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Abstract: The purpose of this study was to select the best green extraction technique to recover the
bioactive compounds in Calabrian Bergamot waste (Pomace). Different experimental variables such
as solvent, time, and temperature were tested and the main physicochemical characteristics and
antioxidant activity and constituents, such as total flavonoids, individual flavonoids, and limonoids
(UHPLC-DAD) were analyzed. Later, the best extraction methodology was applied to characterize
the individual portions that compose the bergamot pomace (albedo/pulp, seeds, and juice) of three
different Calabrian cultivars: Fantastico, Femminello, and Castagnaro. Results of this study evidence
that bergamot waste possesses a high antioxidant content that can be potentially used for further
applications in the food industry.

Keywords: antioxidant activity; bergamot pomace; bioactive compounds; Citrus bergamia Risso; green
extraction; microwave assisted; ultrasound assisted; waste

1. Introduction

Scientific studies showed that the Mediterranean diet, mainly linked to the intake of
antioxidant components contained in foods, leads to a lower risk of developing age-related
vascular disease, with an increase in longevity. Citrus fruits are included among the foods
that contain a high content of antioxidant compounds, particularly flavonoids. One of the
most important citrus fruits grown in Calabria is Bergamot which represents a valuable
source of active molecules that contribute to antioxidant, anti-inflammatory, and cholesterol
reduction capacities [1,2].

Citrus bergamia Risso, commonly named Bergamot, is a hybrid plant of lemon and sour
orange, belonging to the Rutaceae family. About 90% of the world’s production is concen-
trated in Italy, in the province of Reggio Calabria [3,4], characterized by a microclimate
suitable for their growth. Bergamot peel is used to extract a valuable essential oil (claimed
DPI since 1999 from the European Union), obtained by rasping and cold pressing the fruit
peel as defined by International Organization for Standardization [5]. Essential oil is widely
employed in pharmaceutical, cosmetic, and food industries [6]; while its juice, obtained
from the endocarp of the fruit, in the last few years has been used to formulate beverages
mixed with other fruit juices, due to its bitter taste [7].

From the bergamot essential oil extraction process, about 50–65% become waste
(peel, mesocarp, and juice) that needs to be managed by the manufacturing industry [8].
The high amount of annually generated waste, if not properly managed, can be a major
environmental problem. For this reason, the recovery of these wastes and their use for the
extraction of natural antioxidants can represent a valid sustainable alternative [9].

Bergamot fruits and their derivative products, called also “Pomace” have aroused
much interest in the scientific community, because of their beneficial effects on human
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health. These, represent a valuable source of bioactive molecules with a distinctive bitter
taste, containing mainly the flavanones neohesperidin, naringin, neoeriocitrin, and minor
amounts of flavones and furanocoumarins [1,3]. It has been shown that flavonoids have
different health properties, especially determined by their antioxidant constituents [10].
Particularly, in recent years, some studies have focused on flavonoids of bergamot because
they have important properties, such as protection against some types of cardiovascular
diseases [11,12]. For example, neohesperidin and neoeriocitrin have efficient properties
in osteoporosis treatment, while naringin possesses anti-inflammatory and anti-tumor
characteristics [13–15]. Moreover, bergamot is a natural source of vitamins A, C, and B,
sugars, pectin, fiber, and other compounds with biological properties [16–20].

Over the years, several researchers have proposed different extraction methods for
bioactive compounds, but nowadays, is essential that these extraction techniques are
environmentally friendly, safe, and non-toxic, namely, “green”. Green technology can
be defined as a method useful to improve not only the production processes but also
the environmental impact, for this reason, the application of solvents with improved
characteristics such as pressurized and supercritical fluids, ionic liquids, deep eutectic
solvents or high static pressure, were widely studied [21,22]. (Rodríguez-Rojo, Choi et al.,
2019). Other applied techniques, instead, use nonconventional energies, such as ultrasound
and microwave-assisted extraction, and are very versatile and applicable to different
matrices, with ease of application and low consumption [23–25]. The adoption of alternate
extraction systems is helpful to reduce the drawbacks connected to the use of methodologies
too expensive and not economically convenient and to increase the extraction yields.

The present study aimed to select the best green extraction useful to maximize the
recovery of phytochemical compounds present in bergamot pomace. In this regard, several
extraction procedures were tested, and the obtained extracts were investigated for their
antioxidant properties both spectrophotometrically and through ultrahigh-performance
liquid chromatography (UHPLC). Subsequently, the best extraction technique was selected
to analyze the individual portions that constitute the fruit in the three Calabrian cultivars
of bergamot: Castagnaro, Femminello, and Fantastico. Castagnaro is a cultivar that allows
the harvest of the fruits for a longer time, but the quality of essential oil (EO) is the least
valuable and the production is not constant in different production years; Femminello is
characterized by a low yield of EO, but excellent quality; Fantastico represents a hybrid of
the first two varieties and it is the most cultivated [26].

Despite bergamot pomace representing industrial waste, at the same time, it is very
rich in antioxidant compounds that could later be reused as natural additives in the food
industry. The obtained results will provide information to guide future utilization of
bergamot, and in general citrus waste as an important source of bioactive compounds to
reuse in the food field as nutritional and/or preservative compounds.

2. Materials and Methods
2.1. Raw Materials

Bergamot (Citrus bergamia Risso) pomace (BP) represented by skins, pulp, and seeds,
has been found at a citrus farm processing situated in Reggio Calabria (Italy). This company
works the fruits mainly for the production of essential oil and in a small part of juice. After
the transport to the Food Technology laboratory of the Mediterranea University of Reggio
Calabria, BP was subjected to dehydration (at 50 ◦C) to reduce the moisture content (up to
12%) and powdered to facilitate the extraction process.

In the second phase, twenty bergamot fruits (BF) of three different cultivars (Castag-
naro, Femminello, and Fantastico), harvested on a farm situated in the province of Reggio
Calabria (Italy), were analyzed. After peel abrasion for essential oil extraction, the parts of
bergamot fruits remaining, which included albedo/pulp, juice, and seeds, were individ-
ually separated and the antioxidant compounds were extracted using the best extraction
process following the selected method (Section 2.3).
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2.2. Chemicals and Apparatus

Ethanol (96% v/v (F.C.C.), Food grade, PanReac)) and drinking water were used for the
extraction process. Folin–Ciocalteu’s phenol reagent, 2,2’-azino-bis acid (3- ethylbenzothiazolin-
6-sulfonic acid) (ABTS), 2,2- diphenyl-1-picrylhydrazyl (DPPH), and Trolox were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Methanol, ultrapure water, and acetonitrile
(UHPLC grade, Carlo Erba, Italy) were used for chromatographic analysis. Eriocitrin, Neoe-
riocitrin, naringin, and neohesperidin were purchased from Merck (Darmstadt, Germany).

A heating magnetic stirrer (Velp Scientifica, Usmate Velate (MB), Italy); a Sonoplus
Ultrasonic homogenizers (BANDELIN, Ultraschall seit 1955); and a Microwave Digestion
System (ETHOS EASY, Millestone, Bergamo, Italy) were used.

For spectrophotometric analyses, a double-beam ultraviolet-visible spectrophotometer
(Perkin-Elmer UV-Vis λ2, Waltham, MA, USA) was used.

A UHPLC system (Knauer, Berlin, Germany), a Kinetex® 2.6 µm Biphenyl 100 Å
column 100 × 2.1 mm (Torrance, CA, USA) coupled with a Photo Diode Array Detector
(PLATINblue, Knauer) and Clarity software were used for the quali-quantitative analysis
of individual bioactive compounds.

2.3. Extraction of Antioxidant Compounds

The experimental procedure was performed during the crop season of 2021 and a
schematic overview is shown in Figure 1.
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Figure 1. Schematic overview of the experimental procedure.

With the aim to obtain an extract with high antioxidant power, different techniques
were carried out, following the methods reported in another of our recent works [25]. We
applied: conventional extraction (C); ultrasound extraction (UA); and microwave extraction
(MA) (Table 1).

Different food grade solvents/water (H2O) and water/ethanol (H2O:EtOH, 50%),
different temperatures: 25 and 50 ◦C; and different times: 30 and 60 min were tested. Only
for MA extraction the extraction time was different (5 and 15 min).

For all types of extraction was used 10 g of powdered BP and 50 mL of solvent (1:5,
sample: solvent ratio). The samples were named with numbers from 1 to 8 matched by the
initial related to the extraction system (C, UA, and MA), as shown in Figure 1.

The best-selected extraction technique was applied also for the different portions of
BF (albedo/pulp, seeds, juice).
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Table 1. Extraction technique performed.

Conventional solid–
liquid extraction

Using a magnetic stirrer equipped with a temperature
control device

Ultrasound-assisted extraction
The Ultrasonic were applied for 30 and 60 min (25 ◦C:

ω = 10%, pulsation time on 1 s off 15 s and 70 ◦C:ω = 50%,
pulsation time on 1 s off 1 s), frequency of 59 kHz

Microwave-assisted extraction The applied microwave power (Watt) was: 250 W
corresponds to 25 ◦C and 800 W corresponds to 70 ◦C.

2.4. Analytical Methods
2.4.1. Total Phenolic Content (TPC)

For TPC determination the method reported by González-Molina [27], (appropriately
modified) was followed. 0.2 mL of each extract (BP and BF and Juice, diluted 1/5, v/v),
5 mL of deionized water and 1 mL of Folin-Ciocalteu reagent were placed in a volumetric
flask (25 mL) and mixed. After 8 min, 10 mL of Na2CO3, 20% were added. The reaction
mixture was left to dark for two hours first to read the absorbance at 765 nm. The results
were compared with a gallic acid calibration curve and were expressed as mg of gallic acid
g−1 (mg GAE g−1 dw) of the dry weight of pomace and mg of gallic acid 100 mL−1 for
juice (mg GAE 100 mL−1).

2.4.2. Total Flavonoid Content (TFC)

Total flavonoid content (TFC) was determined following the method described by
Papoutsis et al. [28]. In a volumetric flask (5 mL), 0.5 mL of each extract (BP and BF
and Juice, diluted 1/5, v/v), 1 mL of water, and 0.15 mL of NaNO2, 5% were mixed and
incubated for 6 min. Then, 0.15 mL of AlCl3 10% was added and after 6 min, 2 mL of NaOH
4% and 0.7 mL of deionized water were mixed. The mixture was incubated in the dark for
15 min and then the absorbance was measured at 510 nm. The results were compared with
a catechin calibration curve and were expressed as mg of catechin g−1 (mg CE g−1 dw) of
the dry weight of pomace and mg of catechin 100 mL−1 for juice (mg CE 100 mL−1).

2.4.3. Total Antioxidant Activity (DPPH and ABTS Assays)

For the determination of total antioxidant activity (TAA), DPPH and ABTS assays
were performed following the methods reported by De Bruno et al. [29]. The DPPH assay
involves the reaction between the radical (2,2-diphenyl-1-picrylhydrazyl) and the bioactive
compounds present in the samples to analyze, generating a discoloration of the reaction
solution [30]; 50 µL of the extract or filtered juice and 2950 µL of methanol solution of
DPPH (6 × 10−5 M) were mixed in a cuvette and let us react for 30 min in darkness, and
after the absorbance was measured at 515 nm.

For the ABTS assay, 25 µL of extract or filtered juice and 2975 µL of ABTS+ solution
(7 mM) were mixed in a cuvette and let us react for 6 min, and after the absorbance was
measured at 734 nm.

For both the assays the results were reported as mM Trolox equivalents g−1 (mM TE
g−1 dw) of the dry weight of pomace and for juice as mM Trolox equivalents L−1 for juice
(mM TE L−1).

2.4.4. Chromatographic Conditions and Validation Methods for the Evaluation of
Individual Bioactive Compounds

Chromatographic determination of bioactive components was performed following
the method reported by Romeo et al. [31], using a UHPLC system. The chromatographic
conditions are shown in Figure 2, whereas the following elution solvents were used: water
(acidified with formic acid to pH 3.10, A) and acetonitrile (B) and 5 µL of the sample.
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Figure 2. The antioxidant’s chromatographic conditions (elution gradient).

External standards (eriocitrin, neoeriocitrin, naringin, neohesperidin, melitidin, and
brutieridin) were used for the quantification and the results were expressed as mg g−1 of
dry weight (mg g−1 dw), and mg L−1 for juice.

For limonoids determination was followed the method described by Celano et al. [32],
using a UHPLC-DAD system equipped with a Kinetex 2.6 µm Biphenyl 100 Å. The chro-
matographic conditions are shown in Figure 3, in which the mobile phase consisted of
water (A) and acetonitrile (B).
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Figure 3. Limonoids’ chromatographic conditions (elution gradient).

External standards (limonin and nomilin) were used for the quantification of limonoids
and the results were reported as mg g−1 of dry weight (mg g−1 dw).

2.5. Statistical Analysis

The results obtained in this experimentation were reported as mean value ± standard
deviation. For the statistical elaboration, One-way analysis of variance (ANOVA), and
Multivariate analysis with Tukey’s post hoc test at p < 0.05 were performed with the SPSS
Software (Version 15.0, SPSS Inc., Chicago, IL, USA). For the determination of correlation
coefficients (r) among TPC, TFC, DPPH, and ABTS assays Pearson’s correlation test was
carried out.

3. Results and Discussion
3.1. Bergamot Pomace (BP): Antioxidant Characterization

Different Food grade solvents (H2O and H2O: EtOH), times, temperatures, and sys-
tems to assist the extractability were applied to optimize the extraction yield of bioactive
compounds present in the BP. All the obtained extracts were analyzed by spectrophoto-
metric methods, for the determination of total bioactive components, in particular: total
polyphenol content (TPC), flavonoid content (TFC), and total antioxidant activity (DPPH
and ABTS). Statistical differences were analyzed among all the studied variability (ANOVA).
Multivariate analysis carried out on the antioxidant extracts, showed significant differences
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(p < 0.01) for extraction methods and used solvents, considering all the total antioxidant
assays, and the results are reported in Table 2. However, significant differences were also
highlighted for extraction * solvent, extraction * temperature, and extraction * solvent *
temperature (p < 0.01).

Table 2. Multivariate statistical analysis of different extraction methods.

Dependent Variable DPPH ABTS TPC TFC

Extraction ** ** ** **
Solvent ** ** ** **
Temperature n.s. n.s. ** **
Time * n.s. ** **
Extractions* Solvent ** ** ** **
Extraction * temperature ** ** ** **
Solvent * temperature n.s. ** ** **
Extration * Solvent *
temperature ** ** ** **

Extration * Time * n.s. ** **
Solvent * Time n.s. * ** **
Extration * Solvent * Time * n.s. ** **
Temperature * Time n.s. ** n.s. n.s.
Extraction * Temperature * Time n.s. ** ** **
Solvent * Temperature * Time n.s. ** ** n.s.
Extraction * Solvent *
TemperaturE * Time n.s. ** n.s. **

n.s. not significant; ** Significance at p < 0.01; * Significance at p < 0.05.

Significative differences in TPC (p < 0.01) were observed among the different extraction
systems (C, UA, MA) and for the different studied variables within the same extraction
system (Table 3).

Table 3. Total phenolic content and Total flavonoid content of different BP extracts.

TPC (mg GAE g−1 dw) C UA MA Sign.

1 12.00 ± 0.43 eC 22.72 ± 0.37 abA 13.61 ± 0.16 cB **
2 19.60 ± 0.29 cB 21.76 ± 0.36 abcA 13.42 ± 0.22 cdC **
3 15.59 ± 0.04 dB 18.63 ± 0.69 dA 12.27 ± 0.07 deC **
4 23.66 ± 0.22 bA 20.79 ± 0.65 bcB 13.51 ± 0.43 cdC **
5 19.24 ± 1.22 cA 23.64 ± 0.27 aA 9.53 ± 0.24 fB **
6 21.97 ± 0.76 bA 23.28 ± 0.55 aA 11.82 ± 0.41 eB **
7 26.30 ± 0.09 aA 20.52 ± 0.62 cdB 19.44 ± 0.07 aB **
8 26.07 ± 0.62 aA 21.10 ± 0.15 bcB 17.73 ± 0.63 C **

Sign. ** ** **
TFC (mg CAE g−1 dw) C UA MA Sign.

1 2.67 ± 0.32 dC 7.52 ± 0.00 abA 5.14 ± 0.06 bB **
2 4.93 ± 0.35 bcB 7.81 ± 0.05 aA 4.47 ± 0.08 cB **
3 5.58 ± 0.10 abB 6.43 ± 0.09 cdA 4.03 ± 0.09 dC **
4 5.72 ± 0.39 abB 7.13 ± 0.00 bA 4.14 ± 0.03 cdC **
5 4.16 ± 0.04 cB 6.59 ± 0.25 cA 2.92 ± 0.09 eC **
6 4.51 ± 0.16 cB 6.24 ± 0.12 cdA 3.01 ± 0.10 eC **
7 6.18 ± 0.12aA 6.02 ± 0.04 dAB 5.58 ± 0.14 aB *
8 5.61 ± 0.26 abAB 6.11 ± 0.17 cdA 5.27 ± 0.13 abB *

Sign. ** ** **
Small letters within a column and capital letters within a row show significant differences as assessed by Tukey’s
post hoc test. Abbreviations: **, significance at p < 0.01; *, significance at p < 0.05.

Conventional and Ultrasound assisted extraction has provided important results in
terms of total phenolics recovery. The highest values were measured for the conventional
extraction system (C), particularly for C7 and C8 samples (26.30 and 26.06 mg GAE g−1 dw,
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respectively), also if the Ultrasound assisted system (UA) led to a good recovery of TPC
(about 23.64 mg GAE g−1 dw in UA5 extract). The obtained values are higher than those
reported by Gabriele et al. [8] (17.44 ± 0.40 mg GAE g−1 dw) on lyophilized bergamot
fruits, and by Multari et al. [33] (410 ± 36.8 mg kg−1) on bergamot pomace. Moreover, the
content of total phenols was higher compared with other citrus (lemon and orange peel), as
reported by Gorinstein et al. [34]. Among all the evaluated extracts, those obtained through
microwave-assisted (MA), showed less extractability (between 10 and 19 mg GAE g−1 dw).

Regarding the TFC the obtained values were reported in Table 3. The amount of deter-
mined TFC showed great variability in accordance with the applied extraction procedure
(p < 0.01). This spectrophotometric assay showed a different trend compared with the TPC
assay; indeed, great extractability was obtained through the application of UA treatment,
particularly in the samples prepared using water as an extraction solvent. As demonstrated
by some authors, the application of ultrasound to facilitate the extraction of bioactive
compounds is very useful, indeed, this technique adopts an acoustic cavitation system that
combines ultrasound and traditional solvent extraction. The sound waves induce forces
that can break the cell walls intensifying the release of constituents [25]. In comparison to
water, ethanol is characterized by a higher heating efficiency when applied in an aqueous
mixture and it is preferred thanks to its better capacity in solving the phenolic compounds.
Higher values were estimated in the samples UA1 and UA2 (7.52 and 7.81 mg CE g−1 dw,
respectively). In all the other situations was found a lower content of TFC. Nevertheless,
a similar recovery of TFC was evidenced for the sample obtained with a hydroalcoholic
mixture (7 and 8) for all the extraction systems (C, UA, and MA).

The antioxidant ability of the different obtained extracts was analyzed in vitro by
applying two common spectrophotometric assays: DPPH, and ABTS (Figure 4a,b). These
tests are based on the ability of an antioxidant matrix (represented by the antioxidant
extract) to reduce a radical species. The antioxidant molecules present in the extracts react
against the radicals and causing oxidation of the reacting molecule, with a related decrease
in the solution absorbance (discoloration reaction).
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The DPPH assay on the different obtained extracts showed highly significant differ-
ences among the samples (p < 0.01), with values that ranged between 0.71 and 3.21 mM
TE g−1 dw. As clearly shown in Figure 4a, the antioxidant extracts recovered through the
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use of a hydroalcoholic solvent (H2O: EtOH, 50%) highlighted the highest total antioxidant
activity (p < 0.01), particularly, the extracts recovered with ultrasound.

Concerning the ABTS assay, the results are shown in Figure 4b, where is possible to
observe that the obtained values highlighted a higher antioxidant activity compared to
the DPPH assay, with values that ranged between 3.22 and 16.93 mM TE g−1 dw. The
best extraction in terms of total antioxidant activity was obtained by applying the hydroal-
coholic solution (H2O-EtOH, 50%) as extraction solvent and assisted by a conventional
maceration (samples C6 and C7). The two different antioxidant assays, respond differently
to extracts, this trend is probably due to the different interaction of the two free radicals
with antioxidant molecules.

For all the analyzed extracts, the two total antioxidant assays showed different results,
with higher concentrations of total antioxidants highlighted by the ABTS assay. It could
be dependent on the fact that ABTS assay generally is a more sensitive hydrophilic and
lipophilic antioxidant, while DPPH assay is more sensitive to lipophilic antioxidants [35].
This affinity was also described by Zacarías-García [36] which highlighted the highest value
for ABTS compared to DPPH in the hydrophilic fraction.

As already reported in other works, the extractability of bioactive compounds is
strongly dependent on different applied extraction variables, such as solvent, time, temper-
ature, etc. [37] as also evidenced in this work.

In addition, positive correlations were found between TPC/DPPH, particularly for
the conventional extraction method (r > 0.7), while the ABTS assay was related to both TPC
and TFC (r > 0.95) especially for microwave extraction.

3.2. Quantification of Individual Bioactive Compounds through Liquid Chromatography

The quali-quantitative analysis of the prevalent neohesperidose flavanones (eriocitrin,
neoeriocitrin, naringin; neohesperidin, metilidin, and brutieridin) present in bergamot
pomace extracts was performed by UHPLC system.

In Table 4, the validation of chromatographic analysis was reported. The applied
methodology was developed by the injection of different concentrations of standard so-
lutions. Particularly, limits of detection (LOD) and quantification (LOQ); the correlation
coefficient (R2) and regression equations for each antioxidant standard were studied.

Table 4. UHPLC validation method.

Compounds Regression Equation R2 LOD µg g−1 LOQ µg g−1

Eriocitrin y = 41.62x − 15.40 0.9999 0.0625 0.2245
Neoeriocitrin y = 37.66x − 17.39 0.9999 0.0536 0.2777
Naringin y = 42.08x − 13.67 0.9993 0.0635 0.2326
Neohesperidin y = 51.28x + 8.76 0.9997 0.1290 0.2129
Limonin y = 41.28x + 47.93 0.9998 0.0361 0.9984
Nomilin y = 38.40x − 19.25 0.9996 0.0932 0.2465

While for Metilidin and Brutieridin compounds the Naringin was used as standard,
and the results are expressed as naringin equivalent (mg g−1 dw).

Figure 5 shows the chromatographic profiles of the obtained extracts and the main
identified compounds. Particularly, seven phenolic compounds were detected: eriocitrin,
neoeriocitrin, narirutin, naringin, neohesperidin, melitidin and brutieridin.

Neoeriocitrin, naringin, neohesperidin, and brutieridin were the main flavonoids
detected in BP (Table 5), as also reported by other authors [7,38] and represent the typical
compounds that determine the bitterness in the fruit [39].
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Among these, neoeriocitrin was the most abundant in BP extract ranging from
5.03 to 14.14 mg g−1 dw; in particular, it showed its highest amounts (13.95 and
14.14 mg g−1 dw) in the C7 and C8 samples, obtained by conventional extraction at 70 ◦C for
30 and 60 min. Regarding the other prevailing compounds, the range were 4.69–12.87 mg g−1 dw
for naringin; 2.84–7.35 mg g−1 dw for neohesperidin, 2.05–5.67 mg g−1 dw for brutieridin, and
1.12–2.67 mg g−1 dw for melitidin. Lesser quantities of eriocitrin and narirutin were instead
determined in all samples.

All the assayed extracts were significantly different for the phenolic content, related
to the extraction system (C, UAE, and MA, p < 0.01) and variables of extraction (times
and temperatures, p < 0.01). The conventional extraction system produced the greatest
extractability of this class of antioxidants with similar values in C7 and C8 samples. As
observed previously in other food matrices, the hydroalcoholic solvent is the best choice to
obtain the maximum yield of antioxidant compounds [25,37], when combined with 70 ◦C
temperature [25].

Additionally, the limonoid content was evaluated on Bergamot pomace extract, as
it represents an interesting index to evaluate, indeed, its contribution to the bitter taste
of citrus fruits, as also reported by Shi et al. [40]. In addition, limonoids from Citrus are
getting a lot of scientific interest for their bioactive properties in vitro and in vivo such as
antitumor, antioxidative, and antibacterial compounds [41]. The chromatographic analysis
showed that also the highest yield of the two mains determined limonoids (limonin and
nomilin) was obtained through conventional extraction technique C7 (Figure 6).
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Table 5. Results of the prevalent flavanones on the different BP extracts (mg g−1 dw).

Eriocitrin Neoeriocitrin Naringin

Samples C UA MA Sign. C UA MA C UA MA
1 0.19 efB 0.26 aA 0.10 aC ** 9.83 dB 11.58 bA 7.31 cC ** 8.54 fB 9.49 cA 7.32 cC **
2 0.19 eB 0.26 aA 0.09 aC ** 9.64 dB 11.28 bcA 6.08 deC ** 8.61 fB 9.67 cA 5.85 dC **
3 0.22 cA 0.18 bB 0.05 bC ** 11.08 cA 9.26 eB 5.03 fC ** 10.02 eA 7.76 eB 5.13 fC **
4 0.23 bcA 0.13 eB 0.05 bC ** 11.85 bA 10.09 dB 6.42 dC ** 10.47 dA 8.60 dB 5.63 eC **
5 0.19 fA 0.18 bB 0.04 bC ** 10.16 dB 13.10 aA 5.04 fC ** 9.73 eB 11.03 aA 4.69 gC **
6 0.24 bA 0.15 cB 0.04 bC ** 12.15 bA 11.30 bcB 5.93 eC ** 11.00 cA 10.18 bB 5.31 fC **
7 0.25 aA 0.14 dB 0.04 bC ** 13.95 aA 11.04 cB 9.72 aC ** 12.47 bA 9.45 cB 8.32 aC **
8 0.21 dA 0.11 fB 0.04 bC ** 14.14 aA 10.43 dB 9.01 bC ** 12.87 aA 8.71 dB 7.99 bC **

Sign. ** ** ** ** ** ** ** ** **
Neohesperidin Melitidin Brutieridin

Samples C UA MA C UA MA C UA MA
1 5.13 eB 5.98 bA 3.98 cC ** 1.65 eB 2.46 bA 1.60 bC ** 3.59 fB 4.60 bA 2.97 cC **
2 4.29 fB 5.61 cA 3.58 dC ** 1.49 fB 2.59 abA 1.41 cC ** 3.63 fB 4.73 bA 2.69 dC **
3 5.81 cdA 4.80 eB 2.84 fC ** 1.83 dA 1.82 eA 1.22 efB ** 4.38 dA 3.52 fB 2.21 fC **
4 6.03 bcA 5.21 dB 3.56 dC ** 1.99 cA 1.10 dA 1.38 cdB ** 4.50 dA 3.98 eB 2.71 dC **
5 5.43 deB 6.78 aA 2.77 fC ** 1.87 cdB 2.67 aA 1.12 fC ** 3.88 eB 5.00 aA 2.05 fC **
6 6.28 bA 6.03 bA 3.28 eB ** 2.12 bB 2.54 abA 1.28 deC ** 4.71 cB 4.95 aA 2.47 eC **
7 7.35 aA 5.65 cB 5.03 aC ** 2.29 aA 2.29 cA 2.00 aB ** 5.67 aA 4.35 cB 3.95 aC **
8 7.11 aA 5.49 cB 4.78 bC ** 2.28 aA 2.12 dB 1.94 aC ** 5.12 bA 4.13 dB 3.57 bC **

Sign. ** ** ** ** ** ** ** ** **

Small letters within a column and capital letters within a row show significant differences as assessed by Tukey’s
post hoc test. Abbreviations: **, significance at p < 0.01.
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Figure 6. Concentration values (mg g−1) of Limonin and Nomilin content in bergamot
pomace extracts.

The statistical analysis carried out on the obtained results for limonoid content showed
significant differences (p < 0.01) among all the studied variables (Table 6).

After identifying the best extraction system, namely conventional maceration for
30 min at 70 ◦C and using H2O/EtOH 50% as extraction solvent, a correlated study on
the antioxidant properties of the different portions of bergamot fruits was carried out.
Specifically, this extraction technique was applied to test separately the individual portions
of each fruit (albedo/pulp, seeds, and juice) belonging to the three cultivars Fantastico,
Femminello, and Castagnaro.

The amounts of total flavonoid content quantified in the albedo/pulp portion showed
significant differences (p < 0.01) among the three cultivars as shown in Figure 7. The
highest content was 46.61 mg CE g−1 in Fantastico, and the lowest one in Castagnaro
(19.11 mg CE g−1). The same trend was observed for TPC with values that ranged between
61.76 mg GAE g−1 (Castagnaro) and 129.44 mg GAE g−1 (Fantastico).
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Table 6. ANOVA limonoids content.

Limonin Nomilin

C UA MA Sign. C UA MA Sign.
1 hC eA deB ** gC cB dA **
2 gB fC cA ** fB cC cA **
3 eB gC aA ** dB cC aA **
4 fB fC bA ** eB cC bA **
5 dB aA deC ** cB aA fC **
6 cA bB fC ** bA bA gB **
7 aA dB eC ** aA bB eC **
8 bA cB fC ** bA abB gC **

Sign. ** ** ** ** ** **
Small letters within a column and capital letters within a row show significant differences as assessed by Tukey’s
post hoc test. Abbreviations: **, significance at p < 0.01.
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Figure 7. Total antioxidant activity of the different bergamot portions (Albedo/pulp and seeds:
TFC: mg CE g−1 dw, TPC: mg GAE g−1 dw; ABTS and DPPH: mM TE g−1 dw; Juice:
TFC: mg CE 100 mL−1, TPC: mg 100 mL−1, ABTS and DPPH: mM TE L−1). Small letters show
significant differences as assessed by Tukey’s post hoc test.

The antioxidant activity of the albedo/pulp portion was studied by DPPH and ABTS
radical scavenging assays. Both assays revealed a higher activity than those shown by BP
sample. Higher results were expressed by ABTS assay, with statistical differences (p < 0.05)
among the samples with ranges from 15.35 mM TE g−1 dw (Castagnaro) and 24.54 mM
TE g−1 dw (Fantastico). Lower values were found in the DPPH (2.38 mM TE g−1 dw in
Castagnaro and 4.22 mM TE g−1 dw in Fantastico) without statistical differences.
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The antioxidant determinations on seeds revealed significant differences for TFC, with
higher amounts in Castagnaro and Fantastico (9.16 and 8.64 mg CE g−1, respectively) than
in Femminello cultivars (4.59 mg CE g−1).

The distribution of TPC among the cultivars’ seeds was different compared to the
albedo/pulp portion. TPC was quantified in the range of 16.57, 21.20, and 37.40 mg GAE g−1,
respectively on Femminello, Fantastico, and Castagnaro seeds. TPC in seeds was compara-
ble with those reported by Al et al. [42].

The free radical scavenging activity measured with DPPH assay for seed extracts did
not show differences with values of about 1 mM TE g−1 dw.

The highest level of scavenging activity based on ABTS assay was determined in
Castagnaro seed extract (8.69 mM TE g−1 dw), and the lowest (4.42 mM TE g−1 dw) in
Femminello, exhibiting the same trend of TPC, with a high correlation (r = 0.999).

Figure 7 also showed the different amounts of total flavonoid content in tested juices.
Although the highest value was found in Castagnaro (160.08 mg CE L−1), the replications
conducted, and the statistical analysis suggested that there are no statistical differences
among the analyzed samples.

The phenolic content in the juice was in accordance with the amounts detected by
Xu et al. [43] and Chen et al. [44], who analyzed respectively the juice of fifteen and twenty-
seven different varieties of citrus fruit. Their contents were 78.94 mg GAE 100 mL−1

in Femminello, 79.33 mg GAE 100 mL−1 in Fantastico, and 98.73 mg GAE 100 mL−1 in
Castagnaro. The antioxidant activity, evaluated with the DPPH assay was more correlated
to the TPC assay (r = 0.768) compared with the other assays. Cautela et al. [45], in fact,
reported relevant differences in the chemical composition and functional properties of
juices obtained with different processing methods.

Bergamot portions (albedo/flavedo, seeds, juice) showed high concentrations of fla-
vanones, including eriocitrin, neoeriocitrin, naringin, neohesperidin, melitidin, and bru-
tieridin (Table 7), as also reported by Walker et al. [46].

Table 7. Individual phenolic content in the different bergamot portions (Albedo/pulp and seeds
mg g−1 dw; Juice mg L−1).

Albedo/pulp

Eriocitrin Neoeriocitrin Naringin Neohesperidin Melitidin Brutieridin

FA 1.06 ± 0.04 a 88.91 ± 1.34 a 58.02 ± 0.58 a 27.67 ± 1.14 a 13.61 ± 0.99 a 26.09 ± 0.87 a

FE 0.70 ± 0.03 b 58.37 ± 0.40 b 32.42 ± 1.92 b 11.41 ± 1.20 b 10.01 ± 0.64 b 18.30 ± 0.67 b

CA 0.61 ± 0.03 b 33.19 ± 0.76 b 31.72 ± 0.39 b 13.85 ± 0.45 b 8.17 ± 0.34 c 12.45 ± 0.72 c

Sign. ** ** ** ** ** **

Seeds

FA 0.10 ± 0.01 b 1.96 ± 0.08 c 2.37 ± 0.10 c 0.91 ± 0.04 c 0.82 ± 0.05 c 1.5 ± 0.09 c

FE 0.09 ± 0.01 b 4.27 ± 0.09 b 3.94 ± 0.08 b 1.71 ± 0.06 b 1.47 ± 0.09 b 2.76 ± 0.10 b

CA 0.16 ± 0.02 a 9.04 ± 0.22 a 8.16 ± 0.18 a 3.71 ± 0.18 a 2.90 ± 0.23 a 5.32 ± 0.46 a

Sign. ** ** ** ** ** **

Juice

FE 5.43 ± 0.42 a 167.80 ± 6.03 b 186.70 ± 16.34 a 101.39 ± 6.78 a 57.59 ± 8.31 171.45 ± 8.33
FA 4.59 ± 0.74 b 196.02 ± 19.13 a 141.83 ± 23.54 b 79.45 ± 10.84 b 47.70 ± 6.14 165.98 ± 7.39
CA 4.46 ± 0.56 b 168.66 ± 17.01 b 161.48 ± 22.09 ab 81.88 ± 7.29 ab 48.56 ± 4.98 164.59 ± 4.96

Sign. ** ** * ** ns ns

Small letters within a column show significant differences as assessed by Tukey’s post hoc test. Abbrevia-
tions: **, significance at p < 0.01; *, significance at p < 0.05; ns, not significant; FA: Fantastico; FE: Femminello;
CA: Castagnaro.

Neoeriocitrin and naringin represent the prevalent flavonoid compounds in the albedo/pulp
portion, with values that ranged between 33.19–88.91 and 31.72–58.02 mg g−1 dw, respectively.
Lower content of this class of compounds was found in the seeds.

The chromatographic analysis of Bergamot Juice resulted in a high content of neoeri-
ocitrin, naringin, and neohesperidin. They showed values different from those reported by
Leporini et al. [47], but more or less comparable with those reported by Walker et al. [46], Da
Pozzo et al. [1], and Baron et al. [48]. The juice of Fantastico cv. showed the highest content
in neoriocitrin (196.02 ± 19.13 mg L−1) while naringin and neohesperidin were higher in



Agriculture 2023, 13, 1095 13 of 15

Femminello cv. Brutieridin ((hesperetin 7-(200-R-rhamnosyl-600-(30000-hydroxy-30000-
methylglutaryl)-β-glucoside)) and melitidin (naringenin7-(200-R-rhamnosyl-600-(30000-
hydroxy-30000-methylglutaryl)-β-glucoside)), which have anticholesterolemic activity,
exhibiting statin-like properties [49,50], were found either in the albedo/pulp, seeds and
juice of the three different bergamot cultivars showing higher concentration for brutieridin
than melitidin as reported by Di Donna et al. [51].

The two major limonoid aglycones, limonin, and nomilin, were also detected in
the different parts of bergamot fruits. They are responsible for bitterness in citrus fruits.
Concerning the limonoids content evaluated on individual bergamot portions, Femminello
cv showed a high amount of limonin and nomilin on albedo/pulp (6.77 and 8.79 mg g−1

dw, respectively). Bergamot seeds possess a higher content of limonin, particularly those
of Castagnaro cv (13.29 mg g−1 dw). The different content of limonin is explained by the
variability due to the state of ripeness of the fruit, the variety, and the part of the fruit [52].

4. Conclusions

This work reports a careful study carried out on the recovery of antioxidant com-
pounds by bergamot fruits and their by-products. The evaluation of data is helpful for
the selection of food-grade solvent extraction in bergamot by-products also related to the
different parts of fruit and to the three varieties. Overall, the present work has shown the
possibility to valorize this waste with sustainable methods minimizing environmental im-
pact offering an important source of bioactive compounds such as polyphenols, flavonoids,
and limonoids that could be recovered.

The discovery of the beneficial effect and antioxidant activity of these extracts obtained
from the portions of fruit or bergamot pomace could lead to the development of new
products such as nutraceuticals and/or natural preservatives to apply in the food industry
to extend the shelf life of products.
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