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Abstract

:

The aim of this study was to review methods of honey testing in the assessment of its quality and authenticity. The quality of honey, like other food products, is multidimensional. This quality can be assessed not only on the basis of the characteristics evaluated by the consumer during purchase and consumption, but also on the basis of various physicochemical parameters. A number of research methods are used to verify the quality of honeys and to confirm their authenticity. Obligatory methods of assessing the quality of honey are usually described in legal acts. On the other hand, other, non-normative methods of honey quality assessment are used worldwide; they can be used to determine not only the elementary chemical composition of individual types of honey, but also the biological activity of honey and its components. However, so far, there has been no systematization of these methods together with a discussion of problems encountered when determining the authenticity of honeys. Therefore, the aim of our study was to collect information on the methods of assessing the quality and authenticity of honeys, and to identify the problems that occur during this assessment. As a result, a tabular summary of various research methods was created.
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1. Honey Quality and Authenticity


Many attempts have been made to define food quality. One of them is based on the theory of a multidimensional set of features that can be objective (measurable, taking into account research results) or subjective (immeasurable, taking into account the opinion of the consumer) [1,2]. A universal definition of quality has been proposed in an international standard on quality management: “Quality is the degree to which a set of inherent properties meets the requirements” [3]. This definition can also be applied to food, and the requirements mentioned here can be both requirements contained in legal acts and consumer requirements. Food product quality is a concept that corresponds to a set of many attributes (e.g., product specific features, product safety, acceptance by the consumer). One of the attributes of food quality is its authenticity. Food authentication and traceability are current topics in the food sector since they enable food quality and safety control [4,5]. According to researchers, the authenticity of the product is understood as confirmation of the requirements for ensuring quality, composition, safety, usability, brand, and origin along with the information/declaration provided to the consumer by the manufacturer. It determines whether the product is really what the manufacturer declared [6,7,8,9,10]. The global definition of food authentication is problematic. There is no clear definition of this concept in legal acts covering the US, EU countries and cooperating countries. The definition of food authenticity is also not included in the Codex Alimentarius, which introduces and promotes definitions and requirements for food that facilitate the harmonization of international food circulation. Only the definition of contamination is formulated here, but there is no definition of authenticity or the adulteration of food [11].



The definition of authenticity has evolved over time and with the development of production, research infrastructure and research. Initially, this phenomenon was associated only with food counterfeiting and misleading the consumer. The composition of the product was changed without informing consumers. For example, more valuable ingredients were replaced with less valuable ones. The counterfeit product resembled the original product, but its quality was lower [12]. Further actions violating the authenticity of the products and intentionally misleading the consumer concerned their improper labeling. For example, terms such as “bio”, “eco”, “protected designation of origin” and “protected geographical indication” were used unlawfully without identifying the origin of the raw materials [5,8,13,14].



In the case of food, it is much more often said that it is adulterated than authentic. According to Spink and Moyer [15], food adulteration is: “A collective term that includes knowingly and intentionally substituting, adding, tampering with, or misrepresenting food, food ingredients, or food packaging: false or misleading claims about a product for economic gain”. However, according to Everestine et al. [16], “food is adulterated intentionally for financial gain”.



It is also a great challenge to clearly define the quality and authenticity of products, taking into account their multi-criteria parameters. For this, fast and reliable methods must be available, which will be supported by specific and reliable markers. All this is aimed at withdrawing counterfeit products from the market, but also at preventing similar accidents [17]. Below, Table 1 presents the factors that define the quality and authenticity of food products and the methods of their assessment.



The evaluation of the quality of food products through the performance of a series of analyses and tests is a requirement resulting from legal acts. The main purpose of these rules is to ensure food safety. In addition, food products must meet the requirements of consumers and companies [21,22]. The quality of food products is also treated as an element of marketing, competitiveness and company prestige, which translates into an increase in profits [12].



Being a natural product, honey is also considered to be one of the most frequently adulterated products. Therefore, issues related to ensuring its quality and safety have put it at the forefront of the mind of global trading concerns and food regulatory agencies [23]. The literature gives the opportunity to indicate many practices used by beekeepers and honey producers that distort the authenticity of honey, such as the following:



	
Mixing honey with water and sugar or selling solutions of water, sugar and flour, and boiled flowers;



	
Mixing varieties;



	
The sale of imported honeys (often of lower quality, not meeting the requirements as to the composition and properties) or their mixture with domestic honeys;



	
The addition of imported honeys containing residues of drugs prohibited in EU countries due to their toxic effects (e.g., chloramphenicol—an antibiotic found in honeys from China);



	
Placing incorrect data on the botanical and geographic origin of the product;



	
Added sugar syrups (glucose–fructose);



	
The addition of potato and beetroot syrup;



	
The addition of molasses;



	
Adding inverts to honey in order to increase its commercial weight and achieve quick profits (an illegal practice and foreign to beekeeping ethics);



	
Feeding bees with sugar during the nectar period of plants;



	
The repeated heating of honey in order to decrystallize it;



	
Harvesting honey before its maturity;



	
The overuse of veterinary drugs and antibiotics [12,23,24,25,26,27,28,29,30,31,32].






Honey is subject to the general requirements of the EU and national legislation. Presently, obligatory quality requirements for Polish honey are specified in the Resolution of the Ministry of Agriculture and Rural Development, dated 3 October 2003, regarding the detailed requirements for the commercial quality of honey. The above resolution basically corresponds with the requirements of the Worldwide Standard for honey, developed and approved by the Commission of Food Code from 2001 (Codex Alimentarius: Draft revised standard for honey 2001) [11], and to the European Directive for honey [33]. Evaluation of the quality of honey in accordance with those standards includes determining its organoleptic characteristics, distinguishing dominant pollens and indicating its basic physicochemical parameters (moisture, electrical conductivity, 5-hydroxymethyl furfural content, apparent reducing sugars, apparent sucrose, insoluble matter and diastase activity). Table 2 presents limit values for individual physicochemical parameters and an interpretations of their excess.



Honeys adulterated with sugar syrup or other inverts may contain starch dextrins and the wrong profile of sugars. An analysis of the literature showed that a reduced level of electrical conductivity and diastase number, while increasing the sucrose content, may indicate the deliberate adulteration of honey with sugar syrup [53]. Too-low values of such parameters as ash content, enzyme activity or proline content may mean adulteration of honey with sugars [51].



The quality and quantity determination of the basic components of honey does not pose considerable difficulties because it is accomplished using simple analytical techniques. But these parameters do not allow for a precise determination of the geographical or botanical origin of the honeys. In addition to assessing the quality of the physicochemical parameters, Kowalski and Łukasiewicz indicated the most common substances added to natural honey for the purpose of adulterating it and indicators allowing for their detection [54] (Figure 1).



The concepts of quality and the authenticity of honey are interpenetrating notions, because authenticity is one of the attributes of quality. In the case of testing the quality and authenticity of honey, the tests performed can be divided into a number of methodological groups resulting from legal acts [27,28,29,30,31,32,33,34,55] and based on modern methods used by numerous research teams. Therefore, the aim of this study was to determine the importance of the food product testing factor in assessing the quality and authenticity of honey and the systematization of this information.




2. A Review of the Methods for Assessing the Quality and Authenticity of Honeys


The selection of the appropriate research method and interpretation of the results of quality parameters in terms of confirming the authenticity of honey is not easy. It should be remembered that honey is a unique product whose quality is influenced by many parameters. In connection with the above, a review of these methods was created, from simple methods to more advanced methods. Table 3 presents problem identification factors and groups of honey authenticity problems, with the aim of facilitating the selection of research methods. In addition, methodological limitations are indicated for each method.



The research material consisted of original research articles in the field of the quality and authenticity assessment of varietal honeys, which were published up to the first half of 2023, totaling more than 160 scientific articles. The search for the articles was carried out by entering key words, such as honey, honey authenticity, geographical origin, honey quality tests, honey storage, honey color, pollen analysis, 5-HMF, diastase number, antioxidants, spectroscopy and fluorescence. A search of publications from the last 10 years was performed, but sometimes older works were included. The condition for using older publications was the well-founded knowledge contained in them. Research databases were searched, such as Google Scholar, Science Direct, MDPI, Knovel, Applied Science & Technology Source, Scopus, Taylor and Francis online and Ebsco host.



Based on the analysis of the literature, 16 methodological groups were distinguished for research in the field of honey quality and authenticity—Table 3. Below the table, there are comments on the limitations and disadvantages of the use of individual methods.



2.1. Melissopalynological Analysis (Honey Pollen Analysis)


Quantitative analysis consists of counting all plant parts (N), i.e., pollen grains, fungal spores and algae hyphae, yeast, starch grains and others in 10 g of honey. It allows honey to be assigned to one of five classes.



The qualitative analysis determines the varieties of honey, with particular emphasis on honey and their additives from other climatic zones. It is the basis for the determination and classification of the nectar plants involved in the production of honey. It consists of counting pollen grains in a microscope preparation, and then comparing them with the provisions regulating the content of guiding pollen in varietal honeys.



The minimum percentages of guiding pollen for honeys are as follows: rapeseed—45%, acacia—30%, linden—20%, buckwheat—45%, heather—45%, and polyfloral—none.



This method is a classic approach to confirming the botanical origin of honey. It is useful in the control and classification of honeys of individual varieties and those imported from different regions of the world. However, it is a time-consuming method and depends on the expert’s experience. This method also allows nectar honey to be distinguished from honeydew [26,55,56,57,58,59,60,61,62,63,64,65].



It is based on the assumption that certain types of pollen are present in a given area, which makes it possible to determine the origin of honey on this basis [65].




2.2. Sensory Analysis


The bases for this form of research are the senses and feelings related to the smell, taste, color, appearance, and consistency of the product. This is a characterization analysis for honey varieties and their geographical origin, but also contributes to determination of their quality.



It is used to control the quality level and classification of honeys of particular varieties and to detect changes in physicochemical and biological parameters. The method is dependent on the experience of the assessment team and must be supported by physicochemical tests. The result of the study depends on the experience of the research team [66,67,68,69,70,71,72].



This method is subjective and unreliable when examining less well-known honeys, because there is no reference point [65].



Exceeding the limit values of the sensory parameters.



The color, smell and taste of honey may depend on many factors, such as the origin of pollen, climate, weather conditions and storage time and conditions. Any change in these factors may result in organoleptic characteristics different than those standard for a given variety. The composition of the colored substances depends on the botanical origin of the honey and the place where the melliferous plants grow [54]. The content of aromatic substances decreases during heating and long storage [34,35].



Honey in its fresh and mature form should be a clear, highly hygroscopic liquid with a density of 1.38–1.45 g/cm3. The concentration of sugars (especially invert sugar and sucrose) affects the viscosity and density of honey in direct proportion [53].



Viscosity and crystal formation—crystallization is a natural process in honey. This process does not reduce the quality of the honey, but consumers prefer liquid honey. Glucose is responsible for the crystallization of honey, which is in a supersaturated state and therefore tends to reach equilibrium by crystallizing. Honeys with a predominance of fructose over glucose crystallize more slowly or not at all, e.g., acacia honeys. Fructose concentrates the solution, along with other sugars, and increases its viscosity, which makes it difficult for honey to crystallize. On the other hand, honeys with a predominance of glucose crystallize faster (rapeseed honey and dandelion honey). This parameter is not regulated by legal acts, but the very appearance of honey can indicate whether the honey is of the right variety and whether it has been heated [52].




2.3. Analysis of Physicochemical Parameters


The physicochemical parameters of honey quality are the basis for identifying the authenticity and adulteration of honeys.



The most useful parameter in identification is electrical conductivity. The use of this parameter makes it possible to distinguish nectar honeys of some varieties in relation to multifloral nectar honeys and, above all, the group of honeydew nectar honeys.



Other methods of differentiating honey varieties are as follows:




	
Determination of the water content;



	
Determination of the total and active acidity;



	
Determination of the total ash content;



	
Determination of the sugar content, including the ratio of glucose to fructose concentration (especially important when identifying heather honey);



	
Analysis of aromatic acids and amino acids;



	
Determination of the proline content;



	
Determination of the diastase number;



	
Determination of the proline content;



	
Determination of the pH.








However, these methods used alone do not allow for the unambiguous differentiation of varietal honeys into particular types and varieties.



The methods that deserve special mention are as follows:




	
Determination of the 5-HMF content;



	
Determination of the diastase number.








These parameters make it possible to determine the level of honey aging and errors related to improper storage and thermal processing. The values of the above parameters change with the time of honey storage [61,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84].



According to Popek [66], these methods cannot be considered fully reliable because the parameters change over time. These methods are time-consuming, cost-intensive, and their result does not provide unambiguous information about the authenticity of the honey. There are often problems with the interpretation and reproducibility of the results. Furthermore, the amount of reagent used to determine one sample has a negative impact on the environment.




2.4. Measurements of Color Parameters in L * a * b * and X Y Z Systems


The color of honey is one of the first features assessed by consumers.



Tristimulus colorimetry was instrumentally used to assess the color of honey. Color parameters L * a * b * were determined in the international CIE (Commission Internationale de l’Éclairage) system. The color is expressed in the CIE L * a * b * system, where L * is the lightness, and the a * and b * coordinates indicate the contribution of green (negative a * values), red (positive a *), blue (negative b * values) and yellow (b * values positive) [55,85,86,87].



This method requires properly prepared honey, which should be liquid with no signs of crystallization; otherwise, the test results may be different. The test is quick and easy to perform, but one should remember about the cost of purchasing the equipment and ensuring the repeatability of the test [85,86].




2.5. Extraction of Volatile Compounds


The suitability of the solid-phase microextraction (SPME) technique using gas chromatography coupled with mass spectrometry (GC-MS) is still being tested in determining the botanical authenticity of honeys. The qualitative analysis of volatile compound profiles is used to determine the botanical authenticity of nectar honeys [59,69,88,89,90,91,92,93,94,95,96,97].




2.6. Analysis of the Antioxidant Activity of Honey and Analysis of the Presence of Flavonoids


Polyphenolic compounds are among the most active antioxidants present in food. The use of spectral methods was aimed at determining the profiles of polyphenolic compounds, as well as assessing the antioxidant potential of individual varieties of bee honey. The botanical origin of honey significantly affects the antioxidant activity measured as the ability to scavenge DPPH• free radicals [75,98,99,100,101,102].



The use of the photochemiluminescence (PCL) test consists of the optical excitation of a UV sensitizer, which is responsible for generating free radicals, partially eliminated by the antioxidants present in the sample. Other radicals cause luminescence of the detected substance. The function of the sensitizer and detector is performed by the same compound, luminol. The measurement is fast and accurate as it only takes a few minutes to calculate based on the calibration curve, performed automatically by the software [84,103,104,105,106,107].




2.7. Nuclear Magnetic Resonance Spectroscopic Analysis


This analysis is very versatile, not only to assess the identification of the botanical origin of honey, but also to determine the composition and quality of the honey ingredients. For example, the diversity of honey components, including saccharides and all kinds of amino acids, is determined, which confirms their grouping according to the origin of the honey (using principal component analysis—PCA) [108,109,110,111,112,113,114,115,116,117].



Nuclear magnetic resonance (NMR) provides structural information with high re-producibility and accuracy. The time to obtain a 1H NMR spectrum is short (less than 5 min) and does not require calibration or standards. The advantage of the NMR method is the simultaneous detection of organic compounds in an unchanged state and conformation. The use of low-field 1 H NMR allows, based on increasing relaxation times, the detection of the addition of HFCS syrup in honey. The effective use of the NMR technique to identify honey adulteration is a very promising direction of research, but due to the relatively small number of reports, it is necessary to create an appropriate spectrum database, allowing for the quick interpretation of the results. Another factor limiting the use of NMR in analytics is the very high cost of the equipment [54].




2.8. Analysis of Honey Microscopic Image Identification


This is a method used when sweeteners are added to honey, e.g., sucrose by feeding bees or the adulteration of honey with the addition of sugar cane or fructose. In addition, this method shows the picture of honey impurities, e.g., nanoparticles or the presence/amount of yeast in the case of honeys with a high water content (e.g., added water). This test does not indicate unequivocal fermentation [118].




2.9. Analysis of the Isotopic Composition of Honey Using 13C/12C Isotope-Ratio Mass Spectrometry Measurement


One of the spectrometric methods used to detect the adulteration of honey with the addition of cane or corn sugar and the incorrect declaration of the origin of honey is isotope-ratio mass spectrometry (IRMS) analysis. Isotope content is related to latitude, i.e., the climate prevailing in the place where the honey is obtained. This method is based on the use of proportions of isotopes characteristic of particular plant species. Its task is to estimate the amount or ratio of isotopes of one of the three basic elements (13C/12C, 180/16O, 2H/1H) and compare them with standard values [119,120,121,122,123].



This is a method with great potential, but it requires expensive equipment and specialized staff. In addition, its universal application does not guarantee the correctness of the results [124].




2.10. Chromatographic Analysis of Honey Composition


Chromatographic analysis using high-performance liquid chromatography (HPLC), gas chromatography (GC) and gas chromatography coupled with mass spectrometry (PTR-MS) is the basis for determining the composition and quality of bee honey. The results of these analyses are interpreted using statistical tools. The determination is quick, easy and effective, but costly. This method has many advantages: speed of measurement, low cost and use of a small amount of the test sample, which will not be destroyed. Rich libraries of spectra facilitate the identification of unknown substances. In the spectrum, different peaks may overlap, which can make interpretation difficult. In addition, the cost of purchasing equipment is high [125,126,127,128,129].



These methods allow for the differentiation of the botanical origin of monofloral and polyfloral honeys. However, HPLC shows an advantage over PTR-MS by providing much better differentiation of all analyzed types of honey. Chromatographic fingerprints recorded at 210 nm allow for the best classification of honey. Mass spectrometry with the proton transfer reaction is useful for distinguishing buckwheat honey [125,126,127,128,129].




2.11. Analysis of Glycerin or Ethanol Content


One of the methods used in assessing the authenticity (distinguishing natural from artificial honey) and freshness of honeys is the analysis of glycerin content. Glycerin is the result of metabolic processes caused by microorganisms present in the liquid collected by bees [130].




2.12. Fluorescence Spectroscopy Research


The advantage of fluorescence spectroscopy is the high sensitivity and specificity of classification. Fluorescence spectroscopy requires only minimal sample preparation. The results of the above studies confirmed that single synchronous fluorescence spectra of different honeys differ significantly due to their different physicochemical properties and provide sufficient data to clearly differentiate between groups of honeys. Studies have shown that this method is a valuable and promising technique for honey authentication. Honeys are well known to contain numerous fluorophores, such as polyphenols and amino acids. Some of them have been proposed as markers for monofloral honeys—ellagic acid for heather honey; hesperetin for citrus honey; phenylalanine and tyrosine, which turned out to be characteristic of lavender honey and made it possible to distinguish it from eucalyptus honey; and tryptophan and glutamic acid, which turned out to be useful for differentiating honeydew and flower honeys. Due to the presence of such powerful fluorophores, fluorescence spectroscopy can be helpful in confirming the botanical origin of honey.



In addition, these tests can be the basis for identifying honey overheating and identifying the botanical origin of filtered honeys, in which pollen analysis is not possible [131,132,133,134,135,136,137,138,139,140,141,142].



The limitation of this method is building a database of spectra characteristic for honeys. The method is fast, cheap and without a negative impact on the environment (no reagents are used) [139].




2.13. Infrared Spectroscopic Analysis


The authenticity of different types of honey can also be confirmed by infrared spectroscopy.



Infrared spectroscopy covers the spectrum of electromagnetic radiation in the range between the visible region and the microwave region (14,300–200 cm−1; 700–50,000 nm). Depending on the wavelength, it is divided into the following types of spectroscopy:




	-

	
Near infrared (NIR) spectroscopy, 14,300–4000 cm−1 (700–2500 nm);




	-

	
Mid (proper) infrared (MIR) spectroscopy, 700–4000 cm−1 (2500–14,300 nm);




	-

	
Far infrared (FIR) spectroscopy, 700–200 cm−1 (14,300–50,000 nm).









Quick quantitative and qualitative determination of the individual parameters that determine the quality of natural bee honeys is possible thanks to the use of spectroscopy in the NIR range. Through the basic analysis of the spectra, it is possible to distinguish between honeydew, artificial and nectar honeys, while using chemometrics, it is possible to determine the varieties of nectar honeys.



Studies conducted over the years have also shown the possibility of the presence of corn fructose in honey [78,79,127,133,143,144,145].



This method has many advantages: speed of measurement, low cost and use of a small amount of the test sample, which will not be destroyed. Rich libraries of spectra facilitate the identification of unknown substances. However, it should be remembered that different peaks in the spectrum may overlap, which can make interpretation difficult [143,144,145,146,147].




2.14. Research on Electrical Properties


The electrical properties of materials (impedance, permittivity and dielectric loss factor) describe the behavior of the material in an electric field. The molecular structure of the material is responsible for the physical and chemical properties, so there is a relationship between the electrical properties of a given material and its physical and chemical parameters. It is possible to use different dielectric quantities (electric permittivity, dielectric loss coefficient and conductivity) to differentiate honey varieties, and additives such as water and sugar are still being researched. In addition, these tests can also describe the level of honey overheating and the degree of crystallization [148,149,150,151,152,153,154,155,156].




2.15. Analysis of the Microbiological Purity of Honey


The examination of microbiological contamination of honey is aimed at assessing its quality. The parameters usually determined are coliform bacteria, sulfite-reducing Clostridium, yeasts and molds, aerobic mesophilic bacteria, Salmonella spp. and Bacillus spp. [73,113,152,153,156,157].



This method is time-consuming and not always effective. Its reproduction in the same conditions is impossible [73,156,157].




2.16. Research on Rheological Properties of Honeys


The crystal structure is a valuable source of information about honey. The rheological properties of honey indicate the characteristics of their origin and quality. The possibility of crystal formation and the observation of their behavior with the use of birefractive interferometry and computer image analysis can present the quantitative characteristics of the honey crystal structure used for its assessment. The analyses take into account standard stereological parameters, such as the number of identified objects and average values—surface area, circumference and maximum diameter of crystals. In addition, the numerical distribution of crystals with regard to the maximum diameter is analyzed. They can be used both to identify its origin and for other purposes, e.g., to determine the rheological properties of crystallized honey [157,158,159].





3. Conclusions


The authenticity of food products is rarely defined in the literature. However, there is some agreement in terms of nomenclature and a set of features that make it possible to recognize that a food product is what it should be, as declared by the manufacturer. Food adulteration is a frequent phenomenon, which should be considered a significant threat to every consumer—it is a violation of consumer rights, but also often leads to an increase in risk associated with the consumption of food products. Therefore, it is necessary to develop tools that will protect the consumer against abuse from dishonest producers.



Honey is often mentioned as an example of a product that can be counterfeited in various ways—its composition is changed (e.g., by adding sweeteners), and in recent times, consumers are often misled by giving false information about the geographical or botanical origin of honey. There are many research methods that are used to assess the authenticity of honeys, but above all, they ensure the confirmation of their quality. Regardless of the method adopted, the goal is always to determine whether the tested product is manufactured fairly and meets all legal criteria, or whether there has been a violation of the law. In the field of food authentication, there are targeted and non-targeted analytic methods that are proven by many studies [160]. For each of the products, a number of research methods can be indicated, but as in the case of assessing the quality and authenticity of honey, there is no combination of methods that would be 100% effective [54,161,162]. Currently, honey authenticity tests are difficult because not only local honeys are sold on domestic markets, but also foreign honeys from other continents, which are characterized by a different chemical composition and properties. Therefore, researchers are still looking for an ideal method that will not leave even 1% uncertainty in confirming the quality and authenticity of honeys [16]. The above list shows how active various researchers are in the search for a universal and relatively simple method of confirming the authenticity of honeys.



The present work provides a review not only of research methods, but also of their practical use. The methodological limitations and strengths of each method have been indicated. The work can be used as a resource and a quick path to finding an appropriate research method to determine the quality and authenticity of honeys.



In the example of honey quality assessment, it can be seen that single-component or multi-component analyses of honey quality parameters do not lead to obtaining unambiguous information on the botanical origin of honeys. However, they are helpful in more accurately indicating the place of origin and quality of honey. However, there is still no interdisciplinary, fast, effective and cheap method that can confirm the authenticity of honey, taking into account its quality characteristics.



The above analysis of the literature illustrates the pace at which the research and the methods used in the assessment of the quality of honey have developed. It demonstrates their differentiation, taking into account the aspects of varietal authenticity and the composition of honeys.



According to Kowalski and Łukasiewicz, the introduction of new, hitherto unknown techniques and the improvement of many measurement techniques (increasing their sensitivity and precision) are creating more and more tools and opportunities to identify falsifications, even at a very low level. However, it still requires an appropriate approach and experience from the analytical side, because honey is a product with a complicated analytical matrix [54]. This paper presents a review of the possible applications of methods with a high level of efficiency. Methods such as fluorescence, NIR and Raman spectroscopy seem to be multifaceted. However, they have limitations because they require a complex mathematical apparatus to interpret the results [54].



Summarizing this review of research methods, it was not possible to identify a method that is unequivocally the most effective. However, the analysis of research methods allowed us to identify 16 methodological groups in the field of honey quality and authenticity. The review of methods also allowed for the extraction of parameters indicating changes not only in the quality, but also in the authenticity of the honeys, along with the interpretation of exceeding the limit values of the parameters. The intention of the authors was to create a tool to help in selecting the most effective research methods, but also to combine several methods in order to obtain a reliable result.
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Figure 1. The most common substances added to natural honey for the purpose of adulterating it and indicators allowing for their detection. Source: [54]. 
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Table 1. Factors that define the quality of food products and the methods of their assessment.
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	Name
	Parameters
	Assessment Methods





	Sensory and organoleptic attributes
	
	-

	
Color;




	-

	
Taste;




	-

	
Smell;




	-

	
Texture;




	-

	
Structure;




	-

	
Appearance.






	
	
Objective measurements of physicochemical features responsible for shaping organoleptic features.



	
Use of sensory panels carried out by a qualified research team.








	Safety
	Level of presence of toxic substances; organic and inorganic food additives; and microbiological, biochemical, chemical, physical and technological contamination.
	Chemical, microbiological and biochemical analysis.



	Health and nutritional value
	The nutrient and non-nutrient content of the product and its energy value. In addition, it indicates the presence, assimilation and impact on the body of food additives, often with health-promoting effects, such as probiotics, polyphenolic compounds or vitamins.
	Chemical and biochemical analysis of the composition of products and based on biological experiments.



	Functional features
	They mainly concern related aspects such as the ease of use of ingredients for processing, but also the size of the portions; in addition, their range is responsible for the characteristics of resistance to damage and storage stability.
	Physical, biochemical and chemical analysis of raw materials and finished products.



	Psychological parameters
	The use of such features as convenience and ease of use at the appropriate price level and the level of novelty and attractiveness, taking into account the individual characteristics and needs of the consumer, makes the product habituated.
	
	
Market and consumer behavior research.



	
The study of physiological reactions to stimuli and related behaviors












Source: [2,4,18,19,20].













 





Table 2. Physicochemical requirements for honeys, including the interpretation of exceeded parameters.






Table 2. Physicochemical requirements for honeys, including the interpretation of exceeded parameters.





	
Parameter

	
Limit Value

	
Exceeding the Limit Values of the Parameters






	
Water content

	
Not more than 20%; however, not more than:



	(1)

	
23%—in heather honey and baker’s honey;




	(2)

	
25%—in heather baker’s honey.







	
The water content is considered as an indicator of honey stability and resistance to yeast fermentation. At a high level, it causes not only the fermentation and spoilage of honey, but also loss of taste. In addition, water activity is a parameter responsible for the growth of microorganisms [34,35]. In the case of changes in the water content, especially an increase, it can be presumed that water was added to the honey or it may indicate that the honey was removed from the hive too quickly. This parameter is also influenced by weather conditions during honey harvesting, e.g., the intensity of rainfall. An increase in its value is dangerous because it can affect the development of yeast and mold in honey [30,36].

Changes in this parameter may indicate adulteration of honey by adding, for example, invert sugar or potato (starch) syrup. It is added to honey to increase its weight. Adding water to honey has the same effect. This is very unfavorable for honey, as the increased amount of water increases the tendency to ferment [37].




	
Reducing sugar content (sum of fructose and glucose)

	
Not less than 60 g/100 g (nectar)

	
Not less than 45 g/100 g (nectar and honeydew)

	
The quantitative ratio of glucose to fructose is the main factor used to classify monofloral honeys [38]–acacia honey contains, on average, 34.6 g of fructose and 21.6 g of glucose; rapeseed honey, 37 g of fructose and 36.7 g of glucose; and dandelion honey, 35.9 g of fructose and 37.6 g of glucose [39,40].

It was observed that in honeydew honeys, the ratio of fructose to glucose content is higher than in nectar honeys. The only exception is black locust honey, in which the predominance of fructose over glucose ensures a liquid consistency for as long as several months. The preponderance of glucose is responsible for the rapid crystallization of honey, e.g., in rapeseed or dandelion honeys [38,39,40].




	
Sucrose content

	
Not more than 5 g/100 g, except when not more than:

	
A total of 10 g/100 g—in locust (Robinia pseudoacacia), alfalfa (Medicago sativa), firewood banksia (Banksia menziesii), sweetvetch (Hedysarum), red rubber (Eucalyptus camaldulensis), leatherwood (Eucryphia lucida, Eucryphia milligani) and Citrus spp. honey;



	
A total of 15 g/100 g—in lavender (Lavandula spp.) and borage (Borago officinalis) honey.






	
The content of saccharides in honey is determined, inter alia, by the origin of the honey, the time of harvesting and the length of the storage period; honeydew honeys contain more oligosaccharides and dextrins, while nectar honeys are dominated by simple sugars. Unripe honey contains the highest amount of sucrose. The content of individual carbohydrates may indicate the maturity of the honey or its lack [30,40]. An increased sucrose content may indicate adulteration of honey by feeding bees with sucrose or its addition to honey, but also the mixing varieties of honey [36]. Another very important indicator of honeydew honey is honeydew sugar—melezitose; this sugar is not found in nectar honeys. It may be an indicator of mixing honey varieties or a lack of varietal purity [27,30].




	
Free acid content

	
Not more than 50 mval/kg, but not more than 80 mval/kg

in baking honey (industrial).

	
The value of the level of free acids—the level of free acids may indicate the maturity of the honey, as well as disorders related to the microbiological contamination of honey [35,41]. They can determine the taste and aroma of honey.




	
Diastase number

(according to the Schade scale)

	
Not less than 8, except for baker’s (industrial) honey, but not less than 3 in honey with naturally low enzyme activity and an HMF content not more than 15 mg/kg.

	
The diastase number depends on the type and origin of the honey. Diastase (α-amylase) and invertase—enzymes derived from the salivary glands of bees—are among the most important biological components of honey. It is their presence that determines the nutritional and health-promoting properties of honey. The diastase number is an indicator of the enzymatic activity of honey. It is expressed by the number of Schade units per 1 g of honey. The level of diastase activity is one of the most important indicators that prove the high quality of honey. In the case of a low value of the diastase number, it can be presumed that the honey was heated to a temperature above 40 °C, which may also indicate the addition of sugar syrup [42] and the long storage of honey in unfavorable conditions [43,44].




	
5-hydroxymethylfurfural (HMF) content

	
Not more than 40 mg/kg, except for baker’s honey (industrial); also not more than 80 mg/kg in honey from regions with a tropical climate, and in mixtures of such honeys.

	
Content of 5-HMF (5-hydroxymethylfurfural)—this natural component of honey, heterocyclic 5-hydroxymethylfurfural aldehyde, is formed in an acidic environment from fructose (2-oxohexose). Natural honey does not contain 5-HMF or it is present in very small amounts (2–7 mg/kg). Its content may increase with prolonged storage and a too-high processing temperature; hence, 5-HMF is called the honey aging parameter. The content of 5-HMF proves not only the quality, but also the authenticity of the honey—the increased content of this ingredient also indicates adulteration with invert sugar or starch syrup. In the case of a very high level of this compound above 200 mg/kg, adulteration with chemical invert can be presumed [43,44,45,46].

HMF exhibits mutagenic activity and causes damage to the structure of the DNA helix [47]. HMF derivatives in the form of 5-sulfooxymethylfurfural (SOMF), 5-chloromethylfurfural and 5-hydroxymethyl-2-furancarboxylic acid (5-HMFK) have cytotoxic, genotoxic, neurotoxic, mutagenic and carcinogenic effects, which can lead to neoplastic changes in the liver, skin and lower colon tissues [42,48,49].




	
Proline content, mg/100 g of honey

	
Not less than 25 mg/100 g of honey.

	
Proline is an amino acid that is predominant in honey. In the case of the adulteration of natural honey with sucrose, a decrease in its content up to 10 mg/100 g of honey is observed [50]. A high proline content indicates the maturity of the honey; this indicator is often used in research as a honey quality parameter. The largest amounts of proline are found in buckwheat honey (approx. 80.8/100 g) [40].




	
Conductivity

	
Not more than 0.8 mS/cm, except for honeys and their mixtures listed below, but not less than 0.8 mS/cm

in honeydew honey, chestnut honey and their mixtures. The conductivity of originating honey is not specified

from strawberry tree (Arbutus unedo), heather (Erica), eucalyptus, linden (Tilia spp.), common heather (Calluna vulgaris), manuka leptospermum and tea tree (Melaleuca spp.)

	
The electrical conductivity of honey, as one of the physicochemical parameters, can be used to characterize its botanical origin, because it depends to a large extent on the plant from which honey was made [51,52].

The value of the electrical conductivity depends on the value of the level of mineral compounds and honey acids. In the case of this parameter, nectar honeys should have a value of up to 0.8 mS × cm−1, and honeydew honeys, due to a greater presence of minerals, should have this value above the level indicated above, even up to 1.5 times—up to 0.17 mS/cm2. Any deviations from this standard may indicate the mixing of nectar and honeydew honeys. The reduced value of electrical conductivity in honeydew honeys may indicate adulteration with nectar honey. Increased sucrose content combined with a reduced electrical conductivity, diastase number and proline content may indicate the adulteration of honey with sugar syrup [43,52].




	
Content of insoluble substances

	
No more than

0.1 g/100 g, but not more than

0.5 g/100 g in pressed honey

	
The content of insoluble substances indicates contamination of the hive or the product itself. The presence of these substances can lead to product contamination and consumer exposure [37,52].








Source: [11,24,26,53].













 





Table 3. Research methods used in assessing the quality and authenticity of varietal honeys.
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Methods Used—Name

	
Applied Methods

	
Problem Identification Factors

	
Group of Honey Authenticity Problems






	
Melissopalynological analysis (honey pollen analysis)

	
Quantitative analysis consists of counting all plant parts (N), i.e., pollen grains, fungal spores and algae hyphae, yeast, starch grains and others in 10 g of honey. As a result, honey is assigned to one of five classes.

	
Identification of the leading pollen.

	
Identification of the botanical/geographical origin of the honey.




	
Sensory analysis

	
The bases for this form of research are the senses and feelings related to the smell, taste, color, appearance, and consistency of the product.

	
Identification of sensory features

(color, taste, smell, appearance, consistency) characteristic of:



	-

	
Varietal honeys, honey quality,—additives of prohibited substances;




	-

	
Impurities




	-

	
in honeys;




	-

	
Signs of fermentation;




	-

	
Consistency.







	
Identification of the botanical/geographical origin of the honey.




	
Evaluation of the quality of bee honey.




	
Counterfeit identification.




	
Identification of bee honey fermentation.




	
Identification of impurities.




	
Analysis of physicochemical parameters

	
The most useful parameters in identification are

electrical conductivity,

water content,

total and active acidity,

total ash content and

sugar content, including the ratio of glucose to fructose concentration (especially important when identifying heather honey),

the analysis of aromatic acids and amino acids,

proline content,

diastase number,

proline content and

pH level.

	
Identification of physicochemical parameters characteristic of:



	-

	
Varietal honeys, - honey quality;




	-

	
Additives of prohibited substances;




	-

	
Impurities




	-

	
in honeys;




	-

	
Liquefied/heated/long-stored honeys.







	
Identification of the botanical/geographical origin of the honey.




	
Evaluation of the quality of bee honey.




	
Counterfeit identification.




	
Identification of bee honey fermentation.




	
Identification of impurities.




	
The methods that deserve special mention are the determination of 5-HMF content and the determination of the diastase number.

	
Identification of heating/overheating of honey and improper storage conditions.




	
Measurements of color parameters in L * a * b * and X Y Z systems

	
Color parameters L * a * b * were determined in the international CIE system.

	
Identification of characteristic color parameters

for varietal honeys.

	
Identification of too-long storage of honey.




	
Extraction of volatile compounds

	
The solid-phase microextraction (SPME) technique using gas chromatography coupled with a mass spectrometer (GC-MS).

	
Identification of volatile fractions of characteristic honeys

for varietal honeys.

	
Identification of the botanical/geographical origin of the honey.




	
Analysis of antioxidant activity of honey and analysis of the presence of flavonoids

	
The botanical origin of honey significantly affects the antioxidant activity measured as the ability to scavenge DPPH• free radicals.

	
Identification of the level of antioxidant activity

and the total value of characteristic polyphenols

for given honey varieties.

	
Identification of the botanical/geographical origin of the honey.




	
Evaluation of the quality of bee honey.




	
The photochemiluminescence test (PCL).

	
Counterfeit identification.




	
NMR (nuclear magnetic resonance) spectroscopic analysis

	
This analysis is very versatile and is used with principal component analysis (PCA).

	
Identification and assessment of characteristic honey components

for given honey varieties.

	
Identification of the botanical/geographical origin of the honey.




	
Evaluation of the quality of bee honey.




	
Metabolic analysis of organic extracts.

	
Counterfeit identification.




	
Identification of impurities.




	
Analysis of honey microscopic image identification

	
This method shows the picture of honey.

	
Identification of additives and impurities.

	
Identification of honey adulteration with additives.




	
Evaluation of the quality of bee honey.




	
Identification of bee honey fermentation.




	
Identification of impurities.




	
Analysis of the isotopic composition of honey

using isotope ratio mass spectrometry (IRMS)

	
Measurement of the 13C/12C isotope ratio.

	
Identification of additives

and impurities.

	
Identification of honey adulteration with additives.




	
Chromatographic analysis of honey composition

	
Chromatographic analysis using high-performance liquid chromatography (HPLC), gas chromatography (GC) and gas chromatography coupled with mass spectrometry (PTR-MS).

	
Identification of additives

and impurities.

	
Identification of honey adulteration with additives.




	
Evaluation of the quality of bee honey.




	
Identification of bee honey fermentation.




	
Identification of impurities.




	
Analysis

of glycerin

or ethanol content

	
Analysis of glycerin content.

	
Identification of characteristics

for fermented honeys.

	
Evaluation of honey quality.




	
Identification of bee honey fermentation.




	
Fluorescence spectroscopy research

	
The advantage of fluorescence spectroscopy is the high sensitivity and specificity of classification.

	
Identification and assessment of honey authenticity.

	
Identification of the botanical/geographical origin of the honey.




	
Infrared spectroscopic analysis

	
Infrared spectroscopy covers the spectrum of electromagnetic radiation in the range between the visible region and the microwave region (14,300 and 200 cm−1; 700–50,000 nm).

	
Identification and assessment of honey authenticity.

	
Identification of honey adulteration with additives.




	
Identification of ingredients determining the quality of natural bee honeys

	
Including, in particular, the adulteration of honey with sugar syrup from C4 plants.

Identification of the botanical/geographical origin of the honey.




	
Evaluation of the quality of bee honey.




	
Research on electrical properties

	
The electrical properties of materials (impedance, permittivity and dielectric loss factor) describe the behavior of the material in an electric field. The molecular structure of the material is responsible for the physical and chemical properties, so there is a relationship between the electrical properties of a given material and its physical and chemical parameters.

	
Identification and assessment of honey authenticity.

Identification of characteristics

for fermented honeys.

	
Identification of honey adulteration with additives.




	
Evaluation of honey quality.




	
Identification of the botanical/geographical origin of the honey.




	
Analysis of the microbiological purity of honey

	
The examination of the microbiological contamination of honey is aimed at assessing its quality; the parameters usually determined are coliform bacteria, sulfite-reducing Clostridium, yeasts and molds, aerobic mesophilic bacteria, Salmonella spp. and Bacillus spp.

	
Identification of characteristics

for fermented honeys.

Identification and assessment of honey authenticity.

	
Identification of honey adulteration with additives.




	
Identification of the botanical/geographical origin of the honey.




	
Research on rheological properties of honeys

	
The crystal structure is a valuable source of information about honey. The rheological properties of honey indicate the characteristics of their origin and quality.

	
Identification and assessment of honey authenticity.

	
Identification of honey adulteration with additives.




	
Evaluation of honey quality.








Source: Own research.
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