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Abstract: Honey is well known for its antioxidant and antimicrobial properties, which significantly
contribute to its high demand among consumers. While there is plenty of information available about
the antioxidant potential of honey, there is still a lack of research specifically focused on monofloral
honeys, as most studies have been based on market samples. To address this issue, in the present
study we analyzed the total phenolic content and antioxidant activity of nine monofloral honey
types produced in Greece: fir, chestnut, citrus, erica, cotton, Jerusalem thorn, pine, oak and thyme, in
comparison with manuka honey. The samples were collected from beekeepers applying the appro-
priate beekeeping practices. In total, ninety-six representative monofloral honey samples meeting
the microscopic, physicochemical, and sensory characteristics were analyzed. Oak honey stood out
as the darkest type (L* = 33.67) with the highest total phenolic content (203.75 mg GAE /100 g) and
antioxidant activity (106.2 mg AAE/100 g). Chestnut honey closely followed, having also the highest
electrical conductivity (1.679 mS/cm). Although manuka honey had a high total phenolic content, its
total antioxidant activity was found to be medium-low compared to fir, pine, and erica honeys. Citrus
honey, being the lightest in color (L* = 37.2), exhibited the lowest total antioxidant activity (6.36 mg
AAE/100 g). Statistical analysis revealed significant positive correlation between total antioxidant
activity and electrical conductivity (ra-e = 0.587, pa-e = 0.000), and negative correlation between total
antioxidant activity and L* parameter (r,.1 = —0.424, p,1 = 0.000). Similar correlations were also
observed regarding total phenolic content (rp-e = 0.457, pp-e = 0.000, IpL = —0.455, Pp-L = 0.000). In
conclusion, oak and chestnut honeys seem to have a high antioxidant potential, that should be further
explored, to highlight their value and help promote them worldwide.

Keywords: monofloral honeys; total phenolic content; total antioxidant activity; electrical
conductivity; color

1. Introduction

The use of natural foods in the daily diet has significantly increased in the modern
world. These foods contain a variety of antioxidant compounds, including flavonoids
and phenolic acids, which have beneficial effects on human health [1]. Honey, a totally
natural food, could not be an exception, as it provides dietary antioxidants in a highly
palatable form [2,3]. Additionally, honey has been used worldwide in the treatment of
diseases, because it has been proved to possess several biological properties, such as
antibacterial, anti-inflammatory and anti-cancer effects, as well as stimulation of wound
and burn healing [4-7].

In particular, the antioxidant activity of honey has been evaluated by various authors
using different methods and it has been shown to depend on the botanical and geographical
origin of honey and its processing [8-11]. Furthermore, several studies have found a linear
correlation between the antioxidant activity of honey and its color, with the darker honeys
showing higher antioxidant potent [12,13]. While there are numerous articles that explore
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the antioxidant properties of honey, there remains a lack of extensive information on
monofloral honeys, as most studies rely on samples obtained from the commercial market.

One of the most studied honeys, especially regarding its antibacterial activity, is
manuka honey, coming from the New Zealand manuka tree (Leptospermum scoparium),
which has been recommended for wound treatment [14-16]. Previous studies reported that
manuka honey consists of a high amount of phenolic compounds, such as flavonoids [17].
Manuka honey also contains a bioactive ingredient called methylglyoxal that exhibits
non-peroxide antibacterial activity [18].

In Greece, there is a great number of plant species giving various monofloral honeys,
which are distinguished for their microscopic, sensory and physicochemical characteristics.
However, scarce literature exists regarding the biological activities of Greek monofloral hon-
eys, mostly referring to their antimicrobial properties, while even fewer are the references
regarding their antioxidant potential [19-21].

Considering all of the above, the aim of the present study was to collect fresh and un-
processed Greek honey samples directly from beekeepers, to select representative samples
of nine specific monofloral Greek honey types and to analyze their total phenolic content
and antioxidant activity. Their antioxidant capacity was also compared with that of Manuka
honey. Lastly, the findings were correlated with color and electrical productivity data.

2. Materials and Methods
2.1. Honey Sampling

Honey samples were collected from beekeepers across Greece, applying the appropri-
ate beekeeping practices prior to honey collection. We provided beekeepers with specific
instructions, which included moving the bee colonies to the selected plant species once
10% of flowering had begun, harvesting the sealed honey before relocating the colonies,
and refraining from providing any artificial feeding to the bees during honey collection (no
syrup, paste, or pollen substitutes). Subsequently, the beekeepers collected and sent sam-
ples weighing approximately a kilogram to the Laboratory of Apiculture-Sericulture. Out
of a total of 195 honey samples, 90 having the required microscopic, sensory, and physic-
ochemical characteristics were chosen as monofloral, representing nine certified types of
honey: fir (Abies), chestnut (Castanea sativa), citrus (Citrus), erica (Erica manipuliflora), cotton
(Gossypium hirsutum), Jerusalem thorn (Paliurus spina-christi), pine (Pinus), oak (Quercus)
and thyme (Thymus capitatus). In addition, six samples of manuka honey (L. scoparium),
obtained from European markets whose botanical origin was verified through pollen and
sensory analysis, were studied. All samples were stored at —18 °C until their analysis.

2.2. Confirmation of Botanical Origin

In order to determine the botanical source and certify the monofloral honey types, the
qualitative pollen analysis was conducted using the method established by the International
Commission of Bee Botany [22]. Additionally, to confirm the classification of each floral
type in accordance to Greek legislation, the pollen percentage of thyme, erica, chestnut,
cotton and citrus honeys had to be over 18%, 45%, 87%, 3%, 3%, respectively.

Moreover, a panel of experts was assembled to evaluate the honey samples and
confirm the botanical origin of each type based on their color, taste, odor and aroma. The
experts were required to approve or disapprove the monofloral nature of each honey
sample provided by the beekeepers by responding with a yes or no [23].

2.3. Determination of Total Phenol Content (TPC)

The Folin-Ciocalteu colorimetric method was applied to determine the TPC of the
samples [24]. Specifically, 5 g of each honey sample were diluted to 50 mL of distilled
water and then, the solutions were filtered through a qualitative filter. In turn, 500 puL
of this solution were mixed with 2.5 mL of 0.2 N Folin—Ciocalteu’s phenol reagent (2 N)
(Merck, Darmstadt, Germany) for 5 min and afterwards 2 mL of 75 g/L sodium carbonate
(NapCO3) (>99.5%, Merck, Germany) were added. After the incubation for 2 h in dark



Appl. Sci. 2024, 14, 4329

3o0f11

and at room temperature, the absorbance of the reaction mixture was measured at 760 nm
against a methanol blank (Genesys 10S UV-Vis, Thermo Scientific, Waltham, MA, USA).
The analysis was performed in duplicate. For the quantification of the phenol content,
calibration curves were created using standard solutions of gallic acid (>98.0%, Merck,
Germany) (concentrations: 10400 mg/L). The results were expressed as mg gallic acid
equivalents (GAE)/100 g honey.

2.4. Ferric Reducing Power (FRAP) Assay

The total antioxidant activity of the samples was determined according to the Benzie
and Strain method, in order to measure the Fe3* /Fe?* couple reducing ability of a complex
matrix [25]. Specifically, the honey samples were diluted with distilled water (1:5) (w/v)
and after stirring for 20 min, 3 mL from the FRAP solution were added to the 100 uL of the
honey solution. The FRAP working solution comprised of three components: (1) 300 mM
CH3COONa (>99%, Chem-Lab, Zedelgem, Belgium)—CH3;COOH (>99%, Chem-Lab,
Belgium) buffer (pH = 3.6), (2) 10 mM TPTZ (2 4,6-tripyridyl-s-triazine) solution (>98.0%,
Merck, Germany) in 40 mM HCI (3 M, Chem-Lab, Belgium), and (3) aquatic solution of
20 mM FeCl3 x 6HyO (>99%, Chem-Lab, Belgium), in a ratio of 10:1:1. After stirring,
The samples were transferred to a water bath at 37 °C for 4 min. Absorbance was then
measured at 593 nm, using water (100 uL) with 3 mL of FRAP as the reference solution.
The analysis was performed in duplicate. For the quantification of the total antioxidant
activity, calibration curves were created using standard solutions of ascorbic acid (>99.7%,
Chem-Lab, Belgium) (concentrations: 50-2000 uM). The results were expressed as mg
ascorbic acid equivalents (AAE)/100 g honey

2.5. Determination of Electrical Conductivity and Color

The determination of electrical conductivity was based on the measurement of the
electrical resistance of aqueous solution of honey [26], while for the color, the coordinates
CIE L* a* b* were measured, using a Konica Minolta colorimeter (CR-410, Tokyo, Japan).
The colorimeter was calibrated using a white standard plate with the color coordinates
(V' =858, x=0.3192, y = 0.3369). Coordinate L* represents the clarity (L* = 0 black and
L* =100 colorless), a* the green/red color component (a* > 0 red, a* < 0 green) and b* the
blue/yellow color component (b* > 0 yellow, b* < 0 blue).

2.6. Statistical Analysis

The one-way multivariate analysis of variance (one-way MANOVA) was applied in
SPSS 24.0 software (Chicago, IL, USA), combined with Duncan’s range test, in order to
examine the group differences across multiple dependent variables simultaneously. The
level of significance was set at a = 0.05. The type of honey (botanical origin) was considered
as the independent variable, while total phenolic content, antioxidant activity, color and
electrical conductivity were considered as the dependent variables. Also, the Pearson (r)
test was applied to find possible correlations among the examined parameters.

3. Results and Discussion
3.1. Confirmation of Botanical Origin
The sensory characteristics and the melissopalynological analysis confirmed the floral

origin of the honeys that were eventually analyzed. The ranges in pollen percentages of the
blossom monofloral honeys are given in Table 1.
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Table 1. Average pollen percentage (%), standard deviation and pollen range (%) of blossom monoflo-

ral honey types.

Honey Type Average Polle];el";;:ie;:aéz;‘.’/;) + Standard Pollen Range (%)

Chestnut 977 £1.2 96-99

Citrus 9.6 +10.2 3-33

Cotton 6.4 £52 3-17

Erica 87.8 £ 11.6 68-99

Jerusalem thorn 81.2 +£11.2 58-95

Thyme 75.6 + 14.3 53-93

Manuka 79.5+17.9 55-96

The results were within the limits required by the Greek Legislation, and for chestnut
and thyme honey types, the percentages were in agreement with the limits set by Persano
Oddo et al. (chestnut > 90% thymus > 15%) [27]. Similar percentage findings for thyme
honey are also presented in the literature [28-30]. In contrast, the pollen percentage in citrus
honey was lower than the limit given by Persano Oddo et al. [27], who point out higher lim-
its (>10%). The variation is likely to be caused by the different cultivated Citrus tree varieties,
as well as the variability in pollen and nectar offer from the surrounding vegetation.

3.2. Determination of TPC and FRAP

Among the examined monofloral honey types, oak honey emerged as the honey type
with the significantly highest mean total phenolic content (203.7 £ 34.8 mg GAE/100 g
honey) and mean total antioxidant activity (106.2 &= 32.4 mg AAE /100 g honey) (Figure 1).

Total phenolic content (mg GAE/100g honey) Total antioxidant activity (mg AAE/100g honey)
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Figure 1. Total phenolic content (mg GAE/100 g honey) (a) and total antioxidant activity (mg
AAE/100 g honey) (b) of ten monofloral honey types. Note: Different latin letters in each group show
statistically significant differences according to Duncan’s multiple range test, a = 0.05.

Regarding the total phenolic content, Manuka and chestnut honeys followed oak
honey, with their mean values being 179.5 £ 33.3 mg GAE/100 g honey, and 149.9 & 34.8 mg
GAE/100 g honey, respectively (Figure 1a). Erica, fir, pine and Jerusalem thorn honey
demonstrated intermediate average values (133.2 = 244 mg GAE/100 g honey,
130.3 £ 26.3 mg GAE/100 g honey, 125.2 &= 21.3 mg GAE/100 g honey and 105.7 &= 30.6 mg
GAE/100 g honey, respectively), while thyme and cotton honey showed low average values
(87.3 +20.5 mg GAE/100 g honey, 72.1 £ 45.7 mg GAE/100 g honey, respectively).

On the other hand, the manuka honey exhibited significantly lower total antioxidant
activity than chestnut (59.8 & 24.8 mg AAE/100 g honey), fir (54.9 & 15.0 mg AAE/100 g
honey), pine (53.3 & 9.5 mg AAE/100 g honey) and erica (57.1 & 13.8 mg AAE /100 g honey)
honey types. Indeed, the total antioxidant activity of manuka honey was similar to the mean
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values found in Jerusalem thorn (31.0 = 10.3 mg AAE/100 g honey), cotton (25.1 & 10.0 mg
AAE/100 g honey) and thyme (22.8 4= 14.0 mg AAE/100 g honey) honeys. Citrus honeys
exhibited both the lowest mean total phenolic content (65.0 & 15.0 mg GAE/100 g honey)
and the lowest mean total antioxidant activity (6.4 & 3.5 mg AAE/100 g honey).

It is noteworthy that oak honey had approximately three times higher total phenolic
content than citrus honey and twice as much as thyme honeys. Additionally, it exhibited
about 16 times higher total antioxidant activity than citrus honey and approximately four
times more than thyme honeys; two honey types largely preferred by consumers due to
their intense aromatic flavor. The predominance of oak honey and chestnut honeys over
thyme and citrus honeys was also observed by Tananaki et al. [31].

The high antioxidant properties of oak honey have also been recognized by other
authors [9,32,33], although their observed average total phenolic content was lower than
the results of our study (120.04 £ 18.56, 130.3 £ 49.3, and 134.8 &+ 26.7 mg GAE/100 g
honey, respectively). In the case of chestnut honey, the mean value of the total phenolic
content we found was slightly higher than the findings of Aker & Nisbet (138.3 4= 19.3 mg
GAE/100 g honey) and Akgiin et al. (120.0 & 3.0 mg GAE/100 g honey) [34,35] but lower
than the results of Ozkok and Silici (261.7 mg GAE/100 g honey) [36]. Regarding pine
honey, the average total phenolic content of the present research was slightly lower than the
values found by Karabagias et al. (158.3 + 33.8 mg GAE/100 g honey) [37] who analyzed
Greek pine honey samples, and Aker & Nisbet (166.5 £ 5.8 mg GAE/100 g honey) [34]
who analyzed Turkish pine honey samples. Similar results regarding thyme and citrus
honey are reported by Imtara et al. [38] and Ozkok and Silici [36], respectively, while Aker
& Nisbet recorded higher values for citrus honey (113.8 & 19.3 mg GAE/100 g honey) [34].
As for Jerusalem thorn honey, although it is produced in large amounts in Greece, its
antioxidant capacity has not been thoroughly investigated. To our knowledge, this is the
first analysis of its antioxidant potential. Finally, regarding the total phenolic content of
manuka honey, similar results are referred by Portokalakis et al. and Gosliriski et al., but
much higher values are given by Pentos et al. [39-41]. It is not feasible to make further
comparisons with other studies due to variations in methodologies and standard solutions
used for quantification. This highlights the necessity for a standardized method to ensure
comparable study results.

3.3. Determination of Electrical Conductivity and Color

The different values of electrical conductivity and color are related to the botanical
origin of honeys. Honeydew honeys had higher values than blossom honeys, with the chest-
nut honey showing the highest mean electrical conductivity (1.679 £ 0.3 mS/cm), followed
by fir (1.407 £+ 0.18 mS/cm), oak (1.255 £+ 0.18 mS/cm) and pine (1.170 £ 0.12 mS/cm)
(Figure 2). Manuka, thyme and citrus honeys showed the lowest mean electrical conductiv-
ity (0.538 £ 0.07, 0.415 £ 0.09 and 0.254 £ 0.07 mS/cm, respectively).

Also, honeydew honeys were generally darker than blossom honeys, with oak honey
being the darkest, as they had the lowest average L* parameter (L* = 31.67 & 0.10), followed
by chestnut (L* = 33.30 = 0.45) and pine (L* = 33.30 £ 0.15), while citrus honey was the
lightest (L* = 33.30 £ 0.15) (Figure 3).

Manuka honey, though considered as blossom, was darker (L* = 3.34 & 0.39) than
Greek blossom monofloral honeys, and even darker than fir honey (L* = 3.41 & 0.01). Fur-
thermore, erica and manuka honeys had the highest mean redness value (a* = 3.14 £ 2.33,
2.79 £ 1.69, respectively) and mean yellowness value (b* = 9.59 £ 4.09, 9.07 £ 2.49, re-
spectively) probably due to the presence of red and yellow components (ex. anthocyanins,
flavonoids, carotenoids) in their nectar.
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Figure 2. Electrical conductivity (mS/cm) of ten monofloral honey types. Note: Different latin letters
in each group show statistically significant differences according to Duncan’s multiple range test,
a=0.05.
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Figure 3. Color parameters L* (1071, a*, b*, of ten monofloral honey types. Note: Different latin
letters in each group show statistically significant differences according to Duncan’s multiple range
test, a = 0.05.

Electrical conductivity, along with other physicochemical parameters, is important in
the characterization of honey. In our study, most blossom honeys had electrical conduc-
tivity values below 0.8 mS/cm, as specified in the Honey Directive (110/2001, EE), while
the mean values for honeydew and chestnut honeys were over that limit [42]. However,
Jerusalem thorn honey, despite being classified as blossom based on field observations, had
an average electrical conductivity higher than 0.8 mS/cm. As a result, this specific type
of honey cannot be classified and marketed as blossom honey, even though it exhibits the
microscopic and sensory characteristics of such honey. Similar findings have been docu-
mented by Rodopoulou et al. [43]. Furthermore, 40% of cotton honey samples had electrical
conductivity exceeding 0.8 mS/cm, despite exhibiting the characteristics of blossom honey,
making their promotion challenging. Thrasyvoulou et al. [44] have suggested to include
these monofloral honey types in the exceptions of Honey Directive (110/2001, EU).
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Multiple authors have reported similar average electrical conductivity for the different
types of honey they studied [9,28,29,41,44-47]. However, Akgiin et al. [35], Rodriguez-
Flores [48] and Ucurum et al. [49] found lower values for chestnut honey (1.13 £ 0.25,
1.1 £0.2, and 1.43 £ 0.33 mS/cm, respectively), compared to our findings. Addition-
ally, Seijo et al. [31] and Ucurum et al. [49] noted lower values for oak honey (1.0 £ 0.1,
1.13 4 0.31 mS/cm, respectively). Lastly, while Rodriguez et al. reported similar electrical
conductivity values for citrus honey [50], Karabagias et al. (0.616 £ 0.019 mS/cm) and
Makhloufi et al. (0.40 &= 0.20 mS/cm) referred to higher values [51,52].

Furthermore, regarding the CIElab parameters, the findings in the existing literature
are different regarding the same honey type, compared to this research [9,53]. These
variations could be attributed to the honey’s different geographical origins or to the use of
different colorimetric methods (such as transmittance or reflectance, and analysis of fluid
or crystallized honeys) [53].

3.4. Correlations of the Analyzed Parameters

A Pearson (r) test was applied to evaluate the possible correlations among the exam-
ined parameters (total phenolic content, total antioxidant activity, electrical conductivity,
L*, a* b*). The results of correlation coefficient (r) and level of significance (p) are given in
Table 2.

Table 2. Correlation coefficient (r) and level of significance (p) among the examined parameters (total
phenolic content, total antioxidant activity, electrical conductivity, L*, a*, b*).

Parameters Totzloilz:;lto lic Ant?:;:éant C(il:ic:zltfzi ty L* a* b*
Activity
Total phenolic r=1 r=0.669 * r=0.457* r=—0455* r=0574* r = 0.006
content - p =0.000 p = 0.000 p = 0.000 p = 0.000 p=0.295
Total antioxidant r=0.669 * r=1 r=0587* r=—0424* r=0.497 * r=—0.071
activity p =0.000 - p =0.000 p=0.000 p =0.000 p=0.494
Electrical r=0.457 * r=0587* r=1 r=—0431"* r=0227"* r=—0.147
conductivity p = 0.000 p =0.000 - p = 0.000 p =0.026 p=0.152
r=—0455* r=—0424% r=—0431* r=1 r=—0.165 r=0.469 *
v p = 0.000 p =0.000 p = 0.000 - p=0.109 p = 0.000
r=0574* r=0.497 * r=0227* r=-0.165 r=1 r=0473*
« p = 0.000 p =0.000 p = 0.026 p=0.109 - p = 0.000
r = 0.006 r=-0.071 r=—0.147 r=0.469 * r=0.473* r=1
b p = 0.954 p=0.494 p=0.152 p = 0.000 p = 0.000 -

*: Correlation is significant at the 0.05 level.

The strong positive correlation found between the total phenolic content and total an-
tioxidant activity (r = 0.669, p = 0.000, <a = 0.05), confirms that phenolics play an important
role, along with other factors (non-phenolic compounds), in the antioxidant properties of
honey, as supported by the existing literature [8,11]. Additionally, the antioxidant potential
of honey seems to be linked to its electrical conductivity, as well as its L* and a* colorimetric
parameters. Indeed, statistically significant positive correlation was observed between the
antioxidant activity and electrical conductivity (r = 0.587, p = 0.000, <a = 0.05) and total
phenolic content and electrical conductivity (r = 0.457, p = 0.000, <a = 0.05). On the other
hand, a significant negative correlation was found between the antioxidant activity and
L* parameter (r = —0.424, p = 0.000, <a = 0.05), as well as between total phenolic content
and L* parameter (r = —0.455, p = 0.000, <a = 0.05). This confirms that darker honeys with
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Second Factor

higher electrical conductivity are likely to have greater antioxidant potential compared to
lighter honeys with lower electrical conductivity.

We also performed Principal Component Analysis (PCA) in order to emphasize the
significant correlations between the examined parameters (Figure 4).

Chestnut

Citrus
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Fir

Jerusalem thorn
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Figure 4. Principal component analysis biplot obtained for the examined parameters total phenolic
content, total antioxidant activity, electrical conductivity and color.

A good discrimination of the honey samples was achieved, with the first and second
components explaining 84.9% of the total variance. Oak honey samples, which showed the
highest total phenolic content and the highest total antioxidant activity are found in the 1st
and 2nd quadrants, while citrus honey samples are located in the 3rd and 4th quadrants.
Also, most erica honey samples which had the highest values of redness (a*) are found in
the 1st quadrant. Finally, all the light-colored blossom honeys (cotton, citrus, Jerusalem
thorn, thyme) are found in the 3d and the 4th quadrants.

The color of honey depends on its floral source due to minerals and other minor
components and it is closely related to its chemical composition, primarily to the presence
of pigments such as chlorophylls, carotenoids, flavonoids and derivatives of tannins and
polyphenols [54]. Thus, darker honeys seem to possess higher antioxidant activity which
is mostly due to the content and composition of phenolic compounds. Lastly, statistically
significant positive correlation was observed between antioxidant activity and the a* param-
eter (r = 0.497, p = 0.000, <a = 0.05) and between total phenolic content and the a* parameter
(r=0.574, p = 0.000, <a = 0.05), indicating that honeys with higher redness are more likely to
exhibit higher antioxidant capacity. According to Frankel et al. [2], the color of honey partly
reflects the content of pigments with antioxidant properties. The statistically significant
positive correlation of total phenolic content, total antioxidant activity, and color is also
referred in other studies [55-57].
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4. Conclusions

In this study, we collected fresh and unprocessed Greek representative honey samples
from nine specific monofloral botanical origins and we analyzed their total phenolic content
and antioxidant activity. From the results we can conclude that honeydew honeys have
generally stronger antioxidant potential compared to blossom honeys, as is demonstrated
by the positive correlation between the antioxidant activity and electrical conductivity. Oak
and chestnut honeys emerged among the examined monofloral honey types as the ones
with the strongest total antioxidant capacity. Oak honeys showed higher total phenolic
content than manuka honey, which also exhibited medium-low total antioxidant activity,
following that of fir, pine and erica honeys. Further research should be done, including the
analysis of their phenolic profile, aiming at highlighting their value and to help promote
them worldwide.
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