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MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors
Montserrat Dueñas Patón 
Universidad de Salamanca 
Spain

Ignacio Garcı́a-Estévez 
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Abstract: The characterization and reutilization of agricultural and food waste is an important
strategy to ensure the sustainable development of the agricultural and food industries. As a result,
the environmental impact of these industries can be reduced, thus contributing to the fight against
environmental problems, mainly to those related to a potential mitigation of climatic change.
This Special Issue includes five papers that reported important findings from research activities
related to the reutilization of by-products from food processing industries, which help to increase
the knowledge in this field.

Keywords: bioactive compounds; food waste; functional foods; by-products; characterization
and extraction; phytochemicals; climatic change; phenolic compounds

The food processing industries produce millions of tons of losses and waste during processing,
which is becoming a grave economic, environmental and nutritional problem. Fruit, vegetable
and food industrial solid waste includes several products that are released in food production
during cleaning, processing, cooking, and/or packaging. These wastes can be an important source of
bioactive compounds since, in their composition, important levels of phenolic compounds, dietary
fibers, polysaccharides, vitamins, carotenoids, pigments and oils, among others, can be found.
These compounds, in turn, are closely associated with beneficial effects in human health. Thus, these
by-products can be exploited again in the food industry to develop functional ingredients and/or new
foods or natural additives or, in other industries, such as the pharmaceutical, agricultural or chemical
industries, to obtain cosmetic products, fertilizers or animal feed, among other things. Therefore,
the characterization and reutilization of these by-products is important to ensure the sustainable
development of the food industry and reduce its environmental impact, which would contribute to
the fight against environmental problems, mainly to a potential mitigation of climatic change.

Among the submitted works, five papers have been selected to be included in this Special Issue.
The study performed by Mislata and co-workers assesses the levels and identities of the aromatic
and bioactive compounds, which, in turn, can be related to beneficial health effects, that can be
found in the by-products of cork stopper production [1]. Thus, these authors reported the potential
added value of the waste of that industry. To be precise, three different cork granulates that can
be used to produce cork stoppers, which differed in their size, along with the corresponding cork
stoppers, were analyzed in order to determine the phenolic and aromatic compositions, as well
as the antioxidant activity of the corresponding extracts. The results indicated that several aromatic
compounds with industrial interest can be extracted mainly from the cork by-products, among them,
vanillins and volatile phenols such as 4-vinylguaiacol. The cork by-products also showed important
concentrations of phenolic compounds, gallic and protocatechuic acids being the most important
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phenolic compounds extracted. These phenolic compounds are related by these authors to the high
antioxidant activity determined in the extracts obtained from cork by-products, although aromatic
compounds such as vanillin can also be responsible for that activity. Altogether, these authors
reported the high potential of cork by-products and cork stoppers, but mainly the former, to be reused
as flavoring agents and antioxidants in the food industry.

The study carried out by Jiang et al. is also included in this Special Issue. In this paper,
an innovative methodology for the extraction and purification of ovalbumin from salted egg whites,
obtained as by-products of the industrial obtention of salted egg yolks, is outlined [2]. This represents
an important step for the reutilization of these by-products that are usually discarded as waste
because of the difficulty in treatment and that can cause important environmental problems due
to their salt content. The new methodology comprises an aqueous two-phase flotation that allows
the separation of ovalbumin from the food by-products. This process, described as simple, inexpensive
and efficient, was developed and optimized by using a response surface method experiment, and it
allowed the authors to obtain a purified ovalbumin extract, which was characterized by means of
different techniques such as SDS-PAGE, RP-HPLC, nano-LC-ESI-MS/MS, UV, fluorescence and FT-IR
spectroscopy. This characterization reveals the high purity of the ovalbumin obtained, whose structure
and properties in oil binding capacity, viscosity, emulsibility and foam capacity did not show differences
with the corresponding standard. Thus, this new methodology can be considered as a sustainable
and effective way for the utilization of salted egg whites to reduce environmental pollution.

This Special Issue also includes the study performed by F. Correddu et al. [3], in which the proximate
composition and phenolic compounds content, as well as the antioxidant activity of Myrtus communis
berries obtained as waste from myrtle-liqueur production, have been studied. These analyses were
also carried out in the different parts of berries: seeds and pericarps. These berries are typically used
to elaborate a sweet myrtle-liqueur by their hydroalcoholic infusion for at least two weeks. The results
obtained by these authors demonstrated that exhausted myrtle berries presented a high concentration
of carbohydrates, proteins and lipids, showing that the seeds have higher levels of hemicellulose,
cellulose and lipids than pericarps and whole berries. The lipid fraction showed a high concentration
of polyunsaturated fatty acids, linoleic acid being the most important fatty acid in seeds and whole
exhausted myrtle berries. With regard to the phenolic profile, hydroxybenzoic and hydroxycinnamic
acids and flavonols such as quercetin, isorhamnetin and kaempferol were identified in these berries.
Ellagic acid was the one presented in the highest levels, followed by gallic acid. Among the flavonols,
quercetin aglycon and quercetin 3-O-rutinoside were the most abundant flavonoids. This study showed
that the seeds presented the highest total phenolic compounds concentration and, as a consequence,
the highest antioxidant activity. Hence, this study suggests the importance of this by-product with
multiple industrial applications, as a food ingredient or in animal feed formulations.

The study carried out by Vella et al. [4] is focused on total phenolic compounds, ortho-diphenol,
flavonoid and tannin contents and antioxidant activity of peels and seeds from Cantaloupe melon.
The Cantaloupe melon is the most cultivated variety in Italy and it is characterized by its high content of
vitamins A and C and minerals such as potassium and magnesium [5]. The melon processing industries
produce great quantities of waste during processing, mainly peel and seeds. These by-products could
be exploited in order to minimize economic and environmental problems. The results reported suggest
that peel and seeds of Cantaloupe melon are promising sources of natural phytochemicals, which
could be related to their high polyphenol and tannin concentrations, mainly in the case of peels.
These investigations would be useful for the food industry to develop new nutraceuticals, as well
as to reduce waste volumes, thus contributing to the sustainable management of waste that involves
environmental and economic costs.

S. Silbir and Y. Goksungur [6] have carried out studies on the re-utilization of brewery waste
hydrolysate with the aim of obtaining natural red pigments by Monascus purpureus CMU001,
used in the fermentation of brewer’s spent grain. This study was mainly focused on the chemical,
structural and elemental characterization of this by-product using different techniques such
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as Fourier-transform infrared spectroscopy (FT-IR) and X-Ray Photoelectron Spectroscopy (XPS).
The obtained results show that the brewer’s spent grain was constituted mainly by lignin, hemicellulose,
cellulose and protein, whose presence was confirmed by infrared spectrum (FT-IR). The XPS analysis
indicated the presence of carbon, oxygen, nitrogen and phosphorus. These authors also reported
the optimization of the fermentation process to obtain the maximum natural red pigment concentration
by Monasuc purpureus, reaching the highest biomass concentration at 7 days of fermentation, after which
it declined. Therefore, this study suggests an important alternative for using this waste, produced
in great quantities in breweries, and thus, to obtain natural pigments, which present multiple beneficial
properties for health.

We are pleased to present this Special Issue, which includes five papers that highlight the most
important of the research activities in the field of the reutilization of by-products from food processing
industries, which could contribute to the mitigation of environmental problems, mainly in terms of
their climatic change potential. We are very grateful to the authors who have shared their scientific
knowledge and experience through their contribution to this Special Issue. We sincerely hope that
the readers will find this Special Issue interesting and informative.
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Abstract: The characterization of natural waste sources is the first step on the reutilization process,
circular economy, and global sustainability. In this work, the aromatic composition and bioactive
compounds related to beneficial health effects from cork stoppers and cork by-products were assessed
in order to add value to these wastes. Twenty-three aromatic compounds with industrial interest were
quantified by gas chromatography coupled mass spectrometry GC–MS in both samples. Vanillins
and volatile phenols were the most abundant aromatic families. Other aromatic compounds, such as
aldehydes, lactones, terpenols, and alcohols, were also determined. Furthermore, the phenolic
composition and the antioxidant activity were also evaluated. Overall, extracts showed high aromatic
and antioxidant potential to be further used in different industrial fields. The recovery of these
valuable compounds from cork stoppers and cork by-products helps to reuse them in agricultural,
cosmetic, pharmaceutical, or food industries.

Keywords: cork; volatile compounds; antioxidant activity; polyphenols; aroma; waste

1. Introduction

Nowadays, a key issue in any field of research is the fight to curb climate change.
This environmental awareness is of great importance in every society in order to achieve a sustainable
environment considering the current human actions. The re-use and material recycling is a priority for
waste management in the European Union (Directive 2008/98/EC on Waste). The characterization of
natural waste sources is the first step on the reutilization process and the global sustainability. Bioactive
compounds related to beneficial health effects and aromatics from by-products can be explored by
food, agricultural, cosmetic, or pharmaceutical industries. Fragments, granulates, and powder from
cork represent a large waste stream from cork processing [1,2]. They have been commonly used as
combustion fuel, although they have also been employed in agriculture. Composted residues from
cork were used as plant growth media to suppress plant diseases [3], and hydrological properties of
substrates based on industrial cork residue have also been reported [4]. Recently, their adsorption
properties, such as fining agent in wines, were stated [5], and some works showed that cork wastes
are cost-effective and green alternatives to the retention of contaminants from water [6–9]. However,
to the best of our knowledge, few works were reported regarding their revalorization for the food
industry. According to statistical reports of the International Organization of Vine and Wine (OIV),
the annual world wine production is around 275 million hectoliters (292 MhL in 2018) [10], and 90% of
bottle wines are stopped by corks. In cork stoppers production (about 300 thousand tons of cork are
produced annually), the cork waste represents around 25% of the raw material. Different cork wastes
can be found depending on their characteristics, density, moisture, granulometry, size, ash content,
and tannin concentration [1,11,12].

Foods 2020, 9, 133; doi:10.3390/foods9020133 www.mdpi.com/journal/foods5
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It is well known that the phenolic composition of plants is related to antioxidative, anticarcinogenic,
and antitumor biological activities [13,14]. Specially, polyphenols from Quercus suber L. have been
associated with beneficial health effects linked to hydrolysable tannins and phenolic compounds
with low molecular weight [15]. Recent research valorized cork powder and granulates from a
phenolic point of view [12], however, little research focused on the recovery of valuable aromatic
compounds. On the other hand, a great number of works are related to the off-flavors or cork-taint
compounds in wine [16–19]. However, the characterization of the positive aromas of cork stoppers
and cork by-products is scarce. In this work, the aromatic composition of different wine cork
stoppers and granulates was determined, enhancing the added value of their re-use in other industrial
fields. The tannin concentration and the antioxidant activity of the cork extracts were also compared
and discussed.

2. Materials and Methods

2.1. Samples and Extraction

Different cork stoppers and their respective cork granulate (A, B, and C), from which the corks
were made, were evaluated in this study. The granulate cork size ranged from 6.1 to 14.3 mm for
A samples (high size), from 1.6 to 4.4 mm (medium size) for B samples, and from 0.85 to 1.9 mm
(low size) for C samples (Figure 1 and Table S1). The cork stoppers dimensions were 30 × 50 mm
for all samples. To determine the migration of the phenolic compounds from granulates and cork
samples to model solution, a liquid–liquid extraction with ethyl acetate was made according to
Azevedo et al. [20]. Briefly, 30 g of each sample (cork stoppers and granulates) was weighted in glass
jars and macerated in 1 L of hydro alcoholic solution. The model solution contained 13% of ethanol,
5 g/L of tartaric acid, and the pH was adjusted to 3.7 with sodium hydroxide (1 N). Solutions were
stored at controlled temperature (20–22 ◦C) until the analyses were performed. Different times of
maceration were evaluated in this study (3, 5, and 15 days).

Figure 1. Representative image of the studied granulates and cork stoppers (A, high particle size and C,
low particle size).
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2.2. Reagents

Protocatechuic acid and gallic acid were purchased from Sigma-Aldrich (Steinheim, Germany).
Folin–Ciocalteu reagent, sodium carbonate anhydrous, ethyl alcohol 96%, and acetic acid glacial
were purchased from PanReac AppliChem, Barcelona, Spain. All the aromatic standards were
supplied by Sigma (Sigma Aldrich, Merck Life Science, Barcelona, Spain). Vanillin 99%, guaicol
98%, eugenol 98%, benzaldehyde ≥ 99%, nonenal 97%, phenylacetaldehyde ≥ 90%, phenylethyl
alcohol ≥ 98%, benzyl alcohol ≥ 99%, camphor 96%, borneol 97%, 4-terpineol ≥ 96%, α-terpineol 90%,
γ-nonalactone ≥ 98%, nonanoic acid ≥ 97%, vanillic acid ≥ 97%, octanoic acid ≥ 99%, dodecanoic
acid 98%, benceneacetic acid ≥ 99%, furfural 99%. Dichlorometane anhydrous 99.8%, pentane
anhydrous ≥ 99%, acetonitrile anhydrous ≥ 99.8%, phosphate buffered saline (PBS), potassium
peroxodisulfate ≥ 99%, 6-hidroxy-2,5,7,8-tetramethyl-chromane-2-carboxylic acid 97% (Trolox), and
2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) were also purchased
from Sigma Aldrich, Merck Life Science, Barcelona, Spain.

2.3. GC–MS Analysis

A volume of 100 μL of 2-octanol, as internal standard, was added to 100 mL of extract. Afterward,
samples were separated by a SPE (solid phase extraction) cartridge (Bond Elut ENV, 500 mg and 6 mL,
Agilent Tech., Santa Clara, California, USA). The cartridges were previously conditioned with 5 mL
of dichloromethane, 5 mL of ethanol, and 5 mL of hydroalcoholic solution (12%). Analytes were
eluted with pentane-dichloromethane (50:50, v/v), then dried using a concentrator vacuum (Savant™
SPD131DDA, Thermo Fisher Scientific, Barcelona, Spain). Finally, samples were redissolved in 200 μL
of dichloromethane.

GC analysis was performed on a GC 7890A (Agilent Tech., Santa Clara, California) system
equipped with a mass spectrometer 5975C inert MSD (with Triple-Axis Detector). The column was a
DB-5 (30 m × 0.25 mm × 0.25 μm, Agilent Tech.). A constant flow of 2.1 mL/min of He was used as
carrier gas. Five microliters of sample was injected in splitless mode with 17.33 psi pressure (septum
purge flow 15 mL/min and splitless time 1 min.). The injector temperature was maintained at 225 ◦C for
1 min and then heated up to 250 ◦C at 5 ◦C/min. The temperature of the oven (40 ◦C) was maintained
for 1 min and then increased up to 260 ◦C at (20 ◦C/min.) for 25 min. The mass spectrometer operated
at 70 eV (electron ionization) modes. The analysis was performed in Scan mode (m/z 10−1000).
The compounds were identified by retention times and mass fragments, to compare with those of pure
standard compounds. The quantification was carried out using internal standard patterns.

2.4. Total Phenolic Content

The phenolic composition was determined by the Folin–Ciocalteu assay and HPLC–DAD/MS
analysis. Total phenols (TP) were determined using the Folin–Ciocalteu assay [21] with some
modifications. Briefly, 100 μL of sample, 500 μL of Folin–Ciocalteu reagent, and 2 mL of a solution of
sodium carbonate (20% w/v) were mixed, final volume 10 mL with water. The solution was stocked for
30 min for the reaction to take place and stabilize and finally, the absorbance was measured at 750 nm.

Chromatographic analyses were carried out in an Agilent 1200 series (Agilent Technologies,
Palo Alto, CA, USA) coupled with DAD and MS detectors. A volume of 50 mL of each extract
was washed 3 times with 20 mL of ethyl acetate. The organic phases were pooled and evaporated,
re-dissolved in 1 mL of water/methanol (50:50) and then identified and quantified by HPLC–DAD/MS.
A Zorbax Eclipse Plus C18 column (3.5 μm, 150 × 4.6 mm) was used. The chromatographic conditions
were used according to Azevedo et al. (2014) [20]. Briefly, solvent A was 0.1% of acetic acid in water,
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solvent B was acetic acid, acetonitrile, and water (1:20:79, v/v/v). The gradient was from 80% to 20% of
solvent A over 55 min, from 20% to 10% of A from 55 to 70 min, and from 10% to 0% of A from 70 to
90 min. The flow rate was 0.3 mL/min, and the sample injection 20 μL. Gallic acid and protocatechuic
acid were identified by the retention time and UV–VIS spectra. The compounds were quantified with
phenolic standards using peak area data of resolved peaks at 280 nm. The corresponding calibration
curves were made up for gallic acid (r2 = 0.999) and protocatechuic acid (r2 = 0.999). The identity
of the phenolic compounds was confirmed by mass spectrometry. A TSQ Quantum™ Access
MAX (Thermo Fisher Scientific, Waltham, MA USA) equipped with an HESI (Heated Electrospray
Ionization) source which was operated in the negative ionization mode between m/z 80 and 800 was
used. The HESI spray voltage was set at 3.5 kV, and the capillary temperature was maintained at
350 ◦C. Nitrogen was used for nebulization and desolvation (sheath gas 60 arb. and auxiliary gas
20 arb.). The vaporizer temperature was maintained at 350 ◦C. Argon was used as the collision gas for
collision-induced dissociation.

2.5. Antioxidant Activity Assay

The ABTS method allows determining the antioxidant activity through the discoloration of the
cationic ABTS+ radical produced by the oxidation of ABTS with potassium persulphate. This assay
was performed according to the procedure described by Re. et al. (1999) [22] with slight modifications.
A stock solution of 7 mM ABTS in water was prepared. To form the radical cation, a solution of
potassium persulfate (2.45 mM) was prepared, using the ABTS stock solution as solvent. This solution
was stored at 4 ◦C in the absence of light to complete the reaction. To prepare the working reagent,
the solution was diluted with phosphate buffered saline (PBS) at pH 7.4, until an absorbance around
0.7 at 734 nm was obtained. Trolox or samples were added, and the decrease on the absorbance at
734 nm was measured, since the coloration disappears when the radical is reduced by antioxidants.
Blank was made by adding 2 mL of reagent in a cuvette, and its absorbance was measured at 734 nm.
Subsequently, 50 μL of diluted sample was added and vortexed for 30 s. After 4 min of incubation at
room temperature, the absorbance was measured again at 734 nm, results were expressed in μmol/L of
Trolox reagent. Samples were analyzed in several concentrations, making five dilutions of each sample
by duplicate.

2.6. Statistics

Xlstat 2016.01 statistical software (Microsoft Ibèrica, Barcelona, Spain) add-on for Microsoft Excel
package (Microsoft Ibèrica, Barcelona, Spain) was used for data processing. Significant differences
between granulates and cork samples were determined by one-way ANOVA using the Tukey’s HSD
(honestly significant difference) test, at 95% of confidence level.

3. Results and Discussion

3.1. Aromatic Characterization

A total of 23 aromatic compounds were determined in granulates and cork samples and grouped
according their chemical structures. Vanillins and derivatives, volatile phenols, aldehydes, alcohols,
terpenes, lactones, fatty acids, and furans were found. A lot of these volatiles are closely related to
certain pleasant aromatic descriptors. Table 1 shows the minimum and maximum content of the
individual compounds found. The most important compound in the analyzed samples was vanillin
(up to 170 μg/g), and to a lesser extent 4-vinylguaicol (23 μg/g), acetovanillone (14 μg/g), and dodecanoic
acid (6.3 μg/g). All these volatiles have very pleasant aromas, such as vanilla, coconut, or wood, highly
used in culinary industry and cosmetics.
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Table 1. Aromatic compounds, families, descriptors, and minimum and maximum content found in
the studied granulates and cork macerates.

Aromatic Compound Aromatic Descriptor Content (μg/g)

Vainillins

Vanillin vanilla 9−170
Acetovanillone vanilla 0.6−14

Volatile phenols

Guaicol wood, smoked, sweet, medicine 0.03−5.0
4-vinylguaicol wood, spice cloves, curry 0.5−23

Eugenol spice cloves, honey 0.01−0.3
Isoeugenol carmination 0.06−2.4
Cerulignol spicy 0.04−2.2

Aldehydes

Benzaldehyde almonds, sweet, caramel 0.02−0.21
Nonenal wax, citrus 0.03−0.47

Phenylacetaldehyde green, grass, honey 0.05−4.5

Alcohols

Phenylethyl alcohol flowers, honey, pollen 0.01−2.26
Benzyl alcohol roses, almond 0.05−0.13

Terpenols

Camphor mint 0−0.23
Borneol pine tree 0−0.2

4-terpineol spices, wood, soil 0.02−0.14
α-terpineol flowers, lilac, sweet 0−0.2

Lactones

γ-nonalactone coconut, peach 0.03−0.11

Fatty acids

Nonanoic acid wax, dry, fatty 0.12−0.67
Vanillic acid vanilla 0.07−0.86

Octanoic acid coconut, lactic, rancid, cheese,
sweat 0.14−3.38

Dodecanoic acid coconut, fatty, metallic 0−6.3
Benceneacetic acid honey, fruity, sour 0−3.0

Furans

Furfural caramel, candy 0−0.19

Figure 2a shows the sum of the total aromatic content of granulates and corks. In this figure,
we can observe that the granulate samples extracted about 75% more than the cork stopper samples.
Curiously, the highest amount of aromas were extracted in A granulate, corresponding to the largest
particle size, followed by B granulate (medium size), and finally C granulate (smallest size). This could
be due to the differences on the weight-volume relationship of granulates and their porosity, since the
natural cork is a heterogeneous material with structural differences [23]. In this case, the smaller size of
particles did not contribute to an increase of the extraction, likely because of differences in the volume
of lenticels and dense matter [24]. Regarding cork stoppers, significant differences were not observed,
A and B extracted a similar amount of aromas, slightly higher than that of C. Granulate samples
(A and B) obtained the highest concentrations of total aromas after 5 days of maceration (Figure 2b),
while for corks the maximum content was generally obtained at the end of the assay (after 15 days of
extraction). In granulate samples, the highest amount of aromatic compounds may be reached earlier
than in cork samples, likely because the characteristics of the samples and size facilitate the extraction
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of volatiles. In the studied samples, it seems that the bigger the granulates, the faster the extraction
rate of the volatiles. The A granulates that correspond with the highest granulate size, mean value
around 9.2 mm, obtained the highest amount of volatiles reaching levels over 200 μg/g. This increment
in A granulate at 5 days is mainly due to a high extraction of vanillins and volatile phenols, and to a
lesser extent to terpenols and fatty acids (Figure 3).

Considering the time of extraction in cork stoppers, only in the case of A corks was the maximum
value of volatiles reached in 5 days of maceration, since for B and C corks, the maximum values were
reached after 15 days of maceration (Figure 2).

Figure 2. Total aromatic compounds (mean ± SD) of granulates and corks (a) and total aromatic
compounds of granulates and corks at different time of extraction (b). Different particle size from
cork stoppers and their respective granulates (A; high, B; medium, C; small). Different letters indicate
significant differences, p < 0.05.

Figure 3 shows the total aromatic composition of the extracts per studied family. Vanillins are
the most important family. In this study, this compound reached values from 9.3 μg/g (in C corks) to
167.9 μg/g (in A granulates, Table S2). Therefore, vanillin has a great impact on the overall aroma of
cork extracts. This compound is very characteristic for providing a very intense and pleasant aroma
with sweet and floral notes, which is currently used in many different industrial fields, such as in the
production of fragrances, in food use as in baking [25], or in cosmetics [11]. In addition, as was seen
in other studies [26,27], vanillin is a natural bioactive component present in corks, which showed an
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important antioxidant activity. Another important aromatic family of compounds studied in the food
industry were volatile phenols [28,29]. As shown in Figure 3, the maximum content of these aromatic
compounds was extracted after 5 days of maceration in A and B granulates. This pattern seems to be
also reproduced in A and B cork samples. It may be due to the high concentration of vinylguaiacol
(values up to 23 μg/g) and, to a lesser extent, to guaiacol content (5 μg/g). Both compounds are
characteristic for having aromas of spicy notes, specifically clove, wood, and smoked [30,31].

Regarding aldehydes, it was observed that the granulates extracted the highest concentrations
after 15 days of maceration with values up to five times higher with respect to the corks. The main
compounds were phenylacetaldehyde with maximum values of 4.5 μg/g and nonenal with values of
0.47 μg/g. These compounds are characteristic for providing fresh and intense aromas even at low
concentrations, such as green grass, citrus, and wax [32]. It should be noted that the odor threshold
for phenylacetaldehyde in hydroalcoholic solution was established in 5 μg/L [33], and the maximum
content found in this work corresponded to 135 μg/L (30 g of cork in 1 L). In this way, the maximum
nonenal amount in these samples was 14.1 μg/L higher than the established odor threshold determined
in water (0.065 μg/L) and in hydroalcoholic solution (0.17 μg/L) [34].

Lactones exhibited a behavior similar to that of aldehydes. The aroma of lactones is of interest
for commercial aromatization of food [35]. Here, γ-nonalactone is the compound that represents this
family. This compound is better extracted from granulates than from corks after 15 days of maceration.
Despite presenting low concentrations (0.11 μg/g) in the extracts, its concentration is higher than the
odor threshold in water (0.03 μg/g) [35]. This is a characteristic compound for providing pleasant
aromatic descriptors, such as coconut, peach, and sweet cream butter notes [36,37]. This aroma is
commonly used in the development of cosmetics and fragrances. In addition, they could also be
used in the food industry as an essence in the preparation of cakes, sweets, candies, and ice cream, as
margarine or aroma [36].

Similarly, the terpenols had a higher concentration in the macerates of granulates than in corks,
especially after 15 days of extraction. The contribution of the individual terpenols seems to be similar,
since little differences were observed among them. Their concentrations ranged from 0.05 (A cork
after 3 days) to 0.62 μg/g (A granulate after 5 days) (Table S2). Terpenes are aromatic compounds
commonly synthesized in plants, trees, and vegetables. They are usually the main constituents of
essential oils of most plants, offering a wide variety of pleasant scents, from flowery to fruity, to woody,
or balsamic notes [38]. Hence, cork has a wide range of terpenoid variety within the family of terpenols
formed in this study by the following determined compounds: camphor, borneol, α-terpineol, and
4-terpineol. All of them have interesting aromatic descriptors such as mint, pine, spices, and flowers,
respectively. In addition, today they are used in cosmetics, especially in the elaboration of anti-aging
creams, because they possess bioactive properties [39]. They may act as elastase inhibitors, preventing
the structural degradation of elastin fibers in the dermal matrix [2,40,41], and play an important
role as constituents of flavors for spicing foods, sweets, beverages, and baked foods [42]. Furfural,
an important aromatic additive in food and beverages [43], also showed the highest concentrations
after 15 days of maceration, being higher in granulates (5.7 μg/L) than in corks (1.5 μg/L). The odor
threshold of this compounds is also lower (1 μg/L) [44] than the concentrations found in the studied
samples, as occurred in other compounds.

On the other hand, alcohols and fatty acids showed higher concentrations in macerated cork
stoppers than in granulates (Figure 3). With regard to alcohols, granulates and corks showed a
large increase in concentration after 15 days of maceration, reaching values of up to 0.98 μg/g and
2.32 μg/g, respectively. Among them, the phenylethyl alcohol stands out for presenting the highest
concentrations (Table S2), and for having interesting aromatic descriptors, such as flowers. For this
reason, this compound is commonly used in the production of perfumes as well as flavoring in the
food industry. It is also used in the cosmetic industry for the preparation of creams and soaps, acting as
a preservative due to its stability in basic conditions. Another important property of this compound is
its antimicrobial activity [45]. Fatty acids showed a large increase in concentration after 5 and 15 days
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of maceration in cork stoppers. This family reached a value of 10.74 μg/g. It should be noted that
their concentrations were three times higher than in the case of granulates. The main fatty acids
determined were vanillic, bezenacetic, decanoic, and octanoic, highlighting the latter for having the
highest concentrations. All of them contributed to providing very pleasant aromatic notes such as
vanilla, honey, lactic, and coconut, respectively.

Figure 3. Composition per family of the studied aromatic compounds. Different particle size from cork
stoppers and their respective granulates (A; high, B; medium, C; small).

The great increase in the concentration of phenylethyl alcohol and octanoic acid in the macerates
of corks with respect to granulates could be due to the presence of this compound in glues used for
the manufacture of agglomerated corks [46]. Their use is due to their aromatic, antimicrobial, and
antibiotic properties.

In summary, the families studied provide the aromatic profile of the granules and cork stoppers,
which are rich in very pleasant aromas at the sensory level. This aromatic composition extracted from
cork could have a second shelf life in different types of industries. On the one hand, the cosmetic and
pharmaceutical industries could use these extracted compounds as ingredients in the manufacture of
products such as sunscreens, wrinkle products, fragrances, or even soaps. On the other, they could be
also used in processed food as flavoring additive, and it should be noted their bioactive properties and
beneficial health effects, such as antioxidant and antimicrobial activities.

3.2. Phenolic Composition

Many studies have used the Folin–Ciocalteu method to determine polyphenols in plant
extracts [47,48]. The combination of HPLC–DAD/MS analysis with this methodology helps the
determination of the compounds, from the individual to the polymeric polyphenols. Figure 4 shows
the Folin–Ciocalteu index (Figure 4a,b) and the content in the phenolic compounds in the studied cork
samples determined by HPLC (Figure 4c,d).
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In general, higher polyphenol content was obtained for granulates than for corks. A and B
granulates obtained the highest value after three days of maceration (Figure 4a). As shown in
Figure 4c,d, in general, a higher concentration of phenolics was extracted after 15 days of maceration.
In the case of granulates, it is observed that A and B granulates had concentrations above 150 μg/g after
3 and 5 days of maceration, and increased to concentrations around 500 μg/g after 15 days. The highest
concentration was obtained in A granulate (513.5 μg/g), with larger particle size. In C granulate
(smaller size), the extraction was more constant, around 350–400 μg/g for all maceration times. After
15 days of maceration, the phenolic composition in cork stoppers increased in all cases from 10 μg/g to
65 μg/gin in the C sample. Other authors observed differences in the phenolic extraction depending
on the type of cork stopper, granulate, and powder [12,20,49]. Further research should be done to
optimize time of extraction and methods. Furthermore, the use of new promising technologies may be
interesting in order to optimize the process in a real scale [50].

Figure 4. Folin–Ciocalteu index (a and b) and phenolic content determined by HPLC (c and d; note
difference in y-axis scales). Particle size from cork stoppers and their respective granulates, A; high,
B; medium, C; small.

Considering the individual content of the phenolic compounds, gallic acid obtained the highest
concentrations with values between 60.6 and 180.9 μg/g, followed by protocatechuic acid with values
between 41.3 and 161.6 μg/g, and finally the protocatechuic aldehyde with values between 26.3 and
118.6 μg/g. As stated in previous studies [51,52], gallic acid and protocatechuic acid are phenolic
compounds with abundant presence in cork extractive fractions.

3.3. Antioxidant Activity

Previous studies have already shown that the cork has bioactive compounds with antioxidant
activity [2,53]. Touati et al. studied cork extracts in methanol solution and water using the ABTS
method, demonstrating its high antioxidant activity, and Fernandes et al. characterized the great
antioxidant activity of cork extracts, which was directly related to the phenolic composition [15,54].
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Figure 5 shows the antioxidant activity in μmol/L of Trolox of the granules and corks throughout
the maceration time. In general, it is observed that granulate samples obtained higher antioxidant
activity than corks (up to one hundred times). Figure 5A shows that B and C granulates had higher
antioxidant activity compared with the larger A granulate. Likewise, the three types of granulates
obtained similar antioxidant activity after all maceration times, as reported Azevedo and co-workers,
who observed no significant differences in wine model solution at different times when bottling
with different cork stoppers [20]. With respect to the corks (Figure 5B), in general, the same trend
is observed in all types of corks. In this case, the antioxidant activity increases by increasing the
maceration time. The differences observed between samples after 15 days of maceration may result
from the higher amount of simpler phenolic compounds at this time (Figure 4d). The maceration
of A cork (larger granulate) presented the highest concentration at all times, especially after 15 days
of maceration. On the one hand, this trend is not explained from the obtained data, so this could be
due to hydrolyzable tannins that are powerful antioxidant agents and were not determined in this
study [15].

Figure 5. Antioxidant activity of granulates (a) and cork (b) samples determined by ABTS method
(expressed in μmol/L of Trolox reagent), note difference in y-axis scales. Particle size from cork stoppers
and their respective granulates, A; high, B; medium, C; small.

On the other hand, the high antioxidant capacity of the cork samples studied, especially in the
case of granulates, could be directly related to phenolic acids, in particular the high concentrations
of gallic acid and protocacatechuic acid [26,54]. In addition, this antioxidant capacity could also be
due to the aromatic composition of the corks studied, especially to the high concentrations of vanillin
(170 μg/g), which is considered a natural bioactive component of cork [15,55]. According to Azevedo
et al., the amounts of gallic acid, protocatechuic acid, protocatechuic aldehyde, and vanillin in cork
samples appear to be crucial for the antioxidant activity [20].

4. Conclusions

Overall, this work highlights valuable aromatic compounds (vanillins, volatile phenols, aldehydes,
alcohols, terpenols, lactones, fatty acids, and furans) found in cork by-products and cork stoppers
to be reused as flavoring agents and antioxidants in the food industry. The most important family
of compounds was vanillins with a high content of vanillin and acetovanillone, and 4-vinylguaicol
was the most abundant volatile phenol. Furthermore, the phenolic composition of corks and their
by-products may provide interesting antioxidant properties with increasing interest on the industry
for their health benefits. Granulates showed higher potential than corks, however, corks used daily
(e.g., wine stoppers) have to be considered for this purpose. Further research should be done in order
to optimize waste management and extraction procedures, among others.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/2/133/s1.
Table S1: Size of cork granulates (mm) used in this study (n = 20), Table S2: Individual aromatic composition in
the studied granulates and corks at 3, 5, and 15 days of maceration.
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Abstract: For the purpose of reducing pollution and the reutilization of salted egg whites, which are
byproducts of the manufacturing process of salted egg yolks and normally treated as waste, an aqueous
two-phase flotation (ATPF) composed of polyethylene glycols (PEG 1000) and (NH4)2SO4 was applied
to develop a simple, inexpensive and efficient process for the separation of ovalbumin (OVA)
from salted egg whites. The effects of the concentration of PEG, the concentration of (NH4)2SO4,
the flow rate and the flotation time on the flotation efficiency (Y) and purity (P) of OVA were
investigated. A response surface method (RSM) experiment was carried out on the basis of a
single-factor experiment. An efficient separation was achieved using ATPF containing 5 mL of 80%
PEG 1000 (w/w), 28 mL of 28% (NH4)2SO4 (w/w), 35 mL/min of the flow rate and 30 min of the
flotation time, while 2 mL of the salted egg white solution (salted eggs white (v): water (v) = 1:4) was
loaded. Under the optimal conditions, Y and P of OVA could reach 82.15 ± 0.24% and 92.98 ± 0.68%,
respectively. The purified OVA was characterized by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), reverse phase high-performance liquid chromatography (RP-HPLC),
liquid chromatography-nano electrospray ionisation mass spectrometry (Nano LC-ESI-MS/MS),
ultraviolet spectrum (UV), fluorescence spectrum (FL) and fourier transform infrared spectroscopy
(FT-IR). The results indicated that the purity of OVA obtained by ATPF was satisfactory and there was
no obvious difference in the structure of the OVA separated by ATPF and the standard. The results of
the functional properties revealed no significant differences between OVA obtained by ATPF and the
standard in oil binding capacity, viscosity, emulsibility and foam capacity.

Keywords: reutilization of food waste; salted egg white; ovalbumin; extraction; aqueous two-phase
flotation

1. Introduction

Millions of tons of losses and waste produced in the food processing industries every year cause
economic, environmental, and nutritional problems. The effective utilization of these by-products,
by translating waste and byproducts into resources through shifts in technology, ensures the sustainable
development of food industries and a reduction of their environmental pollution.

Salted egg whites, a by-product in the manufacturing process of salted egg yolks, are usually
discarded as waste due to the difficulty in treatment. Abandoned salted egg whites contain a high
content of salt and organic, which is commonly regarded as an environmental problem whose disposal
is troublesome for the food industry [1,2]. Salted egg white protein is a mixture of proteins that
consists mainly of ovalbumin (OVA), lysozyme, ovotransferrin, ovomucoid [3]. OVA is the major
protein in salted egg whites, accounting for approximately 54% of the total protein in salted egg
whites. Containing a well-balanced amino acid composition, OVA is an excellent source of essential
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amino acids. It consists of 385 amino acids (45 kDa) with an isoelectric point (pI) of approximately
4.5 [4,5]. Although being well studied, the function of ovalbumin in eggs is still unknown. However,
some studies suggested ovalbumin to be a storage protein [6]. In view of nutrition and function, OVA
is one of the highest quality food proteins. Further, OVA has been proved to have biological activities,
such as antibacterial activity, antihypertensive activity and immunomodulating activity [7]. In addition
to displaying several functional properties including emulsification, heat-setting and foaming, OVA
also has been used as an effective drug carrier [8]. Therefore, there is considerable technical interest in
its separation if costs can be controlled. The current methods for separating OVA from egg white are
mainly isoelectric precipitation [9,10], membrane [11] and chromatography [12]. In recent years, a few
new materials were applied to separate OVA with good selectivity. However, aniline-doped cobalt
mono-substituted silicotungstic acid was reported to separate OVA with an adsorption efficiency of
92% for OVA at pH 9 [13]. Liu [14] prepared a nano-composite based on reduced graphene oxide
nanosheets functionalized with polymeric ionic liquid. It was used to selectively isolate OVA from
egg white with an adsorption capacity of 917.4 mg g−1. Chen [15] described a three-dimensional
reduced graphene oxide aerogel with embedded nickel oxide nanoparticles which was prepared by a
one-step self-assembly reaction, which was proved to selectively isolate ovalbumin from chicken egg
white. Nevertheless, the methods above are difficult to be used in the industry due to their low yield,
expensive operating costs or high equipment requirements. In addition, most previous research focused
on the separation of OVA from unsalted egg white solution. Extracting OVA from salted egg whites
can reprocess and utilize the waste and byproducts in the production of new commercially valuable
products, as well as support an abundant and cheap source of bioactive compounds. Therefore, it is
necessary to develop an economical and simple method to separate OVA from salted egg whites.

The model of the unidirectional rising bubbles mass transfer was applied to an aqueous two-phase
system (ATPS), which was called aqueous two-phase flotation (ATPF). Compared with aqueous
two-phase extraction (ATPE), ATPF was considered as a novel technique with low consumption of
organic solvents and high concentration coefficients [16]. Thus far, ATPF has been applied in the
enrichment and separation of some biomolecules, such as protein and Chinese herbal medicines.
Sankaran et al. [17] established a 1-propanol/(NH4)2SO4 ATPF to separate lipase from fermentation
broth. Jiang et al. [18] used ATPF containing PEG 1000 and citrate to extract α-lactalbumin from whey.
Under optimal conditions, the purification factor, purity and flotation efficiency were 5.33 ± 0.05,
96.78 ± 0.79% and 87.54 ± 0.76%, respectively. The use of ATPF to extract proteins could save process
time and cost, and the use of biodegradable salts as the bottom phase could avoid environmental
pollution problems. Pakhale et al. [19] used ATPF consisting of PEG and phosphate to isolate
bromelain. Under optimal conditions, the purification ratio reached 4.26, and the recovery rate was
91.47%. Jiang et al. [20] used ATPF to separate antioxidant peptides from whey protein hydrolysate.
The recovery rate of peptides from the top phase was 11.71% and the free radical scavenging per unit
concentration was 29.18%. The result was significantly better than ATPE. Bi et al. [21] established an
effective and non-polluting ATPF which isolated and enriched baicalin from Astragalus membranaceus
extract. The experimental results showed that under optimal conditions of ATPF, the above method
was successfully applied to the separation of baicalin, the enrichment ratio was more than 27, and the
separation efficiency was 90%. Chang et al. [22] established a method for separating four flavonoids
using ATPF. Under optimal conditions, the flotation efficiency was 96.03%, 92.07%, 94.27% and 90.51%,
respectively. ATPF proved to be a potentially effective method for the separation of biomolecules,
therefore, more and more attempts on the application of ATPF were carried out.

The aim of this study was to develop an inexpensive, simple, efficient separation and pollution-free
process for the separation of OVA from salted egg whites to realize the reutilization of food waste
while minimizing the environmental impact. With this goal, the separation of OVA from salted egg
whites by ATPF of PEG 1000/ammonium sulphate was studied for the first time.
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2. Materials and Methods

2.1. Instruments

The Waters e2695 liquid chromatograph equipped with 2998 PDA detector, C8 and C18 columns
(Waters, Waters Corporation, Milford, MA, USA) was applied to detect the samples. The solution
pH was measured by a PHS-3C pH meter (Shanghai Instrument Electric Scientific Instrument Co.,
Ltd. Shanghai, China). An AL-04 electronic analytical balance (Mettler Toledo Instruments Co., Ltd.,
Shanghai, China) was used for weighing. The sample was dialyzed with a 13000 Da MWCO filter
(Spectrum Labs, Los Angeles, CA, USA). The glass rotameter (Shenyang Beixing flow meter factory,
Shenyang, China) and buoy type oxygen inhalator (Shandong Huachen high pressure container Co.,
Ltd. Jinan, China) were used in the preparation of ATPF.

2.2. Materials

Salted eggs were purchased from the local supermarket. The OVA standard sample was
purchased from Sigma (Burlington, MA, USA). Trifluoroacetic acid (TFA) and acetonitrile were
chromatographically pure (Dikma, Beijing, China). Further, 1000 g·mol−1 polyethylene glycol (PEG
1000) was purchased from Aladdin (Shanghai, China) and ammonium sulphate and other reagents
were analytical reagent grade.

2.3. Preparation of ATPF and Purification

The ATPF was prepared in a flotation column by mixing 2 mL of the salted egg white solution
(salted egg white (v): water (v) = 1:4) and appropriate volume of stock solution of ammonium sulfate.
The gas flow outputted from the nitrogen cylinder formed a steady flow by a gas buffer, which was
adjusted by the flowrator. When the nitrogen flow rate was stable, 5 mL PEG was added. The nitrogen
gas was bubbling through the bottom of the column at a certain flotation time and flow velocity.
The flotation unit is described in Figure 1. The OVA was carried to the PEG phase by nitrogen gas.
By measuring the Y and P in the systems, the optimum conditions, including the concentration of PEG
and (NH4)2SO4, the flotation time and the flow rate of nitrogen, were obtained.

Figure 1. The flotation unit consisted of 1. flotation column; 2. G4 glass core; 3. flowrator; 4. gas buffer
device reformed by float type oxygen inhaler; 5. high purity nitrogen cylinder.

2.4. Experimental Design

The response surface method (RSM) experiment was applied to optimize the interaction between
the parallel factors and separation parameters. The effects of various factors, including X1 (the mass
fraction of PEG), X2 (the mass fraction of (NH4)2SO4), X3 (the flow rate of nitrogen) and X4 (the
flotation time), were studied. The experimental design was shown in Table 1. Y and P were taken as
the responses and each experiment was replicated three times
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Table 1. The factors and levels in the response surface design for optimizing the separation of ovalbumin
(OVA) by aqueous two-phase flotation (ATPF).

Variables
Coded Variable Levels

−1 0 1

X1 PEG1000 (w/w)% 70 80 90
X2(NH4)2SO4 (w/w)% 26 28 30

X3 flow rate of nitrogen (mL/min) 25 30 35
X4 flotation time (min) 20 30 40

The top phase of ATPF and salted egg white solution were dialyzed against deionized water
overnight by a dialysis bag with 13,000 Da molecular weight cutoffs to remove the PEG 1000 and salt.
Then, the dialysate was lyophilized to obtain the purified OVA.

2.5. Determining of Protein

The Bradford [23] was used to determine the concentration of total protein in the top phase.
RP-HPLC was used to determine the concentration of OVA in salted egg white solution and in the top
phase. The waters C8 column (4.6 mm × 150 mm) was used and mobile phase A was 0.05% of aqueous
TFA, while the mobile phase B was 0.05% TFA in acetonitrile. The flow rate was set to 1.00 mL/min
while the concentration of mobile phase A decreased from 93% to 30% in 17 min and increased to 93%
before 22 min [24]. The effluent was detected at a wavelength of 280 nm.

2.6. Definition of the Distribution of Protein in ATPF

The flotation efficiency (Y) and purification (P) of OVA were used to evaluation the enrichment
and separation of OVA by ATPF, and were calculated by the following equations:

Y =
COVA ×VTop

CSample ×VSample
× 100% (1)

P =
COVA ×VTop

CTop ×VTop
× 100% (2)

where COVA, CSample and CTop were the concentrations of OVA in the top phase and salted egg white
solution and total protein in top phase, respectively; while VTop and VSample were the volume of the
top phase and salted egg white solution, respectively.

2.7. Characterization of Ovalbumin Structure

2.7.1. Electrophoresis

The proteins were identified by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS–PAGE) in a gel of 12% bis-acrylamide homogeneous. The constant voltage was set at 80 V for
approximately 20 min for stacking the gel and at 120 V for 55 min to separate the gel. At the end of the
electrophoresis, the tape was stained with Coomassie Brilliant Blue R-250 for 30 min and decolorized
with eluent [25].

2.7.2. Nano LC-ESI-MS/MS

The digested protein sample was carried out by an HPLC system with a C18 column
(75 μm × 80 mm). The HPLC solvent A was 9.5% water, 90% acetonitrile, and 0.5% formic acid.
The HPLC solvent B was 97.5%water, 2% acetonitrile, and 0.5% formic acid. The gradient elution
process was described as follows. The concentration of mobile phase A was improved from 2% to
90% within 60 min. The column flow rate was approximately 800 nanoliter per minute after splitting.
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The typical sample injection volume was 3 μL. The HPLC system was coupled with a linear ion trap
mass spectrometer (LTQ, Thermofisher, Shaihai, China), therefore, a sample eluted from the HPLC
column was directly ionized by an electrospray ionization (ESI) process and entered into the mass
spectrometer. The ionization voltage was often optimized in the instrument tuning process and it
ranged from 1.5 kv to 1.8 kv. The capillary temperature was set at 100 ◦C. The mass spectrometer was
set at the data-dependent mode to acquire MS/MS data via a low energy collision induced dissociation
(CID) process. The default charge state was 3 and the default collision energy was 33%. One full scan
with one microscan with a mass range of 350 amu to 1650 amu was acquired, followed by nine MS/MS
scans of the nine most intense ions with a full mass range and three microscans. The dynamic exclusion
feature was set as follows: Repeat the count of 1 and the exclusion duration of 1 min. The exclusion
width was 4Da [26].

2.7.3. Spectrum Analysis

The OVA structure was analyzed using a fluorescence spectrometer PerkinElmer LS55. After being
dissolved in 10 mmol/L phosphate buffer (pH = 7.2) and diluted to the appropriate concentration. The
sample was measured at fluorescence excitation wavelengths of 295 nm and 280 nm, respectively. The
emission spectrum was scanned from 315 nm to 415 nm. The fluorescence spectroscopy was performed
at both slit and excitation slit widths of 5 nm. The ultraviolet spectrophotometer UV-2550 was used to
scan the sample solution in the range of 250–360 nm.

Then, 2 mg of the sample powder was mixed with 200 mg of potassium bromide powder, which
was ground under an infrared baking lamp for 10 min and pressed in a mold. The FT-IR spectra were
measured at 400 cm−1~4000 cm−1. The experiment was repeated three times. After the infrared spectra
was obtained, the protein conformation was analyzed by Peak Fit v4.12 software [27].

2.8. Determination of Functional Properties of Ovalbumin

2.8.1. Oil Binding Capacity (OBC)

Further, 0.100 g of ovalbumin sample and 1 mL of edible oil were mixed in a 10 mL centrifuge
tube by shaking, and the mixture was centrifuged at 716× g for 30 min, which was weighed as W1.
The top layer of oil was removed and the residual mixture and the tube weighed as W2. The quality of
the sample was recorded as WSample. The formula for calculating was as follows:

OBC =
W1 − W2

Wsample
× 100% (3)

2.8.2. Viscosity

The sample solution with a concentration of 10 g/L was prepared in a 30 ◦C water bath, which
was determined by a digital viscometer.

2.8.3. Emulsibility

The measurement was carried out according to the method of Xiong [28]. The sample was
dissolved in a 10 mmol/L phosphate buffer solution and the final concentration of the sample was
5 mg/mL. The protein solution was mixed with soybean oil by a volume ratio 9:1 (oil:protein solution)
and placed in a high-speed homogenizer at 10,000 rpm for 1 min. Further, 50μL of the above sample was
diluted 100 times with 0.1% (w/v) SDS, and then measured by an ultraviolet-visible spectrophotometer
at 500 nm. The formula for calculating the emulsifying index (EAI, m2/g) was as follows:

EAI =
4.303 ×A ×DF

1000 ×C ×ϕ × θ (4)
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where C was the concentration of protein, DF was the dilution factor (100), θ was the proportion of the
oil phase in the emulsion (1:10), ϕ was the cuvette optical path (1 cm) and A was the absorbance value.

2.8.4. Foam Capacity

Furthermore, 100 mL of 1% (w/v) OVA solution was added into a 250 mL beaker, which was
dispersed by a high-speed disperser at 10,000 r/min for 2 min. Then, the volume of foam was measured.
The foaming capacity (FC) was calculated as follows [29]:

FC =
(V0 − 100)

100
× 100% (5)

where V0 was the total volume of liquid and foam at the time of dispersion stop (mL); 100 was the
volume of the stock solution (mL).

3. Results and Discussion

3.1. Single-Factor Variable Analysis

The effect of the mass fraction of PEG 1000 and (NH4)2SO4, the flow rate of nitrogen and the
flotation time were chosen for this study. Based on Y and P, the optimal conditions of the ATPF were
chosen for further investigation. The results were shown in Figure 2.

Figure 2. The effect of the concentration of PEG 1000 (a), the concentration of (NH4)2SO4 (b), the flow
rate of nitrogen (c) and the flotation time (d) on the flotation.

The polymer concentration was considered to be an important factor in ATPF. The effect of the
mass fraction of PEG 1000 was described in Figure 2a. The trend of Y and P changed in a similar way.
When the PEG 1000 mass fraction ranged from 50% to 80%, Y and P increased. Generally, electrostatic
interactions, hydrophobic interactions and the salting-out effect were the main driving forces of the
protein distribution in the ATPS. The hydrophobicity of the top phase increased with the increase of
the mass fraction of PEG. OVA was a hydrophobic protein that preferentially interacted with a more
hydrophobic PEG-rich phase, which led to a situation that more OVA was separated into the top phase.
The high viscosity was believed to be a disadvantage for the bubble entering the top phase through the
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interface. The viscosity of the polymer solution was affected by the polymer concentration [30], hence,
the mass transfer efficiency of the biomolecule was affected. When the mass fraction of PEG was higher
than 80%, the viscosity and the bubble duration in the top phase increased to an inappropriate degree
and the OVA affinity to the polymer-rich top phase decreased, which caused Y and P to decrease
significantly. In addition, the increasing concentration of PEG enhanced the excluded volume of the
polymers, which in turn, reduced the solvent volume fraction. Thus, OVA was excluded by PEG in the
top phase.

In ATPF, the ratio of the salt phase volume to the polymer phase volume was usually very
large, thus high concentrations of salt was necessary for the system to sustain a stable immiscible
two-phase [31]. It could be observed that the Y and P increased with the increase of the concentration
of (NH4)2SO4 in Figure 2b. It could be attributed to the salting-out effect. The solubility of protein
in the bottom phase decreased with the increase of (NH4)2SO4 concentration, which resulted in the
transfer of protein to the top phase. When (NH4)2SO4 was above 28%, protein was precipitated at the
phase interface, which resulted in the decrease in the Y and P [32].

The gas flow velocity significantly affects the flotation efficiency [33]. Figure 2c showed the effect
of the nitrogen flow rate (20–40 mL/min) on the Y and P of OVA. Generally, the low flow rate led to
the low mass transfer efficiency. The Y and P of OVA increased when the flow rate ranged from 20
mL/min to 30 mL/min, indicating that increasing of the flow rate of nitrogen made more OVA enter
the top phase. At the flow rate of 30 mL/min, the maximum Y and P reached 81.66% and 93.58%,
respectively. When the flow rate was above 30 mL/min, the Y and P decreased. The interface between
two phases was destroyed by an excessively high flow rate and the two phases were mixed. In addition,
the excessively high flow rate resulted in excessive rising speed of bubbles, causing unstable adsorption
of the molecules with the bubbles and short contact time [34]. Therefore, the nitrogen flow rate of
30 mL/min was the optimum flotation condition.

The effect of flotation time on the Y and P of OVA in the range of 10–50 min was investigated
and the result was described in Figure 2d. The Y and P increased with the flotation time ranging
from 10 to 30 min. Before the mass transfer process was at equilibrium, the increasing flotation time
facilitated full contact between the bubbles and OVA, which caused more OVA to be transferred to the
top phase while the Y and P increased. When the flotation time was 30 min, the maximum Y and P
were obtained, and the system basically reached the balance. There was no significant change in Y or P
with the increasing of the flotation time after 30 min. Therefore, 30 min was selected as the optimum
flotation condition.

From the above analysis, it could be concluded that the best single-factor conditions were as
follows: PEG 80% (w/w) 5 mL, ammonium sulfate 28% (w/w) 28 mL, the flow rate of nitrogen 30 mL/min
and the flotation time 30 min.

3.2. Response Surface Analysis

3.2.1. Statistical Analysis and Model Fitting

The significant independent factors or their interactions of a multivariate complex system (e.g.,
ATPS) need to be analyzed by an effective mathematical statistical method [35,36]. The response
surface methodology (RSM) was applied for the optimization of significant factors.

The experimental results of the response surface design were described in Table 2. The regression
analysis was performed on the experimental data obtained using Design-Expert 8.0.6 software, and the
equations for predicting the Y and P of OVA were obtained, which were given as follows:

Y = 81.81 + 4.66 × A + 1.18 × B + 4.48 × C + 8.14 × D + 1.99 × A × B + 3.86 × A × C + 3.44 × A × D
+ 1.39 × B × C + 2.81 × B × D − 1.42 × C × D − 14.38 × A2 − 13.69 × B2 − 14.83 × C2 − 8.66 × D2

P = 93.23 + 1.16 × A − 1.37 × B − 2.06 × C + 0.94 × D + 1.26 × A × B − 0.075 × A × C − 0.16 × A × D
+ 1.18 × B × C + 0.81 × B × D − 0.94 × C × D − 2.41 × A2 − 2.65 × B2 − 4.93 × C2 − 1.16 × D2
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Table 2. Box-Behnken (BBD) and the results (means of triplicate tests) for the recovery yield and
purification factor of ovalbumin (OVA).

Number
A:PEG 1000

(w/w)%
B:(NH4)2SO4

(w/w)%
C:Flow Velocity

(mL/min)
D:Flotatiom
Time (min)

Y (%) P (%)

1 1 0 0 -1 50.82 89.82
2 −1 1 0 0 47.44 84.12
3 0 0 0 0 82.56 93.03
4 0 0 0 0 81.15 93.06
5 0 −1 0 −1 53.43 90.61
6 0 0 0 0 81.97 93.08
7 −1 0 −1 0 48.11 86.53
8 0 1 0 −1 50.38 86.23
9 −1 0 1 0 49.26 83.13

10 0 1 1 0 60.27 83.56
11 1 1 0 0 61.97 88.88
12 0 1 −1 0 47.67 85.19
13 0 1 0 1 72.32 90.28
14 1 0 0 1 74.31 91.52
15 −1 −1 0 0 49.09 89.73
16 1 −1 0 0 55.64 89.45
17 −1 0 0 1 59.04 89.64
18 0 −1 1 0 55.31 83.56
19 0 0 −1 1 63.42 90.98
20 0 −1 −1 0 48.29 89.91
21 0 0 0 0 81.78 93.09
22 1 0 1 0 66.01 85.52
23 0 0 0 0 81.58 93.88
24 0 −1 0 1 64.13 91.41
25 1 0 −1 0 49.43 89.22
26 0 0 −1 −1 44.64 87.89
27 0 0 1 −1 55.67 84.93
28 0 0 1 1 68.76 84.27
29 −1 0 0 −1 49.31 87.28

3.2.2. Analysis of Variance

The analysis of variance (ANOVA) for the Y and P models was shown in Tables 3 and 4, respectively.
The regression models were highly significant (p1 < 0.01, p2 < 0.01), while the lack-of-fit tests were not
significant (p1 = 0.0725 > 0.05, p2 = 0.3296 > 0.05). The determination coefficients (R1

2 and R2
2) of the

predicted models were 0.9918 and 0.9558, indicating a high degree of correlation between the true and
predicted values. Thus, the models explained the response adequately and could be used to analyze
and predict the optimal separation conditions of OVA.

Table 3. The variance analysis of the fitted quadratic polynomial prediction model of Y.

Source Sum of Squares df Mean Square F p1

Model 4430.17 14 316.44 457.18 <0.0001
Residual 9.69 14 0.69 – –

Lack of fit 8.61 10 0.86 3.20 0.1369
Pure error 1.08 4 0.27 – –

CV% – – 1.38 – –
R1

2 – – 0.9978 – –

Table 4. The variance analysis of the fitted quadratic polynomial prediction model of p.

Source Sum of Squares df Mean Square F p2

Model 306.56 14 21.90 101.07 <0.0001
Residual 3.03 14 0.22 – –

Lack of fit 2.50 10 0.25 1.87 0.2856
Pure error 0.53 4 0.13 – –

CV% – – 0.53 – –
R1

2 – – 0.9902 – –
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3.2.3. Interactive Analysis

The relationship between the response and experimental levels of each variable was visualized
in a three-dimensional (3D) response surface plot, which provided a method to directly observe the
interactions between the two test variables. The factors influencing the Y and P of OVA were shown as
the response surface plots in Figure 3.

Figure 3. The response surface plots for Y (a,c) and P (b,d) of OVA.

Figure 3a,b showed that Y and P first increased and then decreased with the increase of the mass
fraction of (NH4)2SO4, when the mass fraction of PEG was at a specific level. Similarly, Y and P first
increased and then decreased with the increase of the mass fraction of PEG, when the mass fraction of
(NH4)2SO4 was at a specific level in the ATPF. The Y and P reached the maximum, when the mass
fraction of PEG and (NH4)2SO4 reached specific levels. When the mass fraction of PEG and (NH4)2SO4

were set at low levels, a weak hydrophobic interaction and a weak ionic strength were obtained in the
ATPF, resulting in that less OVA was separated in the top phase. The hydrophobic interaction and
ionic strength gradually increased with the increase of the mass fraction of PEG and (NH4)2SO4, and
hydrophobic OVA was separated into the top phase and other proteins were retained in the bottom
phase, meaning that Y and P were increased. However, the ionic strength in the bottom phase increased
and the volume of the top phase decreased with the mass fraction of PEG and the (NH4)2SO4 increased,
causing the protein to precipitate at the interface of the two phases.

The effect of the interaction between the flow rate and the flotation time on the Y and P of OVA
were shown in Figure 3c,d. It could be inferred that the higher flow rate could reduce the flotation time
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required to reach equilibrium. However, the interface of the two phases was destroyed when the flow
rate was high. In addition, the excessively high flow rate led to excessive rising velocity of the bubbles
which caused a short contact time and unstable adsorption of OVA with the bubbles. This might
result in the protein adsorbed on the surface of the bubbles falling back into bottom phase. Thus, it
was necessary to select the maximum flow rate and the shortest time for ATPF, under the premise of
ensuring the separation effect.

3.2.4. Validation of the Best Extraction Conditions

According to the results of Box-Behnken (BBD), the optimal conditions were obtained when the
mass fraction of PEG 1000 and (NH4)2SO4, the flow rate of nitrogen and the flotation time were 79.22%
(w/w), 28.50% (w/w), 29.09 mL/min and 34.59 min, respectively. Under these conditions, the Y and P
value of OVA could reach 82.73% and 93.89%, respectively. In order to facilitate the operation, the
predicted optimal process conditions were amended as follows: The mass fraction of PEG 1000 was
80% (w/w), the mass fraction of (NH4)2SO4 was 28% (w/w), the flow rate of nitrogen was 30 mL/min and
the flotation time was 30 min. Under these conditions, Y was 82.15 ± 0.24% and P was 92.98 ± 0.68%.
There was no significant difference between the result and the predicted value, indicating that the
model was reliable.

3.3. Characterization of Ovalbumin Extracted Directly from Salt Egg White

The result of electrophoresis analysis was shown in Figure 4. The SDS–PAGE of purified OVA
from the top phase of ATPF showed one band (lanes B, C) whose molecular mass was approximately
45 kDa. The bands (lanes B, C) were similar to the ovalbumin standard (lanes D). Compared with
the SDS–PAGE of OVA purified from the top phase of ATPF, the salted egg white solution showed
multiple bands (lane A). According to the electropherogram analysis, it was inferred that OVA could
be separated to the top phase by ATPF.

Figure 4. The SDS–PAGE of OVA. Lane A, the salted egg white solution (10 μg); lane B, sample (20 μg)
separated by ATPF; lane C, sample (10 μg) separated by ATPF; lane D, OVA standard (10 μg); lane E,
molecular mass standards.

The OVA purified from the top phase of the ATPF and the OVA standard were measured by
RP-HPLC, and the chromatograms were shown in Figure 5. The retention time of the main peak of the
top phase in the chromatogram was approximately 13.5 min, which corresponded to the retention time
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of the OVA standard. Therefore, the result was consistent with electrophoresis, meaning that OVA was
selectively separated to the top phase by the ATPF.

Figure 5. The RP-HPLC chromatograms of the OVA standard (a) and OVA purified from the top phase
of the ATPF (b).

Furthermore, Nano LC-ESI-MS/MS is a reliable and sensitive method for identifying gel-separated
protein tapes. Moreover, a single protein tape can be identified in mixed proteins by this method [37].
Tables 5 and 6 showed the results of the OVA purified from the phase of ATPF determined by Nano
LC-ESI-MS/MS. There were two proteins in the sample, including OVA and alpha-1-acid glycoprotein.
The relative abundance of OVA was 99.4%, meaning that OVA was the main protein in the top phase
of ATPF.

Table 5. Nano LC-ESI-MS/MS results of the OVA purified from top phase of ATPF.

Hits Protein Mass No. of Peptide Protein UniprotKB Databases Relative Abundance Probability

1 43,195.66 17 OVA of chick P01012 99.4% 99.0%

2 22,535.07 3
Alpha-1-acid
glycoprotein

of chick
Q8JIG5 0.6% 99.0%

Table 6. The peptide of the OVA purified from top phase of ATPF.

Scan No. Peptide Mass Peptide Sequence of Protein from Chick Peptide Probability

6633 1772.89 ISQAVHAAHAEINEAGR 96.2%
6896 887.56 IKVYLPR 87.6%
6955 1554.71 AFKDEDTQAMPFR 96.6%
7045 1580.71 LTEWTSSNVMEER 93.2%
7037 943.53 DILNQITK 89.5%
7155 1354.65 PNDVYSFSLASR 93.9%
7195 1686.83 GGLEPINFQTAADQAR 94.9%
7241 2007.94 EVVGSAEAGVDAASVSEEFR 95.7%
7277 1246.62 ADHPFLFCIK 83.1%
7295 1344.73 HIATNAVLFFGR 95.7%
7490 1521.79 YPILPEYLQCVK 90.7%
7618 2280.17 DILNQITKPNDVYSFSLASR 91.1%
7661 1481.75 PVQMMYQIGLFR 92.3%
7735 2283.14 VTEQESKPVQMMYQIGLFR 91.0%
8705 2459.31 NVLQPSSVDSQTAMVLVNAIVFK 77.0%
10304 1857.96 ELINSWVESQTNGIIR 92.4%
9088 3032.51 VHHANENIFYCPIAIMSALAMVYLGAK 77.6%

The UV spectrum of the OVA standard and OVA purified from the top phase of ATPF were shown
in Figure 6. The maximum absorption peak of the ovalbumin obtained from ATPF was approximately
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280 nm, which was basically consistent with the OVA standard. The same result was shown in the
fluorescence analysis in Figure 7. Thus, it was inferred that there were no significant changes on the
spatial structure of the ovalbumin during the separation process.

Figure 6. UV spectrum of samples.

Figure 7. The fluorescence spectrum of the samples.

The secondary structure information of proteins from the top phase of ATPF was analyzed by
FT-IR and PeakFit v4.12 software. The protein structure generally corresponds to the amide I absorption
band between 1690 cm−1 and 1600 cm−1 in the infrared spectrum. The corresponding relationship
between each sub-peak and secondary structure was as follows: Unordered (1640~1650 cm−1); β-turn
(1660~1700cm−1); β-sheet (1610~1640 cm−1); α-helix (1650~1660 cm−1) [38]. Referring to the literature,
PeakFit v4.12 software was used to calculate the original infrared map amide I absorption band of the
OVA standard and the sample, and the fitted map was obtained after baseline correction, deconvolve
Gaussian instrument response functions (IRF) deconvolution and second derivative fitting. According
to the relationship between the secondary structure and sub-peak, the percentage of the secondary
structure was acquired, as shown in Figure 8. It showed that unordered, β-turn, β-sheet and α-helix
were not obviously changed, meaning that there was no change in the spatial structure of OVA in the
ATPF separation process.
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Figure 8. The content of the secondary structure for OVA obtained from different sources.

3.4. Determination of Ovalbumin Functional Properties

The results of functional properties of ovalbumin were shown in Figure 9. There were no
significant differences between OVA from the top phase of ATPF and the OVA standard in an oil
binding capacity, viscosity, emulsibility and foam capacity. Therefore, the spatial structure of OVA did
not change excessively in ATPF and the functional properties of the protein were maintained, meaning
that OVA separated from the salted egg white by ATPF could be applied in practice.

Figure 9. (a) Oil binding capacity, (b) viscosity, (c) emulsibility and (d) foam capacity of OVA obtained
from different sources.

In this study, the separation and purification of OVA from salted egg whites using an ATPF
consisting of PEG 1000/(NH4)2SO4 was investigated successfully. The optimum ATPF conditions were
obtained using response surface methodology and a Box–Behnken experimental design. Accordingly,
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2 mL of the salted egg white solution (salted egg white (v):water (v) = 1:4) was loaded on the ATPF.
Under optimum conditions, including 5 mL of 80% PEG 1000 (w/w), 28 mL of 28%(NH4)2SO4 (w/w), 30
mL/min of the flow rate and 35 min of the flotation time, the maximum Y and the P reached 82.15± 0.24%
and 92.98 ± 0.68%, respectively. The results of SDS–PAGE, RP-HPLC, Nano LC-ESI-MS/MS, ultraviolet
spectrum, fluorescence spectrum, FT-IR and functional properties showed that OVA was separated and
purified by ATPF, and its functional properties were maintained in ATPF, meaning that ATPF could be
a valuable protocol for the separation of OVA from salted egg whites. It might be a sustainable and
effective way for the utilization of salted egg whites to reduce environmental pollution.
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Abstract: The fatty acid (FA), polyphenol content and evaluation of the antioxidant capacity of
exhausted Myrtus communis berries (EMB) resulting from the production of myrtle liqueur were
assessed. All parts of the exhausted berries exhibited high concentrations of carbohydrates, proteins,
lipids and phenolic compounds. The lipid fraction contained a high amount of poly unsaturated fatty
acids (PUFA), mainly represented by linoleic acid (>70%). Of the phenolic acids evaluated by liquid
chromatography/mass spectrometry, ellagic acid was the most predominant (>50%), followed by
gallic and quinic acids. Quercetin and quercetin3-O-rhamnoside were the most abundant flavonoids.
The seed extracts showed a higher antioxidant potential than the pericarp extracts; the same trend
was observed for total phenolic compounds evaluated by spectrophotometric assay. The overall
high content of bioactive compounds and the high antioxidant potential of this byproduct sustain its
suitability for a number of industrial applications, such as a food ingredient in novel foods, an additive
in cosmetic formulations or a component of animal feed formulations.

Keywords: LC-MS/MS; fatty acids; polyphenols; antioxidant activity

1. Introduction

Over recent years, interest in the recovery of high added-value products from waste plant material
has grown worldwide, as the re-use and valorization of these byproducts have become important
economic issues in a number of industrial sectors [1].

Food processing waste often consists of organic material, the disposal of which presents a
serious pollution risk. However, the appropriate management and disposal of such materials entails
additional cost. Attempting to extract extra value out of agricultural waste is thus a major step
towards alleviating this problem. Many byproducts arising from the processing of fruit and vegetables
are rich in phytochemicals that may still retain valuable chemical and biological properties [2].
For example, it has been repeatedly demonstrated that such byproducts can possess high amounts of
phenolic compounds—a large group of secondary metabolites that includes: phenolic acids, flavonoids,
anthocyanins, and proanthocyanidins [3]. These metabolites have received a great deal of attention
because of their numerous biological properties, such as their anti-mutagenic, cardioprotective,
anti-inflammatory, anti-carcinogenic, anti-allergic, antiviral and antioxidant activities [4]. Indeed,
myrtle liqueur itself has been reported to exhibit strong antioxidant activity [5]. Furthermore, several
epidemiological studies suggest that a diet rich in antioxidants may have a positive impact by increasing
the reactive antioxidant potential of an organism and reducing the risk of certain degenerative diseases
that originate from deleterious free radical reactions [6].
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Polyphenol-rich byproducts could be used as functional antioxidant ingredients in the food
industry; this possibility is particularly interesting because the currently available and widely used
synthetic antioxidants, such as butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT),
have been suspected to cause negative health effects [7]. Polyphenol-rich byproducts could also
provide attractive solutions for the pharmaceutical and cosmetic industries [8,9].

The utilization of byproducts rich in polyphenols as feedstuff has also been explored since recent
studies into ruminants showed beneficial effects on health conditions [10], protein and lipid ruminal
metabolism [11,12] and the immune system [13], as well as an enhancement of milk production and
quality [14,15]. In addition, their use as feed in animal diets may help avoid expensive byproduct
treatments, which often lead to further waste production [1].

To the best of our knowledge, no studies have been performed on the byproducts derived from
myrtle liqueur production. The berries of Myrtus communis are used to produce a sweet myrtle liqueur
by their hydroalcoholic infusion (> 40 ◦C) lasting at least 15 days [16]. More than three million bottles
of myrtle liqueur are currently produced in Sardinia per year, and it is fast becoming one of the most
popular Sardinian exports [17]. Of consequence, Sardinia produces a considerable amount of exhausted
berries of Myrtus communis as a waste product, estimated to be approximately 200,000 tons/year.

The present study aimed to characterize the chemical composition and the phenolic profile of
exhausted berries of Myrtus communis resulting from myrtle liqueur production and to test their
antioxidant activity in order to evaluate their potential for further exploitation.

2. Materials and Methods

2.1. Reagents and Standards

The solvents used for extraction (methanol, acetonitrile and formic acid) were purchased from
Sigma-Aldrich Chemical Company (St Louis, MO, USA). A Milli-Q purification system (Millipore,
Bedford, MA, USA) was used to prepare high-performance liquid chromatography (HPLC) grade
water. Standards of gallic acid, caffeic acid, p-coumaric acid, ellagic acid, ferulic acid, sinapic acid,
quinic acid, syringic acid, chlorogenic acid, phloridzin, kaempferol, luteolin, quercetin, isorhamnetin,
myricetin, apigenin, epicatechin and catechin were purchased from Sigma-Aldrich. Standards of
quercetin rhamnoside, isoquercetin, rutin, robinin, isorhamnetin rutinoside, neohesperidin, quercetin
galactoside, myricitrin, myricetin galactoside, epigallocatechin, epigallocatechin gallate, procyanidin B1,
procyanidin B2, cyanidin-3-O-glucoside, cyanidin-3-O-arabinoside, cyanin, delphinidin-3-O-glucoside,
malvidin-3-O-glucoside, and pelargonidin-3-O-glucoside chloride were purchased from Extrasynthese
(Genay, France).

The reference standard mixture of 37 FAME (FAME mix 37) was acquired from Supelco
(Sigma-Aldrich, Bellefonte, PA, USA); other reference standards were purchased from Matreya
Inc. (Pleasant Gap, PA, USA): PUFA-2, a nonconjugated 18:2 isomer mixture of individual PUFA,
eicosapentaenoic acid, (EPA), docosahexaenoic acid (DHA), arachidonic acid (ARA), C18:3 cis-6,9,12,
and C18:3 cis-9,12,15.

2.2. Samples Collection and Extracts Preparation

The exhausted myrtle berries (EMB) analyzed were obtained from a local distillery. The EMB were
dried at ambient temperature for a week, successively, in an air oven at 40 ◦C until complete drying
(24 h) and stored at 0–5 ◦C for later uses. For analysis, seeds were manually separated from pericarps
by screening after air-drying, and samples of whole EMB, seeds and pericarps were finely ground.

For polyphenolic analysis and antioxidant assays, the following extraction procedure was
employed: the samples were sonicated for 60 min in a solution of 70:30 ethanol:water (v/v) with a
sample to solvent ratio of 13:25 (w/v) and kept in the dark overnight. After filtration, a rotary evaporator
was used to remove completely the solvent. Ultrapure water at the same volume of extraction was used
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to dissolve the dried samples that were then filtered using 0.20-μm syringe PVDF filters (Whatmann
International Ltd., Maidstone, UK).

2.3. Chemical Composition

The dry matter (DM) content of the samples was determined by oven-drying at 105 ◦C for 24 h.
The fiber fractions content (neutral detergent fiber, NDF; acid detergent fiber, ADF; and acid detergent
lignin, ADL) was determined following the sequential procedure described by Van Soest, Robertson
and Lewis [18], using the filter bag equipment of Ankom (Ankom Technology Corp., Fairport, NY,
USA). Ash, protein (CP) and ether extract (EE) contents were determined following the analytical
procedures (methods 942.05, 988.05 and 920.39, respectively) reported by AOAC [19,20]. Organic
matter (% DM) was calculated as follow: 100 – ash. NFC (non-fiber carbohydrate) was calculated as
follows: NFC (% DM) = 100 − (NDF + CP + ash + EE). Hemicelluloses and cellulose were calculated as
NDF – ADF and ADF – ADL, respectively. Carbohydrates and gross energy were calculated according
to Guimarães, Barros, Carvalho and Ferreira [21] as follow: carbohydrates (% DM) = 100 − (CP + ash +
EE); and energy (kcal/100 g DM) = 4 × (CP + carbohydrate) + 9 × (EE). These parameters (except for
energy) were expressed as percentage of DM. Analyses were carried out in triplicate, and results were
reported as mean ± SD.

2.4. Fatty Acid Profile

The FA profiles of seeds, pericarps and whole EMB were determined following the method of
Kramer, Fellner, Dugan, Sauer, Mossoba and Yurawecz [22] with some modifications. The powder
was processed with 2 mL of 0.5 M methanolic sodium methoxide (Sigma-Aldrich, Spain) kept in a
water bath at 50 ◦C for 10 min and then cooled at room temperature. The samples were then processed
(in a water/ice bath) with 3 mL of HCl/methanol (3M) prepared, freshly, with acetyl chloride and
methanol. The samples were heated again in a water bath at 50 ◦C for 10 min and cooled to room
temperature. After adding 1 mL of solution containing methyl nonadecanoate (C19:0) as internal
standard (Sigma Chemical Co., St. Louis, MO, USA) and 7.5 mL of K2CO3 (0.43 M) the samples were
shaken and centrifuged (1500× g, room temperature, 5 min), and supernatant was kept in an amber
vial for GC analysis. The Fatty acid methyl esters (FAME) determination was carried out using a
7890A GC System (Agilent Technologies, Santa Clara, CA, USA), provided with an autosampler (7693,
Agilent Technologies, Santa Clara, CA, USA), a split/splitless injection port (split mode, 1:80), and a
flame ionization detector (FID). FAME separation was carried out on a capillary column (CP-Sil 88,
100 m × 0.250 μm i.d., 0.25 μm film thickness, Agilent Technologies, Santa Clara, CA, USA). The oven
temperature was maintained at 45 ◦C for 4 min, increased by 13 ◦C/min to 175 ◦C, and held for 27 min;
finally, it was increased by 4 ◦C/min until 215 ◦C, and held for 35 min. Carrier gas (Helium) was used
at a flow rate of 1 mL/min and with a pressure of 28 psi. Sample volume injection was 1 μL. Both
injector and detector temperatures were 250 ◦C. Peak detection was operated using OpenLAB CDS GC
ChemStation Upgrade software data system (Revision C.01.04, Agilent Technologies Inc., Santa Clara,
CA, USA). Identification of individual FAME was carried out by the comparison of their retention
times with those of standards methyl ester, and isomeric profiles found in the literature [23]. Analysis
were carried out in triplicate, and results were expressed as mean ± SD.

2.5. Antioxidant Capacity

The antioxidant capacity in seeds and pericarp extracts was evaluated by two colorimetric assays
measuring the activity of the samples to scavenge the two radicals DPPH (2,2-diphenyl-1-picrylhydrazyl)
and ABTS (2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid).

2.6. DPPH Radical Scavenging Activity

The DPPH radical scavenging assay was performed according to the method proposed by
Brand-Williams, Cuvelier and Berset [24] with some modifications as previously reported by
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Maldini et al. [25]. The DPPH (2.4 mg) was dissolved in 10 mL of ethanol 70% and stored, in
the dark, at −20 ◦C. An aliquot of 1 mL of this solution was added to 45 mL ethanol 70%, to prepare
a work solution having an absorbance of 1.2 ± 0.02, at λ of 517 nm. The ethanolic extracts (100 μL)
at different concentrations (from 0.1 to 100 μg) were added to the work solution, to reach 1 mL of
final volume. The solutions were then mixed thoroughly and kept in the dark at 25 ◦C. The extent
of DPPH radical reduction was measured by reading the solution’s absorbance at 517 nm at zero
and after 30 min. A Trolox calibration curve in the range 0.25–7.5 μg/mL was used as positive
reference. The spectrophotometer used for the assay was an Ultrospec 4300 pro UV–vis (Amersham
Biosciences, Piscataway, NJ, USA), equipped with a temperature controller. Solutions were read in
1 cm quartz cuvette.

The following equation was used to calculate the scavenging activity of the DPPH radical:

% scavenging of DPPH radical = [(Ab − As)/Ab] × 100 (1)

where Ab is the absorbance of the control reaction (blank); and As is the absorbance of the hydroalcoholic
extracts (sample). Analyses were carried out in triplicate, and results were expressed as mean ± SD.

2.7. ABTS Radical Scavenging Assay

The ABTS radical scavenging assay was performed following the method detailed by
Petretto et al. [26]. The assay is based on the properties of an antioxidant compound to reduce
the radical cation ABTS·+ (chromophore blue/green) to ABTS. The extent of the reduction and the
timescale depend on the concentration and the antioxidant power of the considered compound and on
the duration of the reaction. The first step was the production of the radical cation obtained by the
reaction between ABTS and potassium persulfate (2.45 mM) to reach a final concentration of 7 mM. The
solution was kept in the dark at 25 ◦C for 12–16 h. Before use, the ABTS·+ solution was diluted with
ethanol 70% to obtain a work solution with an absorbance of 0.7 ± 0.02 at λ of 734 nm. The ethanolic
extracts (100 μL at different concentrations (from 0.1 to 100 μg) were added to the work solution, to
reach 1 mL of final volume. The reduction of ABTS·+ radical cation was recorded (each concentration
in triplicate) at zero and after 50 min. Antioxidant capacity of each sample was reported as percent of
inhibition. In addition, the IC50 value (reported as mean ± SD) was calculated from regression analysis.

2.8. Determination of Total Phenols

Total phenols were measured by a colorimetric assay based on procedures described by Lizcano,
Bakkali, Ruiz-Larrea and Ruiz-Sanz [27] with some modifications as previously described [25]. Results
were expressed as μg of gallic acid equivalent (GAE) per mg of each EMB part.

2.9. ESI-MS and ESI-MS/MS Analysis

MS analysis was carried out using an ABSciex (Foster City, CA, USA) API4000 Q-Trap spectrometer.
Depending on the investigated compound, the spectrometer was set in the both negative/positive ion
mode. To optimize the experimental conditions, a solution of each standard (1 μg/mL in methanol:water
50:50) was infused at 10 μL/min into the source.

2.10. HPLC–ESI-MS and HPLC–ESI-MS/MS Analysis

An UHPLC system was used to perform quantitative on-line UHPLC-ESI-MS/MS analyses;
the system was interfaced to an ABSciex (Foster City, CA, USA) API4000 Q-Trap instrument in
Multiple Reaction Monitoring (MRM) mode, with the mass spectrometer operating as a triple
quadrupole analyzer.

Liquid chromatography analysis was conducted using a Flexar UHPLC AS system (Perkin-Elmer,
USA). The system was equipped with: autosampler, degasser, pump (Flexar FX-10), and column oven
(PE 200). Injection volume of each sample was 5 μL and polyphenolic compounds were separated on a
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X Select CSH C18 column (Waters, Milford, MA) (100 mm × 2.1 mm i.d., 2.5 μm d). The temperature
was kept at 47 ◦C and 2 mobile phases were used: A (formic acid 0.1% in H2O) and B (formic acid 0.1%
in acetonitrile). For anthocyanin compounds, a XSelect HSS T3 column (Waters, Milford, MA , USA)
(100 mm × 2.1 mm i.d., 2.5 μm d) was selected and elution was carried out at 41 ◦C. The flow and the
solvent gradient used for elution of phenolic compounds and anthocyanins were different and were
previously reported in the work of Maldini et al. [28].

For each compound, selected transitions and the optimized parameters were listed in
supplementary material (Table S1). Analyst software 1.6.2. was used for the data acquisition
and processing.

2.11. Calibration and Quantification of Phenolic Compounds

A stock solution for each standard was prepared at 1mg/mL in methanol:water (50:50). To calculate
the calibration curves for each compound, five work solutions at the concentrations of 0.01, 0.05, 0.1, 1,
5 and 10 μg/mL of standards were prepared by diluting the stock solution with methanol. (each work
solution was analyzed in 3 replicates).

2.12. Method Validation

Validation of LC–MS/MS method was performed following the guidelines of the European
Medicines Agency (EMEA), concerning the analytical methods validation [29].

The determination of the limit of detection (LOD) and the limit of quantification (LOQ) for each
standard compound were by the serial dilution of a stock solution until the signal:noise (S/N) ratios
were 3:1 and 10:1, respectively. The LOD and LOQ values for each compound are reported in the
Supplementary Materials (Table S2).

To evaluate the precision of the method, variations of intraday and interday analysis were
assessed as follows: for each sample, 3 aliquots within the same day, and other 3 aliquots during
three consecutive days (one per day) were analyzed. The precision of the method was expressed as
percentage relative standard deviation (RSD) (Supplementary Materials, Table S2).

The efficiency of extraction and the analytical method were evaluated by performing recovery
tests (in triplicate, with the optimized parameters). LC–MS/MS analysis were carried out on samples
after the addition of standard solutions (at different concentration). The recovery (%) ranged from
94.6% to 106.7% within the same day.

2.13. Statistical Analysis

The one-way analysis of variance (ANOVA) was used to determine significance differences
between seeds, pericarps and whole-EMB. Means were separated using Tukey’s test (p < 0.05).
Differences in total phenols contents over concentrations between seeds and pericarps were assessed
using linear regression in which the slope variations were compared with a global test of coincidence
using an online statistical calculator (http://www.danielsoper.com/statcalc3/calc.aspx?id=103 [30]).
When the data were normally distributed, the association between variables was evaluated by the
Pearson product moment correlation coefficient.

3. Results and Discussions

The average proportions of seeds and pericarps in the whole EMB after drying at 40 ◦C were
58.60 ± 4.8 and 41.40 ± 4.8 (mean ± SD), respectively.

3.1. Chemical Composition

The results of the chemical analyses performed on whole EMB and the separated seeds and
pericarps are reported in Table 1. The seeds presented slightly higher values for DM and organic matter
than for pericarps (p < 0.01), whereas the ash content was higher for the pericarps than for seeds (p
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< 0.01). Regarding the fiber content, NDF was higher in seeds than in pericarps (p < 0.01), whereas
ADF and lignin contents were both higher in pericarps than in seeds (p < 0.01). The differences in fiber
content and composition for the two EMB fractions was further highlighted by the higher hemicellulose
(27.75 vs. 21.24) and cellulose (25.21 vs. 8.62) contents in seeds than in pericarps (p < 0.01). Non-fiber
carbohydrates (NFC) were more abundant in pericarps than in seeds (p < 0.01). The crude protein and
fat contents were higher in seeds than in pericarps (p < 0.01); in particular, the values for crude protein
and fat were about 2-fold and almost 10-fold higher in seeds compared with pericarps, respectively.
These differences result in a significantly higher energy value for seeds compared with pericarps (445
vs. 384 kcal/100 g DM, p < 0.01). Overall, the chemical composition of whole EMB showed interesting
value from a nutritional point of view, suggesting a possible use as feedstuff. This is evidenced by
the value of gross energy (425 kcal/100 g of DM), which is comparable to that of typical feeds used
in ruminant nutrition, as soybean meal (350–450 kcal/100 g of DM). Recently, the EMB was used as
supplement in two nutritional trials in sheep [31,32], evidencing contrasting results in term of milk
production (no effect or reduction of milk yield) and milk composition (no effect or reduction of
protein and fat content, and reduction or no effect of milk urea content), but both studies agreed on the
suitability of this by product as feed in sheep.

Table 1. Chemical composition of seeds, pericarps and whole exhausted myrtle berries.

Chemical Composition 1 Pericarps Seeds Whole EMB p-Value

dry matter (DM), % 88.58 ± 0.01 c 91.37 ± 0.03 a 89.73 ± 0.04 b ***
organic matter, % of DM 94.46 ± 0.02 c 98.05 ± 0.03 a 96.53 ± 0.02 b ***

NDF, % of DM 62.66 ± 1.81 b 69.38 ± 0.17 a 65.14 ± 1.61 b **
ADF, % of DM 59.71 ± 1.16 a 51.67 ± 0.16 b 53.34 ± 1.37 b ***
NFC, % of DM 25.21 ± 1.83 a 8.62 ± 0.17 c 14.64 ± 2.05 b ***
ADL, % of DM 38.47 ± 0.05 a 23.92 ± 0.45 c 29.85 ± 0.93 b ***

hemicelluloses, % of DM 2.95 ± 0.65 c 17.71 ± 0.00 a 11.80 ± 0.25 b ***
cellulose, % of DM 21.24 ± 1.20 c 27.75 ± 0.29 a 23.49 ± 0.45 b ***

carbohydrates, % of DM 87.87 ± 0.03 a 78.00 ± 0.16 c 79.78 ± 0.48 b ***
proteins, % of DM 5.35 ± 0.02 b 9.43 ± 0.15 a 9.02 ± 0.50 a ***

fat, % of DM 1.24 ± 0.00 c 10.61 ± 0.00 a 7.73 ± 0.00 b ***
total fatty acids, % of DM 0.39 ± 0.02 c 9.17 ± 0.07 a 5.92 ± 0.05 b ***

ash, % of DM 5.54 ± 0.02 a 1.95 ± 0.03 c 3.47 ± 0.02 b ***
gross energy, kcal/100 g DM 384.04 ± 0.08 c 445.23 ± 0.10 a 424.74 ± 0.07 b ***

Means in the same row with different superscripts differ (p < 0.05). Values are means with standard deviation (n = 3).
** p < 0.01; *** p < 0.001. 1 NDF, neutral detergent fiber; ADF, acid detergent fiber; NFC, non-fiber carbohydrates;
ADL, acid detergent lignin.

3.2. Fatty Acid Composition

The fatty acid (FA) profiles of pericarps, seeds and whole EMB are presented in Table 2. The FA
profiles for EMB and seeds were very similar due to the low contribution of pericarps to the lipid
content of whole EMB (see Table 1). The FA profile of pericarps showed a composition similar to
that of seeds, but with a different proportion of each FA. Linoleic acid (C18:2 n-6, LA) was the most
abundant FA in seeds and in whole EMB, accounting for 75% and 71% of total FA, respectively. The
other most representative FAs in seeds and whole EMB were oleic acid (C18:1 cis-9, OA; 9.25% and
9.41%, respectively), palmitic acid (C16:0, PA; 8.30% and 9.34%, respectively), and stearic acid (C18:0,
SA; 3.99% and 4.26%, respectively). In pericarps, the most abundant FA was PA, accounting for about
25%, followed by LA, OA, SA, arachidic acid (C20:0, AA) and LNA (17.31%, 11.69%, 8.12%, 5.20%
and 4.24%, respectively). Interestingly, pericarps showed a higher proportion of LNA and saturated
and unsaturated long chain FAs when compared with seeds (p < 0.01). In general, these results are in
line with the FA composition of seeds and pericarps of fresh myrtle berries as reported in previous
studies [33,34]. However, a different FA profile was reported by Cakir [35], who found the OA content
of seeds and mesocarps to be 64% and 72%, respectively, with LA accounting for only 12.7% and
1.7%, respectively. This discordance could be ascribed to a difference in the maturation stage of the
berries. In fact, when the variations in FA composition of myrtle berries were studied at different
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time points during fruit maturation [36], PA and OA were shown to be the most abundant FA in
the first stage of ripening (37.03% and 21.89%, respectively), whereas their proportions decreased
progressively throughout all stages of ripening (until 13.58 and 6.49%, respectively). On the other hand,
the proportion of LA only accounted for 12.21% at 30 days after flowering and increased progressively
to 71.34% in fully ripe fruit (180 days post flowering), thus reaching comparable values to those
observed in our study.

Table 2. Fatty acid profile (mean of FAME ± SD) of seeds, pericarps and whole exhausted barriers of
myrtle resulted from liquor production.

Fatty Acids 1 (g/100 g of FAME) Pericarps Seeds Whole EMB p-Value

C10:0 1.56 ± 0.44 a 0.04 ± 0.00 b 0.14 ± 0.03 b ***
C12:0 0.32 ± 0.06 a 0.01 ± 0.00 b 0.03 ± 0.00 b ***
C14:0 2.47 ± 0.04 a 0.05 ± 0.00 c 0.21 ± 0.00 b ***
C15:0 0.14 ± 0.02 a 0.01 ± 0.00 b 0.02 ± 0.00 b ***

C16:0 (PA) 24.47 ± 0.31 a 8.30 ± 0.04 c 9.34 ± 0.02 b ***
C16:1 cis-9 0.36 ± 0.05 a 0.02 ± 0.00 b 0.04 ± 0.00 b ***

C17:0 0.00 ± 0.00 c 0.11 ± 0.00 a 0.11 ± 0.00 b ***
C18:0 (SA) 8.12 ± 0.11 a 3.99 ± 0.04 c 4.26 ± 0.03 b ***

C18:1 trans-5 0.68 ± 0.03 a 0.06 ± 0.01 b 0.10 ± 0.01 b ***
C18:1 trans-6 + trans-8 1.03 ± 0.12 a 0.11 ± 0.01 b 0.17 ± 0.02 b ***

C18:1 trans-11 0.95 ± 0.11 a 0.03 ± 0.01 b 0.09 ± 0.01 b ***
C18:1 cis-9 (OA) 11.69 ± 0.12 a 9.25 ± 0.06 b 9.41 ± 0.05 b ***

C18:1 cis-11 0.88 ± 0.12 a 0.45 ± 0.04 b 0.48 ± 0.04 b ***
C18:1 cis-16 0.00 ± 0.00 b 0.07 ± 0.00 a 0.07 ± 0.00 a ***

C18:2 trans-11,trans-15 1.68 ± 0.39 a 0.00 ± 0.00 b 0.11 ± 0.03 b ***
C18:2 n-6 (LA) 17.31 ± 0.57 c 75.09 ± 0.18 a 71.38 ± 0.15 b ***

C18:3 n-3 (LNA) 4.24 ± 0.31 a 0.42 ± 0.01 b 0.67 ± 0.02 b ***
C20:0 5.20 ± 0.09a 0.58 ± 0.03 b 0.88 ± 0.03 b ***

C20:1 cis-5 0.02 ± 0.04 0.04 ± 0.01 0.04 ± 0.01 NS
C20:1 cis-9 0.50 ± 0.31 a 0.02 ± 0.00 b 0.05 ± 0.02 ab *

C20:1 cis-11 0.76 ± 0.25 a 0.22 ± 0.00 b 0.25 ± 0.02 b **
C20:2 n-6 0.30 ± 0.13 a 0.11 ± 0.01 b 0.13 ± 0.01 ab *
C20:4 n-6 1.32 ± 0.26 a 0.03 ± 0.00 b 0.11 ± 0.02 b ***

C22:0 4.03 ± 0.13 a 0.11 ± 0.00 c 0.36 ± 0.01 b ***
C22:3 n-6 0.33 ± 0.05 a 0.14 ± 0.00 b 0.15 ± 0.00 b ***

EPA 0.00 ± 0.00 b 0.02 ± 0.01 a 0.02 ± 0.01 a *
C24:0 3.77 ± 0.15 a 0.10 ± 0.01 c 0.34 ± 0.01 b ***

C24:1 cis-15 0.43 ± 0.00 a 0.20 ± 0.00 c 0.21 ± 0.00 b ***
C25:0 0.80 ± 0.09 a 0.02 ± 0.00 b 0.07 ± 0.01 b ***
C26:0 3.61 ± 0.63a 0.02 ± 0.00 b 0.25 ± 0.04 b ***
Σ SFA 55.04 ± 0.97 a 13.41 ± 0.09 c 16.09 ± 0.02 b ***

Σ MUFA 17.31 ± 0.39 a 10.47 ± 0.07 b 10.91 ± 0.09 b ***
Σ PUFA 25.28 ± 1.13 c 76.05 ± 0.14 a 72.79 ± 0.12 b ***

SFA:PUFA ratio 2.18 ± 0.13 a 0.18 ± 0.00 b 0.22 ± 0.00 b ***
Σ C18 1 trans 2.66 ± 0.22 a 0.20 ± 0.02 b 0.36 ± 0.02 b ***

Σ C18:2 (except LA) 1.77 ± 0.55 a 0.22 ± 0.05 b 0.32 ± 0.03 b **
Σ C21:1 1.28 ± 0.07 a 0.28 ± 0.01 b 0.35 ± 0.01 b **

Means in the same row with different superscripts differ (p < 0.05). NS p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.
1 FAME, fatty acid methyl ester; PA, palmitic acid; SA, stearic acid; OA, oleic acid; LA, linoleic acid; LNA, α-linolenic
acid; EPA, eicosapentaenoic acid; SFA, total saturated fatty acids; MUFA, total monounsaturated fatty acids; PUFA,
total polyunsaturated fatty acids.

The high amount of PUFA makes the lipid content of EMB potentially useful because of the
beneficial biological and nutritional properties of these compounds. Indeed, LA could be included
in cosmetic formulations since it exhibits important skin protection properties [37]. Moreover, the
inclusion of lipid sources (with a high proportion of PUFA) in ruminant diets represents a useful
strategy to increase the proportion of beneficial FA in meat and milk and their derived products [38].
Values of LA that exceed 50% of total FA are typical of plant oils, such as soybean, sunflower and grape
seed oils [39]. In particular, the FA profile reported in our study for the myrtle seeds is very close to
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that of the grape seed byproduct [40], which was found to enhance the concentration of beneficial FA
in sheep milk when added to the animals’ diet [14].

3.3. Polyphenolic Compounds

A preliminary screening of polyphenol total content was performed using the Folin–Ciocalteau
method and data were expressed as μg GAE/mg of dry extract; the results are in line with those reported
by Wannes and Marzouk [41] relating to fresh berry parts. As evidenced by the results (Table 3), the
total polyphenol content was higher in seed extracts than pericarps (p < 0.01). In two recent trials on
sheep nutrition, the presence of polyphenols in EMB has been associated to the reduction in blood and
milk urea concentration [31] and in ammonia accumulation in rumen [42]. It seems correlated to the
ability of polyphenols to bind dietary proteins and to reduce their ruminal degradation. In addition,
EMB was found to be effective in reducing the proteolytic bacteria in rumen [42]. These findings also
point out that Myrtus byproduct could be used to increase feed efficiency in animals, in terms of better
protein utilization.

Table 3. Determination of total phenols by the Folin–Ciocalteau method in extracted of seeds and
pericarps of EMB. Data are expressed as mean ± SD of 3 independent experiments. Each result showed
a positive correlation (p < 0.001) with DPPH and ABTS results.

Extract Concentration
(μg/μL)

Seeds
(μg GAE 1)

Pericarps
(μg GAE)

Correlation with Antioxidant Activity
p-Value

100 468.96 ± 2.95 158.99 ± 11.95

p < 0.001

50 248.85 ± 2.59 82.19 ± 6.81
25 136.56 ± 9.61 31.02 ± 2.09
10 50.39 ± 1.62 19.70 ± 3.62
5 30.99 ± 1.32 8.63 ± 0.60
1 7.22 ± 0.57 1.60 ± 0.55

1 GAE, gallic acid equivalent.

All secondary metabolites detected in EMB samples were identified by comparing their
chromatographic behaviors and their MS and MS/MS spectra with those of standard reference
compounds, when available.

The MS conditions were optimized using reference standards to achieve optimal MS sensitivity
for detection and to obtain abundant fragment ions for structural elucidation. Molecules that were
identified in negative ion mode belonged to the flavonoid and phenolic acid compound classes. On the
other hand, due to the presence of a positive charge in the chemical structure of anthocyanin, good
signal sensitivity could also be obtained in positive ion mode.

All compounds were finally confirmed by monitoring their characteristic transitions in MRM
mode and comparing their retention times with those of the corresponding authentic standards.

The analytes listed in Table S1 were monitored for their occurrence and 31 compounds were
identified in the investigated samples (Table 4).

The precursor/product transitions selected to develop the MRM method are described in Table S1.
Quantitative results are reported in Table 4. Each of the three samples was analyzed in triplicate, and
the results obtained are expressed as average values of the three analyses.

As shown, ellagic acid was found as the most representative compound in all samples with
the highest content in seeds (345 mg/100 g FW), followed by whole EMB (281 mg/100 g FW) and
pericarps (244 mg/100 g FW). The other most abundant acids were gallic and quinic acids, ranging
63–123 mg/100 g FW and 77–121 mg/100 g FW, respectively.

With regard to flavonoids, quercetin and quercetin 3-O-rhamnoside were the most abundant (the
greatest levels being found in seeds [21 mg/100 g FW and 24 mg/100 g FW, respectively]) followed
by isorhamnetin, with values in the range 8–15 mg/100 g FW. Myricetin 3-O-galactoside content was
higher in pericarps (10 mg/100 g FW) than in seeds or whole EMB. Overall, the seeds contained the
highest level of total polyphenols, at 566 mg/100 g FW. No anthocyanin compounds were found
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in our samples; this is probably because these compounds are exhaustively extracted during the
hydroalcoholic infusion of the myrtle berries in liqueur production. In addition, the low stability of
these compounds, which are easily degraded by light, high temperature and air, is widely reported in
the literature [43].

Table 4. Polyphenolic contents (mg/100 g DW ± standard deviation) and percentages (%) of different
part of exhausted berries of Myrtus communis.

Compound tR
Pericarps Seeds Whole EMB p-Value

mg/100 g ± SD % mg/100 g ± SD % mg/100 g ± SD %

gallic acid 3.27 78.49 ± 5.63 15.02 63.44 ± 4.52 11.22 65.50 ± 9.95 12.70 NS
caffeic acid 9.27 0.07 ± 0.01 0.01 0.06 ± 0.01 0.01 0.07 ± 0.01 0.01 NS

p coumaric acid 10.26 0.51 ± 0.02 a 0.10 0.17 ± 0.01 0.03 0.27 ± 0.01 ab 0.05 **
ellagic acid 11.42 244.67 ± 14.63 c 46.83 345.02 ± 5.95 a 61.00 281.79 ± 19.16 b 54.64 ***
ferulic acid 11.38 0.15 ± 0.00 b 0.03 0.20 ± 0.02 a 0.04 0.18 ± 0.01 a 0.04 ***
sinapic acid 11.47 0.02 ± 0.01 c 0.00 0.04 ± 0.01 a 0.01 0.03 ± 0.01 b 0.01 ***
quinic acid 1.30 120.82 ± 3.65 a 23.13 77.11 ± 1.44 c 13.63 96.36 ± 0.60 b 18.68 ***

siringic acid 9.81 7.48 ± 0.81 a 1.43 0.51 ± 0.06 b 0.09 2.77 ± 0.08 ab 0.54 **
chlorogenic acid 8.93 0.09 ± 0.01 0.02 0.08 ± 0.01 0.01 0.08 ± 0.01 0.02 NS

kaempferol 16.11 1.81 ± 0.04 b 0.35 2.07 ± 0.04 a 0.37 1.80 ± 0.15 b 0.35 *
quercetin 15.42 18.76 ± 0.45 b 3.59 20.91 ± 1.01 a 3.70 19.18 ± 0.31 b 3.72 *

isorhamnetin 16.19 7.67 ± 0.51 c 1.47 14.75 ± 0.37 a 2.61 9.83 ± 0.38 b 1.91 ***
myricetin 12.64 7.11 ± 0.31 a 1.36 5.26 ± 0.30 b 0.93 5.87 ± 0.56 b 1.14 **

isoquercetin 11.63 2.30 ± 0.08 a 0.44 2.21 ± 0.06 a 0.39 1.99 ± 0.05 b 0.39 **
quercetin 3-O-rhamnoside 12.74 17.24 ± 0.52 c 3.30 23.78 ± 0.43 a 4.20 19.15 ± 0.26 b 3.71 ***

robinin 10.77 0.03 ± 0.01 a 0.01 0.02 ± 0.01 b 0.00 0.02 ± 0.01 b 0.00 **
rutin 11.43 0.02 ± 0.01 ab 0.00 0.01 ± 0.01 b 0.00 0.03 ± 0.01 a 0.01 *

isorhamnetin 3-O-rutinoside 12.41 0.00 ± 0.00 a 0.00 0.00 ± 0.00 c 0.00 0.00 ± 0.00 b 0.00 ***
quercetin 3-O-galactoside 11.71 0.32 ± 0.01 a 0.06 0.13 ± 0.01 c 0.02 0.18 ± 0.01 b 0.04 ***

myricitrin 11.46 4.62 ± 0.10 c 0.88 6.80 ± 0.16 a 1.20 5.26 ± 0.28 b 1.02 ***
neohesperidin 13.11 0.02 ± 0.01 c 0.00 0.05 ± 0.01 a 0.01 0.03 ± 0.01 b 0.00 ***

myricetin 3-O-galactoside 10.60 9.55 ± 0.06 a 1.83 2.65 ± 0.08 c 0.47 4.91 ± 0.20 b 0.95 ***
phloridzin 13.19 0.05 ± 0.01 a 0.01 0.04 ± 0.01 b 0.01 0.04 ± 0.01 b 0.01 ***
apigenin 16.03 0.01 ± 0.00 a 0.00 0.00 ± 0.00 b 0.00 0.00 ± 0.00 b 0.00 **
luteolin 15.38 0.01 ± 0.00 0.00 0.01 ± 0.00 0.00 0.01 ± 0.00 0.00 NS

epicatechin 8.72 0.06 ± 0.01 a 0.01 0.04 ± 0.01 b 0.01 0.04 ± 0.01 b 0.01 ***
catechin 9.61 0.11 ± 0.01 a 0.02 0.09 ± 0.01 b 0.02 0.08 ± 0.01 c 0.02 ***

epigallocatechin 7.68 0.05 ± 0.01 a 0.01 0.03 ± 0.01 b 0.01 0.04 ± 0.01 b 0.01 **
epigallocatechin 3-O-gallate 9.28 0.40 ± 0.03 a 0.08 0.13 ± 0.01 c 0.02 0.21 ± 0.01 b 0.04 ***

procyanidin B1 7.96 0.02 ± 0.01 a 0.00 0.00 ± 0.00 c 0.00 0.02 ± 0.01 b 0.00 ***
procyanidin B2 8.82 0.02 ± 0.01 a 0.00 0.00 ± 0.00 b 0.00 0.02 ± 0.01 ab 0.00 **

cyanidin 3,5-di-O-glucoside 9.65 ND ND ND
cyanidin 3-O-glucoside 10.50 ND ND ND

cyanidin 3-O-arabinoside 11.86 ND ND ND
delphinidin 3-O-glucoside 10.00 ND ND ND

malvidin 3-O-glucoside 12.01 ND ND ND
pelargonidin 3-O-glucoside 13.94 ND ND ND
pelargonidin 3-O-rutinoside 14.41 ND ND ND

Means in the same row with different superscripts differ (p < 0.05). NS p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.
ND, not determined (below LOD).

Only few studies have assessed and quantified the polyphenolic composition of myrtle berries:
three were focused on whole fresh berries [5,44,45]; one on pericarps [46]; and one specifically looked
at the various myrtle berry parts [41]. Thus, a real comparison of our data with other published
results is difficult. Nevertheless, the majority of secondary metabolites identified in our samples have
previously been reported as present in fresh myrtle fruit; with the exception of caffeic acid, p-coumaric
acid, ferulic acid, sinapic acid, quinic acid, syringic acid, chlorogenic acid, isorhamnetin, robinin,
isorhamnetin 3-O-rutinoside, neohesperidin, phloridzin, apigenin, luteolin and epicatechin, which
were not investigated in the cited papers.

The liquor preparation by hydroalcoholic infusion of berries, extract some of the polyphenolic
compounds. Consequently, as expected, the detected levels of the main bulk of polar compounds in
EMB were lower than those reported in the literature for fresh myrtle fruit, apart from ellagic acid that
was more abundant in our samples. Ellagic acid is a naturally occurring phenolic compound found at
high concentrations in many berries; in plants, it forms structural components in the plant cell wall and
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cell membrane in the form of hydrolysable tannins (ellagitannins), where it is esterified with glucose.
Several papers have investigated the biological properties of ellagic acid, which include antioxidant,
antimicrobial, anti-inflammatory and antimutagenic activities, as reviewed in [47].

3.4. Antioxidant Activity

The free radical-scavenging properties of the exhausted myrtle berry byproduct are presented in
Figure 1, where a lower IC50 value (μg/mL) implicates higher antioxidant activity. The ability of DPPH
radical scavenging was significantly higher in seeds (p < 0.01) than in pericarps, with a three-fold
higher antioxidant activity at both time points investigated (0 and 30 min). Our results are in line with
those reported by Wannes and Marzouk [41] for the separate myrtle fruit parts, where seeds showed
the highest antioxidant activity. This result could be explained by considering the higher content of
phenolic acids and flavonols in seeds than in pericarps, as the antioxidant activity of fruit is mainly
obtained from phenolic compounds [41].

Figure 1. Scavenging of 50% of DPPH and ABTS radical by Trolox and ethanolic extracts from different
fruit parts (seeds and pericarps) of exhausted myrtle berries (EMB) at different time points (0 and
30 min). Data were expressed as means ± SD of three independent experiments. Different letters (a,b)
indicate significant differences (p < 0.01) between seeds and pericarps of EMB at each time point.

The ABTS·+ assay showed that antioxidant activity was also significantly higher in seeds (p < 0.01)
than in pericarps, with values two-fold higher at both time points (Figure 1). A highly significant
positive correlation was found by comparing the results obtained using the Folin–Ciocalteau method
with the DPPH and ABTS results, respectively (Table 3), confirming the well documented [48] role of
phenols in antioxidant activity.

4. Conclusions

Our results demonstrate that exhausted myrtle berries, left over following hydroalcoholic infusion,
can still provide a rich source of commercially viable phytochemicals with high antioxidant capacity,
carbohydrates, proteins, lipids and polyphenols. These features and the high antioxidant activity of the
byproduct support the notion that EMB, in particular the seeds, could be further processed to provide
a source of bioactive compounds of bioactive compounds. The possibility of using this byproduct,
in its whole form, in feed formulations should also not be excluded.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/7/237/s1,
Table S1: LC–MS/MS conditions for quantification of detected compounds by negative/positive ion MRM, Table
S2: Accuracy, precision, linearity, LOQ and LOD of LC-ESI-QqQ-MS/MS MRM method for the analysis of
standard compounds.
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Abstract: The Muskmelon (Cucumis melo L.), which includes several crops of great economic
importance worldwide, belongs to the Cucurbitaceae family, and it is well recognized for culinary
and medicinal purposes. The high fruit consumption produces a large quantity of waste materials,
such as peels and seeds that are still rich in molecules like polyphenols, carotenoids, and other
biologically active components that possess a positive influence on human health and wellness. A
sustainable development in agro-food and agro-industry sectors could come through the reutilization
and valorization of these wastes, which in turn, could result in reducing their environmental impact.
The current study provides a biochemical characterization of cantaloupe by-products, peels and seeds,
through evaluating total polyphenols, ortho-diphenols, flavonoids, and tannins content. Furthermore,
the antioxidant activity was assessed in order to understand potential benefits as natural antioxidants.
Overall, the peel extract revealed the highest radical’s scavenging and reducing activities, moreover,
it showed higher polyphenolic content than seed extract as revealed by both cromatographic and
spectrophotometric analyses. The results of the present study indicate that the melon residues are a
good source of natural phytochemicals useful for many purposes, such as ingredients for nutraceutic,
cosmetic, or pharmaceutical industries, development of functional ingredients and new foods, and
production of fertilizers and animal feed.

Keywords: Cucumis melo; polyphenols; flavonoids; antioxidants; by-products; waste valorization

1. Introduction

The Cucurbitaceae family covers several species of great economic importance, including
muskmelon (Cucumis melo L.), which is largely cultivated and consumed in Europe. Muskmelon
encircles a wealth of varietal types, such as smooth-skinned varieties like Honeydew, Crenshaw, and
Casaba (C. melo var. inodorous), rough-skinned varieties like Cantaloupe, Persian melon, and Santa
Claus or Christmas melon (C. melo var. reticulatus), and varieties used when they are immature as
vegetables like Barattiere, Carosello, and Armenian Cucumber (C. melo var. flexuosus). The Cantaloupe
melon is well recognized by its net-like slightly ribbed, gray-to-green or light brown skin. It is one
of the most consumed melons worldwide thanks to its sweetness, juicy taste, pleasing flavor, and
nutritional value [1,2]. In 2016, about 1.9 million tons of melon were harvested in the Mediterranean
area, with Spain, Italy, and France representing the main European producers, accounting for 35%,
34%, and 13% overall yield, respectively [3]. In Italy, Cantaloupe is the most cultivated variety. Its
name is supposed to derive from Italian “Cantalupo in Sabina”, which was formerly a papal county
seat near Rome [4].
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Cantaloupe is an excellent source of vitamin A, vitamin C, and microelements such as potassium
and magnesium [1,4,5]. In recent years, it has been shown to possess useful medicinal properties
such as analgesic, anti-inflammatory, antioxidant, antiulcer, anticancer, antimicrobial, diuretic, and
antidiabetic properties [2,6,7]. Furthermore, it showed a hepato-protective effect, activity against
hypothyroidism and immune-modulator action [6].

Ever-increasing demand for healthy food has stimulated the manufacturing sectors to search for
new natural sources of nutritional and healthful components to be employed as food additives or
supplements, with high nutritional value [8,9]. As a consequence, the European Union has encouraged
the exploitation of fruit by-products for their use as a source of nutritionally and therapeutically
functional ingredients to utilize for dietary intake, and as active ingredients in pharmaceuticals and
cosmetic industries [10,11].

During fresh consumption and industrial processing of melons (juices, compotes, and salads),
large quantities of peels and seeds are produced, and are considered waste. The complete utilization
of these by-products could minimize the litter volume, so reducing the environmental impact and
the economic costs associated to their disposal. Peels and seeds, in fact, are potential sources of
phytochemicals, such as polyphenols, carotenoids, flavonoids, and other bioactive compounds with
potential health-promoting effects [12,13]. Among them, polyphenol compounds show antioxidant
activity, delaying or inhibiting the oxidation of lipids and other molecules, thus playing an important
role in defending cells against free radical damage, a very important way of preventing diseases like
cancer and cardiovascular disorders [12–15].

Studies related to melon peels and seeds are scarce; data concerning their whole biochemical
characterization are insufficient. Recently, Mallek-Ayadi et al. [5] studied only the phenolic composition
and functional properties of peels, concluding that this by-product could be considered as a rich source
of carbohydrates, proteins, calcium, potassium, and polyphenols. Fundo et al. [1] characterized the
edible and the waste parts of cantaloupe melon, only considering the bioactive compounds showing
antioxidant activity. These studies suggested that the valorization of cantaloupe by-products should
be encouraged because they are important sources of healthy compounds for food, cosmetics, and
nutraceutical products.

On this basis, this research aims to examine the peels and seeds from cantaloupe melon, evaluating
total polyphenol, ortho-diphenol, flavonoid, and tannin contents. At the best of our knowledge,
this is the first time that such a comprehensive investigation, by means of spectrophotometric,
chromatographic and in vitro assays, is achieved on both extracts from seeds and peels, in order to
explore their potential attitude as natural sources of antioxidants.

2. Materials and Methods

2.1. Reagents and Standards

Sodium carbonate, Folin–Ciocalteu reagent, sodium nitrite, sodium molybdate, aluminum
chloride 6-hydrate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), sodium acetate, iron(III) chloride 6-hydrate,
2,4,6-tripyridyl-s-triazine (TPTZ), bovin serum albumin (BSA), standards phenolic acids (gallic,
caffeic, chlorogenic, syringic, ferulic, and ellagic acids), flavonoids (rutin, quercetin, kaempferol and
isorhamnetin) and the HPLC-grade solvents were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Sodium hydroxide, hydrochloric acid and ethanol were obtained from Carlo Erba Reagents
(Milan, Italy).

2.2. Extraction of Bioactive Compounds

Three “Prescott” varieties of cantaloupe melons (Cucumis melo L. var. reticulatus) were purchased
in a local market at commercial ripening stage. Peels were manually removed with a knife and seeds
were separated too. Peels and seeds were oven-dried at 37 ◦C, until constant weight. Randomly chosen
samples were utilized for analyses. Both samples were milled with a food mixer (Moulinex, Italy) and
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kept at −20 ◦C until extractions were performed. For bioactive compounds recovery, 200 mg of fine
powder of cantaloupe peels and seeds were extracted with 10 mL of 95% ethanol (ratio 1:50 w/v) for
6 h at 50 ◦C in a closed vessel using an ultrasonic bath. The extracts were recovered by centrifugation
at 13,000× g for 10 min at 4 ◦C, and dried using a rotary evaporator (IKA RV8, IKA-Werke GmbH &
Co, Staufen, Germany).

2.3. Total Polyphenols Content

Total polyphenols were spectrophotometrically determined according to the Folin–Ciocalteu
method [16]. In brief, 150 μL of extracts were mixed with 750 μL of Folin–Ciocalteu reagent and 600 μL
of 7.5% (w/v) Na2CO3. After incubation, the absorbance was read at 765 nm (UV-Vis spectrophotometer,
model DMS-200, Varian, Leini, Italy). Total phenolic amount was calculated by a six point calibration
curve obtained with different quantities of gallic acid standard solution ranging from 1.5 to 10 μg.
(y = 0.0768 x; R2 = 0.9909) and the results were expressed as mg of gallic acid equivalents (GAE) per g
of extract.

2.4. Ortho-Diphenols Content

Ortho-diphenols content was evaluated by Arnow assay [17]. Briefly, 400 μL of extracts were
mixed with 400 μL of 0.5 M HCl, 400 μL of 1.45 M NaNO2—0.4 M Na2MoO4 and 400 μL of 1 M NaOH.
The absorbance was recorded at 500 nm and ortho-diphenols were determined by a calibration curve
obtained using caffeic acid as standard. The ortho-diphenolic content was determined by a calibration
curve obtained using a caffeic acid standard solution ranging from 5 to 50 μg (y = 0.0152 x; R2 = 0.9921),
and the results were expressed as mg of caffeic acid equivalents (CAE) per g of extract.

2.5. Flavonoid Content

Flavonoid content in the extracts was determined according to the colorimetric method based on
the formation of flavonoid-aluminum compounds [18]. In the assay, extracts were mixed with distilled
water and NaNO2. After 5 min, AlCl3 × 6H2O were added and the reaction was stopped by adding
1 M NaOH and distilled water. The absorbance was read at 510 nm and (+)-catechin was used to create
the standard curve. (+)-Catechin, from 5 to 100 μg was used to create the calibration curve (y = 0.009 x;
R2 = 0.9940) and the results were expressed as mg of catechin equivalents (CE) per g of extract.

2.6. Tannins Content

Total tannins were assessed as reported by Vella et al. [19] incubating extracts with BSA at 30 ◦C for
1 h. The supernatant, representing the non-tannin fraction, was collected by centrifugation at 13,000× g
for 10 min at 4 ◦C and was analyzed using the Folin-Ciocalteu method. Tannins were determined
by difference from the amounts of the polyphenols determined before and after BSA precipitation.
Tannins were expressed as mg of gallic acid equivalents (GAE) per g of extract.

2.7. In Vitro Antioxidant Activity

The antioxidant activity of cantaloupe peels and seed extracts were evaluated by means of
two in vitro biochemical assays: The Ferric Reducing Antioxidant Power (FRAP) and the DPPH
(2,2-diphenyl-1-picrylhydrazyl) radical-scavenging activity.

As reported by Benzie and Strain [20], freshly prepared FRAP reagent were added to the extracts.
The absorbance was recorded after 4 min at 593 nm. The antioxidant activity of samples was calculated
from a calibration curve with L-ascorbic acid ranging from 0.5 to 5 μg (y = 0.1662 x; R2 = 0.9918) and
the results were expressed as mg of ascorbic acid equivalents (AAE) per g of extract.

The free radical scavenging activity (RSA) of the extracts was assessed according to the procedure
of Blois [21]. In brief, different concentrations of peels and seeds extracts were mixed with DPPH
methanolic solution. The absorbance reduction at 517 nm of the DPPH was determined continuously.
The RSA was calculated as a percentage of DPPH discoloration, using the following equation:
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% RSA =

[
[ADPPH −As]

ADPPH

]
∗ 100, (1)

where AS is the absorbance of the solution when the extract was added and ADPPH is the absorbance
of the DPPH solution. The EC50 value was obtained from the graph of %RSA against the extract
concentrations in mg/mL.

2.8. Cromatographic Analyses

High performance liquid chromatography-photodiode-array-mass spectrometry (HPLC-PDA-ESI-
MS/MS) analyses were performed using a Surveyor LC pump, a Surveyor autosampler, coupled with a
photodiode array detector (PDA) Surveyor and a LCQ Advantage ion trap mass spectrometer (Thermo
Finnigan, Waltham, MA, USA) equipped with Xcalibur 3.1 software (Thermo Fisher Scientific, Waltham,
MA, USA).

A volume of 5 μL was employed for the analysis on a Supelco Spherisorb® ODS2 HPLC Column
(250 × 4.6 mm), and the column was thermostatically controlled at 35 ◦C. The elution was conducted,
as already reported [22], by employing 0.3% acetic acid solution (solvent A) and acetonitrile (solvent B).
A gradient elution was performed as following: the initial solvent was 90% A and 10% B; the gradient
elution was changed from 10% to 20% B in a linear mode for 15 min; this composition was maintained
at isocratic flow for 10 min; the solvent B reached 50% in 10 min and from 50 to 90% B in 10 min.

Elution was performed at a flow rate of 0.5 mL/min with a splitting system of 2:8 to the MS
detector (100 μL/min) and PDA detector (400 μL/min). Analyses were performed with an electrospray
ionization (ESI) interface in the negative mode. The optimization of the instrumental parameters for
bioactive compounds was performed by continuous infusion (FIA)-ESI MS/MS analyses. Parameters
for analysis were set using negative and positive ion modes, with spectra acquired over a mass range
from m/z 50 to 1100. The ionization conditions were optimized, and the parameters used were as
follows: capillary temperature, 210 ◦C; capillary voltage, −10.0 V; tube lens offset, −50.0 V; sheath gas
flow rate, 60.00 arbitrary units; auxiliary gas flow rate, 20.00 arbitrary units; spray voltage, 4.50 kV;
and scan range of m/z 150–1200. In the MS/MS experiments, normalized collision energy of 35.0%
was applied.

PDA data were recorded with 200–600 nm range, and HPLC/UV chromatograms were acquired at
three different wavelengths (226, 284 and 369 nm) according to the absorption maxima of analyzed
compounds. Figure 3 shows the 284 nm absorption data for all compounds. For the quantitative analysis
of phenolic compounds, a calibration curve was obtained by the injection of different concentrations of
each standard. Peak identification of phenolic compounds was performed according to their retention
time, UV-Vis and mass spectra.

For the quantification of phenolic compounds by HPLC-UV, a calibration curve was obtained
through injection of different concentrations of standard mixture, blending aliquots of different stock
individual standards into a 10 mL glass volumetric flask. The standard solutions were prepared in
methanol in the range of 0.0025–0.045 mg/mL. The reproducibility of the detector response at each
concentration level was evaluated by a triplicate injection of standard mix and expressed as percentage
of relative standard deviations (RSD%). The RSDs were expected to be less than 2%. The limits of
detection (LOD) were established at a signal to noise ratio (S/N) of 3. The limits of quantification (LOQ)
were established at a signal to noise ratio (S/N) of 10. LOD and LOQ were experimentally verified by
the nine injections of reference compounds in LOQ concentrations.

2.9. Statistical Analysis

All samples were analyzed in triplicates and the results were expressed as mean ± standard
deviation (SD). Means, SD, calibration curves and linear regression analyses (R2) were determined
using Microsoft Excel 2013 (Microsoft Corporation, Redmond, WA, USA).
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3. Results and Discussion

The phenolic composition and functional activity of melon residues, peels and seeds, were
studied in order to explore their beneficial properties in sight of potential industrial applications.
In this contribution, a biochemical characterization was obtained through the evaluation of total
polyphenols, ortho-diphenols, flavonoids, tannins, and antioxidants by means of photometric assays
and by HPLC profiling.

In Figures 1 and 2 polyphenol, ortho-diphenol, flavonoid, and tannin contents in cantaloupe peels
and seeds, respectively, are reported.

Figure 1. Polyphenol, ortho-diphenol, flavonoid, and tannin contents in cantaloupe peels.

Figure 2. Polyphenol, ortho-diphenol, flavonoid, and tannin contents in cantaloupe seeds.

In peels, the polyphenol content was 25.48 ± 1.44 mg GAE/g, which is 6- and 8-fold higher than
that reported by Isamil et al. [2] and Mallek-Ayadi et al. [5], respectively. This gap could be attributed
to several factors, including cultivar, degree of ripening, and environmental elements, such as climatic
conditions and geographical origin [4,19,22]. Conversely, cantaloupe seeds content of polyphenols
was 1.50 ± 0.02 mg GAE/g, and this result matches with the range reported in literature data [1,2].
Polyphenols are commonly found in both edible and non-edible plant parts, being essential compounds
for their growth and reproduction pathways. They also play an important role in modulating the
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defense response against insects, pathogens, and microorganisms. Moreover, they take an active part
in determining color, flavor, taste, and appearance of fruits. Among phenolics, ortho-diphenols are
recognized as the most important in relation to their antioxidant activity, since they are able to improve
radical stability by forming an intra-molecular hydrogen bond between the hydrogen and phenoxyl
radicals. As reported in Figures 1 and 2, ortho-diphenols content was 17.86 ± 1.43 and 0.92 ± 0.04 mg
CAE/ g in peels and seeds, respectively. To the best of our knowledge, data on ortho-diphenols have
never been reported in cantaloupe until now.

Considering flavonoids, they are the most common and widely distributed group of plant
phenolics, being very effective antioxidants [23]. Cantaloupe peels showed the highest flavonoid
content of 15.19 ± 1.88 mg CE/g, meanwhile seeds had 0.74 ± 0.03 mg CE/g, as shown in Figures 1
and 2, respectively. In addition, these components scored higher content values, as well for the total
phenolic compounds, than those reported in the literature [2,5]. Moreover, similarly to polyphenols,
flavonoid content has many sources of variation such as genotype, fruit ripening, plant phenotypic
state and pedoclimatic conditions [4,19,22].

Tannins have been considered health-promoting components of plants, since possessing
anti-carcinogenic and anti-mutagenic potentials, as well as antimicrobial, antioxidant and antiradical
properties [24–27]. In the present study, tannins content was higher in peels than in seeds, displaying
11.83 ± 1.44 and 0.92 ± 0.03 mg GAE/g, respectively. The literature reports many studies comparing
polyphenolic and flavonoid contents of different parts of cantaloupe [1,2,5] but tannins were
never assessed.

As the phenolic compounds are known to protect cellular components against free radicals, the
antioxidant properties of cantaloupe peels and seed extracts were estimated by means of the FRAP
assay and by the DPPH radical scavenging activity, whose results are shown in Table 1. As reported by
Benzie and Strain [20], the FRAP assay measures the reduction of a ferric 2,4,6-tripyridyl-s-triazine
complex (Fe3+-TPTZ) to the ferrous form (Fe2+-TPTZ) in the presence of an antioxidant compound.
The antioxidant ability, measured by the FRAP assay, indicated a higher value in peels as compared to
seeds, with values of 12.27 ± 1.22 mg AAE/g and 0.31 ± 0.02 mg AAE/g, respectively.

Table 1. Antioxidants content and activity in cantaloupe peels and seeds.

Antioxidant Power (mg AAE/g) * EC50 (mg/mL) **

Peels 12.27 ± 1.22 6.65
Seed 0.31 ± 0.02 55.03

* The antioxidant power was measured by FRAP assay; ** EC50 was calculated by DPPH assay.

The scavenging activity was studied by means of the DPPH assay, based on the evaluation of the
reduction of the DPPH radical to hydrazine as a consequence of the antiradical activity of the extracts.
Similarly to the results of the FRAP assay, scavenging activity in the peels extracts was stronger since
the EC50 after 15 min was 6.65 mg/mL, while seed extracts showed a value of 55.03 mg/mL, thus
indicating a lower antioxidant activity of this latter cantaloupe by-product. These results were in
agreeance with literature data: in particular, the cantaloupe peels extract in our experiment proved
to be 1.4 fold more active when compared to the results published by Isamil et al. [2]. Conversely,
seed extract showed an activity that was half than that observed and reported by Isamil et al. [2]. The
results of the DPPH assay suggest that extracts are capable of scavenging free radicals via electron or
hydrogen-donating mechanisms. Moreover, DPPH activity of these cantaloupe by-products showed
similar behavior with the polyphenols, ortho-diphenols, flavonoids, and tannins content, thus indicating
that radical scavenging activity of cantaloupe peels and seeds extracts is related to the amount of
phenolic compounds.

Nowadays, synthetic antioxidants are widely used as additives in food, pharmaceuticals, and
cosmetics, but their uses have been questioned because of their possible toxic or carcinogenic activities
due to some components formed during their degradation occurring in industrial processing [28].
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Therefore, the application of natural plant-based substances may be a suitable alternatives to replace
artificial molecules, not only because of their safety, but also since they protect food, feed, and
derivatives from the deleterious effects of natural oxidation.

The two extracts from melon peels and seed were also analyzed by HPLC to evaluate the real
composition of the phenolic profiles (Figure 3).

Figure 3. HPLC chromatograms of melon peel and seed extracts, monitored at 284 nm. (A) Standard
mixture of bioactive compounds. (B) Melon peels ethanolic extract. (C) Melon seeds ethanolic extract.
Gallic acid (Gal), Chlorogenic acid (Clo), Caffeic acid (Caf), Syringic acid (Sir), Rutin (Rut), Ferulic acid
(Fer), Ellagic acid (Ell), Quercetin (Que), Kaempferol (Kae), Isorhamnetin (Iso).
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Phenolic acids and flavonoids were quantified according to HPLC-PDA data recorded at 284 nm,
where gallic acid (2.45 ± 0.08 mg/g), ellagic acid (0.57 ± 0.01 mg/g), and kaempferol (0.32 ± 0.03 mg/g)
were the main bioactive compounds found in the peels extract (Table 2; Figure 3B). In seed extract, the
richest phytochemicals were ferulic acid (1.51 ± 0.02 mg/g), followed by kaempferol (0.54 ± 0.02 mg/g),
and gallic acid (0.07 ± 0.02 mg/g), as reported in Table 2 and in Figure 3C. Peak identification of phenolic
compounds was performed according to their retention time, UV-Vis and mass spectra (Table 2).

Table 2. Bio-active contents in melon peel and seed extracts (UV-Vis, HPLC and MS data).

Bioactive Compound
Retention

Time (min)
Parent Ion

[M-H]-(m/z)
Transitions

(m/z)
Peel Extract

(mg/g)
Seed Extract

(mg/g)
λ(max)

Gallic acid (Gal) 7.39 169.0 125.1 2.45 ± 0.08 0.07 ± 0.02 272
Chlorogenic acid (Clo) 14.62 353.0 191.1 0.08 ± 0.03 0.03 ± 0.01 243,328

Caffeic acid (Caf) 17.52 179.0 135.1 <LOD <LOD 287,324
Syringic acid (Sir) 18.33 198.1 153.1 <LOD <LOD 276

Rutin (Rut) 26.15 609.0 299.9 0.06 ± 0.01 nd 258,356
Ferulic acid (Fer) 27.58 193.0 176.9 0.09 ± 0.01 1.51 ± 0.02 287,312
Ellagic acid (Ell) 29.86 301.3 229.0 0.57 ± 0.01 nd 254,364
Quercetin (Que) 38.61 301.0 150.9 0.02 ± 0.01 nd 255,372

Kaempferol (Kae) 39.96 285.0 185.0 0.32 ± 0.03 0.54 ± 0.02 266,366
Isorhamnetin (Iso) 40.51 315.0 286.0 <LOD <LOD 268,342

LOD = limit of detection S/N: 3 (n = 9) LOD = 0.02 μg/mL.

Gallic acid, ellagic acid and kaempferol have been reported to have antiviral, anti-mutagenic,
anticancer, antioxidant and cytotoxic effects [29–31]. Ferulic acid is a ubiquitous natural phenolic
compound in seeds; it exhibits a wide variety of biological activities such as antioxidant,
anti-inflammatory, antimicrobial, antiallergic, hepatoprotective, anticarcinogenic, antithrombotic,
antiviral and vasodilatory actions, increase sperm viability, metal chelation, modulation of enzyme
activity, activation of transcriptional factor [31]. Peel and seed HPLC profiles showed some differences
from what was reported by Mallek-Ayadi et al. [5] and Zeb [32]. We suppose that these differences
might be due to variation relating to different cultivar, environmental conditions during plant growth
and fruiting, plant phenotypic state, and possibly due to extraction conditions too [4,19,22].

Altogether, HPLC analysis confirms a higher level of phenolic acids and flavonoids in melon
peel than in seed extract. The diverse tissue distribution of bioactive compounds may be attributed to
different metabolic roles and networks active in peels and seeds due to their different roles in plant
architecture and physiology. Furthermore, it is important to underline that in this study ethanol was
used for chemical extraction of peels and seeds and, since it is a GRAS (Generally Recognized As Safe)
solvent, it can be utilized safely for bioactive compound recovery, to be used in the food industry.

4. Conclusions

Normally, the non-edible parts of the melon (seeds and peels) are discarded during production
processes, reaching approximately 8 to 20 million tons of waste per year worldwide [33]. The
extracts of melon exhibit valuable functional and nutraceutical properties, in the light of all the data,
spectrophotometry, HPLC profiling and biological activity, obtained in the course of the present study.

With the aim of developing new nutraceuticals, such as supplements, dietary and nutritional
products, these cantaloupe by-products seem to be very promising, opening up new perspectives
for their use, mainly due to the solubility in water and the stability of their extracts. Therefore, the
melon extracts could be used in the production of functional waters, greatly demanded by markets
and consumers all over the world, or in food and cosmetic products. Indeed, it has been observed
that these by-products act against the oxidation process, thus suggesting their possible future uses
as natural colorants and antioxidants in yogurt, biscuits, cupcakes, jellies, sweets and bread, and
in anti-wrinkle creams, soaps and bathroom foams, as reported in the literature [33]. Moreover, in
this study the reduction to a minimum of the waste volumes and the possibility of developing new
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products, with the recovery of biomolecules with high added value, may contribute to the sustainable
management of waste biomasses that otherwise imply environmental and economic costs.
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Abstract: This paper studies the production of natural red pigments by Monascus purpureus CMU001
in the submerged fermentation system using a brewery waste hydrolysate, brewer’s spent grain (BSG).
The chemical, structural and elemental characterization of the BSG was performed with Van-Soest
method, Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS),
respectively. The lignocellulosic structure of BSG was hydrolyzed with a dilute sulfuric acid solution
(2% (w/v)) followed by detoxification with Ca(OH)2. Maximum red pigment production (22.25 UA500)
was achieved with the following conditions: 350 rpm shake speed, 50 mL fermentation volume,
initial pH of 6.5, inoculation ratio of 2% (v/v), and monosodium glutamate (MSG) as the most effective
nitrogen source. Plackett–Burman design was used to assess the significance of the fermentation
medium components, and MSG and ZnSO4·7H2O were found to be the significant medium variables.
This study is the first study showing the compatibility of BSG hydrolysate to red pigment production
by Monascus purpureus in a submerged fermentation system.

Keywords: Natural red pigment; Monascus purpureus; Brewer’s spent grain; Submerged fermentation;
Plackett-Burman design; Chemical characterization; X-ray photoelectron spectroscopy (XPS);
Fourier-transform infrared spectroscopy (FTIR)

1. Introduction

In recent years, the food industry has focused on the production of natural pigments from plants
and microbial sources to overcome the use of synthetic pigments which are potentially hazardous to
human health and the environment. Natural pigments produced by microorganisms have gained
more importance because of their low water solubility and the unstable nature of plant-derived
pigments against heat and light [1]. Monascus pigments have been used as a natural coloring agent
and natural food additive in East Asia. These pigments, which are produced by various species of
Monascus, improve the color of foods and their sensory characteristics [2,3]. Monascus pigments also
have applications as pharmaceuticals since they are reported to have health benefits. Rice fermented
with Monascus purpureus was found to be effective for the management of cholesterol, diabetes,
cardiovascular disease, and also for the prevention of cancer [4].

Monascus is a xerophilic fungus which grows in a wide variety of natural substrates including rice
and other cereals [5]. The genus Monascus is divided into three species: purpureus, ruber, and pilosus,
which are mainly isolated from oriental foods. The most important characteristic of this genus is
their ability to synthesize pigments from polyketide chromophores and β-keto acids by esterification.
The pigments produced by Monascus purpureus are classified into at least six types of pigments
based on color: (1) red pigment (rubropunctamin, C21H26NO4, and monascurubramin, C23H27NO4);
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(2) orange pigment (rubropunctatin, C21H22O5 and monascorubrin, C23H26O5) and (3) yellow pigment
(monascin, C21H26O5 and ankaflavin, C23H30O5). The structure of pigments produced by Monascus
species depends on factors such as the type of substrate and nitrogen source, pH, temperature, and
agitation [2,3,6].

There are various studies on the production of Monascus pigments from food industrial wastes
like potato powder [1], bakery waste [2], jackfruit seed [7], grape waste [8], sugarcane bagasse [9,10],
wheat [11], sweet potato [12], and prickly pear juice [13].

Brewer’s spent grain (BSG) is the most important waste generated by the breweries and corresponds
to 85% of the total waste generated in beer production [14]. Since BSG has a low price and is abundant,
these properties contribute to the economy of any process that uses this waste biomass. Hence, it will
be beneficial to utilize BSG as a substrate in pigment production. There are not many studies on the
use of BSG in pigment production in the literature. There is only one paper about pigment production
using BSG and it is about solid-state fermentation. Babitha et al. [7], investigated the feasibility of some
agro-industrial residues for the production of pigments by Monascus purpureus, including brewer’s
spent grain as a substrate in solid state fermentation. They obtained the best results with jackfruit seed
powder and selected this substrate for subsequent studies.

Thus, this is the first study that investigates in detail the use of nutrient-rich brewer’s spent
grain-derived hydrolysate in the production of red pigments from Monascus purpureus CMU-001 in
submerged fermentation.

2. Materials and Methods

2.1. Microorganism and Media

Monascus purpureus CMU001 was supplied by Professor Saisamorn Lumyong from Chiang Mai
University, Department of Biology. The culture was maintained and sporulated on potato dextrose agar
(Merck, Germany). The semi-synthetic fermentation medium was a modification of Silveira et al., [8]
and consisted of (g/L): MSG, 8; KH2PO4, 5; K2HPO4, 5; MgSO4·7H2O, 0.01; CaCl2, 0.01; ZnSO4·7H2O,
0.01; and liquid brewer’s spent grain hydrolysate as a carbon source.

Brewer’s spent grain (BSG) was supplied by Turk Tuborg Bira ve Malt Sanayi A.Ş. BSG was
washed to remove residual starch and its pH neutralized and dried in an oven at 65 ◦C to 4% moisture
content. The substrate was then milled with a pilot scale hammer mill to increase the surface area for
better acidic hydrolysis and stored in airtight jars until use.

2.2. Preparation of BSG Hydrolysate

Previously washed, dried and milled brewer’s spent grain was treated with different concentrations
of sulfuric acid (1–6% (w/v)) in different solid (BSG): liquid(dilute sulfuric acid) ratios (1:6–10 (w:w)) at
120 ◦C for 15 min. After hydrolysis, the supernatant was recovered by centrifugation at 6000 rpm for
10 min.

In order to reduce the inhibitory substances generated during acid hydrolysis, a detoxification
procedure (overliming) was applied to the raw hydrolysate as recommended by Carvalheiro et al. [15].
The pH of the raw hydrolysate was increased to 10 with Ca(OH)2 and held at 55 ◦C for 1 h.
After centrifugation, the pH of the supernatant was adjusted to pH 5.5 with 25% (w/w) H2SO4 and
used as brewer’s spent grain-based fermentation medium.

2.3. Cultivation and Fermentation Conditions

The strain was maintained on potato dextrose agar (PDA) dishes, stored at 4 ◦C, and transferred
every 4 weeks to fresh PDA slants incubated at 30 ◦C for 7 days. Spore solution containing
1.0 × 106 spores/mL was collected using sterile distilled water. Fifty milliliters of semi-synthetic
BSG fermentation media was inoculated with 2 % (v/v) of spore solution. Fermentation experiments
were done in a rotary shaker incubator (Sartorius Stedim, Certomat BS-1, Germany) operated at
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350 rpm, 30 ◦C for 7 days. Biomass growth and pigment production were determined at equal time
intervals. Different initial fermentation volume (25–75 mL), initial pH (5.5–7.5), inoculation ratio
(1–4% (v/v)), and nitrogen sources (monosodium glutamate, malt sprouts, corn steep liquor, peptone,
urea and yeast extract) at a nitrogen concentration equivalent to 8 g/L MSG were tested for Monascus
pigment production.

2.4. Analytical Methods

Brewer’s spent grain samples were analyzed on the contents of cellulose, hemicellulose, lignin,
minerals, and total soluble mass using the Van Soest method [16]. Total solids/Volatile solids (TS/VS)
analysis was done to determine the content of total solids, volatile solids and ash according to the
standard method 2540 [17].

The infrared spectra of milled brewer’s spent grain were recorded between 4000 and 698 cm−1

at a resolution of 4 cm−1 using Carry 660 FTIR spectrometer (Agilent Technologies, Santa Clara, CA,
USA) mounted with a single reflection diamond MIRacle attenuated total reflectance (ATR) accessory
a high-pressure clamp (Pike Technologies, Fitchburg, WI, USA). One-hundred-and-twenty-eight scans
were co-added for each spectrum to improve the signal-to-noise ratio. The powder was directly placed
on a single reflection diamond ATR and pressed with a pressure clamp for having a good contact
between the crystal and sample. Four spectra of samples were collected by using a Varian Resolutions
Pro 4.05.

X-ray photoelectron spectroscopy (XPS) (Thermo Scientific, K-Alpha XPS, Waltham, MA, USA)
was used to determine the elemental composition (C, N, O, P%) of the milled raw material by sending
an analytical spot diameter of 200 μm monochromatic Al K-α X-rays (1486.68 eV) to the surface of
the sample. Survey and high-resolution spectra of Fe 2p, P 2p, O 1s, N 1s, and C 1s core levels were
recorded with a constant pass energy of 200 eV and 50 eV, respectively. A take-off angle of 90◦ was
used in the experiments. In order to detect surface components, XPS measurements were made at
different points of the sample after the survey spectra.

The Kjeldahl method [18] was used to determine crude protein content as a function of
nitrogen content.

To determine the amount of red pigment extracellularly produced by M.purpureus, the mycelia were
separated from the fermentation broth using Whatman # 3 filter paper. The filtrate was then centrifuged
using a centrifuge (Hettich Universal 320 R, Andreas Hettich GmbH & Co. KG, Tutlingen, Germany).
The supernatant was collected to calculate the extracellular pigment concentration by a UV-Vis
spectrophotometer (Thermo, Genesys 10S UV-Vis, Waltham, MA, USA) at 500 nm wavelength. Dilution
factors were taken into consideration and values obtained were expressed as specific absorbance units
(UA500) [8].

Cell growth was evaluated gravimetrically. Monascus mycelia were separated and dried to a
constant weight at 65 ◦C and weighed on an analytical scale.

The Dinitrosalicylic(DNS) colorimetric method [19] was used to find the reducing sugar content
of the fermentation medium. The reported data are the average values ± standard deviations of
three replicates.

2.5. Statistical Analysis

Plackett Burman Design (PB) [20] was applied for screening and understanding the role of various
nutrient components in red pigment production using Design Expert Statistical Software (Release
11.1.0.1). MSG, KH2PO4, K2HPO4, MgSO4·7H2O, CaCl2, and ZnSO4·7H2O were tested (Table 1) for
their effect on red pigment production and the ones with statistically negative or without effect on the
red pigment production were excluded from the fermentation medium. The significance of the six
examined parameters was evaluated by p-value (Table 2). Parameters with a p-value smaller than 0.05
were considered statistically significant.
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Table 1. Level of variables and experimental design matrix for PB experiment with an observed response.

Code Variable Low Level (−) High Level (+) # A B C D E F Pigment Production (UA500)

A MSG 800 8000 1 − − + − + + 21.76
B K2HPO4 500 5000 2 + − + + − + 17.39
C KH2PO4 500 5000 3 − + + − + + 21.25
D MgSO4·7H2O 10 1 4 + + − − − + 7.14
E CaCl2 10 1 5 + − − − + − 12.94
F ZnSO4·7H2O 10 1 6 − + − + + − 5.71

7 + + − + + + 13.94
8 + − + + + − 6.30
9 − − − − − − 15.62
10 − − − + − + 19.32
11 + + + − − − 4.58
12 − + + + − − 20.41

PB: Plackett Burman Design; UA500: absorbance units at 500 nm wavelength.

Table 2. Estimated effects and coefficients (in actual units) for pigment production (UA500).

Term Effect Coeff t p % Contribution

Constant 15.146 5.93 0.0000
A) MSG −6.96 −9.67 14.38 0.0192 31.57

B) K2HPO4 −3.38 −7.51 3.39 0.1395 7.44
C) KH2PO4 2.84 6.3 × 10−4 2.38 0.1976 5.23

D) MgSO4·7H2O −3.5 × 10−2 −3.89 × 10−3 3.63 × 10−4 0.9857 7.97 × 10−4

E) CaCl2 −0.43 −0.04744 0.054 0.8276 0.12
F) ZnSO4·7H2O 5.87 0.6526 10.22 0.0330 22.45

R2 = 0.9122.

Plackett-Burman experimental design and the range of variable levels are given in Table 1.
There were 12 trials in the experimental design in which low (−) and high (+) levels of each medium
component were studied. The following polynomial model explains the relationship between produced
red pigment (UA500); Y and fermentation medium components (Equation (1));

Y = α0 +
n∑

i=1

αiXi (1)

In Equation (1), Y is the dependent variable (response), αi is the regression coefficient for linear
effects, α0 is the regression coefficient for the intercept, and Xi is the coded independent variable.

3. Results and Discussion

3.1. The Chemical Composition and Characterization of Brewer’s Spent Grain(BSG)

3.1.1. Chemical Composition

The BSG used for pigment production was a lignocellulosic substrate consisting of hemicellulose
(53.1%), cellulose (19.2%) and lignin (8.5%), with smaller proportions of ash (3.68%) and nitrogen
(2.76%) as shown in Table 3.

It was stated in the literature that the composition of brewer’s spent grain is variable. Xiros et al. [21]
found that BSG contained 19–40% and 9–25% of hemicellulose and cellulose, respectively. Mussatto and
Roberto [22] also found that hemicellulose and cellulose were the main components in BSG followed
by lignin. Carvalheiro et al. [23] found that glucan and xylan were the main polysaccharides present
in BSG. BSG is a massive waste of barley obtained after the mashing step in the brewing industry.
The major constituent of BSG is barley husk which is lignocellulosic in structure. The period of harvest,
variety, the mashing and malting conditions employed, and the kinds of supplements added during
the brewing process affect the composition of the barley [22].

62



Foods 2019, 8, 161

Table 3. Composition of the milled brewer’s spent grain.

Compound Amount (%) Analysis/Method

HEMI 53.09

Van Soest [16]
CELL 19.24
LIGN 8.53
SOLU 19.15
Total 100

Ash 3.68
TS/VS [17]TS 94.53

VS 90.05

Nitrogen 2.76 Kjeldahl [18]
Protein 17.25 *

Carbon 81.63 ± 1.53

XPS
Nitrogen 2.00 ± 0.59
Oxygen 15.99 ± 1.23

Phosphorus 0.66 ± 0.08

* Protein content determined by multiplying N% with 6.25 conversion factor. HEMI, Hemicellulose; CELL, Cellulose;
LIGN, Lignin; SOLU, Soluble solids; TS, Total solids; VS, Volatile solids; XPS, X-ray photoelectron spectroscopy.

3.1.2. Fourier-Transform Infrared Spectroscopy (FTIR)

The infrared spectrum (FTIR) of the milled brewer’s spent grain is shown in Figure 1. The broad
stretching intense peak at around 3313 cm−1 represents hydroxyl and amine groups as shown in
the spectrum. The band at 2927 cm−1 is related to the asymmetric stretch (nC–H) of–CH2 groups
and the corresponding symmetric stretch can be found at 2858 cm−1. The peak at 1743 cm−1 can be
related to ester bonds or carboxylic (C=O stretching vibration) linkages in lignin and hemicellulose,
which is generally evident in untreated BSG and diminishes according to the effectiveness of the
pretreatment [24]. Protein-based bonds of nC=O amide I (1635 cm−1) [25] were observed. The peak at
1523 cm−1 corresponds to C=C bonds in the aromatic ring of lignin. The peak at 1458 cm−1 represents
the C–H asymmetric deformation vibrations of aromatic skeletal in lignin [26]. The peak at 1361 cm−1

may be associated with highly conjugated C=O stretching vibrations in carboxylic groups. The bands
at 1238 cm−1 and 1033 cm−1 correspond to C–H stretching vibrations, which is characteristic of cellulose
content in BSG [24,26]. Parallel results were also found by other researchers [24,26] who used infrared
spectroscopy to characterize the chemical structure of BSG by identifying the functional groups present
in the samples.

Figure 1. Infrared spectrum(FTIR) of milled brewer’s spent grain (BSG).
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3.1.3. X-ray Photoelectron Spectroscopy (XPS)

The elemental composition of milled brewer’s spent grain samples was examined with XPS.
According to the results of XPS analysis, BSG samples contained elements of carbon, oxygen, nitrogen,
and phosphorus (Table 4 and Figure 2). The signals from carbon, oxygen, nitrogen, and phosphorus
elements are summarized in Table 4. C–C* single bonds (284.99 and 285.3 eV) and C*–OH and C–O–C*
single bonds (286.09 eV) indicate the presence of cellulose and hemicellulose in the milled BSG samples.
These structures are also supported by signals from the oxygen element of 532.86 eV, 532.4 eV and
532.92 eV which corresponds to the C=O * double bond, C–O*–H single bond and C–O*–H single bond,
respectively. The peak of the C=C double bond at 284.36 eV indicates the presence of lignin in brewer’s
spent grain. The nitrogen signals (C-N*) at 400.11 and 400.44 eV originate from the amine groups in the
protein structure of the samples. According to these results and literature data, BSG contains cellulose,
hemicellulose, lignin, and protein [26,27].

Table 4. XPS binding energy signals of carbon, oxygen, nitrogen and phosphorus elements.

Element Binding Energy (eV) Functional Group

P2p 134.1 P*-O, Phosphate
C1s 285.3 C-C*
N1s 400.11 C-NH2
O1s 532.92 C-O*-H
C1s 284.99 C-C*
C1s 284.36 C=C*
C1s 286.09 C-OH, C-O-C, C-N
C1s 288.26 C=O
N1s 400.44 C-NH2
O1s 532.4 C-O*-H
O1s 532.86 C=O*
P2p 133.25 P*-O, Phosphate

XPS: X-ray Photoelectron Spectroscopy. *: excited state.
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Figure 2. X-ray photoelectron spectroscopy (XPS) survey spectra of milled brewer’s spent grain.

3.2. Effect of Acid Concentration

The BSG used in this work was a lignocellulosic material composed of hemicellulose (53.1%),
cellulose (19.2%) and lignin (8.5%) as shown in Table 3. Hence, a pretreatment step is necessary for
the disruption of the lignocellulosic structure of BSG and the release of fermentable monosaccharides
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like glucose, arabinose, and xylose. Dilute acid hydrolysis is a rapid and basic method employed
in the hydrolysis and pretreatment of lignocellulosic substrates such as BSG [15]. The effect of acid
concentration on the production of Monascus red pigment was determined using different sulfuric acid
concentrations (1–5% (w/v)). The solid: liquid ratio of 1:8 (w:w), 120 ◦C and 15 min were used for the
pretreatment step. The hydrolysate was then used for pigment production with Monascus purpureus
CMU001. The fermentation experiments were done in shake flask cultures at 30 ◦C, pH 5.5 for 7 days.
The highest pigment production of 15.35 UA500 was obtained in the fermentation medium containing
BSG hydrolyzed with 2% (w/v) sulfuric acid as shown in Figure 3A. When the acid concentration was
increased, a gradual decrease in pigment formation was observed. The decrease in pigment formation
observed under extreme hydrolysis conditions was probably a result of the production of inhibitory
compounds such as HMF and furfural which are known to have toxic effects on microorganisms.
In addition, low pigment production (3.07 UA500) was observed in BSG medium hydrolyzed with 1%
(w/v) sulfuric acid. This was probably due to the ineffective disruption of the lignocellulosic structure
and inadequate release of fermentable sugars.

This showed that Monascus purpureus did not synthesize cellulase to utilize the cellulose moiety of
BSG. The rigid lignocellulosic structure of BSG also prevented the utilization of cellulose and therefore
pigment production by Monascus purpureus.

3.3. Effect of Solid: Liquid Ratio

Three different solid: liquid ratios ((1:6), (1:8) and (1:10) (w:w)) of brewer’s spent grain:
dilute sulfuric acid were used to hydrolyze BSG using 2% (w/v) dilute sulfuric acid. BSG hydrolysates
obtained were then used for fermentation experiments with M. purpureus in shake flask cultures.
BSG hydrolyzed with 2% (w/v) H2SO4 using (1:6) (w:w) solid: liquid ratio at 120 ◦C for 15 min gave
the highest value of red pigment production (16.75 UA500) as shown in Figure 3B. Slightly lower
pigment production values of 15.35 and 13.10 UA500 were obtained with media hydrolyzed at (1:8)
and (1:10) solid: liquid ratios, respectively. Solid: liquid ratios lower than (1:6) could not be used
due to operational difficulties. These results proved that all the hydrolysates prepared by dilute acid
hydrolysis in (1:6), (1:8) and (1:10) (w:w) solid: liquid ratios showed good fermentation characteristics
when utilized as a fermentation medium for the red pigment formation by Monascus purpureus.

(A) 

(B) 

Figure 3. Cont.
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Figure 3. Effect of various parameters on red pigment production by Monascus purpureus CMU 001.
(A, acid concentration; B, solid: liquid ratio; C, shaking speed; D, medium volume; E, initial pH; F,
inoculation ratio; G, nitrogen source (based on equivalent nitrogen amount), (YE, yeast extract; URE,
urea; PEP, peptone; CSL, corn steep liquor; MS, malt sprouts; and MSG, monosodium glutamate)).
The standard deviation (SD) of each experimental point ranged from ±1.2 to ±4.8.
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Musatto and Roberto [28] obtained the highest xylitol production when BSG was hydrolyzed
with 100 mg H2SO4/g dry substrate. The solid: liquid ratio and the reaction time of sulfuric acid
pretreatment was [1:8] (w:w) and 17 min, respectively. Mussatto et al. [14] also used sulfuric acid for
BSG hydrolysis prior to lactic acid production by Lactobacillus delbrueckii. They employed a sulfuric
acid (H2SO4) solution of 1.25% in a solid: liquid (g:g) ratio at 120 ◦C/17 min.

3.4. Effect of Shaking Speed and Medium Volume on Pigment Synthesis

Shaking is crucial in overcoming mass transfer resistances in aerobic fermentation systems and
the oxygen transfer rate is directly related with shaker speed [29]. In the present study, the effect
of shaking speed and liquid volume on pigment production by M. purpureus was studied in BSG
medium. Fermentation trials were done in a rotary shaker incubator operated at 250, 300, 350, and
400 rpm. BSG was pretreated with 2% (w/v) sulfuric acid solution with a solid: liquid ratio of 1:6
(w/w) to prepare the fermentation medium in all experiments. Overliming (Ca(OH)2) was used as
the detoxification method. Fermentation lasted for 7 days in 250-mL Erlenmeyer flasks with 50 mL
of fermentation medium at pH 5.5. Pigment production was increased with the increased shaking
speed (from 250 to 350 rpm) and decreased afterward (Figure 3C). At the lowest shaking speed value
of 250 rpm, larger pellets of Monascus purpureus were observed, indicating mass diffusion problems.
The highest red pigment production of 16.75 UA500 was obtained at a shaker speed of 350 rpm.
The decrease in red pigment production at a shaker speed of 400 rpm (13.68 UA500) might be due to
the shear-sensitive characteristics of Monascus mycelia.

To determine the influence of the medium volume in the Erlenmeyer flask on the production
of red pigments: 25, 50 and 75 mL of fermentation medium were used in a rotary shaker incubator
operated at 350 rpm shaking speed. The highest pigment formation of 16.75 UA500 was observed
in 50 mL fermentation volume (Figure 3D). The decrease of pigment production in 25 and 75 mL
fermentation media volumes might be due to the lower gas–liquid mass transfer area resulting in lower
oxygen transfer to fermentation liquid and finally to Monascus mycelia. Low pigment production of
8.18 UA500 in 25 mL medium volume might result from the inefficient shaking of the fermentation
medium. The fermentation medium did not rotate well enough with the movement of the orbital
shaker which led to lower volumetric mass transfer rates [30]. Vortex formation was noticed in 75 mL
of fermentation medium that resulted in the poor mass transfer of oxygen and/or substrate, causing a
decrease in red pigment production. Silveira et al. [8] also reported that low oxygen partial pressure
decreased Monascus pigment production in submerged culture experiments.

3.5. Effect of Initial pH

pH is a significant factor in the activation of important enzymes in pigment production by
Monascus purpureus [31]. Various initial pH values (5.5, 6.0, 6.5, 7.0 and 7.5) were tested to observe the
effect of pH on M. purpureus red pigment synthesis. BSG hydrolyzed with 2% (w/v) sulfuric acid with a
solid: liquid ratio of 1:6 (w/w) was used to prepare BSG-based fermentation medium. Fermentation
experiments were performed at 30 ◦C for 7 days. The pH used after sterilization was used as the initial
pH since the pH of the medium changed after sterilization. The change in pH after autoclaving might
result from the buffering effect of the substrate (brewer’s spent grain) or salt solutions.

Initial pH 6.5 gave the highest pigment concentration of 22.25 UA500. Slightly lower red pigment
values of 21.38 and 20.43 UA500 were obtained at an initial pH of 6.0 and 7.0, respectively (Figure 3E).
Lower red pigment production values of 16.75 and 12.98 UA500 were obtained at pH values of 5.5 and
7.5, respectively. Our results showed that the synthesis of red pigment by M. purpureus slows down
with increasing or decreasing pH values at our experimental conditions.

The pH of the medium strongly affects red pigment production in M. purpureus since red pigments
(extracellular and water soluble) are produced by the chemical modification of orange pigments under
relatively higher pH values in the presence of a suitable nitrogen source [32]. Parallel to the findings of
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our study, many researchers showed that the pH of the fermentation medium had an important effect
on pigment synthesis by M. purpureus. [31–33].

3.6. Effect of Inoculation Ratio

The biomass and pigment concentration of Monascus mycelia are affected by the initial inoculum
concentration. To observe the effect of inoculum concentration on pigment production, 50 mL of
BSG fermentation medium was inoculated with 1, 2, 3, and 4% (v/v) spore suspension solution,
corresponding to 0.5 × 106, 1.0 × 106, 1.5 × 106, and 2.0 × 106 spores/50 mL of fermentation medium.
The highest pigment production (22.25 UA500) was observed in the pretreated BSG medium inoculated
with 2% (v/v) spore suspension. The pigments produced in the fermentation media inoculated with 1,
3 and 4% spore suspensions were 15.87, 18.15 and 11.36 UA500, respectively (Figure 3F). Our results
showed that the low inoculum ratio reduced the amount of biomass leading to a lower concentration
of pigment. However, the high inoculum ratio yielded a high biomass concentration that resulted in
rapid consumption of nutrients in the fermentation medium required for pigment synthesis.

It is well known that spore inoculum concentration affects growth, morphology, volumetric
productivity, and enzymes of fungi propagated in submerged culture [34]. However, there are few
reports about the effect of inoculum ratio or inoculum size on Monascus growth and product formation
characteristics. Babitha et al. [7] produced Monascus pigments from jackfruit seed by solid-state
fermentation and observed poor pigment production at lower and higher inoculum levels similar to
the results of this study. They obtained the highest pigment production with an inoculum size of 3 mL
(9 × 104 spores/gram dry substrate).

3.7. Effect of Nitrogen Source

The nitrogen source is essential in red pigment production by Monascus species since reactions
with amino group-containing compounds promote water-soluble, extracellular red pigment production.
Monosodium glutamate is a favorable nitrogen source for M. purpureus and has been documented by
many authors [8,31,32,35,36].

Although MSG is essential in red pigment production, its high cost limits its industrial use.
To decrease the cost of pigment production, alternative nitrogen sources were replaced by MSG (8 g/L)
on an equivalent nitrogen basis. Fermentation experiments were done in shake flasks inoculated with
2% (v/v) spore suspension solution at 30 ◦C, pH 6.5 for 7 days. The batch of each source used was
equivalent to a nitrogen amount of 8.0 g/L MSG. The different sources of nitrogen and concentrations
used were (g/L): yeast extract (YE), 5.81. peptone (PEP), 4.07; corn steep liquor (CSL), 8.83; malt sprouts
(MS), 10.69; and urea (URE), 1.30. Results demonstrated that the nitrogen source greatly influenced the
red pigment formation by M. purpureus. The highest pigment formation (22.25 UA500) was achieved
when MSG was used (Figure 3G). M. purpureus produced 16.46 and 13.02 UA500 of red pigment when
CSL and yeast extract were used as the nitrogen source, respectively. M. purpureus also utilized other
nitrogen sources; however, lower red pigment production values were obtained. Our results showed
that corn steep liquor was a promising alternative source for the production of natural pigments by
M. purpureus. However, further research is needed to improve red pigment production when CSL is
used as the nitrogen source.

3.8. Selecting the Important Medium Components by Plackett-Burman Design

In this research, Plackett–Burman design was employed to test different nutritional variables
in pigment production. The aim was to achieve maximum red pigment formation by M. purpureus.
The six variables tested were MSG, K2HPO4, KH2PO4, MgSO4·7H2O, CaCl2, and ZnSO4·7H2O under
submerged fermentation. All six factors chosen in the study were tested at two levels, namely low
level (−1) and high level (+1), and the experimental runs are given in Table 1. Table 2 shows the
estimated regression coefficients, main effect, and p and t values. Among the chosen variables, MSG and
ZnSO4·7H2O were the significant medium components (p < 0.05) (Table 2). Regression coefficients in
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coded units were used to establish a simple polynomial model in order to estimate pigment production
(Equation (2));

Red pigment (UA500) = +13.86 − 3.48*A − 1.69*B + 1.42*C−0.017*D − 0.21*E + 2.94*F (2)

The results obtained in the PB experiment are in agreement with the literature. Bau and Wong [37]
investigated the effect of zinc on growth, pigment formation and antibacterial activity of M. purpureus.
They found that growth, antibacterial activity and pigment production of M. purpureus were highly
affected by adding zinc to the fermentation medium. They stated that zinc inhibits the growth of
M. purpureus and increases the production of pigments and antimicrobials. They concluded that zinc
might have three roles in Monascus metabolism which were promoting glucose uptake, inhibiting
mycelial growth and stimulating pigment production.

PB design was also used by other researchers in Monascus pigment production. Sharmila et al. [1]
used PB design to evaluate the significant medium variables in Monascus fermentation. They stated
that K2HPO4, ZnSO4·7H2O and MSG together with potato powder were significant variables for
pigment synthesis by M. purpureus. Prajapati et al. [31] used PB design to identify the medium
components which affect the pigment formation by M. purpureus. They found that tryptone, glucose
and pH were significant factors among various variables screened.

3.9. Kinetics of Red Pigment Synthesis by Monascus Purpureus

The kinetics of M. purpureus growth together with pigment synthesis were examined in the BSG
medium. The fermentation medium was prepared by the dilute sulfuric acid hydrolysis of BSG
followed by a detoxification (overliming-unpublished data) step. The medium consisted of dilute
sulfuric acid hydrolyzed BSG, MSG (8 g/L) and ZnSO4·7H2O (0.01 g/L), which were significant medium
variables selected from PB screening experiments. Fermentation trials were done in shake flasks
at 30 ◦C, pH 6.5 with a spore inoculation ratio of 2% (v/v) which corresponds to 2 × 104 spores/mL
fermentation medium. The highest pigment production of 22.25 UA500 was obtained on the 7th day
of fermentation, and afterward it decreased (Figure 4). The oxidative enzymes of the microorganism
might be responsible for the oxidation of the pigment, which resulted in a concentration decrease
especially during the late period of fermentation. Sharmila et al. [1] obtained the highest pigment
production of 6.94 ODU/mL at the 6th day of fermentation by using potato powder as the carbon
source. Meinicke et al. [36] obtained 7.38 UA480 nm of pigment formation after 7 days of fermentation
using glycerol as the carbon source. Hamano and Kilikian [35] produced red pigments from a complex
culture medium composed of glucose and obtained 20.7 U of pigment production. Haque et al. [2]
produced 24 AU/g glucose of pigment using bakery waste hydrolysate. Orozco and Kilikian [33]
produced 11.3 U of red pigment from glucose as the carbon source. The variation in the literature data
for Monascus pigment production may be related to several factors such as the strain of microorganism,
the type of substrate and nitrogen source, the fermentation system, the method of pigment estimation,
and the conditions used during fermentation.

On the first day of fermentation, there were no biomass and no pigment formation. First, Monascus
purpureus mycelia and red color were observed on the second and third day of the fermentation
respectively. Maximum pigment production was obtained on day 7 (Figure 5). A maximum biomass
concentration of 5.73 g/L was observed after 7 days of fermentation and then it declined. The reducing
sugar concentration decreased during fermentation and almost depleted on the 5th day of fermentation.
The microorganism probably used non-reducing hydrolysis products of BSG as the carbon source after
the 5th day of fermentation.

The pH of the fermentation broth decreased slightly during the first 5 days of fermentation from
an initial value of 6.5 to 5.89 and then increased slowly up to 7.74 at the end of fermentation. This was
due to the deamination of amino acids present in the medium by M. purpureus and the production of
ammonia, which increased the pH of the fermentation broth.
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Figure 4. Batch fermentation profile showing red pigment “circles” (UA500,), biomass “triangles”, pH
“squares”, and residual sugar “diamonds” for pigment production by Monascus purpureus CMU 001.
(DNS: dinitrosalicylic colorimetric method; Fermentation conditions: 350 rpm, 30 ◦C, pH 6.5).

 

Figure 5. The profile of Monascus mycelia and the produced red pigment in the Erlenmeyer flasks
during fermentation (A, 1st day; B, 2nd day; C, 3rd day; D, 7th day).

4. Conclusions

Monascus pigments have received worldwide attention for their multiple health benefits;
they appear to have anti-mutagenic, anti-cancer, anti-obesity, anti-inflammation, anti-diabetes, and
cholesterol-lowering mechanisms. This research article is the first on the evaluation of hydrolyzed
and detoxified brewer’s spent grain for red pigment production by Monascus purpureus in submerged
fermentation systems. This paper suggests an innovative approach of using waste produced in large
amounts by breweries and contributes to the production of natural pigment products which have
multiple benefits for health. Further studies will be focused on the scale-up and stability modeling of
the pigments produced.
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