemometrics. LWT–Food Sci. Technol. 2015, 62, 69–75. [Google Scholar] [CrossRef]

	



Kus, P.M.; Jerkovic, I.; Marijanovic, Z.; Tuberoso, C.I.G. Screening of Polish Fir Honeydew Honey Using GC/MS, HPLC-DAD, and Physical-Chemical Parameters: Benzene Derivatives and Terpenes as Chemical Markers. Chem. Biodivers. 2017, 14, e1700179. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Jin, L.; Chang, Q.; Peng, T.; Hu, X.; Fan, C.; Pang, G.; Lu, M.; Wang, W. Discrimination of botanical origins for Chinese honey according to free amino acids content by high-performance liquid chromatography with fluorescence detection with chemometric approaches. J. Sci. Food Agric. 2017, 97, 2042–2049. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Z.; Zhao, L.; Cheng, N.; Xue, X.; Wu, L.; Zheng, J.; Cao, W. Identification of botanical origin of Chinese unifloral honeys by free amino acid profiles and chemometric methods. J. Pharm. Anal. 2017, 7, 317–323. [Google Scholar] [CrossRef] [PubMed]

	



Karabagias, I.K.; Vlasiou, M.; Kontakos, S.; Drouza, C.; Kontominas, M.G.; Keramidas, A.D. Geographical discrimination of pine and fir honeys using multivariate analyses of major and minor honey components identified by 1H NMR and HPLC along with physicochemical data. Eur. Food Res. Technol. 2018, 244, 1249–1259. [Google Scholar] [CrossRef]

	



Mannina, L.; Sobolev, A.P.; Di Lorenzo, A.; Vista, S.; Tenore, G.C.; Daglia, M. Chemical Composition of Different Botanical Origin Honeys Produced by Sicilian Black Honeybees (Apis mellifera ssp. sicula). J. Agric. Food Chem. 2015, 63, 5864–5874. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.; Liu, H.; Zhang, B.; Wu, D. Application of electronic nose with multivariate analysis and sensor selection for botanical identification and quality determination of honey. Food Bioprocess Technol. 2015, 8, 359–370. [Google Scholar] [CrossRef]

	



Tretola, M.; Di Rosa, A.R.; Tirloni, E.; Ottoboni, M.; Giromini, C.; Leone, F.; Bernardi, C.E.M.; Dell’Orto, V.; Chiofalo, V.; Pinotti, L. Former food products safety: microbiological quality and computer vision evaluation of packaging remnants contamination. Food Add. Cont. A 2017, 34, 1427–1435. [Google Scholar] [CrossRef] [PubMed]

	



Tretola, M.; Ottoboni, M.; Di Rosa, A.R.; Giromini, C.; Fusi, E.; Rebucci, R.; Leone, F.; Dell’Orto, V.; Chiofalo, V.; Pinotti, L. Former food products safety evaluation: Computer vision as an innovative approach for the packaging remnants detection. J. Food Qual. 2017, 1, 1–6. [Google Scholar] [CrossRef]

	



Di Rosa, A.R.; Leone, F.; Cheli, F.; Chiofalo, V. Fusion of electronic nose, electronic tongue and computer vision for animal source food authentication and quality assessment—A review. J. Food Eng. 2017, 210, 62–75. [Google Scholar] [CrossRef]

	



Ha, D.; Sun, Q.; Su, K.; Wan, H.; Li, H.; Xu, N.; Sun, F.; Zhuang, L.; Hu, N.; Wang, P. Recent achievements in electronic tongue and bioelectronic tongue as taste sensors. Sens. Actuators B 2015, 207, 1136–1146. [Google Scholar] [CrossRef]

	



Persaud, K. Electronic noses and tongues in the food industry. In Electronic Noses and Tongues in Food Science; Rodriguez-Mendez, M.L., Ed.; Academic Press: London, UK, 2016. [Google Scholar]

	



Tudor Kalit, M.; Markovic, K.; Kalit, S.; Vahcic, N.; Havranek, J. Application of electronic nose and electronic tongue in the dairy industry. Mljekarstvo 2014, 64, 228–244. [Google Scholar] [CrossRef]

	



Del Valle, M. Electronic Tongues Employing Electrochemical Sensors. Electroanalysis 2010, 22, 1539–1555. [Google Scholar] [CrossRef]

	



Toko, K.; Tahara, Y. Beer Analysis Using an Electronic Tongue. In Electronic Noses and Tongues in Food Science; Rodriguez-Mendez, M.L., Ed.; Academic Press: London, UK, 2016. [Google Scholar]

	



Escuder-Gilabert, L.; Peris, M. Review: Highlights in recent applications of electronic tongues in food analysis. Anal. Chim. Acta 2010, 665, 15–25. [Google Scholar] [CrossRef] [PubMed]

	



Del Valle, M. Sensor Arrays and Electronic Tongue Systems. Int. J. Electrochem. 2012, 2012, 986025. [Google Scholar] [CrossRef]

	



Ciosek, P.; Wroblewski, W. Sensor arrays for liquid sensing—electronic tongue systems. Analyst 2007, 132, 963–978. [Google Scholar] [CrossRef] [PubMed]

	



Bratov, A.; Abramova, N.; Ipatov, A. Recent trends in potentiometric sensor arrays—A review. Anal. Chim. Acta 2010, 678, 149–159. [Google Scholar] [CrossRef] [PubMed]

	



Bougrini, M.; Tahri, T.; El Hassani, N.E.A.; Bouchikhi, B.; El Bari, N. Classification of honey according to geographical and botanical origins and detection of its adulteration using voltammetric electronic tongue. Food Anal. Methods 2016, 9, 2161–2173. [Google Scholar] [CrossRef]

	



Tiwari, P.; Naithani, P. Physicochemical properties of some honey samples of different floral origins from garhwal Himalaya. J. Indian Bot. Soc. 2017, 96, 243–252. [Google Scholar]

	



Di Rosa, A.R.; Leone, F. Application of electronic nose systems on animal source food—An overview. In Handbook of Research on Electronic Noses and Odor Sensing Technology; Albastaki, Y., Albalooshi, F., Eds.; IGI Global: Hershey, PA, USA, 2018; pp. 151–174. ISBN 9781522538622. [Google Scholar]

	



Di Rosa, A.R.; Leone, F.; Scattareggia, C.; Chiofalo, V. Botanical origin identification of Sicilian honeys based on artificial senses and multi-sensor data fusion. Eur. Food Res. Technol. 2018, 244, 117–125. [Google Scholar] [CrossRef]

	



Di Rosa, A.R.; Leone, F.; Cheli, F.; Chiofalo, V. Novel approach for the characterization of Sicilian honeys based on the correlation of physicochemical parameters and artificial senses. Ital. J. Anim. Sci. 2018, in press. [Google Scholar] [CrossRef]

	



Juan-Borras, M.; Soto, J.; Gil-Sanchez, L.; Pascual-Maté, A.; Escriche, I. Antioxidant activity and physicochemical parameters for the differentiation of honey using potentiometric electronic tongue. J. Sci. Food Agric. 2017, 97, 2215–2222. [Google Scholar] [CrossRef] [PubMed]

	



El Hassani, N.E.A.; Tahri, K.; Llobet, E.; Bouchikhi, B.; Errachid, A.; Zine, N.; El Bari, N. Emerging approach for analytical characterization and geographical classification of Moroccan and French honeys by means of a voltammetric electronic tongue. Food Chem. 2017, 243, 36–42. [Google Scholar] [CrossRef] [PubMed]

	



Oroian, M.; Paduret, S.; Ropciuc, S. Honey adulteration detection: voltammetric e-tongue versus official methods for physicochemical parameter determination. J. Sci. Food Agric. 2018, 98, 4304–4311. [Google Scholar] [CrossRef] [PubMed]

	



Sobrino-Gregorio, L.; Bataller, R.; Soto, J.; Escriche, I. Monitoring honey adulteration with sugar syrups using an automatic pulse voltammetric electronic tongue. Food Control. 2018, 91, 254–260. [Google Scholar] [CrossRef]

	



Scepankova, H.; Paula, V.B.; Estevinho, L.M.; Dias, L.G.; Saraiva, J. Study of high pressure and temperature effects on heather honey during storage: Electronic tongue and physicochemical properties. In Proceedings of the 1st Food Chemistry Conference, Amsterdam, The Netherlands, 30 October–1 November 2016. [Google Scholar]

	



Norma Italiana UNI 11383 Eucalyptus Honey—Definition, Requirements and Methods of Analysis. Available online: http://store.uni.com/catalogo/index.php/uni-11383-2010.html (accessed on 21 November 2018).

	



Norma Italiana UNI 11384 Citrus Honey (Citrus spp.)—Definition, Requirements and Methods of Analysis. Available online: http://store.uni.com/catalogo/index.php/uni-11384-2010.html (accessed on 21 November 2018).

	



Norma Italiana UNI 11376 Chestnut Honey (Castanea sativa Miller)—Definition, Requirements and Methods of Analysis. Available online: http://store.uni.com/catalogo/index.php/uni-11376-2010.html (accessed on 21 November 2018).

	



Norma Italiana UNI 11299:2008 Honey—Microscopical or Melissopalynological Analysis. Available online: http://store.uni.com/catalogo/index.php/uni-11299-2008.html (accessed on 21 November 2018).

	



Thakodee, T.; Deowanish, S.; Duangmal, K. Melissopalynological analysis of stingless bee (Tetragonula pagdeni) honey in Eastern Thailand. J. Asia-Pac. Entomol. 2018, 21, 620–630. [Google Scholar] [CrossRef]

	



Rosdi, I.N.; Selvaraju, K.; Vikram, P.; Thevan, K.; Arifullah, M. Melissopalynological Analysis of Forest Honey from North Malaysia. J. Trop. Resour. Sustain. Sci. 2016, 4, 128–132. [Google Scholar]

	



Gencay Celemli, O.; Ozenirler, C.; Ecem Bayram, N.; Zare, G.; Sorkun, K. Melissopalynological Analysis for Geographical Marking of Kars Honey. Kafkas Universitesi Veteruber Fakultesi Dergisi 2017, 24, 53–59. [Google Scholar]

	



Sliwinska, M.; Wisniewska, P.; Dymerski, T.; Namiesnik, J.; Wardenki, W. Food analysis using artificial senses. J. Agric. Food Chem. 2014, 62, 1423–1448. [Google Scholar] [CrossRef] [PubMed]

	



Borras, E.; Ferré, J.; Boqué, R.; Mestres, M.; Acena, L.; Busto, O. Data fusion methodologies for food and beverage authentication and quality assessment—A review. Anal. Chim. Acta 2015, 891, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Ballabio, D. A MATLAB toolbox for principal component analysis and unsupervised exploration of data structure. Chemom. Intell. Lab. Syst. 2015, 149, 1–9. [Google Scholar] [CrossRef]

	



Sharifzadeh, S.; Ghodsi, A.; Clemmensen, L.H.; Ersboll, B.K. Sparse supervised principal component analysis (SSPCA) for dimension reduction and variable selection. Eng. Appl. Artif. Intell. 2017, 65, 168–177. [Google Scholar] [CrossRef]

	



De Maesschalck, R.; Candolfi, A.; Massart, D.L.; Heuerding, S. Decision criteria for soft indipendent modelling of class analogy applied to near infrared data. Chemom. Intell. Lab. Syst. 1999, 47, 65–77. [Google Scholar] [CrossRef]

	



Wei, Z.; Wang, J. Tracing floral and geographical origins of honeys by potentiometric and voltammetric electronic tongue. Comput. Electron. Agric. 2014, 108, 112–122. [Google Scholar] [CrossRef]

	



Veloso, A.C.A.; Sousa, M.E.B.C.; Estevinho, L.; Dias, L.G.; Peres, A.M. Honey evaluation using electronic tongues—An overview. Chemosensors 2018, 6, 28. [Google Scholar] [CrossRef]

	



Oroian, M.; Amariei, S.; Rosu, A.; Gutt, G. Classification of unifloral honeys using multivariate analysis. J. Essent. Oil Res. 2015, 27, 533–544. [Google Scholar] [CrossRef]

	



Bertoncelj, J.; Golob, T.; Kropf, U.; Korosec, M. Characterisation of Slovenian honeys on the basis of sensory and physicochemical analysis with a chemometric approach. Int. J. Food Sci. Technol. 2011, 46, 1661–1671. [Google Scholar] [CrossRef]

	



Oroian, M. Physicochemical and rheological properties of Romanian honeys. Food Biophys. 2012, 7, 296–307. [Google Scholar] [CrossRef]

	



Karabagias, I.L.; Badeka, A.V.; Kontakos, S.; Karabournioti, S.; Kontominas, M.G. Botanical discrimination of Greek unifloral honeys with physico-chemical and chemometric analyses. Food Chem. 2014, 165, 181–190. [Google Scholar] [CrossRef] [PubMed]

	



Oroian, M.; Ropciuc, S.; Buculei, A. Romanian honey authentication based on physico-chemical parameters and chemometrics. J. Food Meas. Charact. 2017, 11, 719–725. [Google Scholar] [CrossRef]

	



Ciosek, P.; Wroblewski, W. Potentiometric electronic tongue for foodstuff and biosample recognition—An overview. Sensors 2011, 11, 4688–4701. [Google Scholar] [CrossRef] [PubMed]








[image: Sensors 18 04065 g001 550]





Figure 1. Drawing pins indicates the areas from where the honey samples have been acquired. 
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Figure 2. Principal component analysis (PCA) obtained for the different honey varieties. The coloured straight lines indicates the boundaries of each group. 






Figure 2. Principal component analysis (PCA) obtained for the different honey varieties. The coloured straight lines indicates the boundaries of each group.



[image: Sensors 18 04065 g002]







[image: Sensors 18 04065 g003 550]





Figure 3. Soft Independent Modeling Class Analogy (SIMCA) model for Chestnut honeys. 
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Figure 4. Soft Independent Modeling Class Analogy (SIMCA) model for Eucalyptus honeys. 
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Figure 5. SIMCA model for (a) Sulla honeys and (b) Citrus honeys. 
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Figure 6. Pollen grains for (a) Castanea, (b) Eucalyptus, (c) Hedysarium and (d) Citrus. 






Figure 6. Pollen grains for (a) Castanea, (b) Eucalyptus, (c) Hedysarium and (d) Citrus.



[image: Sensors 18 04065 g006]







[image: Table]





Table 1. Sample set.
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	Entry
	Statistical Analysis label
	Declared Botanical Origin
	Geographical Origin
	Type of Sample





	1
	CATP15VE
	Chestnut
	Trapani
	Testing



	2
	17662
	Chestnut
	Messina
	Testing



	3
	CAA
	Chestnut
	Catania
	Testing



	4
	CATP
	Chestnut
	Trapani
	Testing



	5
	CAIZSB
	Chestnut
	BIPEA Proficiency Testing
	Training



	6
	CAIZSR
	Chestnut
	BIPEA Proficiency Testing
	Training



	7
	17587
	Chestnut
	Catania
	Testing



	8
	EUAN
	Eucalyptus
	Catania
	Testing



	9
	EUA2
	Eucalyptus
	Catania
	Testing



	10
	EUA1
	Eucalyptus
	Catania
	Testing



	11
	17656
	Eucalyptus
	Messina
	Training



	12
	17588
	Eucalyptus
	Catania
	Testing



	13
	17654
	Eucalyptus
	Ragusa
	Training



	14
	17669
	Sulla
	Catania
	Testing



	15
	SUTP
	Sulla
	Trapani
	Training



	16
	SUSM
	Sulla
	Agrigento
	Training



	17
	17593
	Sulla
	Catania
	Testing



	18
	17670
	Sulla
	Catania
	Testing



	19
	SUPA
	Sulla
	Palermo
	Testing



	20
	ZAIZSR
	Citrus
	BIPEA Proficiency Testing
	Training



	21
	ZAIZSB
	Citrus
	BIPEA Proficiency Testing
	Training



	22
	17589
	Citrus
	Catania
	Testing



	23
	ZARG
	Citrus
	Ragusa
	Testing
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Table 2. Pollen analytical data for the investigated samples.
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	Entry
	Predominant Pollen (PP, >45%)
	Secondary Pollen (SP, 15–45%)
	Important Minor Pollen (IMP, 3–15%)





	1
	Castanea 93%
	Absent
	Absent



	2
	Castanea 92%
	<3%
	



	3
	Castanea 72%
	Umbelliferae (36%)
	Absent



	4
	Castanea 92%
	Absent
	Eucalyptus



	5
	Castanea 93%
	Absent
	Eucalyptus



	6
	Castanea >95%
	Absent
	Absent



	7
	Castanea 73%
	Absent
	Hedysarium (14%), Eucalyptus (3.6%)



	8
	Eucalyptus 69%
	Abesent
	Hedysarium (11%),

Erica (9%), Castanea (3.1%)



	9
	Eucalyptus 70%
	Absent
	Hedysarium (13%),

Erica (7.5%)



	10
	Eucalyptus 63%
	Hedysarium (16%)
	Erica (7.4%)



	11
	Eucalyptus 92%
	Absent
	Absent



	12
	Eucalyptus 79%
	Absent
	Castanea (8%), Umbelliferae (4.4%)



	13
	Eucalyptus 95%
	Absent
	Absent



	14
	Hedysarium (86%)
	Absent
	Umbellifearae



	15
	Hedysarium 89%
	Absent
	Umbelliferae (3.6%)



	16
	Hedysarium 91%
	Absent
	Absent



	17
	Hedysarium 84%
	Absent
	Echium (10%)



	18
	Hedysarium 84%
	Absent
	Absent



	19
	Hedysarium (66%)
	Absent
	Melilotus, Cruciferae



	20
	Quercus i. (70%)
	Citrus (20%)
	Oleaceae



	21
	Citrus 15%
	/
	



	22
	Echium (72%)
	Absent
	Citrus (5.2%), Malus/Pyrus



	23
	Absent
	Absent
	Citrus, Hedysarium, Castanea, Echium, Compositae S, Cruciferae, Trifolium
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Table 3. Comparison of the results from E-tongue and melissopalynological analysis.
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	Entry
	Botanical Origin Confirmed from E-Tongue
	Botanical Origin Confirmed from Melissopalynological Analysis
	Match between the Two Methods





	1
	Yes
	Yes
	Yes



	2
	Yes
	Yes
	Yes



	3
	No
	No
	Yes



	4
	Yes
	Yes
	Yes



	5
	Yes
	Yes
	Yes



	6
	Yes
	Yes
	Yes



	7
	No
	No
	Yes



	8
	No
	No
	Yes



	9
	No
	No
	Yes



	10
	No
	No
	Yes



	11
	Yes
	Yes
	Yes



	12
	No
	No
	Yes



	13
	Yes
	Yes
	Yes



	14
	Yes
	Yes
	Yes



	15
	Yes
	Yes
	Yes



	16
	Yes
	Yes
	Yes



	17
	Yes
	Yes
	Yes



	18
	Yes
	Yes
	Yes



	19
	Yes
	Yes
	Yes



	20
	Yes
	Yes
	Yes



	21
	Yes
	Yes
	Yes



	22
	Yes
	Yes
	Yes



	23
	Yes
	Yes
	Yes
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