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Preface to ”Progress in Analytical Methods for the
Characterization, Quality and Safety of the Beehive
Products”

The honeybee is one of the oldest forms of animal life, already present since the Neolithic. The

origin of the bond between man and honeybees dates back almost 10,000 years. Primeval humans

gathered and ate the honey and honeycombs of wild bees, the only available sweetener at that time,

up to 7000 BC. Honey is a food consisting of a very complex mixture of nutrients and bioactive

compounds, endowed with outstanding nutritional value and many recognized biological activities.

Nonetheless, bees also produce and store in hives many other products of enormous interest to

humans. Although honey is the most famous of hive products, propolis, bee bread, royal jelly,

beeswax, and bee venom are also of great value. Most of them have been objects of increasing interest

to the global scientific community, as a growing number of studies have discovered their nutraceutical

or pharmaceutical effects on human health. For many of these products, nutrition and/or biological

activity is closely linked to their origin. Whereas the botanical origin is of the highest importance in

defining the quality of honey and pollen, the assignment of geographical origin is decisive for that of

propolis, beeswax and royal jelly. In addition, adulteration processes or the fraudulent assignment

of a specific geographic origin to a hive product can result in an unfair increase in market shares

and prices to the detriment of authentic products. In addition, bees and hive products can act as

effective biomonitoring matrices for the ascertainment of the level of environmental quality. Beyond

the definition of the quality of hive products, identification of traces of toxic elements, of persistent

organic pollutants and of residues of drugs or phytosanitary products may provide a reliable map of

environmental conditions in the ecosystems close to the hive. Of course, the characterization of these

matrices in terms of reliable determination of minority or of trace amounts of organic or inorganic

analytes is an increasingly challenging task. New techniques and methods of analysis are needed to

achieve this, and only the continuous updating of ever more powerful and multivariate approaches

to data processing is necessary to ensure reliable responses to today’s global consumers.

Gavino Sanna, Marco Ciulu, Yolanda Picò, Nadia Spano, and Carlo I.G. Tuberoso

Editors
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Honey as Source of Nitrogen Compounds: Aromatic
Amino Acids, Free Nucleosides and Their Derivatives
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Abstract: The content of selected major nitrogen compounds including nucleosides and their
derivatives was evaluated in 75 samples of seven varieties of honey (heather, buckwheat, black locust,
goldenrod, canola, fir, linden) by targeted ultra-high performance liquid chromatography-diode array
detector - high-resolution quadrupole time-of-flight mass spectrometry (UHPLC-DAD-QqTOF-MS)
and determined by UHPLC-DAD. The honey samples contained nucleosides, nucleobases and their
derivatives (adenine: 8.9 to 18.4 mg/kg, xanthine: 1.2 to 3.3 mg/kg, uridine: 17.5 to 51.2 mg/kg,
guanosine: 2.0 to 4.1 mg/kg; mean amounts), aromatic amino acids (tyrosine: 7.8 to 263.9 mg/kg,
phenylalanine: 9.5 to 64.1 mg/kg; mean amounts). The amounts of compounds significantly differed
between some honey types. For example, canola honey contained a much lower amount of uridine
(17.5 ± 3.9 mg/kg) than black locust where it was most abundant (51.2 ± 7.8 mg/kg). The presence
of free nucleosides and nucleobases in different honey varieties is reported first time and supports
previous findings on medicinal activities of honey reported in the literature as well as traditional
therapy and may contribute for their explanation. This applies, e.g., to the topical application of
honey in herpes infections, as well as its beneficial activity on cognitive functions as nootropic
and neuroprotective, in neuralgia and is also important for the understanding of nutritional values
of honey.

Keywords: essential and non-essential nutrients; nucleosides; honey composition; uridine;
neuropharmacological activities

1. Introduction

Nutrient and medicinal properties of honey have been appreciated since prehistoric times and the
knowledge about its values is currently deepened and rediscovered. Honey is not only a source of simple
carbohydrates, but also microelements, vitamins, antioxidants, prebiotics, and probiotic bacteria [1–3].
Recently, Begum et al. reported the presence of essential elements like K, Ca, Mn, and Fe in honey
along with Gluconobacter oxydans that was found to possess probiotic properties with siderophorogenic
potential [2]. Other research demonstrated that buckwheat honey increases antioxidant potential of
serum, thus possibly could exert antioxidant-related health benefits [4]. Honey is also a good source
of carbohydrates supporting during physical exercise and characterized by low glycemic index [3].
One of the specific groups of compounds in honey are those containing nitrogen, which is an essential
component of basic compounds in plants such as nucleic acids, proteins, coenzymes, hormones,
some vitamins, and chlorophylls. In honey, nitrogen compounds constitute a versatile group present as
a minor compounds. The amino acids are found in all honey types in various proportions, depending
on their floral source. The differences in their levels were useful to determine the botanical origin in
combination with chemometrics [5]. Another, common groups of nitrogen compounds found in honey
were water-soluble vitamins such as riboflavin, niacin, nicotinic acid, pantothenic acid or folic acid [6].
Some of the honey varieties contain relevant amounts of different classes of nitrogen compounds
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that may be useful as a specific or non-specific markers of botanical origin, for example purine
alkaloids in Coffea spp. honey [7] or high amounts of kynurenic acid in Castanea sativa Mill. honey [8].
The latter was found to possess anti-scarring activity as well as downregulating IL-17/1L-23 axis
in vitro, and this could reduce inflammation in autoimmune diseases such as psoriasis or alopecia [9,10].
Oelschlaegel et al. beside kynurenic acid, reported the presence of its metabolite 4-hydroxyquinoline in
cornflower (Centaurea cyanus L.) honey [11]. Recently, we reported the presence of 5-epi-lithospermoside,
a noncyanogenic cyanoglucoside as a marker of Phacelia tanacetifolia Benth. honey as well as the
occurrence of nucleoside uridine and nucleobase—adenine as well as other purine—xanthine [12].
Nucleobases that are part of nucleosides and further—nucleotides, play fundamental role in construction
of DNA and RNA. Those compounds may also have importance for nutritional values of honey,
especially uridine that was found to play relevant role, e.g., in cognitive functions [13] as well as
guanosine, that exhibits neurotrophic and neuroprotective effects interacting with glutamatergic
and adenosinergic systems and calcium-activated potassium channels [14]. Not much is known on
occurrence and content of nucleosides in different honey varieties. Therefore, the scope of the current
study was targeted ultra-high performance liquid chromatography-diode array detector-high-resolution
quadrupole time-of-flight mass spectrometry (UHPLC-DAD-QqTOF-MS) and UHPLC-DAD analyses
of the most common types of Polish honeys to evaluate the content of selected nitrogen compounds,
including nucleobases and nucleosides.

2. Results and Discussion

Chemical profiles of 75 samples of seven unifloral honey varieties were investigated by targeted
UHPLC-DAD and UHPLC-DAD-QqTOF-MS analyses. Six major nitrogen compounds (Adenine
Xanthine, Uridine, Tyrosine, Phenylalanine, Guanosine) were identified (Table 1) and quantified
(Table 2). The comparison of chromatographic profiles obtained for honey varieties is presented on
Figure 1 and demonstrates visible differences. All the mentioned compounds were identified by
retention time, UV-Vis spectra and comparison with commercially available standard compounds as
well as HRMS. For uridine, beside the main pseudomolecular ion 245.0764 [M + H]+, also 113.0346
[M − 132 + H]+, corresponding to uracil was present. The 132 amu loss corresponds to an unmodified
ribose from the ribonucleoside, thus confirming nitrogen-carbon glyosidic bond. Similarly, guanosine
was accompanied by 152.0570 [M − 132 + H]+ fragment, corresponding to a pseudomolecular ion
of guanine.

Table 1. Nitrogen compounds identified in the investigated honey samples.

Compound tR (min) UVmax (nm) [M + H]+ Formula Error (ppm)

1 Adenine 1.17 263 136.0621 C5H5N5 1.62
2 Uridine 1.72 262 245.0764 C9H12N2O6 3.93
3 Xanthine 1.78 268 153.0405 C5H4N4O2 4.91
4 Tyrosine 2.21 224, 275 182.0812 C9H11NO3 2.75
5 Guanosine 3.10 254, 274 284.0989 C10H13N5O5 2.09
6 Phenylalanine 3.41 258 166.0864 C9H11NO2 2.41

The mean amount of adenine in different honey varieties ranged from about 8.9 to 18.4 mg/kg
and was highest in linden (Tilia spp.) and lowest in canola (Brassica napus L.) honey. Xanthine and
guanosine levels were quite low, and ranged from 1.2 in goldenrod (Solidago spp.) to 3.3 mg/kg in
black locust and 2.0 to 4.1 mg/kg, respectively. Xanthine was not detected by UHPLC-DAD in heather
[Calluna vulgaris (L.) Hull], buckwheat (Fagopyrum esculentum Moench) and fir (Abies alba Mill.) honeys.
Guanosine in buckwheat and fir honey as well as adenine in the latter honey were not detected as well,
due to the presence of overlapping peaks. Mean uridine content ranged from about 17.5 to 51.2 mg/kg
and was lowest in canola and highest in black locust (Robinia pseudoacacia L.) honeys. The mean
content of aromatic amino acids ranged from 7.8 to 263.9 and from 9.5 to 64.1 mg/kg for tyrosine
and phenylalanine, respectively. The lowest amounts of tyrosine and phenylalanine were found in

2
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canola honey and the highest in buckwheat honey. Previously analyzed P. tanacetifolia honey contained
higher amounts of adenine, with mean value 18.5 mg/kg almost equal to that found in linden honey.
It contained also relatively high amount of uridine (42.8 mg/kg) similar to that found in buckwheat
honey but it was also much richer in xanthine (mean value 10.5 mg/kg) than any other investigated
variety [1].

Column: Phenomenex Kinetex EVO C18 110 Å column (150 mm × 2.10 mm, 2.6 µm) eluted with
mixtures of 0.2 mol/L phosphoric acid (solvent A) and acetonitrile (solvent B) at a flow rate of 0.4 mL/min.
1—adenine; 2—xanthine; 3—uridine; 4—tyrosine; 5—guanosine; 6—phenylalanine.

Figure 1. Representative UHPLC chromatographic profiles of different Polish unifloral honeys at
λ = 210 nm and λ = 254 nm.

3
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Table 2. Amounts of the identified nitrogen compounds in varietal honey samples.

Adenine
(mg/kg)

Xanthine
(mg/kg)

Uridine
(mg/kg)

Tyrosine
(mg/kg)

Guanosine
(mg/kg)

Phenylalanine
(mg/kg)

Heather
11.8a

± 2.9 nd 30.7bc
± 9.9 35.8a

± 28.9 3.4ab
± 1.1 17.1abc

± 4.0(n = 10)
Buckwheat

11.6a
± 4.4 nd 40.2cd

± 13.6 263.9b
± 91.6 nd* 34.6c

± 17.1(n = 10)
Black locust

11.1a
± 1.5 3.3b

± 0.8 51.2d
± 7.8 12.1a

± 5.2 2.6a
± 0.3 11.3ab

± 5.5(n = 10)
Goldenrod

14.0ab
± 2.7 1.2a

± 0.6 24.6ab
± 2.7 44.9a

± 25.1 2.5a
± 1.3 64.1d

± 20.3(n = 10)
Canola

8.9a
± 1.4 3.0b

± 0.6 17.5a
± 3.9 7.8a

± 3.3 2.0a
± 0.7 9.5a

± 3.6(n = 10)
Fir

nd* nd 32.5bc
± 12.8 31.6a

± 17.9 nd* 18.1abc
± 13.3(n = 10)

Linden
18.4b

± 6.5 1.7a
± 0.9 28.6ab

± 10.6 21.8a
± 12.3 4.1b

± 1.5 28.4bc
± 20.6(n = 15)

LOD 0.1 0.2 0.3 0.4 0.1 0.3
LOQ 0.4 0.6 1.0 1.1 0.3 0.8

The amount of compounds is expressed in milligrams per kilogram of honey as average (AV) ± standard deviation
(SD); nd—not detected; *—overlapping peak; the mean values with different letters within the same column differ
significantly at p < 0.05; n—number of samples; LOD—limit of detection; LOQ—limit of quantification.

The content of quantified compounds significantly differed between some of the varieties,
suggesting strong link to the botanical origin. This indicates that some varieties such as black locust or
buckwheat honeys may be more valuable as sources of nutrients.

Adenine is a nucleobase (Figure 2) building nucleotides of the nucleic acids, as well as adenosine
triphosphate (ATP), adenosine monophosphate (AMP), deoxy AMP, cyclic AMP, nicotinamide adenine
dinucleotide (NAD) playing important roles in metabolism and signaling. Its derivatives possess
also significant antiviral and cytostatic activity [2]. Xanthine commonly found in some plants is an
adenosine degradation intermediate formed by oxidation of hypoxanthine [3]. Uridine and guanosine
are RNA-specific nucleosides consisting of uracil (pyrimidine base) or guanine (purine base) and
ribofuranose bound by β-N1 or β-N9 glycosidic bond, respectively. Uridine was found to act as
nootropic, improving memory and learning ability as well as positively affecting mood. Dietary
uridine was found to enhance the improvement in learning and memory of docosahexaenoic acid
(DHA) fed gerbils [4] and enhanced synapse formation [5]. In combination with choline it improved
cognitive deficits in rats [6]. Uridine, together with other key nutrients—omega-3 fatty acid DHA,
and choline—accelerated the formation of a synaptic membrane and affected numbers of synapses
formed initiated by neuronal activity [7]. Uridine decreased also depressive symptoms in patients
with bipolar disorder and was patented as a treatment in doses starting from 1 g/day (Kondo et al.,
2011; Renshaw, 2010). More recently, uridine at doses between 10 mg and 15 g per day was patented as
prophylaxis and therapy of some tumors [8]. Interestingly, in double-blind, randomized, comparative,
controlled trial, uridine in form of uridine triphosphate trisodium (1.5 mg, corresponding to 0.76 mg
of uridine) in combination with cytidine monophosphate disodium (2.5 mg) and vitamin B12 (1 mg)
administered 3 times a day showed superior improvement in pain reduction efficacy than vitamin
B12 monotherapy of compressive neuralgia [9]. The amount of uridine corresponds to that present
in 15–25 g of most honeys, thus moderate honey consumption (that contain free uridine) may be
beneficial, also in prevention of this condition.
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Figure 2. Structures of the nitrogen compounds determined in different honey varieties.

Guanosine is an extracellular signaling molecule exerting anti-inflammatory and antioxidative
effects in several in vivo and in vitro injury models, modulates inflammation, downregulating of
NFκB-mediated signaling [10]. It exhibits neurotrophic and neuroprotective effects interacting with
glutamatergic, adenosinergic systems and calcium-activated potassium channels [11,12]. Guanosine
provides also antidepressant-like effects [13] and attenuates behavioral deficits after traumatic brain
injury by modulation of adenosinergic receptors [14]. Considering this, honey consumption may
contribute to dietary prevention of different diseases. It may also partially explain and support previous
reports on nootropic, memory-enhancing effects as well as neuropharmacological activities, such as
antinociceptive, antidepressant but also neuroprotective potential of honey [15]. Guanosine is also
known for antiviral activity against HSV-1, EC50 determined in infected Vero cells was 0.03 µM [16] and
its analogues are widely used in treatment in herpesvirus infections [17]. Knowledge on concentration
of guanosine in honey (approximately 5–10 µM), together with known wound-healing properties
of honey [18], could support rationale of traditional treatment method of labial herpes by topical
application of honey. Such beneficial activity was also confirmed in a small, non-blinded, cross-over
study [19].
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In general, the available literature data on content of phenylalanine and tyrosine, that are
considered respectively essential and conditionally essential amino acids, in varietal honey is not very
consistent [20–23] The mean contents of phenylalanine in Serbian black locust (acacia) honey and
linden honey (8.5 and 9.2 mg/kg, respectively) as well as Polish black locust and heather honeys (6.4 and
16.0 mg/kg, respectively) were very similar to those found in current study. The values reported for
canola (rapeseed), buckwheat and goldenrod honeys were much different (80.8, 10.4, 13.7 mg/kg,
respectively). In case of tyrosine content, the results were similar to those reported for Serbian canola
honey (8.9 mg/kg), but not to other data on Serbian or Polish varietal honeys [21,22]. Shen et al. found
in buckwheat honey also a much higher amount of tyrosine than in other varieties which is consistent
with our findings [23]. In fact, this compound was even proposed as marker of buckwheat honey [24].
From a nutritional point of view, the content of aromatic amino acids in honey is low.

Some correlations between amounts of different components were found. The amount of adenine
and guanosine was significantly, positively correlated within all dataset (R2 = 0.4818, p < 0.05). Amounts
of tyrosine and phenylalanine were significantly correlated (p < 0.05) within the same some honey
types (buckwheat, R2 = 0.7223; black locust, R2 = 0.6327; fir, R2 = 0.4607; linden, R2 = 0.5396; goldenrod,
R2 = 0.9374). The levels of uridine and adenine were significantly correlated in goldenrod, R2 = 0.7421
and canola, R2 = 0.4651. The correlations between complementary nucleosides adenine and uridine
could be explained by originating from RNA. The nucleobases as well as nucleosides may originate
from plant, bee saliva or honey microbiome [25]. The significant differences found between various
honey varieties suggest that plant origin may have the most important impact on their content. This is
partially visibly also on a dendrogram demonstrating natural clustering of the samples, based on the
major compounds (Figure 3). The linkage distance within and between groups indicates tendency for
natural clustering and separation from other groups. It is particularly clear for buckwheat, black locust,
goldenrod and canola honeys. The cluster containing buckwheat honeys demonstrates the biggest
differences from the other samples. The balance between salvage and degradation of nucleotides
helps to optimize the plant energy economy while maintaining levels of key elements. This includes
nucleotide degradation, that involves removal of the phosphates from nucleotides to form nucleosides
as well as cleavage of the nucleobase from the sugar mediated by nucleosidase allowing the base to
be recycled as monophosphate [26]. The reason why these compounds would be excreted together
with nectar is unknown. However, it is known that the components of nectar often protect against
pathogens and modulate the behavior of nectar feeders, thus maximizing benefits for the plant [27].
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Figure 3. Dendrogram of different Polish unifloral honeys according to cluster analysis of similarity
on the basis of the major compounds content (uridine, tyrosine, phenylalanine). H1-10—heather;
B1-10—buckwheat; BL1-10—black locust; G1-10—goldenrod; C1-10—canola; F1-10—fir; L1-15—linden.

3. Materials and Methods

3.1. Honey Samples

Seventy five samples of unifloral honey samples—heather [Calluna vulgaris (L.) Hull]–10,
buckwheat (Fagopyrum esculentum Moench)–10, black locust (acacia) (Robinia pseudoacacia L.)–10,
goldenrod (Solidago spp.)–10, canola (rapeseed) (Brassica napus L.)–10, fir honeydew (Abies alba Mill.)–10,
linden (lime-tree) (Tilia spp.)–15. Honey samples were obtained from professional beekeepers in
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different parts of Poland in 2016–2018. The samples were stored in closed glass jars in dark, at 4 ◦C.
Melissopalynological analyses were done according the International Commission for Bee Botany [28].

3.2. Reagents

Acetonitrile (gradient and LC-MS grade), LC-MS grade water, formic acid and phosphoric acid of
analytical grade (Fluka™) were from Honeywell (Seelze, Germany), while adenine, guanosine and
uridine standards were from Sigma-Aldrich (Steinheim, Germany). Tyrosine and phenylalanine were
from Merck (Darmstadt, Germany) and xanthine from Reanal (Budapest, Hungary). Ultrapure H2O
(<0.06 µS/cm) was obtained from Hydrolab HLP20UV (Hydrolab, Straszyn, Poland) device.

3.3. UHPLC-DAD and UHPLC-QqTOF-MS Analysis

The analyses were performed similarly as described previously [1]. In short, UHPLC-DAD Thermo
Scientific™-Dionex™ system UltiMate™ 3000 fitted with a pump module, autosampler module, column
thermostate and a diode array detector (Thermo Scientific™ Dionex™, Sunnyvale, CA, USA) was
used. The system was set to record 3D data as well as set at 210 and 254 nm. The chromatographic
separation was obtained on Phenomenex Kinetex® EVO C18 110 Å column (150 mm × 2.10 mm, 2.6µm,
Phenomenex, Torrence, CA, USA) at 35 ◦C. The gradient was constructed using 0.2 M phosphoric
acid in water (solvent A) and acetonitrile (solvent B) as a mobile phase at 0.4 mL/min. The gradient
started with 100% of solvent A, decreased to 95% in 4 min, to 5% within 0.5 min, and remained at
this concentration for 3 min. The system was washed and stabilized, before each injection (5 µL).
The results were elaborated with a Chromeleon v7.2 SR5 software (Thermo Scientific™ Dionex™,
Sunnyvale, CA, USA, 2017). Standard solutions were dissolved in methanol or water (xanthine),
and diluted in ultrapure water and the calibrations curve concentrations ranged from approximately
0.2 to 30 mg/L (correlation values 0.9999–1.0000). Before analysis, the honey samples were dissolved
in ultrapure water (1:5, w/v) and filtered through H-PTFE membrane (0.2 µm, Ø 25 mm, Macherey
Nagel™, Düren, Germany). The limits of detection (LOD) and quantification (LOQ) were determined
according the International Conference on Harmonization of Technical Requirements for Registration
of Pharmaceuticals for Human Use (ICH) guidance note [29]. LOD and LOQ were calculated as
following: LOD = 3.3 σ/S and LOQ = 10 σ/S, where σ is the standard deviation of blank and S is the
slope of proper calibration plot.

UHPLC-QqTOF-MS analyses were performed in similar setting and conditions, except of solvent
A, which was 0.1% formic acid in water. ESI-HRMS analysis was performed with Compact™ QqTOF
mass spectrometer (Bruker Daltonic, Bremen, Germany). The following settings were applied as
previously [1]: positive mode, the ion source temperature 100 ◦C, nebulizer gas pressure at 2.0 bar,
dry gas flow 8.0 L/min and temperature 210 ◦C. The capillary voltage was set at 4.50 kV. The collision
energy was set on 8.0 eV and for MS/MS: 35 eV. Sodium formate clusters at concentration 10 mM were
used for internal calibration.

3.4. Statistical Analysis

Statistical analyses were performed using the Statistica 64 v13.1 software (StatSoft Inc., Tulsa,
OK, USA) and R for Windows, version 3.6.2 (R-Cran project, http://cran.r-project.org/). The results
were expressed as the mean ± SD and analyzed by ANOVA followed by the Tukey test. The Pearson’s
product-moment correlation was used to assess relationships between the parameters and their
significance was assessed in two-tailed test at p < 0.05. The variations of parameters among different
honey samples were evaluated by cluster analysis (hierarchical-tree clustering). A dendrogram was
used as an output of hierarchical clustering to show the hierarchical relationship between different
samples and to find the best way to allocate them to clusters.
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4. Conclusions

The targeted analysis revealed presence of adenine, xanthine, tyrosine, phenylalanine,
and guanosine that varied between different honey types. The occurrence of nucleosides and
nucleobases was found not to be specific only for a particular honey type. However, in some
cases it significantly varied, indicating those more and less valuable as sources of nutrients. It may be
useful for distinguishing or quality evaluation of some honey types. Honey may be considered as
moderate dietary source of free uridine and black locust honey contains significantly higher amount
of uridine (except buckwheat honey) than most of the investigated varieties. On the other hand,
mean levels of adenine and guanosine were significantly more abundant in linden honey than in
the most other varieties. The presence of nucleosides and nucleobases may partially explain the
beneficial activities, properties reported in scientific literature and traditionally attributed to honey.
This includes its topical application in herpes infections as well as its beneficial neurological activities:
antinociceptive, nootropic, and neuroprotective among others.
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Aleksandra Wilczyńska * and Natalia Żak
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Abstract: The aim of this study was to determine whether fluorescence spectrometry can be used
to identify the botanical origin of filtered honeys. Sixty-two honey samples with different botanical
origins, both filtered and unfiltered, were investigated in order to examine their fluorescence spectra.
The results showed that individual honey varieties have different fluorescence spectra, and the
filtration process had no impact on these spectra. The results suggest that fluorescence spectroscopy
may be a useful method to identify the botanical origin of filtered honeys.

Keywords: filtered honey; botanical origin; fluorescence spectrometry

1. Introduction

Honey is a valuable, natural food product produced by Apis mellifera from plant juices (honeydew)
and flower nectar. Both are processed by bees and enriched with their scent-gland secretions. It is
a product of the highest quality, not obtainable by any other means. The quality of honey depends on
environmental conditions, the climate, the beekeeper’s interference in the production process, and the
method of its collection and storage. However, the chemical composition and sensory characteristics of
honey depend mainly on its botanical origin—the type and species of the plant that it comes from.
Additionally, the specific chemical composition of different honey types determines their therapeutic
properties [1–4].

Due to its high price, natural honey is often adulterated [5]. The results of the honey quality
control indicate that many producers use misleading practices regarding the expected nutritional
and health properties of honey. The most common adulteration techniques involve feeding sugar
syrup to the bees during the nectar flow, or adding sugar to honey to increase the final product
volume. [6]. However, the most common practice, recently, is the falsification of the botanical origin of
honey, consisting in declaring honey as unifloral, when it is the cheapest multi-flower honey or honey
imported from outside the European Union, e.g., from China.

The honey filtration process also helps to falsify it. According to Council Directive 2001/110/EC
relating to honey, filtered honey is: “honey obtained by removing foreign inorganic or organic matter
in such a way as to result in the significant removal of pollen”. As a result of honey filtration, glucose
crystals, impurities, yeast cells, wax fragments, and dyes are removed. However, the most important
fact is that most pollen grains are lost as a result of filtration. Therefore the filtration process changes
slightly the organoleptic properties of honey (color, taste, smell), as well as its chemical composition
and biological properties [7,8]. This prevents the honey variety from being correctly identified.

The identification of the biological origin of honey is very important, because it determines
the properties of individual honeys. The most common reference method for identifying polyfloral
honey types, recommended by Codex Alimentarius and other honey standards, is the time-consuming
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palynological analysis. However, in some cases, the percentage of pollen is not always decisive,
because the production of pollen and nectar by flowers is not always simultaneous, varying between
countries and even within the same country, according to the geographical area [9]. Moreover,
a palynological analysis is protracted and involves dedicated experts. The authenticity and health
benefits of different honey types can also be determined based on their sensory parameters and chemical
composition: amino acids, sugars, polyphenols, volatile compounds, etc. [10–12]. The combination of
the multi-component analysis and chemometric techniques is also increasingly used [13–20]. However,
due to the fact that the filtration process affects the chemical composition of honey, it is almost
impossible to use all of these methods to properly identify the botanical origin of filtered honeys.

The authenticity of different honey types may also be ascertained by infrared spectroscopy and
fluorescence spectroscopy [21,22]. The advantage of fluorescence spectroscopy is the high sensitivity and
specificity of the classification. Fluorescence spectroscopy requires only a minimal sample preparation.
The results of the above-mentioned studies confirmed that single synchronous fluorescence spectra of
different honeys differ significantly because of their distinct physical and chemical characteristics, and
provide sufficient data for the clear differentiation among honey groups. The studies demonstrated that
this method is a valuable and promising technique for honey authentication. According to Ruoff [23],
honeys are well known to contain numerous fluorophores such as polyphenols and amino acids. Some
of them have been proposed as tracers for unifloral honeys—ellagic acid for heather honey, hesperetin
for citrus honey, phenylalanine and tyrosine, which have been found to be characteristic for lavender
honey and allowed a differentiation from eucalyptus honey, and tryptophan and glutamic acid, which
have been shown to be useful for the differentiation between honeydew and blossom honeys. Due to
the presence of such strong fluorophores, fluorescence spectroscopy may be helpful for authenticating
the botanical origin of honey. Therefore, the aim of our study was to determine whether fluorescence
spectra can also be used to identify the botanical origin of filtered honeys.

2. Results and Discussion

The emission spectra (excitation: 200–450 nm; emission: 260–560 nm) considered in this investigation
allowed the study of the fluorescence of honey samples and the variation of their botanical origins and
filtration. The EEM spectra were measured for the tested honeys. Figure 1 shows the results as contour
maps, after removing Rayleigh scattering for 62 samples of different honey types: multifloral, honeydew,
acacia, goldenrods, rape, phacelia, lime, buckwheat, and dandelion.

In Figure 1, it appears that each honey type exhibited a specific fluorescence spectrum. It was
concluded that emission spectra (260–560 nm) are fingerprints allowing a good identification of the
botanical origin of honeys. It can be seen that the results were consistent with the results of other
researchers [22,24–29].

It could be seen that dandelion and goldenrods fluoresced very strongly over the emission range
of 380–540 nm and the excitation range of 300–435 nm. On the other hand, rape honey samples had
an almost negligible emission in this spectral region. But the intensity of the fluorescence was very
strong over the emission range of 320–410 nm and the excitation range of 250–310 nm. It could also be
seen that acacia, buckwheat, and honeydew honeys were characterized by two very intense emission
sources (acacia: 320–385 nm and 390–500 nm, buckwheat: 310–360 nm and 380–450 nm, and honeydew:
320–385 nm and 380–525 nm).
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Figure 1. Excitation emission (EEM) spectra of different botanical origins of honey (a–acacia, b–
phacelia, c–buckwheat, d–lime, e–multifloral, f–rape, g–dandelion, h–honeydew, and i–goldenrods). 
Source: own research. 

It could be seen that dandelion and goldenrods fluoresced very strongly over the emission 
range of 380–540 nm and the excitation range of 300–435 nm. On the other hand, rape honey 
samples had an almost negligible emission in this spectral region. But the intensity of the 
fluorescence was very strong over the emission range of 320–410 nm and the excitation range of 
250–310 nm. It could also be seen that acacia, buckwheat, and honeydew honeys were characterized 
by two very intense emission sources (acacia: 320–385 nm and 390–500 nm, buckwheat: 310–360 nm 
and 380–450 nm, and honeydew: 320–385 nm and 380–525 nm). 

Figure 2 shows the synchronous cross-sections of these spectra obtained at Δλ = 100 nm for 
honey samples and the variation of their botanical origins. Similar results were presented by Gębala 
[30] and Lenhardt et al. [22]. 
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Figure 2 shows the synchronous cross-sections of these spectra obtained at ∆λ = 100 nm for honey
samples and the variation of their botanical origins. Similar results were presented by Gębala [30] and
Lenhardt et al. [22].
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Figure 3 shows the fluorescence spectra of the same honey samples, but subjected to a filtration
process. Statistical analysis confirmed that the filtration process does not affect the shape of the spectra
(F = 3.65, p = 0.056), while the differences in the spectra of honeys of different botanical origins were
statistically significant (F = 8.59, p = 0.00).
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The spectra of all tested honeys in connection with the filtration process are characterized by the
presence of the same characteristic emission strip of variable intensity, as it can be seen in Figure 4a–i.
In Table 1, the mean emission intensities over characteristic spectral regions for filtered and unfiltered
honeys of different types are summarized.

Filtered honeys exhibited higher fluorescence intensities for acacia honey. It was possible to
observe characteristic changes in the synchronic spectrum of the filtered acacia honey in relation to the
spectrum of the unfiltered acacia honey (∆λ = 100 nm): increased intensities in the short-wave strip,
increased intensity in the strip of intermediate range, and no change in the long-wave spectrum. There
was a noticeable tendency for a rise to three emission excitances: 230 nm for unfiltered and filtered
honeys, 275 nm and 340 nm for the filtered honey, and 280 nm and 335 nm for the unfiltered honey.
Considering the filtration, an increase in the intermediate strip emission intensity (from 235 to 430 nm)
was observed (Figure 4a and Table 1).

In the case of the synchronic spectrum of the phacelia honey (∆λ = 100 nm) there were three
emission excitations: 230 nm, 275 nm, and 355 nm. Considering the filtration, an increase in the
intensity of the emission line was observed from 250 to 410 nm (Figure 4b and Table 1).

Figure 4c shows the set of synchronic spectra for buckwheat honeys obtained at ∆λ = 100 nm. It
can be observed that the spectra of all studied buckwheat honeys were characterized by the presence
of the same emission strips. Their intensity is different only in the range of 325 to 415 nm. In this range,
the intensity of unfiltered honeys increased significantly (Figure 4c and Table 1).

The same results were obtained for the set of synchronic spectra for the lime honeys obtained
at ∆λ = 100 nm. It could be observed that the spectra of all studied lime honeys were characterized
by the presence of the same emission strips and intensity. The only exception was the intensity of
the emission in the range of 275 to 365 nm. In this range, the intensity of unfiltered honeys increased
slowly (Figure 4d and Table 1).
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Figure 4. Normalized fluorescence emission spectra of different botanical origins of filtered and
unfiltered honeys (a–acacia, b–phacelia, c–buckwheat, d–lime, e–multifloral, f–rape, g–dandelion,
h–honeydew, and i–goldenrods) F-filtered and unfiltered. Source: own research.

Filtered honeys included lower fluorescence intensities for multifloral honeys. It was possible to
observe characteristic changes in the synchronic spectrum of the filtered multifloral honey in relation to
the spectrum of the unfiltered acacia honey (∆λ = 100 nm): increased intensities in the short-wave strip,
increased intensity in the strip in the intermediate range, and no change in the long-wave spectrum.
There was a noticeable tendency for up to three emission excitances: 230 nm, 275 nm, and 360 nm. The
fluorescence intensity of filtered and unfiltered honeys was the same from 420 to 450 nm (Figure 4e
and Table 1).

Filtered honeys included higher fluorescence intensities for rape honeys. It was possible to observe
characteristic changes in the synchronic spectrum of filtered rape honeys in relation to the spectrum of
unfiltered acacia honey (∆λ = 100 nm): no change in the short-wave strip (225 nm), increased intensity
in the strip in the intermediate range, and in the long-wave spectrum. There was a noticeable tendency
for up to two emission excitances: 230 nm, and 275 nm. The third maximum (335 nm) was observed to
be flatter (Figure 4f and Table 1).

Figure 4g and Table 1 show the set of synchronic spectra for dandelion filtered and unfiltered
honeys obtained at ∆λ = 100 nm. It can be observed that the spectra of all studied dandelion honeys
were characterized by the presence of the same emission strips. Their intensity was different only in
the range of 200 to 285 nm. The third maximum (350 nm for unfiltered honeys and 355 nm for filtered
honeys) was observed. In this range, the intensity of unfiltered honeys gently increased.

It was possible to observe characteristic changes in the synchronic spectrum of the filtered honeydew
honey in relation to the spectrum of the unfiltered acacia honey (∆λ = 100 nm). The short-wave and
intermediate range strip spectrum (from 200 to 380 nm) of the filtered honeys included higher fluorescence
intensities than unfiltered honeys. There was a noticeable tendency for up to three emission excitances:
230 nm, 280 nm, and 360 nm. In addition, no changes could be observed in the long-wave spectrum
including filtered and unfiltered honeys, from 380 to 450 nm (Figure 4h and Table 1).

Figure 4i and Table 1 show the set of synchronic spectra for goldenrod honeys obtained at
∆λ = 100 nm. It can be observed that the spectra of all studied goldenrods honeys were characterized by
the presence of the same emission strips. Their intensity was different only in the range of 320 to 415 nm.
In this range, the intensity of unfiltered honeys increased significantly. The fluorescence intensity of
filtered and unfiltered honeys was the same from 420 to 450 nm—no changes in the long-wave spectrum.
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Table 1. Mean emission intensities over characteristic spectral regions for filtered and unfiltered honeys
of different types.

Spectral
Region Excitation Type of Honey Kind of

Processing
Mean Intensities of

Fluorescence SD

1st 200 dandelion

unfiltered

21.19 1.69
1st 230 honeydew 33.34 3.43
1st 230 goldenrods 8.96 2.62
1st 230 rape 45.78 2.82
1st 230 multifloral 58.15 3.98
1st 230 acacia 51.04 3.50
1st 235 phacelia 41.46 3.62
2nd 275 rape 37.59 2.26
2nd 275 lime 77.52 9.15
2nd 275 multifloral 100.96 6.17
2nd 275 buckwheat 37.59 2.21
2nd 275 phacelia 63.43 4.26
2nd 280 honeydew 59.42 6.32
2nd 280 acacia 86.65 5.83
2nd 285 dandelion 110.27 6.28
3rd 335 rape 67.70 2.46
3rd 335 acacia 108.37 4.63
3rd 355 dandelion 106.82 2.46
3rd 355 phacelia 108.45 3.96
3rd 360 honeydew 114.42 4.69
3rd 360 multifloral 126.41 4.19
3rd 360 buckwheat 91.98 2.90
3rd 365 goldenrods 64.49 4.13
3rd 365 lime 107.44 4.13

1st 200 dandelion

filtered

25.41 1.69
1st 230 honeydew 43.98 2.96
1st 230 goldenrods 10.66 4.94
1st 230 rape 45.59 3.06
1st 230 multifloral 44.56 3.79
1st 230 acacia 37.89 3.78
1st 235 phacelia 40.16 3.05
2nd 275 rape 38.65 2.21
2nd 275 lime 35.35 1.74
2nd 275 multifloral 84.70 6.76
2nd 275 buckwheat 37.91 2.20
2nd 275 phacelia 65.57 3.96
2nd 275 acacia 80.11 5.39
2nd 280 honeydew 82.98 5.58
2nd 285 dandelion 105.81 6.07
3rd 335 rape 72.68 2.78
3rd 340 acacia 100.66 3.69
3rd 350 dandelion 103.96 2.71
3rd 355 phacelia 115.21 3.68
3rd 360 honeydew 124.82 4.69
3rd 360 goldenrods 69.06 6.26
3rd 360 multifloral 111.97 3.89
3rd 360 buckwheat 97.24 3.58
3rd 365 lime 110.20 4.75

SD–standard deviation. Source: own research.

An appropriate classification and confirmation of the honey’s authenticity is extremely important,
because the health-promoting effect of honey is related to its chemical composition, and hence, to its
botanical origin. The obtained results have once again confirmed that fluorescence spectrometry is
an excellent method for the fast and nondestructive identification of the botanical origin of honey,
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and these results were consistent with those of other researchers [26–31]. However, it has been
demonstrated for the first time that fluorescence spectrometry can be used also to determine the
botanical origin of filtered honeys. As mentioned in the introduction, the main fluorophores in honey
are phenolic compounds and aromatic amino acids. The EEMs of honey are characterized by a spectral
region characterized by high emission intensities, and these emissions come from these compounds.
The results obtained in this study confirm our previous observations that the filtration process does
not change the phenolic content of honey [8]. Therefore, the spectra of filtered honeys differed slightly
in the fluorescence intensity, while the shape of the spectra did not change.

3. Materials and Methods

3.1. Samples

Sixty-two honey samples of 9 different botanical origins (multifloral: 12, honeydew: 12, acacia: 3,
goldenrods: 3, rape: 9, phacelia: 5, lime: 5, buckwheat: 8, dandelion: 5) were analyzed to evaluate the
effect of filtration on the fluorescence spectra. The honeys, provided by a local beekeepers’ association
from the Pomeranian province, were harvested in 2017. Each sample was available as unfiltered and
originally filtered forms, to compare the honeys directly.

The samples (100–150 g) were subjected to a filtration process—for this purpose they were rapidly
heated to 45 ◦C for 5–10 min, to reduce the honey viscosity and dissolve any crystals. The honey
was mixed thoroughly, then filtered through Schott filters (Duran, Mainz, Germany) with a pore size
<100 µm, under a pressure of 0.3–0.4 MPa. The honey was then cooled down. The filtered and unfiltered
samples were stored without light at room temperature until the analysis (no longer than 48 h).

3.2. Methods

Fluorescence spectra were determined by a method patented by Gębala and Przybyłowski [30,31].
The studies were carried out using a set-up based on the Fluorescence Spectrophotometer F-7000
Hitachi, Japan. A special adapter was built for it, in order to change its traditional measurement range
(Figure 5.). During the measurement, the fluorescence intensity was measured from the surface of the
sample, where the excitation radiation falls on. A reflective geometry enable to eliminate the effects
of the internal filter associated with high absorbance of the sample—weakening of the fluorescence
intensity due to the absorbance of excitation and the radial radiation emitted [30,31].
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Figure 5. Scheme of surface fluorescence measurement. Source: [30,31].

The dimensional fluorescence spectra were measured at room temperature and daylight. Honey
samples were liquefied at 40 ◦C and pipetted into 0.5 mL quartz cuvettes before measurements. The
fluorescence spectra were obtained by recording the emission spectra (from 220 to 560 nm with a 10-nm
step) corresponding to excitation wavelengths ranging between 200 and 450 nm (with a 5-nm step), and
automatically normalized to the excitation intensity by the instrument. The sensitivity of the excitation
and emission measurements was stated at a voltage equal 600 V. The difference between the fluorescent
light wavelength (γF) and the excitation light wavelength (γw) was preferably 100 nm [30,31].
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The fluorescence spectra were normalized by reducing the area under each spectrum to a value of
1 [24]. This was to reduce scattering effects and compare the investigated honey samples.

All analyses were done in triplicate. The final results are presented as a set of numerical data in
the form of contour maps (excitation emission (EEM)) and the synchronous cross-sections of these
spectra were obtained at ∆λ = 100 nm for honey samples.

To determine the effect of the filtration or botanical origin on the shape of the spectra, one-
and two-way analysis of variance (ANOVA) were used. Statistical hypotheses were verified at the
significance level of p = 0.05.

4. Conclusions

1. The methodology proposed here allowed honey samples to be distinguished based on their
different botanical origins, by using the simple and fast analysis of their fluorescence spectra.

2. The fluorescence spectra were the same for the filtered and unfiltered honeys, but the intensity
of the fluorescence was different. This means that fluorescence spectra can also be used to identify
filtered honeys.
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the final version of this article. N.Ż.: performed the researches and analyzed the results. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors acknowledge the financial support of Gdynia Maritime University (projects:
WPiT/2019/PZ/04 and WPiT/2019/PI/06).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bogdanov, S.; Jurendic, T.; Sieber, R.; Gallmann, P. Honey for nutrition and health: A review. JACN 2008, 27,
677–689. [CrossRef] [PubMed]

2. De Silva, P.M.; Gauche, C.; Gonzaga, L.V.; Costa, A.C.O. Honey: Chemical composition, stability and
authenticity. Food Chem. 2016, 196, 309–323. [CrossRef] [PubMed]

3. Escuredo, O.; Dobre, I.; Fernández-González, M.; Seijo, M.C. Contribution of botanical origin and sugar
composition of honeys on the crystallization phenomenon. Food Chem. 2014, 149, 84–90. [CrossRef]

4. Kaskoniene, V.; Venskutonis, P.R.; Ceksterytè, V. Carbohydrate composition and electrical conductivity of
different origin honeys from Lithuania. LWT-Food Sci. Technol. 2010, 43, 801–807. [CrossRef]

5. Soares, S.; Amaral, J.S.; Oliveira, M.B.P.P.; Mafra, I. A comprehensive review on the main honey authentication
issues: Production and origin, Comp. Rev. Food Sci. and Food Safety. 2017, 16, 1072–1100. [CrossRef]
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Abstract: Nowadays, the mislabeling of honey floral origin is a very common fraudulent practice.
The scientific community is intensifying its efforts to provide the bodies responsible for controlling
the authenticity of honey with fast and reliable analytical protocols. In this study, the classification of
various monofloral honeys from Sardinia, Italy, was attempted by means of ATR-FTIR spectroscopy
and random forest. Four different floral origins were considered: strawberry-tree (Arbutus Unedo
L.), asphodel (Asphodelus microcarpus), thistle (Galactites tormentosa), and eucalyptus (Eucalyptus
calmadulensis). Training a random forest on the infrared spectra allowed achieving an average
accuracy of 87% in a cross-validation setting. The identification of the significant wavenumbers
revealed the important role played by the region 1540–1175 cm−1 and, to a lesser extent, the region
1700–1600 cm−1. The contribution of the phenolic fraction was identified as the main responsible for
this observation.

Keywords: honey discrimination; strawberry-tree; thistle; eucalyptus; asphodel; attenuated total
reflectance; Fourier transform infrared spectroscopy

1. Introduction

Since prehistoric times, honey has been one of the most popular foods for humans. In
addition to its role as a food sweetener, several studies have classified honey as functional
food because of its several biological and nutraceutical properties such as antioxidant, anti-
ulcer, antibacterial and also anti-tumor activities [1]. The distinct organoleptic properties
combined with its nutritional characteristics constitute the basis of a continuously growing
demand for honey. In recent years, honey imports into the EU have increased at a rate of
more than 10,000 tons per year [2]. The occurrence of fraudulent activities aimed at placing
on the global market honey mislabeled with regard to its floral origin or adulterated with
exogenous sugars have prompted the European Union to implement control measures.
However, the official analytical procedures provided by current legislation present several
limitations in the identification of the botanical and/or geographical origin of honey [3]. In
addition, the traditional melissopalinological analysis is not effective in the authentication
of filtered honeys and those whose pollen is underrepresented. For these reasons, for sev-
eral years the scientific community has been developing instrumental analytical protocols
aimed at relating specific markers or classes of compounds to the floral origin of honey,
most of them summarized in a number of authoritative reviews [4–6]. In this context, chro-
matographic techniques have for years been a key tool in the search for specific markers.
For instance, the use of HPLC-based protocols has in the past made possible to identify the
origin of honey through the profile of carbohydrates [7–9], phenolic compounds [7,10,11],
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and macro- and micro-nutrients [12]. In addition, the use of gas-chromatography (especially
when coupled to mass spectrometry) has proved to be fundamental for the identification
of volatile compounds related to honey source [13–16]. As regards the use of the volatile
fraction as a tool for botanical origin attribution, non-chromatographic techniques have
been also used, such as MS-based electronic nose [17].

Some studies have demonstrated the effectiveness of spectroscopic approaches di-
rected rather than the quantification of specific compounds, to the acquisition of finger-
prints containing the information necessary for the identification of honeys. Among these,
Raman spectroscopy [18,19], NMR [20,21], VIS/NIR spectroscopy [22], and mass spectrom-
etry [23] are worthy of citation.

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) has
proven to be particularly useful for the detection of honey adulteration [24–28]. Besides,
scientific literature offers various examples related to the employment of this technique in
the classification of botanical origin of honey. For instance, the differentiation of honeys
of various floral origins from India [29], Turkey [30], Poland [31], and Croatia [32] was
performed by means of ATR-FTIR combined with chemometrics.

Strawberry-tree honey (Arbutus unedo L.) represents one of the most typical beekeeping
products of Sardinia, Italy, and, more generally, of the Mediterranean region [33,34]. The
refined bitter taste along with the scarce production make this honey one of the most
expensive of Southern Europe [35]. In addition, the presence in high amounts of various
bioactive compounds (e.g., phenolic acids, flavonoids, terpenes etc.) gives strawberry-
tree honey distinct nutraceutical and functional properties [36,37] comparable in some
cases to those of the more famous Manuka honey [34]. The authentication of this honey
has so far mainly been based on the qualitative and quantitative determination of its
chemical marker, the homogentisic acid [10,38–40]. Other typical honeys of the area
include asphodel (Asphodelus microcarpus), thistle (Galactites tormentosa), and eucalyptus
(Eucalyptus calmadulensis) honeys [41,42]. Also for these products, the authentication of the
botanical origin has been until now performed by the application of instrumental protocols
aimed at identifying and/or quantifying specific chemical markers [33,43,44].

Multivariate data analysis and machine learning techniques have proved to be excel-
lent strategies for honey discrimination [45]. Random forest is a classification algorithm
based on the construction on several decision trees. A subset of independent features is
used for the training phase in order to construct each tree. The deriving set of trees is then
used to assign one class to an object (sample) on the basis of the most frequent classification
among them [22,45–47]. The prediction accuracy obtained by a multitude of decision tree
is generally higher than the one obtained with a single tree [46]. Despite the potential of
this classification algorithm, only a few examples of the application of random forest for
honey classification can be found in the literature [22,46,48].

To the best of our knowledge, a classification of the strawberry-tree honey using
FTIR methods has been only once attempted but the low number of samples analyzed
prevented from any reliable conclusion [49]. In this work, we report a classification of
strawberry-tree honey along with three other typical floral origins from Sardinia (Italy) by
means of ATR-FTIR spectroscopy combined with random forest.

2. Results
2.1. ATR-FTIR Spectra

Figure 1 shows raw representative ATR-FTIR spectra of the four selected honey types
in the region 4000–400 cm−1.

The visual analysis of the spectra allowed identifying the characteristic absorption
bands of honey, based on the information provided by scientific literature [31]. More
specifically, the region between 3000 and 2800 cm−1 includes the signals deriving from C-H
stretching of carbohydrates [50], O-H stretching of carboxylic acids [51] and NH3 stretching
of free amino acids [50,52]. Bands in the region 1700–1600 cm−1 are instead attributable to
the O-H stretching and bending of water [53], the stretching of carbonyls mainly belonging
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to carbohydrates [50] and the N-H bending of primary amides of proteins [54]. In the
spectral region 1540–1175 cm−1 it is possible to observe the absorption bands related to
the stretching and bending of not water-related hydroxyl groups [50,55], C-O and C-H
stretching of carbohydrates [56], and the carbonyl stretching of ketones [55]. Ring vibrations
(mainly attributable to carbohydrates) [50,55] along with the signals related to C-O and C-C
stretching are visible in the region between 1175 and 950 cm−1 [56,57]. Finally, between
940 and 700 cm−1, there is the anomeric region of carbohydrates [57,58] where the C-H
bending [50,55,59] and ring vibrations produce signals [55].
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Figure 1. Average raw ATR-FTIR spectra of the selected floral origins.

2.2. Random Forest Classification

Across 100 runs, the random forest achieved a mean accuracy of 87% with a standard
variation of 7%. The analysis was repeated with permuted labels. In this case, mean
accuracy only reached 43%, indicating the former average accuracy was due to a real
signal and no statistical artifact. Specificity and sensitivity values were 94.3% and 72.6%
for asphodel, 93.9% and 87.3% for eucalyptus, 96.4% and 90.5% for thistle, and 99.9% and
91.6% for strawberry-tree, respectively.

For each run, the ten most important wavenumbers were identified. Table 1 lists
preselected ranges and the frequency at which the most important wavelengths fell into
them.

Table 1. Distribution of important wavelengths across preselected ranges.

Wavenumber Range (cm−1) Frequency (%)

3000–2800 1.2
1700–1600 10.7
1600–1540 1.1
1540–1175 87
1175–940 0
940–700 0

3. Discussion

One of the greatest advantages of the adopted approach is given by the total absence of
any sample pre-treatment along with the possibility to obtain, for each one of the samples,
all the information required to build the classification model in a few seconds. To the best of
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our knowledge, this study provides the first example of the building of a machine learning
model aimed at predicting the selected honey botanical sources without the support of
any sample extraction and/or clean-up. The combination of ATR-FTIR with random
forest algorithm proved to be successful for the classification of the selected floral origins.
Although 87% prediction accuracy could be considered, in some data science scenarios,
relatively low when k-fold or leave-one-out cross validation is performed, it is important
to bear in mind that the above mentioned cross validation approaches tend to overestimate
the general model performances when applied on small datasets [60]. The lack of previous
studies aimed at classifying the selected floral origins by means of IR spectroscopy and
random forest prevents us to make reasonable comparisons regarding the model accuracy.
As regards the application of random forest in combination with other analytical techniques
for honey classification, to the best of our knowledge only two contributions have been until
now published. In the first study, electrophoresis was used in order to discriminate between
two different honey types [48]. In the most recent contribution, the classification of honeys
belonging to the different floral sources was successfully achieved (prediction accuracy
of 98.2%) by means of laser induced breakdown spectroscopy and random forest [61].
However, in this study only ten samples were considered, and the specific attribution of
the various floral sources was somehow missing, being some of them simply indicated as
“flower honey” or “forest honey”.

Our results further support the importance of the so-called fingerprint region in
the definition of the floral origin of honey. In fact, also in previous studies [22,30], the
interval 1800–750 cm−1 played a predominant role in the differentiation of honeys, although
in those cases no classification technique was applied (i.e., only principal component
and/or hierarchical cluster analysis). In our case, the major contribution of the various
wavenumbers can be traced back to an even narrower range (1540–1175 cm−1, 87%). As
already explained above, the absorptions in this spectral region are mainly due to the
stretching and bending of not water-related hydroxyl groups, C-O and C-H stretching of
carbohydrates and the carbonyl stretching of ketones [30]. Flavanols and phenols contribute
to this spectral region [62]. This observation is somehow supported by the conclusions
obtained in a previous study, where total content of polyphenols was considered, among
various chemical and physical parameters, one of the main discriminant factors between
strawberry-tree, asphodel, thistle and eucalyptus honeys from Sardinia [42]. Although to a
much lesser extent, also the 1700–1600 cm−1 range contributed to the classification of the
four types of honey (10.7% of the wavenumbers). The presence of phenolic compounds
has been in the past related to the bands in this region, supporting the hypothesis that the
profile of polyphenols could underlie this honey differentiation. Average spectra in these
regions are shown in Figure 2.
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As a mere visualization aid, an unsupervised (i.e., with no classification and/or
regression aims) random forest was performed and plotted after multidimensional scaling
(MDS, Figure 3).
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Figure 3. 2D visualization of unsupervised random forest.

The unsupervised proximity information plotted in 2D shows how strawberry-tree
honeys are clearly identifiable, being the corresponding cluster visibly distinguishable
from the other three. This observation could be the evidence of the influence of the distinct
chemical characteristics of strawberry-tree honey on the IR spectrum. In fact, this honey
stands out from the other local honeys due to its extremely high polyphenol content,
which constitutes the main reason for its nutraceutical properties. This observation is also
supported by the high sensitivity value recorded for strawberry-tree honeys, very close
to 100%. On the other hand, asphodel honeys showed the lowest sensitivity resulting as
the most misclassified among the four botanical origins, over the 100 iterations. These
findings could be explained by the wide variability in the chemical composition of asphodel
honey [33]. For example, in a previous study concerning the classification of the same
floral sources by physicochemical determinations, this honey showed, compared to the
others, a wider range in the total phenolic content, FRAP antioxidant activity and the
DPPH radical scavenging activity [42]. Also, eucalyptus honeys showed a sensitivity
lower than 90%. However, this case should be otherwise considered in comparison to
the one just mentioned, since this lower sensitivity value can be attributable to one single
eucalyptus honey sample which was repeatedly misclassified as asphodel honey over
several cross-validation iterations, revealing a likely initial mislabeling.

4. Materials and Methods
4.1. Honey Samples

A total of 80 honey samples was collected from beekeepers from Sardinia (Italy)
in the corresponding harvesting season (early spring for asphodel honey, late spring
for thistle honey, summer for eucalyptus honey and autumn for strawberry tree honey).
All samples were stored in the dark at 4 ◦C until analysis. The assignment of floral
origin was accomplished on the basis of the information provided by local producers
and melissopalinological analysis that provided, for each sample, data within the range
measured by Floris et al. [41].
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4.2. ATR-FTIR Spectroscopy

ATR-FTIR spectra were acquired by means of a Vertex 70 spectrophotometer equipped
with a platinum ATR-QL diamond accessory (Bruker Optics, Ettlingen, Germany). Spectra
were acquired in the region 4000–400 cm−1 by averaging 256 scans with a resolution of
4 cm−1, including background subtraction of the diamond window. The diamond was
cleaned between samples by using ethanol and ultrapure water.

4.3. Random Forest

A random forest was used in a cross-validation setting, where 70% (n = 56) of the
samples were randomly chosen as training set, the remaining 30% (n = 24) were used for
internal validation. More specifically, a shuffle-split cross-validation over 100 iterations
was performed. The typical honey wavenumber intervals already described in Section 2.1
as features were used. Thus, from the original 3800 features/wavelength, a subset of 1182
remained. Selection of the most significant features/wavenumbers was achieved based on
the highest mean decrease in accuracy per cross validation iteration. All statistical analysis
was conducted in R with the package “randomForest” [63].

5. Conclusions

Given the paucity of contributions aimed to evaluate the potential of the combination
of ATR-FTIR spectroscopy and random forest to classify honeys, this approach has been
used on a representative sampling of the most renowned four unifloral honeys from
Sardinia, Italy. The results demonstrated for a good level of prediction accuracy, obtaining
for each sample the required analytical information in a short time. Aspects like a difficult
classification on a palynological basis and the wide variability in the chemical composition
of the asphodel honey should be taken into account when this botanical origin is included
in the classification model. On the basis of the results reported here, further studies
are required to assess the prediction accuracy of this approach for a larger number of
botanical origins. As a final remark, since the phenolic fraction has been a key parameter
for discriminating the selected honeys on the basis of the infrared spectra, attention will be
paid in the future to the contribution of polyphenols towards the IR absorption spectra of
unifloral honeys.
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Abstract: Many imported honeys distributed on the Polish market compete with local products
mainly by lower price, which can correspond to lower quality and widespread adulteration. The aim
of the study was to compare honey samples (11 imported honey blends and 5 local honeys) based
on their antioxidant activity (measured by DPPH, FRAP, and total phenolic content), protein profile
obtained by native PAGE, soluble protein content, diastase, and acid phosphatase activities identified
by zymography. These indicators were correlated with standard quality parameters (water, HMF,
pH, free acidity, and electrical conductivity). It was found that raw local Polish honeys show higher
antioxidant and enzymatic activity, as well as being more abundant in soluble protein. With the
use of principal component analysis (PCA) and stepwise linear discriminant analysis (LDA) protein
content and diastase number were found to be significant (p < 0.05) among all tested parameters to
differentiate imported honey from raw local honeys.

Keywords: honey; quality standards; protein; amylase; acid phosphatase; native PAGE

1. Introduction

Honey is a product with a diverse chemical composition, which depends mainly on the
type and species of plant from which it originates. Poland is distinguished by particularly
large beekeeping traditions and Polish honeys invariably have a good reputation in foreign
markets. Lately, a lot of low-price imported honeys available on the Polish and EU market
have been competing with local products [1]. When the honey is a blend of honeys
harvested from more than one country, placing exact information concerning the country of
origin on the label is not required [2]. Imported honey is usually labeled as: “blend of EU
honeys”, “blend of non-EU honeys”, or “blend of EU and non-EU honeys”. Such honeys
can be of poor quality due to processing to extend their shelf life. Research conducted
by Dżugan et al. (2018) showed that imported honeys had an increased content of HMF
(5-hydroxymethylfurfural) and reduced diastase number, electrical conductivity, and total
acidity as compared to raw local honeys [3]. Imported honeys are frequently thermally
processed to kill certain types of bacteria or yeast responsible for fermentation and prevent
crystallization during storage. However, such processing also removes the natural flavors
and reduces antibacterial properties, nutrients, and antioxidants content. Contrarily, local
raw honey is seen as a high-quality and less allergenic product due to its pollen origin
from the immediate locations. Moreover, local raw honey containing pollen from the
surrounding area is known to immunize allergy sufferers, especially children [4,5].
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Until now the comparison between local and imported blends has been rarely per-
formed. Simultaneously, in numerous studies multivariate statistical analysis has been
applied for differentiating honey samples based on physicochemical properties and the
content of biologically active compounds [6–8]. Such classification is performed mainly
based on the biological origin of the samples, less often the geographical one. These analy-
ses can be also used to detect adulteration in honey. Despite a large spectrum of indicators
used in the honey analysis, starting with simple physicochemical parameters evaluation,
pollen analysis, sugar profiles by HPLC analysis, up to stable carbon isotope ratio analysis
(SCIRA) based on the calculation of the 13C/12C isotopes ratio [9–11], there is still an
urgent need to implement an effective method to differentiate the quality of honey samples.
Thus, the big challenge is applying chemometric analyses in the area of the differentiation
of raw local honeys and available on the market blends.

Raw honeys are generally more abundant in proteins which, due to their thermola-
bility, seem to be a sensitive but not frequently used marker of honey quality. Honey
proteins are mainly of bee origin, and only part of them come from nectar [12]. The protein
content is variety-dependent (0.2–0.4 mg/100 g for blossom and 0.4–0.7 mg/100 g for hon-
eydew honey) [13] and thermal processing affects protein level negatively. These molecules
are found in honey in small amounts, but they are partly responsible for the healing prop-
erties of honey. Although natural honeys contain a small amount of enzymes, including
diastase, invertase, glucose oxidase, acid phosphatase, catalase, and β-glucosidase, they
are very important in creating honey bioactivity [14]. Only diastase activity is included
in honey standards [15]. By using electrophoresis SDS-PAGE, protein fractions can be
obtained, and the number of proteins and polypeptides, as well as their molecular weight,
can be determined. However, electrophoretic techniques are rarely used in honey analysis,
although they can be a good tool for assessing the protein profile and even zymographic
detection of individual enzymes [16]. Confirmation of the suitability of this technique
would provide a promising tool to evaluate the quality of honey.

The aim of this study was to compare the quality of raw local honeys and imported
honey blends available on the Polish market based on antioxidant potential, amylase and
phosphatase activities, and protein profiling by native PAGE. Multivariate analysis (PCA
and LDA) applied to the obtained results allowed us to verify tested samples according to
their origin.

2. Results
2.1. Standard Quality Parameters

In order to assess the quality of tested imported honey in accordance with legal regu-
lations, their physicochemical parameters were determined. These data were compared to
reference honey samples originating from an ecological apiary of the Podkarpackie region
(Table 1).

Tested honeys predominantly fulfilled applicable legal standards regarding their
physicochemical properties. The water content in most of the tested honeys was within the
legal limits which was set to be below 20%, except for heather honey (maximum of 23%) [2],
but 25% of samples (including controls) slightly exceeded the set limit. However, the water
content was variety-dependent; the lowest was determined in acacia honey (17.71% on
average) as well as two samples of honeydew honey (17.55%), and the highest in buckwheat
and linden (average values 20 and 19.94%, respectively). Increased water content may be
caused by adverse weather conditions prevailing when honey was produced by bees or
immaturity resulting from early acquisition from the hive [13]. The results of the analysis
of free acids contained in the tested honeys prove that these honeys were mostly within
the norm and were comparable to our earlier findings [3,17,18]. The acidity of honey
depends on the type of raw material, the season in which it was obtained, and the degree
of its maturity [13]. Organic acids contained in honey lower its pH, which prevents the
growth of microorganisms and extends the product′s shelf life. As honey conductivity
should be within the range of 0.2 to 0.8 mS/cm for nectar and above 0.8 mS/cm for
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honeydew honey [2], all tested honeys fell within these parameters. This parameter
allows the distinguishing between nectar and honeydew honeys easily. The analysis by
Tomczyk et al. [18] of the physicochemical properties of selected nectar honey varieties
from the Podkarpackie region showed the conductivity of nectar honey ranged from 0.23
(for rape) to 0.82 mS/cm (for forest honey) which is comparable to the values obtained in
the present study.

Table 1. The physicochemical parameters of imported honey blends and raw local honey compared to applicable EU regulations.

Honey Sample Moisture Content
[%] pH Free Acidity

[mval/kg]

Electrical
Conductivity

[mS/cm]

HMF Content
[mg/kg]

N
ec

ta
r

H
on

ey

A1 17.20 ± 0.00 3.99 ± 0.02 * 16.00 ± 1.40 * 0.40 ± 0.00 * 5.82 ± 0.00 *
A2 18.75 ± 0.05 * 4.23 ± 0.01 * 10.50 ± 0.70 * 0.31 ± 0.02 35.20 ± 0.00 *
AC 17.17 ± 0.30 3.77 ± 0.03 20.85 ± 6.50 0.31 ± 0.18 22.66 ± 0.00
B1 19.80 ± 0.00 4.01 ± 0.02 * 21.50 ± 0.70 * 0.54 ± 0.00 * 6.40 ± 0.60 *
B2 19.70 ± 0.00 3.83 ± 0.00 23.50 ± 0.70 * 0.54 ± 0.01 * 34.18 ± 0.00 *
BC 20.50 ± 0.00 4.04 ± 0.00 * 26.50 ± 0.00 0.43 ± 0.01 20.02 ± 0.00
L1 20.50 ± 0.10 4.32 ± 0.00 14.50 ± 0.70 * 0.25 ± 0.02 * 19.33 ± 0.00 *
L2 19.05 ± 0.15 * 4.42 ± 0.02 14.50 ± 0.70 * 0.23 ± 0.02 * 23.23 ± 0.00 *
LC 20.30 ± 0.10 4.13 ± 0.00 25.50 ± 0.00 0.64 ± 0.00 13.20 ± 0.00
M1 18.85 ± 0.05 * 4.30 ± 0.02 10.50 ± 2.10 * 0.79 ± 0.02 * 73.92 ± 0.00 *
M2 18.35 ± 0.05 * 3.75 ± 0.02 * 16.50 ± 0.70 * 0.75 ± 0.01 * 47.55 ± 0.48 *
MC 20.20 ± 0.00 4.11 ± 0.00 29.50 ± 0.00 0.67 ± 0.00 12.50 ± 0.00

Applicable
limits [2] 20% <50 <0.8 <40

H
on

ey
de

w
H

on
ey

H1 17.55 ± 0.05 * 4.54 ± 0.02 * 29.50 ± 0.70 * 1.70 ± 0.01 * 11.78 ± 0.12 *
H2 17.55 ± 0.05 * 4.44 ± 0.01 * 38.00 ± 1.40 * 1.95 ± 0.06 * 35.38 ± 0.36 *
H3 18.75 ± 0.15 * 4.68 ± 0.00 * 29.50 ± 2.10 * 1.99 ± 0.07 * 15.04 ± 0.14
HC 19.90 ± 0.00 3.64 ± 0.00 30.50 ± 0.00 1.16± 0.00 19.80± 0.00

Applicable
limits [2] 20% <50 >0.8 <40

* Means marked with the symbol differ statistically significantly from a suitable high-quality local control sample (marked with bold): AC
for acacia, BC for buckwheat, LC for linden, MC for multifloral, and HC for honeydew honey (t-test, p < 0.05).

The HMF (5-hydroxymethylfurfural) content in honey must not exceed 40 mg/kg [2].
Among the samples tested, only two imported multifloral honeys showed HMF content
higher than permissible standards. However, in most cases, raw honeys from the Pod-
karpackie region contained less HMF than their imported counterparts, except for the lower
values for single samples of acacia, buckwheat, and honeydew honey. As an HMF increase
can result from long storage in inappropriate conditions, adulteration with corn syrup, or
prolonged heating, it is an important parameter used to control honey overheating. Such
processing may cause a decrease in the nutritional value by degradation of thermolabile
vitamins and bio-nutrients, and also contribute to a decrease in diastase activity [19]. It is
in agreement with the findings of Sanz et al. for honeys obtained directly from beekeep-
ers, which contained approximately five times lower HMF than honeys purchased in a
supermarket [20]. The increased level of HMF content in the case of some imported honeys
may result from their long storage or from the use of heating the honey in the production
of blends.

2.2. Antioxidant Properties

Antioxidant properties of honey are not specified in legal regulations; however, they
have been proposed as a useful indicator in the authentication of honey botanical origin [7].
On the other hand, antioxidant activity can serve simply as an indicator of the biological
activity of honey measured in vitro. A higher antioxidant capacity determines better
antimicrobial and anti-inflammatory activity of honey [21,22]. The data regarding the
antioxidant properties of all analyzed honeys are shown in Table 2. The total phenolic
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content was significantly correlated with the results of FRAP and DPPH analysis (Pearson
coefficient 0.952 and 0.558, respectively). The different strength of the correlation results
from the different mechanisms of the two methods used, which differ in sensitivity against
the hydrophilic and hydrophobic antioxidants fraction. The study showed a diverse
content of phenolic compounds depending on the honey type. Dark honeys (buckwheat
and honeydew) showed a higher content of these compounds. This is a well-known
feature of honey: the darker the honey, the richer in polyphenols, which was previously
presented by several authors [22–24]. Comparing ecological Podkarpackie honeys with
imported honey blends within the same variety, even the several times higher polyphenol
content and antioxidant activity of Polish nectar honeys (p < 0.05) measured by FRAP
method can be noticed. For honeydew honeys, smaller differences were observed. Smaller
differences for DPPH assay results were observed, which follows from the manner of the
results’ expression, as a percent of radical inhibition for direct comparison of the same
honey dilution, without calculating it to the honey mass unit. Based on the obtained
results of antioxidant potential, health benefits can be expected from consuming local
honeys of high quality. Special pro-health properties of honey with a high content of
antioxidant compounds were previously proved in the example of buckwheat honey,
which showed a protective effect against oxidative stress during an in vitro study using a
yeast biological model [22].

Table 2. The content of soluble protein, enzyme activity, and antioxidant activity of imported honey blends and raw local
honey.

Honey Sample Protein Content
[mg/100 g]

Enzymatic Activity Antioxidant Activity

Diastase Activity
(as Diastase

Number DN)

Acid Phosphatase
Activity

(mmol/g/min)

Total Phenolic
Content

(mg GAE/kg)

FRAP
(µmol TE/kg)

DPPH
(% Radical
Inhibition)

A1 27.27 ± 2.57 * 8.3 ± 2.3 * 5.0 ± 1.9 58.56 ± 0.56 * 203.85 ± 2.04 * 10.82 ± 0.22 *
A2 19.09 ± 2.57 * 2.7 ± 0.6 * 7.5 ± 2.6 98.20 ± 2.95 * 317.31 ± 6.35 * 11.51 ± 0.12 *
AC 37.73 ± 0.64 5.63 ± 1.8 7.7 ± 0.5 140.81 ± 11.41 531.96 ± 18.50 19.64 ± 6.13
B1 224.55 ± 6.43 * 13.9 ± 3.8 * 20.7 ± 0.4 * 516.22 ± 5.02 * 1113.46 ± 33.40 * 33.99 ± 1.02 *
B2 175.46 ± 14.14 * 10.3 ± 2.2 * 19.5 ± 1.7 * 653.15 ± 6.53 * 623.08 ± 11.98 * 39.55 ± 4.00 *
BC 475.456 ± 3.86 66.43 ± 5.7 31.8 ± 2.6 2075.70 ± 19.90 4973.10 ± 46.73 59.69 ± 2.51
L1 23.18 ± 0.64 * 4.3 ± 1.1 * 6.7 ± 0.9 * 125.23 ± 1.50 * 615.38 ± 12.31 * 17.76 ± 1.60 *
L2 23.634 ± 3.856 * 8.0 ± 1.2 * 5.2 ± 1.2 * 102.70 ± 1.13 * 607.69 ± 18.23 * 17.92 ± 0.36 *
LC 89.55 ± 1.93 28.94 ± 3.8 17.8 ± 2.6 436.90 ± 4.25 1555.80 ± 14.82 23.30 ± 0.76
M1 10.91 ± 0.00 * 2.7 ± 0.7 * 9.8 ± 1.7 * 161.26 ± 2.01 * 425.00 ± 8.50 * 13.73 ± 0.14 *
M2 53.18 ± 3.21 * 3.1 ± 0.9 * 10.3 ± 1.4 117.20 ± 1.18 * 334.62 ± 6.69 * 13.41 ± 0.11 *
MC 133.18 ± 4.50 29.51 ± 4.0 11.5 ± 0.2 496.80 ± 5.00 1470.20 ± 14.93 19.52 ± 0.26
H1 89.09 ± 6.43 * 16.3 ± 2.2 * 16.7 ± 0.5 310.81 ± 2.89 * 1390.38 ± 41.71 * 79.37 ± 4.76
H2 105.456 ± 21.86 * 12.5 ± 1.9 * 17.3 ± 2.8 * 597.30 ± 11.95 1934.62 ± 77.38 * 72.32 ± 0,71
H3 70.46 ± 8.36 14.6 ± 1.0 16.3 ± 1.9 568.47 ± 6.25 * 1488.46 ± 29.77 * 12.73 ± 0.10 *
HC 70.91 ± 2.57 17.45± 2.9 14.0 ± 1.9 646.80 ± 5.87 1526.00 ± 16.97 69.58 ± 0.35

* Means marked with the symbol differ statistically significantly from a high quality local control sample (marked with bold): AC for acacia,
BC for buckwheat, LC for linden, MC for multifloral, and HC for honeydew honey (t-test, p < 0.05).

2.3. Protein Content and Enzyme Activities

Table 2 summarizes also the total protein content and activity of selected enzymes
(amylase and acid phosphatase) in tested honeys.

Based on the obtained results, it was found that the protein content strongly depends
on the honey variety. The largest amounts of protein were determined in buckwheat and
honeydew honeys, which belong to the dark honeys. Acacia honey contained the lowest
amount of protein. Comparing ecological honeys with imported blends regardless of the
variety, a lower protein content was determined, excluding honeydew honey. Statistically
significant differences occurred for honeydew, multi-flower, buckwheat, linden, and acacia
honeys. However, the largest difference in protein content between the control and other
samples was found in buckwheat honey. Based on the obtained data, it can be assumed
that the amount of protein in honey strongly depends on its botanical origin. Cimpoiu
et al. presented a similar opinion; analyzing numerous samples of honey they noticed a
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significant relationship between the amount of protein and the variety of honey [25]. The
total protein content was also determined using the Bradford method by Flanjak et al.,
who demonstrated that the protein content in honey was in the ranges: 21–43 mg/100 g
of honey (acacia) and 30–95 mg/100 g of honey (honeydew) [26] which show a similar
order of magnitude to the data presented in this study. Especially in the case of buckwheat
honey, enhanced protein content was observed. A recognized indicator of honey quality,
included in Polish and international legal requirements for honey, is diastase (α-amylase),
the enzyme responsible for the hydrolysis of complex sugars. Natural honey does not
contain complex sugars, and the function of this enzyme in honey is not fully known [27].
However, the strong presence of amylase was confirmed in tested raw Polish honeys
regardless of the variety [17]. The found values of diastase numbers were very diverse,
ranging from 2.7 for acacia and multifloral honey up to 66 for buckwheat. Similarly, in
the presented study, the highest enzymatic activity of diastase was observed for all tested
buckwheat honeys, control honeydew honey, multifloral, and linden honey. Comparing
raw local honeys to imported blends, a much lower diastase number was determined in
imported honey samples, excluding acacia honey. This phenomenon could be a result of
honey thermal processing. Flanjak et al. investigated the enzymatic activity of amylase,
comparing the catalytic capacity of amylase in various types of honey [26], and found the
high amylolytic activity of honeydew honeys (DN from approx. 12–37) and low activity
of acacia honeys (DN 7.5–14). In turn, Bonta et al. found for acacia honey that the values
of the diastase number were below the limit specified in the regulations for 60% of tested
samples (from 2.6 to 6) [28].

Honey acid phosphatase activity is related to the fermentation processes of honey. This
enzyme originates mainly from nectar and pollen and can be used as a parameter for honey
characterization [29]. Buckwheat and honeydew honeys possessed the highest enzymatic
activity of acid phosphatase, while the smallest activity was found in linden and acacia
honeys. It is worth noting that for most honeys obtained from the ecological apiary, a higher
value of enzyme activity was determined than for their imported counterparts. Comparable
results were obtained by Flanjak et al. for honeys of different varieties [26]. The authors
indicate a wide discrepancy in the results of enzyme activity, but also draw attention to the
clearly greater enzymatic activity of acid phosphatase in honeydew honeys than in acacia
honey, which is in agreement with the results. Similar conclusions were obtained in the
further studies of Dżugan and Wesołowska, where the highest acid phosphatase activity
was showed in buckwheat, following by honeydew, linden, and multiflorous honey [30].

2.4. Protein Profile by PAGE

Native electrophoresis gels were stained for protein profile using a colloidal Coomassie
Brilliant Blue dye (Figure 1a). It was found that the tested honeys strongly differed in
protein profiles, which were manifested in the number of bands and/or their intensity.
It was especially visible for buckwheat (especially local BC) and honeydew honeys. The
lowest protein content was observed in linden and acacia honeys. It was also noted that
organic honey had definitely more protein than imported honey samples of the same
variety. The electrophoregrams clearly show that the total number of bands for individual
samples strongly varied. The smallest number of bands (3–4) was observed for multiflower
honeys and acacia honeys, and the greatest (approx. 6–7) for buckwheat and honeydew
honeys. Moreover, organic honey exhibited a richer protein profile than imported ones,
excluding honeydew honey. In all samples of Polish honey, the bands visible on the gel are
clearer and stronger than in imported samples (Figure 1a). The results obtained indicate
that despite not using a marker during native electrophoresis, which is because many
different factors affect the speed of protein migration (mass, shape, and charge), it is still an
extremely useful technique for screening. Based on electrophoretic separation, it is possible
to observe differences in both the amount of protein in samples and the protein profiles of
individual honey.
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Figure 1. Gels from native PAGE electrophoresis (a) for total protein stained with Coomassie Bril-
liant Blue, (b) for amylase activity, and (c) for acid phosphatase activity. A,B,C—amylase fraction, 
the white box marks the location of the acid phosphatase band. 

2.5. Native Enzymes Detection by PAGE 
Amylase activity was detected by native electrophoresis on gels with the addition of 

starch which were stained with Lugol′s solution (Figure 1b). After staining the gels, bright 
spots on the gel formed in places where the starch present in the polyacrylamide gel had 
been digested by the active amylase. This type of electrophoresis is called zymography. 
Based on the image, it can be assumed that three amylase isoforms (A, B, and C) which 
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Figure 1. Gels from native PAGE electrophoresis (a) for total protein stained with Coomassie Brilliant
Blue, (b) for amylase activity, and (c) for acid phosphatase activity. A,B,C—amylase fraction, the
white box marks the location of the acid phosphatase band.

2.5. Native Enzymes Detection by PAGE

Amylase activity was detected by native electrophoresis on gels with the addition of
starch which were stained with Lugol′s solution (Figure 1b). After staining the gels, bright
spots on the gel formed in places where the starch present in the polyacrylamide gel had
been digested by the active amylase. This type of electrophoresis is called zymography.
Based on the image, it can be assumed that three amylase isoforms (A, B, and C) which
differed in electrophoretic migration rates and molecular weights resulted in different
positions on the gel. For local honeys, isoform A was specific, excluding acacia honey
where isoform C also occurred. Meanwhile, for imported honeys, the isoforms B and C were
detected for three and five samples, respectively. Based on the intensity of the bright band,
which depends on the activity of enzyme protein, it can be confirmed that Polish buckwheat
honey contained the highest amount of active amylase protein, followed by honeydew
and linden honeys. The different forms of amylase detected in some imported honeys
indicated different origins of the enzyme. The amylase in honey is considered to be mainly
of bee origin and is secreted by the salivary and hypopharyngeal glands [31]. However,
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the presence of proteins with amylolytic activity derived from plants or microorganisms
cannot be ruled out [32]. Gels stained for acid phosphatase activity are shown in Figure 1c.
In all honey samples, the band corresponding to acid phosphatase was detected in the same
place at the bottom of the gel. It may indicate the common source of an acid phosphatase
present in honey, and confirmed the idea that this enzyme originated from the honey bee
digestive tract [33]. Depending on the honey variety, the color of the bands was more or less
intense, which was related to the content of the active enzyme in the samples. Buckwheat
honeys were characterized by the highest enzyme activity, whereas lime and acacia honeys
were less abundant in acid phosphatase. The ecological Polish honeys (marked with the
symbol C) exhibited higher enzyme activity (p < 0.05) compared to imported samples of
the same botanical origin.

The native electrophoresis is rarely used in the study of honey but allows under non-
denaturing conditions to separate isoforms of native proteins with preserved enzymatic
activity. Borutinskaite et al. [34] analyzed the enzymatic activity of catalase and glucose
oxidase in buckwheat honey using the native PAGE technique and performed an elec-
trophoretic separation of proteins found in buckwheat honey. They showed that buckwheat
honey is rich in proteins, as evidenced by a large number of intensely colored protein frac-
tions, and also detected the activity of selected enzymes (catalase and glucose oxidase) on
the gel. The use of electrophoresis in denaturing conditions (SDS-PAGE) is more frequently
used to verify the honey variety as well as its geographical origin [12,35–37]. Some at-
tempts to analyze honey proteins by 2D electrophoresis techniques are also known [16,38].
The authors confirmed the differences in the honeydew and nectar honey proteomes, and
they also selected a set of proteins useful for differentiating honey varieties. Based on the
PAGE gels presented in this study, it was indicated that native electrophoresis can be a
useful tool for the differentiation of local organic honeys and imported blends.

2.6. Multivariate Statistical Analysis of Obtained Results

Based on the determined parameters the chemometrics analysis was used to separate
imported honey blends from raw honey produced by local beekeepers. MANOVA analysis
was applied to determine which variables were statistically dependent (p < 0.05) in terms of
the botanical or geographical origin of honey samples. The moisture and HMF content, as
well as DPPH, were significant only in terms of botanical origin. Other variables were statis-
tically significant in both cases, excluding pH value. None of the variables were statistically
significant only due to the geographical origin. For the multivariate analysis, only the seven
significant variables (free acidity, electrical conductivity, protein content, diastase number,
acid phosphatase activity, total phenolic content, and antioxidant activity-FRAP) were used.
Principal component analysis (PCA) was performed to analyze the similarities between
the tested honey samples and the relationship between defined statistically significant
variables. Using the Kaiser criterion, the two principal components (PCs) accounting for
91.87% of the total variance were chosen: PC1 (including protein content, diastase number,
acid phosphatase activity, total phenolic content (TPC), and antioxidant activity (FRAP
assay)) and PC2 (electrical conductivity and free acidity), explained 70.19 and 21.68% of
the variance, respectively (Figure 2a).

The honey samples were divided into four separate groups (Figure 2b). Samples with
the low values of tested parameters are located on the upper-right part of the graph. These
were mainly imported samples (linden, multifloral, and acacia) which exhibited lower
values of studied parameters compared to samples from ecological apiaries, especially
the parameters that are responsible for the health-promoting properties of honey (such as
enzymatic and antioxidant activity). A particularly significant difference was observed
in the case of buckwheat honey (BC vs. B1 and B2 location on the plot) but linden and
multifloral honey are also located in two different sides of the plot (MC and LC left side
of PC1, M1, M2, L1, and L2 right side of PC1). Buckwheat honey from ecological apiary
was characterized by the highest amount of protein and total phenolic content and diastase
number, as well as highest antioxidant and acid phosphatase activity. These variables were
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highly positively correlated, with a Pearson correlation coefficient r above 0.86. Honeydew
honey samples are located in the bottom part of the graph, which is linked to PC2. These
honey samples had the highest electrical conductivity. This parameter was only correlated
with free acidity (r = 0.71). This means that this variable depended more on botanical origin
than the place where the samples were bought.
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Clear separation of imported samples from those bought in ecological apiaries was
not observed, because many variables were varietal-dependent. However, if we consider
the analysis of individual honey varieties, variables linked to PC1 can be considered as
parameters used for the differentiation of samples of low quality.

The stepwise linear discriminant analysis (LDA) was applied to determine which
variables could be used to distinguish imported honey samples available on the Polish
market from their ecological local counterparts. The best discriminant variables were
selected depending on their influence on the classification of samples based on the Wilks′

lambda criterion. Seven significant parameters were used as independent variables, and
the geographical origin of the sample was chosen as a dependent variable. The results show
that only two variables, protein content and diastase number, were found to be significant
(p < 0.05) for the discrimination of tested honey samples. One discriminant function was
formed: Wilk’s lambda = 0.495, χ2= 9.833, df = 2, and p = 0.07. The discriminant function
was used for the classification of honey samples according to the place of origin because it
explained 100% of the total variance, providing an eigenvalue higher than 1.

According to the classification matrix, all imported samples were classified correctly
(100% correct classification rate), while for local honeys the classification rate was 80%. One
sample (acacia honey) was incorrectly classified (Table 3). The tested acacia honey (AC) was
characterized by low enzymatic activity and low protein content, at a very similar level as
that found in imported honey. Moreover, in PCA this sample was grouped with imported
honey. Based on the obtained results, it can be stated that protein content and diastase num-
ber could be considered as markers for the identification of poor-quality samples within
the specific honey variety. Furthermore, stepwise linear discriminant analysis proved to be
an effective tool in distinguishing imported blends and local organic honeys (100% correct
classification). Similarly, stepwise LDA was successfully used by Manzanares et al. [6],
who differentiated honeydew from blossom honey based on physicochemical parameters.

Table 3. Results of stepwise discriminant analysis (LDA) for all the samples considered of different origin, and classification
matrix for individual honey samples.

Original Group
Predicted Classification (Number of Samples) Correct Classification (%)

Imported Local

imported 11 0 100
local 1 4 80
Total 12 4 93.75

Honey Samples Original Group Predicted Classification

A1 imported imported
A2 imported imported

AC * local imported
B1 imported imported
B2 imported imported
BC local local
L1 imported imported
L2 imported imported
LC local local
M1 imported imported
M2 imported imported
MC local local
H1 imported imported
H2 imported imported
H3 imported imported
HC local local

* Incorrect classifications are marked.
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3. Materials and Methods
3.1. Honey

Eleven imported honeys available on the Podkarpackie market in 2018 labeled as
mixtures of honeys originating in the EU and not originating in the EU were used. As
control samples, five raw local honeys produced in organic apiaries in the Podkarpackie
Voivodeship were used. Local honeys were selected as representative samples based on our
earlier study. Honey was kept in a dark place at room temperature until analysis. The used
markings, varieties, origin, and appearance of tested honeys samples are listed in Table 4.

Table 4. List of honeys used for research.

Symbol Variety Type Origin Color Crystallization State

A1 acacia blend, imported from outside the EU white liquid
A2 acacia blend, imported EU and from outside the EU white liquid
AC acacia raw, local Podkarpackie, Poland white liquid
B1 buckwheat blend, imported EU and from outside the EU dark amber partially crystallized
B2 buckwheat blend, imported EU and from outside the EU dark amber crystallized
BC buckwheat raw, local Podkarpackie, Poland dark amber partially crystallized
L1 linden blend, imported EU and from outside the EU white half crystallized
L2 linden blend, imported EU and from outside the EU extra light amber half crystallized
LC linden raw, local Podkarpackie, Poland extra light amber liquid
M1 multifloral blend, imported EU and from outside the EU amber crystallized
M2 multifloral blend, imported EU and from outside the EU light amber crystallized
MC multifloral raw, local Podkarpackie, Poland light amber crystallized
H1 honeydew blend, imported EU and from outside the EU dark amber crystallized
H2 honeydew blend imported EU dark amber liquid
H3 honeydew blend, imported EU dark amber liquid
HC honeydew raw, local Podkarpackie, Poland dark amber crystallized

3.2. Refractometric Determination of the Water Content in Honey

The determination of the water content was done by the refractometric method, using
a RHN1-ATC refractometer (refraktometr.eu, Hradec Kralove, Czech Republic).

3.3. Active and Free Acidity

For the determination of acidity, 20% solutions of honey in distilled water were
prepared. To determine active acidity, a pH measurement was used using a CP-401 pH
meter (Elmetron, Zabrze, Poland). To determine the free acidity, 50 mL of 20% honey
solution was titrated by 0.1 M NaOH to reach a pH of 8.3 measured by pH meter. The
results were expressed in mval/kg.

3.4. Conductivity

To determine the specific electrical conductivity, 20% solutions of honey in distilled
water were used. The conductivity of each honey solution was measured using a conduc-
tometer CP-401 (Elmetron, Zabrze, Poland) and the results (in mS/cm) were calculated
using a conductivity constant (K = 0.938 cm−1).

3.5. HMF Determination

The determination of 5-hydroxymethylfurfural (HMF) content was carried out by
HPLC in accordance with the guidelines of the regulations of the Polish Ministry of
Agriculture and Development of Rural Areas [39]. HPLC analysis was performed at the
Plant Biotechnology Laboratory “Aeropolis” using a Gilson chromatograph (Gilson Inc.,
Middleton, WI, USA) equipped with a binary pump (Gilson 322), DAD detector (Gilson
172), column thermostat (Knauer, Berlin, Germany), and autosampler with a fraction
collector (GX-271 Liquid). The separation was carried out using a Knauer Eurosphere II
RP-18H 100-5 column (250 × 4.6 mm) with a pre-column (Gilson) at 35 ◦C, with mobile
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phase water: methanol (90:10, v/v), the isocratic flow was 1 mL/min, analysis time was
15 min, injection volume was 20 µL, and the detection was carried out at wavelength
λ = 285 nm. The method was calibrated for the HMF standard (Sigma-Aldrich, Saint Louis,
MO, USA) in the range of 0.25 to 6 µg (y = 5123.8x, R2 = 0.9989).

3.6. Total Protein Content

Protein concentration in the tested honey samples was determined by the Bradford
method [40], using 10% solutions of all tested honeys. To 20 µL of honey solution, 1 mL of
Bradford′s reagent (BioRad, Hercules, CA, USA) was added and mixed thoroughly. Then,
after 5 min the absorbance at λ = 595 nm was measured against a blank using a Biomate
3 spectrophotometer (Thermo Scientific, Waltham, MA, USA). The protein content of the
samples was calculated based on the calibration curve (y = 0.0011x, R2 = 0.992) made for
bovine albumin in the range of 62.5 to 1000 µg.

3.7. Diastase Number Determination

Diastase number was determined by a spectrophotometric method with the Phadebas
Honey Diastase test (Magle AB, Lund, Sweden) according to the manufacturer′s instruc-
tions. Five ml of a 1% honey solution in 0.1 M acetate buffer was heated for 5 min at 40 ◦C
in a water bath. A Phadebas Honey Diastase test tablet was then added to each sample and
after thorough mixing, incubated at 40 ◦C for 30 min. Then, 1 mL 0.5 M NaOH was added,
mixed, and filtered into tubes and the absorbance of the filtrate was measured at wave-
length λ = 620 nm against a blank (acetate buffer) using a Biomate 3 spectrophotometer
(Thermo Scientific, Waltham, MA, USA). The values of the diastase number were calculated
from the formulas: Equation (1) when the value of the diastase number did not exceed 8:

DN = 35.2 × A − 0.46 (1)

or Equation (2) when diastase number was above 8:

DN = 28.2 × A + 2.64 (2)

3.8. Acid Phosphatase Activity Assay

Acid phosphatase activity was determined using 4-nitrophenyl phosphate as a sub-
strate, according to Alonso Torre et al. [29] with slight modification. The substrate solution
of 5 mM in 0.2 M citrate buffer, pH = 4.5, was used. A total of 100 µL of the test sample
(20% w/v honey in water) was mixed with 100 µL of a substrate and incubated for 10 min at
37 ◦C. After this time, 1 mL of 0.25 M NaOH was added to all samples and the absorbance
at λ = 400 nm was measured using a Biomate 3 spectrophotometer (Thermo Scientific,
Waltham, MA, USA). Acid phosphatase activity was expressed in µmol/g ×min, using
the molar extinction coefficient 18,000 dm3/mol × cm.

3.9. Total Phenolic Content Determination

Total phenolic content was determined by the Folin–Ciocalteu method as per Singleton
and Rossi [41]. In the test tube, 0.2 mL of 5% honey solution, 1 mL of Folin–Ciocalteu
reagent (10%), and 0.8 mL of 7.5% Na2CO3 were mixed. After 2 h, the absorbance of the
test samples against a blank was measured at 760 nm using a Biomate 3 spectrophotometer
(Thermo Scientific, Waltham, MA, USA). The total content of polyphenols was expressed
as gallic acid equivalents, using a calibration curve made in the concentration range of 0 to
100 mg/dm3 (y = 0.0555x, R2 = 0.9976).

3.10. Antioxidant Assays

For antioxidant potential determination, two methods (DPPH radical scavenging test
and FRAP reducing power assay), frequently used in honey analyses, were selected.
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3.10.1. DPPH Test

DPPH (2, 2-diphenyl-1-picrylhydrazyl) radical inhibition was measured according to
the assay described by Dżugan et al. [7]. A solution of DPPH radical (1.8 mL) was added
to the proper samples (0.2 mL of 5% honey solution), and after 30 min absorbance (A)
was measured at a wavelength λ = 517 nm relative to the control (A0). The percentage
inhibition of (% A) DPPH radical was calculated from the Equation (3):

[% A] = (A0 − A)/A0·100% (3)

3.10.2. FRAP Assay

The FRAP assay (ferric reducing ability of plasma) was carried out as per Bertoncelj et al. [42].
The FRAP reagent contained 2.5 mL of a 10 mM 2,4,6-tripyridyltriazine (TPTZ) solution
in 40 mM HCl, 2.5 mL of 20 mM FeCl3, and 25 mL of 0.3 M acetate buffer (pH 3.6). In the
test tube, 0.2 mL of diluted honey (5% in distilled water) was mixed with 1.8 mL of FRAP
reagent. After 10 min of incubation at 37 ◦C, absorbance at λ = 593 nm was measured
against a blank with the use of a Biomate 3 spectrophotometer (Thermo Scientific, Waltham,
MA, USA). The results were expressed as µmol of Trolox (TE) equivalents per kilogram
of honey (µmol/kg), based on the calibration curve (y = 0.026x, R2 = 0.998) prepared for
0.1 mM Trolox in the range of 15 to 200 nmol.

3.11. Electrophoretic Analyses
3.11.1. Native Protein Electrophoresis

All the honey samples were diluted with water in a ratio of 1 g of honey per 1 mL of
deionized water and mixed thoroughly. A pinch of bromphenol blue was added to the
samples as an electrophoretic indicator and 20 µL of the prepared sample was placed in each
well. Electrophoresis was carried out on polyacrylamide native gels (10% separating gel
and 5% stacking gel, both without SDS) using Tris-glycine running buffer in Mini-Protean
II apparatus (Bio-Rad Laboratories, Hercules, CA, USA). The separation was carried out
for 2.5 h at 100 V and after electrophoresis, the gels were incubated overnight in a colloidal
solution of CBB G-250 [43] and then destained with deionized water for 24 h.

3.11.2. Amylase Electrophoretic Detection

Electrophoresis was performed as described above with one modification—separating
gel containing 0.2% of starch was prepared for amylase zymography. Staining for amylases
was performed according to Rafiei et al. [44] with slight modifications. When the separation
was completed the gels were washed twice with 1% Triton X-100 solution and once with
water (10 min each time). Next, gels were washed with 0.25 M acetate buffer, pH 5.5,
and placed in a heater (37 ◦C) overnight. During this time the amylases hydrolyzed the
starch present in the gel. The next day, the gels were covered with a solution of iodine in
potassium iodide (Lugol′s solution), which resulted in the dark coloration of the whole gel,
except the places where the amylases hydrolyzed the starch.

3.11.3. Acid Phosphatase Electrophoretic Detection

Preparation of samples, gels, and electrophoresis was carried out analogously to that for
native proteins. Staining for acid phosphatases was performed as per Kalinowski et al. [45].
After the separation, the gels were rinsed twice with 1% Triton X-100 solution for 10 min
and with water, also for 10 min. Next, the gels were covered with a solution of 0.5% α-
naphthyl phosphate, 0.01% Fast Blue RR and 0.5% polyvinylpyrrolidone, in 0.01 M acetate
buffer, pH 5.5, and left overnight. The next day the gels were rinsed with distilled water.
Dark bands were observed in places where the migration of proteins with acid phosphatase
activity stopped.
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3.12. Statistical Analysis

Each honey sample was analyzed in triplicate and the results were expressed as means
± standard deviations (SD). The significant differences were obtained by t-test (p < 0.05).
MANOVA was applied to all investigated parameters, as a pre-treatment procedure, to
point out the significant data (p < 0.05) according to sample origin. Principal component
analysis (PCA) and linear discriminant analysis (LDA) using the stepwise method were
carried out to differentiate imported honey from raw local honey. The correlation between
studied parameters was calculated using Pearson’s correlation test. Statistical analysis was
perform using Statistica 13.1 software (StatSoft, Inc., Tulsa, OK, USA).

4. Conclusions

Comparing raw local honeys with their imported counterparts (blends) within the
same variety, significant differences were found, mainly in antioxidant potential, enzymatic
activities, and HMF content, in favor of local honeys. Moreover, Polish honeys were
characterized by higher protein content regardless of the variety, excluding acacia honey,
which was also confirmed using the native PAGE method. For the first time, the possibility
of zymographic identification of native amylase and acid phosphatase isoenzymes in
honey was proposed. The usefulness of in-depth protein analysis to assess the quality
of honey and to distinguish local and imported honeys was confirmed by multivariate
statistical analysis (PCA and LDA). Considering the antioxidant properties and enzymatic
activity of honey, responsible for its pro-health value which can be reduced during thermal
processing, it can be concluded that raw local honeys are more valuable products than
imported honey blends.
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26. Flanjak, I.; Strelec, I.; Kenjerić, D.; Primorac, L. Croatian produced unifloral honeys characterised according to the protein and

proline content and enzyme activities. J. Apic. Sci. 2016, 60, 39–48. [CrossRef]
27. White, J.W. Quality evaluation of honey: Role of HMF and diastase assays. Am. Bee J. 1992, 132, 737–743. [CrossRef]
28. Bonta, V.; Dezmirean, D.S.; Marghitas, L.A.; Urcan, A.C.; Bobis, O. Sugar Spectrum, Hydroxymethylfurfural and Diastase Activity

in Honey: A Validated Approach as Indicator of Possible Adulteration. Bull. Univ. Agric. Sci. Vet. Med. Cluj-Napoca. Anim. Sci.
Biotechnol. 2020, 77, 44. [CrossRef]

29. Alonso-Torre, S.R.; Cavia, M.M.; Fernández-Muiño, M.A.; Moreno, G.; Huidobro, J.F.; Sancho, M.T. Evolution of acid phosphatase
activity of honeys from different climates. Food Chem. 2006, 97, 750–755. [CrossRef]
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Abstract: Strawberry tree honey is a high-value honey from the Mediterranean area and it is charac-
terised by a typical bitter taste. To possibly identify the secondary metabolites responsible for the
bitter taste, the honey was fractionated on a C18 column and the individual fractions were subjected
to sensory analysis and then analysed by liquid chromatography coupled with high-resolution tan-
dem mass spectrometry in negative ion mode, using a mass spectrometer with an electrospray source
coupled to a hybrid high resolution mass analyser (LC-ESI/LTQ-Orbitrap-MS). A chemometric
model obtained by preliminary principal component analysis (PCA) of LC-ESI/LTQ-Orbitrap-MS
data allowed the identification of the fractions that caused the perception of bitterness. Subsequently,
a partial least squares (PLS) regression model was built. The studies carried out with multivariate
analysis showed that unedone (2-(1,2-dihydroxypropyl)-4,4,8-trimethyl-1-oxaspiro [2.5] oct-7-en-6-
one) can be considered responsible for the bitter taste of strawberry tree honey. Confirmation of
the bitter taste of unedone was obtained by sensory evaluation of a pure standard, allowing it to be
added to the list of natural compounds responsible for giving the sensation of bitterness to humans.

Keywords: unedone; bitter taste; strawberry tree honey; LC-ESI/LTQ-Orbitrap-MS; PCA; PLS

1. Introduction

Strawberry tree (Arbutus unedo L.) (ST) honey is a peculiar bitter tasting honey pro-
duced in the area of the Mediterranean basin. This highly valuable honey is well recognised
for its antioxidant [1–3], anti-inflammatory, and antimicrobial activities [4], and shows
anti-xanthine oxidase and antityrosinase activities [5]. Several studies have been performed
to characterise the chemical composition of ST honey, which is characterised by phenolic
compounds (hydroxy derivatives of benzoic and cinnamic acids, and flavonoids), iso-
prenoids, and free amino acids [6,7]. Homogentisic acid (2,5-dihydroxyphenylacetic, HGA),
unedone (2-(1,2-dihydroxypropyl)-4,8,8-trimethyl-1-oxaspiro [2.5]oct-4-en-6-one), (±)-2-cis,
4-trans-abscisic acid (c,t-ABA), and (±)-2-trans, 4-trans-abscisic acid (t,t-ABA) have been
considered as chemical markers of the botanical origin of ST honey [8,9].

Although ST honey has been investigated for its chemical composition, no studies
have been reported as regards the possible compounds responsible for its bitter taste
so far. Arbutin, the glucosylated form of hydroquinone, has been suggested as possibly
responsible for the bitter taste of ST honey [4]. However, although the bitter taste perception
of arbutin is very strong [10] and this compound can be found abundantly in A. unedo
plant, its presence in ST honey is variable, often insignificant, and sometimes it is totally
absent [4]. Thus, the involvement of arbutin in the bitter taste of ST honey is very unlikely.
Literature data indicate many plant-derived bitter-tasting compounds [11,12]. They can be
represented by alkaloids, terpenoids, phenols, amino acids, and peptides, and they activate
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the bitter taste receptors (T2R). Comparison of the known natural compounds responsible
for the bitter taste with the molecules reported in the literature for ST honey did not make
it possible to speculate which compound was responsible for the typical bitter taste of this
honey.

Given the above, investigation of ST honey using the metabolomic approach could
help in detecting the compounds responsible for the bitter taste in ST honey. Metabolomics,
as an emerging discipline of omics science, is a valid tool for the characterization of complex
biological samples as it allows the production of a molecular fingerprint for samples by
using innovative analytical techniques, such as mass spectrometry (MS) and nuclear
magnetic resonance (NMR) [13,14]. Particularly, liquid chromatography-high resolution
mass spectrometry metabolic profiling has begun to be used to discover possible markers
in foods, especially those most likely responsible for the biological activities [15–18].

The aim of this study was to develop an LC-ESI/LTQ-Orbitrap-MS based metabolomic
approach in the evaluation of the compounds responsible for the bitter taste of Arbutus
unedo honey. To this purpose, polar compounds from strawberry tree honey were separated
on a column containing C18 resin and the different fractions obtained were submitted to
sensory analysis and investigated by high resolution mass spectrometry ((HR) LC-ESI/
LTQ-Orbitrap-MS, (HR) LC-ESI/LTQ-Orbitrap-MS/MS) and by HPLC-DAD. In addition,
principal component analysis (PCA) of LC-ESI/LTQ-Orbitrap-MS data and a partial least
squares (PLS) regression model were used to identify compounds responsible for the bitter
taste. Finally, sensorial analysis on targeted pure compounds was performed to confirm
the molecule responsible for the bitter taste in strawberry tree honey.

2. Results and Discussion
2.1. LC-ESI/LTQ-Orbitrap-MS

The 21 fractions obtained from the fractioning on C18 column were tasted to evaluate
the impact of bitterness and were classified by comparison with quinine solutions (see
Section 3.3) in five groups of bitter perception (from 0 to 4) as follows: no bitter taste (0,
fractions A, B and C), barely detectable (1, fractions D, E, M, N, O, Q, R, S, T and U), weak
perception (2, fractions F and V), moderate perception of bitterness (3, fractions G, H, I,
L and P), and strong perception (4, fraction Z) (Table S1). Fraction E showed an LC-MS
profile similar to fraction D, fractions M, N, O, Q, R, S, T, and U showed profiles similar
to fraction P, while fractions G and I showed profiles similar to fraction F; therefore, only
representative fractions with different profiling characteristics are shown in Figure 1.

The accurate mass measurement (ppm ≤ 5) and the MS/MS experiments in negative
ionization mode, together with the comparison with the data present in the literature and
databases, such as KNApSAcK [19], allowed to identify 29 chemical constituents reported
in Table 1. Analysis of the samples was performed also in positive ion mode, but the better
answer from the instrument was in negative ion mode. For this reason, the study was
carried out using the negative polarity. An identification level was assigned to each sample,
referring to the usual four levels of identification in metabolomic analyses [20].
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Table 1. Chemical compounds identified in fractions of strawberry-tree honey by LC-ESI/LTQ-Orbitrap-MS and LC-
ESI/LTQ-Orbitrap-MS/MS.

N◦ Rt [M − H] Molecular
Formula ppm Identification MS/MS Fraction L.I. Reference

1 3.97 329.0868 C14H18O9 0.4 glucopiranosyl
vanillic acid 167 A 2 [21]

2 6.38 167.0346 C8H8O4 4.3 homogenistic acid 123 A 1 [8]
3 6.86 481.1310 C22H26O12 4.9 arbutin peracetate 271 A 2 [22]

4 10.27 285.1333 C14H22O6 0.1
methacrylic acid,

diester with
triethylene glycol

- L 3 [23]

5 11.34 199.0972 C10H16O4 3.7 camphoric acid 155 B, Z 2 [24]
6 13.76 301.1798 C19H26O3 −0.03 allethrin 133 V 2 [25]

7 13.85 275.1280 C16H20O4 0.9

propenoic acid,
dimethoxyphenyl-

methyl-butenyl
ester

71 D 3 [26]

8 14.32 447.1277 C22H24O10 −1.4 sakuranin 285 Z 2 [27]

9 14.62 303.1228 C17H20O5 0.8 (±)-oleocanthal
isomer 137/119 F 3 [28]

10 14.71 263.1278 C15H20O4 0.9
(±)-2-cis,

4-trans-abscisicacid
(c,t-ABA)

219/204/153 A/B/C 1 [9]

11 15.05 335.1126 C17H20O7 0.3 tutin, 6-acetate 293 Z 3 [29]

12 15.40 153.0922 C9H14O2 4.8 2-
hydroxyisophorone 135 A/B/C/D 2 [30]

13 15.44 219.1385 C14H20O2 2.7 di-tert-butyl-
benzoquinone 107 L 2 [24]

14 15.78 263.1281 C15H20O4 1
(±)-2-trans,

4-trans-abscisic acid
(t,t-ABA)

219/204/153 A/B/C/D/E/
F/H 1 [9]

15 15.83 239.091 C13H20O4 1.2 unedone 151/107 Z 2 [9]
16 15.83 359.1489 C20H24O6 0.29 triptolide 340/329/311 Z 2 [31]
17 16.18 287.1642 C18H24O3 −0.2 estriol 171 V 2 [32]
18 16.39 415.2107 C24H32O6 −1.6 desonide 397 L 2 [33]
19 16.39 201.1280 C14H18O 3.5 amylcinnamaldehyde 183 A 2 [34]

20 16.39 219.1386 C14H20O2 2.9 di-tert-butyl-
benzoquinone 107 A 2 [24]

21 16.99 241.1225 C16H18O2 0.9 Bisphenol B 211 P 2 [35]

22 17.04 177.0917 C11H14O2 3.6 4-tert-butylbenzoic
acid 121 V 2 [36]

23 17.04 417.2269 C24H34O6 −0.9 deoxyphorbol
-isobutyrate 347 V 2 [37]

24 19.11 219.1385 C14H20O2 2.4
di-tert-butyl-

benzoquinone
isomer

107 P 2 [24]

25 19.11 415.2110 C24H32O6 −0.8 desonide 397/197 P 2 [33]

26 20.71 325.1438 C20H22O4 0.8

hydroxy-methyl-
butenyl-oxyphenyl-

ethenyl-
methoxyphenol

153 Z 2 [38]

27 21.61 287.2220 C16H32O4 1.1 dihydroxypalmitic
acid 147/121/109 Z/V 2 [39]

28 22.60 253.0497 C15H10O4 0.8 chrysin 255/153 Z 2 [40]
29 22.60 437.1952 C26H30O6 −0.7 kurarinone 301 Z 2 [41]

L.I.: Level of identification.
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Figure 1. LC-ESI-LTQ-Orbitrap-MS base peak profiles of ten representative strawberry tree honey fractions (A, B, C, D, F, H,
L, P, V, Z). Base peak intensity was fixed at NL 7.02E6 for all the chromatograms.

Compound 2 showed an ion [M−H]− at m/z 167.0346 corresponding to the molecular
formula C8H8O4,. The compound was identified as a homogentisic acid, already reported
in ST honey [8] and considered one of the marker compounds to evaluate the botanical
origin of this honey along with c,t-ABA (10) and t,t-ABA (14) [9]. Compounds 2, 10 and
14 were found to be present in fractions A, B, and C, the sweetest fractions. Compound
3 and compound 22 have already been reported in the literature [22]. In particular, com-
pound 3 showed an ion [M − H]− at m/z 481.1310 corresponding to the molecular formula
C22H26O12 and was identified as arbutin peracetate, a compound present in the leaves of
A. unedo [22]. Compound 22 showed an ion [M − H]− at m/z 177.0917 corresponding to
the molecular formula C11H14O2 and has been identified as tert-butylbenzoic acid [36].
Compounds 5, 13, and 24 have been reported in Algerian origin honey and have been
identified as camphoric acid, di-tert-butyl-benzoquinone and di-tert-butyl-benzoquinone
isomer, respectively [24]. Compounds 6, 8, 12–13, 15–21, 23–29 have already been reported
to be present in different types of honey. Compound 6 showed an ion [M − H]− at m/z
301.1798 corresponding to the formula C19H26O3, and was identified as allethrin, an insecti-
cide already found in other honeys [25]. Compounds 8, 28, and 29 are phenolic compounds
and were identified, respectively, as sakuranin [27], chrysin [40], and kurarinone [41], and
were found to be present in the more bitter fraction Z. Compound 12 was identified as
2-hydroxyisophorone already reported in the ST honey of Sardinia and mostly present in
sweet fractions. Finally, Compound 15 showed an ion [M − H]− at m/z 239.0910 corre-
sponding to the molecular formula C13H20O4. It was identified as unedone, a compound
previously reported in strawberry tree honey [9] and more abundantly present in the bitter
fraction Z. Thus, Compound 15 could be one of the metabolites particularly responsible for
the bitter taste, along with Compounds 8 and 29. Interestingly, no arbutin was detected in
any of the ST fractions.

2.2. Untargeted Metabolomic Analysis of Strawberry Tree Honey Fractions

For the untargeted approach, the LC-ESI/LTQ-Orbitrap-MS chromatograms were
pre-treated using the free software Mzmine [42], to compensate for changes in retention
time and m/z ratio values between the chromatograms. The pre-treated chromatograms
were exported as a data matrix, with the rows relative to the individual samples and
the columns relative to the integrated and normalised peak areas obtained through LC-
ESI/LTQ-Orbitrap-MS. The numerical values attributed to the variables were pre-treated
through logarithmic transformation. Data transformation is intended to remove unwanted
systematic behaviour. The exploratory analysis of the samples in terms of similarity
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or differences was performed using the PCA projection method. The score scatter plot
obtained from PCA is shown in Figure 2. The graph shows good discrimination between
the sweet fractions coloured in red at the bottom of the plot and the more bitter fractions
located in the upper part of the plot. Therefore, it is the second principal component
that has a more pronounced influence on the spatial distribution of the samples in the
score scatter plot. PCA remains an unsupervised technique, which, therefore, cannot have
predictive value and can only provide us preliminary information on the biochemical
markers underlying the classification, by reading the corresponding loading scatter plot
(Figure 3), in which the variables corresponding to the m/z values are shown. In particular,
variables that contribute most to the differentiation of the samples in the score scatter plot
and to their location in a specific area of the space can be highlighted.
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Figure 2. Principal component analysis: score scatter plot obtained from the untargeted analysis of
the A-Z fractions.

To classify the samples and to understand which metabolites were most responsible for
the bitter taste, the data were statistically processed through another projection technique,
the partial least square (PLS) analysis. When the system under consideration is described
by a data table and one or more single variable (Y) and the question is what relationship
exists between the data block and the single variable (Y), the multivariate technique that
is applied is the projection to latent structures by PLS. Therefore, the PLS projection aims
to find linear relationships and then to build a plot of the variables that can explain this
linear relationship. The model built from the data matrix obtained from the variables, and
subsequently transformed and scaled (X), correlated with the Y relative to the perception
of bitter taste, was then validated as suggested by Schievano et al. [43] and Stocchero [44],
through the analysis of Q2, whose value was higher than 0.5, and through the permutation
test, a test through which it is possible to evaluate the randomness and the presence of
overfitting in the model.
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Figure 3. Principal component analysis: loading scatter plot obtained from the untargeted analysis
of the A–Z fractions.

As regards the fractions of ST honey, in the space built between t1 and t2 the samples
(observations) seem to line up according to a linear relationship that sees in the positions at
the top right of the plot the fractions capable of giving the most decisive sensation of bitter
taste, and in the lower left the fractions capable of giving the most decisive sensation of
sweet taste. The linear relationship can be seen in the score scatter plot (Figure 4). From the
analysis of the loading scatter plots (Figure 5), in addition to the construction of a w*c plot,
it is possible to evaluate the effect of the variables of the X block on the Y response and, in
the specific case, determine the values of m/z observed in the chemical profiling that cause
the fractions to have more or less pronounced Y responses (perception of the bitter taste).

From this analysis, the variables found in the loading plot area closest to the Y variable
are those that have the highest positive coefficient in the model. From the observation of
the LSP, it seems that the influence of t,t-ABA, c,t-ABA, and homogentisic acid, described
as floral markers of ST honey [9], is decidedly significant, being positioned in the central
part of the plot and at a fair distance from the variable Y. Other compounds appear to be
relevant in the upper right quadrant of the loading scatter plot, namely unedone (m/z
239.0910), sakuranin (m/z 447.1277), and kurarinone (m/z 437.1952).
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2.3. Quantitative Analysis of Isoprenoid Compounds by HPLC-DAD

(HR) LC-ESI/LTQ-Orbitrap-MS analyses allowed the identification of the four typical
ST honey floral markers (homogentisic acid, c,t-ABA, t,t-ABA, and unedone), and thus
quantitative HPLC-DAD analysis was used to evaluate whether their variability in the
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different fractions was connected with the perception of the bitter taste. Homogentisic
acid was excluded from this evaluation because it was known that the compound does
not have a bitter taste [8]. Table 2 shows the average content of the single isoprenoid
compounds (± standard deviation) in the different fractions and expressed as mg of the
active ingredient in 1 g of dry fraction. As shown in Table 2, the floral markers c,t-ABA and
t,t-ABA are mainly found in the fractions characterised by a less bitter taste, while unedone
has been separated mainly in the Z fraction, which was that represented by a more intense
sensation of bitterness (Figure S1).

Table 2. Compounds quantified by HPLC-DAD at λ = 262 nm (mg/g, n = 3).

Sample Bitter Taste a c,t-ABA t,t-ABA b Unedone b

A 0 28.39 ± 1.59 12.36 ± 1.62 nd
B 0 46.14 ± 2.03 91.98 ± 2.05 nd
C 0 11.29 ± 1.05 25.02 ± 1.87 nd
D 1 tr 54.32 ± 2.60 nd
E 1 nd 29.61 ± 1.43 nd
F 2 nd 94.59 ± 1.55 nd
H 3 nd 21.40 ± 1.75 tr
L 3 nd tr tr
Z 4 nd nd 7.10 ± 0.50

LOD (mg/L) 0.4 0.6 0.3
LOQ (mg/L) 1.2 1.9 0.9

a Level of bitter perception: (0) no bitter taste; (1) barely detectable; (2) weak, (3) moderate (4) strong; b dosed
with c,t-ABA calibration curve; nd: not detected (<LOD); traces (<LOQ).

Unedone, an epoxidised derivative of abscisic acid, seems to play a significant role in
the bitter taste of ST honey, being positioned in the upper right quadrant of the loading
scatter plot. For this reason, a commercial standard of unedone was submitted to sensory
analysis. Interestingly, unedone was found to be bitter, and a 300 mg/L solution of
unedone gave a level of bitter sensation similar to 10 mg/L quinine. Similarly, c,t-ABA
and t,t-ABA were submitted to sensory analysis, but no bitter taste was detected for up to
1000 mg/L solutions. Pydi et al. [45] investigated several abscisic acid (ABA) precursors
and metabolites on the T2R4 receptor. It was observed that the structure deeply affects the
bitter taste perception. For instance, ABA acts as an antagonist for T2R4, while xanthoxin is
an agonist. Interestingly, both unedone and xanthoxin present an epoxide structure. Thus,
it can be speculated that unedone acts as an agonist on T2R4 receptor.

In addition to unedone, two other compounds of a flavonoid nature present in very
low quantities in ST honey fraction Z were also worthy of interest, namely sakuranin
and kurarinone. Indeed, several compounds of flavonoid nature show the property of
inducing the perception of bitterness [11]; thus, sakuranin and kurarinone are presumed
to be potential sensory biomarkers. Sakuranin is a flavanone, a glucosylated derivative
of sakuranetin. Unfortunately, no pure standard of sakuranin was found from suppliers
of chemicals, so it was not possible to evaluate its involvement in the bitter perception.
However, sakuranetin, the aglycone of sakuranin, was submitted to sensory analysis and
no bitter taste was detected for this compound up to 1000 mg/L solutions. Sakuranin, like
other flavanones, shows inhibitory activity against acetylcholinesterases [46], enzymes
involved in the typical neurodegeneration of Alzheimer’s disease. Finally, a pure standard
of kurarinone was submitted to sensory analysis and no bitter taste was detected for up
to 1000 mg/L solutions also for this flavonoid. Kurarinone has shown good anti-tumour
activity against non-small cell lung cancer (NSCLC). The activity has been demonstrated
both in vitro and in vivo and appears to be related to the induction of apoptosis in A549
cells [47]. Another property attributed to kurarinone is its antifibrotic activity in the
treatment of hepatitis B [48].

To conclude, unedone can be considered responsible for the bitter taste of A. unedo
honey due to its constant and abundant presence already reported in ST honey (30–
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50 mg/kg) [9,49], although other natural compounds can modulate its bitter perception in
this unifloral honey.

This developed approach can be useful for future studies on other honey samples to
detect specific markers and for food quality control.

3. Materials and Methods
3.1. Chemicals

All the used chemicals were of analytical grade. Standard of homogentistic, acid (±)-
2-cis, 4-trans-abscisic acid, kurarinone, sakuranetin, and quinine sulphate were purchased
from Sigma–Aldrich (Milan, Italy). (±)-2-trans, 4-trans-abscisic acid was purchased from
A.G. Scientific, Inc (San Diego, CA, USA). Unedone was purchased from Chem Faces
Biochemical Co., Ltd. (Wuhan, China). Methanol, acetonitrile, phosphoric acid 85% w/w,
and absolute ethanol were obtained from Sigma–Aldrich (Milan, Italy). Acetonitrile, water,
and formic acid of LC-MS grade were purchased from Merck (Darmstadt, Germany).
Ultrapure water (18 MΩ cm) was obtained with Milli-Q Advantage A10 System apparatus
(Millipore, Milan, Italy).

3.2. Strawberry Tree Honey and Preparation of the Hydrophilic Fractions

Strawberry tree (ST) honey was produced in Sardinia (Italy) in 2018. Unifloral origin
was verified by melissopalinological analysis, sensorial evaluation, and LC-DAD evaluation
of the typical markers (homogentisic acid, unedone and the two isomers of abscisic acid) [9].

Hydrophilic fractions (HF) of the honey were prepared by dissolving 500 g of the
honey in 500 mL of water acidified at pH 4.5 with HCl. The solution was poured on a
chromatographic column filled with C18 resin (Sigma–Aldrich) previously activated with
ethanol and equilibrated with water. The column charged with honey was washed with
water and all the eluted solutions were discharged because no bitter taste was perceived.
Elution of the fractions was obtained with increasing quantities of ethanol (H2O: EtOH in
the ratios 95:5, 90:10, 80:20, 70:30, 50:50, 0:100 v/v). In total, 21 fraction were obtained and
bitterness was evaluated by testing the solution after ethanol removal by Rotavapor®.

3.3. Sensory Analysis

A pre-trained sensory panel (5 judges) was used to determine the taste of both the
fractions from the ST honey and pure compounds. Panellists provided written consent
prior to participating indicating that they were not allergic to ST honey (included its main
known compounds) or quinine. For establishing the level of perceptions of bitterness or
sweetness, solutions of quinine and sucrose were prepared in water at six concentrations
in the range 5 to 500 mg/L for quinine and 2 to 200 g/L for sucrose. Recognition threshold
was performed according to testing samples in rank order (ISO 8587:2006) and was fixed
at 5 mg quinine /L for bitterness and at 5 g sucrose /L for sweetness. For the sensory
evaluation of the fractions from the ST honey, a scoring scale graded on a 5-point scale
of bitterness perception was used: (0) no bitter taste; (1) barely detectable; (2) weak; (3)
moderate; and (4) strong. Both (5)-point scale of bitterness perception and unedone level
of bitterness (prepared at 300 mg/L in water) were established by comparison with the
six concentrations of quinine. The samples were equilibrated to room temperature (20 ◦C
± 1) and the analysis was done during daylight. 1 mL of standard solution at proper
concentration was applied to the upper surface of the tongue for 15 s then the test solution
was expectorated.

3.4. LC-MS/MS Analysis

The electrospray ionisation (ESI) source of a Thermo Scientific LTQ-Orbitrap XL
(Thermo Fisher Scientific, Dreieich, Germany) mass spectrometer was tuned in negative
ion mode with a standard solution of kaempferol-3-O-glucoside (l µg/mL) introduced
at a flow rate of 10 µL/min by a syringe pump. Calibration of the Orbitrap analyser
was performed using the standard LTQ calibration mixture composed of caffeine and the
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peptide MRFA (calibration solution purchased from the manufacturer), dissolved in 50:
50% v/v water/acetonitrile solution.

Resolution for the Orbitrap mass analyser was set at 30,000. The mass spectrometric
spectra were acquired by full range acquisition covering m/z 120–1400 in LC-MS. The
study of the fragmentations was carried out using the data dependent scan experiment
mode, by which the most intense [M-H] ions were selected during the LC-MS analysis.
The data recorded were processed with Xcalibur 2.0 software (Thermo Fisher Scientific,
Dreieich, Germany).

LC/ESI/LIT Orbitrap MS was performed using a Thermo Scientific liquid chromatog-
raphy system consisting of a quaternary Accela 600 pump and an Accela autosampler,
connected to a hybrid linear ion trap (IT) Orbitrap mass spectrometer (Thermo Scientific).
LC-ESI-Orbitrap-MS analyses were performed using a Phenomenex Luna (150 mm ×
2.1 mm particle size 5 µm) column, eluted with water containing 0.1% formic acid (solvent
A) and acetonitrile containing 0.1% formic acid (solvent B). A linear gradient program at a
flow rate of 0.200 mL/min was used: 0–35 min, from 5 to 95% (B); then back to 5% (B) for
another 5 min. Honey fractions were dissolved in water with a concentration of 1 mg/mL
and 5 µL of each samples was injected. The ESI source and MS parameters were the same
as those used by D’Urso et al. [50]: capillary voltage: −48 V; tube lens voltage: −176.47 V;
capillary temperature: 280 ◦C; sheath and auxiliary gas flow (N2), 15 and 5; sweep gas: 0;
spray voltage: 5.

3.5. Quantitative Analysis by HPLC-DAD

Quantitative analysis of the strawberry tree honey markers was carried out by a mod-
ified HPLC-UV method from Tuberoso et al. [2,9] using an Agilent 1260 Infinity system
(Agilent Technologies, Palo Alto, CA, USA), equipped with a binary pump (G-1312C),
and a DAD detector (G-4212B). The mobile phase consisted of solvent A (H2O + 0.1%
formic acid) and solvent B (CH3CN + 0.1% formic acid), while the stationary phase was
constituted by a Luna C 18 (150 × 2 mm, 5 µm) column (Phenomenex). The wavelength
was set at 262 nm (Figure S1). The gradient started from 5% of B ending at 100% of B
in 20 min, at a flow rate of 0.2 mL/min. The injection volume was 10 µL. An interval of
15 min was used to allow the column to equilibrate before injection of the next samples.
Calibration curves were built with the external standard method, correlating the area of
the peaks vs. the concentration. The commercial standard of (±)-2-cis, 4-trans-abscisic
acid was used in different concentrations (0.1, 0.25, 0.50, 0.75, 1 mg/mL) to construct the
calibration curve (y = 12,984x + 9664 R2 = 0.991). The established method was validated in
agreement with the International Conference on Harmonisation of Technical Requirements
for Registration of Pharmaceuticals for Human Use (ICH) guidance note which describes
validation of analytical methods [51]. Both the precision under conditions of repeatability
and intermediate precisions were determined by performing either six injections of stan-
dard on the same day or six injections of the same standard on different days, respectively.
The limit of detection (LOD) and limit of quantification (LOQ) were calculated on the basis
of the data of the regression of the analytical curve and corresponding value are reported
in Table 2. The c,t-ABA calibration curve was used to dose t,t-ABA and unedone as well.

3.6. Multivariate Data Analysis

For the untargeted approach, the chromatograms resulting from the LC-ESI/Orbitrap-
MS analysis (negative ion mode) were normalised and aligned using MZmine software [42].
Thanks to the use of this toolbox with normalization of the total raw signal, 253 peaks were
detected. After exporting the processed data in tabular format (.cvs file), a further statistical
analysis of the data matrix was performed with SIMCA P + software 12.0 (Umetrix AB,
Umeå, Sweden) using the PCA method. PCA was performed by applying the area of
the peak obtained from LC-MS analysis [52,53] and the data were scaled through the
application of Pareto scaling. After PCA, PLS was also applied with the SIMCA P +
software. PLS is a regression technique used to relate two sets of data. The Y used for

65



Molecules 2021, 26, 2765

the statistical model was the perception of bitterness returned by the different fractions
subjected to sensory analysis. Models were validated by cross-validation techniques
and permutation tests such as Hotelling’s permutation test and the T2 test according to
standardised good practice to minimise false discoveries and to obtain robust statistical
models. The significance was evaluated by measuring the value of Q2, which was higher
than 0.5.

4. Conclusions

The chemometric model obtained by preliminary PCA of LC-ESI/LTQ-Orbitrap-MS
data, followed by a PLS regression model was found to be a selective tool to detect the
compounds responsible for the perception of bitterness in ST honey. The study allowed
unedone to be identified as the main chemical compound responsible for the bitter taste of
strawberry tree honey. Taking into account that unedone was characterised for the first time
as a new natural product in strawberry tree honey, it is a novelty for further studies on the
action on the bitter taste receptor. Further studies on the 25 human T2Rs bitter taste recep-
tors should be developed to better define the action of unedone. Moreover, investigation of
the complex matrix of the ST honey could be interesting due to the presence of the bitter
compound unedone, an antagonist for the T2R4 receptor (ABA) and sweets compounds
(sugars). Finally, 29 chemical compounds were identified and putatively identified in ST
honey, using LC-ESI/LTQ-Orbitrap-MS and LC-ESI/LTQ-Orbitrap-MS/MS, and some of
them for the first time in this honey.

Supplementary Materials: The following are available online, Table S1. Sensory analysis results
(5 judges, mean ± sd) of the bitter perception in the 21 fractions obtained from the fractioning of
strawberry tree honey on C18 column. Figure S1. LC-DAD representative chromatograms at λ
= 262 nm of fraction B, fraction Z, and pure strawberry tree honey (dilution 1:100 in water w/v).
t,t-ABA: (±)-2-trans, 4-trans-abscisic acid; c,t-ABA: (±)-2-cis, 4-trans-abscisic acid; U: unedone; HGA:
homogentisic acid. Chromatographic conditions are described in the text.
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Abstract: 5-(hydroxymethyl)furan-2-carbaldehyde, better known as hydroxymethylfurfural (HMF),
is a well-known freshness parameter of honey: although mostly absent in fresh samples, its concentra-
tion tends to increase naturally with aging. However, high quantities of HMF are also found in fresh
but adulterated samples or honey subjected to thermal or photochemical stresses. In addition, HMF
deserves further consideration due to its potential toxic effects on human health. The processes at the
origin of HMF formation in honey and in other foods, containing saccharides and proteins—mainly
non-enzymatic browning reactions—can also produce other furanic compounds. Among others,
2-furaldehyde (2F) and 2-furoic acid (2FA) are the most abundant in honey, but also their isomers
(i.e., 3-furaldehyde, 3F, and 3-furoic acid, 3FA) have been found in it, although in small quantities.
A preliminary characterization of HMF, 2F, 2FA, 3F, and 3FA by cyclic voltammetry (CV) led to
hypothesizing the possibility of a comprehensive quantitative determination of all these compounds
using a simple and accurate square wave voltammetry (SWV) method. Therefore, a new parameter
able to provide indications on quality of honey, named “Furanic Index” (FI), was proposed in this
contribution, which is based on the simultaneous reduction of all analytes on an Hg electrode to
ca. −1.50 V vs. Saturated Calomel Electrode (SCE). The proposed method, validated, and tested on
10 samples of honeys of different botanical origin and age, is fast and accurate, and, in the case of
strawberry tree honey (Arbutus unedo), it highlighted the contribution to the FI of the homogentisic
acid (HA), i.e., the chemical marker of the floral origin of this honey, which was quantitatively
reduced in the working conditions. Excellent agreement between the SWV and Reverse-Phase
High-Performance Liquid Chromatography (RP-HPLC) data was observed in all samples considered.

Keywords: HMF; honey; furanic aldehydes; furanic acids; homogentisic acid; cyclic voltammetry;
square wave voltammetry; RP-HPLC

1. Introduction

Honey is the sweet natural product that honeybees obtain by conversion of the nectar
gathered from flowers. Its composition depends on the geographical, floral, and entomolog-
ical origins and includes water (15–20%), sugars (80–85% w/w), nitrogenous compounds,
enzymes, phenolic and volatile compounds, organic and amino acids, minerals, and vi-
tamins. On the other hand, it is well known that seasonal, environmental, storage, and
processing time and conditions may affect honey’s composition. Although the nutritional
and healing features of this food are appreciated, the possible presence of heavy metals (usu-
ally in traces) [1], some alkaloids [2], and reactive organic compounds, such as aldehydes,
might imply a possible threat for the health of consumers. The 5-(hydroxymethyl)furan-
2-carbaldehyde, better known as hydroxymethylfurfural (HMF), is produced during the
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Maillard reaction and, in honey, acidic conditions and the predominance of monosaccha-
rides, as fructose and glucose, promote its formation during aging or processing [3,4]. For
these reasons, the amount of HMF in honey is considered a freshness parameter: while it
is basically absent in fresh and well-preserved honey, its amount naturally increases with
aging and particularly in the presence of other factors such as heat, sunlight, and metal
ions, which promote the course of the Maillard’s reaction [5–7]. As a consequence, the
Codex Alimentarius Standard commission fixed the maximum content of HMF in honey at
40 mg kg−1 (80 mg kg−1 for honey produced in tropical regions) and the legislative direc-
tives of many countries transposed these indications (Council Directive 2001/110/EC of
20 December 2001 relating to honey). The growing attention of the scientific community to-
ward the effects of HMF helped to reveal not only potential adverse effects on human health,
such as cytotoxicity, mutagenicity, chromosomal aberrations, and carcinogenicity [8–10],
but also positive effects such as antioxidative [11], anti-allergic [12], anti-inflammatory [13],
anti-hypoxia [14], anti-sickling [15], and anti-hyperuricemic properties [16]. Hence, the
need for accurate methods devoted to the quantitative analysis of HMF in honey is an
increasingly relevant target in the field of the quality assurance in hive products and, more
in general, for food risk assessment. Three protocols for the determination of HMF in honey
are recommended by the International Honey Commission [17]; two of them are spec-
trophotometric methods (White [18] and Winkler [19]), whereas the last is a reverse-phase
high-performance liquid chromatographic (RP-HPLC) method [20]. Both spectrophotomet-
ric methods are scarcely sensitive and accurate; in addition, the Winkler method requires
the use of the carcinogen p-toluidine. On the other hand, the RP-HPLC determination is
more accurate than the spectrophotometric ones but it is quite slow. In addition to these,
other procedures based on separation techniques, such as RP-HPLC-UV [21] or micellar
electrokinetic capillary chromatography (MEKC) [22], electrochemical methods, such as
differential pulse polarography (DPP) [23] and square wave voltammetry (SWV) [24,25],
or sensors [26,27] were used. Spectroscopic approaches were also reported, including a
Winkler-based automated flow injection protocol [28] or a recent method based on the
HMF derivatization with the Seliwanoff reagent [29]. Albeit often in minor amounts than
HMF, other related species, such as 2-furaldehyde (2F), 3-furaldehyde (3F), 2-furoic acid
(2FA), and 3-furoic acid (3FA) may be formed by the degradation processes of honey, hence
contributing to the minority composition of reactive organic species present in it. While 2F
and 2FA derive, in variable amounts, from the hydrolysis [30] and oxidative degradation
of ascorbic acid [31], respectively, the origin of both 3F and 3FA is still debated [32,33]. The
literature’s contributions devoted to the contemporary determination of HMF and of the
minority furanic aldehydes and acids are rare. All—or some—of these compounds have
been measured only using HPLC methods in matrices such as honey [32,33] or in fruit
juices and drinks [34]. Despite their simplicity, sensitivity, and accuracy, electrochemical
methods have never been used to the best of our knowledge in the comprehensive deter-
mination of HMF and of the related furanic aldehydes and acids. Hence, the principal
goal of this contribution has been to develop, validate, and apply to real samples a rapid,
sensitive, and reliable electrochemical method aimed to contemporaneously determine
the total amount of HMF, 2F, 3F, 2FA, and 3FA in honey. Figure 1 reports the chemical
structures of all these analytes. To do this, a preliminary evaluation of the electrochemical
behavior of all analytes has been accomplished using different techniques (i.e., CV and
SWV) in different solvent/supporting electrolyte couples and using different working
electrodes (WE). Since the results of the preliminary experimental evidences, an SWV
method, aimed to the contemporary determination of HMF, 2F, 3F, 2FA, and 3FA, has been
developed, and a new freshness parameter for honey, the so-called “Furanic Index” (FI),
may therefore be proposed. The method has been optimized, validated in terms of limit of
detection (LoD) and of quantification (LoQ), linearity, precision, and trueness, and tested
on a number of real samples of unifloral and blossom honeys, which are different also for
age and geographical origin.
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2. Results and Discussion
2.1. Cyclic Voltammetry
2.1.1. Electrochemical Behavior of HMF

The electrochemical behavior of HMF was studied in cyclic voltammetry by vary-
ing the nature of the WE (Pt, GC, Au, Hg), the solvent system (solvents: water or
methanol; supporting electrolytes: NaH2PO4, Na2HPO4, LiCl, CH3COONa, NaHCO3,
LiClO4, [(C4H9)4N]ClO4) and the potential scan rate (between 0.05 and 2.0 V s−1). Based
on the cathodic nature of the responses of the analyte, a preliminary evaluation has allowed
to discard both Pt and Au working electrodes. Hence, only Hg and GC electrodes were
further considered in the optimization of the experimental conditions, as summarized
below in Table 1.

Table 1. CV operative conditions.

Operative Parameters

WE GC disk (ø 2 mm) or Hg hemisphere (ø 1 mm)
RE SCE
AE

Potential scan rate
Pt

0.10 V s−1

Supporting electrolytes
(0.1 mol dm−3 in water)

NaH2PO4, Na2HPO4, LiCl, LiClO4,
CH3COONa, NaHCO3

Supporting electrolytes
(0.1 mol dm−3 in methanol) LiClO4, [(C4H9)4N)]ClO4

HMF solution 10 cm3, 1 mmol dm−3

The CV response of an aqueous 1 mmol dm−3 solution of HMF showed a well-defined
and reproducible irreversible cathodic peak at potentials between −1.10 and −1.55 V vs.
SCE, as a function of the nature of both the WE and of the supporting electrolytes (Table 2
and Figure 2).

Table 2. Cathodic peak potential (Ep,c) and current density at the cathodic peak (Jp,c) of the irreversible
reduction process of HMF by varying the nature of the WE (Hg or GC) and the nature and the pH of
the solvent system (a 0.1 mol dm−3 water solution of five different supporting electrolytes). HMF
concentration: 1 mmol dm−3, AE: Pt, RE: SCE, potential scan rate: 0.10 V s−1.

WE Hg GC

Supporting
Electrolytes (pH) Ep,c (V) Jp,c (A mm−2) Ep,c (V) Jp,c (A mm−2)

NaH2PO4 (4.1) −1.10 −3.21 × 10−3 −1.35 −7.93 × 10−4

LiCl (7.0) −1.48 −1.02 × 10−3 −1.52 −2.58 × 10−5

LiClO4 (6.9) −1.48 −3.54 × 10−5 −1.52 −3.18 × 10−5

CH3COONa (8.8) −1.46 −4.59 × 10−5 −1.52 −8.40 × 10−6

Na2HPO4 (9.8) −1.48 −3.09 × 10−5 −1.55 −8.82 × 10−6
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Figure 2. CV responses of HMF (1 mmol dm−3) in a 0.1 mol dm−3 water solution of supporting
electrolyte. AE: Pt, RE: SCE. (a) WE: GC, supporting electrolyte: NaH2PO4, potential scan rate:
0.10 V s−1 (b) WE: Hg, supporting electrolyte: LiClO4, potential scan rate: between 0.10 and 1.5 V s−1.

No anodic peak was observed in anodic direct scan (WE = GC) or after the inversion
of the scan direction after crossing the cathodic peak (Figure 2a). Voltammograms acquired
using Hg as WE at scan rates between 0.10 and 1.5 V s−1 showed a cathodic shift of Ep,c
(from −1.48 to −1.54 V vs SCE) and a linear increase of the peak’s current (from −3 × 10−5

to −1 × 10−4 A) (Figure 2b). No backward anodic peak has been observed in this range of
scan rates. The linear decreasing of the ip,c/

√
(logVscan) ratio as a function of the cathodic

shift of the Ep,c peak suggests a kinetic control on the overall electrochemical process [35].
The replacement of water with methanol as solvent did not cause meaningful changes

in the morphology of the main cathodic peak previously observed. Indeed, in these
conditions, the CV responses recorded on GC, in cathodic direct scan, showed the same
irreversible peak (peak 1 in Figure 3) at about−1.50 V vs. SCE. When the scan direction was
inverted (from −2.0 to 2.0 V), three ill-resolved and consecutive irreversible anodic peaks
became evident (Figure 3, peaks 2, 3 and 4, respectively, at Ep,a between 0.90 and 1.70 V vs.
SCE). A further inversion of the direction of the potential scan, performed just after peak 4,
caused the appearance of a low and irreversible cathodic peak at Ep,c of −1.00 V (peak 5 in
Figure 3), which was never observed in the cathodic direct scan (Figure 3).

The voltammetric responses of the solutions of HMF were in agreement with those
reported by other authors who studied this analyte’s behavior in aqueous solutions [25]
as well as the reduction processes that involve the carbonylic group in 2F [35,36]. All
the authors attributed the irreversible cathodic peak at about −1.50 V to the two-electron
reduction of the aldehydic group to the corresponding alcohol, that, in the case of HMF,
produces the 2,5-dihydroxymethylfurane. In addition, the meaningful cathodic shift of this
irreversible reduction peak, observed passing by a solvent system at pH = 4.1 (supporting
electrolyte: NaH2PO4) to that at pH = 9.8 (supporting electrolyte: Na2HPO4), is consistent
with the observations of Ganesan et al. [36], because low pH values assist the reduction
process. On the other hand, the most anodic peak, observed at 1.68 V vs. SCE in the direct
anodic scan on GC in the methanol/LiClO4 solvent system, was previously attributed to
the irreversible oxidation of HMF to 2,5-diformylfurane (1.63 V vs. SCE, [25]), which was
likely reducible, in the reverse cathodic scan, to HMF (cathodic peak at −1.00 V vs. SCE).
Since the reduction of carbonylic group of HMF is the main (often the unique) peak and the
most reproducible one present in the different solutions, we decided to further investigate
it to find the optimal conditions for its quantitative determination in honey samples.
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2.1.2. Electrochemical Behavior of Furanic Aldehydes and Acids

The electrochemical behavior of 2F, 3F, 2FA, and 3FA was studied in CV in the same
conditions used for HMF. Table 3 reports the potentials of the cathodic peak measured
using Hg and GC as working electrodes, and LiCl, LiClO4, CH3COONa, and Na2HPO4 as
supporting electrolytes in water. All the species showed an irreversible cathodic reduction
peak at potential between −1.46 and −1.84 V vs. SCE, using both the working electrodes,
when LiCl and LiClO4 were used as supporting electrolytes. These peaks can be tentatively
ascribed to the reductions of 2F and 3F to give the corresponding alcohols (i.e., 2- and
3-hydroxymethylfurane, respectively) and the reductions of 2FA and 3FA toward 2F and
3F, respectively. On the other hand, the cathodic shift of the reduction process caused
by the use of alkaline supporting electrolytes brought the Ep,c of 2FA and 3FA out of the
available cathodic window. This happened when the GC working electrode was used in
the presence of CH3COONa as supporting electrolyte and, for both Hg and GC electrodes,
when Na2HPO4 was used. Hence, the possibility to measure at the same time all these
analytes in honey is achievable only using neutral supporting electrolytes such as LiCl
or LiClO4.

Table 3. Cathodic peak potentials Ep,c (V vs. SCE) for HMF, 2F, 3F, 2FA, and 3FA measured in a CV
direct cathodic scan on a 0.1 mol dm−3 aqueous solution of four different supporting electrolytes.
Analyte concentration: 1 mmol dm−3, potential scan rate: 0.10 V s−1, AE: Pt, RE: SCE.

Supporting Electrolyte

LiCl LiClO4 CH3COONa Na2HPO4

WE (Ep,c, V) WE (Ep,c, V) WE (Ep,c, V) WE (Ep,c, V)

Analyte Hg GC Hg GC Hg GC Hg GC

HMF −1.48 −1.54 −1.48 −1.52 −1.46 −1.52 −1.48 −1.55
2F −1.49 −1.54 −1.50 −1.55 −1.48 −1.54 −1.47 −1.49
3F −1.68 −1.76 −1.65 −1.76 −1.67 −1.74 −1.64 −1.69

2FA −1.46 −1.78 −1.48 −1.84 −1.64 nd nd nd
3FA −1.48 −1.76 −1.49 −1.77 −1.61 nd nd nd

nd: no reduction process has been observed within the cathodic window available for the WE/solvent
system couple.
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2.2. Square Wave Voltammetry
Method Optimization

Preliminary CV experiments allowed to ascertain the feasibility in a contemporary
determination of HMF and of the principal furanic aldehydes and acids in honey. Un-
fortunately, CV is an unsuitable electrochemical technique for an accurate and sensitive
determination of trace compounds. On the other hand, the amount of the most abundant of
these analytes in fresh honey, the HMF, is typically of few tens of mg kg−1, i.e., well below
the concentration used for the preliminary CV tests. Hence, the quantitative method to be
assessed had to be able to reach LoQ levels at least of few mg kg−1, and the best choice to
quantify trace amounts of electroactive organic analytes was the square wave voltammetry
(SWV). The method has been optimized as a function of the general parameters, such as
the nature of the working electrode (Hg or GC) and of the supporting electrolyte (LiCl or
LiClO4), as well as of specific SWV parameters, such as the pulse height (values between
2.5 and 250 mV), the frequency (between 1.5 and 150 Hz), and the modulation amplitude
(between 1 and 40 mV). The optimized SWV parameters are pulse height, 4 mV; frequency,
15 Hz; modulation amplitude, 25 mV. Table 4 shows the optimization of both WE and
supporting electrolyte in the development of the SWV method. HMF was chosen as a
molecular benchmark, since it is the most abundant furanic compound present in honey.

Table 4. Cathodic peak potentials Ep,c (V vs. SCE) and cathodic peak current densities Jp,c (µA mm−2)
in the SWV determination of HMF (concentration: 16 µmol dm−3) by varying the nature of WE (Hg
or GC) and that of the supporting electrolyte (LiCl or LiClO4, both 0.1 mol dm−3 in water). Potential
scan rate: 0.10 V s−1; cathodic window of potential: between 0 and −2.00 V vs. SCE; AE: Pt; RE: SCE;
pulse height: 4 mV; frequency: 15 Hz; modulation amplitude: 25 mV.

WE Hg GC

Supporting Electrolyte Ep,c (V) Jp,c (µA mm−2) Ep,c (V) Jp,c (µA mm−2)

LiCl −1.43 −0.152 nd nd
LiClO4 −1.45 −0.072 −1.53 −0.164

Despite the higher sensitivity of the GC electrode, when LiClO4 was the supporting
electrolyte, no response was obtained using LiCl. On the other hand, the Hg electrode could
detect the benchmark HMF content using both the supporting electrolytes. In these cases,
the density of current measured in the water/LiCl solvent system was roughly double the
amount measured in water/LiClO4. Based on the results here obtained, the SWV method
was tested also in the presence of 2F, 3F, 2FA, and 3FA. Additionally in this case, two
WEs and two supporting electrolytes were used in these experiments. Table 5 reports the
electrochemical parameters obtained for all the analytes in this cycle of measurements.

Data reported in Table 5 confirmed the preliminary results obtained for HMF. The
Ep,c values for the five analytes measured with Hg electrode were more reproducible
and closer to each other in LiCl rather than in LiClO4. In addition, it was impossible to
detect the cathodic peak of 3FA with GC electrode, when LiClO4 was used as supporting
electrolyte. Furthermore, the current densities measured for all analytes, when Hg was the
working electrode, were much higher than those measured by GC electrode, and the same
happened switching from LiClO4 to LiCl as the supporting electrolyte. Hence, Hg as the
working electrode and LiCl as the supporting electrolyte were the best choices for the SWV
determination of HMF, 2F, 3F, 2FA, and 3FA in honey. If the extreme closeness of all the Ep,c
values made it almost impossible to discriminate the amount of each analyte, individually,
as clearly demonstrated by Figure 4, it was however possible—and easy—to quantify the
amounts of all these analytes at once, expressing them in terms of an equivalent amount of
HMF. This observation allowed defining the “Furanic Index” (FI) as a freshness-related
parameter for honey that is able to evaluate the overall amount of HMF, 2F, 3F, 2FA, and
3FA, as expressed in mg of HMF per kg of honey. From a quantitative viewpoint, the
expression of FI is:
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FI (mg dm−3) = CHMF + C2F·(HMF/2F) + C3F·(HMF/3F) + C2FA·(HMF/2FA) + C3FA·(HMF/3FA)

where Canalyte is the amount (in mg dm−3) of each furanic compound, and the HMF/analyte
ratio refers to the relevant molecular weights.

Table 5. Cathodic peak potentials Ep,c (V vs. SCE) and cathodic peak current densities Jp,c (µA mm−2) in the SWV
determination of HMF, 2F, 3F, 2FA, and 3FA (concentration: 1 mmol dm−3 each) by varying the nature of WE (Hg or GC)
and that of the supporting electrolyte (LiCl or LiClO4, both 0.1 mol dm−3 in water). Potential scan rate: 0.10 V s−1; cathodic
window of potential: between 0 and −2.0 V vs. SCE; AE: Pt; RE: SCE; pulse height: 4 mV; frequency: 15 Hz; modulation
amplitude: 25 mV.

Supporting Electrolyte

LiCl LiClO4

WE = Hg WE = GC WE = Hg WE = GC

Analyte Ep,c
(V vs. SCE)

Jp,c
(µA

mm−2)

Ep,c
(V vs. SCE)

Jp,c
(µA

mm−2)

Ep,c
(V vs. SCE)

Jp,c
(µA

mm−2)

Ep,c
(V vs. SCE)

Jp,c
(µA

mm−2)

HMF −1.43 −77.1 −1.47 −13.7 −1.45 −54.9 −1.48 −10.4
2F −1.47 −33.4 −1.49 −4.55 −1.47 −2.98 −1.51 −0.48
3F −1.61 −13.1 −1.70 −1.16 −1.62 −2.53 −1.70 −3.34

2FA −1.42 −21.3 −1.70 −1.46 −1.43 −1.69 −1.84 −0.32
3FA −1.44 −14.0 −1.70 −1.96 −1.44 −9.57 nd nd

nd: no reduction process has been observed within the cathodic window available for the WE/solvent system couple.
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(0.62 mmol dm−3), 2FA (0.36 mmol dm−3), and 3FA (0.18 mmol dm−3) in 0.1 mol dm−3 LiCl aqueous
solution, WE: Hg; AE: Pt; RE: SCE. Potential scan rate: 0.10 V s−1; pulse height: 4 mV; frequency:
15 Hz; modulation amplitude: 25 mV.

2.3. Validation

Validation of the proposed method has been accomplished in terms of LoD, LoQ,
linearity, precision, and trueness. Table 6 reports the features describing the performances
of the method proposed.
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2.3.1. LoD and LoQ

These parameters were calculated, according to IUPAC recommendation, through the
ULA1 method [37]. Four different 0.1 mol dm−3 LiCl aqueous solutions containing HMF in
concentrations of 3 mg dm−3, 5 mg dm−3, 7 mg dm−3, and 10 mg dm−3, respectively, were
prepared and analyzed by means of SWV in triplicate. The LoD obtained in this way is
0.6 mg dm−3. This amount is significantly higher than that (i.e., 0.0021 mg dm−3) recently
measured by Sahli et al. [25], but in this case, the approach used for the calculation was
not described. On the other hand, it is well known that in the past, it has been possible
to associate to the general expression “detection limit” values spanning over more than
three orders of magnitude [38]. Hence, even without arguing on the overall reliability of
very low LoDs reported in the literature, it is well known that the application of the ULA
methods, albeit providing sometimes LoDs higher than those obtained by more “optimistic”
approaches [33], is one of the best choices to avoid both type-1 and type-2 decision errors.
For the ULA1 approach, LoQ is three times the LoD value, i.e., 1.8 mg dm−3.

2.3.2. Linearity

Linearity was measured over a concentration range between LoQ and 200 mg dm−3.
This is the typical interval of amounts observed for HMF in honeys of different geographical
origin and age. As shown in Table 6, very good correlation coefficients (R2) were observed
in this case. In addition, no “hidden” deviations from linearity have been evidenced by the
output of the graphical analysis performed on the residuals of the regression line.

Table 6. Validation parameters for the SWV determination of the furanic index (FI) in honey.

LoD LoQ Linearity Repeatability 3 Intermediate
Precision 4 Trueness 5

Concentration range:
2–200 mg dm−3

RSD%
(FI, mg kg−1)

RSD%
(FI, mg kg−1)

Two tails
t-test (p = 0.95)

9.9 (4.8)
0.6 mg dm−3, 1 1.8 mg dm−3, 1 Y = (a ± sa)X + (b ± sb) ttab = 2.57

a = 1.07 × 10−7 4.4 (22)
sa = 0.01 × 10−7 3.0 (160) texp < 2.19

1.2 mg kg−1, 2 3.6 mg kg−1, 2 b = 2 × 10−7 2.3 (120)
sb = 1 × 10−7

R2 = 0.9991 0.72 (306)

The LoD value was calculated according to [37]. 1 LoD calculated on a 50% solution of honey in a 0.1 mol dm−3 LiCl/water solvent
system; 2 LoD calculated on pure honey; 3 parameter evaluated by analyzing four different honey samples five times in the same analytical
session; 4 parameter evaluated by analyzing five times in five different analytical sessions over five months a honey sample exhibiting
an intermediate FI with respect the concentration range measured; 5 evaluated by means of comparison with an independent analytical
method (i.e., the RP-HPLC method, [33]) made on five different honey samples.

2.3.3. Precision

This parameter was evaluated on real samples in terms of repeatability and intermedi-
ate precision, which are both expressed as the percent relative standard deviation (RSD%).
Repeatability was obtained by analyzing five times, in the same analytical session, four
honey samples with a concentration range between 4.8 and 306 mg kg−1. On the other
hand, intermediate precision was evaluated by analyzing five times, in five different ana-
lytical sessions over five months, a honey sample showing an intermediate value of FI. As
a function of the FI in the honey samples, the RSD% of repeatability ranged between 0.72%
(FI of 306 mg kg−1) and 9.9% (FI of 4.8 mg kg−1), whereas the RSD% of the intermediate
precision was of 3.0%, which was measured on a honey showing an FI of 160 mg kg−1. All
precision parameters were acceptable according to the Horwitz’s theory [39].
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2.3.4. Trueness

Given the absence of any Certified Reference Materials, but in consideration that an
independent analytical method is currently available [33], trueness was evaluated through
the comparison of results obtained from five real samples by both the proposed method
and the RP-HPLC method previously published by this research group, which is able to
singularly quantify HMF, 2F, 3F, 2FA, and 3FA in the same chromatographic run. The
comparison of the experimental t (between 0.55 and 2.19) with the tabulated t (2.57 for
5 degrees of freedom, p = 0.95 in a two-tail t-test) allowed concluding that the proposed
method was bias-free.

2.4. SWV Determination of the Furanic Index in Honeys
2.4.1. Method Application

The proposed method was tested on ten honey samples of different botanical origin
(three from blossom, one from eucalyptus, one from thistle, and five from strawberry tree)
and of different age (between 2014 and 2019). Figure 5 reports a typical SW voltammogram
for one real sample.
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Figure 5. SW voltammograms of (1) a pure strawberry tree honey (50% w/w) in a 0.1 mol dm−3

LiCl solution in water; (2) the same solution 1, after the addition of 0.75 mg of HMF, (3) the same
solution 1, after the addition of 1.50 mg of HMF; (4) the same solution 1, after the addition of 2.25 mg
of HMF. WE: Hg; AE: Pt; RE: SCE. Potential scan rate: 0.10 V s−1; pulse height: 4 mV; frequency:
15 Hz; modulation amplitude: 25 mV.

2.4.2. Furanic Index in Honeys from Different Botanical Origin and Age: Comparison with
HPLC Data

Table 7 reports the amounts of FI measured in these samples. For comparison purposes,
the last column of Table 7 also reported the sum of all analytes (i.e., HMF, 2F, 3F, 2FA,
and 3FA) measured in the same samples by means of a literature RP-HPLC method [33],
which are all expressed in equivalent amounts of HMF. It is possible to observe that the FI
measured on blossom, eucalyptus, and thistle honey is never statistically different (two tails
t-test, p = 0.95) from the amount measured by the RP-HPLC method. This fact is relevant, as
it shows that the quicker SWV determination of the total amount of the furanic compounds
is effective in the assessment of the freshness of the honey samples. In particular, RP-HPLC
data substantiated the expected large predominance of the amount of HMF on those of the
other analytes. As a matter of fact, HMF constitutes on average 93% of the total furanic
species in these honeys. 2F and 2FA were sometimes quantified, at concentrations never
higher than 3.0 mg kg−1 and 4.0 mg kg−1, respectively, while 3F and 3FA were always
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below the relevant LoQs (i.e., 0.3 mg kg−1 and 0.09 mg kg−1, respectively). The furanic
indexes measured in these samples were always congruent to a recently produced and
well-preserved honey: indeed, the measured FI ranged between 4.8 ± 0.4 mg kg−1 (B3
honey) and 22.0 ± 0.5 mg kg−1 (E honey).

Table 7. Furanic index (FI) in ten honeys of different floral origin and age. Comparison with
RP-HPLC data.

Sample Year of
Production Floral Origin SWV

FI (mg kg−1)
RP-HPLC 1

ΣHMF + Fs + FAs (mg kg−1)

B1 2018 Blossom 14.2 ± 0.6 13.3 ± 0.2
B2 2019 Blossom 12.0 ± 0.5 10.4 ± 0.2
B3 2019 Blossom 4.8 ± 0.4 3.7 ± 0.1
T 2018 Thistle 19.4 ± 0.8 17.4 ± 0.4
E 2019 Eucalyptus 22.0 ± 0.5 19.5 ± 0.3
S1 2015 Strawberry tree 192 ± 1 79 ± 1
S2 2016 Strawberry tree 245 ± 2 70.4 ± 0.8
S3 2018 Strawberry tree 120 ± 2 52 ± 1
S4 2016 Strawberry tree 160 ± 2 67 ± 2
S5 2014 Strawberry tree 306 ± 2 160 ± 2

All data are expressed as average ± standard deviation, n = 3. 1 Sum of the concentrations of HMF, of 2F, of 3F, of
2FA and of 3FA, expressed as mg of HMF on kg of honey.

On the other hand, a very different situation was exhibited by the five strawberry tree
honeys: in comparison to the RP-HPLC data, the amount of the FI is much higher (from
191% to 350%) than the sum of furanic species measured by RP-HPLC. The fact that this
result only occurred for the samples of this botanical origin—irrespectively of the age of
the honey led to supposing that in this honey, a compound normally absent in the other
honeys was present, which was reduced at the same potential of all the analytes considered.
As a matter of fact, the strawberry tree honey is rich in 2,5-dihydroxyphenylacetic acid,
homogentisic acid (HA), and L-tyrosine catabolite [40], and this compound has been
found until now only in this honey [41,42]. The electrochemical behavior of HA was
studied in the same conditions used for the characterization of all the furanic compounds,
and the voltammetric evidences acquired both in CV and in SWV confirmed that it is
irreversibly reduced in the cathodic direct scan, at −1.48 V vs. SCE. Figure 6 shows a SW
voltammogram of a solution 0.1 mol dm−3 of HA.
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To verify the contribution of this molecule to the FI measured in strawberry tree
honeys, HA was quantified in all the samples of this botanical origin by means of another
RP-HPLC literature method [42]. The amounts of HA ranged between 92.5 ± 0.2 mg kg−1

and 241.2± 0.5 mg kg−1, as shown in Table 8. This table also reports the theoretical amount
of reducible species present in the strawberry tree honey, as measured by RP-HPLC, and
expressed in equivalent HMF concentration, column RP-HPLC ΣHMF+Fs+FAs+HA. It
is interesting to note that—for honey samples S1 and S3—this amount is not statistically
different from that measured by SWV (criteria: two tails t-test, p = 0.95), whereas for
the remaining samples, these data exhibit a slight bias (between −3.16%, sample S5 and
−6.43%, sample S4) in comparison to the RP-HPLC one. However, this bias is well
within the acceptability range for this level of concentration, as suggested by the AOAC
International in its Peer Verified Methods Programs [43].

Table 8. RP-HPLC determination of homogentisic acid (HA) in the strawberry tree honeys and
comparison among results obtained by means of both RP-HPLC and SWV methods.

Sample RP-HPLC 1

HA (mg kg−1)

RP-HPLC 2

ΣHMF + Fs +
FAs

(mg kg−1)

RP-HPLC 3

ΣHMF + Fs +
Fas + HA
(mg kg−1)

SWV
ΣHMF + Fs +

Fas + HA
(mg kg−1)

S1 150.0 ± 0.1 79 ± 1 194 ± 1 192 ± 1
S2 241.2 ± 0.5 70.4 ± 0.8 256 ± 1 245 ± 2
S3 92.5 ± 0.2 52 ± 1 123 ± 1 120 ± 2
S4 135.3 ± 0.3 67 ± 2 171 ± 2 160 ± 2
S5 202.8 ± 0.2 160 ± 2 316 ± 2 306 ± 2

All data are expressed as average ± standard deviation, n = 3. 1 Data obtained according [42]; 2 sum of the
concentrations of HMF, 2F, 3F, 2FA, and 3FA, obtained according to [33] and expressed as mg of HMF on kg of
honey; 3 sum of the concentrations of HMF, 2F, 3F, 2FA, 3FA, and HA, obtained according to [33,42] and expressed
as mg of HMF on kg of honey.

3. Materials and Methods
3.1. Honey Samples

The study was carried out on 10 honey samples of different botanical origin: straw-
berry tree (Arbutus unedo), eucalyptus (Eucalyptus camaldulensis), thistle (Galactites tomen-
tosus), and blossom. Some of these honeys were directly provided by beekeepers; the
others were commercial samples. All the samples were produced in Italy, almost all in the
Sardinia Island, between 2014 and 2019. The floral origin was established on the basis of
the indications of the producers and verified by melissopalynological analysis [44]. All
samples were stored in the dark at 4 ◦C until SWV analysis.

3.2. SWV Determination of FI in Honey Samples

Ca. 5 g (exactly weighted on an analytical balance) of homogenized honey was diluted
to 10 cm3 by a 0.1 mol dm−3 LiCl aqueous solution and transferred in a polarographic cell
in glass equipped with a four-hole gas-tight cover. The solution was carefully deaerated
with Ar for at least 15 min; hence, a gentle flow of Ar ensured an inert blanket over the
solution during the tests. Quantification was performed by internal calibration, by means
of the multiple additions method (i.e., with three consecutive spikings of HMF, respectively
50%, 100%, and 150% of the amount of the furanic index evaluated by measurements
performed by a literature HPLC method [33]). Each analytical evaluation was replicated at
least three times.

3.3. Chemicals and Reagents

2-furoic acid, >98%; 3-furoic acid, ≥98%; 2-furaldehyde, >99%; 3-furaldehyde, ≥97%;
5-hydroxymethylfurfural, ≥99%; 2,5-dihydroxyphenylacetic acid, ≥99%; mercury, 99.9995%;
methanol anhydrous, >99.8%; methanol HPLC grade; 1.0000 mol dm−3 H2SO4 solution
in water and type I water were purchased from Merck, Milan, Italy. In addition, lithium
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perchlorate, 99.99%; lithium chloride, 99.98%; sodium hydrogen carbonate, >99.7%; sodium
acetate, >99.9%; disodium hydrogen phosphate, 99.99%; sodium dihydrogen phosphate,
99.99%; tetrabutylammonium perchlorate, >99%, all used as supporting electrolytes were
analytical grade Merck reagents. 99.999% Ar gas was used for degassing the solvent systems
used in all electrochemical experiments and was purchased from Sapio, Monza, Italy.

3.4. Equipment

All the electrochemical measurements were performed using a CHI-650 electrochemi-
cal workstation (CH Instruments, Austin, TX, USA) interfaced with a computer with the
specific software CHI-650, in a conventional three-electrodes voltammetric cell in glass,
equipped with a gas-tight four-hole cover, positioned inside a Faraday cage. Four different
working electrodes (WE) were used in this study: a 2 mm diameter glassy carbon (GC) disk,
a 2 mm diameter Pt disk, a ca. 1 mm diameter Au hemisphere electrode, and a ca. 1 mm
diameter Hg/Au amalgam hemisphere electrode, respectively. A 5 mm Pt disk was always
the auxiliary electrode (AE), and a saturated calomel electrode (SCE) was the reference
electrode (RE); all potential values given were referred. Before use, all of the electrode
surfaces of WE and AE were polished with alumina powder (0.3 µm of diameter) and
rinsed with ultrapure water. All the experiments were performed at room temperature in
an Ar saturated solution.

The HPLC equipment used for confirmatory purposes was a Series 200 apparatus
(Perkin Elmer, Milan, Italy) formed by a binary pump, by an UV–vis variable wavelength
detector, and by a sampling valve equipped with a 20 mm3 sample loop. Separation was
accomplished on an Alltima C18 column 250 mm × 4.6 mm, 5 µm particle size (Alltech,
Sedriano, Italy) fitted with a guard cartridge packed with the same stationary phase. Data
were processed by a Turbochrom Workstation Software (Perkin Elmer, Milan, Italy).

An Ultra-turrax mixer model T18 (IKA, Staufen, Germany) was used to homogenize
honey samples before analysis.

4. Conclusions

Although HMF has been a well-recognized freshness index of honeys for years,
it is possible that the aging and/or imperfect storage conditions allow the formation
also of different furanic compounds, such as furaldehydes and furoic acids. In order to
provide a thorough evaluation of any reactive furanic-based compounds formed in honeys
by degradation of this matrix, a rapid and accurate SWV method has been developed,
optimized, and validated to measure the amount of HMF as well as of 2-furaldehyde, 2F,
3-furaldehyde, 3F, 2-furoic acid, 2FA, and 3-furoic acid, 3FA. All these analytes underwent
an irreversible reduction on Hg electrode at potentials close to −1.50 V vs. SCE. Hence, a
new chemical index (i.e., the so-called “Furanic Index”, FI) was proposed for a quick and
accurate assessment of the freshness of honeys. FI expresses, as mg of HMF per kg, the total
amount of HMF, 2F, 3F, 2FA, and 3FA found in honey. The method exhibits satisfactory
LoD and LoQ values, excellent linearity inside the operative range of concentration (i.e.,
between 2 and 200 mg dm−3). The method was tested on ten real honey samples that
were different in age and floral origin. An excellent accuracy has been demonstrated
for blossom as well as eucalyptus and thistle honeys, while for strawberry tree samples,
homogentisic acid, the chemical marker of this floral origin, also contributed to FI as it was
quantitatively reduced in the analytical conditions. However, RP-HPLC determination
of HA allows evaluating the freshness of these samples by FI. So, it is possible to believe
that the proposed method could be advantageously used for screening purposes due its
simplicity and its speed.

Author Contributions: Conceptualization, N.S. and G.S.; methodology, N.S. and G.S.; validation,
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Abstract: Despite unifloral honeys from Sardinia, Italy, being appreciated worldwide for their
peculiar organoleptic features, their elemental signature has only partly been investigated. Hence,
the principal aim of this study was to measure the concentration of trace and toxic elements (i.e.,
Ag, As, Ba, Be, Bi, Cd, Co, Cr, Cu, Fe, Hg, Li, Mn, Mo, Ni, Pb, Sb, Sn, Sr, Te, Tl, V, and Zn) in four
unifloral honeys produced in Sardinia. For this purpose, an original ICP-MS method was developed,
fully validated, and applied on unifloral honeys from asphodel, eucalyptus, strawberry tree, and
thistle. Particular attention was paid to the method’s development: factorial design was applied
for the optimization of the acid microwave digestion, whereas the instrumental parameters were
tuned to minimize the polyatomic interferences. Most of the analytes’ concentration ranged between
the relevant LoDs and few mg kg−1, while toxic elements were present in negligible amounts. The
elemental signatures of asphodel and thistle honeys were measured for the first time, whereas those
of eucalyptus and strawberry tree honeys suggested a geographical differentiation if compared with
the literature. Chemometric analysis allowed for the botanical discrimination of honeys through their
elemental signature, whereas linear discriminant analysis provided an accuracy level of 87.1%.

Keywords: honey; ICP-MS; trace elements; toxic elements; botanical origin; geographical origin;
asphodel; eucalyptus; strawberry tree; thistle

1. Introduction

Honey is an ancient natural and functional food used for centuries in the traditional
medicine of many cultures. Beyond monosaccharides, such as glucose and fructose, which
it is composed of up to 80% w/w, honey is a very complex matrix containing many bioac-
tive compounds such as proteins, amino acids and enzymes, organic acids, polyphenols,
flavonoids, vitamins, and inorganic elements [1]. This combination makes honey an out-
standing functional food with many health-promoting activities and antimicrobial, antiviral,
antifungal, anticancer, and antidiabetic properties [2–6].

Sardinia, Italy, is the second-largest island in the Mediterranean Sea. Its extension
and distance from the European and African continental shelves characterize the endemic
flora and fauna. Furthermore, due to the paucity of population and industries, the poor
anthropogenic pressure is considered by consumers as an intrinsic guarantee of the quality
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of agri-food products, albeit sometimes this is not supported enough by scientific data. For
these reasons, Sardinian honey is a typical product universally appreciated and recognized
for its quality and for its peculiar organoleptic features.

Beekeeping is a significant sector of the regional agriculture, since Sardinia produces
more than the 11% of Italian honey, and Italy is the fourth largest producer in the European
Union [7]. Besides the multiflora ones, the production of Sardinian honey is mainly
focused on four unifloral varieties: asphodel (Asphodelus spp.), eucalyptus (Eucalyptus spp.),
strawberry tree (Arbutus unedo L.), and thistle (Galactites tomentosa) [8,9].

Given the importance of the sector for the economy of Sardinia, the traceability of
their unifloral honeys should be ascertained with analytical methods aimed toward food
authentication. Among the possible methods, those based on elemental metabolomics [10]
provide great achievements in both botanical [11,12] and geographical classification [11,13].
The elemental metabolomics approach involves the determination of trace elements to
achieve an elemental signature [10]. Hence, although they are not directly related with
most of the therapeutical and nutraceutical properties of honey [14–17], trace elements are
nevertheless of great scientific interest.

First, the health-promoting properties of honey must be coupled with the highest level
of food safety and, consequently, the concentration of toxic elements should be negligible.
Thus, honey is considered a valuable bioindicator of environmental pollution [18–21]
because its chemical composition is strictly related to the environmental quality of the area
next to the beehive [22,23]. In fact, the concentration of some potentially toxic elements has
been found to be higher in hive matrices from industrial and urban areas with respect to
what was measured in uncontaminated areas [18,24–27]. For these reasons, the concern
for the potential presence of toxic elements in honey moved the European Union to set
maximum levels for Hg (0.01 mg kg−1) [28] and for Pb (0.1 mg kg−1) [29].

Finally, the elemental signature of honey has been frequently used for its authenti-
cation and traceability because foraged plants tend to accumulate specific elements in
the nectar, allowing for classification according to their botanical origin [30,31]. In addi-
tion, soil composition affects element availability in honey, allowing, in this case, their
georeferentiation [31,32].

Despite trace elements being determined in honeys from many countries, such as Bul-
garia [12], Kosovo [20], Ethiopia [24], Turkey [26], Italy [18,27,32,33], Poland and Greece [31],
Hungary [34], and New Zealand [35], there are few contributions to the literature reporting
on the amounts of trace elements in unifloral honeys produced in Sardinia. The litera-
ture is also poor regarding studies reporting on the elemental composition of the honeys
of asphodel, eucalyptus, strawberry tree, and thistle produced out of Sardinia. Among
them, eucalyptus honey was the most investigated [36–39] and data from Tunisia [36],
Argentina [37], and Italy [38] have been reported in the literature. In contrast, the elemen-
tal composition of strawberry tree honey has been reported only for those coming from
Croatia [40], whereas, to the best of our knowledge, no study has dealt with a trace element
characterization of either asphodel or thistle honeys.

From an analytical viewpoint, microwave-assisted digestion [41,42] and inductively
coupled plasma spectrometry (ICP-MS) [41,43] are the preferred techniques for sample
pre-treatment and for elemental analysis, respectively. Among the former ones, microwave-
assisted digestion ensures high efficiency and good performances [44–47]. On the other
hand, ICP-MS allows to achieve great results in trace and ultra-trace analysis and to perform
a reliable investigation for food authentication and traceability [13,41]. Regardless of the
tool chosen for the elemental analysis, the data obtained should be elaborated using a
multivariate approach, essential for classification purposes. Principal component analysis
(PCA) [36], cluster analysis (CA) [32], discriminant analysis (DA) [35], partial least squares
(PLS) [31], and self-organizing maps (SOMs) [12] provide great results in exploratory
analysis and honeys classification.

This research group has been active for decades in the assessment and validation of
original analytical methods applied to beehive matrices to ascertain their quality [48–55]
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as well as origin [56,57]. Hence, the principal aim of this research was to ascertain the
elemental signature of the most renowned unifloral honeys of Sardinia as a reliable tool to
ensure their healthiness and guarantee their origin. Therefore, an original ICP-MS method
able to simultaneously measure the total amount of 23 elements of potential health concern
(i.e., Ag, As, Ba, Be, Bi, Cd, Co, Cr, Cu, Fe, Hg, Li, Mn, Mo, Ni, Pb, Sb, Sn, Sr, Te, Tl, V, and
Zn) was developed and thoroughly validated. Finally, the proposed method was applied
to a large sampling of honeys from asphodel, eucalyptus, strawberry tree, and thistle.

2. Results and Discussion
2.1. Sample Pre-Treatment

To avoid the matrix effect and maximize the signal-to-noise ratio, great attention was
paid to the optimization of the sample pre-treatment step [44–47]. Although the sample
amounts and the instrumental conditions depend on the specific features of the microwave
system, according to the recent method proposed by Astolfi et al. [42], HNO3 and H2O2
were chosen as the acidic/oxidizing mixture due the fact of their proven capability to
minimize the formation of the interfering polyatomic ions in the plasma and their efficiency
in organic matter decomposition. According to Muller et al. [45], a simply 22 full factorial
design was applied to improve the digestion efficiency and the composition of the oxidizing
mixture. The optimization allowed for a reduction in the HNO3 volume required for sample
digestion, increasing the amount of the greenest hydrogen peroxide and the mass of sample
digested, which is an important achievement for trace element analysis. These results were
also achieved thanks to the versatile performance of the ultraWAVE digestion system. The
optimized method is reported in Table 1.

Table 1. UltraWAVE SRC microwave digestion operational program and conditions.

Step Time (min) Temperature (◦C)

1st Heating 25 240 Initial pressure: 40 bar
Final temperature: <40 ◦C
Pressure release rate: 8 bar/min
Rack: 15 positions
Vessel: volume 15 cm3, PTFE
Sample amount: 0.7 g of honey
Reagents: 0.5 cm3 HNO3, 3 cm3 of
H2O2, and 4 cm3 H2O

2nd Holding 10 240
3rd Cooling ~30 <40

First, honey samples were heated until 40 ◦C and then homogenized by an Ultraturrax.
Next, approximately 0.7 g of honey, exactly weighted on an analytical balance (±0.0001 g
uncertainty), was treated with 0.5 cm3 of HNO3, 3 cm3 of H2O2, and 4 cm3 of type I water
inside a PTFE vessel of the SCR mineralization system. After the digestion, samples were
diluted to a final volume of 15 cm3 and filtered through a 0.22 µm nylon filter. Finally, they
were stored at 4 ◦C in the dark until the analysis. The typical amount of residual acidity
found in digested samples was 0.2 mol dm−3, whereas the efficiency of organic matter
decomposition (EOMD%) was generally higher than 94%.

2.2. Validation of the ICP-MS Method

The validation of the ICP-MS method proposed was accomplished in terms of the
limit of detection (LoD), limit of quantification (LoQ), linearity, precision, and trueness.
Table 2 reports the validation parameters of the ICP-MS method for the determination of
the total amount of 23 trace elements in honey.
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Table 2. Validation parameters of the ICP-MS method aimed at the determination of 23 trace elements
in unifloral honeys.

Element
LoD a LoQ a Calibration Range b Repeatability c Intermediate

Precision d Trueness,

(µg kg−1) (µg kg−1) (µg dm−3) CV (%) CV (%) Recovery (% ± s e)

Ag 5 17 0.1–50 4 8 106 ± 5
As 2 7 0.1–50 4 6 92 ± 1
Ba 20 70 1–250 1 3 90 ± 20
Be 0.4 1.3 0.02–50 4 13 103 ± 1
Bi 0.1 0.3 0.005–50 4 12 85 ± 7
Cd 0.3 1.0 0.01–50 4 8 117 ± 1
Co 0.3 1.0 0.01–50 8 9 99 ± 1
Cr 7 23 0.1–50 4 5 97 ± 1
Cu 20 70 1–100 4 11 107 ± 4
Fe 30 100 1–100 4 17 105 ± 15
Hg 6 20 0.1–50 4 13 130 ± 10
Li 2 7 0.1–500 4 14 96 ± 1
Mn 8 27 0.1–500 3 3 107 ± 4
Mo 0.7 2.3 0.04–50 4 8 94 ± 1
Ni 3 10 0.1–100 6 18 95 ± 2
Pb 3 10 0.1–250 4 6 92 ± 1
Sb 0.7 2.3 0.04–50 4 9 115 ± 1
Sn 2.1 6.9 0.1–50 5 5 103 ± 2
Sr 3 10 0.1–100 3 7 103 ± 1
Te 1.2 3.9 0.04–50 4 21 108 ± 3
Tl 0.04 0.13 0.005–50 7 5 96 ± 1
V 0.2 0.7 0.01–50 4 6 94 ± 2
Zn 40 130 1–500 12 16 101 ± 1

a The LoD and LoQ values were measured according to [58]. b Instrumental calibration range. c Evaluated on the
sample replicates in the same analytical session (n = 3). d Evaluated on the sample replicates within one month
(n = 3). e Standard deviation.

The LoDs and LoQs of the method were calculated according to Currie [58] on
30 measurements of method blanks obtained in different analytical sessions. The LoDs
were generally below 10 µg dm−3 for all of the elements except for Ba, Cu, Fe, and Zn,
which were between 10 and 40 µg dm−3.

Because of the large variability of the analyte concentrations, great attention was
paid to the instrument calibration phase. Although the linearity of the ICP-MS could be
extended over several orders of magnitude of concentration, in this case, this parameter
was explored for each element only within the relevant operative range of concentration.
For each analyte, the calibration function was the result of a linear regression of six standard
solutions, three for each extreme point of the calibration range. To evaluate the experimental
error and verify the linearity of the calibration function, three different solutions at an
analyte concentration equal to the central point of the calibration range were analyzed.
For each analyte, the difference between the experimental and predicted values was not
significant (t-test, α = 0.05). Hence, keeping in consideration the random distribution of the
residuals around the mean value as well as the very high coefficient of determination (R2

always above 0.999), the linearity of the calibration function was successfully ascertained.
Precision, measured as the coefficient of variation (CV%), was assessed in terms of

repeatability and intermediate precision. For this purpose, a batch of honey samples was
replicated in the same way and in different analytical sessions. Table 2 reports the CV%s
calculated at the analyte’s average concentration. For elements in which the concentration
in the honey was below the LoD, precision was measured by spiking the samples with
standard solutions of analyte. Repeatability exhibited CV% between 1% (Ba) and 12% (Zn),
while intermediate precision ranged between 3% (Ba and Mn) and 21% (Te). All precision
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parameters were in the range of CV% defined by the Horwitz’s theory [59]; hence, the
overall precision level of the method was acceptable.

Due to the lack of certified reference material (CRM) for the determination of trace
elements in honey, trueness was evaluated by recovery tests. Hence, three aliquots of each
sample were spiked with increasing amounts of a standard solution containing all analytes.
All aliquots then underwent the whole analytical procedure described in Section 2.1. Fur-
thermore, an additional aliquot for each honey sample was analyzed without any spiking.
Recoveries ranged between 85% (Bi) and 130% (Hg). Quantitative recoveries (t-test, α = 0.05)
were observed for most of the elements, except for As, Li, Mo, Pb, and V (underestimation
bias) and for Be, Cd, and Sb (overestimation bias). Nevertheless, the recoveries obtained in
these cases were also acceptable according to the AOAC guidelines [60]. In summary, the
proposed method was fully and successfully validated, and the parameters here considered
were comparable or better than those reported in previous works [31,35,36,41,42].

2.3. Honey Analysis

Table 3 summarizes, in terms of both the mean value and range, the amount of toxic
and trace elements belonging to the four unifloral Sardinian honeys, while the full data set
is available in the Supplementary Materials (Table S1).

Table 3. Mean and range concentrations (in µg kg−1) of 23 toxic and trace elements in the unifloral
honey samples of asphodel, eucalyptus, strawberry tree, and thistle.

Element
Asphodel (n = 33)

Asphodel spp.
Eucalyptus (n = 30)

Eucalyptus spp.
Strawberry Tree (n = 31)

Arbutus unedo L.
Thistle (n = 39)

Galactites tomentosa

Mean Range Mean Range Mean Range Mean Range

Ag <5 <5–<17 <5 <5–<5 <5 <5–<17 <5 <5–<5
As <3 <2–9 <6 <2–19 <2 <2–<7 <4 <2–<7
Ba 180 <20–1600 340 80–690 550 <70–2600 300 <70–1800
Be <0.4 <0.4–<0.4 <0.4 <0.4–<0.4 <0.4 <0.4–<0.4 <0.4 <0.4–<0.4
Bi <0.2 <0.1–1.6 <0.2 <0.1–1.2 <0.2 <0.1–0.8 <0.6 <0.1–10.7
Cd <0.7 <0.3–2.5 1.7 <0.3–9.2 <0.3 <0.3–<1 1.4 <0.3–5.2
Co 2.5 <1–10.2 7.6 <1–109 1.8 <0.3–9.7 5.1 <1–15.5
Cr <11 <7–24 <17 <7–26 <15 <7–24 <8 <7–24
Cu 90 <20–250 170 <70–630 90 <20–250 180 <70–1030
Fe 160 <100–660 570 <100–1600 180 <100–630 340 120–820
Hg <6 <6–<6 <6 <6–<6 <6 <6–<10 <6 <6–<20
Li <2 <2–14 11 <2–30 280 <2–8500 <5 <2–22

Mn 190 40–770 2600 140–5100 330 <27–4900 330 40–3300
Mo <1.8 <0.7–3.6 <2.3 <0.7–3.9 1.8 <0.7–3.8 <2.1 <0.7–3.7
Ni 19 <3–170 22 <3–122 12 <3–33 24 <10–220
Pb 23 <3–400 16 <3–95 <10 <3–90 <9 <3–30
Sb <0.8 <0.7–<2.3 <1.3 <0.7–4.7 <0.9 <0.7–<2.3 <0.8 <0.7–2.8
Sn 44 <2.1–210 30 <6.9–110 43 <2.1–200 46 <7.1–240
Sr 38 <3–174 180 20–290 140 22–350 98 18–420
Te <1.5 <1.2–6.8 <1.2 <1.2–<1.2 <1.2 <1.2–<1.2 <1.2 <1.2–<3.9
Tl <0.13 <0.04–0.4 0.3 <0.04–2.2 <0.13 <0.04–1.4 0.18 <0.04–1.3
V <0.4 <0.2–<0.7 4.1 <0.7–12.8 <0.6 <0.2–1.8 1.3 <0.7–5.6

Zn 550 <130–1400 660 330–1400 400 <40–1200 800 300–2000

Total
(mg kg−1) 1.30 0.56–2.70 2.20 0.74–6.60 2.10 0.76–10.30 4.70 1.00–8.40

Each sample was analyzed twice. Italics represent data below the LoD; underlined values represent data below
the LoQ.

Table 4 shows the results of the amounts of toxic and trace elements reported for
unifloral eucalyptus honeys produced in different countries.
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Table 4. Mean concentration and range a (both in µg kg−1) of toxic and trace elements in unifloral
Eucalyptus honeys from different geographical origins.

Element
Tunisia
(n = 3)

[36]

Argentina
(n = 1)

[37]

Italy
(n = 1)

[38]

Unknown
(n = 1)

[39]

Sardinia
(n = 29)

(This Work)

Ag <5; <5–<5
As 19.08 <10 5.99 3.33 <6; <2–19
Ba 340; 80–690
Be <10 <0.4; <0.4–<0.4
Bi <0.2; <0.1–1.2
Cd <0.01 <10 0.592 0.70 1.7; <0.3–9.2
Co 10 7.6; <1–109
Cr 130 <10 1.50 2.73 <17; <7–26
Cu 800 120 219 140 170; <70–630
Fe 7100 3380 1008 914 570; <100–1600
Hg <0.75 <6; <6–<6
Li 11; <2–30
Mn 1250 8840 1009 1976 2600; 140–5100
Mo <2.3; <0.7–3.9
Ni 220 50 11.3 8.04 22; <3–122
Pb 250 10 5.00 141 16; <3–95
Se 130 10 5.60
Sb 100 <1.3; <0.7–4.7
Sn 7.85 30; <6.9–110
Sr 180; 20–290
Ti 610
Te <1.2; <1.2–<1.2
Tl <10 0.3; <0.04–2.2
U <10
V 50 <10 3.36 4.1; <0.7–12.8
Zn 2060 550 791 414 660; 330–1400

a Data are presented in the “average; range” format. n = number of honey samples analyzed. Italics represent
data below the LoD; underlined values represent data below the LoQ.

The determination of As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn was performed in all
studies, and the amounts of these elements in honeys from different geographical origins
normally spanned over one or two orders of magnitude. The different concentrations of the
most abundant elements (i.e., Cr, Cu, Fe, Ni, Pb, and Zn, significantly higher in the samples
from Tunisia, or the very high concentration of Mn in the Argentinian honey) allowed to
envisage the feasibility of a discrimination of these honeys according to geographical origin.
However, due to the paucity of the samples analyzed in the literature [36–39], no definitive
conclusion could be obtained by this comparison.

The comparison of the data set obtained from the determination of 23 elements in
nine samples of strawberry tree from Croatia [40] was more reliable. In this case, 17 out
of 23 elements were measured in both countries. Meaningful differences in the average
concentrations of many trace elements (i.e., Co, Cu, Mo, Ni, Pb, Sb, Sn, and V) appeared to
support the possibility to achieve a differentiation according to the different geographical
origin. The average distributions reported in Figure 1 highlights the differences between
Croatian and Sardinian strawberry tree honeys.
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2.4. Chemometric Analysis

In order to evaluate the suitability of trace elements to ascertain the origin of Sardinian
honeys, principal component analysis (PCA) and linear discriminant analysis (LDA) were
performed for exploratory and classification purposes, respectively.

The original data set, constituted by 133 samples and 18 variables (Ag, Be, Hg, Sb, and
Te were removed because they were almost never quantified) were randomly divided into
training (85 samples) and validation (48 samples) sets for internal validation.

The logarithmic transformation (log10) was used to reduce the skewness of the proba-
bility density distribution present in the original data. However, the information embodied
in the loadings has changed and so it could lead to dangerous misunderstandings [61].

From the loading plot (Figure 2a), PC1 explained mainly the global concentration of the
trace elements characterized by positive loadings on PC1 (Fe, V, Mo, and Mn). On the other
hand, PC2 explained the contrast between the two clusters of correlated trace elements: Li,
Sr, and Ba at positive loadings and Co, Cd, Cu, Zn, and Ni at negative loadings. Couples of
elements, such as Mn and V, Cd and Co, and, mainly, Cu and Zn, were strongly correlated
among them. Finally, Sn, Cr, Pb, and Bi were the less significant variables, as suggested by
their overall low expression in both PC1 and PC2. Looking at the score plot in the plane
PC1–PC2 (Figure 2b), with the objects colored according to the different botanical origin, it
was noticed that the four classes were generally characterized by a specific location on the
plane: asphodel honey samples (1) can be found at negative scores of both PC1 and PC2;
eucalyptus samples (2) at positive scores of both PC1 and PC2; strawberry tree samples
(3) at negative score of PC1 and positive scores of PC2 and, finally, thistle samples (4) can
be found at positive scores of PC1 and negative scores of PC2. The information on the
within-class variability of the four classes was smoothed by the logarithmic transformation,
as well as the correlations between the variables. The high variability can be confirmed from
the width of the ranges reported in Table 3. Furthermore, an analysis of the correlations was
performed before and after the logarithmic transformation (Table S2) to ensure a correct
interpretation of the variables. The coefficients highlight a strong correlation between Fe–
Mn–V and Cu–Ni–Zn, confirmed by the loading plot, in contrast, the correlations between
Ba–Sr–Li and Cd–Co were emphasized by the data pre-treatment.
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Figure 2. PCA performed on 85 unifloral honey samples and 18 trace elements: (a) loading plot;
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For classification purposes, linear discriminant analysis (LDA) was used. This method
is based on the description of data by means of probability density distributions under
two hypotheses: (i) probability distributions are multivariate normal within all the classes;
(ii) dispersion and correlation structures are the same within all the classes. Fortunately,
the method is quite robust against slight deviations from these hypotheses [62].

In this case, after the pre-processing, it was possible to use LDA because the classes
were similar in size and orientation and, therefore, it was possible to assume that they had
similar variance and covariance matrix.

The results obtained in cross-validation and prediction are reported in Table 5. The
botanical origin with the lowest percentage of correct prediction was asphodel (61.9%),
whose samples were mainly confused with thistle (n = 3) and strawberry tree (n = 5), while
the best results were obtained for eucalyptus (84.2%). A permutation test was performed to
compare the performance obtained with the correct assignment with a series of random
permutation of the classes (in this case, 100 permutations were calculated). Figure S3 shows
how the model works, since in no event in the classification were the results obtained
randomly. In prediction, a correct classification percentage of 87.1% was achieved, quite in
agreement with the results obtained in the CV. By observing the confusion matrix (Table 6),
it is possible to look at the samples characterized by the wrong assignment, highlighting
that asphodel and thistle were relatively less accurate but still acceptable: strawberry
tree was twice erroneously classified as thistle and once as asphodel; eucalyptus was
erroneously re-classified as both thistle and asphodel; a sample of asphodel was wrongly
classified as a thistle.

Table 5. Results of the LDA, % of correct classified samples in the CV and prediction.

% Correctly
Classified Asphodel Eucalyptus Strawberry

Tree Thistle Total

Cross-
validation 61.9 84.2 78.9 76.9 75.5

Prediction a 91.7 81.5 75.0 100.0 87.1
a Internal validation.
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Table 6. Confusion matrix in prediction.

Asphodel Eucalyptus Strawberry Tree Thistle

Asphodel 11 0 0 1
Eucalyptus 1 9 0 1
Strawberry tree 1 0 9 2
Thistle 0 0 0 13

The level of discrimination achieved in this contribution is less than those obtained
by this research group using chemometric approaches based on untargeted physical and
chemical data [49] or FT-ATR spectroscopic data [50].

Several factors could affect the ascertainment of the botanical origin. First, Sardinian
unifloral honeys are typically underrepresented from a melissopalynological point of view
since the pollen spectrum is often largely overlapping due to both accompanying and
rare pollens [8]. This highlights a partly common botanical origin, especially for spring
productions of asphodel and thistle and, secondly, also for summer and autumn production
of eucalyptus and strawberry tree, respectively. Finally, a last possible factor, could be
related to the geographical origin of some honeys, especially for those coming from the
mining areas (i.e., central and southwestern Sardinia), where the natural characteristics of
soil composition may have influenced the concentration of some elements.

In addition, a second LDA was unsuccessfully used in the attempt to achieve a
geographical classification of Sardinian samples belonging to the same floral origin (data
not reported). Probably, the reason for this failure was related both to the difficulty to
localize the exact position of the hives [8] and to the extreme geochemical and pedological
variability of the soil of Sardinia [63].

Summarizing, the elemental signature provided rather robust descriptors for the botan-
ical discrimination of Sardinian unifloral honeys, whereas the intra-regional geographical
discrimination was currently compromised and should be investigated by acquiring addi-
tional data. Hence, efforts will be paid to carefully solve these issues. Moreover, additional
samples of both eucalyptus and strawberry tree honeys produced outside Sardinia will be
gathered in order to achieve a reliable geographical discrimination.

3. Materials and Methods
3.1. Honey Samples

The honeys were mainly gathered in the last year directly from local beekeepers
and, in a minor amount, purchased in Sardinian markets. The collection, summarized in
Figure 3, consisted of 133 samples of the four most renowned unifloral varieties of honey:
asphodel (n = 33), eucalyptus (n = 30), strawberry tree (n = 31), and thistle (n = 39). Samples
were stored in the dark at 4 ◦C until the analysis. The botanical origin of each sample,
primarily based on information directly provided by beekeepers, has been confirmed by the
melissopalynological analysis, which provided data within the relevant ranges measured
by Floris et al. [8].

Briefly, Sardinia is mainly hilly, therefore, 60% (n = 80) of the honeys are from the hills,
36% (n = 48) from the plains, and only 4% (n = 5) from the mountains. The production
areas are divided into rural areas 50% (low urbanization degree, n = 67), slightly urbanized
areas 45% (medium urbanization degree, n = 62) and urbanized 3% (high urbanization
degree, n = 4) [64]. The odd distribution of the samples in the region, as reported in
Figure 3, is representative of the different production areas and the distribution of the
botanical sources.
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3.2. Reagents and Standard Solutions

In all the analytical phases, type I water (resistivity > 18 MΩ cm−1), produced by means
of a MilliQ plus System (Millipore, Vimodrone, Italy) was used. Nitric acid (67–69% w/w,
NORMATON® for ultra-trace analysis) and hydrogen peroxide (30% w/w, NORMATON®

for ultra-trace metal analysis) were from VWR (Milan, Italy). The multi-element standard
periodic table mix 1 for ICP (TraceCert®, 33 elements, 10 mg dm−3) and the internal stan-
dard solution (3% HNO3 v/v aqueous solution containing 1000 mg dm−3 of Rh) were from
Sigma-Aldrich (St. Louis, MI, USA), while the elemental standards of Hg (10 mg dm−3),
Mo (10 mg dm−3), Sb (1000 mg dm−3), and Sn (100 mg dm−3) were from Carlo Erba
(Milan, Italy). NexION KED Setup Solution (1% HCl v/v aqueous solution containing
Co 10 µg dm−3 and Ce 1 µg dm−3) and NexION Setup Solution (1% HNO3 v/v aqueous
solution containing 1 µg dm−3 each of Be, Ce, Fe, In, Li, Mg, Pb, and U) were from Perkin
Elmer (Milano, Italy). A standard solution of NaOH 0.5 mol dm−3, and the potassium
dichromate, the ammonium iron (II) sulphate, and the sulfuric acid (96% v/v) used for the
titrations were from Sigma-Aldrich.

3.3. Instrumentation

The multi-element analysis was performed on a NexION 300X ICP-MS spectrometer,
equipped with a S10 autosampler, a glass concentric nebulizer, a glass cyclonic spray cham-
ber, and a kinetic energy discrimination (KED) collision cell, all produced by Perkin Elmer
(Milan, Italy). Samples were mineralized by means of a microwave single reaction chamber
(SCR) system (ultraWAVE™, Milestone, Sorisole, Italy) equipped with fifteen polytetrafluo-
roethylene (PTFE) vessels (volume: 15 cm3 each). An Ultraturrax mixer model T18 (IKA,
Staufen, Germany) was used to homogenize the honey samples before analysis. The resid-
ual acidity and the dissolved organic carbon (DOC) in the digested sample were determined
by acid–base titration procedure and by the Walkley-Black method [65] using a Thermo
Scientific Orion 950 titrator, whereas the total organic carbon (TOC) was determined by
means of a CHN analyzer Leco 628. Nylon filters (pore diameter: 0.22 µm), polypropylene
(PP) metal-free tubes, and polyethylene (PE) flasks were from VWR (Milan, Italy).

3.4. ICP-MS Method Assessment, Quality Control and Assurance

The minimization of the dissolved organic carbon (DOC) in digested honey samples is
an essential prerequisite to make a reliable ICP-MS analysis. Failing in this, high residual
amounts of organic substances from a partial oxidation of the saccharides contained in
honey could cause the formation of molecular ions in the plasma that may interfere with the
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determination of very important elements such as 52Cr, 63Cu, and 75As. Beyond this specific
issue, the need to avoid the interference of molecular ions of any origin on the determination
of the chosen isotopes of the analytes suggested to operate in kinetic energy discrimination
(KED) mode for 15 elements out of 23. Therefore, the He flow has been carefully optimized
for each element, to find the best compromise between the minimization of the polyatomic
ion interferences and the maximization of the instrumental signal [66–69]. As a result, 75As,
138Ba, 111Cd, 59Co, 52Cr, 63Cu, 57Fe, 55Mn, 60Ni, 121Sb, 120Sn, 88Sr, 120Te, 51V, and 66Zn were
analyzed in KED mode using a He flow rate between 3 and 4 cm3 min−1, while 107Ag, 9Be,
209Bi, 7Li, 202Hg, 98Mo, 208Pb, and 205Tl were analyzed in normal mode. The optimized
instrumental parameters and the elemental settings used for each analyte are reported in
Table S3.

The matrix effect was determined comparing the slopes of the calibration function
obtained in the absence (2% HNO3 v/v aqueous solutions) or presence (digested honey
samples spiked with known amounts of analyte) of the matrix [70]. The data obtained
accounted for a substantial absence of any matrix effect for all the analytes considered in the
whole calibration range, hence quantification has been accomplished by means of external
calibration. The samples, blank-diluted when necessary to lead analyte concentrations
within the relevant calibration range, were analyzed in duplicate. Data obtained as a
result of a triplicate ICP-MS measurement, were blank-corrected. To compensate for any
signal instability, a solution of Rh (10 µg dm−3) was used as an internal standard, while
the reliability of the measurements was ensured by analyzing one blank and a standard
solution containing each analyte (50 µg dm−3) every 10 samples. Memory effects between
consecutive samples were eliminated by interposing a washing cycle of 60 s with a 2%
HNO3 v/v aqueous solution.

3.5. Optimization of the Composition of the Acidic/Oxidizing Mixture

After some preliminary evaluations, the digestion program (Table 1; pression, tem-
perature and time) and water volume of the oxidizing mixture (4 cm3) were kept constant,
while the factors considered in the design were the sample amount (0.5–1.0 g), and the ratio
between the volumes of HNO3 and H2O2 (0.5/3 cm3–2/1.5 cm3). As a result, a two-level
22 full factorial design was applied to improve the composition of the oxidizing mixture
and minimize the dissolved organic carbon in digested sample.

To estimate the experimental error and validate the regression model, a duplicate of the
central point was added to the factorial design. The responses of the design were the resid-
ual acidity in the digested sample and the efficiency of organic matter decomposition [71]
(EOMD%), which was calculated with Equation (1):

EOMD% = [(TOC − DOC)/TOC]% (1)

where TOC is the total organic carbon, in mg kg−1; DOC is the dissolved organic carbon, in
mg kg−1.

The experimental matrix obtained with the two-level full factorial design is reported
in Table 7 as well as the experimental plan.

Table 7. Two-level 22 full factorial experimental design with center point.

Experiment Sample
Amount (g)

Ratio
HNO3/H2O2

X1
a X2

a
Residual
Acidity

(mol dm−3)
EOMD%

1 0.50 0.17 −1 −1 0.39 99.7
2 1.00 0.17 +1 −1 0.06 87.2
3 0.50 1.33 −1 +1 1.41 97.7
4 1.00 1.33 +1 +1 0.16 99.1
5 0.75 0.56 0 0 0.48 95.8
6 0.75 0.56 0 0 0.39 96.4

a X1 and X2 represent the sample amount and the ratio HNO3/H2O2, respectively.
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The results obtained with the full factorial design are reported in Table 7. Multilinear
regression (MLR) provided the coefficients for Equation (2) for both the responses, residual
acidity (Y1) and EOMD% (Y2), respectively, which are reported in Table 8.

Yn = b0 + b1 × 1 + b2 × 2 + b12 × 1 × 2 (2)

where b0 is a constant, b1 and b2 are the coefficients of the main effects of the factors X1 and
X2, whereas b12 is the coefficient of their interaction.

Table 8. Values of MLR coefficients and their significance levels for both the design’s responses.

Residual Acidity EOMD%

Coefficient Coefficient
Value Significance a Coefficient

Value Significance a

b0 0.49 *** 95.9 ***
b1 −0.41 ** −2.8 *
b2 0.27 * 2.5 *
b12 −0.25 * 3.5 **

a Blank, not statistically significant; * p < 0.05, ** p < 0.01, and *** p < 0.001.

As reported in Table 8, all the coefficients were significant for both the responses,
including the coefficient of the interactions (b12) especially for EOMD%. From the exper-
iments at the central point, the experimental error can be estimated, and the standard
deviation for Y1 and Y2 were 0.06 and 0.42, respectively. The predicted values for the
residual acidity and for EOMD% at the center point were 0.5 ± 0.1 and 96 ± 1. Since the
difference values between the experimental and predicted values are not significant (t-test,
α = 0.05), the model can be accepted.

The effects of the sample amount and the ratio between the oxidizing compounds on
the residual acidity and the EOMD% of the digested samples are shown in the contour
plots in Figure 4.

Molecules 2022, 27, x FOR PEER REVIEW 13 of 17 
 

 

 
Figure 4. Contour plots for the effects on the design’s responses: (a) residual acidity; (b) EOMD%. 

From Figure 4 it is possible to understand the interaction between the two variables: 
Y1. Residual Acidity: the effect of the ratio HNO3/H2O2 (X2) on the residual acidity is pre-
sent only at the lower sample amount (X1) where its increase leads to higher acidity, while 
at higher amount var. X2 has no effect; on the other hand, at higher ratios (X2), an increase 
in the sample amount (X1) led to a higher decrease in the response, greater than the de-
crease occurring at lower ratios (X2). 
Y2. EOMD%: the effect of the ratio HNO3/H2O2 (X2) on the EOMD is present only at the 
higher sample amount (X1) where its increase led to a higher response, while at the lower 
sample amount var. X2 had no effect; on the contrary, at lower ratios (X2), an increase in 
the sample amount (X1) led to a decrease in the response, while at higher ratios, the sample 
amount had no effect. 

It is evident that a good compromise between the two responses provides a sample 
amount of approximately 0.7 g of honey and a ratio HNO3/H2O2 less than 0.5. Therefore, 
in order to minimize the consumption of nitric acid for the benefit of the greenest hydro-
gen peroxide, the acceptable composition of the acidic/oxidizing mixture is 0.5 cm3 HNO3, 
3 cm3 of H2O2 and 4 cm3 of H2O. 

3.6. Statistical Analysis 
A two-tail t-test at α = 0.05 was used in ascertaining the existence of matrix effect as 

well as in the trueness evaluation. Principal components analysis, LDA, and MLR were 
performed by means of the R-based software Chemometric Agile Tool (CAT) developed 
by the Italian group of Chemometrics [72]. 

4. Conclusions 
For the first time, the concentration of 23 trace elements were measured in a very 

large sampling of the most renowned unifloral honeys from Sardinia, Italy, using an orig-
inal and validated ICP-MS method. Special attention was paid to the development of the 
acid microwave digestion procedure as well as the optimization of instrumental parame-
ters to improve the efficiency of the organic matter decomposition and to minimize the 
polyatomic interferences, respectively. Among the most abundant elements (i.e., Ba, Mn, 
Fe, Cu, and Zn), only Mn was measured in all of the samples, whereas the others ranged 
from the relevant LoDs to a few mg kg−1. Toxic elements were almost always below the 
amounts of potential health concern, hence confirming a very good level of food safety for 
Sardinian honeys. Since no elemental signatures were reported in the literature for aspho-
del and thistle honeys, a meta-analysis was carried out only on eucalyptus and strawberry 

Figure 4. Contour plots for the effects on the design’s responses: (a) residual acidity; (b) EOMD%.

From Figure 4 it is possible to understand the interaction between the two variables:
Y1. Residual Acidity: the effect of the ratio HNO3/H2O2 (X2) on the residual acidity

is present only at the lower sample amount (X1) where its increase leads to higher acidity,
while at higher amount var. X2 has no effect; on the other hand, at higher ratios (X2), an
increase in the sample amount (X1) led to a higher decrease in the response, greater than
the decrease occurring at lower ratios (X2).
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Y2. EOMD%: the effect of the ratio HNO3/H2O2 (X2) on the EOMD is present only
at the higher sample amount (X1) where its increase led to a higher response, while at the
lower sample amount var. X2 had no effect; on the contrary, at lower ratios (X2), an increase
in the sample amount (X1) led to a decrease in the response, while at higher ratios, the
sample amount had no effect.

It is evident that a good compromise between the two responses provides a sample
amount of approximately 0.7 g of honey and a ratio HNO3/H2O2 less than 0.5. Therefore,
in order to minimize the consumption of nitric acid for the benefit of the greenest hydrogen
peroxide, the acceptable composition of the acidic/oxidizing mixture is 0.5 cm3 HNO3,
3 cm3 of H2O2 and 4 cm3 of H2O.

3.6. Statistical Analysis

A two-tail t-test at α = 0.05 was used in ascertaining the existence of matrix effect as
well as in the trueness evaluation. Principal components analysis, LDA, and MLR were
performed by means of the R-based software Chemometric Agile Tool (CAT) developed by
the Italian group of Chemometrics [72].

4. Conclusions

For the first time, the concentration of 23 trace elements were measured in a very
large sampling of the most renowned unifloral honeys from Sardinia, Italy, using an
original and validated ICP-MS method. Special attention was paid to the development
of the acid microwave digestion procedure as well as the optimization of instrumental
parameters to improve the efficiency of the organic matter decomposition and to minimize
the polyatomic interferences, respectively. Among the most abundant elements (i.e., Ba, Mn,
Fe, Cu, and Zn), only Mn was measured in all of the samples, whereas the others ranged
from the relevant LoDs to a few mg kg−1. Toxic elements were almost always below the
amounts of potential health concern, hence confirming a very good level of food safety for
Sardinian honeys. Since no elemental signatures were reported in the literature for asphodel
and thistle honeys, a meta-analysis was carried out only on eucalyptus and strawberry
tree honeys and it highlighted the possibility of a geographical discrimination thanks to
their elemental signature, mainly for strawberry tree honeys from Croatia and Sardinia.
Finally, through the elemental signature of the four unifloral honeys here considered, a
good classification based on the botanical origin was accomplished by means of linear
discrimination analysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27062009/s1, Figure S1: Scree plot; Figure S2: Influ-
ence plot; Figure S3: Permutation test. Table S1: Whole data set of the determination of 23 trace
elements in 133 Sardinian unifloral honeys (Excel file); Table S2: Correlation coefficients; Table S3: In-
strumental parameters and elemental settings used for the ICP-MS determination of 23 trace elements
in unifloral honeys.
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22. Bargańska, Ż.; Ślebioda, M.; Namiesnik, J. Honey bees and their products: Bioindicators of environmental contamination. Crit.
Rev. Environ. Sci. Technol. 2016, 46, 235–248. [CrossRef]
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Abstract: Propolis is used as folk medicine due to its spectrum of alleged biological and pharmaceutical
properties and it is a complex matrix not still totally characterized. Two batches of propolis coming
from two different environments (plains of Po Valley and the hilly Ligurian–Piedmont Apennines) of
Northern Italy were characterized using different analytical methods: Spectrophotometric analysis of
phenols, flavones and flavonols, and DPPH radical scavenging activity, HPLC, NMR, HSPME and
GC–MS and HPLC–MS Orbitrap. Balsam and moisture content were also considered. No statistical
differences were found at the spectrophotometric analysis; balsam content did not vary significantly.
The most interesting findings were in the VOCs composition, with the Po Valley samples containing
compounds of the resins from leaf buds of Populus nigra L. The hills (Appennines) samples were
indeed characterize by the presence of phenolic glycerides already found in mountain environments.
HPLC–Q-Exactive-Orbitrap®–MS analysis is crucial in appropriate recognition of evaluate number
of metabolites, but also NMR itself could give more detailed information especially when isomeric
compounds should be identified. It is necessary a standardized evaluation to protect and valorize
this production and more research on propolis characterization using different analytical techniques.

Keywords: propolis; poplar; HPLC–Q-Exactive-Orbitrap®–MS analysis; phenolic glycerides

1. Introduction

Propolis, or bee glue, is a natural wax-like resinous substance found in beehives where it is used
by honeybees as cement and to seal cracks or open spaces [1]. It is used by bees as well to prevent
contamination inside the hive by bacteria, viruses or parasites because of its antiseptic effect; as well as
to cover intruders who died inside the hive in order to avoid their decomposition [2]. Many comparison
studies have now validated the theory that propolis is collected by honeybees from tree buds or other
botanical sources in the North Temperate Zone, which extends from the Tropic of Cancer to the Arctic
Circle [3]. The best sources of propolis are species of poplar, willow, birch, elm, alder, beech, conifer,
and horse-chestnut trees [3]. Its color varies from green to brown and reddish, and the characteristic of
each different type of propolis is dependent of some factors as e.g., plant source and edaphoclimatic
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conditions [4]. The word propolis derives from Hellenistic Ancient Greek pro- for or in defence, and
polis city. There are records suggesting the use of it by ancient Egyptians, Persians, and Romans [5].

Recent studies confirmed the many properties of propolis: research over the last two to three
decades has further exposed the wide potential of propolis, particularly its biological applications.
Applications like anti-carcinogenic [6], anti-protozoan [7], anti-inflammatory [8], antioxidant [9],
immunestimulating [10], antiviral [11], anti-tumor [10], hepato-protective [12], antifungal [13], and
antibacterial activity [14], so it has been the subject of increasing scientific interest due to its diverse
range of bio-medical properties.

Modern herbalists recommend this bee product for its beneficial properties to increase the natural
resistance of human organisms [14]. Today propolis is currently used as a popular remedy and is
available in the form of capsules (either in pure form or combined with aloe gel and rosa canina or
pollen), as an extract (hydroalcholic or glycolic), as a mouthwash (combined with melissa, sage, mallow
andyor rosemary), in throat lozenges, creams, and in powder form (to be used in gargles or for internal
use once dissolved in water). It is also available commercially as purified product in which the wax
has been removed. Propolis is also claimed to be useful in cosmetics and as a constituent of health
foods. Current opinion is that the use of standardized preparations of propolis is safe and less toxic
than many synthetic medicines [15].

It is therefore to mention that still there are not quality standard for this product [16]. A European
Community report states that, the economic value of propolis is difficult to measure because it has no
legal definition and is not a registered product (Evaluation of CAP measures for the apiculture sector,
final report, July 2013). Scientific research regarding its chemical composition and biological activity
started only about 30 years ago [17]. Since bees use the natural available vegetation to create propolis,
there is a high variability in the composition.

It should be kept in mind, that bees collect their products for own benefit in the first place, and
human beings are taking advantages of their hard work. If we take care to place the apiary in a location
rich in food and material sources they need, then we have healthy bees contributing to pollination
and biodiversity maintaining and other secondary aspects derived from these [16]. The role of bees in
marginal ecosystems and agroecosystems is very important, and it is also essential to discriminate
if the location of the apiary can influence the characteristics of this important bee product. Various
factors give rise to the chemical complexity of propolis, for example, phyto-geographical origin, time of
collection, and type of bees foraging. Complex chemical composition of propolis is the most important
reason for many of the analytical challenges [18]. For what concerns phyto-geographical origin,
chromatographic fingerprints are a valuable analytical method to identify different parts of plants [19].

Propolis is one of the most fascinating bee products, for sure a key factor of the success
of the important macro-organism of the beehive, and its chemical complexities pose a great
challenge to understanding content and percentage uniformity, and the connected biological activity.
Complex chemical composition especially polarity of constituents makes it difficult to apply a single
analytical technique vis a vis standardization even in today’s era of very advanced techniques
like High Performance Liquid Chromatography (HPLC), Liquid Chromatography associated with
Mass Spectrometry (LC–MS/MS), Liquid Chromatography-High Resolution Mass Spectrometry
(LC–HRMS), Gas Chromatography associated with Mass Spectrometry and Solid Phase Microextraction
(SPME–GC–MS), and Nuclear Magnetic Resonance (NMR). Propolis is prepared primarily as alcoholic
extract and therefore the maceration in alcohol is the most common extraction method used also
for experimental purposes. Spectrophotometry, especially the Folin–Ciocalteu method, is the most
widely used for the routine determination of total content of phenols and certain groups of flavonoids
in propolis. However, other spectrophotometry methodologies have also been widely applied. For
example, 1,1-diphenyl-2-picrylhydrazyl (DPPH) is one of the widely used method in evaluation of the
antioxidant activity of propolis [20].

The quantification of individual compounds shows a significant discrepancy in the results
reported in the bibliography about total phenolic content [21]. Very often, phenolic acids and individual
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compounds are not quantified. This is mainly due to the difference in the reference standards chosen
for the construction of the calibration curves necessary to express the quantitative result [22].

Chromatographic methods, especially HPLC, are used for the separation and quantification of the
specific constituent compounds of the phenolic profile, although they are not recommended as routine
procedures due to their high cost [23,24] and, of course, to the complexity of the propolis matrix.

Advanced techniques as HPLC–high resolution mass spectrometry (HRMS) accompanied with a
metabolomic approach could be a sufficiently descriptive method as it is able to detect the biomarkers
that could be used as indicators of authentication. For the in-depth characterization of propolis recently
developed analytical platforms based on NMR technique has been proved suitable for defining some a
whole series of isomeric compounds found in propolis [25].

In addition to phenolics, another important class of propolis constituents is represented by volatile
compounds [26–28]. Solid phase microextraction (SPME) represents a reliable tool for the analysis of
volatile organic compounds [29,30] and eliminates most drawbacks to extracting organics, including
high cost and excessive preparation time. SPME is a simple and fast modern tool used to characterize
the volatile fraction of medicinal plants [31] and foods [29] and offers a valid alternative to HD for gas
chromatographic analysis of essential oils from different sources [31]. For what concern propolis, SPME
coupled with GC–MS can avoid the loss and degradation of volatile constituents that happen instead
with HD (Hydro Distillation), very often used for the characterization of propolis volatiles [32,33].

Taking into account above elaborated considerations, the primary aim of this study was indeed to
characterize two propolis produced in a hilly (Ligurian–Piedmont Apennines) and plain areas (Po Valley)
of Northern Italy using diverse analytical approaches starting from basic ones (spectrophotometric
analysis) to reach those more advanced such as HPLC, LC–HRMS, NMR, and SPME–GC–MS in order
to evaluate the information that each of those method can provide for the characterization of propolis.

2. Results

2.1. Balsam and Moisture Content, Total Phenols, Flavones and Flavonols Content, and Scavenging Activity

In Table 1 is reported the composition of propolis in balsam and the moisture content. Antioxidant
content and the DPPH radical scavenging activity are also reported, measured as described in materials
and methods. The results are expressed in mg/g and agree with previous research [21]. Balsam content
was found higher in the hills’ samples (75.92 ± 4.92%, while in the plains samples was 63.94 ± 12.86%)
but not significantly different according the statistical analysis. Very similar mean value (0.74 ± 0.38%
for the hills batch and 0.69 ± 0.52% for the six samples collected in the plains) was found for the
moisture content.

The total phenols, calculated as Gallic Acid Equivalents (mg GAE/g), the total Flavones and
flavonols were determined using aluminum chloride and expressed as quercetine equivalent (mg QE/g)
and the DPPH radical scavenging activity did not vary significantly between the hills and plains
batches: the mean value of total flavones and flavonols was 32.14 ± 4.38 mg/g for the hills samples and
26.91 ±4.31 mg/g for the plains, the mean value of total phenol was 242.42 ± 11.67 for the hill samples
and 236.32 ± 40.92 mg/g for the plains and this results were reflected by a very similar DPPH radical
scavenging activity mean values (45.01 ± 1.39 for the hills and 46.44 ± 0.96 for the plains).
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Table 1. Balsam and moisture content total antioxidant compounds and overall scavenging activity in
raw propolis samples from hills (Ligurian–Piedmont Apennines) and plains (Po Valley).

Propolis Composition
and Activity

Hills Plains Statistical Evaluation

Average ± SD Average ± SD t-Value DF p-Value Sign.

Balsam content (% w/w) 75.92 ± 4.92 63.94 ± 12.86 2.131 6.433 0.074 ns
Moisture content (%) 0.74 ± 0.38 0.69 ± 0.52 0.195 9.233 0.850 ns

total Phenols (mg
GAE/g) 242.42 ± 11.67 236.32 ± 40.92 0.351 5.808 0.738 ns

Total Flavones and
Flavonols (mg QE/g) 32.14 ± 4.38 26.91 ± 4.31 2.082 9.998 0.064 ns

DPPH radical
scavenging activity (%) 45.01 ± 1.39 46.44 ± 0.96 −2.082 8.855 0.068 ns

SD, standard deviation; ns, not significant; DS, degrees of freedom.

2.2. High-Performance Liquid Chromatography (HPLC) Analysis

The HPLC analysis was performed in order to obtain the preliminary phenolic/flavonoids profile,
using three different UV wavelength that were used for better identification of the compounds.
For example, pinocembrin was detected on 375 nm, phenolic acids caffeic, m-coumaric and ferulic
were monitored on 325 nm while p-coumaric and trans-cinammic acids along with chrysin were
registrated at 295 nm (Figure 1). The quantity did not result significantly different for caffeic acid,
chrysin and pinocembrin (Table 2). In hill samples, instead, it was found a considerably higher quantity
of p-coumaric acid, ferulic acid, m-coumaric acid while the amount of trans-cinnamic acid was higher
in the plain samples batch.

Table 2. The content of phenolic acids /flavonoids (mg/g) evaluated by HPLC-UV in alcoholic extract
of propolis samples from hills (Ligurian–Piedmont Apennines) and plains (Po Valley).

Phenolic Acids/Flavonoids Hills Plains Statistical Evaluation

Average ± SD Average ± SD p-Value

caffeic acid 4.37 ± 0.53 4.21 ± 0.80 ns
p-coumaric acid 6.97 ± 2.12 1.40 ± 0.37 0.0001

ferulic acid 7.41 ± 2.22 1.64 ± 0.30 0.0013
m-coumaric acid 3.72 ± 0.27 2.87 ± 0.66 0.0150

trans-cinnamic acid 3.42 ± 0.21 4.48 ± 1.01 0.0428
pinocembrin 19.06 ± 6.27 17.90 ± 4.20 ns

chrysin 33.62 ± 3.49 35.64 ± 12.71 ns

SD, standard deviation; ns, not significant.
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was found in the plains batches than in the hills (total VOCs of 415 µg/g for the hills and 502 µg/g for 
the plains), with a corresponding higher content of terpenes and terpenoids (85 µg/g on average for 
plains samples and 65 for hills samples). Hills and plains samples contained the same compounds, 
that varied only quantitatively for 18 compounds on the 60 compounds recognized. In the plains it 
was found a significantly higher quantity of methyl-acetate, 2,4-dimethyl-1-heptene, methyl 
propanoate, and benzaldehyde. The quantity was significantly higher β-Linalool, cinnamaldehyde, 
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Figure 1. Detection of pinocembrin in one hills sample at 375 nm; detection of caffeic acid, ferulic acid
and m-coumaric acid in one hills sample at 325 nm; detection of p-coumaric acid, trans-cinnamic acid
and chrysin in one hills sample at 295 nm.

2.3. Propolis Volatile Compounds

For what concerns the volatiles composition, a higher quantity of volatile compounds (VOCs)
was found in the plains batches than in the hills (total VOCs of 415 µg/g for the hills and 502 µg/g for
the plains), with a corresponding higher content of terpenes and terpenoids (85 µg/g on average for
plains samples and 65 for hills samples). Hills and plains samples contained the same compounds, that
varied only quantitatively for 18 compounds on the 60 compounds recognized. In the plains it was
found a significantly higher quantity of methyl-acetate, 2,4-dimethyl-1-heptene, methyl propanoate,
and benzaldehyde. The quantity was significantly higher β-Linalool, cinnamaldehyde, α-copaen-11-ol,
aceto-cinnamone, cinnamyl-alcohol, and finally α-eudesmol and β-eudesmol. In the hills, instead, was
found to be higher the hydrocarbons 2-butenal, 2-methyl- and 2-butenal, 3-methyl- as well as for two
unknown sesquiterpenes (called sesquiterpene_3 and sesquiterpene_4). The PCA sub lining these
differences is in Figure 2.

Some of the compound mentioned above as characteristic of one or both the locations were
also higher of 1% of total VOCs (Table 3). β-Linalool and cinnamyl alcohol were in fact present in a
percentage higher than 1% only in plains samples. The most important volatiles with an amount that
exceeded 1% of total VOCs for both Appennines and Plains were cinnamaldehyde, β-eudesmol and
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δ-cadinene. Aliphatic and aromatics alcohols, carbonyl compounds and aliphatic acids have been
characterized among non-terpenes volatiles in a fraction of 280 µg/g for hills samples and 350 µg/g
for the plains, while some compounds were not identified (about 70 µg/g for both hills and plains
samples). A substantial amount of acids was found in the samples from both locations: Acetic acid,
2-methyl butanoic acid, 2-butenoic acid and 2-methyl propanoic acid and propanoic acid and α-methyl
crotonic acid. The aromatic compounds such as benzaldehyde, benzyl acetate, benzyl alcohol and
phenethyl alcohol constituted the significant amount of non-terpenoids VOCs fraction (Table 3).
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2.4. Nuclear Magnetic Resonance (NMR)

The NMR spectra of samples were recorded on a Bruker Avance spectrometer with proton
operating frequency 600.13 MHz with a 5mm TBI probe. The spectra were performed at 300 K using
16 K of TD (time domain), acquisition time 1.27 min, delay time 1.0 s and 48 the number of scans. The
spectral width was 12019 Hz. For 1H-NMR analysis 2–3 mg of crude extracts were dissolved in 0.6 mL
of DMSO-d6, while for 13C-NMR spectra 10–20 mg for each sample were used.

The 1H-NMR analysis of complex matrix such as propolis extracts were complicated for the
presence of a high number of similar compounds. A comparison of 1H-NMR spectra of propolis
extracts is reported in Figure 3. The most interesting spectral region are between 3.50 and 8.25 ppm,
which contains aliphatic and aromatic signals, and between 10.00 and 13.00 ppm which contains
chelated phenolic groups and carboxylic proton signals. Figure 3 showed that the samples appear
to be very similar to each other; the main signals associated with the secondary metabolites
characterizing the extract appear to be present both in plain and hill samples, in some samples
a slightly different quantitative ratio. Diagnostic signals related to chelated phenolic groups, typical of
flavonoids, or hydroxyl groups of carboxylic functions can be detected at low fields between 12.0 and
13.3 ppm. The signals of the known compounds were determined by comparison of their physical and
spectroscopic features with standard compounds and with those reported in the literature [34]. Variable
amounts of flavonoid were identified: pinocembrin, chrysin, galangin, pinobanskin-3-O-acetate, and
pinostrobin. Several phenolic acids, pinobanskin, kaempheride, apigenin, and other compounds were
also present as minority components.

The phenyl ester of caffeic acid, known as CAPE, had the signals of the methylene protons
resonating at 2.95 and 4.32 ppm; at the examined concentrations these signals were lacking and
therefore CAPE was not detectable in our samples. Quercetin was not detectable in both extracts.

Specific resonances attributable to glycerol esters (such as 1,3-di-p-coumaryl-2-acetyl-glycerol
and 1,3-diferulyl-p-coumarate-glycerol) were given by the presence of signals in the zone 4.2–5.3 ppm
(glycerol moiety), an area crowded with several overlapping signals, and a singlet resonance for methyl
groups at 2.05 ppm. The presence of the acetyl groups and the ester groups were also confirmed by
13C-NMR spectrum due to the presence of signals in the area between 160 and 170 ppm, the portion
of glycerol, instead, gives signals at 63–71 ppm, the methyl groups of acetyl at 19.7 and 21.9 ppm in
agreement with the literature data (Figure 4) [25]. The definition of the type of glycerol ester was given
with LC–MS orbitrap.
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2.5. HPLC–Q-Exactive-Orbitrap®–MS Analysis

Crude extracts that were used for HPLC–UV analysis were diluted (1:100) and were subsequently
subjected to HPLC-Q-Exactive-Orbitrap®-MS analysis (activated in negative mode) in order to
perform untargeted profiling of propolis collected from hills (Ligurian–Piedmont Apennines) and plain
(Po Valley) with subsequent data processing performed by Compound Discoverer™ (CD) software.
Two type of Q-Exactive-Orbitrap®-acquisition mode were executed:

• First one was full scan (FS) at maximum resolution of 140,000 that involved generation of the lists
of compounds that are potentially present in the samples (307 candidates). Using Compound
Discoverer platform compounds were identified applied workflow that includes RT alignment,
blank subtraction, and molecular formula assignment. Also, in FS acquisition mode the additional
detection settings were applied: (1) Selecting the unknown peaks with criteria such as mass
tolerance (<2 ppm); (2) minimum peak intensity (100,000), 3) integrating isotope and adduct
peaks of the same compound into one group to reduce the incidence of false positives. This phase
involved also the differential analysis with Volcano Plot (VP) (Figure 5) and principal component
analysis (PCA) (Figure 6). PCA clearly distinguished the hills and plains samples, where VP
analysis gave more precise response which signals are the main contributors along with the
statistical evaluation presented in Table 4.

• Second type of analysis regards FS-data dependent (FS-DDA) acquisition mode and was performed
on the inclusion list of 307 signals extracted from the FS data collection. MS–MS fragmentation
performed in FS–DDA modality enabled the putative identification beyond the available standards.
This phase comprises molecular formula assignment according to the accurate mass, adduct
state, isotopes and fragmentation patterns with selecting best-fit candidates for the non-target
peaks after comparison and evaluation with the software-linked MS2 libraries (mzCloud, m/z
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Valut and ChemSpider). To make the results more reliable especially when the mzCloud did
not give any well-defined response the matching results are further filtered and checked with
other on-line databases (human Metaboloeme at the first place). In some cases, as we have
not found any satisfactory confirmation from existing databases, the tentative deduction of the
final structure was performed manually assigning the fragments structure in concordance with
available literature [35,36].

Using the above described platform, it was possible to single out and speculate ninety
compounds divided in the categories listed in the Table 4. Most phenols have been previously
confirmed in the literature for “poplar type” propolis [35,36]. The method described allowed
the hypothesis of the presence of some new compounds not previously found in propolis:
4-ethyl-7-hydroxy-3-(p-methoxyphenyl)-coumarin in plain samples and 4-hydroxy-4′-methoxychalcone
in hills propolis. As showed in our study, the use of NMR analysis of complex matrix such as propolis
extracts is complicated for the presence of a high number of similar compounds but further investigation
with this and other analytical instruments should be effectuated to verify the presence of these new
compounds. The most important results regard the strongly upregulated phenolic glycerides in
hills samples. The main characteristic of hills samples was the unambiguous occurrence of different
glycerol esters which HRMS signals were very poor in plains group. For the Po-Vally samples the two
isomers of abscisic acid were dominant in samples from this area. Also, plains propolis revealed higher
concentration of trans-cinnamic acid which is accompanied with its caffeic esters form. The Volcano
Plot (Figure 5) segregated the selected metabolites as those responsible for grouping, while the PCA
projection clearly demonstrated that same geographic regions are closely grouped, and the first two
components describe 59% variability.
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threshold. The green region comprises up-regulated peaks in Po Valley samples. 

 
Figure 6. Principal Component Analysis (PCA) projection on the distribution of samples respect to 
PC-1 with PC-2 when high resolution mass spectrometry (HRMS) spectra were used. 
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contains up-regulated signal where the quantities from Apennines was significantly higher than those
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region comprises up-regulated peaks in Po Valley samples.
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Figure 6. Principal Component Analysis (PCA) projection on the distribution of samples respect to
PC-1 with PC-2 when high resolution mass spectrometry (HRMS) spectra were used.

3. Discussion

No significant differences were found between the two sampling sites for what concerns the
balsam content. Also, no significative differences were found for total phenols, total flavones and
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flavonols and scavenging activity. This is probably due to the very low sensitivity of spectrophotometric
evaluation, as the other analytical methods showed both quantitative and qualitative differences in the
composition of the two propolis samples. As already reported in the literature [28], the difficulty in the
measurement of antioxidant activity arises from the different standard reference compounds and there
is a wide variety of methods to assess antioxidant capacity, each having advantages and disadvantages.
For this aim, it would be important to find a standardized method to evaluate the antioxidant power of
each kind of propolis, to valorize quality productions and avoid falsification.

Moisture content was lower than 1% in all samples, as propolis is a material produced by bees to
last long time in the beehive.

VOCs determination can be considered an important aspect for propolis characterization [37].
The main influence on the aroma composition of propolis is formed by volatile compounds that may
come from the material collected by bees and then it may largely depend on the plant of propolis
origin. Other factors had been demonstrated, as the state of propolis maturity and the honeybees as
well. Aldehydes and alcohols may also be a consequence of microbiological activity or heat exposure,
while linear aldehydes are considered as characteristic compounds associated with certain herbal
origin as terpenes and terpenoids. Acetic acid, hexanal, alpha pinene, camphene, benzaldehyde,
octanal, nonanal, beta-ciclocitrale, cinnamaldeide, cinnamyl alcohol, alpha copaene, cinnamyc alcohol,
acetocinnamone, cinnamic acid, gamma cadinene, guaiol, gamma and beta eudesmols, benzyl benzoate
has been previously detected in propolis in [28] and the chemical composition of propolis volatile
fraction determined in the present study by means of HS–SPME-GC–MS was found to be in agreement
with previous reports [32,38].

Two of the compounds found significantly higher in the plains are α-eudesmol and β-eudesmol.
The last is the most abundant compound in resins from leaf buds of black poplar (Populus nigra
L.) [39], which represents one of the main botanical sources of propolis constituents in temperate
regions [40]. Indeed, several volatile compounds identified in propolis volatile fraction have been
previously detected from leaf buds of Populus nigra. As the Populus nigra is a plant that grows in
perifluvial environments of the Po Valley [41], we can assume that the apiary in the plains found easier
to collect resins from this plant. According to [32], propolis from temperate zones can be classified
in two types, based on the presence of representative amounts of β-eudesmol (40%–60%) or benzyl
benzoate (20%–40%) in the essential oil. In our research as well, the two considered type of propolis
differs for eudesmol content.

Likewise, flavonoid aglycones and esters of substituted cinnamic acids are the major constituents
of propolis in the temperate zone where the basic plant source of bee glue are the bud exudates
of trees of the genus Populus, mainly the black poplar P. nigra. [42]. In our study cinnamaldehyde,
acetocinnamone, and cinnamyl alcohol were found significantly higher in the plain’s samples while the
two unknown sesquiterpenes characterized the hills samples in absence of characteristic compounds
of poplar exudates. This could be of interest because it has been shown that bees can find in their
environment and use as propolis source the best agent to protect their hives against bacterial and
fungal infections [43].

The acetic acid, a carboxylic acid, was found in high quantity in our propolis samples and
significantly higher in the plains samples. Acetic acid was found in headspace volatiles (dynamic
headspace sampling, DHS) of Chinese propolis from 23 regions of China, as one of the main aroma-active
components [44]. SPME with GC–MS was used for analysis of volatiles of Chinese propolis from
the Beijing and Hebei provinces and again acetic acid and phenethyl acetate were among the main
volatile constituents, together with phenethyl alcohol [45]. Their composition was somewhat similar to
the volatiles of gum from poplar growing in China [46]. So, also this compound confirms the poplar
exudates as the main origin of propolis plant-based component.

In our study we found low quantity of pinene (both in the plains and in the hills), that may
be the consequence of collecting the resin of coniferous trees only when the other preferred sources
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are not sufficiently available [47]. This is probably due to the fact that conifers are scarce in the two
sampling areas.

Until now, the propolis from areas without black poplar has been very poorly investigated.
Out of 114 propolis samples analyzed [24] only 17 originated from “northern and mountain groups”.
As it turned out, these samples contained considerably less (approximately 25%) biologically active
polyphenols characteristic for “poplar type” propolis, “but did not have significantly lower antibacterial
activity”. If it can be assumed that in the composition of propolis not deriving mainly from poplar
exudates, there must be some active substances of unknown origin and unidentified chemical
structure [47].

With chromatographic condition applied herein it was possible to perform the unambiguous
detection and subsequent identification of phenolic acids (caffeic, p-and m-coumaric, ferulic,
trans-cinammic) as well as two flavonoids namely pinocembrin and chrysin. The other compounds
that were afterward defined by HRMS and NMR analysis were not quantified due to matrix complexity.
As our aim was to use a simple HPLC–UV run for the fast characterization of propolis, any
modification of chromatographic/detector condition did not bring any improvement in separation of
other propolis components. The HPLC–UV analysis confirmed the presence of a complex mixture of
compounds; the chromatographic resolution was slightly improved to obtain the optimal conditions
for HPLC–Q-Exactive-Orbitrap®–MS analysis. The HRMS analysis demonstrated the presence of
phenolic acids, flavanones, flavones, chalcones and isoflavones in the composition of the plains and
hills propolis. Plains propolis, as expected, reveled higher concentration of trans-cinnamic acids which
is accompanied with its caffeic esters form, displaying the typical pattern of “poplar” propolis.

HPLC–Q-Exactive-Orbitrap®–MS and NMR showed to be complementary methods for propolis
characterization as they confirmed the principal compounds. For for minor compounds, as CAPE,
which was not detected by NMR, the technique of HPLC–Q-Exactive-Orbitrap®–MS was fundamental;
on the other hand, NMR allowed the detection of of some very descriptive minor molecules as
phenolic glycerides. In the hills’ samples, in fact, phenolic glycerides (dicoumaroyl acetyl glycerol,
diferuloyl acetyl glycerol, feruloyl coumaroyl acetyl glycerol, caffeoyl coumaroyl acetyl glycerol) were
upregulated. These compounds have been isolated [48] from North-Russian propolis and the exudate
of Populus tremula L. (aspen) was found to be their plant source. Phenolic glycerides were previously
detected in propolis samples from a mountain region at about 700 m a.s.l. in Switzerland where there
are relatively high numbers of young P. tremula trees, and relatively few P. nigra [49].

P. tremula is present in the hills areas of the Ligurian–Piedmont Apennines. This species grows in
abandoned fields in plant communities of Sambuco-Salicion capreae phytosociological alliance [50]. This
vegetation is expanding both in the Apennines and in the Alps due to the drop out of agricultural
practices [51]. Our study confirm that the determination of the “type” of propolis, according to its
plant source, has to be the first step in quality control of bee glue and that bees have the ability to find
in their environment and use as propolis source the best agent to protect their hives against bacterial
and fungal infections [42].

It is also interesting the presence of abscisic acid in the Po Valley propolis samples. Abscisic acid
is in fact a plant hormone with many functions, including seed and bud dormancy, the control of organ
size and stomatal closure and it is sometimes involved in leaves abscission. The production of this and
similar unusual compounds is a common ecological strategy in plants [52,53]. Therefore, the finding of
high amounts of abscisic acid in the Po Valley samples is probably due to greater plant exposure to
stress (dry, high temperature etc.) compared to those growing in the mountain areas.

So far, there is no evidence that individual propolis components are chemically modified by
bee enzymes [54]. Our results support this finding as the agreement between the fingerprints of
Apennines and Po-Vally propolis was surprisingly good. This points toward the conclusion that the
difference revealed in relative amount of some components between two geographically different
propolis sampling are due to botanical (vegetation) surrounding where bees collected the propolis.
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The obtained results revealed importance of combined approach in analysis of complex biological
matrices which composition can vary significantly depending on environmental conditions where
is produced.

Propolis knowledge has registered an important evolution over time, due to exhaustive studies
regarding its chemical composition and biological activities. In the 60’s, it was thought that, despite
its complexity, propolis chemical composition was more or less constant [55]. Spectrophotometric
analysis was thought to be enough descriptive of this matrix and also now spectrophotometric analysis
of total phenols, flavones and flavonols and antioxidant activity are widely used.

In the last decades analysis of a large number of samples from different geographic origins
revealed that chemical composition of propolis is highly variable and also difficult to standardize
because it depends on factors such as the vegetation, season, and environmental conditions of the site
of collection [55]. Different resin types were proposed: poplar propolis, birch, green, red, “Pacific,” and
“Canarian” and also classification by propolis color (green, red, brown etc.) [56,57]. We demonstrated
anyway that propolis from the same geographic area (Northern Italy) and of the same color (brown)
differs significantly for many bioactive compounds. In fact, HPLC–Q-Exactive-Orbitrap®–MS analysis
has been crucial in the appropriate recognition of evaluate number of metabolites, but also NMR
itself could give more detailed information especially when isomeric compounds should be identified.
However, for full metabolomics profiling combining single instrumental technique is indispensable in
propolis characterization as identified metabolites belong to different chemical groups, so different
analytical techniques are required.

4. Materials and Methods

4.1. Sample Collection and Study Area

The samples of propolis were collected from a professional beekeeper conducting 170 beehives for
the harvests and around 100/200 breeding nucleuses for the company comeback and the sale. Propolis
is harvested using both mesh and scraping. In our study we consider only propolis harvested by
mesh. Samples were collected in a randomized selection of six beehives in the plains (Po Valley) and
six beehives on the Ligurian–Piedmont Apennines. Considering that there are many factors which
influence the phytochemical composition of propolis, the samples that were subjected to our evaluation
originate from the same bees’ strain and were harvested by same method. The only variable was the
two different apiary geographical locations.

The apiaries are sedentary and placed: (A) in the valley bottom, on the edge of the plain
(municipality: Visone—AL; elevation: 100 m a.s.l.; Latitude: 44◦35′21” N; Longitude: 8◦27′37” E)
and (B) on the hill (Municipality: Ponzone - AL; elevation: 550 m a.s.l.; Latitude: 44◦39′46”N;
Longitude: 8◦30′06”E) and distant about 25 km (Figure 7). The two sampling areas belong to the
“Alpi Marittime” Ecoregional Subsection of Italy (Western Alps Section, Alpine Province) [58] with
“Temperate continental submediterranean” bioclimate [59]. The two sampling areas are different as
regards their vegetation series (sigmeta).

The sampling area A belong to Physospermo cornubiensis-Querco petraeae sigmetum where the
mature stage of the vegetation series is the forest of Quercus petraea (dominant species) with
other trees (Castanea sativa, Sorbus aria, Fraxinus ornus), shrubs (Corylus avellana, Erica arborea,
Frangula alnus, Juniperus communis) and herbs (Physospermum cornubiense, Pteridium aquilinum, Molinia
arundinacea, Sesleria cylindrica, Carex montana, Euphorbia flavicoma, Brachypodium rupestre) [59]. The main
plants growing nearby the apiary and suited for honeybees’ visit are Castanea sativa, Erica arborea,
Calluna vulgaris, Genista pilosa, Populus tremula and Salix caprea.

The sampling area B belong to the vegetation series of lower Po Valley where the mature stage
is the forest of the Carpinion betuli phytosociological alliance with Quercus robur, Carpinus betuli,
Fraxinus excelsior, Tilia cordata and Robinia pseudoacacia, this latter species is very common where
anthropic disturbance is greater [60–62]. Moreover, the area B is close to the Bormida di Spigno river
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near which there is riparian vegetation with willows (Salix alba, Salix eleagnos, Salix purpurea) and
poplars (Populus nigra and Populus alba) [63]. The main trees growing nearby the apiary and suited
for honeybees’ visit are Salix alba, Salix eleagnos, Salix purpurea, Populus nigra and Populus alba, Robinia
pseudoacacia, Tilia cordata, and Ailanthus altissima.
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4.2. Extraction, Balsam and Moisture Content

Propolis was pulverized by freezing it at −80 ◦C for an hour and pounding it in a mortar.
One gram of pulverized sample was weighed and dissolved in 30 mL of 70% ethanolic solution

(70:30 ethanol:water) and stirred constantly for 2.5 h in a dark room at medium strength (200 rpm).
The ethanol/water mixture (70/30) is the most commonly used extraction method for propolis as it is
non-toxic and efficient in particular for polyphenols and flavonoids, responsible for the properties of
the substance [24]. After that, ethanolic extract was separated by a 5 min centrifugation (5000 rpm
at 5 ◦C) and the supernatant was separated from the residue by filtration (Whatman 3), as described
in [21]. The supernatant was collected in a volumetric flask and topped up to 100 mL using the same
70% ethanol solvent. The final filtrates represent the balsam (tincture) of propolis and are referred
to as PEE (propolis ethanolic extract). The yield was expressed as balsam content (soluble ethanolic
fraction) and determined according to [24]. To this end, an aliquot (50.0 mL) of each ethanolic extract
was evaporated to dryness on a rotary evaporator under reduced pressure at 40 ◦C.

The moisture content was determined as percentage weighting 1 g of propolis oven dried at 40 ◦C
for 16 h.

4.3. Total Phenolic Content, Total Flavones and Flavonols, and Free Radical-Scavenging Activity

The ethanolic extract was diluted 1:10 to calculate the total phenolic content. The method used to
determine the total phenolic content of the propolis extract was the one described in [21]. One hundred
microliters of each extract of propolis plus 1900 µL distilled water were placed in a glass tube and
then the solution was oxidized by adding 100 µL of FolinCiocalteau reagent. After exactly 2 min,
800 µL of 5% sodium carbonate (w/v) was added. This solution was maintained in a water bath
at 40 ◦C for 20 min, and then the tube was rapidly cooled with crushed ice to stop the reaction.
The generated blue color was measured using a spectrophotometer at 760 nm. In order to prepare
the stock standard solutions, 25 mg of gallic acid or a were dissolved to a final volume of 25 mL
methanol and stored at −20 ◦C. The calibration curve was carried out at the beginning of the working
day and was prepared by appropriate dilution of each stock standard solution with 70% ethanol
(y = 2.3454x + 0.0047; R2 = 0.9998). The ethanolic solution was used as a blank.

The total flavones and flavonols (TFF) were estimated according to an aluminum chloride method
following [63]. For the calibration curve, four standard solutions of quercetin in 80% ethanol (25, 50,
100, and 200 µg/mL) were prepared (y = 0.0099x – 0.055; R2 = 0.9999). A 0.5 mL portion of standard
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solutions was separately mixed with 1.5 mL of 95% ethanol, 0.1 mL of 10% AlCl3 in water (w/v),
0.1 mL of 1 M potassium-acetate, and 2.8 mL of 80% ethanol. After incubation at 20 ◦C for 30 min, the
absorbance was measured at 425 nm. The 10% AlCl3 was substituted by the same quantity of distilled
water in the blank sample. Similarly, 0.5 mL of each extract diluted to 1:50 (v/v) in 80% ethanol was
analyzed as described above. The results are expressed as TFF% w/w.

DPPH radical scavenging activity measured with the method described in [64]. Fifty µL of
various concentrations of propolis samples were added to 2 mL of 60 µM methanolic solution of
1,1-diphenyl-2-picrylhydrazyl (DPPH). Absorbance measurements were read at 517 nm, after 20 min of
incubation time at room temperature (A1). Absorption of a blank sample containing the same amount
of methanol and DPPH solution acted as the negative control (A0). The results are expressed as %
inhibition of the free radical with DPPH, as described in [65].

4.4. HPLC Analysis

The standards used: kaempferol, caffeic acid, p-coumaric acid, ferulic acid, m-coumaric acid,
quercetin, trans-cinnamic acid, apigenin, genistein, chrysin, pinocembrin, formic acid, acetonitrile,
and ethanol were purchased from Sigma-Aldrich (St. Louis, MO, USA). Gallic acid, Folin-Ciocalteau
reagent and 1,1-diphenyl-2-picrylhydrazyl (DPPH) were also purchased from Sigma–Aldrich (St. Louis,
MO, USA). All reagents and standards used were HPLC grade, and purified water from a Milli Q
system was used throughout the experiments.

Individual stock solutions of each standard were prepared using ethanol for kaempeferol,
pinocembrin, ferulic acid and m coumaric acid, DMSO and methanol (1:9) for quercetin, apigenin and
chrysin, methanol for genistein, p-coumaric acid, caffeic acid and trans-cinnamic at 10 mg/mL, and
stored at −20 ◦C. The working standard mixture solutions were made by diluting the appropriate
amount of each stock standard solution to obtain 5 calibration levels (final concentrations of 31, 25, 62,
5, 125, 250, and 500 µg/mL).

The HPLC system used to determine the quantity of the most present phenols was a LC
Agilent series 1200 (Waldbronn, Germany) consisting of a degasser, a quaternary gradient pump,
an auto-sampler and a UV-Vis detector (Waldbronn, Germany). A Phenomenex Lichrospher C18,
4.6 × 250 mm, 5 µm column (Torrance, CA, USA) was used for this analysis with a column flow of
1 mL min−1. Sample injections were made at 10 µL for all samples and standards. The run time was
35 min, with 1 min post run time. Details about the method are as follows: column oven (20 ◦C);
mobile phase A (0.05% formic acid); mobile phase B (acetonitrile); flowrate (1 mL/min); needle wash
(100% acetonitrile); injection volume (10 µL); detection at 295 nm, 325 nm, and 375 nm. The gradient
applied was: 0 min (15% B); 5 min (40% B); 25 min (50% B); 30 min (90% B); a low gradient between
40% and 50% B was used to separate the acid compounds. A blank injection was performed in all the
trials to check chromatographic interference in the resolution. The retention times of all the standards
were confirmed by individual standard injections. A fortification of random samples was used to
check further the retention factors. A standard mixture to check the retention times was injected
each working day. The samples were filtered through a 0.2 µm pore size membrane filter prior to
chromatographic analysis. LOD (0.5 µg/mL) and LOQ (1 µg/mL) was calculated according S/N ratio 3
and 10, respectively.

4.5. Solid Phase Microextraction (SPME) and Gas Chromatography Mass Spectrometry (GC–MS) Procedure

HS–SPME and GC–MS analysis were performed following the method in [28] opportunely
modified. A 2 g amount of finely powdered raw propolis was weighed and put into 20 mL glass vials
along with 100 µL of the IS (4-nonylphenol, 2000 µg/mL in 2-propanol). Each vial was fitted with a
cap equipped with a silicon/PTFE septum (Supelco, Bellefonte, PA, USA). At the end of the sample
equilibration time a conditioned SPME fiber was exposed to the headspace of the sample for 120 min
using a CombiPAL system injector autosampler (CTC Analytics, Zwingen, Switzerland).
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After sampling, the SPME fiber was immediately inserted into the GC injector and thermally
desorbed. A desorption time of 1 min at 230 ◦C was used in the splitless mode. Before sampling, each
fiber was reconditioned for 5 min in the GC injector port at 230 ◦C.

Analyses were performed with a Trace GC Ultra coupled to a Trace DSQII quadrupole mass
spectrometer (MS) (Thermo-Fisher Scientific, Waltham, MA, USA) equipped with an Rtx-Wax column
(30 m × 0.25 mm i.d. × 0.25 µm film thickness) (Restek, Bellefonte, PA, USA).

The identification was accomplished using computer searches on a NIST98 MS data library. In some
cases, when identical spectra have not been found, only the structural type of the corresponding
component was proposed on the basis of its mass-spectral fragmentation. If available, reference
compounds were co-chromatographed to confirm GC retention times. The components of ethanol
extracts of propolis were determined by considering their areas as percentage of the total ion current.
Some components remained unidentified because of the lack of authentic samples and library spectra
of the corresponding compounds.

4.6. NMR

The NMR spectra of samples were recorded on a Bruker Avance (Santa Barbara, CA, USA)
spectrometer with proton operating frequency 600.13 MHz with a 5mm TBI probe. The spectra were
performed at 300 K using 16K of TD (time domain), acquisition time 1.27 min, delay time 1.0 s and the
number of scans 48. Was used a spectral width of 12019 Hz. For 1H-NMR analysis 2–3 mg of crude
extracts were dissolved in 0.6 mL of DMSO-d6, while for 13C-NMR spectra 10–20 mg for each sample
were used.

4.7. HPLC–Q-Exactive-Orbitrap®–MS Analysis: Untargeted Metabolomics Approach

In order to perform HPLC–Q-Exactive-Orbitrap®-MS analysis, samples that were subjected to
HPLC–UV analysis were diluted (1:100) in starting mobile phase. Chromatography was accomplished
on an HPLC Surveyor MS quaternary pump, a Surveyor AS autosampler with a column oven and a
Rheodyne valve with a 20 µL loop system (Thermo Fisher Scientific, San Jose, CA, USA). Analytical
separation was carried out using a reverse-phase HPLC column 150 × 2 mm i.d., 4 µm, Synergi Hydro
RP, with a 4 × 3 mm i.d. C18 guard column (Phenomenex, Torrance, CA, USA). The mobile phase
was run as a gradient that consisted of water and methanol both acidified with 0.1% formic acid.
The gradient (flow rate 0.3 mL/min) was initiated with 80% eluent 0.1% aqueous formic acid with a
linear decrease up to 5% in 30 min. The mobile phase was returned to initial conditions at 36 min,
followed by a 9-min re-equilibration period. The The column and sample temperatures were 30 ◦C and
5 ◦C, respectively. The mass spectrometer Thermo Q-Exactive Plus (Thermo Scientific, San Jose, CA,
USA) was equipped with a heated electrospray ionisation (HESI) source. Capillary temperature and
vaporizer temperature were set at 330 and 380 ◦C, respectively, while the electrospray voltage operating
in positive was adjusted at 3.30 kV. Sheath and auxiliary gas were 35 and 15 arbitrary units, with S
lens RF level of 60. The mass spectrometer was controlled by Xcalibur 3.0 software (Thermo Fisher
Scientific, San Jose, CA, USA). The exact mass of the compounds was calculated using Qualbrowser in
Xcalibur 3.0 software. The full scan (FS) with resolving power 140,000 in negative mode was used for
the screening and statistical evaluation of obtained chromaptografic profiles. FS-dd-MS2 (full scan
data-dependent acquisition) was used for confirmation. Resolving power of FS adjusted on 70,000
FWHM at m/z 200, with scan range of m/z 100–900. Automatic gain control (AGC) was set at 3e6, with
an injection time of 200 ms. The AGC target was set to 2e5, with the maximum injection time of 100 ms.
Fragmentation of precursors was optimised as three-stepped normalized collision energy (NCE) (20,
40, and 40 eV). Detection was based on retention time and on calculated exact mass of the protonated
molecular ions, with at least one corresponding fragment of target compounds). Good peak shape
of extracted ion chromatograms (EICs) for targeted compounds was ensured by manual inspection,
as well.
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Raw data from Xcalibur 3.0 software were processed with Compound Discoverer™ (Thermo
Scientific, Waltham, MA, USA). In particular, this platform enables peak detection, retention time
adjustment, profile assignment, and isotope annotation. A list of potential compounds was suggested
for each chromatographic peak depending on the mass fragmentation of the parent pseudomolecular
ion. Accurate mass determination generating elemental composition within a narrow mass tolerance
window for identification based on accurate precursor mass. For some signals, the putative identification
was confirmed by analysis performed on authentic standard. Compounds identification was based on
accurate mass and mass fragmentation pattern spectra against MS–MS spectra of compounds available
on mzCloud database (HighChem LLC, Bratislava, Slovakia). The ChemSpider Web services platform
and Human metabolome [66] were used as additional confirmation tool. If mass fragmentation pattern
did not correspond to any of databases annotated by Compound Discoverer™ software, manual
confirmation using program ChemDrow of their fragments was performed.

4.8. Statistical Analysis

The relative intensity of chromatographic peak from two propolis types were processed by
Compound Discoverer platform that enabled differential analysis applying Volcano Plot Model and
setting p-value (PV) on 0.05. In addition, the propolis samples were ordered by Principal Component
Analysis (PCA) using HRMS spectra.

Data of moisture content, balsam content, total phenols, total flavones and flavonols, DPPH radical
scavenging activity were analyzed using Student’s t- test at 95% confidence level in order to compare
the two propolis types. The same statistical analysis was done for VOCs and single compounds
quantified with HPLC.

VOCs that resulted significant at the t-test were employed in the PCA to highlight the most
important differences between the two batches of propolis type. T-test and PCA were performed using
R 3.5.2 software [67].
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Abstract: 49 samples of propolis from different regions in China were collected and analyzed
for their chemical compositions, contents of total flavonoids (TFC), total phenolic acid (TPC) and
antioxidant activity. High-performance liquid chromatography (HPLC) analysis identified 15 common
components, including key marker compounds pinocembrin, 3-O-acetylpinobanksin, galangin,
chrysin, benzyl p-coumarate, pinobanksin and caffeic acid phenethyl ester (CAPE). Cluster analysis
(CA) and correlation coefficients (CC) analysis showed that these propolis could be divided into three
distinct groups. Principal component analysis (PCA) and multiple linear regression analysis (MLRA)
revealed that the contents of isoferulic acid, caffeic acid, CAPE, 3,4-dimethoxycinnamic acid, chrysin
and apigenin are closely related to the antioxidant properties of propolis. In addition, eight peak areas
decreased after reacting with 1,1-Diphenyl-2-picrylhydrazyl (DPPH) radicals, indicating that these
compounds have antioxidant activity. The results indicate that the grouping and spectrum–effect
relationship of Chinese propolis are related to their chemical compositions, and several compounds
may serve as a better marker for the antioxidant activity of Chinese propolis than TFC and TPC.
The findings may help to develop better methods to evaluate the quality of propolis from different
geographic origins.

Keywords: propolis; antioxidant activity; spectrum–effect relationships; cluster analysis; principal
component analysis; multiple linear regression analysis

1. Introduction

Propolis is a biologically active natural product produced by honeybees collecting substances
from parts of plants, buds and exudates [1]. Bees use propolis to build and repair their hives, such as
for controlling the size of the hive door and repairing any cracks [2].

Propolis has a complex composition, with more than 500 compounds having been identified
within it [3,4]. Many factors such as plant origin, geographic location and seasonality can influence the
chemical composition of propolis by affecting plant bud exudates [5–7]. It is known that bees collect
resin from more than 16 plant families, particularly the Populus family, with at least seven different
Populus species having proven to be plant sources of propolis [6]. Previous studies indicate that the
main plant sources of Chinese propolis are Populus species [8,9]. However, there are few studies on the
classification of Chinese propolis to find different propolis types in China.
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Propolis has demonstrated various bioactivities, and been used as a health supplement and
food additive [10–12]. Among them, the antioxidant activity of propolis may play a key role in
protection against the damage caused by free radicals in some chronic diseases [13]. The antioxidant
activity of Chinese propolis is largely attributed to the high levels of various phenolic compounds,
such as flavonoids and phenolic acids [14]. In this regard, analysis of the chemical composition and
its relationship to biological activity, or the spectrum–effect relationship, is important to evaluate the
quality of natural products [15–17].

Thus, we set out to investigate the spectrum–effect relationship of Chinese propolis by using
high-performance liquid chromatography (HPLC) to separate and identify the chemical composition
in 49 Chinese propolis samples collected from different regions. Furthermore, the total phenolic
acid content (TPC), total flavonoid content (TFC) and antioxidant capacity of these propolis samples
were determined. Chromatographic data were processed by multivariate analyses such as cluster
analysis (CA), principal component analysis (PCA) and multi-linear regression analysis (MLRA),
in order to classify samples and obtain the relationship between spectral and antioxidant capacity.
The off-line anti-1,1-Diphenyl-2-picrylhydrazyl (DPPH) assay was performed to identify the antioxidant
compounds in Chinese propolis.

2. Results and Discussion

2.1. HPLC Analysis of 49 Chinese Propolis

The chromatographic profiles of 49 Chinese propolis samples (as detailed in Table 1) were analyzed
using the previously established method [8,18,19]. The results of precision showed that the relative
standard deviation (RSD) of the intraday and interday for retention times were less than 0.38% and
0.44%, respectively, and for peak areas were less than 2.54% and 2.69%. The RSD for the repeatability
of retention time and peak areas were less than 0.31% and 5.71% (Table S1), respectively. The HPLC
fingerprints of representative samples are shown in Figure 1, and the fingerprints of all samples are
shown in Figure S1. 15 common peaks were identified by comparison with standard compound
retention times, and the content of those compounds was quantified by the regression equation of
standard compounds (Table S2). The contents of those compounds varied significantly with geographic
origins (Table S3). The compounds with relative higher contents include pinocembrin (ranging from
20.14 to 104.90 mg/g, mean value 41.93 mg/g), 3-O-acetylpinobanksin (ranging from 3.26 to 73.08 mg/g,
mean value 35.69 mg/g), galangin (ranging from 10.59 to 52.58 mg/g, mean value 33.45 mg/g), chrysin
(ranging from 5.26 to 52.91 mg/g, mean value 33.12 mg/g), benzyl p-coumarate (ranging from 5.04
to 121.39 mg/g, mean value 27.98 mg/g), pinobanksin (ranging from 2.27 to 51.27 mg/g, mean value
23.51 mg/g) and caffeic acid phenethyl ester (CAPE) (ranging from 0 to 49.58 mg/g, mean value
12.26 mg/g). The chemical composition of propolis in all regions showed a similar characteristic as
the poplar-type propolis [20]. This may be related to the fact that Populus is widespread throughout
China [21,22], and research shows that Apis mellifera prefer Populus as plant sources [6]. The content of
common compounds varies between different samples, as the chemical compositions of propolis could
be influenced by botanical origin, collecting season or other factors [23].

2.2. Similarity of HPLC Fingerprints among 49 Chinese Propolis

The similarity of 49 propolis fingerprints was analyzed using the software “Similarity Evaluation
System for Chromatographic Fingerprint of Tradition Chinese Medicine (TCM)” developed by the
Chinese Pharmacopoeia Commission. The results showed that the correlation coefficients (CC) values
of most Chinese propolis fingerprints were higher than 0.6, indicating that their compositions were
very similar. However, the CC values of five samples (S21, 0.512; S23, 0.306; S25, 0.356; S27, 0.407;
and S29, 0.499) collected from Northeast China were significantly lower than that of other propolis,
indicating the difference of these samples with other Chinese propolis (Table 1).
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The CA identified three distinctive groups: Group 1 contains 42 propolis samples; Group 2
contains S19 and S26; and Group 3 contains S21, S25, S29, S23 and S27 (Figure 2). All samples in
Groups 2 and 3 were collected in Northeast China, which contained rich p-coumaric acid and benzyl
p-coumarate. This is consistent with the results of the CC values; the CC values of all samples in
Group 3 are below 0.5.

Table 1. Collection site correlation coefficients of 49 Chinese propolis.

Samples
No.

Collected Site
(city, province)

Correlation
Coefficients

Samples
No.

Collected Site
(City, Province)

Correlation
Coefficients

S1 Lujiang, Anhui 0.891 S26 Yichun, Heilongjiang 0.822
S2 Tongcheng, Anhui 0.861 S27 Yilan, Heilongjiang 0.407
S3 Shouxian, Anhui 0.675 S28 Baoqing, Heilongjiang 0.892
S4 Mingcong, Anhui 0.896 S29 Muling, Heilongjiang 0.499
S5 Huaibei, Anhui 0.887 S30 Xinye, Henan 0.924
S6 Fuyang, Anhui 0.914 S31 Shangqiu, Henan 0.881
S7 Mengcheng, Guizhou 0.533 S32 Fangcheng, Henan 0.915
S8 Meishan, Sichuan 0.926 S33 Shangshui, Henan 0.861
S9 Xicuan, Sichuan 0.890 S34 Nanyang, Henan 0.889

S10 Qixia, Shandong 0.880 S35 Huaibin, Henan 0.875
S11 Dezhou, Shandong 0.825 S36 Liutai, Jiangsu 0.894
S12 Heze, Shandong 0.878 S37 Jianhu, Jiangsu 0.901
S13 Longkou, Shandong 0.921 S38 Yicheng, Hubei 0.818
S14 Donge, Shandong 0.890 S39 Gucheng, Hubei 0.895
S15 Penglai, Shandong 0.879 S40 Dongkou, Hubei 1 0.796
S16 Yanbailou, Shaanxi 0.811 S41 Dongkou, Hubei 2 0.789
S17 Mizhi, Shaanxi 0.869 S42 Xianju, Zhejiang 0.767
S18 Fusong, Jilin 0.906 S43 Jinyun, Zhejiang 0.829
S19 Baishan, Jilin 0.846 S44 Penghu, Ningxia 0.889
S20 Jian, Jilin 0.848 S45 Gongliu, Xinjiang 0.836
S21 Dashiqiao, Liaoning 0.512 S46 Beijing 0.826
S22 Faku, Liaoning 0.930 S47 Baotou, Inner Mongolia 0.926
S23 Suizhong, Liaoning 0.306 S48 Huailai, Hebei 0.687
S24 Shuangyashan, Heilongjiang 0.921 S49 Qiuxian, Hebei 0.910
S25 Gannan, Heilongjiang 0.356
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Figure 1. High-performance liquid chromatography (HPLC) chromatograms of the standard solution
(ST) and Chinese propolis (S1,S3, S8, S18, S19, S29, S31): 1. Vanillic; 2. Caffeic acid; 3. p-Coumaric acid;
4. Ferulic acid; 5. Isoferulic acid; 6. 3,4-Dimethoxycinnamic acid; 7. Cinnamic acid; 8. Pinobanksin;
9. Naringenin; 10. Quercetin; 11. Kaempferol; 12. Apigenin; 13. Pinocembrin; 14. Benzyl caffeate;
15. 3-O-acetylpinobanksin; 16. Chrysin; 17. Caffeic acid phenethyl ester (CAPE); 18. Galangin;
and 19. Benzyl p-coumarate.
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These results indicate that some propolis from Northeast China was special, and could be
classified as a new type of propolis. We have previously shown that the propolis collected from the
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Changbai Mountain area (CBM) in Northeast China had a higher content of p-coumaric acid and
benzyl p-coumarate [18]. Accordingly, samples in Group 1 were ordinary Chinese propolis, samples
in Group 2 were mixed propolis and samples in Group 3 were CBM propolis. Samples in the same
group may also be subdivided into different subgroups, but further research is needed to establish
this. As mentioned earlier, many factors can affect the chemical composition of propolis [5,6]. Chinese
propolis could be divided into different groups, which may be caused by differences in plant sources,
climate and other factors in different regions.

2.3. Contents of Flavonoids and Phenolics of 49 Chinese Propolis

It has been well established that flavonoids and phenolic acids, as the secondary metabolites in
plants with broad biological activities [24,25], are the main active substances in poplar-type propolis [26].
TFC and TPC have been widely used as indicators for evaluating the quality of propolis. Table 2 shows
the results of TFC and TPC of 49 propolis samples, determined by the methods described previously [27].
There is a significant variation of TFC and TPC among these samples, ranging from 63.75 ± 1.92 mg/g
to 454.92 ± 32.67 mg/g for TFC and 150.83 ± 2.75 mg/g to 556.3 ± 5.55 mg/g for TPC, respectively.
These results are consistent with the previous report [28]. The variations of TFC and TPC in these
samples are in line with the chemical variations as shown above, indicating that the differences in these
propolis samples are related to their geographic origins.

Table 2. Total phenolic acid (TPC) contents, contents of total flavonoids (TFC) and 1,1-Diphenyl-
2-picrylhydrazyl (DPPH) scavenging activity of 49 Chinese propolis.

Samples
No.

TPC (mg/g,
GAE)

TFC (mg/g,
QE)

DPPH
Scavenging

Activity
(IC50,µg/mL)

Samples
No.

TPC (mg/g,
GAE)

TFC (mg/g,
QE)

DPPH
Scavenging

Activity
(IC50,µg/mL)

S1 404.47 ± 10.72 361.59 ± 8.54 90.51 ± 0.89 S26 232.59 ± 3.18 146.63 ± 3.33 294.04 ± 10.26
S2 249.95 ± 4.52 162.39 ± 13.93 113.19 ± 5.93 S27 199.70 ± 3.83 75.43 ± 4.19 216.06 ± 3.30
S3 223.12 ± 1.69 110.56 ± 1.24 101.21 ± 1.87 S28 275.54 ± 2.91 167.16 ± 6.34 83.47 ± 3.55
S4 248.62 ± 2.22 135.56 ± 4.49 122.88 ± 1.73 S29 208.31 ± 2.45 77.76 ± 4.67 171.61 ± 8.54
S5 529.49 ± 4.10 427.56 ± 17.03 124.35 ± 1.36 S30 231.11 ± 2.03 141.17 ± 2.84 112.14 ± 5.71
S6 556.3 ± 5.55 454.92 ± 32.67 113.10 ± 4.67 S31 170.67 ± 0.94 106.06 ± 1.34 171.52 ± 8.21
S7 236.4 ± 3.17 102.50 ± 1.17 92.45 ± 8.31 S32 219.01 ± 2.30 204.76 ± 4.05 233.6 ± 10.59
S8 257.15 ± 3.76 191.19 ± 1.55 104.17 ± 6.69 S33 232.35 ± 5.43 210.53 ± 4.05 153.93 ± 3.81
S9 236.92 ± 6.38 205.32 ± 6.12 164.27 ± 7.47 S34 242.33 ± 1.11 149.68 ± 2.55 119.5 ± 4.51

S10 276.21 ± 4.99 190.72 ± 12.24 108.17 ± 5.66 S35 228.94 ± 2.76 192.23 ± 6.62 165.23 ± 4.23
S11 272.91 ± 3.51 186.96 ± 5.35 73.56 ± 2.61 S36 223.90 ± 2.22 216.31 ± 4.29 241.85 ± 11.63
S12 210.23 ± 4.14 205.95 ± 1.68 308.11 ± 6.36 S37 228.39 ± 2.45 223.83 ± 1.15 269.08 ± 1.94
S13 242.81 ± 2.60 197.64 ± 2.02 124.54 ± 5.94 S38 197.97 ± 1.84 203.46 ± 6.06 303.87 ± 6.00
S14 237.32 ± 3.06 179.05 ± 7.48 124.16 ± 9.21 S39 252.31 ± 5.44 167.96 ± 4.77 100.20 ± 1.46
S15 246.23 ± 5.42 159.25 ± 1.50 109.00 ± 3.77 S40 231.12 ± 4.63 143.61 ± 5.02 132.98 ± 3.55
S16 254.92 ± 5.02 143.97 ± 3.06 76.06 ± 3.15 S41 205.82 ± 5.02 208.93 ± 3.23 404.56 ± 11.9
S17 216.69 ± 2.12 158.80 ± 3.48 133.82 ± 2.93 S42 150.83 ± 2.75 70.08 ± 4.15 354.31 ± 5.12
S18 256.96 ± 3.37 163.24 ± 5.62 122.64 ± 9.30 S43 234.55 ± 5.82 126.88 ± 7.89 146.45 ± 6.61
S19 217.37 ± 3.40 133.04 ± 4.02 352.75 ± 9.75 S44 268.44 ± 2.77 194.49 ± 4.98 124.45 ± 6.19
S20 139.92 ± 1.90 63.75 ± 1.92 432.08 ± 6.42 S45 312.01 ± 4.34 207.96 ± 9.33 132.46 ± 4.53
S21 223.74 ± 1.30 100.90 ± 0.42 197.34 ± 6.78 S46 252.51 ± 1.40 149.41 ± 9.75 91.01 ± 9.85
S22 302.55 ± 6.12 219.2 ± 2.56 87.14 ± 7.38 S47 251.63 ± 0.80 172.76 ± 9.53 125.20 ± 5.37
S23 178.37 ± 0.89 53.45 ± 3.41 277.77 ± 10.99 S48 274.21 ± 2.41 134.62 ± 3.64 71.19 ± 5.31
S24 240.99 ± 4.03 171.38 ± 6.69 124.92 ± 6.32 S49 247.34 ± 4.43 173.99 ± 7.50 113.08 ± 6.15
S25 188.86 ± 1.80 73.51 ± 9.97 309.97 ± 10.23

Data are shown as the mean ± SD (n = 3). GAE, gallic acid equivalent; QE, quercetin equivalent.

2.4. DPPH Scavenging Activity of 49 Chinese Propolis

DPPH assay has been widely used as a sensitive method to assess the antioxidant capacity of
various samples [29]. We determined the DPPH scavenging activity (IC50) of these Chinese propolis
samples. As shown in Table 2, all propolis samples showed strong antioxidant activity. The IC50 values
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of these propolis samples varied widely, ranging from 71.19 ± 5.31 µg/mL to 432.08 ± 6.42 µg/mL,
indicating that the antioxidant activity of Chinese propolis is also region-dependent. In addition,
there was a significant negative correlation between DPPH scavenging activity (IC50) and TPC
(R = −0.469, p < 0.01), but not TFC (R = −0.260, p > 0.05). These results indicate that the phenolic acids
have a greater influence on the propolis antioxidant capacity than the flavonoids, which was consistent
with previous research [27,30]. The antioxidative activity of propolis is the most appreciated property,
and a variety of biological activities of propolis largely results from their antioxidative effects [31,32].
Therefore, the antioxidant capacity is an important indicator of the quality of propolis.

2.5. Spectrum–Effect Relationship of 49 Chinese Propolis

MLRA is a useful method to quantify the relationship between spectrum and bioactivities [33].
However, when independent variables have collinear relationships, the MLRA model is unreliable.
PCA could reduce the dimensionality of data and convert correlated data into a few integrated
variables without collinearity [34,35]. In this study, we firstly conducted PCA and identified four
principal components (PC) which contained 79.99% information of the original data (PC1, 35.44%;
PC2, 25.81%; PC3, 10.10%; and PC4, 8.64%). As shown in Table 3 and Figure 3, the PC1 was highly
positively correlated to the contents of isoferulic acid, caffeic acid, CAPE and 3,4-dimethoxycinnamic
acid. The PC2 was positively correlated to the contents of kaempferol, but negatively correlated to the
contents of ferulic acid benzyl p-coumarate and p-coumaric acid. The PC3 was positively correlated to
the contents of galangin, and negatively correlated to benzyl caffeate content. The PC4 was positively
correlated to the contents of chrysin and apigenin. Based on PCA results, we further performed MLRA
and found that PC1 and PC4 had a greater impact on the antioxidant capacity, while the impacts of PC2
and PC3 were less significant. The equations were: IC50 = 169.795-68.899PC1-23.475PC4. These findings
indicate that isoferulic acid, caffeic acid, CAPE and 3,4-dimethoxycinnamic acid in PC1 and chrysin
and apigenin in PC4 contribute more to the antioxidant capacity of Chinese propolis. The total content
of these compounds showed a superior negative correlation with the DPPH scavenging activity (IC50)
(R = −0.716, p < 0.001). Thus, the content of these compounds could be used as an indicator to
predict the antioxidant capacity of propolis. However, this does not mean that all these compounds
have antioxidant activity. Conversely, the antioxidant compounds in propolis may not only be these
compounds. In addition to MLRA and PCA, there are many other types of statistical analysis methods
on spectrum–efficacy studies, and different methods have different emphases [36–38].

Table 3. The loadings of the first four rotated principal components.

The Loading

Peak No. Compound PC1 (35.44%) PC2 (25.81%) PC3 (10.10%) PC4 (8.64%)

5 Isoferulic acid 0.911 0.083 −0.211 0.064
2 Caffeic acid 0.869 0.115 0.032 0.015

17 CAPE 0.825 −0.069 −0.009 0.312
6 3,4-Dimethoxycinnamic acid 0.745 0.277 −0.292 0.236
4 Ferulic acid −0.034 −0.914 −0.119 0.087

19 Benzyl p-coumarate −0.238 −0.850 0.090 −0.357
3 p-Coumaric acid −0.249 −0.849 0.015 −0.354

11 Kaempferol −0.041 0.659 0.587 0.169
13 Pinobanksin −0.386 0.599 0.398 0.427
14 Benzyl caffeate 0.063 0.092 −0.769 −0.024
18 Galangin −0.396 0.242 0.709 0.370
15 3-O-acetylpinobanksin 0.496 0.486 0.589 0.015
8 Pinocembrin −0.218 0.127 0.541 −0.495

16 Chrysin 0.103 0.356 0.023 0.829
12 Apigenin 0.309 0.170 0.198 0.757

Bold fonts indicate high score (absolute value greater than 0.6).
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2.6. Determination of Antioxidant Compounds in Propolis by Off-Line Anti-DPPH Assay

To directly determine the nature of antioxidant compounds in Chinese propolis, an off-line
anti-DPPH assay was performed. Eight compounds (caffeic acid, ferulic acid, kaempferol, unknown
compound 1, benzyl caffeate, 3-O-acetylpinobanksin, CAPE and galangin) were found with a decrease
in peak area after the reaction, indicating that these compounds have antioxidant activity (Figure 4).
Other studies on the antioxidant capacity of Chinese propolis have also confirmed that these compounds
have the DPPH scavenging activity [14,39,40]. Furthermore, in the related research about Brazil green
propolis, nine compounds, including caffeic acid and kaempferol, show a decrease in peak area [27].
Unlike the ambiguity and integrity of the spectrum–effect relationship, this method could detect
antioxidant compounds in propolis, as well as in other natural products. In addition, there is an on-line
anti-DPPH assay similar to this method, which can monitor the reaction in real time, but requires an
additional post-column system [41].Molecules 2020, 25, x 10 of 14 
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Figure 4. HPLC chromatograms of the Chinese propolis before (A) and after (B) reacting with DPPH
radical. Arrows indicate peaks with a decreasing peak area.
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3. Materials and Methods

3.1. Chemicals and Reagents

HPLC-grade methanol was purchased from Merck (Merck & Co., Inc., Billerica, MA, USA),
and analytical grade acetic acid and absolute ethanol were purchased from Chemical Reagent Factory
of Zhejiang University (Hangzhou, Zhejiang, China). Absolute alcohol and acetic acid were purchased
from Shanghai Chemical Reagent Company of Chinese Medical Group (Shanghai, China). Ultra-Pure
water was purified by the Yjd-upws Ultra-Pure water system (Hangzhou, Zhejiang, China).

DPPH, vanillic acid, caffeic acid, ferulic acid, isoferulic acid, p-coumaric acid, cinnamic acid,
3,4-dimethoxycinnamic acid, CAPE, myricetin, apigenin, galangin, chrysin, pinocembrin, quercetin,
kaempferol, luteolin and naringenin were purchased from Sigma–Aldrich (St. Louis, MI, USA),
pinobanksin and 3-O-acetylpinobanksin were purchased from Ningbo Haishu Apexocean Biochemicals
Co., Ltd (Ningbo, Zhejiang, China), and benzyl p-coumarate was purchased from Kunming BioBioPha
Co., Ltd (Kunming, Yunnan, China).

3.2. Samples Collection and Preparation

49 propolis samples (S01–S49) used in this study were harvested by scratching from beehives in
49 cities of 16 provinces (Table 1). The propolis samples sites cover the main Apis mellifera breeding
areas and propolis production areas in China.

The frozen propolis samples were extracted, as reported previously [8]. The raw propolis samples
(3.0 g) were extracted with 50 mL of a 95% hydro-alcoholic solution in an ultrasonic water bath for
45 min. The mixture was then centrifuged, and the sediment was re-extracted twice under the same
conditions. The supernatant was kept in a refrigerator overnight and filtered to remove impurities.
After that, the filtered solution was evaporated to dryness. The dry residue powder of propolis (0.2 g)
was then redissolved in 10 mL ethanol (20 mg/mL).

3.3. HPLC Procedures

Chromatographic analysis was performed with Agilent 1200 Series (Agilent Technologies Inc.,
Santa Clara, CA, USA) equipment. Separation was achieved on a Sepax HP-C18 column (150 × 4.6 mm,
5 µm; Sepax Technologies Inc., Newark, DE, USA) and maintained at 33 ◦C. The mobile phase was
maintained at a constant flow rate of 1 mL/min. The gradient elution, which consisted of aqueous phase
A (1% acetic acid) and organic phase B (anhydrous methanol), was adjusted as we previously reported,
in detail: 15% to 35% (B) 0 to 30 min; 35% to 44% (B) 30 to 46 min; 44% to 50% (B) 46 to 70 min; 50% to
52% (B) 70 to 77 min; 52% to 60% (B) 77 to 92 min; 60% to 75% (B) 92 to 115 min; 75% to 100% (B) 115 to
125 min; and 100% to 15% (B) 125 to 135 min [18]. Each sample (5 µL) was purified with 0.45 µm filters,
and then injected through an automatic sampler system and monitored by a UV detector at 280 nm.

The methodology was validated through intraday precision, intraday precision and repeatability
tests. The contents of identified compounds in propolis were quantified using the respective regression
equation of standard substances. The peaks-area was quantitated by external calibration, the standards
compounds were dissolved in methanol, the mixed standard solution was prepared and a series of
working standard solutions were prepared according to the level of these reference standards expected
in samples.

3.4. Determinations of Total Flavonoids and Total Phenolics

TFC was determined using the method reported previously, with minor modifications [27,42].
Briefly, 60 µL of propolis ethanol solution (0.2 mg/mL) was mixed with 40 µL (100 g/L) aluminum
nitrate and 40 µL (9.8 g/L) potassium acetate, and adjusted to 200 µL with distilled water. The mixed
solution was kept in a dark room for 1 h at room temperature, and then measured the absorbance at
415 nm using a microplate reader (Bio-Rad, Hercules, CA, USA).
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TPC was measured by the Folin–Ciocalteau method [27,43]. Briefly, a 100 µL Folin–Ciocalteau
reagent was added to 100 µL of propolis ethanol solution (10 mg/mL), and then mixed with 500 µL
(1 mol/L) sodium carbonate and adjusted to 1 mL with distilled water. The mixed solution was kept
in a dark room for 1 h at room temperature, and then measured the absorbance at 760 nm using the
microplate reader.

3.5. Antioxidant Capacity

Fresh DPPH stock solution was prepared by dissolving 30 mg DPPH in 10 mL ethanol (3 mg/mL).
The DPPH scavenging activity was determined according to the method reported previously,
with modifications [27,44]. In brief, 100 µL DPPH working solution was mixed with 100 µL propolis
extract in a 96-well plate, and incubated for 30 min in the dark. The absorbance of the reaction solutions
was then measured at 517 nm using the microplate reader. The results were expressed as IC50 (µg/mL,
the concentration of scavenging 50% DPPH radical).

3.6. Off-line Anti-DPPH Assay

The off-line anti-DHHP assay was based on the method reported previously, with some
modifications [27,45]. Briefly, 10 mg/mL DPPH ethanol solution was mixed with an equal volume of
5 mg/mL Chinese propolis ethanol solution, and then placed in a dark room for 30 min. After filtration,
the mixed solution was determined by HPLC, using the procedures as described above.

3.7. Statistical Analysis and Chemometric Application

The software “Similarity Evaluation System for Chromatographic Fingerprint of TCM”,
published by the Chinese Pharmacopoeia Commission (Chinese Pharmacopoeia Commission, Version
2012.130723), was used to synchronize and conduct qualitative and quantitative comparisons for all
propolis samples. The reference fingerprint was formed by the system using the median method from
the chromatograms of 49 propolis, and the similarity values of each propolis extract and reference
fingerprint were also determined. The means and standard deviations (SD) were calculated using the
Microsoft Excel 2016 software (Microsoft Inc., Redmond, WA, USA). The CA, HCA, MLRA and IC50 of
49 propolis were performed using SPSS 22 statistics software (SPSS Inc., Armonk, NY, USA).

4. Conclusion

In this study, 49 propolis samples collected from different regions in China were studied for their
chemical profiles, antioxidant activity and spectrum–effect relationship. The results showed that the
Chinese propolis could be divided into three different types according to the similarity of their HPLC
fingerprints, with propolis collected from Changbai Mountain in Northeast China, which contained
a higher content of p-coumaric acid and benzyl p-coumarate as a distinct type. The spectrum–effect
relationship showed that the contents of isoferulic acid, caffeic acid, CAPE, 3,4-dimethoxycinnamic
acid, chrysin and apigenin in Chinese propolis could be related to the antioxidant activity of propolis
samples. Furthermore, eight active compounds were identified with anti-DPPH activities in Chinese
propolis. The results indicate that the grouping and spectrum–effect relationship of Chinese propolis
are related to their chemical compositions, and several compounds may serve as a better marker for
the antioxidant activity of Chinese propolis than TFC and TPC. The findings may help to develop
better methods to evaluate the quality of propolis from different geographic origins.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/14/3243/s1,
Table S1. Precision and repeatability data of 15 compounds in Chinese propolis. Table S2: The regression equation
of standard compounds in Chinese propolis. Table S3: The content of common compounds in different Chinese
propolis. Figure S1: HPLC chromatograms of the standard solution and Chinese propolis.
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Abstract: Ascorbic acid (AA) is one of the essential nutrients in bee pollen, however, it is unstable
and likely to be oxidized. Generally, the oxidation form (dehydroascorbic acid (DHA)) is considered
to have equivalent biological activity as the reduction form. Thus, determination of the total content
of AA and DHA would be more accurate for the nutritional analysis of bee pollen. Here we present
a simple, sensitive, and reliable method for the determination of AA, total ascorbic acids (TAA),
and DHA in rape (Brassica campestris), lotus (Nelumbo nucifera), and camellia (Camellia japonica) bee
pollen, which is based on ultrasonic extraction in metaphosphoric acid solution, and analysis using
hydrophilic interaction liquid chromatography (HILIC)-ultraviolet detection. Analytical performance
of the method was evaluated and validated, then the proposed method was successfully applied
in twenty-one bee pollen samples. Results indicated that contents of AA were in the range of
17.54 to 94.01 µg/g, 66.01 to 111.66 µg/g, and 90.04 to 313.02 µg/g for rape, lotus, and camellia bee
pollen, respectively. In addition, percentages of DHA in TAA showed good intra-species consistency,
with values of 13.7%, 16.5%, and 7.6% in rape, lotus, and camellia bee pollen, respectively. This is
the first report on the discriminative determination between AA and DHA in bee pollen matrices.
The proposed method would be valuable for the nutritional analysis of bee pollen.

Keywords: bee pollen; ascorbic acid; total ascorbic acids; dehydroascorbic acid; HILIC

1. Introduction

Bee pollen is one of the main sources of food for honeybees. In the process of collecting, honeybees
moisten pollen grains with secretions and packs them into the pollen basket. Bee pollen is obtained by
pollen trap, which is generally made of a grid and placed on the entrance of hive to remove pollen
pellets from honeybee’s legs. As the important nutrient source of honeybee colony, bee pollen is rich in
proteins, lipids, sterols, vitamins, and minerals [1,2]. It has been regarded as a natural health food
with balanced nutrients, and its potential bioactive and therapeutic properties have made bee pollen a
promising therapeutic and nutritional food supplement [3–5].

Ascorbic acid (AA) is a water-soluble vitamin, which plays a significant role in human health [6,7].
Since human body does not synthesize AA, it is supplied by exogenous intake. AA can be oxidized to
dehydroascorbic acid (DHA) in the condition of high temperature, high pH, light, and in the presence of
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oxygen [8]. AA has been found to be lost at the food processing and storage stage [9,10]. This loss may
be resulted from the oxidation of AA to DHA, and the further degradation to diketogulonic acid [11].
As the processing of bee pollen normally includes a hot-air-drying procedure [12], AA in bee pollen is
potentially oxidized to DHA. This oxidation reaction is reversible and DHA can be reduced back to AA
in the presence of suitable reductants such as mercapto [13,14] and phosphorus compounds [10,15–17].
Studies have shown that the membrane transport of DHA is more efficient than AA, and after crossing
membranes DHA can be rapidly reduced to AA by reductase [18]. Thus, the biological activity of DHA
has been considered to be equivalent to that of AA, and the determination of total ascorbic acids (TAA)
which defined as the sum of both AA and DHA contents would be more accurate for the evaluation of
nutritional quality in food analysis [19].

HPLC, which is a powerful technique for the selective and sensitive quantification of natural
compounds in complex matrices [20], is the preferred analysis method for determination of AA and
DHA [19]. Based on the reversible reaction between AA and DHA, HPLC methods for the analysis
of TAA can be divided into two groups. The first one is the oxidation method, in which AA is
oxidized to DHA before HPLC separation [21]. Because DHA has little absorbance above 220 nm,
the most used ultraviolet (UV) detection technique cannot be utilized directly. Furthermore, DHA is
unstable and irreversible hydrolyzed to diketogulonic acid [8,11], thus the oxidized condition must
be estimated carefully. Another possibility is the reduction method, in which DHA is reduced to AA
by reductants [10,13,15,16]. Since AA is stable in the presence of excessive reductants and shows UV
absorption, the reduction method is commonly used [19].

AA content in bee pollen was reported by using 2,6-dichlorophenol-indophenol (DCIP)
assays [22,23]. In this assay, the blue dye DCIP is reduced to colorless product by AA, then the
content of AA is measured by titrimetric or colorimetric methods. However, this reaction lacks
specificity, and many substances in the matrix which are capable of reducing the dye may cause serious
interferences [24]. In this paper, we reported the specific determination of AA, TAA, and DHA in three
major commercial bee pollen in China, rape (Brassica campestris), lotus (Nelumbo nucifera), and camellia
(Camellia japonica), using the hydrophilic interaction liquid chromatography-ultraviolet (HILIC-UV)
method to provide high specificity and sensitivity for the analysis of AA. To the best of our knowledge,
this is the first report on discriminative determination of AA and DHA in bee pollen by using the
proposed methodology.

2. Results and Discussion

The AA in bee pollen samples were extracted by metaphosphoric acid (MPA) solution under
ultrasonication. It has been demonstrated that MPA is beneficial for the inhibition of AA oxidation [25].
This acidic condition could prevent the formation of ascorbate, and provide a better recovery of AA.
Effect of ultrasonic extraction time on the extracted AA is shown in Figure 1. Results indicated that for
all three species of bee pollen, one minute of ultrasonication was sufficient for the extraction of AA
into MPA solution. This fast extraction may be attributed to the excellent solubility of AA in MPA
solution, and consequently makes the sample preparation very simple and rapid.

Following the extraction procedure, extract was separated in HILIC with UV detector for the
analysis of AA. The column with amide-bonded silica as the stationary phase was used for the HILIC
separation due to the compatible with high concentration of MPA solution [26]. The mobile phase
consisted of acetonitrile (ACN) and 0.1% formic acid aqueous solution was examined to obtain a
general condition for separation of AA in all the three species of bee pollen. Different ratios (v/v) of
ACN ranged from 88% to 94% with interval of 2% were investigated. Under concentration of 88%,
the AA peak could not be isolated from interferences in all the three matrices. With the increase of
ACN concentration, resolution of AA peak was improved. For rape bee pollen, ACN concentrations
with 90% and 92% were both suitable for the separation. While for lotus and camellia bee pollen,
only larger than 92% was acceptable for the separation. Meanwhile, as the ACN concentration further
increased to 94%, the retention time and peak width of AA were significantly increased. In addition,
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the peak symmetry was found to be decreased. Therefore, mobile phase composed of 92% ACN was
finally proposed for the HILIC separation. Figure 2 represented the chromatograms of AA standard
and bee pollen samples under the optimized mobile phase condition with flow rate at 0.8 mL/min.
As could be seen in Figure 2a, chromatogram of AA standard showed a well-resolved peak with a
retention time (RT) at 10.68 min. Chromatograms of extract from rape (Figure 2b), lotus (Figure 2c),
and camellia bee pollen (Figure 2d) all showed the clearly defined AA peaks.

1 
 

 

  
Figure 1. Effect of ultrasonic extraction time on extracted ascorbic acid from different bee pollen
samples, (a) rape (Brassica campestris), (b) lotus (Nelumbo nucifera), and (c) camellia (Camellia japonica).
The extract under different extraction times were analyzed by hydrophilic interaction liquid
chromatography-ultraviolet (HILIC-UV), and the peak area of ascorbic acid (AA) were presented.

 

2 

 

 
Figure 2. Representative chromatograms of (a) ascorbic acid standard, and the final extract of (b) rape
(Brassica campestris), (c) lotus (Nelumbo nucifera), and (d) camellia (Camellia japonica) bee pollen. Asterisks
indicate the peak of ascorbic acid.

Quantification of AA was performed by external calibration. Good linearity (R2 > 0.999) was
achieved in the range from 0.2 to 16 µg/mL. According to the literature [27], the instrumental limits of
detection (LOD) and quantification (LOQ) were estimated to be 0.06 µg/mL (S/N = 3) and 0.2 µg/mL
(S/N = 10) in MPA solution, respectively. Then the LOD and LOQ in bee pollen were calculated
by the reported method [15]. Considering that 0.2 g of bee pollen were diluted in 10 mL, this LOD
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corresponded to a concentration of 3 µg/g bee pollen, and the LOQ corresponded to 10 µg/g bee
pollen. Recovery was tested at two fortification levels. Mean recovery percentages were in the range of
90.07~94.82%, 96.98~104.91%, and 90.45~95.41% for rape, lotus, and camellia bee pollen, respectively
(Table 1). The coefficient variation of the repeatability (intra-day precision) was 2.25~4.88%, 1.54~4.84%,
and 1.69~4.49% for rape, lotus, and camellia bee pollen, respectively. The intermediate precision
(inter-day precision) was ranged from 1.85% to 3.87% in these three species of bee pollen. All recovery
and precision values were in the acceptable range [28].

For the determination of TAA, reducing reagent was introduced to transform DHA into AA.
The reported reagents typically include mercapto based compounds [13,14] and phosphorus-based
tris-[2-carboxyethyl] phosphine (TCEP) [10,15–17]. Mercapto compounds are efficient only at mildly
acidic and neutral conditions, while TCEP shows high reduction efficiency in the MPA solution [29].
Thus, TCEP was selected in the present work. Wechtersbach et al. reported that in MPA solution,
DHA was fully reduced to AA by TCEP in less than 20 min [29]. To confirm the conversion of
DHA into AA in bee pollen matrices, the recovery of DHA reduced to AA was studied. Bee pollen
samples were fortified with DHA at the level of 50 µg/g, and the obtained recoveries under different
concentration of TCEP were shown in Figure 3. Results indicated that the recoveries were increased as
the concentration of TCEP varied from 0.2 to 1.0 mg/mL, then reached a plateau when the concentration
was larger than 1.5 mg/mL. Eventually, TCEP with concentration of 2.0 mg/mL was applied to ensure
the accomplishment of DHA reduction. It was important to notice that under this concentration,
the calculated recovery values were from 65.6% to 75.4%, which was lower than the recovery of spiked
AA as illustrated in Table 1. This lower calculated recovery value may be resulted from the lower
purity of commercially available DHA, which was reported to be 80% [29]. After correcting the purity,
the accurate recovery should be between 82.0% and 95.4%. These above results indicated that the
DHA could be efficiently reduced to AA by the proposed reduction protocol and the present sample
preparation method could be applicable for the determination of AA and DHA in these three bee
pollen matrices.
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Figure 3. The trends of dehydroascorbic acid (DHA) recovery with increasing the concentration
of tris-[2-carboxyethyl] phosphine (TCEP) in rape (Brassica campestris), lotus (Nelumbo nucifera),
and camellia (Camellia japonica) bee pollen. The spiked content of DHA in bee pollen samples
were 50 µg/g, and the concentration of TCEP in the 10 mL final extract were presented.
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Twenty-one bee pollen samples were analyzed using the proposed method. Results of the detected
AA, TAA, and DHA contents in each sample were summarized in Table 2. The distribution of AA
contents in different species of bee pollen were compared in Figure 4. It could be observed that the
mean AA content was increased as the order of rape (46.63 µg/g) < lotus (89.19 µg/g) < camellia
(199.06 µg/g). Additionally, AA contents were distributed with intra-species differences. For instance,
camellia bee pollen showed the largest distribution range between 90.04 µg/g and 313.02 µg/g, rape bee
pollen was in the range from 17.54 µg/g to 94.01 µg/g, while lotus bee pollen exhibited a relative
concentrated range from 66.01 µg/g to 111.66 µg/g. These intra-species differences might be caused by
environment conditions such as temperature, light, and storage time, which have significant effects on
the oxidization of AA and the degradation of DHA. Furthermore, it was interesting that although the
contents of AA were distributed in a wide range, the percentages of AA and DHA in the TAA showed
good intra-species consistency. As shown in Figure 5, when the contents of AA were plotted with
the contents of TAA, good linearity with the R2 value larger than 0.996 were achieved in all the three
species of bee pollen. According to the fitting results, percentages of AA in TAA were 86.3%, 83.5%,
and 92.4% in rape, lotus, and camellia bee pollen, respectively. This meant that the percentages of DHA
in TAA would be about 13.7%, 16.5%, and 7.6% in rape, lotus, and camellia bee pollen, respectively.
This stable value of DHA percentage suggests that the irreversible degradation of DHA could be
happened in bee pollen samples, and the oxidation of AA into DHA and the further degradation of
DHA might be in different equilibrium in these three species of bee pollen.

Table 2. The AA, total ascorbic acids (TAA), and DHA contents in the investigated bee pollen samples.

Bee Pollen Sample
ID

AA, µg/g
(Mean ± SD, n = 3)

TAA, µg/g
(Mean ± SD, n = 3)

DHA,
µg/g

Rape
(Brassica campestris)

1 64.77 ± 0.35 75.53 ± 3.43 10.76
2 94.01 ± 0.58 108.10 ± 0.69 14.09
3 26.90 ± 0.84 32.99 ± 0.49 6.09
4 17.54 ± 0.66 22.98 ± 0.57 5.44
5 47.59 ± 0.70 57.41 ± 1.65 9.82
6 66.99 ± 0.70 71.15 ± 1.24 4.16
7 25.55 ± 0.32 36.21 ± 0.38 10.66
8 29.75 ± 1.26 36.11 ± 1.76 6.36

Lotus
(Nelumbo nucifera)

1 71.69 ± 0.67 83.13 ± 1.50 11.44
2 85.31 ± 3.03 103.61 ± 0.46 18.30
3 110.29 ± 1.51 138.90 ± 2.53 28.61
4 111.02 ± 1.12 137.65 ± 1.22 26.63
5 68.37 ± 2.75 71.08 ± 1.18 2.71
6 111.66 ± 0.54 127.26 ± 1.52 15.6
7 66.01 ± 0.49 79.67 ± 0.42 13.66

Camellia
(Camellia japonica)

1 289.05 ± 7.30 307.32 ± 7.85 18.27
2 195.77 ± 3.10 207.15 ± 2.12 11.38
3 147.53 ± 0.88 170.69 ± 1.74 23.16
4 90.04 ± 2.89 91.83 ± 0.54 1.79
5 158.95 ± 3.29 172.71 ± 1.20 13.76
6 313.02 ± 3.56 341.65 ± 0.71 28.63
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3. Materials and Methods

3.1. Chemicals

HPLC grade acetonitrile and methanol were obtained from Merck (Darmstadt, Germany).
Formic acid and metaphosphoric acid were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China), AA analytical standard and DHA were purchased from Sigma-Aldrich (Shanghai,
China), and TCEP was purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). Commercial
bee pollen samples were collected from local markets and stored at −18 ◦C. Stock solution of AA
standard was weekly prepared in MPA solution (5%, w/v) at the concentration of 0.1 mg/mL. Working
solutions of AA standard were prepared daily by further dilution with the MPA solution. TCEP was
also prepared in MPA solution at the concentration of 10 mg/mL. DHA was dissolved in methanol
with concentration of 0.1 mg/mL. All these solutions were stored at 4 ◦C until used. Ultrapure water
(18.2 MΩ) was used throughout the experiments.

3.2. Sample Preparation

Bee pollen samples were homogenized in pulverizer (LINDA-DFY300, Wenling, China) to break
up the pollen pellet into powder. For the determination of AA, 0.2 g of homogenized bee pollen powder
were placed in a 15 mL tube, then 8 mL of MPA (5%) was added, and the mixture was extracted in
an ultrasonic bath (40 Hz, KQ2200B, Kunshan Ultrasonic Instruments Co., Ltd., Kunshan, China) for
1 min. Then the solution was transferred to a 10 mL amber volumetric flask and made up to 10 mL
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with the MPA solution. Aliquot of the final solution were centrifuged at 10,000 rpm for 10 min, and the
supernatant was filtered through a 0.22 µm syringe filters prior to HPLC analysis.

For the determination of TAA, 0.2 g of homogenized bee pollen powder were placed in a 15 mL
tube, 2.0 mL of TCEP (10 mg/mL prepared in the MPA solution) and additional MPA solution were
added to make the final volume 8 mL, and the mixture was extracted in the ultrasonic bath for 1 min.
Then the solution was transferred to a 10 mL amber volumetric flask and made up to 10 mL with the
MPA solution. This solution was allowing stay for 20 min at room temperature to accomplish the
reduction of DHA. After centrifugation at 10,000 rpm for 10 min, the supernatant was filtered through
a 0.22 µm syringe filters for HPLC analysis.

3.3. Effect of Ultrasonic Extraction Time

Methods were the same as the determination of AA in Section 3.2, with ultrasonic extraction in
different times (1, 3, 5, 7, 9 min).

3.4. Effect of TCEP Concentration on the Recovery of DHA

Bee pollen samples were fortified with DHA at the level of 50 µg/g, then the determination of TAA
were performed as described in Section 3.2 with different volumes of TCEP solutions (0.2, 0.5, 1.0, 1.5,
and 2.0 mL). Control experiments were carried out as above without the fortification of DHA. Then the
recovery of DHA was calculated as the percentage of the measured spike relative to the amount of
spike added to the sample.

3.5. Liquid Chromatography

AA was analyzed using Shimadzu chromatographic system with LC-20AT pump, SIL-20A
auto-injector, CBM-20A controller, CTO-20AS oven, and SPD-20A detector. Separation of AA was
performed in an Inertsil Amide (GL Sciences) column (5 µm, 4.0 mm × 250 mm). Mobile phase
consisted of 0.1% formic acid (solvent A) and ACN (solvent B). Chromatographic conditions were as
follows: Elution with 92% solvent B for 15 min for the separation of AA, then post run with 92% to 60%
for 1 min and maintained at 60% for 5 min to wash out the matrix compounds, and back to 92% for
2 min and maintained at 92% for 10 min. Flow rate was fixed at 0.8 mL/min, column was maintained
at 25 ◦C, the injection volume was 10 µL, and the UV detector was used at 254 nm.

3.6. Method Validation

Quantification of AA was based on calibrations of external standards. The linearity on a
seven-point calibration curve was checked ranging from 0.2 to 16 µg/mL, by constructing peak area vs.
the concentration of AA. The LOD and LOQ were defined as 3 times and 10 times the signal-noise
ratio, respectively [27]. They were determined by serial dilution of the standard solution using the
described HPLC conditions and calculated by using the reported method [15]. To evaluate the accuracy
and precision of the method, recovery experiment was performed by analyzing samples spiked at
two concentration levels. Precision was determined as relative standard deviation (RSD) to the mean
recovery in repeatability (intra-day precision, n = 6) and intermediate precision (inter-day precision,
three days, n = 18) analysis.

4. Conclusions

We demonstrated that the proposed HILIC-UV method could be used for the determination of AA,
TAA, and DHA in rape, lotus, and camellia bee pollen. The sample preparation procedure was simple,
rapid, and effective by using ultrasonic extraction in MPA solution. In addition, TCEP conferred the
highly efficient reduction of DHA into AA in bee pollen matrices. Finally, the proposed method was
fully validated and successfully applied in twenty-one bee pollen samples. The present method would
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be a suitable approach for the analysis of AA in bee pollen and be valuable for the better understand of
bee pollen nutrition.
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Abstract: Royal jelly (RJ) is a complex, creamy secretion produced by the glands of worker bees.
Due to its health-promoting properties, it is used by humans as a dietary supplement. However,
RJ compounds are not fully characterized yet. Hence, in this research, we aimed to broaden the
knowledge of the proteomic composition of fresh RJ. Water extracts of the samples were pre-treated
using combinatorial hexapeptide ligand libraries (ProteoMinerTM kit), trypsin-digested, and analyzed
by a nanoLC-MALDI-TOF/TOF MS system. To check the ProteoMinerTM performance in the MS-based
protein identification, we also examined RJ extracts that were not prepared with the ProteoMinerTM

kit. We identified a total of 86 proteins taxonomically classified to Apis spp. (bees). Among them,
74 proteins were detected in RJ extracts pre-treated with ProteoMinerTM kit, and only 50 proteins were
found in extracts non-enriched with this technique. Ten of the identified features were hypothetical
proteins whose existence has been predicted, but any experimental evidence proves their in vivo
expression. Additionally, we detected four uncharacterized proteins of unknown functions. The
results of this research indicate that the ProteoMinerTM strategy improves proteomic identification
in complex biological samples. Broadening the knowledge of RJ composition may contribute to the
development of standards and regulations, enhancing the quality of RJ, and consequently, the safety
of its supplementation.

Keywords: royal jelly; proteins; ProteoMinerTM; MALDI-TOF-MS; proteomics; beehive product

1. Introduction

Bee products are unique, complex mixtures of biologically active compounds pro-
duced by honeybees (Apis mellifera). They exhibit strong health-promoting properties,
appreciated since ancient times and used for medical purposes. Until now, they are recom-
mended as drugs within the branch of alternative medicine called apitherapy [1]. One of
the most sterling bee products, along with honey, bee pollen, and propolis, is royal jelly (RJ).
It is a semi-liquid, milky white or yellowish secretion of worker bees’ salivary glands. Its
sour-bitter-sweet taste (resulting from its acidic pH) and characteristic phenolic smell make
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it mostly recognizable among the so-called “superfoods” [2]. The term “superfoods” refers
to foods that have beneficial effects on human health due to their rich nutrient content [3],
and RJ fits this description well.

Chemically, fresh RJ consists of about 60–70% water, 11–23% carbohydrates, 9–18%
proteins, 3–8% lipids, and small amounts of vitamins, minerals, free amino acids, and other
constituents [2,4,5]. According to the literature reports, RJ is nonhomogeneous, displaying
high variability between its main components [5–10]. Factors responsible for that variability
are the metabolic and physiologic condition of worker bees and larval age [10–12], honeybee
strain [13], place of origin, and year and season of the collection [11]. Since the fluctuations
in RJ composition may significantly influence its biological activity, standardization, and
quality control of RJ and other bee products seem to be an essential issue.

In a beehive, RJ serves as superior nourishment for all bee larvae until the prepupal
stage. However, the honeybee queen is fed exclusively with RJ for its lifetime [14]. Since
only the queen is able to reproduce, the epigenetic influence of RJ in the sexual maturation
of the female bee larvae is unquestionable. Although it is not thoroughly investigated yet,
how RJ provokes the queen’s development, monomeric major royal jelly protein 1 (MRJP1;
royalactin), belonging to a major royal jelly proteins (MRJP) family, has been suggested to
influence the larva differentiation into a bee queen [15]. Nevertheless, the mechanism of
RJ’s action is probably more complicated, dependent not on the single compound but on
the unique molecular blend found exclusively in RJ [16]. Hence, taking into account that RJ
is the exceptional food of the bee queen, but it is also used in the treatment and prevention
of some diseases, there is an urgent need to characterize the complete RJ composition,
including macro- and micro-molecules, along with their biological functions. This will
contribute to explaining the effects of royal jelly on the human body and also its beneficial
and adverse properties in relation to both humans and animals.

Benefits arising from RJ consumption attract people to include it in their diet. However,
the use of not thoroughly tested products poses a risk of side effects, such as inflammatory
and allergic reactions, dermatitis, asthma, respiratory stress and bronchospasm, gastroin-
testinal problems, intestinal bleeding, and even death. Most of the factors responsible for
both beneficial and harmful effects caused by RJ intake remain uncharacterized. Hence,
taking into account that proteins are mostly accountable for the biological activity of the
product, in this research, we aimed to broaden the knowledge of the proteomic composition
of fresh RJ.

According to the available literature, several analytical methods have been proposed
for the proteomic analysis of RJ. Since MRJPs are easily soluble in water, most of the
researchers have extracted proteins contained in RJ using ultrapure water or buffer so-
lutions [17–22]. Hence, in this study, we chose water as an optimal solvent. RJ is a
complex product eminently rich in proteins [23]. Therefore, in other studies conducted
worldwide, before identification, protein extracts were subjected to tryptic digestion and
fractionated, using liquid chromatography or isoelectric fractionation approach. The
identification analyses were performed mainly by electrophoretic techniques or mass
spectrometry [17–21,24–26]. In this study, we decided to utilize proteolytic digestion,
nanoLC (nano-liquid chromatography) and tandem MALDI-TOF/TOF (matrix-assisted
laser desorption/ionization—time of flight/time of flight) mass spectrometer.

In the proteomic investigation of natural products such as RJ, a major challenge
is analysis of low-abundant proteins. Because there are significant differences in the
concentrations of different proteins contained in RJ with a high content of MRJPs fraction,
it is important to focus on proper samples preparation for proteomic analyses. However,
according to the literature data, any previous study devised an efficient method for sub-
proteome isolation. Therefore, we proposed the ProteoMinerTM (Bio-Rad, Hercules, CA,
USA) kit for proteins purifying and concentration. ProteoMinerTM uses combinatorial
hexapeptide ligand libraries, and it is a protein enrichment strategy allowing capturing
low- and very low-abundance proteins. Such prepared RJ protein extracts were analyzed
with advanced nanoLC-MALDI-TOF/TOF MS/MS (nano-liquid chromatography—matrix-
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assisted laser desorption/ionization—time of flight/time of flight mass spectrometry/mass
spectrometry) technique. To the best of our knowledge, according to the available literature,
it is the first attempt to analyse the proteomic fraction of RJ samples using ProteoMinerTM

protein enrichment approach.

2. Results

The methodology proposed for the analysis of RJ samples allowed us to identify a total
of 86 proteins taxonomically classified to Apis spp. (Table 1). Among them, 50 proteins were
detected in “crude” RJ water extracts, which were not pre-treated with ProteoMinerTM kit,
and 74 proteins were found in extracts enriched with this commercial technique (total in all
fractions). The numbers of proteins identified in “crude” extracts, extracts pre-treated with
ProteoMinerTM, and both in “crude” and ProteoMinerTM pre-treated extracts are presented
in Figure 1.

Table 1. List of proteins identified in royal jelly found in: CRJ—“crude” (non-enriched with ProteoMinerTM technique)
water extracts of royal jelly; F1, F2, F3, F4—separate fractions obtained from ProteoMinerTM elution with 1 M sodium
chloride, 20 mM HEPES, pH 7.4 (F1), 200 mM glycine, pH 2.4 (F2), 60% ethylene glycol in water (F3), and 33.3% 2-propanol,
16.7% acetonitrile (ACN), 0.1% trifluoroacetic acid (TFA) (F4); MW—molecular weight; pI—isoelectric point. Fractions, in
which proteins were detected, marked with “x”.

Accession Protein Name Function MW [kDa] pI CRJ F1 F2 F3 F4

gi|110749126 Predicted: glucose dehydrogenase [acceptor]
isoform 3 [Apis mellifera] Enzyme 70.1 6.7 x

gi|110751029 Predicted: e3 ubiquitin-protein ligase
IAP-3-like [Apis mellifera] Enzyme 43.2 6.4 x

gi|110756431 Predicted: hypothetical protein LOC725074
[Apis mellifera] 8.3 10.2 x

gi|110758964 Predicted: regucalcin-like [Apis mellifera] Binding 10.2 9.4 x x

gi|110763647 Predicted: hypothetical protein LOC726323
[Apis mellifera] 18.5 7.9 x

gi|13184963 defensin [Apis mellifera] Defense 6.3 6.5 x

gi|166795901 apolipophorin-III-like protein precursor
[Apis mellifera] Binding 21.3 5.4 x x x x x

gi|202078658 defensin [Apis cerana cerana] Defense 10.6 7.8 x
gi|202078660 defensin [Apis cerana cerana] Defense 10.7 7.8 x
gi|254548151 defensin precursor [Apis cerana] Defense 8.7 6.4 x x x x x
gi|254548155 defensin precursor [Apis mellifera] Defense 8.8 5.9 x x x x x
gi|254910938 defensin-1 preproprotein [Apis mellifera] Defense 10.7 6.4 x

gi|258678306 MRJP9 [Apis cerana] Honeybee nutrition and
development 19.4 9.2 x

gi|258678310 MRJP5 [Apis dorsata] Honeybee nutrition and
development 21.3 4.7 x

gi|258678314 MRJP6 [Apis florea] Honeybee nutrition and
development 21.5 4.4 x x

gi|258678316 MRJP9 [Apis florea] Honeybee nutrition and
development 21.0 5.5 x x x x x

gi|283105164 alpha-glucosidase III [Apis dorsata] Enzyme 65.5 5.0 x x

gi|284182838 major royal jelly protein 4 [Apis mellifera] Honeybee nutrition and
development 53.0 5.9 x x x x

gi|284812514 MRJP5 [Apis mellifera] Honeybee nutrition and
development 70.1 6.1 x x x x x

gi|288872651 major royal jelly protein [Apis mellifera] Honeybee nutrition and
development 61.6 6.7 x x x x x

gi|28972896 major royal jelly protein-like protein
[Apis dorsata]

Honeybee nutrition and
development 9.2 9.8 x x x x x

gi|328775853 Predicted: DNA replication licensing factor
MCM4-like [Apis mellifera] Binding 80.7 6.9 x

gi|328777366 Predicted: hypothetical protein LOC100577348
[Apis mellifera] 61.1 10.5 x

gi|328779534 Predicted: hypothetical protein LOC552041
[Apis mellifera] 79.3 4.2 x

gi|328782858 Predicted: hypothetical protein LOC410515
[Apis mellifera] 190.2 6.4 x
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Table 1. Cont.

Accession Protein Name Function MW [kDa] pI CRJ F1 F2 F3 F4

gi|328783362 Predicted: hypothetical protein LOC725249
[Apis mellifera] 6.3 4.9 x

gi|328783471 Predicted: hypothetical protein LOC725114
isoform 1 [Apis mellifera] 10.1 5.7 x

gi|328784821 Predicted: hypothetical protein LOC100577210
[Apis mellifera] 11.6 5.9 x x x x

gi|328789019 Predicted: protein SERAC1-like [Apis mellifera] Remodeling 87.5 9.2 x

gi|328790726 Predicted: venom acid phosphatase
Acph-1-like [Apis mellifera] Enzyme 42.6 8.5 x

gi|328792767 Predicted: hypothetical protein LOC724993
[Apis mellifera] 43.8 5.4 x

gi|328793775
Predicted: s-adenosylmethionine

decarboxylase proenzyme-like, partial
[Apis mellifera]

Enzyme 32.1 4.6 x

gi|328794347 Predicted: major royal jelly protein 3-like,
partial [Apis mellifera]

Honeybee nutrition and
development 42.7 6.5 x x

gi|33358394 major royal jelly protein MRJP1 [Apis cerana
cerana]

Honeybee nutrition and
development 49.0 5.4 x x x x x

gi|380011960 Predicted: slit homolog 2 protein-like
[Apis florea] Binding 155.3 6.0 x

gi|380012917 Predicted: uncharacterized protein
LOC100870850 [Apis florea] 18.9 7.2 x

gi|380013532 Predicted: Low Quality Protein: clathrin heavy
chain-like [Apis florea] Binding 187.7 5.6 x

gi|380016522

Predicted: probable bifunctional
methylenetetrahydrofolate

dehydrogenase/cyclohydrolase 2-like
[Apis florea]

Enzyme 39.9 9.6 x

gi|380017034 Predicted: glucosylceramidase-like [Apis florea] Enzyme 60.8 5.5 x x

gi|380019073 Predicted: lysozyme 1-like isoform 2
[Apis florea] Enzyme 13.8 4.6 x x x

gi|380020436 Predicted: regucalcin-like [Apis florea] Binding 37.7 5.3 x x x x

gi|380022658 Predicted: major royal jelly protein 3-like
[Apis florea]

Honeybee nutrition and
development 62.7 7.8 x x

gi|380022660 Predicted: major royal jelly protein 4-like
[Apis florea]

Honeybee nutrition and
development 56.1 6.1 x

gi|380022665 Predicted: major royal jelly protein 1-like
[Apis florea]

Honeybee nutrition and
development 43.9 5.3 x x x x x

gi|380022667 Predicted: major royal jelly protein 2-like
[Apis florea]

Honeybee nutrition and
development 49.1 5.7 x x

gi|380022669 Predicted: major royal jelly protein 2-like
[Apis florea]

Honeybee nutrition and
development 49.3 6.0 x x x x x

gi|380022673 Predicted: major royal jelly protein 5-like
[Apis florea]

Honeybee nutrition and
development 34.2 4.7 x

gi|380022681 Predicted: major royal jelly protein 5-like
isoform 2 [Apis florea]

Honeybee nutrition and
development 47.5 9.2 x

gi|380023404 Predicted: uncharacterized protein
LOC100869599 [Apis florea] 18.7 9.5 x x x

gi|380024584 Predicted: chymotrypsin inhibitor-like
[Apis florea] Enzyme inhibitor 5.6 10.0 x

gi|380024588 Predicted: chymotrypsin inhibitor-like
[Apis florea] Enzyme inhibitor 8.0 5.0 x

gi|380025248 Predicted: alkylated DNA repair protein alkB
homolog 8-like [Apis florea] Enzyme 68.2 9.3 x x

gi|380025500 Predicted: venom acid phosphatase
Acph-1-like [Apis florea] Enzyme 39.9 4.9 x

gi|380025661 Predicted: glucose dehydrogenase
[acceptor]-like [Apis florea] Enzyme 67.9 6.4 x x x x

gi|380026601 Predicted: uncharacterized protein
LOC100863702 [Apis florea] 9.9 5.0 x x

gi|380027252 Predicted: uncharacterized protein
LOC100864410 [Apis florea] 33.4 9.7 x

gi|380028593
Predicted: Low Quality Protein:
delta-1-pyrroline-5-carboxylate

synthase-like [Apis florea]
Enzyme 84.9 9.1 x
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Table 1. Cont.

Accession Protein Name Function MW [kDa] pI CRJ F1 F2 F3 F4

gi|40218299 major royal jelly protein MRJP5 [Apis cerana
cerana]

Honeybee nutrition and
development 70.5 8.8 x

gi|40218301 major royal jelly protein MRJP2 [Apis cerana
cerana]

Honeybee nutrition and
development 53.0 9.1 x x x

gi|40557703 major royal jelly protein MRJP1 precursor
[Apis cerana]

Honeybee nutrition and
development 48.9 5.4 x x x x x

gi|40557705 major royal jelly protein MRJP2 precursor
[Apis cerana]

Honeybee nutrition and
development 52.5 8.9 x x x x x

gi|42601246 major royal jelly protein MRJP5 precursor
[Apis cerana]

Honeybee nutrition and
development 68.2 9.3 x x

gi|46358503 major royal jelly protein 2 [Apis cerana] Honeybee nutrition and
development 52.4 8.9 x x x x x

gi|48094573 Predicted: hypothetical protein LOC408608
[Apis mellifera] 19.4 7.5 x x

gi|48101366 Predicted: venom serine protease 34
[Apis mellifera] Enzyme 44.6 5.9 x

gi|562090 defensin precursor [Apis mellifera] Defense 10.7 6.4 x x

gi|56422035 major royal jelly protein 3 [Apis mellifera
carnica]

Honeybee nutrition and
development 65.7 7.1 x x x x x

gi|56422037 major royal jelly protein 3 [Apis cerana] Honeybee nutrition and
development 69.2 9.3 x x x

gi|56422041 major royal jelly protein 3 [Apis florea] Honeybee nutrition and
development 59.3 6.4 x

gi|57546160 major rojal jelly protein 7 [Apis cerana] Honeybee nutrition and
development 24.9 5.5 x x x x x

gi|58585090 glucose oxidase [Apis mellifera] Enzyme 67.9 6.5 x x

gi|58585098 major royal jelly protein 1 precursor
[Apis mellifera]

Honeybee nutrition and
development 48.9 5.0 x x x x x

gi|58585108 major royal jelly protein 2 precursor
[Apis mellifera]

Honeybee nutrition and
development 51.0 7.0 x x x x x

gi|58585138 major royal jelly protein 5 precursor
[Apis mellifera]

Honeybee nutrition and
development 70.2 5.9 x

gi|58585142 major royal jelly protein 3 precursor
[Apis mellifera]

Honeybee nutrition and
development 61.6 6.5 x x x

gi|58585164 alpha-glucosidase precursor [Apis mellifera] Enzyme 65.5 4.9 x

gi|58585170 major royal jelly protein 4 precursor
[Apis mellifera]

Honeybee nutrition and
development 52.9 5.9 x x x x x

gi|58585188 major royal jelly protein 6 precursor
[Apis mellifera]

Honeybee nutrition and
development 49.8 5.9 x x x x x

gi|60115688 icarapin-like precursor [Apis mellifera]
Venom

carbohydrate-rich
protein

24.8 4.4 x x x x

gi|62198227 major royal jelly protein 7 precursor
[Apis mellifera]

Honeybee nutrition and
development 50.5 4.8 x x x x x

gi|66504790 Predicted: integrator complex subunit 7-like
isoform 1 [Apis mellifera] snRNA processing 105.9 9.5 x

gi|66511554 Predicted: glucosylceramidase-like isoform 1
[Apis mellifera] Enzyme 59.3 5.2 x x x x x

gi|66564326 Predicted: plasma glutamate
carboxypeptidase-like isoform 1 [Apis mellifera] Enzyme 52.9 5.1 x

gi|66565246 Predicted: lysozyme isoform 1 [Apis mellifera] Enzyme 17.1 4.6 x x

gi|76496465 major royal jelly protein 3 [Apis dorsata] Honeybee nutrition and
development 66.9 6.6 x x x x x

gi|94471624 icarapin variant 2 precursor [Apis mellifera]
Venom

carbohydrate-rich
protein

19.6 4.2 x
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Figure 1. The number of proteins identified in unpurified samples, samples pre-treated with
ProteoMinerTM, and both in unpurified and purified samples.

In total, 35 proteins, accounting for 41% of all proteins identified in this study, belonged
to the MRJPs family, responsible for honeybee nutrition and development (Figure 2A).
Among them, fragments of MRJP1—MRJP7 and MRJP9 have been detected. The next
important functional class of proteins were enzymes (20 proteins; 23% of all the identi-
fied proteins), with glucose dehydrogenase, alpha-glucosidase, venom acid phosphatase,
lysozyme, and chymotrypsin inhibitor, among others. Into the most abundant protein
classes, we also ranked defensins (7 proteins; representing 8% of all identified proteins),
and binding proteins (6 proteins, accounting for 7% of all identified proteins), including
regucalcin-like proteins. Additionally, four of all 86 proteins (5%) were classified into three
other functional groups: remodeling proteins, snRNA processing proteins, and venom
carbohydrate-rich proteins.

Moreover, ten identified proteins (11% of all identified proteins) were hypothetical
proteins whose existence has been predicted, but there is not any experimental evidence
proving their in vivo expression. Additionally, four uncharacterized proteins (5%) of
unknown functions have been detected.

Proteins identified separately in extracts not pre-treated with ProteoMinerTM enrich-
ment technology were mainly MRJP (28 proteins out of 50, which represents 56% of proteins
identified only in non-pretreated samples). The next functional classes of proteins included
enzymes (6 identified proteins; 12%), defensins (3 proteins; 6%), binding proteins (3 pro-
teins; 6%), and others (4 proteins; 8%). In these not-enriched samples, five hypothetical
proteins (accounting for 10% of proteins identified in non-enriched samples) and one
uncharacterized protein (2%) have been detected (Figure 2B).

Considering only extracts pre-treated with ProteoMinerTM kit, the protein functional
class distribution was comparable to overall results obtained from all compiled samples.
MRJP (32 fragments) constituted 43% of all proteins identified in ProteoMinerTM fractions.
Besides, the most numerous classes were enzymes (17 proteins; 23% of proteins identified
only in ProteoMinerTM pre-treated samples), followed by defensins (6 proteins; 8%), bind-
ing proteins (6 proteins; 8%) and others (3 proteins; 4%). In those enriched samples, we
also identified 6 (8% of all proteins identified in pre-treated fractions) hypothetical proteins
and 4 (6%) uncharacterized proteins (Figure 2C).
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Application of the ProteoMinerTM technique resulted in expanded identification of
proteins that belonged to almost all functional groups. Within the MRJPs group, 9 out of
35 (25.7%) MRJPs identified in total in this study were detected only in ProteoMinerTM

fractions. Moreover, 8 out of 19 (42.1%) enzymes identified in total were only detected
in pre-treated samples. Regarding defensins, as many as 4 additional proteins belonging
to this functional group were identified through the use of ProteoMinerTM, whereas only
three defensins were identified in the unpurified samples (meaning that 57.1% of all
identified defensins were detected using the ProteoMinerTM technique). Similarly, out of
6 identified in total binding proteins, 3 of them (50%) were detected only in ProteoMinerTM

fractions. These results clearly indicate that the ProteoMinerTM strategy significantly
improves proteomic identification in complex biological samples, increasing the number of
some identified functional proteins even more than twice.

Moreover, compared to “crude” extracts, application of the ProteoMinerTM kit enabled
the detection of 5 more hypothetical proteins (out of 10 hypothetical proteins identified in
total in this study) and 3 more uncharacterized proteins (out of 4 uncharacterized proteins
identified in total in this study). These improvements in identification rate are especially
beneficial when trying to find new proteomic features in bio-matrices represented by RJ.

3. Discussion

The goal of this study was to characterize the protein-peptide composition of fresh
RJ using advanced nanoLC-MALDI-TOF/TOF MS/MS (nano-liquid chromatography—
matrix-assisted laser desorption/ionization—time of flight mass spectrometry/mass spec-
trometry) technique. Despite its many unquestionable advantages, including versatility,
ease of use, cost-effectiveness, and possibility to detect biomolecules in extremely low
concentrations (even close to sub-femtomoles), the MALDI-TOF MS technique also has
some limitations [27]. One of the most challenging issues is the detection of low-abundance
proteins and peptides in very complex biological matrices. The presence of high concen-
tration proteins and also other constituents, like lipids and salts, prevent direct analysis
of all molecules contained in the sample [28]. Thus, proteins and peptides in low concen-
tration ranges usually remain undetected. To deal with this problem, before MS analyses,
biological samples must be purified, and their complexity and dynamic range need to be
reduced. In this study, we applied a novel strategy based on a combinatorial hexapeptide
ligand library (ProteoMinerTM). ProteoMinerTM technique, by binding proteins to hexapep-
tides (through protein affinity interactions), resulted in reducing high-abundance proteins
and enriching low-abundance proteins in RJ samples [29–31]. In this research, using the
ProteoMinerTM technique significantly improved the number of identified proteins, from
50 in non-enriched RJ water extracts to 74 in ProteoMinerTM pre-treated extracts.

Application of the proposed methodology resulted in the identification of a total
number of 86 proteins (from all samples and ProteoMinerTM fractions) taxonomically
restricted to Apis spp. (Apis mellifera, Apis cerana, Apis dorsata, and Apis florea). As expected
on the basis of available literature, the major royal jelly proteins family constituted the
largest group. We identified 35 MRJPs or their precursors, which stands for 41% of the
number of all identified proteins. Our results reflect previous independent proteomic
studies, which reported that MRJPs account for up to 82–90% (w/w) of all proteins found
in RJ [32–34]. It is also worth noting that in our study of only crude RJ, the percentage of
MRJPs in relation to all identified proteins was as high as 56%. These results prove the
utility of the ProteoMinerTM enrichment technique in enhancing the protein identification
ability by MS approaches.

MRJPs are a family of nine proteins, of which MRJP1, called apalbumin or royalactin,
is the most abundant and also the first MRJP to be identified in 1992 [35]. It has been
suggested that MRJPs have mainly nutritional and developmental functions. Moreover,
MRJP1 has been reported to exhibit antibacterial and antiproliferative activity [14,36].
Interestingly, the effect of MRJPs and whole RJ on honeybee queen development is not only
due to the nutritional properties. MRJP1, along with protein named apisimin, by specific
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complex formation, provide the optimal RJ viscosity. The viscosity is crucial for holding
queen larvae on the surface of the comb cells, which are orientated vertically and open
downwards [37,38]. The formation of MRJ1-apisimin polymer is strongly pH-dependent.
Long structures are formed at pH about 4.0, measured in fresh RJ [37,39]. The specific
acidity is sustained by the fatty acids content produced in the bees’ mandibular glands.

The second most-abundant functional group of RJ-identified proteins in this study
was enzymes. This group includes some important enzymes crucial for carbohydrate
metabolisms, like glucose dehydrogenase, alpha-glucosidase and glucose oxidase. Those
enzymes are suggested to play an essential role in facilitating the larvae’s digestion of
sugars, which are found in RJ in large quantities [19]. The next relevant enzyme identified
in our study was lysozyme isoform 1 and 2. Lysozyme is a protein commonly found
in animals. It is a natural component of various secretions such as tears, saliva, mucus
and milk. Lysozyme exhibits a strong antimicrobial activity, which in beehive prevents
bacterial infection and disease [40,41]. Furthermore, because of their human benefits, the
antibacterial activities of RJ are worthy of notice. These properties were reported as far back
as 1939 [42]. According to the literature, besides the lysozyme, a 5.5 kDa defensin peptide
named royalisin, and 10-hydroxy-2-decenoic acid (10-HDA) are mainly responsible for the
antibacterial activity of RJ [43–45]. Antimicrobial properties, along with anti-inflammatory,
immunomodulatory, antioxidant, moisturising, toning, and anti-ageing activities, make
RJ a perfect dermatological product. Hence, RJ is used for treating various skin lesions
and wounds [46,47]. Antibacterial defensins, including royalisin preproprotein (named
defensin-1 preproprotein), were also identified in this study.

However, among the enzymes included in RJ, we found venom acid phosphatase
Acph-1-like and venom serine protease 34. These proteins, along with MRJP8, MRJP9 and
icarapin variant 2 precursor (also found in this study), are classified as bee venom allergens
(based on Allergen Nomenclature Database, www.allergen.org, accessed on 8 March 2021).
Allergens are responsible for the occurrence of allergic reactions in humans and animals
after exposition to bee products [48–50]. The highest risk of an allergic reaction, both local
or systemic, is associated with exposure to Hymenoptera venom, especially after the insect
sting. Since allergens are present also in other bee products, like RJ (what was proven in
this study), bee products should be consumed with caution and in moderation.

According to literature data, allergy to royal jelly is most common IgE-mediated, but
contact allergic reactions (contact dermatitis) are also possible. IgE allergic reactions to royal
jelly cause symptoms such as urticaria, angioedema, eczema, allergy rhinitis, conjunctivitis,
bronchospasm or even anaphylactic shock [51–53]. Patients with bronchial asthma and
atopic dermatitis are particularly predisposed to severe reactions to RJ. Even 17% adult
patient with asthma [54] and one third of patient with atopic dermatitis [55] have specific
IgE to RJ. Reported cases of allergy to royal jelly concern both people who have consumed
this product for the first time or after long use. Allergy reaction to RJ after the first use
is possible because of cross-reactivity between RJ and other allergens. Cross-reactions
between RJ and bee venom can be associated with proteins found in our study—venom
acid phosphatase Acph-1-like, venom serine protease 34, MRJP8, MRJP9 and icarapin
variant 2 precursor. Moreover, cross-reactions are also possible with very typical allergens
like house dust mite (Dermatophagoides farinae, Dermatophagoides pteronyssinus), German
cockroach or crab [55]. In conclusion, RJ can cause an allergic reaction because it contains
allergenic proteins and, further, because of cross-reactions with typical allergens. Patients
with venom allergy, asthma, atopic dermatitis, and allergic rhinitis should be careful before
consuming RJ.

Additionally, to minimalize the risk of dangerous adverse effects, bee products should
be thoroughly tested for allergens, both qualitatively and quantitatively. However, despite
its undeniable beneficial pro-health properties, the use of RJ in people with local and/or
systemic Hymenoptera venom allergic reactions should be avoided.

Although in this study we focused mainly on nutritive MRJPs, and enzymes, defensins,
and allergens, we also identified other functional groups of proteins included binding
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proteins, chymotrypsin inhibitors, protein SERAC1-like, and integrator complex subunit
7-like isoform 1. Those proteins show mainly regulatory activities.

The most interesting group of the identified biomolecules, regarding the possibility of
learning about new properties and functions of royal jelly, are hypothetical and unchar-
acterized proteins. In this study, we detected 10 hypothetical proteins whose existence
has been predicted based on the genetic information, but there is any experimental evi-
dence proving their in vivo expression. The functions of these proteins, as in the case of
uncharacterized proteins, have not been investigated yet. For these proteins, we performed
BLAST analysis (https://blast.ncbi.nlm.nih.gov/, accessed on 11 January 2021) to find
similar regions in various biological sequences. This approach helps to assess functional
relationships between proteins and identify members of protein families. Results of our
analysis are presented in Table 2.

Table 2. Results of BLAST analysis.

Accession Protein Name Significant Alignment Sequence Query
Coverage

Percent
Identity E-Value

gi|110756431 Predicted: hypothetical protein
LOC725074 [Apis mellifera]

omega-conotoxin-like protein 1
[Apis mellifera] 100% 100.00% 2.00 × 10−47

gi|110763647 Predicted: hypothetical protein
LOC726323 [Apis mellifera]

uncharacterized protein LOC726323
isoform X1 [Apis mellifera] 100% 99.39% 1.00 × 10−116

gi|328777366 Predicted: hypothetical protein
LOC100577348 [Apis mellifera]

uncharacterized protein
LOC100577348 isoform X2

[Apis mellifera]
98% 98.37% 0.0

gi|328779534 Predicted: hypothetical protein
LOC552041 [Apis mellifera]

uncharacterized protein
LOC102655185 isoform X1

[Apis mellifera]
100% 71.55% 5.00 × 10−92

gi|328782858 Predicted: hypothetical protein
LOC410515 [Apis mellifera]

uncharacterized protein LOC410515
[Apis mellifera] 93% 100.00% 0.0

chorion peroxidase
[Habropoda laboriosa] 93% 62.86% 0.0

gi|328783362 Predicted: hypothetical protein
LOC725249 [Apis mellifera]

chymotrypsin inhibitor-like
[Apis mellifera] 84% 100.00% 1.00 × 10−25

gi|328783471 Predicted: hypothetical protein
LOC725114 isoform 1 [Apis mellifera] chymotrypsin inhibitor [Apis mellifera] 100% 100.00% 2.00 × 10−59

gi|328784821 Predicted: hypothetical protein
LOC100577210 [Apis mellifera]

uncharacterized protein LOC413627
[Apis mellifera] 77% 100.00% 6.00 × 10−45

regucalcin [Apis cerana cerana] 77% 94.81% 4.00 × 10−45

gi|328792767 Predicted: hypothetical protein
LOC724993 [Apis mellifera]

uncharacterized protein LOC724993
[Apis mellifera] 83% 90.37% 0.00 × 10+00

Predicted: kielin/chordin-like protein
[Trachymyrmex zeteki] 82% 45.91% 2.00 × 10−85

kielin/chordin-like protein
[Nasonia vitripennis] 81% 47.06% 3.00 × 10−89

gi|380012917 Predicted: uncharacterized protein
LOC100870850 [Apis florea]

uncharacterized protein LOC408608
[Apis mellifera] 99% 73.33% 2.00 × 10−84

gi|380023404 Predicted: uncharacterized protein
LOC100869599 [Apis florea]

uncharacterized protein
LOC102654257 [Apis mellifera] 100% 94.71% 7.00 × 10−116

low-density lipoprotein receptor
1-like isoform X3 [Vespa mandarinia] 98% 55.88% 7.00 × 10−57

gi|380026601 Predicted: uncharacterized protein
LOC100863702 [Apis florea] ataxin-2 [Apis cerana cerana] 77% 88.41% 5.00 × 10−30

gi|380027252 Predicted: uncharacterized protein
LOC100864410 [Apis florea] odorant receptor Or1 [Apis mellifera] 98% 89.68% 0.0

gi|48094573 Predicted: hypothetical protein
LOC408608 [Apis mellifera]

uncharacterized protein LOC408608
[Apis mellifera] 100% 100.00% 3.00 × 10−124

For the identified gi|110756431 protein (Predicted: hypothetical protein LOC725074
[Apis mellifera]), we found a significant alignment sequence referred to omega-conotoxin-
like protein 1 [Apis mellifera]. This protein was also found in bee venom in our previous
studies, based on HPLC, nanoLC-MALDI-TOF/TOF MS/MS, and LC–ESI–QToF method-
ology [56,57]. With a high degree of probability, we can conclude that the molecule we
have identified corresponds entirely to the results obtained from the BLAST platform,
as both query coverage and per cent identity equal 100%. It means that our identified
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sequence exactly corresponds to conotoxin-like protein 1. As far as we know, this protein
has never been reported to be included in RJ before. Detection of conotoxin-like protein 1
in royal jelly is a particularly important discovery in terms of the safety of RJ and also its
potential therapeutic use. Conotoxins are small, disulfide-rich, neurotoxic peptides isolated
from the marine cone snails venom. There are many types of these molecules, differing in
structure and function [58]. The mechanism of their action has not been utterly elucidated
yet. However, it is known that they bind to ion channels, neurotransmitters, transporters,
and neural receptors [59]. Because of their selective binding to neuronal targets, conotoxins
may be used for the developments of new drugs. Moreover, these peptides may be poten-
tially used in the treatment of neurodegenerative conditions, like Alzheimer or Parkinson
diseases [60]. Results of our study suggest that conotoxin may also affect the therapeu-
tic effect of RJ, especially since some studies revealed that RJ shows a neuroprotective
effect [61–63]. What is interesting, is that it has been investigated whether the consumption
of RJ can be beneficial in the treatment of behavioral deficits in Alzheimer’s disease in
rabbits [64]. Thus, the presence of conotoxin-like protein 1 in RJ may contribute to elucidate
the neuroprotective effect caused by RJ. Interestingly, Kaplan et al. [65] found this protein
to be mainly expressed in the bee brain. It’s also worth noting that expression of a protein
with an approximate mass of 8.2 kDa, referred to as omega-conotoxin-like protein 1, has
been reported by Gätschenberger et al. [66] to be induced in the haemolymph of young
drones as a response to a septic injury. It may suggest that this protein participates in an
immune response.

The next protein, for which the sequence similarity was noticed, was ataxin-2. This
protein has been found in the BLAST analysis of gi|380026601 (Predicted: uncharacterised
protein LOC100863702 [Apis florea]). However, database searching returned the BLAST
scores under 100% (77% query coverage and 88.41% per cent identity). Therefore, the pres-
ence of this protein (or its homolog) in royal jelly should be confirmed in further research.
Ataxin-2 is an RNA-binding protein, which regulates mRNA stability and translation. It
participates in cell death, calcium homeostasis, and cellular metabolism [67,68]. In insects,
ataxin-2 is involved in the regulation of circadian rhythms but also in the development of
peripheral tissue [69–71]. This may explain the presence of ataxin-2 in RJ.

Other peptides that have been found to be similar to the sequences detected in RJ are
odorant receptor Or1 and chymotrypsin inhibitor. These proteins play mainly regulatory
functions. Odorant receptor Or1 targets in bee’s periphery nervous system. It participates
in the odorants transport and binding, and therefore, in the behavioral response to spe-
cific odorants [72]. Chymotrypsin inhibitor prevents proteolysis of proteins present in RJ.
For the chymotrypsin inhibitor, 100% similarity to gi|328783471 (Predicted: hypothetical
protein LOC725114 isoform 1 [Apis mellifera]) was found. However, query coverage was
lower (84%) for the analysis of gi|328783362 (Predicted: hypothetical protein LOC725249
[Apis mellifera]). Regarding odorant receptor Or1, the similarity with Predicted: uncharac-
terised protein LOC100864410 [Apis florea] detected in our study was expressed with 98%
query coverage and 89.68% per cent identity. Therefore, these proteomic features require
further research.

Other peptides for which a partial similarity to the RJ-detected proteins was found
were Chorion peroxidase, regucalcin, kielin/chordin-like protein, and low-density lipopro-
tein receptor 1-like isoform X3. All those proteins bear mainly regulatory functions. How-
ever, due to lower BLAST scores (see Table 2), a certain identification must be proved
by additional analyses. For the remaining hypothetical and uncharacterized proteins
found in royal jelly, no defined references were found in BLAST analysis. The struc-
ture, functions and properties of these proteins should be investigated in future research.
However, gi|380012917 (Predicted: uncharacterized protein LOC100870850 [Apis florea]),
and gi|48094573 (uncharacterized protein LOC408608 [Apis mellifera]) were found in Hy-
menoptera venom in our previous study [56].

As the number of fully sequenced honeybee proteins and peptides increases, omics
and bioinformatics technologies provide a tremendous amount of information about se-
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quential biomolecules that function in various biological aspects of the honeybee and
that are found in its products. In the postgenomic era, the international project i5K
(http://i5k.github.io/.2018, accessed on 16 February 2021) not only played an impor-
tant role in understanding the honeybee genome but also resulted in extensive research
on the bee’s proteome and the identification of many active proteins and peptides in its
products. For a number of new substances produced by honeybee, only one type of biolog-
ical activity has been identified, and their wider physiological role is unknown. Because
many substances often exhibit pleiotropic biological activity, there is a need to understand a
wider spectrum of biological activity for newly discovered compounds. It is also necessary
to develop new, specific, and sensitive physiological, pharmacological, or toxicological
bioassays. In the last decade, we have been observing new trends in the development
of modern biotechnology, where besides medical, industrial, food and plant protection
biotechnology, the term “Yellow Biotechnology” was introduced as an alternative term for
insect biotechnology, opening new horizons for multidisciplinary research in the field of
experimental entomology [73]. Yellow biotechnology is defined as the use of biotechnology
to transform insects, their molecules, cells or organs into products and services with great
potential for applications in biomedicine, pharmacy, and industry, where the honeybee
may be one of the candidates.

4. Materials and Methods
4.1. Royal Jelly

In this study, we analyzed three samples of fresh RJ, collected in June 2019. The
non-commercial apiary, from which all fresh samples were collected, is located in Góry
Złotnickie village (51◦87′504” N, 18◦12′431” E) in Poland (Greater Poland Voivodeship,
west-central Poland). Right after the collection, samples were stored at −80 ◦C until
analyses. All RJ samples were analyzed in three technical replicates.

4.2. Pre-Treatment of the Royal Jelly Samples

Samples of fresh royal jelly were first suspended in ultrapure water in a concentration
of 330 mg/mL. The RJ-water suspensions were mixed with vortex for 1 min and then
sonicated for 20 min. After sonication, suspensions were vortex-mixed for 1 min and
subsequently spun with 13,000 RPM (9600 RCF) for 20 min. Collected supernatants (in this
study called “extracts”) were used in further steps.

4.3. Relative Protein Enrichment—ProteoMinerTM Hexapeptide Ligand Library

For the presented research, we applied a commercial ProteoMinerTM Sequential Elu-
tion Small Capacity Kit (Bio-Rad, Hercules, CA, USA). All enrichment steps were performed
strictly according to the manufacturer’s instructions. The only difference from the man-
ufacturer’s protocol was the type of the sample solution loaded onto the ProteoMinerTM

column. Instead of the 0.2 mL of serum (for which the protocol is optimized), we added
0.2 mL of RJ extract, prepared as described above (see Section 4.2). In brief, 0.2 mL of the
RJ water extracts were loaded onto pre-conditioned ProteoMinerTM columns containing
slurry beads and incubated at room temperature (RT) on a platform shaker. Next the
samples were washed with phosphate buffer saline (PBS), and sequentially eluted with
solvents: 1 M sodium chloride, 20 mM HEPES, pH 7.4 (Elution Reagent 1), 200 mM glycine,
pH 2.4 (Elution Reagent 2), 60% ethylene glycol in water (Elution Reagent 3), and 33.3%
2-propanol, 16.7% acetonitrile (ACN), 0.1% trifluoroacetic acid (TFA) (Elution Reagent 4).
In total, 4 separate fractions were obtained from each sample. These fractions were further
trypsin digested and then purified with ZipTip.

4.4. Trypsin Proteolytic Digestion and ZipTip Concentration and Purification

All RJ fractions derived from the ProteoMinerTM enrichment method and addi-
tionally crude RJ solutions (water suspended and sonicated, but not fractionated with
ProteoMinerTM; three technical repetitions) were subjected to digestion with trypsin
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(Promega, Madison, WI, USA). We applied a modified protocol from pierce in-solution tryp-
tic digestion kit. In brief, before adding trypsin, proteins in extracts (both ProteoMinerTM

fractions and “crude” extracts non-enriched with ProteoMinerTM) were denatured, re-
duced, and alkylated. Subsequently, after trypsin addition, RJ extracts were digested at
37 ◦C overnight. In the next step, ZipTip C18 (Millipore, Bedford, MA, USA) reverse phase
chromatography micropipette tips were used to purify, desalt and concentrate digested
RJ protein extracts before mass spectrometry analyses. Tips were conditioned using ACN
and 0.1% TFA/water. Then, each solution of the digested proteins extracted from the RJ
samples (the exact solutions formed due to trypsin digestion of the RJ extracts, without
any additional reagents) was loaded onto ZipTip tips according to the manufacturer’s
instruction. Sample solutions were aspirated and dispensed in 10 cycles for maximum
binding of proteins. After washing with 0.1% TFA, bound proteins and peptides were
eluted with 50% ACN in 0.1% TFA.

4.5. NanoLC-MALDI-TOF/TOF MS/MS Analyses

For the identification of peptides and proteins included in RJ, the nanoLC-MALDI-
TOF/TOF MS/MS technique was applied. Subsequent to ZipTip depletion, RJ protein
extracts were subjected to nanoLC fractionation. The nanoLC set consisted of EASY-nLC
II (Bruker Daltonics, Bremen, Germany) nanoflow HPLC system, and Proteineer-fc II
(Bruker Daltonics, Bremen, Germany) collector of fractions. The nanoLC system parts were:
NS-MP-10 BioSphere C18 (NanoSeparations, Nieuwkoop, the Netherlands) trap column
(20 mm × 100 µm I.D., particle size 5 µm, pore size 120 Å), and an Acclaim PepMap 100
(Thermo Scientific, Sunnyvale, CA, USA) column (150 mm × 75 µm I.D., particle size
3 µm, pore size 100 Å). The gradient elution method was set on 2–50% of ACN in 96 min
(mobile phase A—0.05% TFA in water, mobile phase B—0.05% TFA in 90% ACN). The
flow rate for separation was 300 nL/min, and the volume of the sample eluent injected
into the chromatography column was 4 µL. The nanoLC system was operated by HyStar
3.2 (Bruker Daltonics, Bremen, Germany) software. In total, 384 fractions were obtained
in the nanoLC separation process. Fractions were mixed with a matrix solution consisted
of 36 µL of HCCA saturated solution in 0.1% TFA and acetonitrile (90:10 v/v), 748 µL of
acetonitrile and 0.1% TFA (95:5 v/v) mixture, 8 µL of 10% TFA, and 8 µL of 100 mM ammo-
nium phosphate, and spotted automatically onto the AnchorChip 384 (Bruker Daltonics,
Bremen, Germany) target plate by the collector of fractions. Fractions were subsequently
subjected to MS/MS analysis. For this purpose, UltrafleXtreme (Bruker Daltonics, Bremen,
Germany) mass spectrometer was used (mass range m/z of 700–3500, reflectron mode).
External calibration was performed with a mixture of Peptide Calibration Standard (Bruker
Daltonics, Bremen, Germany). The list of the precursor ions for the identification was
established with WARP-LC (Bruker Daltonics, Bremen, Germany) software. For the spectra
acquisition, processing and evaluation FlexControl 3.4, FlexAnalysis 3.4 and BioTools 3.2
(Bruker Daltonics, Bremen, Germany) software were used. For the identification of dis-
criminative proteins and peptides, an NCBI database and Mascot 2.4.1 search engine with
taxonomic restriction to Apis spp. were applied. The protein search parameters were as
follows: fragment ion mass tolerance m/z ± 0.7, precursor ion mass tolerance ±50 ppm,
peptide charge +1, monoisotopic mass.

5. Conclusions

The functional and health-promoting properties of RJ make it one of the most attractive
healthy ingredients. However, because of an overly complicated composition, RJ is not yet
fully characterized and may cause adverse effects. Therefore, in this study, we proposed an
advanced strategy based on combinatorial hexapeptide ligand libraries (ProteoMinerTM

kit) for the proteomic analysis of RJ water extracts. We identified a total of 86 proteins
taxonomically classified to Apis spp. (bees). In addition to the well-known components
of RJ, we identified 10 hypothetical proteins and 4 uncharacterized proteins. We also
proved the utility of the ProteoMinerTM technique in the analysis of complex biological
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samples, as 74 out of all identified proteins were detected in RJ extracts pre-treated with
ProteoMinerTM kit, and only 50 proteins were found in extracts that were not enriched
with this technique. Broadening the knowledge of RJ composition may contribute to the
development of standards and regulations, enhancing the quality of RJ, and consequently,
the safety of its supplementation. Moreover, better characterization of proteins and peptides
found in RJ may support the understanding of the functional properties of RJ regarding
both humans and bees.
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Abstract: Bee health and beehive products’ quality are compromised by complex interactions
between multiple stressors, among which toxic elements play an important role. The aim of this
study is to optimize and validate sensible and reliable analytical methods for biomonitoring studies
and the quality control of beehive products. Four digestion procedures, including two systems
(microwave oven and water bath) and different mixture reagents, were evaluated for the determination
of the total content of 40 elements in bees and five beehive products (beeswax, honey, pollen, propolis
and royal jelly) by using inductively coupled plasma mass and optical emission spectrometry.
Method validation was performed by measuring a standard reference material and the recoveries for
each selected matrix. The water bath-assisted digestion of bees and beehive products is proposed as a
fast alternative to microwave-assisted digestion for all elements in biomonitoring studies. The present
study highlights the possible drawbacks that may be encountered during the elemental analysis of
these biological matrices and aims to be a valuable aid for the analytical chemist. Total elemental
concentrations, determined in commercially available beehive products, are presented.

Keywords: sample preparation; trace element; toxic element; spectroanalytical technique; biomonitoring

1. Introduction

Various natural and anthropogenic emission sources of toxic elements may cause air pollution [1–6].
Among different air pollution monitoring techniques, biomonitoring has recently become one of the most
widely used technique, due to its ease of operation, low cost, efficiency and specificity [7–10]. In fact,
several living organisms, known as biomonitors, can accumulate toxic elements, allowing the monitoring
of pollutants concentrations in the environment for integrated measurements over time [11–13]. The use
of apis mellifera and beehive products for biomonitoring studies has been widely investigated [14–20]
and reviewed [21–23]. Honeybees and the associated matrices are often considered as efficient sentinels
for environmental biomonitoring [7,17]. Trace elements can be transferred to honeybees and beehive
products from all the environmental compartments (soil, vegetation, air and water) in the areas covered
by forager honeybees [24], within which honeybees and beehive products may supply integrated
representative samples [25]. Measurements of element concentrations in honey samples are relevant for
the healthiness assessment of the honey in terms of the presence of essential metals and for ensuring the
human health safety by assessing the admissible levels of toxic elements [21]. Moreover, the assessment
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of element concentrations in honey is also useful for its classification based on its genuineness and its
botanical and geographical origins [21].

Among the different instrumental methods used for the determination of elements in honeybee
and beehive products, atomic and mass spectrometry are considered as the most sensitive, accurate,
and robust techniques, thus being routinely and customarily applied [21,26,27]. Flame atomic absorption
spectrometry (F-AAS) has been often employed for the low-cost and rapid determination of high
concentrations of metals [21,22,28]. To control the quality of honey and other beehive products in terms
of contamination by heavy metals, many sensitive techniques are required, including graphite furnace
atomic absorption spectrophotometry (GF-AAS) [17,19], electrothermal atomic absorption spectrometry
(ET-AAS) [29,30], microwave plasma technique atomic emission spectrometry (MP-AES) [31], inductively
coupled plasma optical emission spectrometry (ICP-OES) [14,16,24,32–34], and inductively coupled
plasma mass spectrometry (ICP-MS) [14,18,20,35–39]. In addition, other atomic techniques, such as
atomic analyzer mercury (AMA), hydride generation-atomic absorption spectrometry (HG-AAS) and
cold vapor atomic fluorescence spectrometry (CV-AFS), have been employed in environmental studies
for the determination of Hg, As and Se [40,41].

The analysis of biological samples by atomic and mass spectrometry techniques is a difficult and
challenging task [21]. Honey and other beehive products are very complex organic matrices with
problems related to the sample heterogeneity, selection of sample treatment, and decomposition as
well chemical interferences during measurements [21,22,38]. Moreover, bees and beehive products are
matrices with high C contents [42–44] and their incomplete sample decomposition may cause a residual
carbon content (RCC) in the final digests. During ICP analysis, the element signals with a similar
ionization potential to that of C is enhanced due to C charge transfer reactions [45,46]. The residual
acidity in the final digests is also important for the polyatomic interference (for ICP-MS), nebulization
efficiency and for reducing the instrument interface damage [47–49]. Samples of honey and other
beehive products are commonly decomposed using high temperature dry ashing [17,50] or wet digestion
procedures, in order to destroy the carbohydrate-rich sample matrix and minimize the matrix-based
interferences [21,22]. To obtain an efficient honeybee and beehive products digestion, various reagents
or mixtures are used, including concentrated HNO3 or other acids (such as HCl, HClO4 and H2SO4),
frequently mixed with 30% H2O2, using open vessels or sealed quartz or polytetrafluoroethylene
(PTFE) vessels in microwave-assisted systems [21,22,35,38,39]. Unfortunately, to date the validation of
methods and procedures used for the analysis of bees and beehive products is difficult because no
certified reference material (CRM) of these matrices is available. Instead, the trueness of the methods
and procedures applied is commonly checked by the analysis of other CRMs containing high levels of
carbohydrates, such as Antarctic krill (MURST-ISSA2), apple leaves (NIST 1515), brown bread (BCR
191), corn (NBS 8413), mixed Polish herbs (INCT-MPH-2), tea leaves (INCT-TL-1) and wheat (IPE 684)
or whole meal flour (BCR 189) [21,22]. For the same purpose, the recovery tests are carried out on the
chosen samples spiked with known amounts of selected elements [21,22,35].

Generally, among all beehive products, only honey [14,20,21,23,32,34,51–53] or honey and
pollen [17,24,35] are considered in the optimization approach for elemental determination with
ICP techniques. To our knowledge, in the literature, few studies are focused on the elemental content
of other beehive products such as propolis [19,31,38] or royal jelly and beeswax [15].

Therefore, the aim of this study is to compare different methods of sample preparation, including
two systems (microwave oven and water bath) and different mixture reagents, which will allow the
assessment of the exposure of bees to different element concentrations and the quality control of
beehive products in terms of contamination made by toxic elements in both routine and large-scale
investigations. The optimized methods were employed to determine 40 elements (Al, As, B, Ba, Be, Bi,
Ca, Cd, Co, Cr, Cs, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Rb, Sb, Se, Si, Sn, Sr, Te, Ti, Tl, U, V, and Zn)
with ICP techniques. The analytical performance and quality control of the optimized procedures were
evaluated on CRMs and field samples of bees, beeswax, honey, honeydew, pollen, propolis and royal
jelly. For this purpose, different commercially available beehive products were analyzed.
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2. Results and Discussion

2.1. Preliminary Evaluation of Digestion Efficiency

Preliminary tests were carried out in order to evaluate the effects of the reagent mixture, temperature
and pressure on sample digestion, which was evaluated in digests by the RCC and residual acidity
determination. HNO3 and H2O2 (methods A and B) were preferred to other reagents (HCl, HClO4,
or H2SO4) because they allow the oxidation of almost all organic compounds and cause minor spectral
interferences or problems in ICP-MS [49]. The aqua regia digestion procedures (methods B1 and B2)
were chosen for assessing the total recoverable elements in all samples [54–56]. The total elemental
content is important information to evaluate and control the quality of honey and other beehive
products in terms of contamination. A mixture of aqua regia has been widely used for the digestion of
various solid wastes such as ashes, sludge, sediments and soils [54,56]. In addition, HF is effective in
extracting silicate-bound elements [54,56]. To improve element recovery and to increase the reaction
kinetics, oxidizing agents such as H2O2 were added in the digestion procedures [56,57]. The comparison
of the results obtained by using the different sample digestion procedures (methods A, B, B1 and
B2) allows for the evaluation of the elements that have not been completely recovered in the various
considered matrices.

A selected tolerance level of the RCC in solution, lower than 200 or 2000 mg L−1, was considered
appropriate for the subsequent analyses by ICP-MS or ICP-OES [58,59]. Preliminary experiments were
performed using a fixed amount of 200 mg of the sample to evaluate the minimum HNO3 amount that
was sufficient to obtain suitable values of the RCC in the digests with methods A and B. In methods
A and B, 67% HNO3 was varied in order to achieve an efficient organic matter digestion, using an
acid solution with a concentration as low as possible. Thus, digestion using two different 67% HNO3

amounts (1 or 2 mL) was tested. Using 1 mL HNO3, final digests presented a yellow color with solid
residues remaining as suspended particles. All final digests obtained using 2 mL HNO3 presented
a colorless aspect, except for beeswax, which presented solid residues for both methods A and B.
Thus, the RCC in digests (Figure 1) was lower than 231 ± 2 mg L−1 in the pollen digests by method
A, and 155 ± 12 mg L−1 in the propolis digests by method B. The digestion efficiency was high when
using both methods B1 and B2 with an RCC lower than 121 ± 8 and 99 ± 21 mg L−1 (in the propolis
digest), respectively.

The residual acidity was also determined in the final digests obtained from the digestion procedure
performed with the HNO3/H2O2 mixture. The residual acidity was in the range 0.429 ± 0.016–0.909
± 0.007 mol L−1 using microwave-assisted digestion, which showed a good digestion efficiency,
while the activity was in the range 0.599 ± 0.016–0.829 ± 0.018 mol L−1 using water bath-assisted
digestion. The results suggested that all the digests obtained using the four treatments were suitable
for ICP-OES and ICP-MS analyses, except for pollen digests obtained by method A for ICP-MS analysis.
Comparing the element concentrations in the digests obtained with all four digestion treatments, it is
possible to verify if there is polyatomic ion interference due to the C concentrations in the digested
pollen by method A and analyzed with ICP-MS.

2.2. Selection of ICP Instrument

ICP-MS analysis is generally more susceptible to interferences than ICP-OES. Spectral interference
in ICP-MS may be polyatomic and isobaric due to the presence of nonanalyte elements of a similar mass,
such as species produced by plasma gas (Ar), atmosphere, nebulizer gas and matrix or combinations
thereof [58,60]. Elemental analyses of biological matrices are commonly subjected to interferences
caused by major constituents such as C, Ca, Cl, Mg, N, Na, and S [61,62]. The occurrence of spectral
effects during the complex sample analysis seriously interferes with the determination of many isotopes,
mainly up to 100 amu [60–64]. Therefore, the collision-reaction interface (CRI) mode was used for the
determination of As, Ca, Co, Cr, Fe, Mn, Ni, S, and Se in bees and beehive product samples, using H2

and He as cell gases. The first high ionization potential of S (10.357 eV) leads to a relatively low
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ionization efficiency in an Ar-based plasma [65]. The 34S isotope was selected for the determination of
total S because of its lower spectral interferences [65]. The main drawback of the use of the CRI is the
reduction in sensitivity when the collision or reaction gases are employed [65]. The best gas flow rates
selected for S were 90 mL min−1 H2 and 0 mL min−1 He to the skimmer and sampler cone, respectively.
For this element, a comparison with ICP-OES was made. As shown in Figure S1, the correlation
between the S data obtained with ICP-MS and ICP-OES is not good. Hence, the ICP-OES determination
of S was preferable because it not affected by spectral interferences. The best compromise was obtained
for As, Ca, Cr, Fe, Mn, and Se with a mixture of 30 mL min−1 He and 70 mL min−1 H2 to the sampler
and skimmer cones, respectively, in agreement with previously reported methods [60]. There were
few differences between the standard and CRI mode measurements of 59Co and 60Ni; therefore,
these elements were analyzed in the standard mode.Molecules 2020, 25, x FOR PEER REVIEW 4 of 22 

 

 

 
Figure 1. Sample treatment (A = open-vessel digestion heated with water bath, B = closed-vessel 
microwave-assisted digestion with HNO3/H2O2 mixture, B1 = closed-vessel microwave-assisted 
digestion with aqua regia/H2O2 mixture, and B2 = closed-vessel microwave-assisted digestion with 
aqua regia/HF mixture) effect on bees and beehive products digestion efficiency. Bars represent 
residual carbon content (RCC; left Y axis; n = 3) and line (-□-) represents residual acidity (right Y axis; 
n = 3). 
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Figure 1. Sample treatment (A = open-vessel digestion heated with water bath, B = closed-vessel
microwave-assisted digestion with HNO3/H2O2 mixture, B1 = closed-vessel microwave-assisted
digestion with aqua regia/H2O2 mixture, and B2 = closed-vessel microwave-assisted digestion with
aqua regia/HF mixture) effect on bees and beehive products digestion efficiency. Bars represent residual
carbon content (RCC; left Y axis; n = 3) and line (-�-) represents residual acidity (right Y axis; n = 3).
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The wide differences in the potential interferences and concentration ranges of the elements
revealed that the use of both ICP techniques increases the accuracy for some elements. Specifically,
the As, Be, Bi, Ce, Ga, Li, Nb, Pb, Sb, Se, Sn, Te, Tl, U, W, and Zr content of most samples were below
the limit of detection (LOD) for the ICP-OES analysis (Tables S1–S6); whereas very high concentrations
of some macroelements, especially K, caused signal saturation in the ICP-MS analysis and required at
least one additional dilution level for the analysis. Elements in the digests obtained by methods A and
B were analyzed by both ICP-OES and ICP-MS instruments, while elements in the digests obtained by
methods B1 and B2 were analyzed by ICP-OES only, to avoid the effect of interference in ICP-MS due
to the presence of HCl or HF.

2.3. Analytical Performances

2.3.1. Linearity

The linearity ranges for ICP-MS and ICP-OES analyses are shown in Table 1 and Table S7,
respectively. The obtained correlation coefficients of all calibration curves were >0.99 and a good
linearity was confirmed by a Mandel test [66].

2.3.2. Limit of Detection and Quantification

The LOD and limit of quantification (LOQ) for each element are shown in Table 1 and Table S7.
LOD and LOQ values were of a similar magnitude to those previously reported [67,68]. With Regulation
No. 2015/1005 [69], the European Union fixed a maximum level of 0.10 mg kg−1 for Pb in honey.
No regulated standards are available to evaluate the other element levels in honey samples; therefore,
Codex Alimentarius [70] stated that “honey shall be free from heavy metals in amounts which
may represent a hazard to human health”. Consequently, there is the need to determine very low
concentrations of elements that may be present in honey in trace and ultratrace levels. The tested
analytical methods using ICP-MS were sufficiently sensitive to quantify all the selected elements in
bees and beehive products, including Pb that has an LOD value (0.001 mg kg−1) 100 times lower than
the maximum accepted level for honey [69].

2.3.3. Precision, Trueness and Recovery Study

An apple leaf CRM was used to evaluate the trueness and precision under the repeatability of
the tested methods (Tables S8 and S9). This CRM was used because there are no suitable reference
materials for bees and beehive products and because it is frequently used [21]. However, the matrix
of the apple leaf CRM is a powder and has a chemical and elemental composition different from the
bees and beehive products. According to Pohl et al. (2009) [21], the use of reference materials that
contain large amounts of C or carbohydrates can be very useful for the validation of the honey analysis
method. Certified values of As, Be, Bi, Cs, Ga, Li, Nb, Se, Si, Sn, Te, Ti, Tl, and Zr concentrations were
not available for the CRM used so further testing is required for validation. As shown in Table S9,
the trueness bias percentage and repeatability obtained by method B1 were estimated in the range
from −9.7 (La) to 12.6% (Co) and from 2.6 (S) to 25% (Sb), respectively, and were improved from those
obtained by the other tested methods (A, B and B2). The results of As, Cr and Se in the digests obtained
by method B1 and analyzed by ICP-MS are higher because they are strongly affected by the interference
due to Cl. For this reason, we have chosen to report the data obtained with ICP-OES. To compare
the observed results with the certified concentration of the CRM, the Z-scores were calculated [71].
Table S8 shows that the Z-scores of all elements excluding Cd, Rb and S obtained by method B1 were
smaller than 2, thus the results are considered acceptable. For Cd and Rb, the results obtained by
method B1 were underestimated compared to the certified values (Z-score < −2), whereas they rather
tend to be overestimated for S.
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Table 1. Limit of determination a (mg kg−1) and linearity range for each element in bees and beehive
products by inductively coupled plasma spectrometry.

Isotope/Element b Internal
Standard c

LLOQ–ULOQ d mg kg−1

LODA LODB LODB1 N e Honey and
Beeswax N e

Bees, Pollen,
Propolis, and

Royal Jelly

27Al 45Sc 0.06 0.02 0.02 4 0.5–5 5 1.05–21
75As f 79Y 0.001 0.001 - 6 0.05–2 6 0.05–2

11B 45Sc 0.2 0.1 0.1 5 2.75–55 5 2.75–55
137Ba 115In 0.4 0.2 0.2 5 0.2–5 4 7–100

9Be 45Sc 0.00002 0.00002 0.00002 7 0.05–5 7 0.05–5
209Bi 232Th 0.00004 0.00006 0.00005 6 0.05–2 6 0.05–2
44Ca 79Y 11 5 14 4 100–1000 4 1000–10000

112Cd 115In 0.00004 0.00001 0.00001 7 0.05–110 7 0.05–110
140Ce 115In 0.00006 0.00004 0.0001 5 0.25–5 5 0.25–5
59Co 45Sc 0.0005 0.0004 0.0008 6 0.25–10 6 0.25–10
52Crf 79Y 0.001 0.0008 - 7 0.05–5 4 1–10
133Cs 115In 0.00004 0.00002 0.00001 7 0.05–5 7 0.05–5
65Cu 79Y 0.003 0.002 0.002 6 0.05–2 9 0.1–100
56Fe 79Y 0.02 0.01 0.01 4 1–10 9 2.5–5000
71Ga 79Y 0.00005 0.00001 0.00001 4 0.1–1 4 0.1–1
39K 45Sc 5 3 0.7 6 50–2500 6 50–2500

139La 115In 0.00004 0.00006 0.00005 7 0.05–5 7 0.05–5
7Li 45Sc 0.0008 0.0008 0.0005 7 0.05–5 7 0.05–5

24Mg 45Sc 0.9 0.3 1.0 5 100–2500 5 50–1000
55Mn 79Y 0.002 0.002 0.003 4 0.2–2 6 5.2–200
98Mo 103Rh 0.0003 0.0001 0.0001 7 0.05–110 7 0.05–110
23Na 45Sc 0.6 0.4 0.3 5 100–2500 7 25–2000
93Nb 103Rh 0.00001 0.000007 0.00002 5 0.05–1 5 0.05–1
60Ni 45Sc 0.002 0.003 0.003 6 0.05–2 7 0.2–20
31P 45Sc 0.7 1 0.7 5 5–100 4 1100–5000

208Pb 232Th 0.001 0.001 0.001 7 0.05–5 4 7–100
85Rb 79Y 0.0003 0.0003 0.00007 5 0.05–1 4 20–200
121Sb 115In 0.0004 0.0002 0.0001 7 0.05–5 7 0.05–5
76Se 79Y 0.02 0.007 0.01 4 0.2–2 4 0.2–2
28Si 45Sc 9 8 10 4 10–100 4 50–500

118Sn 115In 0.0002 0.0001 0.0001 7 0.05–5 7 0.05–5
88Sr 79Y 0.008 0.02 0.02 5 5.5–110 5 5.5–110

125Te 115In 0.0003 0.0003 0.0002 5 0.05–1 5 0.05–1
49Ti 45Sc 0.002 0.003 0.0007 9 0.05–50 9 0.05–50

205Tl 232Th 0.00006 0.00003 0.00001 5 0.05–1 5 0.05–1
238U 232Th 0.00001 0.00001 0.00001 7 0.05–5 7 0.05–5
51V 79Y 0.0003 0.0006 0.00003 6 0.1–5 4 1–10

182W 232Th 0.0003 0.0002 0.00006 7 0.05–5 7 0.05–5
66Zn 79Y 0.09 0.04 0.09 5 2–50 4 70–1000
90Zr 79Y 0.0001 0.00009 0.0001 6 0.05–2 6 0.05–2

a LODA, LODB, and LODB1 are the limits of determination for methods A, B, and B1, respectively. b Isotopes are
reported for all the analyzed elements by inductively coupled plasma mass spectrometry (ICP-MS). c Rh replaces Y
for propolis samples. d LLOQ, lower limit of quantification; ULOQ upper limit of quantification. e N, number of
calibration points for honey and beeswax or bees, pollen, propolis and royal jelly. f As and Cr in digests obtained by
method B1 are determined with inductively coupled plasma optical emission spectrometry (ICP-OES).

With the lack of a suitable CRM, spiked samples were also used to determine the elemental
recoveries by methods A and B, in accordance with previous studies [35]. It is worth mentioning that
the study of recoveries does not allow for the assessment of the efficiency of the digestion procedure
in decomposing the sample matrix but only enables the evaluation of matrix effects and losses or
increases in a concentration of elements compared to the added amounts. All six sample matrices were
spiked with two concentrations (the third and fifth instrumental calibration standards) before sample
digestion. Recoveries for all elements fell within 20% of the expected value, with many of the elements
recovering within 10%, excluding Al, Ca, Ce and Zn in beeswax, Ce in royal jelly, Ba, Cs, Ga, K, Mn,
Na, Nb, P, Ti and Zn in bees, and Al, As, Si, Ti and Tl in propolis by both methods A and B, which fell
within 30% (Table 2). The within-run precision for all the elements in honey and royal jelly and for
most of the elements in other matrices was less than 10%. The intermediate precision was less than
15% for most of the elements in all matrices excluding As and Se in the digests by method A, and As,
Ba, Be, Bi, Cd, Cr, Pb and Te in the digests by method B (Table 2).
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Table 2. Summary of precision (repeatability as percent coefficient of variation intrarun (%CVr) and
reproducibility as %CVR inter-run), and percent recovery (%R) ranges for each element in working
bee and beehive products applying two different digestion methods prior to analysis by ICP-MS and
ICP-OES (for S).

Isotope/Element a
Method A Method B

%CVr Intraday
(n = 3)

%CVR Interday
(n = 9) %R (n = 3) %CVr Intraday

(n = 3)
%CVR Interday

(n = 9) %R (n = 3)

27Al 1.8–24 1.5–25 96–126 5.4–27 15–25 97–124
75As 1.8–21 17–27 88–124 5.0–29 17–30 90–119
11B 0.2–24 6.5–19 84–102 2.2–32 7.6–25 86–100

137Ba 0.6–23 11–25 103–122 1.2–21 17–30 101–112
9Be 0.9–13 8.2–24 86–97 14–22 21–30 90–101

209Bi 1.8–17 11–21 85–107 3.1–25 19–31 86–110
44Ca 1.4–12 7.2–25 79–127 5.7–26 14–26 82–127

112Cd 0.7–19 9.1–25 83–100 1.5–22 19–30 83–104
140Ce 1.1–19 8.7–26 96–123 1.0–25 10–30 98–119
59Co 0.8–13 1.1–25 81–105 0.4–27 9.2–27 84–102
52Cr 0.7–19 2.0–22 91–101 8.9–26 20–31 94–107

133Cs 0.7–6.4 9.1–25 99–123 3.3–14 3.3–30 99–119
65Cu 1.3–23 4.6–23 82–121 1.1–18 5.4–28 87–111
56Fe 0.5–7.7 3.6–13 88–120 0.9–25 5.9–25 92–116
71Ga 1.2–23 13–24 83–130 1.1–25 7.4–31 86–130
39K 0.9–22 1.3–21 87–124 0.8–10 6.7–13 87–121

139La 1.2–10 5.0–24 90–114 0.5–24 8.1–29 92–114
7Li 0.2–11 3.8–24 90–118 1.5–23 14–21 90–120

24Mg 0.01–9.0 5.2–25 82–108 0.5–19 7.0–23 82–110
55Mn 0.4–17 12–25 84–125 0.7–24 3.7–24 86–115
98Mo 0.3–6 10–25 95–117 1.9–25 1.9–25 94–114
23Na 0.6–6.7 4.9–21 80–125 2.2–17 6.5–26 84–122
93Nb 1.5–20 8.0–24 85–122 3.6–22 11–27 86–116
60Ni 0.9–17 13–22 83–97 0.4–23 8.6–29 82–99
31P 0.5–11 4.2–20 80–122 0.5–23 5.7–25 81–123

208Pb 1.6–23 12–24 80–121 2.7–24 16–27 86–116
85Rb 3.6–11 4.5–25 96–120 0.8–23 7.3–30 92–117

S 7.5–9.1 6.8–11 96–110 1.7–10 4.1–11 97–111
121Sb 0.2–17 11–26 81–100 13–23 15–27 84–98
76Se 0.4–18 16–26 83–108 3.4–24 13–30 82–102
28Si 1.4–15 4.2–26 101–126 1.8–21 4.1–28 98–122

118Sn 2.0–14 5.7–26 81–101 2.7–23 15–31 86–101
88Sr 1.3–15 0.6–25 89–121 0.5–24 15–34 84–119

125Te 0.7–15 7.0–26 81–89 3.0–17 27–30 81–90
49Ti 1.2–22 6.8–18 95–128 0.2–19 3.5–30 96–118

205Tl 1.6–19 13–20 94–124 1.0–19 11–24 96–120
238U 1.7–21 9.8–29 87–110 1.9–21 15–26 87–110
51V 0.3–19 9.4–25 83–111 1.2–22 10–30 86–106

182W 1.8–7 19–26 84–113 0.6–15 11–30 84–116
66Zn 0.3–24 5.2–25 88–126 1.3–21 10–29 86–124
90Zr 1.2–21 11–25 90–112 2.3–17 13–31 92–114
a Isotopes were reported for all the analyzed elements by ICP-MS. Sulfur was determined by ICP-OES.

2.3.4. Mixture Reagent Digestion

The method’s accuracy is very important for biomonitoring studies to control the quality of
beehive products and to compare the results obtained from different samples. The variation of the
elemental concentrations for each matrix must depend only on the variations of the environmental
contamination and not on the selected method. The accuracy of the results allows for the assessment
of the contamination in each matrix. For this purpose, a single homogeneous sample for each
considered matrix was analyzed with the different digestion methods in order to estimate recovery
and precision. Comparing the native data in the matrices (Figures 2–4) normalized with respect to
method B, the greatest differences observed between the results of Al, B, Ba, K, Mn, P, S, Ti, V, and Zn
in bees; Al, Cr, Fe, Mg, and Ti in beeswax, Al, B, Ba, K, and Mg in honey, Al, B, Ba, Cr, Na, P, Si, Ti,
and Zn in pollen, Al, B, Ba, Be, Ca, Cd, Ce, Co, Cr, Cu, Li, Mn, P, Pb, S, Si, Ti, V, Zn, and Zr in propolis,
and Al, Na, and S in royal jelly were due to the use of different digestion mixtures and not to the use of
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different digestion systems. Se, and Te in bees, B, Ba, Bi, Ga, Nb, Ni, Se, Si, Te, V, and W in beeswax,
Be, Bi, Cd, Nb, Ni, Pb, Se, Te, V, and W in honey, Bi, Se, Te, and W in pollen, As, Ba, Bi, Cd, Ga, Nb,
Ni, Pb, Te, V, and W in royal jelly were not considered since they were always <LOD. Considering
all the methods with the use of microwave oven, the reagent mixtures used in methods B1 and B2
allow a greater extraction of the elements in the different matrices compared to the method B. The
extraction capacity of the digestion reagent mixtures depends on the chemical compounds present
in the various analyzed matrices. The higher temperatures and pressure that occur with the use of
the microwave oven compared to the water bath affected the content of Ba, Be, Bi, Ga, Mn, Nb, P, Pb,
S, Sn, and Sr in bees, Al, Be, Cd, Co, Cr, Cu, Fe, Li, Rb, Sb, Ti, Tl, and Zr in beeswax, As, Ba, Cr, Li,
Mo, and Zr in honey, Al, As, Be, Ce, Cr, La, Li, Rb, Ti, U, V, and Zn in pollen, Al, Ba, Ga, Li, Se, Si,
Sn, Ti, V, W, and Zr in propolis, and Al, Cr, Cs, Sb, Si, and U in royal jelly. Tables S1–S6 show that
methods A and B gave similar results for all the elements excluding Ga in bees, La, Mo, and Ti in
honey, Be, Ce, La, Li, U, and V in pollen, Se in propolis, and Cr and Si in royal jelly. The total content of
the following elements in the selected matrices can only be obtained by using aqua regia mixtures: Al,
B, Ba, Cr, P, and S in bees; Ba, P, and Ti in beeswax; Al, and Ba in honey; Al, B, Ba, Cr, Cu, Fe, Na, S, Si,
and Ti in pollen; Al, B, Ba, Be, Ca, Cd, Co, Cr, Li, Mg, Si, Sn, Ti, V, Zn, and Zr in propolis; Na, and P in
royal jelly. The improvements and optimal recoveries of Al, Ba, Fe, and Sb from a variety of matrices
upon the addition of HCl have been demonstrated [56,72]. However, treatment with HNO3 favors Cl
elimination as nitrosyl chloride and minimizes the isobaric interferences in the case of some elements
(As, Cr, Fe, Mn, Ni, Se and V) analyzed by ICP-MS [60,73].

In agreement with other studies [35], the procedure A is a good alternative to the procedure
B because it limits sample manipulation, does not require the cleaning of sample vessels between
analyses and allows 120 samples to be processed in 30 min. However, the content of some elements in
specific matrices can be underestimated using the reactive digestion mixture HNO3/H2O2. The data
reported in the present study aim to be a valuable help for choosing the most appropriated methods
and analytical techniques for the determination of each element in bees and beehive products.

2.4. Analysis of Commercial Beehive Products

Commercial beehive samples were analyzed in order to demonstrate the applicability of the
optimized methods. Concentrations were above the LODs for most of the elements, including Pb,
showing that both methods A (Table 3) and B (Tables S10 and S11) can be used to determine the
elemental composition of beehive products. Both methods A and B provided similar concentration
data for the elements above the LODs. However, the average levels of some elements (La, Mo, and Ti
in honey; Be, Ce, La, Li, U, and V in pollen; Se in propolis; Cr and Si in royal jelly) obtained with
method B were higher. Methods A and B allow the elemental characterization of bees and beehive
products, except for some elements that were underestimated with respect to the data acquired with
methods B1 and B2, as reported in Section 2.3.4.
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Figure 2. Normalized concentrations to results obtained by method B1 of detected elements in bees 
(top panel) and beeswax (bottom panel) samples by methods A, B, B1 and B2. Dashed lines are ±20%. 

Figure 2. Normalized concentrations to results obtained by method B1 of detected elements in bees
(top panel) and beeswax (bottom panel) samples by methods A, B, B1 and B2. Dashed lines are ±20%.
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Figure 3. Normalized concentrations to results obtained by method B1 of detected elements in honey 
(top panel) and pollen (bottom panel) samples by methods A, B, B1 and B2. Dashed lines are ±20%. 

Figure 3. Normalized concentrations to results obtained by method B1 of detected elements in honey
(top panel) and pollen (bottom panel) samples by methods A, B, B1 and B2. Dashed lines are ±20%.
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Figure 4. Normalized concentrations to results obtained by method B1 of detected elements in 
propolis (top panel) and royal jelly (bottom panel) samples by methods A, B, B1 and B2. Dashed lines 
are ±20%. 

In agreement with other studies [35], the procedure A is a good alternative to the procedure B 
because it limits sample manipulation, does not require the cleaning of sample vessels between 
analyses and allows 120 samples to be processed in 30 min. However, the content of some elements 
in specific matrices can be underestimated using the reactive digestion mixture HNO3/H2O2. The data 

Figure 4. Normalized concentrations to results obtained by method B1 of detected elements in propolis
(top panel) and royal jelly (bottom panel) samples by methods A, B, B1 and B2. Dashed lines are ±20%.
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3. Materials and Methods

3.1. Instrumentation

A Bruker 820-MS quadrupole ICP-MS spectrometer (Bremen, Germany) equipped with a
collision-reaction interface (CRI) and an Analytik Jena AG MicroMistTM glass nebulizer (0.4 mL min−1;
Jena, Germany) was used for all the measurements. A radiofrequency power of 1.4 kW, plasma gas flow
rate of 18.0 L min−1, auxiliary gas flow rate of 1.8 L min−1 and nebulizer gas flow rate of 1.0 L min−1

were used. The monitored isotopes (m/z) are shown in Table 1. The CRI with He and H2 (99.9995%
purity; SOL Spa, Monza, Italy) as cell gases was used to quantify and remove polyatomic- and
argon-based interference for As, Cr, Fe, Mn, Se, and V.

A Varian Vista MPX CCD Simultaneous ICP-OES spectrometer (Victoria, Mulgrave, Australia)
in an axial configuration equipped with inert components (demountable torch with alumina injector,
1.8 mm, and PTFE injector holder; Sturman-Masters inert spray chamber, double pass, white Ertalyte;
Agilent, Santa Clara, CA, United States) was used to determine the residual C content (RCC) of the
final digests and all the selected elements. A radiofrequency power of 1.0 kW, plasma gas flow rate of
15.0 L min−1, auxiliary gas flow rate of 1.5 L min−1, and nebulizer gas flow rate of 0.75 L min−1 were
used as operational conditions. Elements were detected at the wavelength that maximized the signal
intensity and minimized spectral overlaps (Table 1).

Ar gas (99.9995% purity; SOL Spa, Monza, Italy) was used for plasma generation.
Analytical reagent-grade water with a resistivity of 18.2 MΩ cm was obtained with an Arioso Power

I RO-UP Scholar UV water purification system from Human Corporation (Songpa-Ku, Seoul, Korea).
An Argo Lab WB12 water bath (Modena, Italy) with an electronic temperature control was used

for open-vessel digestion (method A), as described in Section 3.3.1. A maximum temperature and
pressure up to 95 ◦C (± 0.2 ◦C) and ~1 bar, respectively, were used for this system.

A Milestone Ethos1 Touch Control microwave system (Sorisole, Bergamo, Italy) equipped with
six PTFE or 20 quartz vessels was used for closed-vessel microwave digestion (methods B, B1 and B2),
as described in Section 3.3.2. The vessels were irradiated with a maximum power of 1000 W and all the
experiments were carried out at the maximum temperature (180 ◦C) and pressures of ≤40 bar.

A Heto Power Dry LL1500 freeze dryer from Thermo Electron Corporation (Waltham, MA, USA)
was employed for drying bee samples.

3.2. Reagents

Yttrium at 0.2 mg L−1 was used as the internal standard for ICP-OES and it was prepared from a
standard stock solution (1000 ± 2 mg L−1; Panreac Química, Barcelona, Spain) [58]. Yttrium, Sc, Rh,
In, and Th (1000 ± 5 mg L−1; Merck KGaA, Darmstadt, Germany) at 0.01 mg L−1 in a 1% (v/v) HNO3

multistandard solution were employed as internal standards for ICP-MS [58,74].
HNO3 (67–70%; super pure) from Carlo Erba Reagents S.r.l. (Milan, Italy), HCl (assay >36%;

residue <3 mg L−1), HF (assay >40%; residue <2 mg L−1) and H2O2 (assay >30%) from Promochem,
LGC Standards GmbH (Wesel, Germany) were used to prepare the standard and sample solution.
All the reagents used were of analytical grade.

An apple leaf NIST 1515 was employed to evaluate the accuracy of the methods. The certified
standard material was purchased from the National Institute of Standards and Technology (Gaithersburg,
MD, USA).

ICP multielemental standard solutions of As, Al, Ba, Be, Bi, Cd, Cr, Cs, Cu, Ga, La, Li, Mn, Mo, Nb,
Ni, Pb, Rb, Sb, Se, Sn, Te, Ti, Tl, U, V, W, and Zr at 1.000 ± 0.005 mg L−1, Ce and Co at 5.00 ± 0.03 mg
L−1, Fe and Zn at 10.00 ± 0.05 mg L−1, P and Si at 50.00 ± 0.25 mg L−1, B and Sr at 55.00 ± 0.25 mg L−1,
K, Mg, and Na at 500.0 ± 2.5 mg L−1, and Ca at 1000 ± 5 mg L−1 in 3% (v/v) HNO3, from Ultra
Scientific/Agilent Technologies (North Kingstown, RI, USA), were used for the calibration procedure
and spiked samples.

175



Molecules 2020, 25, 4263

A multielemental standard solution of Ba, Be, Ce, Co, In, Pb, Mg, Tl, and Th (10.00 ± 0.05 mg L−1

in 2% HNO3) from Spectro Pure, Ricca Chemical Company (Arlington, TX, USA) was employed in
order to select the best operating parameters for the ICP-MS analysis.

For the RCC assessment in the digested samples, a reference solution of 10,000 mg L−1 in C was
prepared from anhydrous citric acid (assay >99.5%, ACS reagent; Sigma-Aldrich Chemie GmbH,
Steinheim, Germany) in boiled deionized water, according to Muller et al., 2015 [49]. A standardized
NaOH solution (0.5 mol L−1; assay >98% sodium hydroxide anhydrous pellets, RPE for analysis,
ACS and ISO; Carlo Erba Reagents, Milan, Italy) was prepared for the determination of residual acidity
in final digested samples by acid–base titration.

3.3. Sample Preparation Methods

Ten samples of commercially available beehive products were collected from local supermarkets
in Rome (Central Italy). The set of samples comprised several brands and consisted of five multifloral
honeys, two honeydews, one pollen, one royal jelly and one beeswax cream.

The bee samples used for the recovery experiments were collected directly from the hive. At least
10 bees per sample with a wet weight of ~2 g were brought to a stable dry weight after freeze-drying
for 48 h and were finely grounded in a glass mortar. Specific portions of honeybees (30, 50, 100 and
200 mg) were analyzed to assess whether the weight of honeybees samples might be reduced. A mass
of 200 mg was selected for the subsequent analyses.

A volume of 1 or 2 mL of concentrated HNO3 for each digestion method was selected considering
the maximum volume of the digestion vessels and the minimum dilution of the samples, in order
to have a final acidity of <5%, as recommended by the ICP-MS manual. The bee samples with
mass of 200 mg and a reagent mixture ratio 1:2 of H2O2 and HNO3 were kept at maximum constant
temperature of 95 ◦C for the water bath and 180 ◦C for the microwave oven, in accordance with previous
studies [15,35,51]. Two commonly used digestion procedures with strong reagent mixtures [54–56],
microwave aqua regia + H2O2 and microwave aqua regia + HF, were used for the total digestion of
elements in bees and beehive products samples. The sample analyses were carried out in duplicate.
Certified reference material (NIST SRM 1515; three replicates) and blank digests (ten replicates) were
subjected to the same sample preparation. All tested analytical procedures are described below.

3.3.1. Open-Vessel Water Bath-Assisted Digestion

A mass of ~200 mg for all samples was measured directly in an autosampler tube, 1 mL of 67%
HNO3 and 0.5 mL of 30% H2O2 were then added in the same tube. Subsequently, tubes were heated
to 95 ± 5 ◦C in a water bath for 30 min (method A). After digestion, the mixture was left to cool and
the contents of the tubes were diluted to 10 or 20 mL with deionized water for ICP-OES or ICP-MS
analyses, respectively.

3.3.2. Closed-Vessel Microwave-Assisted Digestion

Weighed amounts (~200 mg) of all samples were transferred into the microwave vessels. Then,
1 mL 67% HNO3, 0.5 mL 30% H2O2, and 1.5 mL of deionized water (method B) were added to the
quartz vessels, and 1 mL 30% H2O2 and 4 mL aqua regia (method B1) or 1 mL 40% HF and 4 mL
aqua regia (method B2) were added to the PTFE vessels. Subsequently, vessels were heated to 180 ◦C
with microwave energy (at a power of 1000 W) for 40 min. Cooled digests were transferred to the
autosampler tubes. All digests by methods B and B1 were diluted to 10 or 20 mL with deionized water
for the ICP-OES or ICP-MS analyses, respectively. The digests obtained with method B2 were diluted
to a volume of 10 mL with deionized water for ICP-OES analysis.

3.4. Quality Assurance and Control

For the method validation, the selectivity, linearity, accuracy, LOD and LOQ were tested.
According to the Eurachem Guide [75], accuracy, the closeness of agreement between a test result and
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the accepted reference value, is a parameter described by two contributions: the trueness bias or spike
recovery and the precision. The accuracy was studied using a CRM and spiked samples for all the
digestion methods or only for methods A and B, respectively.

The comparison between the obtained results and the certified values of the CRM was carried out
using Z-scores [71]. These were calculated according to the following formula:(

X f ound −Xcerti f ied/
(
SD/

√
n
)

(1)

where X f ound is the result found by the analyst, Xcerti f ied is the certified value, SD is the standard
deviation, and n is the number of independent replicates. Z-scores smaller than 2 are usually considered
acceptable, Z-scores between 2 and 3 are questionable, and Z-scores larger than 3 are not satisfactory.

For recovery experiments, a spike solution was added to the samples at two levels before
the sample digestion. Each digestion batch contained a reagent blank (matrix samples) to allow
background correction.

The LODs were calculated with three times the relative standard deviation percentage (RSD%) of
ten method blanks multiplied by the background equivalent concentration (BEC)/100 [58], and the
dilution factor used for sample preparation (Table S7). The LOQs were the lowest standard curve
points that could be used for quantification (LLOQs). Together, the LLOQ and upper LOQ (ULOQ)
define the linearity range.

At regular intervals (every 20 samples) during all analyses, an intermediate calibration standard
was analyzed as a sample to monitor the instrument drift. A maximum percentage drift of ± 10%
was considered acceptable for all the elements. Furthermore, calibration blanks (3% HNO3) were
frequently analyzed alongside samples to check any loss or cross contamination. Blanks were prepared
by performing the full analytical procedure without samples.

The matrix effects on the sample uptake and nebulization were monitored by an internal
standardization with Y for ICP-OES, and Y, Sc, Rh, In and Th for ICP-MS, and measurements were
automatically corrected by the respective ICP software. Yttrium was not used as an internal standard
for the ICP-MS analyses of the propolis samples because it is contained in the propolis in a concentration
of ~0.25 mg kg−1 (~0.0025 mg L−1 in digests). This concentration was negligible for ICP-OES analyses
because Y was added to the samples as an internal standard in a concentration of 0.2 mg L−1; therefore,
in this case, Y was used as the internal standard for the propolis samples.

3.5. Statistical Analysis

All statistical calculations were made by the SPSS software package (IBM SPSS Statistics 25 software;
IBM Corp., Armonk, NY, USA). Values < LOD were designated as LOD/2 [76]. The studies of significant
differences were carried out by Mann–Whitney U or Kruskal–Wallis tests with pairwise post-hoc
tests [77]. The difference in the results was considered statistically significant for p-values < 0.05.

4. Conclusions

Unfortunately, the validation of methods and procedures used for the analysis of bees and beehive
products is difficult because no CRMs of these matrices are available. Instead, the trueness of the
methods and procedures applied is commonly checked by the analysis of different CRMs or by the
recovery tests with samples spiked with known amounts of elements. It is worth noting that the
study of elemental recovery in bees and beehive products may not allow for the evaluation of the
efficiency of digestion procedures in decomposing the sample matrix. This in fact may not have the
ability to readily absorb aqueous solutions containing known amounts of elements that should be
released with only a complete digestion of the sample. In the present study, it is highlighted how each
element in a specific matrix responds differently to the different sample treatment procedures used,
thus allowing one to choose a specific method accordingly for the needs and purpose of the analysis.
In screening analyses and biomonitoring studies, method A was a faster and a good alternative
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compared to microwave-assisted acid digestion for the determination of all the analyzed elements.
Both the methods with mixture HNO3/H2O2 (methods A and B) showed an acceptable accuracy for all
the analyzed elements, and low levels of detection for trace elements including Pb. Considering all
the tested methods, to have total levels of some elements (such as Al, B, Ba, Cr, P, and S in bees; Ba, P,
and Ti in beeswax; Al, and Ba in honey; Al, B, Ba, Cr, Cu, Fe, Na, S, Si, and Ti in pollen; Al, B, Ba, Be,
Ca, Cd, Co, Cr, Li, Mg, Si, Sn, Ti, V, Zn, and Zr in propolis; Na, and P in royal jelly) is necessary to use
an aqua regia mixture. This is very important for evaluating the quality of products and for preserving
human health and the environment.

Supplementary Materials: The following are available online, Figure S1, Tables S1–S11.
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Abstract: Beehive products possess nutritional value and health-promoting properties and are
recommended as so-called “superfoods”. However, because of their natural origin, they may contain
relevant elemental contaminants. Therefore, to assess the quality of bee products, we examined
concentrations of a broad range of 24 selected elements in propolis, bee pollen, and royal jelly. The
quantitative analyses were performed with inductively coupled plasma-mass spectrometry (ICP-MS)
and inductively coupled plasma optical emission spectrometry (ICP-OES) techniques. The results
of our research indicate that bee products contain essential macronutrients (i.e., K, P, and S) and
micronutrients (i.e., Zn and Fe) in concentrations depending on the products’ type. However, the
presence of toxic heavy metals makes it necessary to test the quality of bee products before using them
as dietary supplements. Bearing in mind that bee products are highly heterogenous and, depending
on the environmental factors, differ in their elemental content, it is necessary to develop standards
regulating the acceptable levels of inorganic pollutants. Furthermore, since bees and their products
are considered to be an effective biomonitoring tool, our results may reflect the environment’s
condition in west-central Poland, affecting the health and well-being of both humans and bees.

Keywords: bee products; multielemental analysis; biomonitoring; ICP-MS; ICP-OES; inorganic
contaminants; heavy metals

1. Introduction

Macroelements and trace elements (including heavy metals) play an essential role
in human nutrition. Since they are involved in many biochemical processes, they are
crucial for life processes [1,2]. Moreover, minerals are components of biological structures,
i.e., bones, nerves, and muscles. They are also included in enzymes, hormones, and
pigments, such as oxygen-carrying hemoglobin [3]. Although a precise distinction between
macronutrients and micronutrients is still under discussion, at least 23 of the minerals
are defined as essential for humans [4,5]. They are the macronutrients: sodium (Na),
potassium (K), magnesium (Mg), calcium (Ca), chlorine (Cl), phosphorus (P), and sulfur
(S), and micronutrients: manganese (Mn), iron (Fe), copper (Cu), zinc (Zn), selenium (Se),
cobalt (Co), molybdenum (Mo), and iodine (I). Some other elements are also discussed to
be considered essential, such as vanadium (V), nickel (Ni), and silicon (Si) [4].

Deficiencies in macroelements and microelements cause serious health problems [6,7].
On the other hand, if consumed at excessively high levels for a long time, minerals can
be toxic and trigger adverse effects [8]. They may disrupt the metabolic pathways by
accumulating in the body, replacing the appropriate ions, or binding to enzymes responsible
for controlling the metabolic reactions [9]. Moreover, by increasing the production of
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reactive oxygen species (ROS), mineral elements may also cause cancer, degenerative
diseases, and damage to the central nervous system [10,11]. Therefore, consumers should
be aware of the mineral content of foods. However, not all food products have been
thoroughly investigated yet, including bee products.

Bee products are complex natural mixtures produced by a honey bee (Apis mellifera).
The products are rich in nutrients and biologically active compounds, such as carbohy-
drates, proteins, amino acids, lipids, vitamins, phenolics, and minerals [12,13]. Due to
their health-supporting properties, bee products are willingly used as dietary supplements
within the branch of alternative medicine called apitherapy [14]. The most recognizable
bee products are honey, bee venom, propolis, bee pollen, and royal jelly. In this research,
we examined the selected minerals’ levels in three of them: bee pollen, propolis, and royal
jelly.

Bee pollen is a mixture of flower pollen from different species gathered by forager
bees, formed into pellets with nectar and secretions of bees’ salivary glands. In Poland,
this beehive product’s main plant sources are Brassica napus, Taraxacum officinale, Robinia
pseudoacacia, Tilia cordata, and Trifolium repens. Ethanol extract of Polish bee pollen was re-
ported to be rich in flavonoids and polyphenols as well as responsible for anti-atherogenic
activity [15]. Moreover, due to its nutritional and energetic properties, bee pollen supple-
mentation is recommended for people leading active lifestyles and during recuperation [16].
Propolis, a resinous product with an aromatic smell, is produced by mixing bees’ saliva,
beeswax, and pollen with secretions collected from plants [17]. In Poland’s temperate
climate, its primary plant source is Populus spp., Betula verucosa, Pinus sylvestris, Aesculus
hippocastanum, and Acer pseudoplatanus [18]. The botanical origin determines the main bio-
logically active constituents of Polish propolis: flavonoids, phenolic acids, and esters. These
compounds are responsible for bacteriostatic, antifungal, antioxidative, and antiprolifera-
tive properties [18–21]. Royal jelly is a milky secretion of worker bees’ salivary glands [22].
Unlike bee pollen and propolis, it does not contain plant tissues. In addition to water, royal
jelly contains mainly sugars, proteins (including enzymes), amino acids, and lipids [12].
This bee product is becoming increasingly popular, as its antibacterial, anti-inflammatory,
antioxidative, and even antitumor properties have been reported [22–25].

Bee pollen, propolis, and royal jelly are recommended as so-called “superfoods”,
meaning foods of rich nutrient content having favorable effects on human health [26].
Therefore, they should be of the highest quality. However, the challenge is a variability
of the composition of bee products, depending on the geographical region, climate, and
season [16,27–29]. Differences may involve many groups of nutrients, including mineral
contents [30,31]. Since excessive element intake may lead to adverse effects, the concentra-
tions (along with the acceptable levels) of heavy metals and other mineral contaminants in
bee products should be precisely defined.

The multielemental composition of bee products may also reflect environmental pollu-
tion, affecting both humans and bees. A continuous decline in the honeybee population has
been reported in industrialized countries [32]. Several factors are supposed to contribute
to honeybee declines, such as pests and diseases, global warming, and environmental
pollutants associated with industrial and agricultural human activity, including heavy
metals [32,33]. Due to the many vital roles of honeybees in the environment and agriculture,
their health has become a public concern. Thus, it is imperative to assess the pollution to
which bees are exposed in their natural habitat.

Therefore, to assess the safety of bee products for humans and bees, in this study, we
examined concentrations of 24 selected elements (including macronutrients and micronutri-
ents) in propolis, bee pollen, and royal jelly. We decided not to analyze bee venom, which
was thoroughly examined in our previous study [34], and honey, which other researchers
extensively studied [35–38]. The bee product samples used in this study were collected
in Poland (Greater Poland region) in 2018 and 2019. The quantitative analyses were per-
formed with inductively coupled plasma-mass spectrometry (ICP-MS) and inductively
coupled plasma optical emission spectrometry (ICP-OES) techniques. Our research results
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contributed to assessing bees’ exposure to various chemicals and evaluating their products’
quality.

2. Results

Levels of 24 chemical elements were determined in all samples of bee products.
We measured one of the broadest spectra of chemical elements (including micro- and
macronutrients, heavy metals, and trace elements) in bee products compared to the avail-
able literature [39–49]. In this study, we examined various beehive matrices (bee pollen,
propolis, and royal jelly) collected over two years from the same area. The majority of
studies on the determination of elements (mainly heavy metals) in bee products included
one selected product collected from different locations [31,39,46,48–50]. The analysis of
different beehive products derived from the same area allowed us to compare the levels
of inorganic contaminants between them and evaluate their role as bioindicators. On the
other hand, the obtained results allowed comparing bee products in terms of micronutrient
and macronutrient content. For the studied products, the determined concentrations of
minerals, along with mean, standard deviations (SD), and relative standard deviation
(%RSD) values, calculated for each year separately and all samples in total, are presented
in Tables 1 and 2.

The highest content in bee pollen was measured for K (mean = 4233.33 mg/kg),
P (mean = 4050.00 mg/kg), and S (mean = 2383.33 mg/kg). These elements are clas-
sified as macroelements, for which the dietary requirement exceeds 100 mg per day.
On the other hand, the lowest concentration in the macronutrient group in bee pollen
was found for Na (mean = 25.17 mg/kg). Concerning micronutrients, the highest con-
tent in bee pollen was recorded for Zn (mean = 31.3 mg/kg), Fe (mean = 114.5 mg/kg),
and Mn (mean = 25.0 mg/kg), and the lowest was found for Co (mean = 0.038 mg/kg).
However, a relatively high Al content was measured in a group of toxic metals in bee
pollen (mean = 26.13 mg/kg). On the other hand, Sb (mean = 0.009 mg/kg) and As
(mean = 0.02 mg/kg) levels were the lowest among the bee pollen’s trace elements.

In propolis, the highest content among macronutrients was determined for K (mean =
706.67 mg/kg), Ca (mean = 373.33 mg/kg), and S (mean = 225.0 mg/kg). However, the
concentrations of these elements in propolis were much lower than in bee pollen. The
macroelement with the lowest content in propolis, similar to bee pollen, was Na (mean
= 22.67 mg/kg). Among microelements, similar to bee pollen, the highest content was
found for Zn (mean = 13.67 mg/kg). However, the concentration of Zn in bee pollen was
over two times higher than in propolis. The micronutrient with the second-highest content
in propolis was Fe (mean = 49.17 mg/kg) followed with Mn (mean = 7.2 mg/kg), but its
concentration was more than three times lower than in bee pollen. The microelement with
the lowest content in propolis was Se (mean = 0.047 mg/kg). Similar to bee pollen, the
high Al content was measured in propolis (mean = 93.0 mg/kg), and this concentration
was more than three times higher than in bee pollen. Among trace elements in propolis,
Ag was determined at the lowest level (mean = 0.006 mg/kg). Summing up, mean levels
of Mn, Ni, Co, Zn, Ag, Cd, Mo, Na, Mg, K, Ca, P, and S were higher in bee pollen than in
propolis.
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Analysis of bee product samples collected from the same location but in different
months and years allowed us to estimate the variability in elemental composition caused
by the date of sample collection. We observed quite substantial differences in the levels of
individual elements in the beehive products between months and years of sample collection
(Tables 1 and 2). Among all determined elements in bee pollen, Cd, Al, and Ag showed the
greatest variation in concentration between years (%RSD > 80%), whereas K, P, S, and Zn
were present in a similar concentration throughout all analyzed years (%RSD < 20%). High
%RSD values calculated for Ag and Cd can result from a very low level of that element
determined in pollen samples. However, Al, Cd, and Ag constitute metals of anthropogenic
origin. Thus, variation in their concentrations observed in bee pollen samples throughout
the analyzed years can also reflect changes in the degree of pollution of the environment
surrounding the apiary. The content of chemical elements determined in propolis samples
did not vary so substantially as in the case of pollen, and the calculated %RSD values were
noticeably lower (Table 2). The only exception was Ag, whose concentration occurred
below the quantification limit (QL) in part of the samples.

To better assess variability in the elemental composition of different beehive prod-
ucts and different years of collection, univariate and multivariate statistical analyses were
performed. Univariate statistical tests showed no significant differences in the elemental
composition between bee pollen samples collected in two different years (Table 3). In the
comparison of the elemental composition of propolis samples collected in two different
years, significant differences were observed for six elements (Al, Ba, Cr, Fe, Sb, and Si). On
the other hand, most of the observed differences in the levels of chemical elements deter-
mined in two various beehive products (pollen and propolis) were statistically significant.
It should be emphasized that all studied samples were collected from the same location
and during the same season; thus, the observed differences are not related to geographical
region, climate, and season but are more associated with the process of the production of
these bee products. Only for Cd, Na, Ni, and Se were differences not significant; thus, we
can conclude that those elements occur at comparable levels in bee pollen and propolis. To
better visualize how distinct the content of elements between pollen and propolis is, PCA
analysis was conducted. A clear separation of the bee pollen samples and propolis samples
was attained on the score plot (Figure 1). The results of PCA indicate that the differences in
the elemental composition of pollen and propolis were strong enough to cause grouping of
the samples according to the type of beehive products. It should be noted that the results
of multivariate statistical analysis are in line with the results of univariate tests. Figure 1
demonstrates that differences in elements’ concentrations are more pronounced between
two beehive products than between years of collection of these products. Moreover, it
is visible that propolis samples collected in 2018 are separated from propolis samples
collected in 2019, whereas no grouping is visible in the case of pollen samples.

Table 3. Results of univariate tests performed to compare levels of chemical elements (n = 24) in two
beehive products collected over two years from the same area: bee pollen and propolis. Bold text
indicates a statistically significant difference with a p-value below 0.05.

Element
Pollen

2018 vs. 2019
Propolis

2018 vs. 2019 Pollen vs. Propolis

p Value

Ag 0.21856 NA * 0.00508
Al 0.72650 0.02142 0.00015
As 0.65361 0.10144 0.00169
Ba 0.97911 0.02194 0.00430
C 0.96446 0.14470 0.01307

Cd 0.93551 0.18140 0.81018
Co 0.34784 0.16963 0.00537
Cr 0.56601 0.01054 0.00508
Cu 0.46925 0.89808 0.00824
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Table 3. Cont.

Element
Pollen

2018 vs. 2019
Propolis

2018 vs. 2019 Pollen vs. Propolis

p Value

Fe 0.83994 0.01289 0.00423
K 0.72807 0.55699 0.00508

Mg 0.93016 0.49600 0.00508
Mn 0.31806 0.68966 0.00508
Mo 0.56704 0.38378 0.00144
Na 0.63668 0.15094 0.51126
Ni 0.58672 0.09351 0.13817
P 0.76675 0.24152 0.00508

Pb 0.81004 0.05422 0.00123
S 0.93433 0.36214 0.00508

Sb 0.82629 0.02728 0.00003
Se 1.00000 0.23406 0.92881
Si 0.63166 0.00493 0.00052
V 0.95890 0.06677 0.00133

Zn 0.62719 0.81490 0.00021

* NA—no statistical tests were performed because Ag concentration was determined only in one sample per year.
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Figure 1. The principal component analysis (PCA) score plot using the first two principal components
derived from elements’ determination in two beehive products: bee pollen (orange circles; n = 6) and
propolis (blue triangles; n = 6).

Additionally, we analyzed levels of elements in the royal jelly sample collected in
2019. The concentrations of chemical elements measured in royal jelly compared to mean
values calculated for the bee pollen and propolis samples are shown in Table 4. Among the
macroelements, the highest content in royal jelly was measured for P (1700 mg/kg) and S
(1200 mg/kg), whereas the lowest concentration was found for Ca (35 mg/kg). Concerning
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microelements, the highest content in royal jelly, similarly to bee pollen and propolis, was
measured for Zn (21 mg/kg), and the lowest was measured for Co (0.003 mg/kg), as in
bee pollen. Among the other elements, the highest concentration was found for Al and the
lowest was found for V (0.001 mg/kg). In general, most of the elements’ levels were lower
in royal jelly than in propolis or bee pollen. The exception is the content of Na, which was
the highest in the royal jelly sample. Moreover, Cu, Zn, Ag, Mg, K, P, and S were at higher
levels in royal jelly than in the propolis.

Table 4. Mean values of 24 selected chemical elements determined in bee pollen and propolis and
measured levels of elements in the royal jelly sample. Values are expressed in mg/kg.

Chemical Element Bee Pollen Propolis Royal Jelly
Ag 0.12 0.01 0.09 Legend:
Al 26.13 106.50 1.00
As 0.02 0.07 0.01 the highest
Ba 0.64 2.40 0.12 medium
Ca 1238.33 373.33 35.00 the lowest
Cd 0.06 0.04 0.002
Co 0.04 0.12 0.003
Cr 0.07 0.48 0.02
Cu 4.75 1.65 4.20
Fe 49.17 114.50 3.90
K 4233.33 706.67 970.00

Mg 823.33 100.00 120.00
Mn 25.00 7.20 0.73
Mo 0.23 0.07 0.05
Na 25.17 22.67 41.00
Ni 0.65 0.48 0.25
P 4050.00 200.00 1700.00

Pb 0.15 0.66 0.07
S 2383.33 225.00 1200.00

Sb 0.01 0.04 0.003
Se 0.05 0.05 0.02
Si 40.25 128.83 0.88
V 0.06 0.25 0.001

Zn 31.33 13.67 21.00

3. Discussion

Beehive products are a rich source of nutrients and biologically active compounds. As
reported in the available literature, they contain macro- and microelements essential for the
human body’s proper functioning [50–53]. In this study, we examined the concentrations
of several macroelements, including Ca, K, Mg, Na, P, and S, and microelements, including
Co, Cu, Fe, Mn, Mo, Se, and Zn in Polish bee pollen, propolis, and royal jelly.

Our study results indicate that bee pollen and royal jelly contain large amounts of K,
P, and S. Additionally, bee pollen is rich in Ca. The same macronutrients are present at the
highest level in propolis, but the concentrations are lower than in bee pollen and royal jelly.
K, P, Ca, and S play a vital role in human health. K ensures energy metabolism, membrane
transport, and cardiac contraction. This element is commonly found in food, so severe
deficiencies are virtually non-existent [54]. However, the intake of K in modern diets is well
below the current recommended nutritional requirements, which, according to the World
Health Organization (WHO), is 3510 mg/day [55,56]. A sufficient intake of K is particularly
important because K prevents cardiovascular disease and hypertension, kidney stones, and
osteoporosis [55,57]. The second element, P, is a vital intracellular anion. It participates in
various metabolic processes and serves as a component of cell membranes. In the body,
it is usually found in the form of phosphate (PO4

3-). P is essential in a variety of key
biological molecules, including adenosine triphosphate (ATP) and 2,3-diphos-phoglycerate
(2,3-DPG) [3,58]. Along with Ca, P is crucial for teeth and bone development [59]. Ca
plays also a significant role in cell signaling and biochemical processes [60]. Disruption
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of Ca-P homeostasis leads to skeletal and cardiovascular disorders [61]. Therefore, the
intake of these nutrients should be balanced. However, due to the use of phosphorus-based
food additives, the phosphorus content of food has increased significantly [62,63] and
in the United States, it far exceeds current recommendations for daily intake [64]. On
the other hand, dietary intakes of the least abundant element, S, have decreased as a
consequence of modern agricultural practice [65]. S is a component of important molecules,
such as proteins, enzymes, and vitamins [66]. Hence, because of the high S, K, Ca and
other essential macronutrients content proven in our study, bee products’ consumption is
beneficial for the human body.

Among determined micronutrients, we found Zn to be the most abundant in bee
pollen, royal jelly, and propolis (Table 3). Zn is essential in all types of human tissues.
It serves as a component or an activator of various enzymes involved in more than 300
enzymatic reactions [67]. Zn supplementation may prevent or facilitate the treatment of
depressive illnesses, diarrhea, and, by enhancing immune responses, prevent pneumonia
and viral diseases [68–71]. In addition to Zn, we measured relatively high Fe and Mn levels
in all analyzed bee products. In the available literature, it has been already proven that bee
pollen is an excellent source of Zn and Fe [42,72]. Fe possesses an essential role in several
enzymatic functions, including oxygen transport and oxidative phosphorylation [73]. Fe
deficiency, which is the leading cause of anemia worldwide, affects nearly one-third of
the population [74]. Moreover, the deficit of Fe in infants results in learning and memory
deficits [75]. Mn, similar to Fe, is associated with the activation and synthesis of various
enzymes. It is involved in cellular metabolism regulation, bone mineralization, blood
clotting, and cellular protection from reactive oxygen species (ROS) [76]. For example, Mn
deficiency may result in skeletal abnormalities, dermatitis, deafness, or infertility [77]. To
summarize, our study proved that all studied honeybee products (bee pollen, propolis,
royal jelly) should be considered as a valuable source of both macro- and micronutrients.
However, the levels of particular elements varied significantly between different types of
products (Table S2).

Although bee products are rich in selected micro- and macronutrients, Pohl et al. [78]
have recently reported that not all minerals are bioaccessible for humans after pollen
in vitro digestion. According to the results of that research, Ca and Mg are among the most
accessible elements contained in bee products. However, the bioaccessibility of Zn, Fe, and
Cu may be lower than 40%. In the case of micro- and macroelements, low absorption after
digestion is unfavorable. However, although it has not been investigated, the low elements’
accessibility may also concern toxic heavy metals, and then, it is highly beneficial.

However, it should be kept in mind that elements occurring in natural products may
have toxic effects on the body, even when consumed in small amounts. Taking into account
the therapeutic and nourishing properties of bee products, it is important to know their
contamination. Data from the available literature indicated that honeybee products are
affected by environmental pollution [79]. However, there are scarce data that compare the
inorganic contaminations (including heavy metals) between different bee products. All
bee products contain potentially harmful trace elements and heavy metals, but our study
results indicated significant differences in the degree of heavy metal contamination between
them (Table S2). A clear distinction is observed, especially between the concentrations of
heavy metals in the royal jelly compared to the bee pollen and propolis, which seem to be
contaminated to a greater extent (Table 3). Among the elements with a potentially toxic
effect on the human organism, Al was found at the highest levels in all studied beehive
matrices. The highest Al concentration was observed in propolis, then bee pollen, and
the lowest in royal jelly. Al is commonly found on Earth. However, due to anthropogenic
activities, increasing Al content is observed in food [80]. Al accumulates in the brain,
bones, kidney, and liver [81]. Prolonged exposure to even low levels of Al may lead
to neurodegenerative disorders, such as Alzheimer’s disease [82]. Al can also interfere
with some essential elements, such as Ca, by replacing it and thus affecting the bones’
mineralization [83].
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Contamination of natural food is a serious problem, especially taking into account
increasing environmental pollution. However, there is a lack of up-to-date regulations
concerning bee products. Polish obsolete regulations specified only As, Cd, Cr, and Pb
levels in honey (PN-88/A-77626: 1988), bee pollen (PN-R-78893: 1997), and propolis (PN-
P-77627: 1997). Comparing our results to those regulations, we found that the studied
samples of bee pollen fully met the requirements. However, levels of Cr and Pb in propolis
were overdrawn. Excessive intake of Pb and Cr can lead to serious health consequences.
Pb is toxic for children and adults, causing anemia, hypertension, cognitive deficits, im-
munodeficiency, infertility, bone and tooth development delays, vitamin D deficiency, and
hepatic and renal effects [84,85]. The second element, Cr, although involved in human lipid
and protein metabolism (in a form of Cr3+) [86], is also connected with several pathologies,
including carcinogenic (in a form of Cr6+) [87,88]. Thus, finding these elements in propolis
at excessive levels indicates that bee products must be tested before being released for
consumption or medical use. However, proper regulations should be prepared, considering
all potentially harmful trace elements and heavy metals. The results of our research may
be the first step toward developing appropriate regulations.

The contaminants involved in bee products may arise both from beekeeping prac-
tice and from the environment. Trace elements and heavy metals can be transferred to
honeybees and consequently to their products from all the environmental compartments
(plants, soil, air, and water) in the areas adjacent to the hive [89,90]. The presence of toxic
elements in bee pollen, propolis, and royal jelly is certainly associated with anthropogenic
pollution around the apiaries. Hence, bees and their products can be used for effective
environmental biomonitoring [91,92]. Road traffic and industry have a substantial impact
on environmental pollution with trace elements and heavy metals. Elevated Cr content in
the tested bee pollen samples may come from metal electroplating and metallurgical, paint,
and leather tanning industries. The source of increased Pb levels can be metallurgical and
glass industries. Additionally, Al can come from the cosmetic and pharmaceutical indus-
tries, Ni can come from the steel industry, and Cd can come from metal smelters [93,94].
Cd was also suggested to correlate with Pb contamination [46]. Moreover, heavy metal
ions, such as Pb (II), Fe (III), Hg (II), Cu (II), and Cr (VI), are present in groundwater, which
nowadays is one of the most severe environmental problems [95].

In addition to humans, bees are also affected by toxic heavy metal pollution. The data
gathered from 2012 to 2014 in a pan-European epidemiological study on honeybee colony
losses (EPILOBEE) revealed that bee colony mortality rates reached up to 36% [96]. A
syndrome that is characterized by a sudden loss of worker bees in a colony has been named
Colony Collapse Disorder [97]. A decline in bee colonies number affects all agricultural
activities that rely on these pollinators’ activity [98]. The origin of this loss is undoubtedly
an anthropogenic activity, generating environmental contamination with elevated levels of
toxic elements and heavy metals. In the study of Polish forager bees, Roman [99] reported
that elemental contaminations accumulate in the bees’ bodies to the degree depending on
the industrialization of the region in which they live. Similar relationships were also ob-
served by other researchers from different countries [100–103]. Bees’ exposition to elevated
heavy metals contaminants may affect the expression of genes encoding mainly enzymes
involved in the detoxification metabolism, which indicates the physiological response of
bees toward environmental pollutions [104]. In addition, bees’ acetylcholinesterase levels
have been suggested to correlate with inorganic contaminants [105]. Changes in enzymes
expression may contribute to the disruption of homeostasis in bees, eventually causing
their decline. Moreover, in bees exposed to heavy metals, alterations in feeding behavior
have been observed [106]. Forager bees may reject the resources contaminated with some
elements, such as Cu. On the other hand, they may prefer food moderately contaminated
with Pb. That poses a significant risk to larvae, which are more sensitive to heavy metals
than adult bees [79,106,107]. Feeding the larvae with contaminated resources may cause
the accumulation of metals in their bodies, leading to an increased risk of brood survival
decrease. A reduction in the number of bee colonies is a serious problem that requires
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immediate steps to prevent bees’ extinction. As a first step, it is necessary to assess the
factors influencing bee losses, including the pollution to which bees are exposed in their
natural habitat. Thus, this study’s results may contribute to broadening the knowledge of
the quality of apiaries’ surroundings in west-central Poland. Analysis of the data can help
in deciding on possible ways to prevent bee decline.

Since the raw plant materials that bees use to make pollen may be contaminated to
varying degrees, trace elements and heavy metals content in bee products may depend on
the type of bee product and the kind of plant the bees use to produce it. In our study, we
detected significantly lower concentrations of most elements in royal jelly compared to bee
pollen and propolis. This is probably due to the fact that bee pollen and propolis are made
directly from the pollen and resins of the plants flowering in the area covered by forager
bees. Plants tend to accumulate heavy metals absorbed from the environment, mainly from
water [108]. On the other hand, royal jelly is a pure secretion of bees’ glands. Hence, the
differences in elements content between royal jelly, bee pollen, and propolis may result
from these products’ origins. In central-west Poland, where the samples were collected,
the primary pollen source is annual or biennial plants. Thus, samples of bee pollen used in
our study contained mainly pollen of Phacelia tanacetifolia, Achillea millefolium, Anthriscus
sylvestris, and Brassica napus. These plants, living just for a short period, perfectly reflect
the dynamic changes in the environment’s quality. Therefore, the results of our study may
mirror the current environmental condition. Samples of the same bee product (collected
from the same apiary) show some differences in contaminants levels, which are reflected in
relatively high values of standard deviation (SD). Thus, it may be assumed that both bee
pollen and propolis may be successfully used for biomonitoring.

Several reports presenting the elemental content in bee products collected in different
regions of Earth can be found in the available literature. Temizer et al. [39] analyzed 20
elements in bee pollen collected in Turkey. In the study, the authors found the highest
level of Fe in all pollen samples. In general, the Al, As, Cr, and Fe concentrations found
in the reported research were higher than those in our study. On the other hand, Mn and
Zn levels were higher in samples examined in our research (i.e., pollen samples of Polish
origin). Turkish propolis was also analyzed by Altunatmaz et al. [40], who measured the
concentrations of 12 chemical elements. The concentration values obtained in that study
were in general higher than ours. Only levels of Ni, Pb, Si, and Zn were reported to be
lower than in our research. The comparison of our results with data obtained by Formicki
et al. [41], who analyzed Polish bee pollen and propolis, revealed that our studied samples
contained, in general, lower levels of chemical elements. However, the authors of the
above-mentioned article measured concentrations of only six elements: Cd, Ni, Pb, Fe,
Mg, and Zn, whereas our study involved 24 elements. An explanation for the observed
differences between beehive products may be the origin of the bee pollen and propolis
used in the study. Although the samples in both studies were collected in Poland, our
samples were collected in the Greater Poland Voivodeship in west-central Poland. The
apiary where our samples were collected is located in Góry Złotnickie village. It is a
typically agricultural region. There are fields within a radius of 20 km (mainly rapeseed,
phacelia, and clusters of linden, acacia and fruit trees), as well as uncultivated lands and
meadows. This area is several kilometers away from human settlements. The nearest bigger
city (Kalisz, population c.a. 100,000) is about 20 km away from the apiary. In contrast,
Formicki et al. used samples from Lesser Poland Voivodeship in southern Poland. The
Lesser Poland region is an area of high industrial and agricultural activity. In this province,
heavy metals are the most common and toxic contaminants [109]. Bee pollen was also
analyzed by researchers from other countries, such as Serbia, New South Wales, and Greece
(42–44). In these studies, the concentrations of the selected elements were generally higher
than in Polish samples analyzed by us (see Supplementary Materials).

Polish propolis was also analyzed by Roman et al. [45] but only for Cd, Co, Pb, Zn, and
As content. The concentration of the selected elements in that study was higher than in ours.
This is also probably due to the location of the apiaries—Roman et al. analyzed propolis
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collected from a heavily industrialized region (Lower Silesia Voivodeship). Additionally,
the apiaries were located in the area of Wrocław—a large provincial city. Comparisons
of our study with the literature reports suggest that a higher pollutant content may be
associated with higher industrial and agricultural activity. This observation supports the
assumption that bee products are excellent matrices for biomonitoring.

Comparing our results with the elements’ levels measured in Brazilian propolis [46,47]
indicated lower levels of both nutritional and toxic elements in samples of propolis col-
lected in Poland. In addition, Polish propolis seems to be less contaminated than samples
collected in Spain [48]. However, samples of Macedonian propolis [49] contained lower
concentrations of the selected chemical elements than our beehive products. These notable
discrepancies between the literature reports and our study prove that bee products are
characterized by a high variability (see Supplementary Materials). For this reason, quality
testing of bee products should be performed routinely.

In the available literature, there are very limited data reporting concentrations of
chemical elements in royal jelly. Stocker et al. [50] analyzed royal jelly samples collected in
France. The authors showed higher elemental concentrations in royal jelly than measured
in our study. However, the correlation between the levels of individual elements in the
study of Stocker et al. [50] and our research was comparable. Royal jelly, which is the pure
secretion of bee glands and contains any components taken directly from plants or the
environment, can also serve as a biomonitoring tool. Bees are inextricably linked to the
natural environment. Therefore, both bee secretions and the bee’s whole body can reflect
the degree of environmental pollution [110].

4. Materials and Methods
4.1. Sample Collection

Bee pollen, propolis, and royal jelly samples were harvested directly from hives of Apis
mellifera bees in apiaries located in Góry Złotnickie village (N 51◦87′504′ ′, E 18◦12′431′ ′),
Greater Poland Voivodeship in west-central Poland. Bee pollen and propolis samples
were collected from May 2018 to July 2019 during the summer season. We analyzed three
bee pollen samples collected in 2018 and three collected in 2019 as well as three propolis
samples collected in 2018 and three in 2019. Moreover, pilot tests were conducted using a
royal jelly sample collected in 2019. The samples were stored at – 80 ◦C in the darkness
until analysis.

4.2. Sample Preparation

A microwave-assisted digestion method was used for sample preparation. Mineral-
ization was conducted in closed vessels made of PTFE. The weighed honeybee products
(0.25−0.75 g) were mixed with 10 mL of suprapure grade 65% nitric acid (Merck, Darm-
stadt, Germany). The mineralization temperature was set at 180 ◦C, and the duration was
20 min. After cooling, the minerals were quantitatively transferred to centrifuge tubes
with a capacity of 50 mL, and the volume of the solution was adjusted to the mark with
deionized water. The obtained solutions were filtered through 0.45 µm polypropylene
syringe filters and diluted with deionized water in an appropriate ratio. The pilot tests
and subsequent validation procedures demonstrated that the proposed method of mineral-
ization is effective enough to convert the elements into a form enabling their quantitative
determination.

4.3. Elemental Analysis

A quadrupole ICP-MS 7800 (Agilent Technologies, Tokyo, Japan) was used for the
determination of heavy metals and trace elements (Ag, Al, As, Ba, Cd, Co, Cr, Cu, Mn,
Mo, Ni, Pb, Sb, Se, V, and Zn) in the collected honeybee products. Additionally, ICP-OES
experiments were performed to determine the main elements’ content (Ca, Fe, K, Mg, Na,
P, S, and Si) in the studied beehive products. The assays were performed in accordance
with the requirements of PN-EN ISO 17294-2: 2016-11 standard.
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The methods used were validated in terms of linearity, the limit of detection, the
limit of quantification, precision, and recovery. Calibration curves for each element were
determined from seven calibration solutions analyzed in triplicate. Calibration solutions
were prepared using commercial standard solutions (c = 1000 mg/kg, Merck Darmstadt,
Germany), consistent with NIST standards, and the serial dilution method. The linearity
of the calibration curves was found in the working range of the method for each of the
analyzed elements. The instrumental limits of detection and quantification were estimated
as three times and 10 times the standard deviation, respectively, from the measurements of a
blank sample with the addition of a small amount of standard. Precision was determined by
analyzing real samples representing three tested matrices (propolis, bee pollen, royal jelly).
Each sample was analyzed in seven replicates (the entire analytical procedure starting from
weighing the sample was conducted). Precision values expressed as coefficient of variation
(%RSD) were determined for each type of matrix separately. In the case of unfortified
samples, precision was evaluated only for analytes exceeding the limit of quantification
in the tested samples. Due to some analytes’ low content in real samples, an additional
determination of precision was performed for fortified samples. Precision (%RSD) was
calculated based on three repetitions of each fortified sample. The analysis of the fortified
matrices proved that the applied analytical technique is characterized by high precision
(Supplementary Materials, Table S3). However, higher %RSD values were obtained based
on analysis of unfortified samples. This could be partially explained by some elements’
content in the lower working range of the method (near the limit of quantification). Within
the validation, recovery tests of the fortified samples were also performed. Honeybee
products were fortified (before mineralization) at two concentration levels within the
method’s working range. The percent recovery was calculated according to the equation:

%R = (conc. in fortified sample − conc. in unfortified sample)/(amount of standard added) * 100%

The obtained results were in line with generally accepted requirements, according to
which the recovery values for pollutants present in amounts (m/m) below 0.1% should be
within the range of 75–125%. The detailed values of the method parameters determined
during validation are contained in Supplementary Materials in Table S3. To sum up,
the performed validation experiments showed good linearity, satisfactory precision, and
acceptable accuracy of the applied method.

Elemental analysis of the beehive products was preceded by an analysis of calibration
solutions, based on which a calibration curve is prepared. The matrix of the calibration
solutions corresponded to the matrix of the analyzed samples. In order to eliminate
interferences of matrix origin, an internal standard method was used. The internal standard
solution was introduced in the same amount to all analyzed solutions (calibration solutions,
real samples, quality control samples) using a separate peristaltic pump line. A solution of
Sc, Y and Tb was used as an internal standard. Polyatomic interferences were eliminated
by using a crash chamber with the use of helium as a reaction gas.

4.4. Statistical Analysis

The statistical analyses were conducted using Statistica 13.0 (TIBCO Software Inc., CA,
USA) and the MetaboAnalyst 5.0 [111]. In the first step of univariate statistical analyses,
the Shapiro–Wilk test of normality was applied. Then, to assess the equality of variances,
Levene’s test was used. Variables with normal distribution and equal variances were
subjected to a t-test, whereas variables with normal distribution and not equal variances
were subjected to Welch’s test. For the analysis of variables that were not normally dis-
tributed, the Mann–Whitney U test was used. In all tests, a p-value ≤ 0.05 was considered
statistically significant. Additionally, in order to visualize the differences in the elemental
composition of the analyzed bee products, a multivariate statistical analysis - principal
component analysis (PCA) was conducted. Prior to PCA, autoscaling of the elements’
concentrations were performed.
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5. Conclusions

In the current study, we analyzed one of the broadest ranges of chemical elements
in the selected beehive products. Among the determined elements were macro- and mi-
cronutrients, trace elements, and heavy metals. Therefore, the obtained data contributed
to assessing both nutritional value and levels of inorganic contamination of bee products
collected in west-central Poland. Although bee pollen, propolis, and royal jelly are charac-
terized by different micronutrient and macronutrient content, it is impossible to consider
one product as the best dietary supplement. The choice of a bee product should be tailored
to the condition whose treatment we want to support. It should be borne in mind that apart
from micronutrients and macronutrients, bee products contain other valuable components,
such as proteins, amino acids, lipids, vitamins, and minerals. However, the concentrations
of heavy metals provide us information on the safety of using bee products. The levels of
heavy metals measured in bee pollen and propolis were generally lower than in samples
collected in Poland’s highly industrialized regions. These results suggest that due to the
high variability of the contaminants of bee products from the same country, measurements
should be performed routinely. Moreover, bee pollen samples analyzed in this study seem
to be less contaminated than those collected in Turkey, and propolis examined in this
research contained lower inorganic pollutants than collected in Brazil and Spain. These
results may indicate better environmental quality in the vicinity of apiaries in west-central
Poland. It may also be concluded that honeybees and their products may serve as sensitive
bioindicators, reflecting the degree and dynamic changes of environmental pollution.

Supplementary Materials: The following are available online. Tables S1 and S2. Comparison of
the selected elements’ levels in bee pollen to the available literature data; Table S3. Performance
characteristics of the analytical method used; Figures S1–S17: Bar charts visualizing the differences
between levels (mean±SD) of the selected heavy metals measured in bee pollen and propolis in our
study and by other research teams.
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oriented products: A review. Trends Food Sci. Technol 2018, 71, 170–180. [CrossRef]

53. Tosic, S.; Stojanovic, G.; Mitic, S.; Pavlovic, A.; Alagic, S. Mineral composition of selected serbian propolis samples. J. Apic. Sci.
2017, 61, 5–15. [CrossRef]

54. Demigné, C.; Sabboh, H.; Rémésy, C.; Meneton, P. Protective Effects of High Dietary Potassium: Nutritional and Metabolic
Aspects. J. Nutr. 2004, 134, 2903–2906. [CrossRef] [PubMed]

55. Palmer, B.F.; Clegg, D.J. Achieving the Benefits of a High-Potassium, Paleolithic Diet, Without the Toxicity. Mayo. Clin. Proc. 2016,
91, 496–508. [CrossRef]

56. Guideline: Potassium Intake for Adults and Children; WHO Press: Geneva, Switzerland, 2012.
57. Adrogué, H.J.; Madias, N.E. The Impact of Sodium and Potassium on Hypertension Risk. Semin. Nephrol. 2014, 34, 257–272.

[CrossRef] [PubMed]
58. Kraft, M.D. Phosphorus and Calcium. Nutr Clin. Pr. 2015, 30, 21–33. [CrossRef]
59. Loughrill, E.; Wray, D.; Christides, T.; Zand, N. Calcium to phosphorus ratio, essential elements and vitamin D content of infant

foods in the UK: Possible implications for bone health. Matern. Child. Nutr. 2017, 13, 12368. [CrossRef]
60. Bazydlo, L.A.L.; Needham, M.; Harris, N.S. Calcium, Magnesium, and Phosphate. Lab. Med. 2014, 45, 44–50. [CrossRef]
61. Sun, M.; Wu, X.; Yu, Y.; Wang, L.; Xie, D.; Zhang, Z.; Chen, L.; Lu, A.; Zhang, G.; Li, F. Disorders of Calcium and Phosphorus

Metabolism and the Proteomics/Metabolomics-Based Research. Front. Cell. Dev. Biol. 2020, 8, 576110. [CrossRef]
62. Gutiérrez, O.M. Sodium- and phosphorus-based food additives: Persistent but surmountable hurdles in the management of

nutrition in chronic kidney disease. Adv. Chronic. Kidney Dis. 2013, 20, 150–156. [CrossRef]
63. Gutiérrez, O.M.; Luzuriaga-McPherson, A.; Lin, Y.; Gilbert, L.C.; Ha, S.-W.; Beck, G.R., Jr. Impact of Phosphorus-Based Food

Additives on Bone and Mineral Metabolism. J. Clin. Endocrinol Metab. 2015, 100, 4264–4271. [CrossRef]
64. Calvo, M.S.; Uribarri, J. Public health impact of dietary phosphorus excess on bone and cardiovascular health in the general

population. Am. J. Clin. Nutr. 2013, 98, 6–15. [CrossRef] [PubMed]
65. Parcell, S. Sulfur in human nutrition and applications in medicine. Altern. Med. Rev. 2002, 7, 22–44.
66. Hewlings, S.; Kalman, D. Sulfur and Human Health. Ec. Nutr. 2019, 14, 785–791.
67. Białek, M.; Zyska, A. The Biomedical Role of Zinc in the Functioning of the Human Organism. Pol. J. Public Heal. 2014, 124,

160–163. [CrossRef]

198



Molecules 2021, 26, 2415

68. Penny, M.E. Zinc Supplementation in Public Health. Ann. Nutr. Metab. 2013, 62, 31–42. [CrossRef] [PubMed]
69. Patel, A.; Mamtani, M.; Dibley, M.J.; Badhoniya, N.; Kulkarni, H. Therapeutic Value of Zinc Supplementation in Acute and

Persistent Diarrhea: A Systematic Review. PLoS ONE 2010, 5, 10386. [CrossRef]
70. Lai, J.; Moxey, A.; Nowak, G.; Vashum, K.; Bailey, K.; McEvoy, M. The efficacy of zinc supplementation in depression: Systematic

review of randomized controlled trials. J. Affect. Disord. 2012, 136, 31–39. [CrossRef]
71. Wessels, I.; Rolles, B.; Rink, L. The Potential Impact of Zinc Supplementation on COVID-19 Pathogenesis. Front. Immunol. 2020,

11, 1712. [CrossRef]
72. Serra Bonvehí, J.; Escolà Jordà, R. Nutrient Composition and Microbiological Quality of Honeybee-Collected Pollen in Spain. J.

Agric. Food Chem. 1997, 45, 725–732. [CrossRef]
73. Milic, S.; Mikolasevic, I.; Orlic, L.; Devcic, E.; Starcevic-Cizmarevic, N.; Stimac, D.; Kapovic, M.; Ristic, S. The Role of Iron and

Iron Overload in Chronic Liver Disease. Med. Sci. Monit. 2016, 22, 2144–2151. [CrossRef]
74. Elstrott, B.; Khan, L.; Olson, S.; Raghunathan, V.; DeLoughery, T.; Shatzel, J.J. The role of iron repletion in adult iron deficiency

anemia and other diseases. Eur. J. Haematol. 2020, 104, 153–161. [CrossRef] [PubMed]
75. Fretham, S.J.B.; Carlson, E.S.; Georgieff, M.K. The Role of Iron in Learning and Memory. Adv. Nutr. 2011, 2, 112–121. [CrossRef]
76. Attar, T. A mini-review on importance and role of trace elements in the human organism. Chem. Rev. Lett. 2020, 3, 117–130.
77. Dutta, T.K.; Mukta, V. Trace elements. Med. Updat. 2012, 22, 353–357.
78. Pohl, P.; Dzimitrowicz, A.; Lesniewicz, A.; Welna, M.; Szymczycha-Madeja, A.; Cyganowski, P.; Jamroz, P. Room temperature

solvent extraction for simple and fast determination of total concentration of Ca, Cu, Fe, Mg, Mn, and Zn in bee pollen by FAAS
along with assessment of the bioaccessible fraction of these elements using in vitro gastrointestinal digestion. J. Trace Elem. Med.
Biol. 2020, 60, 126479. [CrossRef]

79. Hladun, K.R.; Di, N.; Liu, T.X.; Trumble, J.T. Metal contaminant accumulation in the hive: Consequences for whole-colony health
and brood production in the honey bee (Apis mellifera L.). Environ. Toxicol. Chem. 2016, 35, 322–329. [CrossRef]

80. Paz, S. Aluminium Exposure through the Diet. Food Sci. Nutr. 2017, 3, 1–10. [CrossRef]
81. Verstraeten, S.V.; Aimo, L.; Oteiza, P.I. Aluminium and lead: Molecular mechanisms of brain toxicity. Arch. Toxicol. 2008, 82,

789–802. [CrossRef] [PubMed]
82. Bondy, S.C. Prolonged exposure to low levels of aluminum leads to changes associated with brain aging and neurodegeneration.

Toxicology 2014, 315, 1–7. [CrossRef] [PubMed]
83. Malluche, H.H. Aluminium and bone disease in chronic renal failure. Nephrol. Dial. Transplant. 2002, 17, 21–24. [CrossRef]

[PubMed]
84. Obeng-Gyasi, E. Sources of lead exposure in various countries. Rev. Environ. Health 2019, 34, 25–34. [CrossRef]
85. Mitra, P.; Sharma, S.; Purohit, P.; Sharma, P. Clinical and molecular aspects of lead toxicity: An update. Crit. Rev. Clin. Lab. Sci.

2017, 54, 506–528. [CrossRef]
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Abstract: Bee products are a well-known remedy against numerous diseases. However, from the
consumers’ perspective, it is essential to define factors that can affect their sensory acceptance. This
investigation aimed to evaluate the volatile and sensory profiles, and sugar composition of beeswax,
beebread, pollen, and honey. According to the HS-SPME/GC-MS results, 20 volatiles were identified
in beeswax and honey, then 32 in beebread, and 33 in pollen. Alkanes were found to dominate in
beeswax, beebread, and pollen, while aldehydes and monoterpenes in honey. In the case of sugars, a
higher content of fructose was determined in beebread, bee pollen, and honey, whereas the highest
content of glucose was assayed in beeswax. In the QDA, the highest aroma intensity characterized as
honey-like and sweet was found in honey, while the acid aroma was typical of beebread. Other odor
descriptors, including waxy, pungent, and plant-based aromas were noted only in beeswax, honey,
and pollen, respectively.

Keywords: aroma composition; bee products; PLS; sugar content; QDA profile

1. Introduction

Honeybee products, including beeswax, beebread, bee pollen, and honey, have been
intensively studied for their efficacy against some diseases [1–4]. However, aroma and
flavor determination is nowadays also an important aspect considering the consumers’
acceptance of varied food products, and thus the potential industrial application of raw
materials in food design. Kaškoniene and Venskutonis [5] collected examples of research
proving that the volatile composition of honey is strictly related to its botanical origin.

Honey is the best-known bee product. It is broadly used in every household and
its consumption has been declared by over 95% of the Polish consumers [6]. Consumers
typically prefer light-colored honey and often choose multiflorous, linden, acacia, rapeseed,
and honeydew honeys [6]. Honey has a very pleasant aroma and sweet taste [7], therefore
it is used to sweeten meals (as declared by about 70% of consumers). An increasing num-
ber of consumers appreciate the therapeutic effects of other bee products with the wide
application in apitherapy, but also their sensorial properties. Bee pollen contains about 250
substances, two-thirds of which are carbohydrates, and ~94% of these carbohydrates are
monosaccharides (mainly fructose, glucose, and sucrose) [8,9]. Moreover, beebread is a
unique product, while beeswax is synthetized from honey sugars and represents a com-
plex mixture of esters, hydrocarbons, free fatty acids, alcohols, and other substances [10].
Beeswax is used in the European Union as a glazing agent, food additive labeled as E901,
and also widely as a carrier for flavors and coatings [11,12]. The bee products, especially
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honey, are often used as meal sweeteners, due to a high content of carbohydrates. The
sugar composition of honey depends mainly on its botanical and geographical origins, and
is affected by climate, processing, and storage [13]. Moreover, the concentration of fructose
and glucose, as well as the ratio between them are useful indicators in the classification of
honey types [14].

Honey and other bee products are used in food technology due to their valuable
chemical composition and sensory characteristics. According to Tomczyk et al. [15], spray-
dried honey can be an additive to isotonic drinks, improving their taste and colour. In
addition to its wide use in the cosmetics industry, beeswax is also used in food technology
to protect ripened cheeses as a polishing agent or edible coating mixed with polylactic-acid
(PLA) [16]. Moreover, the addition of bee pollen improves the nutritional, functional, and
sensory properties of food [17]. The use of bee pollen in white wine production increases
the number of volatile compounds in wine. The addition of up to 1 g/L of multifloral
pollen significantly affects the perception of fruit and floral notes in wines [18].

The collected literature allows us to conclude that beeswax and beebread are the least
characterized of bee products. Therefore, the aim of this research was to study the volatile
and sensorial profiles, and sugar content of beeswax, beebread, bee pollen, and honey of
the same origin and from the same batch.

2. Results and Discussion
2.1. The Profile of Volatiles Compounds in Bee Products

There is only scarce information about the profiles of volatile compounds of bee
products. Most studies dedicated to the volatile profiles refer to honey [19,20]. While, the
research on the characteristics of volatiles in beeswax, bee pollen, and beebread mainly
concern their use as additives, which allows enriching the flavor and aroma profile, and
bioactive properties of various final products [21,22]. Thus, this is the first research present-
ing the profile of volatile compounds of four different bee products (honey, beebread, bee
pollen, and beeswax).

A total of 55 volatile compounds identified in this study are presented in Table 1. They
include 15 alkanes (volatile nos. X1, X2, X3, X4, X5, X6, X7, X8, X9, X11, X16, X17, X18,
25, and 27; refer to Table 1), eight compounds from monoterpenes (nos. 10, 20, 22, 30, 39,
41, X47, and X50), seven alcohols (nos. X23, X29, X33, X38, X43, X51, and X52), also seven
acids (nos. X31, X45, X46, X48, X49, X53, and X55), five aldehydes (nos. X13, X21, X28,
X34, and X37), two esters (X26 and X54), two ketones (24 and 36), and two compounds
from benzenes (nos. X15 and X19), as well as disulfides (compound no. X12), sulfoxides
(X14), furans (X32), oxygenated hydrocarbon (X36), pyrroles (X40), and lactones (X44),
represented by one molecule.

Nonanal (X28), furfural (X32), and benzaldehyde (X37) were detected in all samples
of been products (Table 1). In addition, 2,4-Dimethyl-heptane (X1), 4-methyl-octane (X2), 2-
methyl-nonane (X5), 4-methyl-decane (X7), dodecane (X17), octanal (X21), and tetradecane
(X27) were found in beeswax, beebread, and bee pollen, while, acetic acid (X31) and
hexanoic acid (X49) were present only in beebread, bee pollen, and honey.

As shown in Table 1, the total sum of volatiles was detected within the range of
138.29–267.13 ppm (presented as peak areas). The highest relative content of these com-
pounds was detected in bee pollen (267.13 ± 8.32). However, no statistical differences were
found between bee pollen and beebread (p < 0.05). In contrast, the lowest sum of volatiles
was determined in beeswax (138.29 ± 5.73). The sum of volatiles could be ranked as follows:
Bee pollen ≥ beebread > honey > beeswax. However, the order of the number of volatiles
in bee products was: Bee pollen (33 compounds) > beebread (32) > honey = beeswax (20).
In addition, 2,4-dimethyl-heptane (X1) was the dominant compound in beeswax (18.9% of
total volatile amount) and bee pollen (13.7%). Furthermore, 4-methyl-octane (X2; 13.8%;
p < 0.05) also dominated in bee pollen, while benzaldehyde (X37) had a significantly higher
percent contribution in the volatile profile in honey (26% of total volatiles). In case of the
beebread, four compounds were prevailing, including three from the group of alkenes (X6,
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X9, and X25) and one from the group of furans (X32). These major compounds accounted
for approximately 38% of the total peak area in the beebread. As mentioned above, several
volatiles were found only in one bee product (Table 1). Nine volatiles (X20, X22, X30, X39,
X41, X42, X48, X50, and X53) were only present in honey, six (X14, X23, X26, X34, X47, and
X54) in bee pollen, while, five (X10, X29, X35, X38, and X43) volatiles were only present in
beeswax.

The richest profile of volatiles was detected in the bee pollen (33 volatiles), therefore
they are listed in Table 1. In contrast, a study conducted by Keskin and Özkök [23],
showed only 25 compounds in the bee pollen from Turkey. Tetradecane (X27) was the
common compound identified in the Turkish bee pollen and bee products analyzed in our
study. A small number of volatiles (propanedioic acid, benzoic acid, phenylacetic acid, 1-
dodecene, hexadecenoic acid, 9,12-octadecadienoic acid, 9,12,15-octadecatrienoic acid, and
nonadecanoic acid) were also detected in the bee pollen from Brazil [24]. On the other hand,
the largest number of volatiles (137 compounds) was detected in the bee pollen from the
mid-north region of Brazil [25]. Identification of such a large number of volatile compounds
was feasible due to the use of many extraction methods (micro-hydrodistillation, dynamic
headspace, ultrasound-assisted extraction, and solid phase microextraction). Only the
headspace solid phase microextraction method alone (HS-SPME, a method that was also
used in our study) allowed determining a high number of volatiles (84) in the bee pollen
samples [25]. On the other hand, the compound number detected may be related to the
region from which the samples were collected. The previous studies have also shown a
relationship between the profile of volatile compounds in bee products and their region
of origin [19]. Kaškonienė et al. [26] also found a high number of volatiles (103) in bee
pollen collected in Lithuania. However, only 26 of them were in the amounts exceeding
1% of total volatiles in the sample. The following volatiles detected by these authors in
bee pollen: Hexanal (X13), styrene (X19), benzaldehyde (X37), 6-methyl-5-hepten-2-one
(X24), octanal (X21), (E,E)-3,5-octadien-2-one (X36), nonanal (X28), dodecane (X17), and
1-tridecene (X25) were also identified in our research. One of the main compounds in
the bee pollen from Lithuania was styrene, with the content ranging from 19.6 to 27% of
total volatiles [26]. In our study, its relative content was only 1% of the total volatiles of
bee pollen, which may indicate that bee pollen from Poland may be less contaminated.
According to the available literature, styrene in bee pollen can come from plastic bags [27],
but it may also exist naturally or could be produced during enzymatic synthesis since bee
pollen is produced by bees with the use of their saliva [28].

The bee pollen possessed the richest profile of chemical classes among other bee prod-
ucts (12 from 13 chemical groups). Its volatile profile included 13 alkanes, five aldehydes,
two acids, two benzene derivatives, two ketones, two esters, and one compound from
other groups (sulfoxides, alcohols, pyrroles, furans, lactones, and monoterpenes). The
main chemical group in bee pollen was represented by alkanes (65.5% of total volatiles;
Figure 1). Furthermore, the second most dominant chemical group included acids (11.8%),
followed by sulfoxides (9.3%), and aldehydes (5.4%), whereas the percent contribution of
other groups was below 2%. In comparison, the bee pollen from Brazil contained only two
groups of compounds, i.e., esters (seven compounds) and alkane [24]. The other Brazilian
bee pollen was characterized by compounds from six chemical groups, while thirteen
groups were identified in our study. Brazilian bee pollen was characterized by higher
numbers of esters, ketones, and hydrocarbons, while lower numbers of aldehydes and the
same number of alcohols in comparison to our study. Results of a study by Lima Neto
et al. [25] did not show volatiles from the groups of alkanes, monoterpenes, disulfide, sul-
foxide, benzenes, acids, furans, lactone, and pyrroles in pollen samples. On the other hand,
terpenoids which were detected in the Brazilian bee pollen were not found in bee pollen
from our study. A different number of volatiles detected may result from the botanical
origin [20], time of harvest, and method of extraction [25].
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Figure 1. Chemical classes contribution of volatile compounds detected in bee products.

The next bee product with the high number of volatile compounds (32) was beebread.
It contained 15 alkanes (X1, X2, X3, X4, X5, X6, X7, X8, X9, X11, X16, X17, X18, X25, and
X27), four aldehydes (X13, X21, X28, and X37), five acids (X31, X45, X46, X49, and X55),
two benzenes (X15 and X19), two ketones (X15 and X19), and others (disulfides, furans,
pyrroles, and lactones). The results indicated a high contribution of alkanes in beebread,
representing 47% of all identified compounds, and their 57.7% contribution to the aroma
profile (Figure 1). Volatiles detected in the beebread belonged to nine out of the 13 chemical
groups classified in the bee products. Moreover, it was the only sample from the tested
bee products whose volatile profile was common with the profiles of the other samples,
probably since it is a combination of honey and pollen [3,29]. Furthermore, our study
showed that the volatiles present in bee pollen played a more important role in creating
the profile of volatile compounds of beebread than these of honey.

To the best of our knowledge, there is paucity of data on the profile of volatile com-
pounds in beebread. Results of a study by Kaškonienė et al. [30] also showed 32 volatiles
in beebread from Lithuania. Comparing the beebread from Poland and Lithuania, the
same 11 volatiles (2,4-dimethyl-heptane, nonane, decane, dimethyl disulfide, dodecane,
octanal, nonanal, acetic acid, furfural, benzaldehyde, and hexanoic acid) were present in
both samples. As mentioned above, the main compounds in beebread in our research were
decane (X6), furfural (X32), 2,6,11-trimethyl-dodecane (X9), and 1-tridecene (X25), each
contributing approximately 9% to the total volatiles (Table 1). However, the beebread from
Lithuania had high contents of dimethyl sulphide, 1-heptadecene, acetic acid, nonane, and
furfural, accounting for 20.0%, 13.9%, 13.4%, and 9.8% of the total volatiles, respectively [30].
Furfural was detected in the samples from Lithuania and Poland. Moreover, its content
in both beebreads was the same (9.8% of the aroma profile). It is common knowledge
that the furfural concentration is associated with the heat treatment [31], therefore, the
high contribution of this compound may depend on the extraction method (SPME). The
next compound with a high contribution in the beebread from Lithuania was acetic acid.
However, its content in the sample from Poland was lower by 6.3%. The source of acetic
acid in beebread is unknown, but there are two possibilities. As mentioned above, the
beebread is a mixture of honey and bee pollen, which undergoes fermentation by enzymes
of the bee’s saliva and Lactobacillus [32], resulting in the formation of acetic acid. On the
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other hand, acetic acid—as a biological metabolic intermediate—occurs naturally in plant
juices [33], which may also be collected by bees.

In honey, we identified 20 compounds in total, including: six acids (X31, X45, X48, X49,
X53, and X55), six monoterpenes (X20, X22, X30, X39, X41, and X50), three volatiles from the
group of alcohols (X33, X51, and X52), two aldehydes (X28 and X37), and one compound
from each of the following groups: Disulfides (X12), furans (X32), and lactones (dihydro-
4-methyl-2(3H)-furanone). These results concerning the detected chemical families are
consistent with findings reported by other authors [20]. On the other hand, a recent
study demonstrated a higher number of volatiles (42 compounds) in honey from China,
which included 14 aldehydes, 12 ketones, seven alcohols, three acids, three pyrazines, one
ether, one ester, and one terpene [34]. In Polish honey, we did not detect volatiles from
ketone, pyrazine, ether, and terpene groups, but were identified compounds from groups
of: Monoterpenes, disulfides, and furans, which were not detected in the Chinese samples.
Moreover, the other research also showed more volatiles (60) detected in unifloral Chinese
kinds of honey [35].

The contribution of the sum of aldehydes in the honey accounted for over 27%.
However, the contribution of monoterpens was higher than that of aldehydes and was
estimated at 29% (Figure 1). In the case of acids, the major compound was 2/3-methyl-
butanoic acid accounting for 51.5% and 7.4% of the total acids and volatiles, respectively.
The major monoterpene turned out to be linalool, which accounted for 49.4% and 14.3%
of total monoterpenes and aroma profile, respectively. However, the results presented in
Table 1 indicate that the major volatile in the honey was benzaldehyde. Its contribution in
the tested sample was approximately 26% of the total volatiles. Moreover, it was present
in all bee products, with the highest relative content detected in honey, being higher by
88.5%, 89.4%, and 91.8% than in bee pollen, beebread, and beeswax, respectively (Table 1).
Furfural was also present in the honey in a relatively high amount (18.4% of peak areas).
It was also detected in the bee pollen, beebread, and beeswax, while as in the case of
benzaldehyde, the highest contribution of this compound was determined in honey.

The composition of volatiles of beeswax was significantly different than the profile of
volatile compounds in honey, bee pollen, and beebread (Table 1). The HS-SPME-GC/MS
analysis showed the presence of only five of the thirteen classes of chemical compounds
detected in bee products. As mentioned above, a total of 20 compounds were identified
in beeswax, including eight alkanes (X1, X2, X3, X5, X7, X17, X18, and X27), six alcohols
(X29, X33, X38, X43, X51, and X52), four aldehydes (X21, X28, X35, and X37), and another
two volatiles containing one monoterpene (X10) and one furan (X32). In the beeswax, the
alkanes were the dominant group of compounds with 54.1% of contribution to the aroma
profile (Figure 1). The next group of volatiles was aldehydes, which accounted for 37.1%
of the aroma profile. Moreover, alcohols with the higher number of compounds (6) than
aldehydes (4) were characterized by a lower contribution (5.0%) to the sum of volatiles
detected in beeswax. The beeswax had the highest content of 2,4-dimethyl-heptane (18.9%
of total peak area). Moreover, octanal and nonanal were the major contributors to the
volatile composition in beeswax, accounting for 13.4% and 11.0%, respectively. On the other
hand, the content of 4-methyl-decane (X7), α-pinene (X10), nonadecane (X18), tetradecane
(X27), 1-heptanol (X29), furfural (X32), 2-ethyl-1-hexanol (X33), benzaldehyde (X37), 1-
octanol (X38), 1-nonanol (X43), benzyl alcohol (X51), and phenylethyl alcohol (X52) were
below 3.2%. Although beeswax is a precious product and its aroma is one of its incredibly
privileged properties, unfortunately, only one team has undertaken an attempt of analyzing
the profile of its volatile compounds so far. The study by Ferber and Nursten [36] showed
the presence of 48 volatiles, divided into four different chemical classes. The larger number
of volatile compounds identified in the above cited study compared to our research was
due to the fact that the cited authors used two columns of different polarities. Moreover,
the composition of beeswax is influenced by the genetic determinants of the bee colony
and environmental factors [37].
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2.2. Sugar Contents in Bee Products

The results of the sugar content analysis in bee bread, bee pollen, beeswax, and honey
are provided in Table 2. Fructose, glucose, and sucrose contents were determined, and
the total sugar content and fructose/glucose (F/G) ratio were calculated, as well. Glucose
and fructose were the major components in the investigated bee products. The highest
total sugar content was determined in honey (54.02 g/100 g), then pollen (25.63 g/100 g),
and bee bread (16.81 g/100 g), and the lowest one in beeswax (2.09 g/100 g). Glucose
and fructose contents in honey were lower than these noted by Szczęsna et al. [38] for
rape honey, i.e., 37.6 and 37.3 g/100 g, respectively. Fructose, with the mean content of
35.91 g/100 g, followed by glucose, with the mean content of 35.00 g/100 g, were also
detected in floral honey samples in the study by Kirs et al. [39]. The differences in sugar
content could be related to the various floral/geographical origin of honey from the cited
and our study. However, the range of glucose and fructose contents determined in our
study were similar to those presented for multifloral light honey [40]. Moreover, the
analyzed honey met the requirements set out in the European regulations concerning the
sum of fructose and glucose. Furthermore, the honey sample did not exceed the permissible
levels for sucrose [11,41]. Only a low content of sucrose was detected at 0.10 g/100 g for
honey, at 0.11 for beebread, and at 0.01 for bee pollen. No sucrose was reported in beeswax
in our study. This is in agreement with the data reported by Bertoncelj et al. [42], who
determined the contents of sucrose in bee pollen only in the range of 0.05–0.28 g/100 g.

Table 2. The content of sugars (fructose, glucose, and sucrose at the level of g/100 g), total amount of
sugars, and fructose/glucose ratio (F/G) determined in bee products.

Bee Products

Sugar [g/100 g]

Fructose Glucose Sucrose TOTAL
Amount of Sugars F/G Ratio

Beeswax 0.06 ± 0.00 d 2.03 ± 0.14 d - 2.09 0.03
Beebread 11.58 ± 0.12 c 5.12 ± 0.33 c 0.11 ± 0.00 a 16.81 2.26

Bee pollen 14.06 ± 0.01 b 11.56 ± 0.43 b 0.01 ± 0.00 b 25.63 1.22
Honey 27.60 ± 0.48 a 26.32 ± 0.49 a 0.10 ± 0.01 a 54.02 1.05

Values were presented as mean ± standard deviation. Values followed by different letters in the same column are
significantly different (p < 0.05), as determined by Tukey’s multiple comparison test.

The fructose/glucose (F/G) ratio is a standard parameter launched in many research
dedicated to bee products. Therefore, the F/G ratio was also examined in our study and
ranged from 2.26 (in beebread) to 0.03 (in beeswax) (Table 2). Its highest value was noted
in beebread, followed by bee pollen (F/G = 1.22). This data is similar to those reported
by Martins et al. [43] and Kalaycıoglu et al. [44], who calculated the F/G ratio in the
range of 1.01–2.24 for bee pollen from Brazil, and in the range of 1.12–2.53 for bee pollen
from Turkey, respectively. The F/G of honey analyzed in our study reached 1.05 and was
similar to that noted by Szczęsna et al. [45] and Kirs et al. [39]. Moreover, Kirs et al. [39]
emphasized that the F/G ratio could be a good indicator of honey origin. They reported
that the mean F/G = 1.03 could be a marker of floral honey, which is correct in the context
of our multiflorous honey. The lowest F/G value was determined for beeswax, since
its major sugar is glucose, which is less sweet than fructose. Therefore, the content of
sugars is important not only from the viewpoint of product authenticity, but also regarding
consumer acceptance, as consumers definitely prefer more sweet products (in both taste
and aroma).

2.3. QDA Profile of Bee Products in the Aspect of Color and Odor Quality

The QDA method of sensory profiling has already been used to determine the prop-
erties of honey samples [46,47]. The crucial points in this method include an appropriate
training of the sensory panel and the choice of descriptors and standards related to them.
Therefore, in the primary step, panelists prepare definitions of odor terms and choose
reference materials, which help them identify the selected odors. In this case, honey-like
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was defined as an aromatic impression related to honey, and the standard used in this case
was an essence on the tissue paper le nez du café no. 19 honeyed; sweet was described as a
delicate sweet note characteristic of cotton candy (cotton candy); acid as an odor associated
with organic acid, e.g., organic acids (lemon slice); pungent as an intensive odor of spices
(black pepper); waxy as an odor characteristic of beeswax (beeswax); and plant-based as
an odor related to plant material.

The results of QDA are presented in Figure 2. According to the scores given by the
sensory panel to the color of bee products, beeswax was the less yellow product with a
value of 3.53 arbitrary units (au), in comparison to beebread (9.00 au), honey (7.00 au), and
bee pollen (5.00 au). Moreover, the sensory panel identified six odor descriptors for bee
products: Honey-like, sweet, acid, pungent, waxy, and plant-based. Honey received the
highest score for honey-like odor (2–3 times higher compared to beeswax and beebread),
and had the sweetest aroma compared to the other bee products. This result is in agreement
with findings from our previous study (data not published), indicating that multiflorous
honey possesses the sweetest and honey-like odor compared to other types of honey.
Castro-Vázquez et al. [46] defined the main honey descriptors as floral and fruity. However,
they can be contributed to sweet and honey-like sensory markers. In the bee pollen,
panelists did not note the honey-like aroma, but its aroma was described using attributes
of sweet, acid, and plant-based. Moreover, Sipos et al. [48] characterized the aroma of
bee pollen as sour/acid at the same level as in our study. Furthermore, in the present
study, beebread exhibited the highest intensity for the attributes of acid aroma, whereas
in beeswax acidity was not recognized at all. Other odor descriptors, including waxy,
pungent, and plant-based were noted only in beeswax, honey, and pollen, respectively. The
waxy in beeswax and plant-based in pollen received the high scores of 6.00 and 5.80 au,
respectively, which might be deemed sensory markers of these two products.
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In a future perspective, the sensory analysis could be helpful to choose bee products
with the highest rate of aroma notes and with high consumer acceptability. Therefore,
the sugar content and profile of volatile compounds could be correlated with sensory
descriptors of bee products. The relationship between each analysis is described in the next
step of this manuscript—the PLS analysis.

2.4. The PLS Analysis

The partial least squares (PLS) analysis was performed to evaluate the overall asso-
ciation between the bee products, aroma compounds, and sensory descriptors (Figure 3).
The analysis performed explained 80.9% of the total variation. Beebread was located
on the top left and was positively associated with one sensory descriptor (acid odor)
and eleven volatiles (3,8-dimethyl-decane, 2,6,11-trimethyl-dodecane, hexanal, 1-(3,3-
dimethylbutyl) benzene, 2,6,10-trimethyl-tetradecane, 6-methyl-5-hepten-2-one, acetic acid,
(E,E)-3,5-octadien-2-one, 1-ethyl-1H-pyrrole-2-carbaldehyde, butyrolactone, and 2-methyl-
hexanoic acid). Most of the compounds that correlated with beebread were characterized
by green, fruity, citrus-like, and/or pungent aroma. Moreover, bee pollen was located
in the upper left quadrant, and was moderately correlated with one volatile compound
(5-methyl-decane). On the other hand, honey was located on the top right. It was posi-
tively correlated with twelve volatile compounds (o-cymene, p-cymene, cis-linalool oxide,
furfural, benzaldehyde, linalool, hotrienol, dihydro-4-methyl-2(3H)-furanone, 2/3-methyl-
butanoic acid, p-cymene-8-ol, 3-methylvaleric acid, and heptanoic acid), but mostly with
nonanoic acid. Moreover, honey was positively correlated with the sensory descriptor of
pungent odor, which may be positively influenced by the presence of o-cymene, p-cymene,
cis-linalool oxide, benzaldehyde, linalool, hotrienol, dihydro-4-methyl-2(3H)-furanone,
2/3-methyl-butanoic acid, p-cymene-8-ol, 3-methylvaleric acid, and heptanoic acid, and
positively correlated with the concentration of sugars, but mostly with glucose. The highest
correlation was achieved between waxy odor and molecules of α-pinene, octanal, nonanal,
1-heptanol, 1-octanol, and 1-nonanol, while a lower correlation was observed in the case of
waxy odor and nonane. Honey and beebread were positively correlated with furfural (they
had the highest content of this compound). The aroma compounds, including 2-penten-
1-ol, 2-propenyl 2-propenoic acid ester, (E,E)-2,4-heptadienal, verbenone (I), 2-propenoic
acid, 3-phenyl-methyl ester, and 5-methyl-decane, were highly correlated with the plant-
based note, whereas hexanoic acid was positively associated with acid odor. Moreover, a
high correlation was observed between honey-like and sweet aroma with the phenylethyl
acid, which has a characteristic floral note. Another correlation was observed between
2,6-dimethyl-nonane and yellow color. It can be concluded that the sugars were highly
correlated with volatile compounds (Figure 3). Sucrose, fructose, and glucose were highly
correlated with the 2,6-dimethyl-nonane, dimethyl disulfide, and nonanoic acid, respec-
tively. Furthermore, a positive correlation was noted between sugar content and pungent,
honey-like, and sweet odor.

In addition, some correlations were observed between individual aroma compounds.
A high correlation was demonstrated between 4-methyl-octane, 4-methyl-decane, and
tetradecane, all being alkanes. The next group of positively correlated volatiles included
2,4-dimethyl-heptane, 2-methyl-nonane, and dodecane, which were also representatives
of alkanes. It should be noticed that the sensory attributes can by no means be associated
with an individual aroma compound. The unique sensory characteristics of the studied
bee products were attributed to the superimposed and synergistic effects of volatile com-
pounds [49], which in the case of bee products correspond mostly to the botanical and
geographical origin [19,20].
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Figure 3. PLS correlation analysis of samples, between aroma compounds and sensory attributes; X1–X55 represent the
number of compounds identified in the bee products (Table 1).

3. Materials and Methods
3.1. Chemicals and Reagents

The mix of C6-C30 n-alkanes, D-(+)-glucose, D-(−)-fructose, sucrose, methanol, ace-
tonitrile, and water was purchased from Sigma-Aldrich (St. Louis, MO, USA).

3.2. Research Material

Beeswax, beebread, bee pollen, and multiflorous honey were obtained from the same
apiary from the Kujawy region (central of Poland) by a professional beekeeper. The samples
were collected in 2019, packed in polypropylene bags, and kept refrigerated at 4 ◦C before
analyzed.

3.3. Determination of Volatile Composition of Bee Products

The volatile analysis of bee products was carried out by the headspace solid phase
microextraction gas chromatography mass spectrometry (HS-SPME GC/MS) according
to the method developed by Plutowska et al. [50] with some modifications. Therefore,
2 g of each bee product were weighed into a 20-mL vial. The vials were placed on an
Eppendorf agitator/heater (Germany), shaken and heated (40 ◦C, 50 min, 600 rpm), and
then the volatiles were allowed to absorb onto the SPME fiber for 15 min at 50 ◦C (without
shaking). A 50/30 µm stable DVB/CAR/PDMS fiber (Supelco, Bellefonte, PA, USA) was
used. The injection was done manually. Thus, the SPME fiber was introduced into the
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chromatograph injection port (splitless mode), where the analytes were desorbed at 250 ◦C
for 5 min and transferred onto a capillary column (DB-WAX, 30 m, 0.25 mm × 0.50 µm).
The analyses were performed using a gas chromatograph (Agilent Technologies 7890A
GC system, Santa Clara, CA, USA) coupled to a mass spectrometer (Agilent Technologies
5975C VL MSD system, Santa Clara, CA, USA). The temperature was initially set to 40 ◦C
and held for 5 min. Then, it was increased to 200 ◦C and held for 1 min. Finally, it was
increased to 240 ◦C and held for 5 min. In the method, helium was used as the carrier gas
with a constant flow rate of 1 mL/min.

The analyses were carried out in triplicate. The compounds were identified by com-
paring the obtained linear retention indices, retention times, and mass spectra with data
from the Wiley Registry 7th Edition Mass Spectral Library (Wiley and Sons Inc., Weinheim,
Germany) and the National Institute Standards and Technology (NIST) 2005 Mass Spec-
tral Library. Linear retention indices (LRIs) were calculated using the C6-C30 n-alkanes
mix (Sigma-Aldrich, MO, USA). The results were presented as the total peak area of the
individual compounds identified in the database.

3.4. Determination of Sugar Content in Bee Products

About 0.5 g of bee product samples were dissolved in 5 mL of 70% methanol. Thus,
the prepared solutions were boiled for 15 min. Afterwards, the samples were cooled to
room temperature and next filtered through a PTFE syringe filter (pore size 0.45 µm).
Additionally, before analysis by high performance liquid chromatography (HPLC), the
sample was centrifuged (MPW-260R, Poland) for 10 min (7500 RPM) [51].

The contents of glucose, fructose, and sucrose were determined using a Sykam
apparatus (Fürstenfeldbruck, Germany) equipped with a refractometric detector (RI)
from the same manufacturer. The separation was carried out on a Cosmosil Sugar-D
250 × 4.6 column (Nacalai Tesque, INC; Kyoto, Japan) at 35 ◦C. The mobile phase con-
sisted of acetonitrile and water (75:25, v/v), while, the elution was carried out in an isocratic
gradient by 15 min with a flow rate of 1 mL/min. Sugars were identified based on the
retention times of the available standards, and their contents were calculated based on the
concentration of the respective standard and expressed as g/100 g sample [52].

3.5. Quantitative Descriptive Analysis (QDA) of Bee Products

The sensory quality of honey products, including beeswax, bee bread, pollen, and
honey, was evaluated by the QDA method, according to ISO standard [53]. The assessment
was carried out by a sensory panel (six persons–five women and one man) previously
selected, trained, and monitored according to the ISO guidelines [54]. The panel determined
the list of all descriptors of aroma and appearance for the evaluated samples. There were
six attributes of odor (honey-like, sweet, acid, pungent, waxy, and plant-based) and one
attribute of appearance–color, which was defined as a yellow color intensity according to a
color pattern RAL 075 80 60—scale value 5 with light–dark scale edges. The attributes of
odor had non intensive–very intensive scale edges.

The assessments were carried out at a sensory laboratory room, which fulfils the
requirements of the ISO standards [55]. The sensory laboratory was a temperature and
humidity-controlled room (21 ◦C, 40%), equipped with 10 individual boxes, computers, and
appropriate lighting. A computerized sensory program FIZZ (Biosystemes, Counternon,
France) was used for the evaluations, and for collecting results, followed by their statistical
analysis and graphical presentation.

3.6. Statistical Analysis

The data are presented as mean values ± standard deviations of triplicate measure-
ments. The differences between samples were analyzed by a one-way ANOVA with
Tukey’s multiple comparison test (p < 0.05) using STATISTICA 13.0 (StatSoft Inc., Tulsa,
OK, USA).
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The data from the sensory analysis was evaluated using FIZZ (Biosystemes, Coun-
ternon, France). Then, the ANOVA was conducted to determine which sensory attributes
were statistically significant, and Tukey’s test was performed to show similarities and
differences between the investigated products assessed by the sensory panel.

PLS was fitted with the use of “plsdepot” package in R (version 4.0.4, R Foundation
for Statistical Computing, Vienna, Austria).

4. Conclusions

As already mentioned, this is the first study characterizing the composition of volatile
compounds in four different bee products (beeswax, beebread, bee pollen, and honey)
collected in the same batch. The conducted study showed that each bee product possessed
its own unique profile of volatiles. However, the volatiles present in bee pollen played
an important role in creating the volatile compound profile of beebread. The bee pollen
was characterized by the highest number of volatiles, when compared to the other bee
products. Alkanes were the main compounds detected in the bee products (except for
honey). Three volatile compounds (nonanal, benzaldehyde, and furfural) were present in
all samples of beeswax, beebread, bee pollen, and honey. Moreover, the major volatiles in
beeswax were 2,4-dimethyl-heptane, octanal, nonanal, and 4-methyl-octane; in beebread:
Decane, 1-tridecane, and furfural; in bee pollen: 2,4-dimethyl-heptane, 4-methyl-octane,
decane, acetic acid, and 5-methyl-decane, whereas in honey: Benzaldehyde, furfural, and
linalool. Thereby, the content of sugars, color, and odor descriptors such as honey-like,
sweet, and pungent, were positively correlated only in honey. Beeswax was related to a
waxy odor, bee pollen to a plant-based aroma, and beebread to an acid aroma. Therefore, it
can be concluded that the volatile profile as well as sugar content, and furthermore sensory
analysis depend on the stage of their processing by bees. Moreover, the characteristic of the
volatile and sensory profiles and sugar content in the bee products can help the broader
use of these products in the food industry to develop new functional foods.
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Abstract: Bees and their products are useful bioindicators of anthropogenic activities and could
overcome the deficiencies of air quality networks. Among the environmental contaminants, mercury
(Hg) is a toxic metal that can accumulate in living organisms. The first aim of this study was to
develop a simple analytical method to determine Hg in small mass samples of bees and beehive
products by cold vapor atomic fluorescence spectrometry. The proposed method was optimized
for about 0.02 g bee, pollen, propolis, and royal jelly, 0.05 g beeswax and honey, or 0.1 g honeydew
with 0.5 mL HCl, 0.2 mL HNO3, and 0.1 mL H2O2 in a water bath (95 ◦C, 30 min); samples were
made up to a final volume of 5 mL deionized water. The method limits sample manipulation and
the reagent mixture volume used. Detection limits were lower than 3 µg kg−1 for a sample mass
of 0.02 g, and recoveries and precision were within 20% of the expected value and less than 10%,
respectively, for many matrices. The second aim of the present study was to evaluate the proposed
method’s performances on real samples collected in six areas of the Lazio region in Italy.

Keywords: bees; beehive products; biomonitoring; cold vapor atomic fluorescence spectrometry;
sample preparation; toxic metal

1. Introduction

Mercury (Hg) is an ubiquitous and toxic metal that continues to be a public health
concern [1–3]. It is released into the environment from both natural and anthropogenic
sources [4]. Mercury is present in the atmosphere as an elemental form (Hg0) and it is
accumulated through the terrestrial and aquatic food webs as an organic form (methylmer-
cury) [5,6]. Although Hg is associated with several adverse human health effects [7], it is
still widely used in the chloralkali industry, for gold mining, and the production of dental
amalgam, batteries, pesticides, fungicides, disinfectants, and antiseptics [8]. Because of the
mentioned toxic properties, Hg monitoring in food and environmental samples is essential
in order to perform reliable risk assessments and take appropriate actions to protect human
health and the environment [9]. According to the current air quality directives in Europe,
industrial activities must reduce Hg emissions by implementing control programs and
integrated pollution prevention and, at the same time, by improving air quality assessment
and monitoring programs [10–13]. Mercury in the atmosphere is mainly assessed by mak-
ing punctual measurements with manual or automated air quality monitoring stations [14]
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and applying standardized methodologies, based on current legislation [10]. However,
due to the high costs, the monitoring networks for Hg pollution assessment are still char-
acterized by low temporal (generally on an annual basis) and spatial coverage [15]. For
the above reasons, there is growing interest in alternative air monitoring techniques such
as plant, insects, lichens, and mosses that can provide reliable time-integrated estimates
of air pollution in a given area at low cost [16–22]. In particular, bees and their products
such as honey, propolis, and pollen have been proposed as bioindicators of environmental
Hg contamination [23–25]. The assessment of Hg levels in bee products is important not
only for their use as possible bioindicators for environmental contamination purposes, but
also for the potential human exposure due to their dietary, pharmaceutical, and cosmetic
use [26–30].

Mercury has been studied in honey samples by several authors [24,25,31–42], whereas
limited literature data are available regarding the Hg determination in beeswax [42],
pollen [24,25,39,41,43,44], propolis [24,45–47], and bees [24,25,31,39,47–49]. Microwave-
assisted digestion is the most commonly used technique for preparing bee samples and
hive products [32,35,42–44]. However, the microwave-assisted digestion method requires
certain sample masses and reagent volumes, often leading to high final dilution factors
and a consequent increase in the method detection limits [25,50]. In contrast, some authors
have miniaturized digestion of honey, pollen, and/or bees by heating them in a heat block
(80–100 ◦C) and using very small reagent volumes [25,33]. Throughout the literature,
many studies have quantified Hg concentrations in bees and beehive product matrices
with atomic absorption spectroscopy [38] and inductively coupled plasma–mass or optical
emission spectrometry (ICP-MS or ICP-OES, respectively) [25,32,40–43,49], often coupled
to cold vapor generation (CV) for matrix separation [24,33–35,37,44,45], electrothermal
atomic absorption spectrophotometry [47], and direct Hg analysis using automated com-
mercial instruments such as the advanced mercury analyzer (AMA) [36,39,46] or direct
mercury analyzer (DMA) [37,48]. CV atomic fluorescence spectrometry (AFS) is a good
alternative for total Hg determination, and has been commonly employed for the analysis
of several biological and environmental matrices [51], food [52], and human bodily fluids
and tissues [53–55]. Despite this, CV-AFS has rarely been applied for the determination of
Hg in honey [35], and, to the best of our knowledge, this technique has not been applied in
bees and other beehive products.

This study aimed to miniaturize the sample digestion of bees and beehive products to
achieve accurate and reproducible results with low detection limits for Hg determination
by CV-AFS. The proposed analytical method was applied to commercial honeydew and
royal jelly samples and bees, honey, beeswax, pollen, and propolis samples collected from
six central Italy areas were characterized by different exposure to environmental pollution.

2. Results and Discussion
2.1. Comparison with Previous Methods

The analytical characteristics comparison of the method proposed in the present
study with others already developed for Hg determination in bee and beehive product
samples is shown in Table S1. In this study, the sample digestion was miniaturized by
reducing all volumes and masses to allow sample preparation in one disposable test
tube. This prevented sample loss due to the transfer in different tubes and minimized
possible contamination. In addition, the use of smaller volumes of reagents allows for
a lower final dilution factor (5×), and lower method detection limit (DL) and decreases
the consumable and chemical waste generated, meeting the ever-increasing demand to
comply with green chemistry requirements. The dilution factor, together with the sample
mass, the reagent purity, and the chosen instrument, can affect the Hg DL in bees and
beehive products, where this metal is generally present in low concentrations. To decrease
the method DL, the sample mass can be increased, but sometimes this is not possible
(such as for bees or specific pollen). Furthermore, if the analytical method requires sample
digestion, the increase in sample mass must necessarily be accompanied by an appropriate
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volume of reagents to ensure complete sample digestion. Even for methods that do not
require sample pre-treatment such as AMA or DMA (Table S1), the sample mass cannot be
randomly increased to ensure complete drying, ashing, and atomization of the sample. In
addition, amounts larger than 100 mg of sample can produce a build-up of combustion
gases, resulting in a rapid increase of pressure in the furnace [37]. In the literature (see
Table S1), some studies have used a large final dilution of bees and beehive product samples
(25–50×) [24,33,35,36,40,41,44,47,49] to reduce the acidity of the final digest, sometimes
compromising the Hg determination. For this purpose, in this study, various sample
aliquots (0.05–1 g for honey and honeydew, 0.02–0.2 g for bees, beeswax, pollen, propolis,
royal jelly) were digested at the maximum temperature of 95 ◦C, considering two different
times (30 or 60 min) and using the smallest amount of reagent mixture (0.5 mL HCl, 0.2 mL
HNO3, and 0.1 mL H2O2) to employ the smallest dilution factor final (5×). The choice
of acid and oxidizing agent (HNO3 and H2O2, respectively) is widely agreed by most of
the literature for the selected matrices [24,25,33,35,36,38,41,42,44,47–49], while HCl was
selected according to the manufacturer’s recommendations.

The proposed sample preparation also appears to be the fastest procedure (digestion
time, 30 min for 120 samples or more) compared to the other sample treatments reported in
the literature [25,33,40–42,44,47] (Table S1), resulting in being suitable for routine analysis
with high sample throughput and biomonitoring. However, it should be noted that possible
volatile Hg species such as organometallic compounds or metal nanoparticles could be lost
during digestion due to their volatilization.

The analytical characteristics of the proposed method are detailed in the following
sections.

2.2. Linearity and Selectivity

The linearity and selectivity of the proposed method were evaluated by preparing
calibration curves in aqueous [3% (v/v) HCl and HNO3] standards and using the standard
addition method at Hg concentrations of 0.00, 0.02, 0.04, 0.1, 0.2, 0.4, 0.8, 1.0, and 1.5 µg L−1.
Digested samples of each matrix (20 mg) were diluted to reach the same acid ratio as
the aqueous standard solutions and used to create calibration curves with the standard
addition method. The linearity ranges from 0.02 to 1.5 µg L−1 were checked through the
linear regression coefficient (R2) and verified by the Mandel fitting test. Calibration curve
points with percent relative deviation ≥10% from calculated concentrations were tested
and removed using the instrument software. The parameters of the calibration curves after
the outliers’ removal are presented in Table 1. Data of the calibration curves using aqueous
standards were obtained by nine independent replicates. The dynamic range was compared
with that of other previously published methods (Table S1). In particular, CV-AFS allows
for the determination of Hg in a wide range of concentrations, showing a dynamic range
greater than that possible with other techniques such as CV-AAS, ICP-OES, and DMA. The
matrix effect was evaluated by comparing the slopes of the calibration curves obtained
from aqueous standards and the standard addition method (Table 1). Most of the results
showed good data dispersion; however, some standard deviation values were of the same
order of magnitude as the intercept data, generating a large statistical uncertainty on
these data. The t-test at a 95% confidence level was used to evaluate possible significant
differences between the angular coefficients of the calibration curves, in accordance with
previous studies [25,37,56]. There were no apparent matrix effects between the aqueous
and standard addition calibration curves. Thus, these results agree with those obtained for
bees, honey, and pollen by other authors [25,37].
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Table 1. Comparison of calibration curve parameters for Hg determination by cold vapor atomic fluorescence spectrometry
(CV-AFS).

Calibration Standards
Parameter a

a s(a) b s(b) R2

Aqueous standards 9.68 × 10 9.68 × 10 1.86 × 104 1.16 × 103 0.999
Bee-addition standards 1.32 × 102 3.14 × 10 1.64 × 104 2.30 × 103 0.999

Beeswax-addition standards 7.65 × 10 1.05 × 10 1.71 × 104 2.22 × 103 0.999
Honey-addition standards 1.07 × 102 1.34 × 102 1.61 × 104 2.05 × 103 0.999

Honeydew-addition standards 1.38 × 102 8.58 ×10 1.65 × 104 1.78 × 103 0.999
Pollen-addition standards 1.30 × 102 3.73 × 10 1.62 × 104 2.07 × 103 0.998

Propolis-addition standards 3.85 × 102 2.50 × 102 1.76 × 104 1.40 × 103 0.999
Royal jelly-addition standards 7.65 × 10 1.05 × 10 1.80 × 104 9.19 × 102 0.998

a a, intercept; s(a), standard deviation of intercept; b, slope; s(b), standard deviation of slope; R2, correlation coefficient.

2.3. Detection and Quantification Limits

The DL was calculated based on the calibration curve using software prepared by the
Regional Agency for Environmental Protection [57]. Therefore, the DL can be expressed
as DL = 3.3 σ/b; where the coefficient 3.3 is called the expansion factor and is obtained
assuming a 95% confidence level; σ is the standard deviation of the response of the curve;
and b is the calibration curve slope. The reached DL of 0.01 µg L−1 for aqueous calibration
confirmed the excellent sensitivity of the proposed method. The QL was set at the lowest
standard curve points of calibration, which was 0.02 µg L−1. The DL and QL varied
depending on the mass of the analyzed matrix and dilution required before analysis (in
this study, 5×). In particular, for a mass of 0.02, 0.05, 0.1, 0.2, and 1 g, the DL was 3,
1, 0.5, 0.3, and 0.05 µg kg−1, and the QL was 5, 2, 1, 0.5, 0.1 µg kg−1, respectively. As
shown in Table S1, the obtained DLs are comparable to previously reported AMA or
DMA analysis [36,37,39] and ICP-MS analysis [25] and lower than CV-AAS or CV-ICP-OES
analysis [24,33].

2.4. Accuracy and Precision

Due to the lack of certified reference material of bees and beehive products, the accu-
racy and precision (as repeatability and intermediate precision) of the proposed method
were evaluated by recovery tests in agreement with other authors [25,36,37] and as in-
dicated by Commission Decision no. 657/2002 [58]. Samples of each matrix (0.05–1 g
for honey and honeydew, 0.02–0.2 g for bees, beeswax, pollen, propolis, royal jelly) were
spiked with Hg at low (0.02 µg L−1), intermediate (0.2 µg L−1), and high (1 µg L−1) concen-
tration and then digested. The method performance at levels near the QL was evaluated
considering the smallest mass of each matrix and the shortest digestion time (30 min).
The same solutions were again analyzed on two separate days to assess intermediate
precision. The recovery and precision (such as repeatability) data are shown in Table 2
and Tables S1 and S2. Intermediate precision data (not shown) were very similar to the
repeatability values.

In summary, the digestion time and mass for each matrix suitable for obtaining
recoveries and precision within 20% of the expected value and less than 10%, respectively,
were tabulated (Table 3). In this study, the major sources of uncertainty were the recovery of
the procedure, instrumental calibration, and repeatability of the measurements. In contrast,
the samples’ weights were the lowest contribution to the Hg uncertainty, in agreement
with a previous study [59].
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Table 2. Recovery and precision data for Hg in bees and beehive products (n = 3) by water bath digestion (95 ◦C, 30 min).

Low Level Spike
(0.02 µg L−1)

Intermediate Level Spike
(0.2 µg L−1)

High Level Spike
(1 µg L−1)

Matrix Mass (g) R% CV% R% CV% R% CV%

Honey 0.05 86 5.4 116 9.3 96 7.8
Honeydew 0.1 89 0.4 113 10 91 8.4

Pollen 0.02 92 9.6 90 3.7 95 3.6
Propolis 0.02 104 9.8 98 8.6 91 2.5
Beeswax 0.05 92 10 111 8.5 99 2.0

Royal Jelly 0.02 117 9.3 108 4.4 110 0.9
Bees 0.02 95 8.9 97 4.5 91 10

Table 3. Summary of mass and digestion time that can be used in bees and beehive products.

Matrix Mass a (g) Digestion Time a (min)

Bees 0.02–0.2 30 or 60

Beeswax
0.02 60

0.05–0.1 30 or 60
0.2 60

Honey 0.05 30 or 60
0.1 60

Honeydew
0.05 60
0.1 30 or 60
0.2 60

Pollen 0.02–0.2 30 or 60

Propolis 0.02 30 or 60

Royal Jelly 0.02–0.2 30 or 60
a The method performance at levels near the QL (0.02 µg L−1) was evaluated considering the smallest mass of
each matrix and the shortest digestion time (30 min).

2.5. Hg Concentrations in Real Samples

Bees and beehive products (honey, beeswax, pollen, and propolis) from various
geographical areas in central Italy (Figure 1) and commercial samples of both honeydew
and royal jelly were analyzed to demonstrate the applicability of the proposed method for
routine analysis and biomonitoring.

Mercury pollution is an important environmental and public health issue. Elemental
Hg can be emitted into the atmosphere by both anthropogenic (mainly artisanal gold
mining, fossil fuel combustion, and cement production) and natural (such as a geothermal
activity) sources [39]. Subsequently, Hg is transported to land and surface waters through
wet and dry deposition, where it can undergo a bioconversion into more volatile or soluble
forms such as methylmercury and return into the atmosphere or bioaccumulate in food
chains [39]. Additionally, bees are continuously exposed to contaminants including Hg.
Every day during foraging activities, bees gather nectar, plant resins, and water in the
border of 7 km2 around their beehive and may come into contact with chemicals [47,49].
Therefore, the bee was proposed as a multi-sample contaminant collector because of its
high mobility, contact with possible chemicals through inhalation, digestion, and hairs
covering its body [40,47,49]. Contaminants adhered to the hairs such as particles of soil
and dust can be carried into the beehive, thus affecting the composition of the beehive
products [42,49]. In addition, Hg captured by the leaves of plants or absorbed from the soil
through the plant root system can influence the nectar and pollen composition, which are
brought back into the beehive [42,44]. Furthermore, propolis, produced with plant resin
and mixed with salivary secretions and wax, due to the sticky nature of gum, might be
used as a bioindicator of atmospheric pollution [46,47].
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These considerations form the basis with which bees and their products have been
proposed as reliable bioindicators of the environment including the atmosphere and pollu-
tion [40,42,43,46–49,60].

The Hg levels in all royal jelly samples were lower than DL, while in honeydew
samples, they were 0.83 ± 0.34 µg kg−1. As shown in Table 4, the Hg concentrations
were above the DL for many matrices, showing that the proposed method can be used to
determine the Hg level in bees and beehive products. Although variation in Hg level across
different areas for each matrix indicates the possibility of using the proposed method
for biomonitoring, alternative and parallel measurements of the contamination of the
environmental compartment of interest are necessary.

For honey, the mean Hg concentrations in this study (0.91–3.37 µg kg−1) were in agree-
ment with the mean contents found in Croatia (0.47–0.52 µg kg−1) by Bilandžić et al. [36]
and China (0.34–4.00 µg kg−1) by Ru et al. [35]. In another Italian study, Hg levels were
lower than the quantification limit of 2 µg kg−1 [32]. The mean Hg levels in pollen
(3.2–12.8 µg kg−1) were similar to the concentrations reported in Poland (3.6–6.6 µg kg−1)
by Roman [43] and in Brazil (0.4–6.8 µg kg−1) by Morgano et al. [44]. According to our mean
data in propolis (4.6–14.8 µg kg−1), studies from Croatia by Cvek et al. [45] and Spain by
Bonvehí and Bermejo [46] reported Hg concentrations as a median of 12 µg kg−1 and mean
of 8.0 ± 2.5 µg kg−1, respectively. For bees, there are few available data in the literature be-
cause of the limited amount of this matrix and consequently high DL values [24,25,40,47,48].
A study by Toth et al. [39] reported Hg concentrations of 39.892 ± 0.035 µg kg−1 and
8.224 ± 0.028 µg kg−1 in bees from two locations in eastern Slovakia. These results are in
accordance with our data ranging from 0.53 to 31 µg kg−1. For beeswax, only one study
by Bommuraj et al. [42] reports a concentration value of Hg equal to 62 µg kg−1, while
our data fell in the range of <1–12.7 µg kg−1. Unfortunately, it was not possible to make a
comparison with the literature for honeydew and royal jelly.
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Table 4. Comparison of mercury occurrence (µg kg−1) in six sampled apiaries (central Italy).

Matrix Statistics OR FAI MC MG MS TR

Honey N 14 6 10 10 10 4
Mean 0.91 a,b,c,d,e 2.26 a 2.68 b 2.66 c 2.43 d 3.37 e

SD 0.23 0.69 0.75 0.36 0.60 0.60
Median 0.78 1.92 2.97 2.53 2.07 3.37

Minimum 0.66 1.80 1.35 2.30 1.95 2.95
Maximum 1.25 3.06 3.17 3.23 3.20 3.80

Pollen N 14 NS 12 10 4 4
Mean 3.2 a,b - 7.6 7.5 12.8 a 10.4 b

SD 1.4 - 2.0 1.9 8.0 2.5
Median 3.0 - 7.2 7.0 12.8 10.4

Minimum <3 - 5.1 5.9 7.2 8.7
Maximum 5.6 - 10.2 10.6 18.5 12.2

Propolis N 10 NS NS 4 6 NS
Mean 4.6 a - - 7.54 b 14.8 a,b -

SD 1.2 - - 0.65 2.1 -
Median 4.8 - - 7.54 15.7 -

Minimum <3 - - 7.08 12.4 -
Maximum 5.7 - - 8.00 16.4 -

Beeswax N 14 8 14 12 12 4
Mean 2.8 a 5.9 6.4 4.8 4.9 11.5 a

SD 1.6 2.8 3.0 1.7 3.1 1.8
Median 2.8 5.2 4.5 4.2 3.9 11.5

Minimum <1 3.5 3.3 3.5 3.0 10.2
Maximum 5.7 9.5 10.6 8.1 11.2 12.7

Bees N 14 6 14 14 10 4
Mean 1.76 a,b,c 16.2 a 11.0 16.2 b 17.1 c 14.5

SD 0.85 2.7 5.8 5.6 8.5 5.2
Median 2.09 15.1 10.4 14.5 17.0 14.5

Minimum 0.53 14.4 1.6 8.3 9.1 10.9
Maximum 2.65 19.3 20.3 25.3 31.0 18.2

N, samples number; SD, standard deviation; NS, not sampled. a,b,c,d,e. The data in bold with the same superscript
letters within rows were significantly different (p < 0.01; ANOVA test).

In this study, the Hg levels showed a typical distribution related to anthropogenic
development of the areas. Furthermore, in agreement with the observations of other authors
on the biological barrier capacity of bees for the contamination of honey by Cd and Tl [40],
bees also seem to work as biofilters for Hg. In fact, the Hg levels were generally lower in
the rural site (OR) and honey samples and higher in the sites with greater anthropogenic
impact and bee samples. In particular, bees showed approximately ten times higher
mean concentrations in the FAI (16.2 ± 2.7 µg kg−1), MG (16.2 ± 5.6 µg kg−1), and MS
(17.8 ± 8.5 µg kg−1) areas than in the OR site (1.76 ± 0.85 µg kg−1). The lowest Hg level
was detected in honey samples from OR (0.91 ± 0.23 µg kg−1). The principal anthropogenic
sources of Hg pollution are industrial and urban discharge and combustion [35,38].

Our results agree with numerous other studies [60,61]. In Toth et al. [39], a statistically
significant relationship was described between the locality and Hg content in bees and
bee pollen. Moreover, in the study by Dżugan et al. [40], the sampling area and its related
emission sources influenced toxic metal concentration in both bee bodies and honey. How-
ever, the Hg content in bees may also depend on other factors such as method of rearing
bee colonies (including supplemental feeding), age of worker bees, and physiological and
health status of bee specimens and bee colonies [62]. Due to its physical feature (sticky)
and its chemical composition (mainly polyphenols, amino acids, terpenes, and steroids),
propolis can absorb Hg and other metals [47,63], thus it can also be used as a bioindicator
of air pollution [63,64].

Especially for honey, the assessment of Hg levels is important not only for environ-
mental protection but also for food quality and consumer health [38]. Currently, the Hg
presence in honey must not follow specific regulations. However, the Codex Alimentarius
states that honey shall be free from metals in amounts that may result in a hazard to human
health [65]. A provisional tolerable weekly intake (PTWI) of 0.3 mg (0.042 mg/day) for a
70-kg person (0.004 mg/kg body weight/week) was designed for Hg [66]. Considering
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the highest Hg concentration of the whole campaign (3.80 µg kg−1), a 20-g daily honey
consumption represents a weekly intake of circa 0.2% of the PTWI for Hg. This Hg intake
is well below the recommended dose, and the consumption of honey is not considered
dangerous for human health.

3. Materials and Methods
3.1. Study Areas and Sample Collection

Samples of royal jelly (n = 2) and honeydew (n = 2) of different brands were purchased
in duplicate from the Italian market, while samples of bees, beeswax, honey, pollen, and
propolis were collected from six different apiaries across central Italy from April 2018
to June 2019 (Figure 1). Two beehives were selected at each apiary, and the beekeepers
sampled their bee colonies and beehive products into polyethylene screw-cap containers
once every two months in the late morning. The six study locations were chosen to
represent sites with different human activities and environmental impacts. Terni (TR) was
selected as an industrial area affected by the steel mill industry. Rome [city center on the
roof of the Apicultural Italian Federation (FAI), Anagnina (MS), Malagrotta (MG), and
Maccarese (MC)] was chosen as an urban area influenced by different emission sources such
as traffic pollution in FAI and MS; biomass burning in FAI; various industrial plants such
as refinery, gasifier, hospital waste incinerator, landfill of municipal waste, and quarries for
the extraction of building materials in MG; and intense air and ship traffic in MC (located
next to Fiumicino airport). Finally, Oriolo Romano (OR) in Viterbo province was selected
as a rural area.

After sampling, the samples were transported to the laboratory. For each beehive,
bees (n = 20) were dried in a freeze drier (at least 48 h for constant weight) and then were
ground in a ceramic mortar coated with parafilm. Beeswax samples were separated from
honey, washed in deionized water until all of the residual honey was removed, and dried
using a freeze dryer (at least 24 h for constant weight). All of the obtained samples were
thoroughly mixed to have a homogeneous sample and were stored at −18 ◦C until analysis.

3.2. Materials and Reagents

Certified Hg standard solution of 1002 ± 7 mg L−1 in 10% HNO3 was obtained from
SCP Science (Baie D’Urfé, Quebec, Canada) and was used for further dilutions in order to
prepare eight calibration standard solutions in the range from 0.02 to 1.5 µg L−1. HNO3
(67%, suprapure), HCl (30%, suprapure), NaOH (98%, anhydrous pellets, and RPE for
analysis, ACS–ISO) were purchased from Carlo Erba Reagents (Milan, Italy) and H2O2
(30%, suprapure) and NaBH4 were obtained from Merck KgaA (Darmstadt, Germany).
Deionized H2O (resistivity, ≤18.2 MΩ cm) from an Arioso Power I RO-UP Scholar UV
system (Human Corporation, Songpa-Ku, Seoul, Korea) was used throughout the study.

Graduated tubes (2.5, 5, and 10 mL in polypropylene) were purchased from Artiglass
S.R.L. (Due Carrare, PD, Italy), and syringe filters (0.45-µm pore size and cellulose nitrate
membrane) were obtained from GVS Filter Technology (Indianapolis, IN, USA).

3.3. Sample Preparation and Analysis

Preliminary experiments were conducted to optimize the sample digestion using a
water bath (WB12, Argo Lab, Modena, Italy) at 95 ◦C and ~1 bar. A freeze dryer (Heto
Power Dry LL1500, Thermo Electron Corporation, Waltham, USA) was employed with a
vacuum of 10−3 mbar and a condensing plate temperature of −40 ◦C to dry the beeswax
and bee samples. An aliquot of the samples (0.05–1 g for honey and honeydew, 0.02–0.2 g
for bees, beeswax, pollen, propolis, royal jelly) was treated with 0.5 mL HCl, 0.2 mL HNO3,
and 0.1 mL H2O2 into open graduated tubes for 30 or 60 min under a fume hood. Digestion
blanks (n = 10) were carried out in the same way. All solutions of the digested samples
were colorless and without suspended solid particles except for the honey, honeydew, and
propolis solutions obtained from digestion of the largest mass. Thus, digested samples were
diluted to a final volume of 5 mL with deionized water, filtered, and then analyzed with an
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AFS 8220 (Beijing Titan Instrumental Co. Ltd., Beijing, China) with Ar (99.999% purity, SOL
Spa, Monza, Italy) as a carrier gas. HCl (5%, v/v) was used as a carrier liquid, and 2% (w/v)
NaBH4 in 0.5% (w/v) NaOH was used as a reducing agent. The instrumental optimized
parameters were previously described [59]. Duplicate analyses were performed for each
sample. Blanks and control standards (at 0.4 µg L−1) were run every 20 determinations to
evaluate instrument drift.

3.4. Quality Assurance

The analytical performance parameters of selectivity, linearity, detection and quan-
tification limit (DL and QL, respectively), precision, and accuracy were evaluated. The
validation process was performed using spiked real sample assays. Method blanks, in-
house quality control samples, and spiked and non-spiked real samples (three replicates
each) were prepared along with every digested sample batch. Hg standard solution at 2, 20,
or 100 µg L−1 was made for spikes; 0.05 mL of the spike solution was added to appropriate
tubes 30 min before reagents and digestion. At the instrument, the concentration was 0.02,
0.2, or 1 µg L−1. For the recovery determination, the non-spiked real sample concentration
was subtracted from that measured in the spiked real sample.

An eight-point calibration curve consisting of Hg concentrations between 0.02 and
1.5 µg L−1 was prepared using aqueous standards and the standard addition method for
each matrix. The DL was defined as the Hg concentration corresponding to three times the
standard deviation of the digestion blanks (n = 10).

3.5. Statistical Analysis

Statistical analysis was performed using the SPSS 25.0 program (IBM Corp., Armonk,
NY, USA). All data were normally distributed as confirmed by the Kolmogorov–Smirnov
test. One-way ANOVA, followed by Bonferroni post-hoc test, was used to determine the
significant differences among the Hg concentrations for each matrix in different geograph-
ical areas. The probability level of p < 0.05 was considered statistically significant. For
statistical analysis, in samples where the Hg concentration was below DL, the used values
were one half of DL.

4. Conclusions

Coupling water bath digestion with CV-AFS analysis proved to be a good analytical
tool for evaluating Hg contamination in bees and beehive products (beeswax, honey,
honeydew, pollen, propolis, and royal jelly). Due to the possibility of preparing the sample
using same single autosampler tubes, the optimized digestion procedure allows for the
prevention of sample loss, minimize manipulation, and reduce both the reagent volumes
and final dilution. The proposed method is suitable for small masses (down to 0.02 g) of all
selected matrices and can be used for biomonitoring and food quality control. In particular,
the results from the application in the field of the proposed method showed a higher
Hg concentration in bees than the other matrices considered and in areas with a higher
anthropogenic impact than the background site. In the future, considering alternative and
parallel measurements of the contamination of the environmental compartment of interest,
it will be interesting to evaluate whether bees and hive products can indeed be used to
assess environmental spatial changes in Hg levels. However, the determination of Hg
concentrations in beehive products is also important for potential human dietary exposure.
The Hg concentrations in the analyzed samples of honey, honeydew, and royal jelly are not
a cause for concern for consumer health effects. Furthermore, the data in this study can be
used as a reference for comparing Hg concentrations to other countries in the world.

Supplementary Materials: The following are available online. Table S1: Summary of the analytical
characteristics of the proposed method and comparison with some of the previous methods published
during the last decade (2010–2020), Table S2: Recovery and precision data for Hg in bees and beehive
products by water bath digestion (95 ◦C, 30 min or 60 min).

225



Molecules 2021, 26, 4878

Author Contributions: Conceptualization, M.L.A.; Methodology, M.L.A.; Validation, M.L.A.; Formal
analysis, M.L.A. and L.M.; Investigation, M.L.A., M.R., and M.A.F.; Resources, M.L.A., M.E.C., M.P.,
and S.C.; Data curation, M.L.A.; Writing—original draft preparation, M.L.A.; Writing—review and
editing, M.L.A., M.E.C., and S.C.; Visualization, M.L.A.; Supervision, M.L.A.; Funding acquisition,
M.E.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially funded by Sapienza University of Rome, project 2018, grant
number RG11816432851FA6.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors wish to thank Massimo Marcolini (Association of Beekeepers of
Rome and Province), and Fabrizio Piacentini (Italian Beekeeping Federation—FAI) for their kind
support in the bee and beehive product sampling. We also wish to thank Giulia Vitiello and Elisabetta
Marconi for their excellent support in the treatment and classification of the samples and Helga
Liselotte for her support during our stays in Oriolo Romano.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Some samples used in this study are available from the authors.

References
1. Langford, N.J.; Ferner, R.E. Toxicity of mercury. J. Hum. Hypertens. 1999, 13, 651–656. [CrossRef]
2. Clarkson, T.W.; Magos, L. The toxicology of mercury and its chemical compounds. Crit. Rev. Toxicol. 2006, 36, 609–662. [CrossRef]
3. Selin, N.E. Global biogeochemical cycling of mercury: A review. Annu. Rev. Environ. Resour. 2009, 34, 43–63. [CrossRef]
4. United Nations Environment Programme (UNEP). Global Mercury Assessment 2013: Sources, Emissions, Releases and Environmental

Transport; UNEP Chemicals Branch: Geneva, Switzerland, 2013; Available online: https://wedocs.unep.org/handle/20.500.11822
/7984 (accessed on 2 May 2021).

5. Agency for Toxic Substances and Disease Registry. Toxicological Profile for Mercury; Department of Health and Human Services:
Atlanta, GA, USA, 1999. Available online: http://www.atsdr.cdc.gov/toxprofiles/tp46.pdf (accessed on 2 May 2021).

6. Berglund, M.; Lind, B.; Björnberg, K.A.; Palm, B.; Einarsson, O.; Vahter, M. Inter-individual variations of human mercury exposure
biomarkers: A cross-sectional assessment. Environ. Health 2005, 4, 1–11. [CrossRef]

7. Mercury and Health Fact Sheet. Available online: https://www.who.int/news-room/fact-sheets/detail/mercury-and-health
(accessed on 2 May 2021).

8. European Union. European Food Safety Authority. Mercury as undesirable substance in animal feed. Scientific opinion of the
Panel on Contaminants in the Food Chain. EFSA J. 2008, 654, 1–74.

9. European Union. European Food Safety Authority (EFSA). Scientific Opinion on the risk for public health related to the presence
of mercury and methylmercury in food. EFSA J. 2012, 10, 2985.

10. European Union. European Parliament. Directive 2004/107/EC of the European Parliament and of the Council of 15 December
2004 relating to arsenic, cadmium, mercury, nickel and polycyclic aromatic hydrocarbons in ambient air. Off. J. Eur. Communities
2004, 23, 3–16.

11. European Union. European Parliament. Directive 2008/50/EC of the European Parliament and of the Council of 21 May 2008 on
ambient air quality and cleaner air for Europe. Off. J. Eur. Union 2008, 152, 1–44.

12. European Union. European Parliament. Directive 2010/75/EU of the European Parliament and of the Council of 24 November
2010 on industrial emissions (integrated pollution prevention and control). Off. J. Eur. Union 2010, 334, 17–119.

13. European Union. European Parliament. Regulation (EU) 2017/852 of the European Parliament and of the Council of 17 May 2017
on mercury, and repealing Regulation (EC) No 1102/2008. Off. J. Eur. Union 2017, 137, 1–21.

14. Pirrone, N.; Aas, W.; Cinnirella, S.; Ebinghaus, R.; Hedgecock, I.M.; Pacyna, J.; Sprovieri, F.; Sunderland, E.M. Toward the next
generation of air quality monitoring: Mercury. Atmos. Environ. 2013, 80, 599–611. [CrossRef]

15. Sprovieri, F.; Pirrone, N.; Ebinghaus, R.; Kock, H.; Dommergue, A. A review of worldwide atmospheric mercury measurements.
Atmos. Chem. Phys. Discuss. 2010, 10, 8245–8265. [CrossRef]

16. Conti, M.E.; Cecchetti, G. Biological monitoring: Lichens as bioindicators of air pollution assessment—A review. Environ. Pollut.
2001, 114, 471–492. [CrossRef]

17. Wolterbeek, H.T. Biomonitoring of trace element air pollution: Principles, possibilities and perspectives. Environ. Pollut. 2002,
120, 11–21. [CrossRef]

18. Bargagli, R. Moss and lichen biomonitoring of atmospheric mercury: A review. Sci. Total Environ. 2016, 572, 216–231. [CrossRef]
[PubMed]

19. Fortuna, L.; Candotto Carniel, F.; Capozzi, F.; Tretiach, M. Congruence evaluation of mercury pollution patterns around a waste
incinerator over a 16-year-long period using different biomonitors. Atmosphere 2019, 10, 183. [CrossRef]

226



Molecules 2021, 26, 4878

20. Massimi, L.; Conti, M.E.; Mele, G.; Ristorini, M.; Astolfi, M.L.; Canepari, S. Lichen transplants as indicators of atmospheric
element concentrations: A high spatial resolution comparison with PM 10 samples in a polluted area (Central Italy). Ecol. Indic.
2019, 101, 759–769. [CrossRef]

21. Vitali, M.; Antonucci, A.; Owczarek, M.; Guidotti, M.; Astolfi, M.L.; Manigrasso, M.; Avino, P.; Bhattacharya, B.; Protano, C. Air
quality assessment in different environmental scenarios by the determination of typical heavy metals and Persistent Organic
Pollutants in native lichen Xanthoria parietina. Environ. Pollut. 2019, 254, 113013. [CrossRef] [PubMed]

22. Ristorini, M.; Astolfi, M.L.; Frezzini, M.A.; Canepari, S.; Massimi, L. Evaluation of the efficiency of Arundo donax L. Leaves as
biomonitors for atmospheric element concentrations in an urban and industrial area of central Italy. Atmosphere 2020, 11, 226.
[CrossRef]
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