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Featured Application: Front-face fluorescence spectra of honey samples can be used as
authentication and quality assessment method.

Abstract: Honey is a natural pure food produced by honeybees from the nectar of various plants,
and its chemical composition includes carbohydrates, water, and some minor compounds, which
are very important for honey quality and authentication. Most of honey’s minor components are
related to the botanic origin, climate, and geographic diversity. In this work, we report an original
case study on monofloral honey samples of twelve different botanic origins produced in Tuscany
(Italy) based on the ‘semi-quantitative” analysis of emission, excitation, and synchronous front-face
fluorescence spectra. This is the first front-face fluorescence study of Italian honey samples and, to our
knowledge, the first fluorescence investigation of honey from inula (Inula viscosa (L.) Aiton), marruca
(Paliurus spina-christi Mill.), lavender (Lavandula L. 1753), sulla (Hedysarum coronarium L.), arbutus (or
strawberry tree) (Arbutus unedo L., 1753), and alfalfa (Medicago sativa L.) plants. Results obtained from
fluorescence spectroscopy are discussed in terms of characteristic spectral emission profiles typical
of honey of different botanic origins. Moreover, the spectral analysis based on the decomposition
of the front-face fluorescence (FFF) spectra in terms of single main fluorophores” components is
here proposed to identify several minor compounds, such as amino acids, phenolic acids, vitamins,
and other fluorescent bioactive molecules.

Keywords: honey; front-face fluorescence; botanic origin; geographic origin; spectral profile; emission;
reflectance fluorescence spectroscopy; phenolic compounds; pollen; chemical composition

1. Introduction

Honey is one of the oldest untreated natural foods, part of cooking traditions, and used as a
sweet additive in many cultures throughout the world [1]. Due to its particular chemical content and
nutraceutical properties, honey has been also used in medicine; its anti-inflammatory, anti-microbial,
and anti-oxidant properties have been demonstrated in specific studies about honey’s ability to reduce
cardiovascular and gastrointestinal diseases, as well as to positively influence human health [2,3].
Honey is produced by honeybees from the nectar of plants, as well as from honeydew, and can be
distinguished into monofloral or polyfloral honey, depending on whether it is derived mostly from one
plant species or if it derives from different botanic sources. According to international food standards
(Codex Alimentarius Commission., 2001) [4], monofloral honey should possess organoleptic, physical,
chemical, and microscopic properties related to the plant of origin. However, these characteristics are
not easily determined and, until now, a univocal and unambiguous method to clearly identify the
botanic origin of honey is still missing [5]. Nevertheless, one of the most used technique to assess the
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botanic origin of honey is the traditional microscopic analysis of pollens present in honey samples,
called melissopalynology [6,7].

Focusing on its chemical composition, honey can be considered a viscous fluid made of sugars
(saccharides) (70%-80%), water (10%—-20%), and about 200 different minor components, such as
minerals, proteins, amino acids and enzymes, vitamins, phenolic and other organic acids, flavonoids,
lipids, and volatile compounds. Despite these general chemical features, honey is a very complex
food matrix, since the presence of particular molecular markers and their concentration depend on
many factors: not only the botanic and geographic origin of the plants, but also the season and climate
conditions, the bee species, and soil characteristics [5].

Over the last twenty years, numerous analytical methods were proposed to investigate the
chemical and physical properties of honey with the aim to discriminate among different botanic and
geographic origins [8-13]. Sugars’ components and saccharides’ profiles are mainly determined by
chromatographic methods, such as gas chromatography coupled with mass spectrometry (GC-MS) [8],
ion chromatography with an amperometric pulsed detector (HPAEC-PAD) [10], and high performance
liquid chromatography (HPLC) [5,8]. Several analytical methods were optimized to study proteins
and the enzymatic content in honey, as well as the amino acids profile, mainly by means of HPLC
methods and high-resolution two-dimensional electrophoresis [8]. As also reported in a comprehensive
review [5], the combination between chromatographic techniques and multivariate statistical analysis
identified several amino acids as possible floral origin markers (i.e., phenylalanine and tyrosine as
characteristic markers for lavender honey). Among volatile and semi-volatile organic compounds,
whose interests are related to the aroma and fragrance quality of honey, seven groups of compounds were
identified: aldehydes, ketones, acids, alcohols, esters, linear hydrocarbons, and cyclic compounds [5].
The determination of volatile compounds in honey is not an easy task, since different isolation and
extraction techniques, which usually precede the GC analysis [5,8], have proved to largely influence
the final quantification of these minor components. Several progresses both in the multivariate data
analysis and extraction techniques are at the basis of recent studies on the correlation between the
presence of specific volatile compounds (i.e., derivatives of a-ionone) and the botanic origin (i.e.,
Eucalyptus plant) of honey samples [13]. Another fundamental class of minor bioactive compounds
is that of polyphenols, which can be classified into three sub-groups: flavonoids, cinnamic acids,
and benzoic acids [14]. Alternatively, phenolic compounds are usually divided into two groups:
phenolic acids including phenolic esters (i) and flavonoids (ii) [15]. As observed also for other minor
chemical compounds, the composition of polyphenols in honey depends on many factors: the botanic
source, seasonal and environmental factors, geographic origin, and storage conditions [5,8,16]. Typical
analytical methods used to determine polyphenols in honey are based on a two-step approach [17]:
isolation and extraction of phenolic compounds from the honey matrix (i.e., by solid-phase extraction)
followed by the identification of chemical compounds by chromatographic analysis (i.e., HPLC) with
various different detectors (i.e. diode-array detector - DAD, fluorescence and MS detectors) [14-20].
The determination of polyphenols’ content in honey of different botanic origin has also been associated
to the antioxidant activities of honey in several countries, as reported for Turkish [18], Greek [19],
and Italian [20] honey samples. During the years, several destructive analytical methods were developed
to characterize the chemical composition of honey, to discriminate honey samples of different botanic
and geographic origin, and to detect adulterations with sugar or fake honey. However, these classical
analytical methods have several limitations [5,8]: they are usually expensive, time consuming, and the
extraction of minor compounds from the raw matrix may be critical for their quantification. For these
reasons, non-destructive approaches, based on infrared (IR), Raman, ultraviolet-visible (UV-Vis), and
near infrared (NIR) spectroscopic techniques [21,22], as well as several fluorescence spectroscopic
methods [23-28] were developed to investigate honey samples and to detect eventual adulterations in
an easier and faster way. On the other hand, fluorescence spectroscopy has become quite popular in
recent years to study food matrices and for quality assessment of food processes and conservation [29].
This is related to the high sensitivity and selectivity of fluorescence spectroscopy, which are able to
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detect very small concentrations of fluorophores [30], and to the natural presence of several kinds
of fluorescent molecules in food [23-29,31-34]. In particular, fluorescence properties of honey have
been related mainly to the presence of free amino acids, enzymes and proteins, flavonoids and
phenolic acids, vitamins, and Maillard reaction products [23-29,31,35-41]. Some of the fluorescent
compounds naturally found in honey (i.e., tryptophan, tyrosine and phenylalanine, among free amino
acids [31]; and 2’-methoxyacetophenone, among organic ketophenone derivatives; and 3-phenyllactic
acid, produced by the metabolism of phenylalanine [26]) have also been identified as biomarkers of
honey of different botanic and geographic origins.

Since honey is a viscous, opaque and multi-fluorophoric matrix, most fluorescence-based methods
use the reflectance or front-face fluorescence (FFF) approach [23-25,27,35-41]. Right-angle fluorescence
(RAF) spectroscopy, however, has been recently applied for discriminating among different botanic
origins in Croatian honey samples, previously solubilized in buffer solutions and methanol solutions
as well [28]. The first FFF studies of honey [23,24,36] put in evidence the specificity of the spectral
profiles (i.e., emission, excitation, and synchronous spectra) of honey samples with different floral origin.
In particular, synchronous spectra, obtained from the simultaneous scan of excitation and emission
wavelengths (Aex, Aem), maintaining a constant wavelength interval (AA) between them [30], demonstrated
to be useful to study multicomponent fluorescent systems being very sensitive to both the presence of
specific fluorophores and their relative concentrations [23]. Spectral parameters such as peaks’ intensity
ratio in emission (em)/excitation (ex) spectra of honey samples were also used to quantify the total
protein/total phenolic contents [35,37], as well as to detect eventual adulterations with syrups and cane
sugar [23,24,36]. Sometimes, to reduce spectral overlapping problems due to the presence of many
fluorophores, three-dimensional plots reporting both excitation and emission spectra, the so-called
emission-excitation matrices (EEM), are recorded and further analyzed in combination with multivariate
statistical methods, to characterize honey samples of different geographic and botanic origins [25,35-41].

In the present work, an original investigation based on front-face fluorescence (FFF) of honey
produced in Tuscany (Italy) from twelve different floral plants (acacia (Robinia pseudoacacia L.) also
known as “false acacia” or “black locust”, sulla (Hedysarum coronarium L.), clover (Trifolium L.),
marruca (Paliurus spina-christi Mill.), sunflower (Helianthus annuus L., 1753), chestnut (Castanea sativa
Mill., 1768), heather (Erica scoparia L., 1753), lavender (Lavandula L. 1753), arbutus (or strawberry
tree) (Arbutus unedo L., 1753), inula (Inula viscosa (L.) Aiton), forest honeydew and alfalfa (Medicago
sativa L.)) is reported. In particular, the fluorescence spectral profiles of sixteen monofloral honey
samples are analyzed in terms of different fluorescence contributions due to main fluorophores, such
as phenolic acids, flavonoids, amino acids, and vitamins. An original “semi-quantitative” spectral
analysis was proposed in order to identify specific bioactive compounds from the fluorescence spectra.
Results reached from this spectral analysis are compared with those obtained by means of various
analytical and chemical-physical methods on Italian honey samples (i.e., acacia, chestnut, arbutus,
sulla, and heather) [20,22,42-45] and on some of the Tuscan samples investigated here (i.e., heather,
marruca, sulla, acacia, clover, chestnut, and sunflower) [17,46]. The approach presented here opens to
future perspectives for a quantitative analysis of fluorescence in terms of main fluorophores’ content.
Moreover, in the discussion part of the paper, the results obtained for the twelve different monofloral
honey types are discussed in view of possible identification of groups of minor compounds whose
presence, and relative concentrations, may be correlated to honey of specific botanic origins.

2. Materials and Methods

2.1. Honey Samples

Sixteen honey samples were produced in different areas of Tuscany (Italy) (see Figure 1), between
2013 and 2016, during the flowering season, by four different honey producers [47]. Honey samples
were classified as monofloral honey by the producers and this was confirmed by melissopalynology and
sensorial analysis (not reported here) [47,48]. After being collected, all honey samples were stored in
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the dark at 4 °C and thereafter they were analyzed with different methods as described in the following
sections. Since Tuscany presents various climatic and geographic features, from Mediterranean to
mountain ones [42], typical Tuscan honey floral types range from typically Mediterranean ones,
such as heather (Erica scoparia L., 1753—labeled H), clover (Trifolium L.—labeled CL), marruca (Paliurus
spina-christi Mill.—labeled MA) and lavender (Lavandula L. 1753—Tlabeled L), to sub-Mediterranean
floral types, such as chestnut tree (Castanea sativa Mill., 1768—labeled C), arbutus (or strawberry tree)
(Arbutus unedo L., 1753—Ilabeled AR) and acacia or false acacia (Robinia pseudoacacia L.—labeled AC),
to mountain floral types, such as the forest honeydew (labeled FH). Other botanic species investigated
in this work are: sulla (Hedysarum coronarium L.) (labeled SU), sunflower (Helianthus annuus L., 1753)
(labeled S), inula (Inula viscosa (L.) Aiton) (labeled IN), and alfalfa (Medicago sativa L.) (labeled AA).
Floral images of the twelve botanic species and basic information of the honey samples investigated in
this work are reported in Tables 1 and 2, respectively.
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Figure 1. Monofloral honey samples from Tuscany (Italy). On the left (A), the Italian map, and on
the right (B), the Tuscany map. Colored circles indicate the twelve different monofloral honey types,
as reported in the text. Geographical areas of production of honey samples [47,48] are shown.

Table 1. Flowers and plants of monofloral honey samples investigated in this work: (a) acacia or “false
acacia” (Robinia pseudoacacia L.); (b) sulla (Hedysarum coronarium L.); (c) clover (Trifolium L.); (d) marruca
(Paliurus spina-christi Mill.); (e) sunflower (Helianthus annuus L., 1753); (f) chestnut tree (Castanea
sativa Mill., 1768); (g) heather (Erica scoparia L., 1753); (h) lavender (Lavandula L. 1753); (i) arbutus
(or strawberry tree) (Arbutus unedo L., 1753); (1) inula (Inula viscosa (L.) Aiton); (m) forest honeydew;
(n) alfalfa (Medicago sativa L.). Most of the photos below were taken by the authors. Some of them are
free images taken from the web. No copyright was indicated.
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Table 2. Sixteen honey samples analyzed in this work. Label, botanic origin, geographic origin (name of the local Tuscan province), year of production, and a
photograph of the honey are reported for each sample.

Botanic  Geographic Area Year of Honey Sample Botanic Geographic Area Year of Honey

Label Origin of Flowers Production Photo Label Origin of Flowers Production Sample Photo
&
AC1 Acacia Lucca (LU) 2013 L1 Lavender Grosseto (GR) 2016
SU1 Sulla Grosseto (GR) 2013 AR1 Arbutus Lucca (LU) 2016 I
CL1 Clover Pisa (PI) 2013 IN1 Inula Grosseto (GR) 2016 '
CL2  Clover  Grosseto (GR) 2014 FH1 Forest Siena (S1) 2015 I
Honeydew
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CL3 Clover Siena (SI) 2014 AAl Alfalfa Grosseto (GR) 2015
MA1 Marruca Livorno (LI) 2013 C1 Chestnut Lucca (LU) 2013
MA2  Marruca Grosseto (GR) 2013 H1 Heather Lucca (LU) 2013
MA3 Marruca Grosseto (GR) 2014 S1 Sunflower Grosseto (GR) 2014
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2.2. Chemical Standards

Methanol (>99%, Fluka, Bucharest, Romania), n-hexane (99%, Carlo Erba, Milano, Italy), and water
(Carlo Erba, Milano, Italy) were used to prepare the standard solutions. Standard solutions were
prepared from solids: salicylic acid (>99.9%, Sigma-Aldrich, Milano, Italy), 4-hydroxybenzoic acid
(99%, Aldrich, Milano, Italy), 3,4-dihydroxybenzoic acid (97%, Fluka, Bucharest, Romania), gallic
acid (98%, Aldrich, Milano, Italy), vanillic acid (97%, Aldrich, Milano, Italy), syringic acid (98%,
Sigma-Aldrich, Milano, Italy), t-cinnamic acid (97%, Aldrich, Milano, Italy), caffeic acid (97%,
Sigma-Aldrich, Milano, Italy), o-coumaric acid (>98%, Fluka, Bucarest, Romania), p-coumaric acid
(>98%, Sigma, Milano, Italy), ferulic acid (99%, Aldrich), sinapinic acid (>99%, Sigma), rutin (95%,
Fluka, Bucharest, Romania), quercetin (>98%, Sigma-Aldrich Milano, Italy), naringerin (95%, Fluka,
Bucharest, Romania), chlorogenic acid (96%, Sigma, Milano, Italy), abscisic acid (98%, Sigma-Aldrich,
Milano, Italy), 3-carotene (99%, Sigma-Aldrich, Milano, Italy), ellagic acid (98%, Sigma, Milano, Italy),
tryptophan (98%, Fluka, Bucharest, Romania), folic acid (vitamin B9) (98%, Fluka, Bucharest, Romania),
ascorbic acid (95%, Fluka, Bucharest, Romania), riboflavin (vitamin B2) (95%, Fluka, Bucharest,
Romania), nicotinic acid (vitamin B3) (98%, Fluka), and pyridoxine (vitamin B6) (95%, Fluka, Bucharest,
Romania).

2.3. Spectroscopic Investigations

2.3.1. UV-Vis Absorption Spectroscopy

UV-Vis spectra were acquired by means of a Jasco V-550 spectrophotometer, between 200 nm
and 800 nm, with a scanning speed of 400 nm/s, and bandwidth and data pitch of 1 nm and 0.5 nm,
respectively. Absorbance spectra of standard solutions were acquired on a quartz cell of 1 cm of optical
path, while UV-Vis absorbance spectra of honey samples in the bulk were recorded by putting a small
amount of honey (less than about 50 mg), homogenized by gently heating at T <30 °C for a few minutes,
between two quartz windows of 1 mm optical path. The two-quartz windows cell was held against a
homemade support in the spectrophotometer by a laminar spring during the spectral acquisition.

2.3.2. Front-Face Fluorescence Spectroscopy

Front-face fluorescence (FFF) spectra were recorded using an ISA Fluoromax II photon counting
spectrofluorometer with xenon arc lamp, equipped with a device for reflectance measurements with
a cell holder designed to set the incident angle of the excitation beam at 31° [49]. The angle of
reflectance was regulated and optimized [47,48] in order to eliminate or reduce self-absorption effects,
light-reflected, and scattering phenomena [30,50]. All spectra of both honey samples and standard
solutions were acquired by inserting the sample in a quartz cell (1 cm X 1 cm) with 1 cm of optical
path. In the case of measurements on honey samples in the bulk, honey was previously heated in
a water bath at a temperature less than 30 °C in order to homogenize the sample. For each honey
sample in the bulk, emission spectra (em), excitation spectra (ex), and synchronous (syn) spectra
were recorded. The excitation and emission slits were fixed to 2 nm and 5 nm, respectively. After
optimization, the integration constant time was chosen at 0.5 s; the wavelength increment was 1 nm.
The intensity of the emission spectra was determined as the ratio between the emission signal (counts
per second, cps) and the intensity of light from the excitation monochromator (mA). In most of the
cases, as reported in the text, spectra were normalized and arbitrary units (a.u.) used. For each honey
sample, emission spectra with Aex ranging between 250 nm to 550 nm, excitation spectra with Aem fixed
in correspondence with the maximum position of fluorescence emission spectra, and synchronous
spectra with fixed wavelength interval, AA, ranging from 20 nm to 120 nm, were recorded. Before
the spectral analysis and spectral deconvolution, emission spectra were corrected taking into account
the light scattering contribution, estimated by using a light diffuser (dried Nay;SO4) as previously
reported [49].
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2.3.3. Data Analysis

UV-Vis absorption and FFF spectra were elaborated using Excel. A homemade package working
on Excel was used for spectral analysis and spectral simulation, following the mathematical approach
already reported [33,34,51].

3. Results

3.1. UV-Vis Absorption of Honey of Different Botanic Origin

UV-Vis absorption spectra of honey in the bulk were acquired for all investigated samples (see
Table 3). Honey obtained from acacia (Robinia pseudoacacia L.), clover (Trifolium L.), marruca (Paliurus
spina-christi Mill.), lavender (Lavandula L. 1753), arbutus (or strawberry tree) (Arbutus unedo L., 1753),
inula (Inula viscosa (L.) Aiton), heather (Erica scoparia L., 1753), forest honeydew, and alfalfa (Medicago
sativa L.) presented an intense absorption peak around 270-280 nm and a less intense, but well
pronounced, absorption peak in the region 325-335 nm. Sulla (Hedysarum coronarium L.) honey sample
shows a very broad peak between 250 and 340 nm and small peaks in the visible region (centered
around 451 nm and 690 nm). Chestnut (Castanea sativa Mill. 1768) honey sample is the only one with a
large and intense peak centered around 240 nm, and a minor structured absorption band in the range
318-355 nm. Sunflower (Helianthus annuus L., 1753) honey has an intense absorption peak centered at
269 nm and a less intense structured band with a profile very similar to that of carotenoids, as will be
discussed later on, with peaks at 425, 450, and 485 nm. The very weak peak at 690 nm observed in
several honey samples is related to the presence of chlorophyll derivatives, while the eventual presence
of absorption in the region centered at 450 nm (observed only in sulla and sunflower honey) is due
to carotenoids.

Table 3. Maximum UV-Vis absorption wavelengths of honey samples investigated in this work.
Minor peaks are indicated between parentheses, as explained in the text.

Honey Sample Label* Amax (nm)
AC1 270 (326)
SU1 286 (451, 690)
CL1 277 (326)
CL2 277 (325)
CL3 276 (326)
MA1 276 (329)
MA2 275 (330)
MA3 275 (329)

L1 282 (327)
AR1 285 (335)
IN1 282 (326)
FH1 278 (325)
AA1l 277 (334)
C1 243 (318-355, 607)
H1 272 (334)
S1 269 (425-450-485, 692)

* labels are defined in Table 2.

3.2. FFF Spectral Profiles of Honey of Different Botanic Origin

A selection of FFF emission spectra of the twelve monofloral honey samples produced in Tuscany
(Italy) is reported in Figure 2. The most significant emission bands are observed by fixing the excitation
wavelength at 280 nm (Figure 2a), 340 nm (Figure 2b), and 420 nm (Figure 2c), respectively [23-25,35,36].
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Figure 2. Front-face flourescense (FFF) emission spectra of honey samples in the bulk obtained with
excitation wavelength (A¢x) fixed at 280 nm (a), 340 nm (b), and 420 nm (c). Twelve honey samples of
different botanic origins are reported here, as indicated in the legend on the right. The intensity of the
emission spectra is normalized (arbitrary units, a.u.). In (a) the sharper peaks from 440 to 500 nm are
due to the xenon lamp.
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To help in the discussion of typical spectral profiles of honey of different botanic origin,
the wavelengths of the maximum emission at the three selected excitation wavelengths, namely
Aex = 280, 340, and 420 nm, are summarized in Table 4.

Table 4. Wavelength of the maximum emission bands observed by fixing the excitation wavelength,
Aex, equal to 280, 340, and 420 nm. In the parentheses, the wavelengths relative to secondary maxima
emission bands as well as to emission shoulders are also reported for each honey sample.

Honey Sample Label Amax (nm) at Agy =280 nm  Apax (nm) at Aey =340 nm Ao (nm) at Aex = 420 nm

AC1 345 (440 *) 420 483
suU1 420 (490 *) 435 495
CL1 340 (320 **) 430 502
CL2 335 (320 **), 440 433 500
CL3 340 (320 **, 440 *) 430 502
MA1 345 (450 **) 415 487
MA2 345 (450 **) 427 485
MA3 340 (450 **) 435 (400 **) 487

L1 360 440 503 (475 **)
ARI1 470 (340 %) 445 (385 **, 502 **) 491
IN1 373 (470 *) 443 (362 **, 385 **, 503 **) 500 (475 **)
FH1 410 #+ 405 (362 **, 385 *) 483
AA1l 470 (361 **, 385 **) 407 (362 **, 385 *, 470 **) 497

C1 385 (403 **, 463 **) 385 (362 **, 400 **) 487

H1 410 (500 **) 413 500

s1 355 (420 *) 430 (530 **) 515 (475 *)

*Secondary, less intense, emission band; ** broad emission shoulder; *** very broad band with relatively low intensity.

As a general comment, the emission/excitation profiles of honey are quite complex due to the
contemporary presence of several fluorophores with different concentrations and to the presence
of eventual quenching phenomena. However, the comparison among emission spectra recorded at
different wavelengths can be used to underline differences and analogies among honey samples of
different botanic origin and to support the identification of possible markers. As discussed in detail in
Section 4, significant information can be obtained by simulating the emission spectra, in particular
those obtained by exciting the sample at 280-290 nm (Figure 2a) and at 330-340 nm (Figure 2b). On the
contrary, at higher exciting wavelengths (Acx > 420 nm) the emission spectra are quite similar among
different honey samples (Figure 2c).

In particular, chestnut honey presents very peculiar emission spectra at Aex = 280 nm and
340 nm (Figure 2a,b), while sunflower honey differentiates from others for the emission spectrum
at Aex = 420 nm (Figure 2c) and for the absorption in the visible interval (Table 3). The other honey
samples are grouped into three sub-classes:

- the first group (lavender, clover, acacia, and marruca honeys) is characterized by emission spectra
with a maximum emission around 330-360 nm (at Acx = 280 nm);

- the second group (sulla and heather honeys) presents similar emission spectra with a maximum
emission around 410—440 nm (at Aex = 280 nm);

- the third group (arbutus, inula, alfalfa honey, and forest honeydew honeys) is characterized by
different emission spectra (at Aex = 280 nm), but similar emission spectra are obtained exciting the
sample at Aex = 340 nm, with a typical shoulder around 360-385 nm.

In Section 4, these spectral features are correlated with the presence of specific fluorophores.
The complexity of the honey matrix in terms of fluorescent molecules is also evident by observing the
synchronous spectra. For simplicity, we are reporting only synchronous spectra obtained by fixing the
wavelength interval, A\, equal to 20 nm (see Figure 3).
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Figure 3. FFF synchronous spectra of honey samples in the bulk obtained with fixed wavelength
interval, AA, of 20 nm. Synchronous spectra of twelve honey samples of different botanic origin are here
reported as indicated in the legend on the right. The intensity of the synchronous spectra is normalized
(a.u.). Note that the spectrum of the chestnut honey sample (C1) is cut due to the very high intensity of
the signal centered at 350 nm. Note that the sharp oscillations in the range between 420 and 480 are due
to the xenon lamp.

Synchronous spectra of honey are often used to discriminate among botanic and geographic origin
in combination with multivariate statistical analysis [25,35-41], mostly due to the high sensitivity of
this spectrometric technique and the possibility of identifying the emission bands specific to each
sample. Moreover, synchronous spectra are used to support the identification of single fluorophore’s
contributions to the emission spectra [30]. By observing the synchronous spectra of the twelve honey
samples reported in Figure 3, several general considerations can be drawn. In almost all honey samples,
synchronous spectra are characterized by two well-defined and intense bands:

- the first intense band (I) has a maximum at A¢x = 280-290 nm, mostly due to amino acids (mainly
tryptophan), proteins, and some phenolic acids;

- the second intense band (II) has a maximum at A¢x = 340-350 nm, mostly due to other phenolic
acids, flavonoids, and vitamins, such as vitamin B6 (see in particular, chestnut, marruca, heather,
and sunflower honeys).

Additionally, some honey samples present a third band (III), with maximum at Aex = 410420 nm
due to the presence of other fluorophores, such as pigments and vitamin B9 (see, for instance,
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chestnut, marruca, sunflower, and forest honeydew). Almost all honey samples have broad emission
bands around 500-550 and only sunflower honey has a defined forth band (IV), with a maximum at
Aex = 520-530 nm, probably due to vitamin B2 and other pigments.

A fifth band (V) centered around Acx = 640-650 nm, due to chlorophylls and their derivatives,
is present in almost all honey samples, with the exception of chestnut and marruca honeys and
forest honeydew.

3.3. Fluorescence Properties of Minor Compounds Present in Honey

The emission/excitation properties of several fluorescent minor compounds typical of honey
are here reported. As observed in Section 3.1, honey samples obtained from sulla and sunflower
plants, contain pigments, such as 3-carotene, in large amounts. Carotenoids are known to have small
fluorescence yield [52] and, due to their large molar extinction coefficient, they are usually responsible
for self-absorption and quenching phenomena. For instance, 3-carotene has a typical near UV-Vis
absorption band centered from 380 to 480 nm (Figure 4a), while a large emission band with two
relative maxima at 520 nm and 570 nm is obtained by exciting at wavelengths in the near UV-Vis
region (350-420 nm) (Figure 4b). Among other pigments, chlorophylls and their derivatives have
very strong fluorescence emission, with a relative sharp peak in the interval 670-690 nm, and despite
their concentrations are usually small; almost all honey samples present sharp emission peaks in this
region [53].
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Figure 4. (a) Absorption spectrum of a solution of -carotene in n-hexane (C = 0.2 mg/mL). (b) A

selection of FFF emission and excitation spectra of the same solution of 3-carotene. Intensity of emission
and excitation spectra are scaled and reported in arbitrary units.
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Among antioxidant phenolic compounds, ellagic acid, which was suggested as a fluorescent
marker of Belgian polyfloral honey [54] and also found in very small amounts in some Tuscan honey
samples [47], has a strong and characteristic emission band with a maximum at 420 nm (by exciting
with Aex = 255 or 360 nm; see Figure 5A).

As reported in several papers about FFF investigations of honey [23,24,35,36], the typical
fluorescence emission of honey samples centered around 340-380 nm (with excitation at
Aex = 270-290 nm) is partially due to amino acids, such as tryptophan, tyrosine, and phenylalanine.
In particular, the emission spectrum of tryptophan, which are the amino acids with higher fluorescence
yield, is reported in Figure 5B.
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Figure 5. (a) FFF emission spectrum (Aex = 360 nm) of a solution of ellagic acid in water/methanol (90%
v/v) (C = 0.02 mg/mL). (b) FFF emission spectrum (Aex = 280 nm) of a solution of tryptophan in water
(C = 0.02 mg/mL). Intensity of emission spectra is scaled and reported in arbitrary units.

Other minor compounds responsible for a fluorescence emission band with a maximum between
320 and 380 nm (with excitation at Aex = 270 nm) are the hydroxybenzoic phenolic acids, such as
those indicated in Figure 6A. The 4-hydroxybenzoic acid has indeed a maximum at 320 nm, while
the vanillic and gallic acids have a maximum at ~350 nm, and the syringic acid has a maximum at
360 nm. As discussed in Section 4, these hydroxybenzoic phenolic acids were found in some of the
honey samples analyzed in this work [17], and they were suggested as possible markers of some

botanic origins.
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Figure 6. FFF emission spectra of solutions of hydroxybenzoic (a) and hydroxycinnamic (b) phenolic
acids in water/methanol (90% v/v) (C = 0.02 mg/mL). (a) FFF emission spectra (Aex = 270 nm) of gallic
acid (gallic a.), syringic acid (syringic a.), vanillic acid (vanillic a.), and 4-hydroxybenzoic acid (4-hb a.).

(b) FFF emission spectra (Aex = 290 nm) of ferulic acid (Fer), caffeic acid (Caf), and p-coumaric acid

(p-cum). Intensity of emission spectra is scaled and reported in arbitrary units.

Another class of fluorescent minor compounds present in honey is that of hydrocinnamic phenolic
acids. When excited at wavelengths around 270-290 nm, a strong emission band centered between
410 and 440 nm is observed (see Figure 6B). These compounds were found in most of the samples
investigated here [17], and their concentrations, in particular those of ferulic, p-coumaric, and caffeic
acids, change depending on the botanic origin; this was also reported in several papers focusing on

characteristic phenolic profiles [14,16,17,19,55].
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A derivative of caffeic acid, chlorogenic acid has also been found in monofloral sulla, acacia, and
wildflower honey samples [17,35,55]. Its typical fluorescence emission is centered at 450 nm, by exciting
with wavelengths in the intervals 270-290 nm and 320-340 nm (see Figure 7a). The o-coumaric acid
(see Figure 7b), showing a maximum of emission around 500 nm (with Aex = 280 nm and 330 nm),
was found in very small concentrations only in some of the honey samples investigated here (i.e.,
acacia, sulla, heather, and clover honey) [17,47,48]. The trans cinnamic acid, despite identification by
analytical investigations in acacia and chestnut honey samples, has a very weak fluorescence [47,48].
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Figure 7. FFF emission and excitation spectra of solutions of (a) chlorogenic acid in methanol
(C =0.029 mg/mL) and (b) o-coumaric acid in methanol (C = 0.041 mg/mL). Intensity of FFF spectra is
reported in arbitrary units.

Among additional phenolic derivatives affecting the fluorescence of honey, 3,4-dihydroxybenzoic
acid and sinapinic acid are responsible for a strong emission in the region between 320 and 460 nm,
when exciting the sample with A¢x in the interval 270-290 nm (Figure 8a). These phenolic acids were
found in samples of acacia, sulla, chestnut, sunflower, heather, arbutus, and alfalfa plants [17,47,48].
Other polyphenols, such as the flavonoids isorhamnetin, quercitrin, hesperetin, naringenin, and
luteolin, despite their presence in some of the investigated honey samples [17,47,48], are not fluorescent
or present a very low fluorescence quantic yield. Quercetin compound was found in some of the honey
samples and is characterized by an emission band centered at 520-530 nm, when excited at 330-350 nm.
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Figure 8. Cont.
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Figure 8. (a) Emission spectra (Aex = 290 nm) of a solution of 3,4-dihydroxybenzoic acid (3,4-dhb) and
sinapinic acid (Sin) in water/methanol (90% v/v) (C = 0.02 mg/mL). (b) FFF emission (Aex = 445 nm)
and excitation (Aem = 520 nm) spectra of riboflavin (rib) in water (C = 0.02 mg/mL). (c) Emission
spectrum (Aex = 330 nm) of a solution of vitamin B6 in water (C = 0.02 mg/mL). (d) Emission spectrum
(Aex =330 nm) of a solution of vitamin B9 in water (C = 0.02 mg/mL). Intensity of emission and
excitation spectra is scaled and reported in arbitrary units.

Another class of minor compounds typical of honey is that of vitamins, including ascorbic acid
(vitamin C), thiamine (vitamin B1), pantothenic acid (vitamin B5), niacin (vitamin B3), folic acid
(vitamin B9), pyridoxine (vitamin B6), and riboflavin (vitamin B2) [8,56,57]. Ascorbic acid was found
in some honey samples, but it is not fluorescent. Among fluorescence vitamins, riboflavin (vitamin B2)
presents a typical emission/excitation profile with an emission band around 520-530 nm (see Figure 8b),
pyridoxine (vitamin B6) has quite a sharp fluorescence peak centered at 380-390 nm (with Aex = 330 nm)
(see Figure 8c), and folic acid (vitamin B9) has an emission band at 450 nm (with Aex = 330 nm) (see
Figure 8d).

4. Discussion

In this section, the main features of the emission/excitation spectra of honey samples from Tuscany
(Italy) were investigated and discussed in terms of the main fluorophores’ contributions. The spectral
interpretation and identification of molecular compounds responsible for the fluorescence properties of
honey of different botanic origin are indeed fundamental steps for future practical applications in the
field of honey authentication. In the following, the experimental spectral profiles are analyzed in terms
of the main fluorophores’ contributions, by using a rather simple spectral deconvolution approach.
In the first approximation, the experimental emission/excitation spectra are indeed reproduced as a
linear combination of the emission/excitation spectra of different molecular contributions, similarly
to what was recently reported for fluorescence emission spectra of red wines [34] and for UV-Vis
absorption spectra of olive oils [51]. Before the spectral deconvolution, base line correction and
subtraction of eventual scattering contributions were done [49]. Although the quantification of
fluorescent compounds is out of the scope of the present work, the mathematical deconvolution
of FFF spectra in terms of different spectral contributions, in principle, could not only be used for
identification, but also quantification of the minor components of honey. This aspect will be the topic
of future investigations.

For simplicity, in the following subsections, honey samples of different botanic origin are grouped
on the basis of similar spectral features and the main results obtained from the spectral analysis of FFF
spectra are discussed taking into account results already published about the fluorescent properties of
honey. A summary of the main fluorophores’ contributions to the fluorescence emission of the honey
samples investigated is reported in Table 5.
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Table 5. Main fluorophores contributing to fluorescence emission of honey samples, divided into four
groups, and characteristic spectral features, as described in detail in the following sections. Underlined
fluorophores represent the highest contribution to fluorescence emission at the indicated wavelength.

Honey Sample Label Group  Main Fluorophores Contributing to Fluorescence Emission (Aex, nm)
Vanillic, ferulic, p-coumaric, 4-hydroxybenzoic, and caffeic acids (290);
S1 p-coumaric and caffeic acids (330); vitamin B9 and quercetin (330-340);
1 vitamin B2 (430); carotenoids (400-500); chlorophylls (670).
c1 Caffeic, p-coumaric, ferulic acids (270-290) and unknown fluorophore X

(270-340); vitamin B6; vitamin B9 (330-340).

4-hydroxybenzoic, caffeic, vanillic, ferulic, syringic, and p-coumaric

CL1 acids (280-290); quercetin (340); chlorophylls (670).
Cl2 4-hydroxybenzoic, caffeic, vanillic, ferulic, syringic, and p-coumaric
acids (280-290); quercetin (340); chlorophylls (670).
Cl3 4-hydroxybenzoic, caffeic, vanillic, ferulic, syringic and p-coumaric
acids (280-290); quercetin (340); chlorophylls (670).
Tryptophan, 4-hydroxybenzoic, p-coumaric, vanillic acids, and ferulic
MA1 acid/chlorogenic acid (280-290); vitamin B6, vitamin B9, and quercetin
(330).
2 Tryptophan, 4-hydroxybenzoic, p-coumaric, vanillic acids, and ferulic
MA2 acid/chlorogenic acid (280-290); vitamin B6, vitamin B9, and quercetin
(330).
Tryptophan, 4-hydroxybenzoic, p-coumaric, vanillic acids, and ferulic
MA3 acid/chlorogenic acid (280-290); vitamin B6, vitamin B9, and quercetin
(330).
L1 Vanillic and syringic acids (280-290); vitamin B9 and quercetin

(330-340); chlorophylls (670).

Tryptophan, 4-hydroxybenzoic, p-coumaric, vanillic acids, and ferulic
AC1 acid/chlorogenic acid (280-290); vitamin B6, vitamin B9, and quercetin

(330); chlorophylls (670).

Tryptophan, vanillic, ferulic, syringic, p-coumaric, and o-coumaric acids

Hi1l (280-290); vitamin B6, vitamin B9, and quercetin (330); chlorophylls
(670).
3 Tryptophan, vanillic, ferulic, syringic, p-coumaric, and o-coumaric acids
SU1 (280-290); vitamin B6, vitamin B9, and quercetin (330); carotenoids

(400-500); chlorophylls (670).

Vanillic, p-coumaric, 4-hydroxybenzoic, ferulic, and caffeic acids (290);

AAL vitamin B9, vitamin B6, and quercetin (330-340); chlorophylls (670).
AR1 Vanillic, p-coumaric, 4-hydroxybenzoic, ferulic, and caffeic acids (290);
vitamin B9, vitamin B6, and quercetin (330-340); chlorophylls (670).
FH1 4 Low content of vanillic, ferulic, p-coumaric, 4-hydroxybenzoic, and
caffeic acids (290); vitamin B9, vitamin B6, and quercetin (330-340).
IN1 Vanillic, p-coumaric, 4-hydroxybenzoic, ferulic, and caffeic acids (290);

vitamin B9, vitamin B6, and quercetin (330-340); chlorophylls (670).

4.1. Identification of Main Fluorophores in Sunflower and Chestnut Honey Samples

Fluorescence studies of sunflower honey were reported in previous works [25,41] with the main
purpose of discriminating among different botanic origins in combination with multivariate statistical
approaches. However, to our knowledge, the interpretation of emission/excitation matrices in terms
of main fluorophores is missing. As seen in Figure 2, sunflower honey presents a characteristic
emission spectral profile when excited at Aex > 420 nm. At lower wavelengths, the spectral features
of sunflower honey are similar to other kinds of honey. For instance, the emission spectrum at
Aex = 290 nm (Figure 9a) is mainly determined by phenolic acids, such as vanillic, ferulic, p-coumaric,
4-hydroxybenzoic, and caffeic acids, which also affect the emission spectrum at Aex = 340 nm (Figure 9b),
with the additional contributions of vitamin B9 (with a maximum around 450 nm) and quercetin
(maximum at ~520-530 nm). This is in agreement with the phenolic profile of Tuscan sunflower honey
samples, as obtained by chromatographic methods [17,47]. The spectral deconvolution of emission
spectra of sunflower honey at these wavelengths can be easily obtained as a linear combination of the
experimental spectra of these minor compounds, as shown in Figure 9a,b.
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Figure 9. (a) Experimental (brown) and calculated (black) emission spectra (Aex = 290 nm) of sunflower
honey (S1) with the contribution of main fluorophores as indicated in the legend. (b) Experimental
(brown) and calculated (black) emission spectra (Aex = 340 nm) of sunflower honey (S1) with the
contribution of main fluorophores as indicated in the legend. (c) Experimental emission spectra
(Aex = 450 nm and A¢x = 440 nm) of sunflower honey (S1) and experimental emission spectra (Aex =
445 nm) of vitamin B2 (see Figure 8b). (d) Experimental (brown) and calculated (black) emission spectra
(Aex = 330 nm) of chestnut honey (C1) with the contribution of main fluorophores as indicated in the
legend. Intensity of emission and excitation spectra is scaled and reported in arbitrary units.

The emission spectrum of sunflower honey by exciting at Aex > 420 nm (Figure 9c¢) is different
from all other honey samples (see also Figure 2c), since it presents a maximum emission at ~520 nm
and a second local maximum (or emission shoulder) at ~480 nm, whose intensity varies sensibly by
moving to larger excitation wavelengths. A fluorophore responsible for intense emission centered
at 520 nm, with a similar spectral profile to sunflower honey, is vitamin B2 [8,47,57]. Moreover,
the particular structure and shaped emission band of sunflower honey at excitation wavelengths in the
range 400-500 nm (see Figure 9c) are probably due to the presence of self-absorption by carotenoids [42].
This interpretation is in agreement with the presence of large amounts of 3-carotene and other
carotenoids, such as lutein, in sunflower honey [47], as observed by UV-Vis absorption spectroscopy
(see Table 3). The synchronous spectrum of sunflower honey (see Figure 3) presents well defined and
intense bands (I, I, III, IV, and V), thus confirming the presence of a rich variety of fluorophores.

Emission/excitation properties of chestnut honey were the objects of several works [24,28,36].
In all cases, chestnut honey emission spectra recorded with excitation wavelengths in the region
270-290 nm and 320-340 nm present very distinctive spectral profiles, similarly to what was observed
in the present study. In particular, as shown in Figure 2, chestnut honey emission is characterized
by a sharp emission band centered at 380-385 nm with an asymmetric band, and the position of
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this peak remains the same when exciting in a wide interval of excitation wavelengths (from 260 to
370 nm). In a previous work [24], this particular spectral profile was explained by the presence of
high levels of hydroxycinnamates such as caffeic, p-coumaric, and ferulic acids. However, the very
sharp and structured spectral profile of chestnut honey cannot be reproduced by considering only
the polyphenolic components, which are usually characterized by larger and smoother emission
bands, with a decreasing intensity when exciting at wavelengths Aex > 330 nm. As seen in Figure 9d,
a good reproduction of the experimental emission spectrum of chestnut honey by exciting at 330 nm is
obtained by considering vitamins as a major contribution; in particular, vitamin B6, and, in smaller
amounts, vitamin B9. The shoulder observed at ~355-365 nm (see the black arrow in Figure 9d) could
be due to proteins (mainly tryptophan residues), as suggested by Karoui et al. [36]. Synchronous
spectra of chestnut honey are very peculiar too; for instance, the synchronous spectrum, with AA =
20 nm, presents a very intense band (II) and a smaller band (III), while other bands characteristic of
honey are almost missing (see Figure 3). As noted in previous works [24,28,36], the emission profile of
chestnut honey is so characteristic that it can be used for a direct authentication of this specific botanic
origin. Further investigations are in progress to quantify vitamin B6, which could be identified as a
botanic marker, from the FFF spectra of chestnut honey.

4.2. Identification of Main Fluorophores in Clover, Acacia, Marruca, and Lavender Honey

Among these botanic origins, only acacia [25,35,36,39] and clover [40] honey samples were
investigated by means of fluorescence spectroscopy in previous works. In our study, the emission/
excitation spectral profile of acacia honey (AC1) is rather similar to those obtained for three marruca
honey samples (MA1, MA2 and MA3) produced in the south of Tuscany. As reported in Figure 10a,b,
the emission spectra obtained by exciting the samples at Aex = 280 nm, present a typical maximum at
345 nm, with a spectral profile very similar to that of tryptophan, thus suggesting the presence of a large
fluorescence contribution from proteins, enzymes, and free amino acids (mainly tryptophan residues).
A second less intense emission band centered around 440-450 nm, which can be ascribed mostly
to ferulic acid or to chlorogenic acid, has a very similar fluorescence profile (see Figures 6b and 7a).
A very good reproduction of these spectral profiles is obtained by including smaller contributions
of 4-hydroxybenzoic, p-coumaric, and vanillic acids, which were found in these samples in smaller
amounts by means of chromatographic methods [17]. Although ellagic acid was found only in
acacia honey [17], it seems that its fluorescence contribution (see the typical asymmetric emission
band centered at 420 nm, in Figure 5a) is not evident in our case. At larger excitation wavelengths,
both acacia and marruca honey samples present emission profiles similar to other samples, such as
clover and lavender honeys, with a typical band centered at 420-435 nm (Aex = 340 nm) and 475-490 nm
(Aex = 420 nm). In previous FFF studies, the emission bands of acacia honey were explained with the
presence of flavonoids [35] or Maillard reaction products [36]; however, our investigations [47] indicate
that these compounds, with the exception of quercetin, have very low fluorescence emission. As shown
for other honey samples, it is likely that vitamins may significantly affect fluorescence intensity of
honey at Aex > 330 nm.
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Figure 10. Experimental (brown) and calculated (black) emission spectra (Aex = 280 nm) of acacia
honey—AC1 (a), marruca honey—MAL1 (b), clover honey—CL3 (c), and CL1 (d) samples, with the
contribution of main fluorophores as indicated in the legend. Intensity of emission and excitation

spectra is scaled and reported in arbitrary units.

The case of clover honey, which was studied by fluorescence spectroscopy only in a previous
paper dealing with honey from New Zealand [26], is rather significant. The emission spectra recorded
by exciting at Aex = 280 nm in our samples from Tuscany (CL1, CL2, and CL3) present different profiles
with a common spectral feature: an emission band centered at 335-340 nm with a shoulder (more or
less pronounced depending on the sample) around 320 nm (Figure 10c,d). This peak can be ascribed
to 4-hydroxybenzoic acid (see Figure 6a), which was found in large amount in these samples [17,47].
Interestingly, the differences among the emission/excitation properties of these three clover honey
samples can be explained by the different concentrations of caffeic, vanillic, ferulic, syringic, and
p-coumaric acids, in agreement with the different phenolic profiles of the same clover honey samples
determined by chromatographic techniques [17,47]. The good reproduction of the emission spectra of
clover honey samples by using the sole phenolic acids’ spectral contributions is shown in Figure 10c,d.
On the other hand, the presence of large amounts of phenolic acids is also confirmed by the very
intense band (I) in the synchronous spectrum (see Figure 3).

To our knowledge, lavender honey was never investigated by fluorescence spectroscopy before.
In Figure 11, the emission spectra of lavender honey from Tuscany (L1) obtained by exciting at
Aex = 280 nm (a) and at Aex = 340 nm (b) are reported. The emission profile of lavender honey at Aex =
280 nm (Figure 11a) is very similar to that of vanillic acid. A good reproduction of this spectrum can be
indeed reached by using a combination of the emission spectra of vanillic and syringic acids, with the
addition of smaller contributions from caffeic, p-coumaric, and 4-hydroxybenzoic acids. At higher
exciting wavelengths, the emission intensity of lavender honey is much lower and broader than all
other samples. For instance, the emission spectrum obtained at Aex = 340 nm (Figure 11b) can be
reproduced as a combination of emission spectra of vitamin B9 and quercetin, and smaller contributions
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from phenolic acids, such as caffeic and ferulic acids. As seen in Figure 3, the synchronous spectrum
of lavender honey (AA = 20 nm) is different from all other samples, since it presents only the first
defined band (I) and a broad band (III) without the second band (II). This is in agreement with the
fact that only few fluorophores are present in lavender honey, such as the vanillic and syringic acids
(responsible for band (I)) and vitamin B9 (responsible for band (III)).
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Figure 11. Experimental (brown) and calculated (black) emission spectra of lavender honey—L1—by
exciting at Aex = 280 nm (a) and at Aex = 340 nm (b), with the contribution of main fluorophores
as indicated in the legend. Intensity of emission and excitation spectra is scaled and reported in
arbitrary units.

4.3. Identification of Main Fluorophores in Sulla and Heather Honey

Sulla and heather honeys are typical of Tuscany and other regions of Italy [42]; their chemical
composition and phenolic profiles were the objects of several studies [20,22,43-45], while front-face
fluorescence investigations were performed on heather honey samples from other European countries
only [35,36]. In the present study, fluorescence properties of these two types of monofloral honey
showed similar features (Figure 2). For instance, emission spectra of sulla and heather honey obtained
by exciting at 280-290 nm have a maximum smooth band centered at 410-420 nm (Figure 12).
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Figure 12. (a) Experimental (brown) and calculated (black) emission spectra (Aex = 290 nm) of heather
honey (H1) with the contribution of main fluorophores as indicated in the legend. (b) Experimental
(brown) and calculated (black) emission spectra (Aex = 280 nm) of sulla honey (SU1) with the contribution
of main fluorophores as indicated in the legend. Intensity of emission and excitation spectra is scaled
and reported in arbitrary units.
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A good spectral reproduction of these large bands is obtained by considering the contributions of
several fluorophores with similar fluorescence intensities, but different positions of maximum emission.
As shown in Figure 12, the best reproduction of the emission profile of both sulla and heather honey
samples is obtained by considering proteins’ residues (i.e., tryptophan), vanillic, ferulic, syringic,
p-coumaric, and o-coumaric acids. In particular, o-coumaric acid distinguishes from other phenolic
acids, since it shows a maximum emission at ~500 nm, when excited at Aex = 280-290 nm, as well as at
Aex = 330-340 nm (see Figure 7b). This compound could be indeed identified as a possible marker for
these two botanic plants. The synchronous spectra of heather and sulla honeys (AA = 20 nm) present
similar features (see Figure 3), with the sole difference that bands (I) and (II) of heather honey are more
intense than those of sulla honey. The spectral profiles of these two honey samples are almost the same
at Aem > 375 nm (Figure 3), thus indicating a similar composition in terms of pigments and vitamins.

4.4. Identification of Main Fluorophores in Arbutus, Inula and Alfalfa Honey, and Forest Honeydew

Inula and alfalfa honeys are rare in Italy, however, a few local productions are known in Tuscany.
Arbutus (or strawberry tree) honey is more common in Sardinia (Italy) and the chemical composition
of arbutus honey from this region was reported in the literature [45]. Forest honeydew is produced
in several area of Italy, but Tuscan forest honeydew was never studied before. All these samples are
characterized by low intensity of fluorescence when excited at Aex < 300 nm (see Figure 2) and this aspect
is evident from the low intensity of band (I) in the synchronous spectra, too (Figure 3). Interestingly,
at higher exciting wavelengths, these four samples present similar spectral emission features.

In Figure 13, the experimental emission spectra of these samples (AA1, FH1, AR1, and IN1)
obtained by exciting at 340 nm are reported showing in all cases an emission band (or shoulder) at
~375 nm. This feature is distinctive of these honey samples, as seen in Figures 2b and 13. Emission
spectra of inula and arbutus honey, at Aex = 340 nm, are very similar and a good reproduction is
obtained by considering vitamin B6, vitamin B9, and quercetin as the main fluorophores (Figure 13a,c).
In the case of alfalfa honey, the emission spectrum has a large band with a smooth maximum centered
at 400 nm and a shoulder at 375 nm (Figure 13b), which can be reproduced with the same fluorophores
than inula and arbutus honeys, but with a different relative contribution. Alfalfa honey is indeed
obtained more in vitamin B6 and p-coumaric acid than others. Forest honeydew has the lowest
fluorescence (Figure 13d), indicating a low content of bioactive compounds. Moreover, as shown in
Figure 3, forest honeydew has a very low content of pigments and absence of chlorophyll derivatives.
As a general feature, these samples seem to have very low content in phenolic acids and this aspect
will be further investigated.
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Figure 13. Experimental (brown) and calculated (black) emission spectra (Aex = 340 nm) of inula
honey—INI1 (a), alfalfa honey—AA1 (b), arbutus—AR1 (c) honey samples, and forest honeydew—FH1
(d) samples, with the contribution of main fluorophores as indicated in the legend. Intensity of emission
and excitation spectra is scaled and reported in arbitrary units.

5. Conclusions

In this work, we reported the first front-face fluorescence study of Italian honey samples. To our
knowledge, this is the first fluorescence investigation of honey obtained from inula (Inula viscosa (L.)
Aiton), marruca (Paliurus spina-christi Mill.), lavender (Lavandula L. 1753), sulla (Hedysarum coronarium
L.), arbutus (or strawberry tree) (Arbutus unedo L., 1753), and alfalfa (Medicago sativa L.) plants.

Twelve different monofloral honey types produced in Tuscany were investigated focusing on the
possibility of identifying the main fluorescent contributions from the analysis of the emission/excitation
and synchronous spectra recorded on the honey samples, in the bulk, thus without sample treatments.
In particular, in this work we reported a “semi-quantitative” approach to analyze the FFF spectrum
of honey as the sum of different contributions of the main fluorophores” components. This approach
allowed us to identify a group of fluorophores for each honey sample investigated whose presence
and relative concentrations determine the particular spectral FFF profile. The good reproduction of
the emission spectra recorded on these samples as a linear combination of different fluorophores’
contributions is of help in the identification of specific bioactive compounds, such as vitamins B6, B9
and B2, phenolic acids, tryptophan residues, pigments, and flavonoids. In some cases (i.e., heather,
marruca, sulla, acacia, clover, chestnut, and sunflower), our findings are in agreement with previous
studies performed by more classical analytical methods. The spectral analysis proposed represents
a step toward future quantitative analysis of FFF spectra for the identification and quantification
of specific compounds, such as vitamin B9, vitamin B6, vitamin B2, and o-coumaric acid, whose
presence and relative concentrations could be specific to botanic origin. This aspect will be the object
of future research.
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