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It has been explored to what extent the ratio of the two main fluorophores in honey, originating from
proteins and phenolic compounds, change between the honey extraction stage and packaging in the jars.
Fluorescence spectroscopy combined with multivariate curve resolution alternating least squares (MCR-
ALS) was used to determine the ratio of the spectral components originating from phenolics and proteins
(Ph/Pr)g, as a ratiometric indicator of variability in selected Lime tree (Tilia L.) honey samples. Spectropho-
tometric quantification of phenols and proteins in the honey samples was also performed and their ratio
(Ph/Pr)s, calculated. The values of the (Ph/Pr)g ratio and honey protein content after packaging depended
on the quality of homogenization before packing in jars. Colorimetric and fluorometric results for phenols
and proteins were in compliance. The examples are the values 3.34, 3.30 and 9, 3.14 for (Ph/Pr); and corre-
sponding values 2.64, 2.18 and 12.75, 2.31 for (Ph/Pr), in all pairs, the first value presenting the sample
after extraction and the second value the sample after packing in jars. Both methods show that in the former
case there is no change in the phenol/protein ratio, and in the latter case the ratio decreased.

Keywords: honey, fluorescence spectroscopy, multivariate curve resolution alternating least squares,
phenol and protein quantification, ratio metric indicator, melissopalynological analysis.
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Hccnedosano usmeneHue coomuoutenus 08yx 0CHOBHbIX (ryopoghopos, 8vloeneHHbIX U3 0erkos u ge-
HOIbHBIX COCOUHEHULL TUN0BO20 Medd, MeXHCcOy Caouetl IKCmpaKyuu meoa u e2o ynakoexoi ¢ banxu. Coom-
HOWleHUe CNeKMPATbHbIX KOMNOHEHN, COOMBEMCMBYIOWUX (PeHOIbHbIM U benKkosbim coedunenusm (Ph/Pr),,
onpeoeneHo Ha 0CHO8e OAHHBIX (PIYOPECYEHMHOU CNEKMPOCKONUU 8 COYEMANHUU C ANOPUMMOM PA3PEUleHUs.
MHO2OMEPHBIX KPUBLIX MEMOO0OM yepedyiouuxcs Haumenvuiux keaopamos (MCR-ALS). [Iposedeno cnek-
mpogomomempureckoe onpedesieHue Koauuecmsa (penonos u 6eixos 6 oopasyax meda u paccuumano ux
coomuowenue (Ph/Pr)gy,. Omnowenue (Ph/Pr); u cooepocanue benxa 6 mede nocie ynakoexu 3a6uUcsim om
Kauecmea 2omMo2eHu3ayuu neped ynakoskou 6 oaunku. Koropumempuueckue u ¢ryopomempuyeckue pesyio-
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mambul usmepenuli coomuouenus genon/denox coznacyromea: (Ph/Pr)g = 3.34, 3.30 u 9, 3.14 u (Ph/Pr)y, =
=2.64,2.18 u 12.75, 2.31; 60 6cex napax nepgoe 3HaueHue 04 00pazya cpasy nocie u3giederus, 6mopoe —
nocne ynaxkosku 6 banxu. Oba memooa NOKA3bI8AIOM, YMO 8 NePEOM Cyude COOMHouleHue penon/benox ne
U3MEHAEemCcs, 60 BMOPOM YMEHbUIAECAL.

Knrwouesvle cnoea: meo, gpryopecyenmuas cnekmpoCckonus, an2opumm paspeuenis MHO20MepHbIX Kpu-
BbIX MEMOOOM YEPeOYVIOWUXCS HAUMEHbUUX K8AOPAMO8, KOIUYECMB8EeHHOe onpedeieHue (enona u benxa,
nokazamens OMHOWEHUS, METUCCONANUHONOLUYECKUL AHATU3.

Introduction. Various methods for studying honey quality have been in research focus over the past
years [1]. Having in mind a notable increase in honey bee (Apismellifera L.) colony loses [2], it is of great
interest to develop fast and reliable methods for examining effects that diseases, parasites, pesticides, and
poor nutrition have on the health status of managed honey bees. It is of interest to develop fast and reliable
methods for screening of honey variability.

Fluorescence is a nondestructive, sensitive, and fast method for analysis of fluorescent compounds con-
tained in very low amounts (nanomolar concentrations) in the samples. It can be used for structural or con-
centration studies and for analytical or diagnostic purposes [3]. The fluorescence spectra, in combination
with appropriate statistical methods, may provide useful fingerprints in food analysis [4]. The suitability of
front face geometry in fluorescence spectroscopy has already been demonstrated for characterization of dif-
ferent solid-state samples [4—6] leading to its application in differentiation and classification of different
honey types with respect to their botanical [7] and geographic origin [8].

The aim of this study was to test to what extent data obtained from steady-state fluorescence spectros-
copy could be used for analysis of variability in honey foraged by different colonies but in the same geo-
graphical area. Also, the possibility to identify differences resulting from homogenization before packaging
has been explored. We applied steady-state fluorescence spectroscopy in combination with multivariate
curve resolution alternating least squares (MCR-ALS) for spectral analysis [9] in order to differentiate Lime
(Tilia L.) honey samples from the Fruska Gora Mountain, collected from different beekeepers. We studied
changes of the emission spectra of these samples immediately after honey extraction and after packing in
honey jars. We determined the ratio of the spectral components of two main fluorophores in honey, originat-
ing from proteins and phenolic compounds, as a ratiometric indicator of variability in honey samples foraged
from individual beekeepers. Phenolic compounds in honey originate from nectar, while proteins mainly
originate from bees (2/3 of the total honey proteins), but pollen suspended in nectar could also contribute to
protein content (1/3 of the total honey proteins) [10]. In order to confirm the contribution of proteins and
phenols to the analyzed spectral components, we have also quantified proteins and phenols in each sample
and performed melissopalynological analysis to determine the concentration of pollen grains and contribu-
tion of Tilia pollen.

Experimental. Folin—Ciocalteu reagent, gallic acid, and 85% H;PO, were obtained from Sigma-Aldrich
(St Louis, USA). Sodium carbonate solution, Coomassie Brilliant Blue G-250, and 95% ethanol were pur-
chased from Fluka Analytical (Buchi, Switzerland). Bovine serum albumin was obtained from Biowest
(Nuaillé, France).

Samples of Lime tree (7ilia L.) honey, foraged on Fruska Gora Mountain in 2015, were obtained from
17 beekeepers. Each producer provided a sample immediately after extraction from combs and, one month
later, a sample from the same batch after packing into jars. All samples were stored at room temperature in
the dark before analysis. Beekeepers that provided honey samples for the analysis were involved in the certi-
fication process for allowance to use Protected Designation of Origin (PDO) for “FruSkagora Lime honey”
and thus their production was approved for good health status of their colonies, no adulteration and mixing
with honey collected in previous forage. In addition, the analyzed honey has a high contribution of Lime tree
nectar, which is indicated by the contribution of Ti/ia pollen [11].

Qualitative and quantitative melissopalynological analysis have been performed following the harmo-
nized methods of melissopalynology [12]: 10 g of the sample was diluted in dH,O, centrifuged, and the re-
sulting sediment transferred to a microscopic slide. After mounting with glycerine-jelly, slides were analyzed
using light microscope at x400 magnification. The percentage of Tilia pollen as pollen concentration ex-
pressed in number of pollen grains per 10 g of honey (PG/10 g) are reported after counting pollen at ap-
proximately 2.5% of the slide surface.

The fluorescence spectra of the honey samples were recorded using an F13-221 P spectrofluorimeter
(Jobin Yvon, Horiba, France), equipped with a 450W Xe lamp and a photomultiplier tube. The sample was
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placed in the solid sample holder, in front-face configuration. The illumination's incident angle was set to
35° to minimize light reflections, scattered radiation, and depolarization phenomena. Rayleigh masking was
applied in order to reduce Rayleigh scattering from the solid sample, which limits the sensitivity and accu-
racy of the measurement. Fluorescence steady-state emission spectrum of the mixtures such as honey may be
a sum of two or more individual components corresponding to various fluorophores — emitting structural
entities. In order to determine the number and emission profiles of components in an integral spectrum,
measurement of series of emission spectra at different excitation wavelengths in a wavelength range is per-
formed, thus obtaining excitation-emission matrices (EEMs) that are subsequently analyzed by using ad-
vanced statistical methods [13—15]. The fluorescence emission spectra in the range from 280 to 550 nm were
recorded with excitation wavelengths of 270 to 370 nm. The integration time was 0.1 s, the wavelength in-
crement in excitation measurements was 5 nm, and emission increment was | nm. A spectral band width of
2 nm was employed for both the excitation and emission slits.

An excitation-emission matrix (EEM) was generated for further statistical analysis by using the
chemometric algorithm Multivariate curve resolution-alternating least squares (MCR-ALS). MCR-ALS has
been used to resolve the overlapping signals and to extract the number of components and their spectral pro-
files for each excitation-emission matrix (EEM). The aim of MCR-ALS is to mathematically decompose the
spectra of mixtures into the spectra of related components. It can identify a model from the empirical data,
without any a priori assumption about the nature or composition of the system under investigation. Spectro-
scopic data are arranged in the matrix D(rxc), where r is the number of emission wavelengths, while ¢ is the
number of measured spectra. MCR decomposition of the experimental matrix is performed according to the
equation

D=CS'+E,

where C(rxn) is the matrix of the emission spectra of the components (fluorophores, the number of which
is n); S(cxn) is the matrix of concentration profiles, which represent the excitation spectra of the compo-
nents; E(7xc) is the matrix of residuals. Since there is an infinite number of matrices C and S that can gener-
ate the same matrix of data D, the spectra are extracted in such a way that they do not have any physical
meaning, and it is necessary to perform rotation of the obtained solution. Considering the nature of the fluo-
rescence spectra, non-negativity and uni-modality, it is necessary to incorporate these constraints in the algo-
rithm for the MCR ALS in order to obtain solutions with a physical meaning. The software Unscrambler
X 10.4 was used to handle the EEM data.

Samples were prepared according to a slightly modified method proposed by Gasi¢ et al. [16]. Each
honey sample (5 g) was mixed with 10 mL distilled water, homogenized in an ultrasonic bath for 15 min at
room temperature, transferred to a 50 mL volumetric flask, and filled to the mark with ultrapure water. The
total phenolic content was spectrophotometrically determined by the Folin—Ciocalteu method with some
modifications [17]. Briefly, 0.3 mL of the sample solution and 6 mL deionized water were mixed with
0.5 mL of Folin—Ciocalteu reagent and incubated for 6 min at room temperature. After addition of 3 mL of
20% sodium carbonate solution, the sample was kept at 40°C for 30 min before the absorbance was meas-
ured at 765 nm. Gallic acid was used as the standard, and the calibration curve of gallic acid was prepared in
the concentration range between 0 and 250 m/L. A mixture of water and Folin—Ciocalteu reagent was used
as the blank. The results are expressed as gallic acid equivalent (GAE) per kg of honey.

Total protein content was determined using the Bradford procedure [18]. Honey samples (5 g) were di-
luted with distilled water (10 mL). Coomassie brilliant blue (200 uL) was added to the 5 puL. honey solution.
Coomassie brilliant blue forms a protein-dye complex. After 5 min of incubation, the absorbance was meas-
ured at 595 nm against an albumin standard solution of bovine serum (10-100 pg/0.1 mL), and the total pro-
tein content was quantified and expressed as g/kg of honey.

Results and discussion. After extraction, honey from many bee colonies is stored in barrels. Before
packing in the jars, honey from one or many barrels has to be homogenized properly. Therefore the differ-
ences between the honey samples after extraction and after packing in the honey jars are expected to come
from improper homogenization of honey and/or from different properties of honey colonies.

The contribution of Tilia pollen (Table 1) confirmed that all honey samples could be labeled as unifloral
Lime tree honey [19]. In samples 1, 2, 3, 7, 11, 14, and 16 the difference in Tilia pollen contribution ex-
ceeded 10% reproducibility of the method [15], indicating that for those samples there is a discrepancy in the
contribution of Lime tree nectar, most likely resulting from inappropriate homogenization prior to packag-
ing. The decrease seen in sample 2 lowered the contribution of Tilia pollen below the threshold required for
labeling the product as PDO “Fruskogorski lipov med” [14].
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TABLE 1. Results of Melissopalynological Analysis Showing Pollen Concentration
and Contribution of Lime Tree (7ilia) Pollen in Honey Samples from Fruska Gora Mountain,
Collected from Different Beekeepers in 2015, after Extraction and after Packing

S | Pollen concentration (PG/10 g) | Frequency of Tilia pollen (%)
amp'e after extraction | after packing | after extraction | after packing
1 24778 18407 92.4 61.4
2 18630 21741 69.4 24.9
3 11778 18481 66.8 80.8
4 41815 51741 81.2 79.0
5 22370 1768 83.6 81.5
6 26630 23000 90.5 93.7
7 12630 9852 86.4 73.5
8 33556 11648 77.9 73.3
9 20778 16852 88.2 92.8
10 22370 6815 83.9 83.5
11 19667 18815 79.5 88.6
12 4800 18759 76.5 79.9
13 24852 25407 76.5 82.4
14 22037 10148 69.9 58.1
15 7395 5537 75.3 74.4
16 42481 24074 72.5 81.5
17 4796 7679 87.5 80.1
Mean 21257 17101 79.9 75.8
Standard deviation 11151 11394 7.7 16.1
Coefficient of variation 0.52 0.67 0.10 0.21

N o t e. The samples for which contribution of lime tree pollen dropped below the threshold for PDO
“Fruskagora Lime honey” [11] are written in bold.

Determined pollen concentrations are considered as an estimate for classifying honey samples into one
of the five groups related to the type of major nectar source and applied extraction method [15]. All samples
belong to either Class I or Class II, which corresponds to unifloral honey that was extracted by centrifuging
combs. Having in mind 30% reproducibility of the method for these honey classes, only in samples 5 and 12
did packing result in a notable decrease of pollen concentrations that would lead to change in pollen class.

Figure 1a shows the excitation-emission landscapes for the honey sample from one of the beekeepers.
Such spectral series allowed studying the main emitting compounds in honey, which are the base for estima-
tion of differences between the honey samples. In all honey emission spectra, there were two broad charac-
teristic maxima, the one at about 340-360 nm and the other at about 415450 nm. The former can be as-
signed to the proteins in honey, which mainly (2/3 of total honey proteins) originate from bees and partly
(1/3 of total honey proteins) originate from pollen [13]. The latter maximum is assigned to various phenolic
compounds that are contained in honey.

The results of MCR-ALS analysis of the emission profiles from Fig. 1a are shown in Fig. 1b. The emis-
sion spectrum of honey contains four components with the maxima 340, 370, 415, and 450 nm. They can be
linked to the presence of fluorophores in honey: the 340 nm component to the proteins, the 370 nm compo-
nent to syringic acid, and the 415—450 nm component to various phenolic compounds — hydroxycinnamic
acids, chlorogenic acid, caffeic acid, coumarins, and stilbenes [20—22]. The positions of emission maxima of
the phenolic components varied for various honey samples, but they were in the same emission range. Thus
those components were used as the phenolic fingerprint for further calculations. In certain honey samples,
there was only one component in the phenolic range of the spectrum (the samples 1 and 17), and it was used
for further calculations. The maximum position of the protein component varied for various honey samples,
but it was in the same emission range and was used as protein fingerprint. The component at 370-380 nm
rarely occurred in honey samples and was not used in further analysis. The corresponding loadings (excita-
tion profiles) of the components from Fig. 1b are shown in Fig, 1c. The excitation profiles are in correlation
with the quantum yields of the corresponding fluorophores. We calculated the area of the characteristic
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Fig. 1. Fluorescence spectra of a honey sample with pronounced protein part (the sample 13 after packing
in the jar), as an example: a) excitation-emission matrix for the raw spectra; b) emission spectra of the pure
components obtained by applying the MCR-ALS method in the analysis of the raw spectra; c) excitation
spectra profiles (loadings) corresponding to the spectral components from (a), obtained by the MCR-ALS
method. Colors of the loading curves match colors of the corresponding emission components.

protein and phenolic components. In order to determine the exact area of the components, we multiplied the
spectra of components with the corresponding loadings. We further determined the ratio (Ph/Pr)g = [total
phenolic components area/protein component area] as a fluorometric ratiometric indicator of honey samples
from various beekeepers (Table 2). Also, total phenol and total protein quantification results obtained by
using spectrophotometric tests, totPhC and totPrC, along with corresponding (Ph/Pr), = [total phenol/total
protein] ratio are presented in the same table for comparison.

The fluorometric estimation of the phenol/protein relative content enables one to get an insight into
these minor but important honey components. As saccharides, the main component of honey, are not fluo-
rescently active, and thus do not interfere in the emission spectra with proteins and phenols, the proposed
fluorometric approach may be advantageous over existing methods used for protein and phenol quantifica-
tion in honey, in terms of sensitivity and speed (parallel determination without pre-sample preparation).
Protein studies in honey samples are relatively limited, mainly due to the low amount of proteins in honey
(0.1-0.5%), the difficulties in extracting honey proteins from the sugar-rich environment, and because of the
obstructions in protein characterization by conventional methods. Bradford’s method for measuring total
proteins has disadvantages regarding the different affinity of the CBB reagent for binding to proteins of dif-
ferent properties [23] and its affinity to phenolic compounds [24], while the new fluorometric method relies
on the specific amino acid fluorophore (tryptophan, Trp) emission. The Folin Ciocalteu method for the de-
termination of total phenols is not completely selective [25]. It has been shown that in addition to phenols,
numerous organic and inorganic compounds, including proteins, may react. On the other hand, the peak from
phenolic compounds in the emission spectra is clearly separated from the protein part of the spectrum, which
enables their parallel determination.

In certain cases, it was not possible to determine (Ph/Pr)q ratio (Table 2, samples 4 after packing, 7 after
extraction and packing, and 12 and 13 after extraction) since the protein component was not observed after
MCR analysis. Although in these samples proteins were observed by the spectrophotometric method (Ta-
ble 2), their emission was below detectability level. This may be due to the protein environments in the par-
ticular honey samples. One can see that in seven out of thirteen samples where the protein component could
be resolved, the result of phenol/protein ratio obtained from the emission spectra is in compliance with the
corresponding ratio obtained from the spectrophotometric quantification of proteins and phenols (samples 1,
2,6,9, 11, 16, and 17). In some cases (samples 3, 5, 8, 10, 14, and 15) the result of the fluorometric ratio-
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TABLE 2. Results of Fluorometric and Spectrophotometric Analysis of the Lime (7i/ia L.) Honey Samples
from the Same Locality on the Fruska Gora Mountain, Collected from Different Beekeepers in 2015

Sample| (Ph/Pr)s | (Ph/Pr)q TotPrC TotPrC TotPhC TotPhC | (Ph/Pr)y, | (Ph/Pr)g,
after ex- after (g/kg) after |(g/kg) after| (g/kg) after |(g/kg) after| after ex- after
traction | packing | extraction | packing | extraction | packing traction packing

1 9 3.14 0.05 0.25 0.64 0.57 12.75 2.31
2 2.26 6.59 0.38 0.55 0.68 0.99 1.78 1.81
3 6.37 5.11 0.41 0.33 0.82 0.76 1.99 2.30
4 5.00 - 0.41 0.32 0.67 0.66 1.64 2.07
5 1.76 0.38 0.40 0.30 0.67 0.66 1.67 2.21
6 3.34 3.30 0.33 0.38 0.88 0.83 2.64 2.18
7 - - 0.35 0.28 0.67 0.62 1.94 2.25
8 3.52 2.39 0.41 0.13 0.63 0.35 1.53 2.65
9 34 1.55 0.30 0.40 0.63 0.66 2.13 1.66
10 5.01 3.33 0.47 0.41 0.68 0.65 1.46 1.60
11 0.62 3.56 0.28 0.19 0.72 0.73 2.56 3.93
12 - 2.21 0.30 0.42 0.69 0.64 2.28 1.53
13 - 4.29 0.40 0.27 0.71 0.78 1.77 2.83
14 5.52 1.00 0.57 0.22 0.82 0.76 1.43 3.44
15 6.47 5.83 0.52 0.41 0.75 0.92 1.44 2.42
16 2.59 5.56 0.46 0.51 0.63 0.73 1.37 1.42
17 2.59 0.78 0.28 0.29 0.63 0.65 2.26 2.20

N o te. The data after extraction and after packing in the jars are presented: the ratio of phenolics to
protein emission spectral components (Ph/Pr)g, total phenol and total protein content quantified spec-
trophotometrically, and their ratio (Ph/Pr)g,. “—* indicates that protein component was not detected after
analysis of emission spectra. The samples for which change in the (Ph/Pr)q ratio from the “after extrac-
tion” to the “after packing” step is in accordance with the (Ph/Pr)s, ratio, are written in bold.

metric analysis was not in compliance with the corresponding (Ph/Pr),, ratio. Both types of disagreements
are related to the characteristics of the samples, i.e., to their emission spectra where the protein part of the
spectrum was weakly expressed, as shown by the example of emission spectra and corresponding MCR
analysis for sample 7 at Fig. 2. The absence of the protein component after MCR analysis or poor expression
of the protein maximum in the raw spectra in the “after extraction” samples may be related to the honey
characteristics from particular hives [13], and in the “after packaging samples” it may be related to inappro-
priate homogenization of honey coming from different hives, before packing in the jars. As a possible source
of disagreements, we also have in mind flaws of the colorimetric methods for total protein and total phenol
determination mentioned above.The above analysis shows that the possible limit of applicability of the
fluorometric method for determining the ratio of phenols and proteins may be an extremely weak expression
of either protein or phenol signal in the emission spectra (mainly related to the characteristics of honey sam-
ples), which is a limitation for the success of MCR analysis.

The spectrophotometric protein and phenol quantifications, as well as fluorometric ratiometric analysis
results, show that there were notable differences in protein content in the samples from the same producer
after extraction and samples after packaging. How does one explain these differences? For samples 1 and 2,
the notable increase in the content of proteins corresponds to the notable change in nectar contributions. The
decrease in frequency of Tilia pollen (Table 1) indicates the higher contribution of nectar from other plant
species, which is expected to lead to a qualitative and quantitative change of protein fraction coming from
plants [26]. For sample 2 after packaging, the contribution of Robinia pseudoacacia pollen notably increased
(from 4% to 18%, data not shown in Table 1), which indicates a notable increase of false acacia nectar in the
honey. Having in mind that false acacia forage takes place before linden forage, the increase in its nectar
contribution could be related to inappropriate homogenization with earlier collected honey. On the other
hand, in samples 8, 13, 14, although there is a decrease in protein content, 7Tilia nectar contribution did not
change notably. Only in sample 14 was there an obvious decrease in total pollen concentration, which inevi-
tably leads to a decrease in quantity of pollen coming from plants. A similar situation where a notable
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Fig. 2. Fluorescence spectra of a honey sample with poorly pronounced protein part (sample 7 after packing

in the jar): a) excitation-emission matrix for the raw spectra; b) emission spectra of the pure components

obtained by applying the MCR-ALS method in the analysis of the raw spectra; ¢) excitation spectra profiles

(loadings) corresponding to the spectral components from (b) obtained by the MCR-ALS method.
Colors of the loading curves match colors of the corresponding emission components.

decrease (>50%) in pollen concentration corresponds to a decrease in protein content is seen in samples 5, 8,
10 and 15, while the opposite situation is seen in sample 12 where a notable increase (more than 50%)
in pollen concentration corresponds to an increase in protein content. Such situation also indicates the impor-
tance of the protein component coming from plants. For samples 8 and 13, there is no notable difference in
the result of melissopalynological analysis; thus we can only assume that inappropriate homogenization of
honey extracted from different hives could have affected the protein component coming from bees.

The results of this study show that fluorometric ratiometric analysis may be used for fast and reliable
screening of honey sample variability and for the selection of samples for further, more detailed analysis.
Future experiments on marker proteins from bees and from pollen are planned to confirm the presented
fluorometric approach.

Conclusion. Here we proposed a fast and reliable method to study honey sample variability based on
the fluorescence characteristics of two main fluorophores in honey, proteins and phenolic compounds. The
area of the characteristic protein and phenolic components in the emission spectra (Ph/Pr)q of lime honey
were calculated as a ratiometric indicator of the honey samples foraged from various beekeepers. Different
values of the (Ph/Pr)q ratio after extraction and after packaging, as well as the absence of protein component
after MCR analysis or poor expression of the protein maximum in the raw spectra, may be related to
variability in characteristics of honey originating from different bee colonies, or to inappropriate
homogenization of honey before packing in the jars. The results show that fluorometric ratiometric analysis
may be used for fast and reliable screening of honey sample variability and for selection of the samples for
further, more detailed analysis.
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