
Extraction Strategies 
to Recover Bioactive 
Compounds, 
Incorporation into 
Food and Health 
Benefits

Printed Edition of the Special Issue Published in Foods

www.mdpi.com/journal/foods

María del Mar Contreras and Eulogio Castro
Edited by

 Extraction Strategies to Recover Bioactive Com
pounds, Incorporation into Food and H

ealth Benefits   •   M
aría del M

ar Contreras and Eulogio Castro



Extraction Strategies to Recover 
Bioactive Compounds, Incorporation 
into Food and Health Benefits





Extraction Strategies to Recover 
Bioactive Compounds, Incorporation 
into Food and Health Benefits

Special Issue Editors

Marı́a del Mar Contreras

Eulogio Castro

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



Special Issue Editors

Marı́a del Mar Contreras

University of Jaén

Spain

Eulogio Castro 
University of Jaén 
Spain

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Foods

(ISSN 2304-8158) (available at: hhttps://www.mdpi.com/journal/foods/special issues/extraction).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,

Page Range.

ISBN 978-3-03928-969-1 (Pbk)

ISBN 978-3-03928-970-7 (PDF)

c© 2020 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Special Issue Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Extraction Strategies to Recover Bioactive Compounds, Incorporation into Food

and Health Benefits” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Marı́a del Mar Contreras and Eulogio Castro

Extraction Strategies to Recover Bioactive Compounds, Incorporation into Food and Health
Benefits: Current Works and Future Challenges
Reprinted from: Foods 2020, 9, 393, doi:10.3390/foods9040393 . . . . . . . . . . . . . . . . . . . . . 1

Beatriz Martı́n-Garcı́a, Federica Pasini, Vito Verardo, Ana Marı́a Gómez-Caravaca, 
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Preface to ”Extraction Strategies to Recover Bioactive

Compounds, Incorporation into Food and 
Health Benefits”

Over the last years, numerous studies have addressed bioactive compounds from foods. 
Agricultural and agro-industrial byproducts have a negative environmental impact in several regions 
worldwide, since solutions for their valorization are either not or poorly implemented. Notably, these 
by-products are rich sources of valuable bioactive compounds, whose recovery could serve to obtain 
new natural additives, nutraceuticals, and functional ingredients for pharmaceutical, cosmetics, and 
food industries. To bring together new knowledge on bioactive compounds, especially from agri-food 
byproducts, when applied to the food industry, we edited this Special Issue entitled “Extraction 
Strategies to Recover Bioactive Compounds, Incorporation into Food, and Health Benefits” (URL: 
https://www.mdpi.com/journal/foods/special issues/extraction).

The first objective of this Special Issue was to address new methods to sustainably recover 
bioactive compounds, not only from food matrices but also from agri-food byproducts. This 
valorization method could be complementary to biorefinery to also obtain bioenergy, biofuels, and/or 
other biocompounds, which merits investigation to migrate toward a circular bioeconomy model. In 
this line, some of the studies presented here are:

• Distribution of Free and Bound Phenolic Compounds in Buckwheat Milling Fractions

• Phenolic Compounds from Sesame Cake and Antioxidant Activity: A New Insight for

Agri-Food Residues’ Significance for Sustainable Development

• Integrated Process for Sequential Extraction of Bioactive Phenolic Compounds and Proteins

from Mill and Field Olive Leaves and Effects on the Lignocellulosic Profile

The second objective of this Special Issue was to present studies that support the presence of the

bioactive compounds in the food matrix and that provide health benefits. In this topic, the following

studies were published:

• Biocompounds Content Prediction in Ecuadorian Fruits Using a Mathematical Model

• Bioprocessed Production of Resveratrol-Enriched Rice Wine: Simultaneous Rice Wine

Fermentation, Extraction, and Transformation of Piceid to Resveratrol from Polygonum

cuspidatum Roots

We would like to thank the professional staff at MDPI for their efforts that made this Special

Issue and this edition possible. We are at your disposal for any further information on this edition.

Marı́a del Mar Contreras, Eulogio Castro

Special Issue Editors
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There are numerous studies in the literature about bioactive products (extracts, essential oils,
oleoresins, hydrolysates, etc.), exhibiting numerous health benefits. Foods of plant and animal
origin [1,2], medicinal plants [1,3], and marine products [4] can be their sources. We recognize
the need to look for more efficient agroindustry because of unsustainable current practices, the
population factor, and the state of natural resources. This requires us to move towards a more
sustainable circular model that uses renewable resources, i.e., bioeconomy. Therefore, this implies
a shifting to produce more food and to valorize agricultural byproducts and all agro-industrial
derived streams through obtaining bio-based chemicals and products (including bioactive products),
as well as bioenergy and/or biofuels [5]. To bring together new data to expand the information on
bioactive compounds when applied to the food industry, we edited this special issue on “Extraction
Strategies to Recover Bioactive Compounds, Incorporation into Food, and Health Benefits” (URL:
https://www.mdpi.com/journal/foods/special_issues/extraction).

One of the objectives of the special issue was to address new ways to extract bioactive compounds
from raw materials, including agri-food waste, sustainably, and mainly using food-grade conditions.
In this context, four articles have been accepted, applying several extraction strategies, mostly assisted
by ultrasound, to recover and ascertain bioactive compounds in Ecuadorian fruits [6] and buckwheat
flour [7], as well as in agro-industrial byproducts from the processing of pseudo-cereal food [7],
sesame [8], and the olive oil industry [9]. In the first work, Martín-García et al. (2019) determined the
free and bound phenolic compounds in dehulled whole buckwheat flour and three milling fractions:
light flour, bran flour, and middling flour. For that, an ethanol-water solution was used to extract
free phenolic compounds, being assisted by ultrasound, and diethyl ether/ethyl acetate was applied
to recover bound phenolic compounds after an alkaline treatment of the residual fraction. The
most abundant free phenolic compounds were rutin and epiafzelchin–epicatechin-O-dimethylgallate,
whereas the most abundant bound phenolic compounds were catechin and epicatechin in all buckwheat
flours. The highest content of bound phenolic compounds (around 0.7 g/kg) was found in middling and
bran flours, highlighting that both entire byproducts fractions could be used to develop functional foods
owing to the beneficial health benefits of buckwheat phenolic compounds. The work by Mekky et al. [8]
gives new insight into the phenolic composition of sesame and in particular of the residual cake
after oil extraction using reversed-phase high-performance liquid chromatography coupled to diode
array detection and quadrupole-time-of-flight-mass spectrometry. The characterized compounds
belonged to several classes, namely, hydroxybenzoic acids, hydroxycinnamic acids, flavonoids, and
lignans. Their findings suggest that the antioxidant activity of the sesame cake extract was not only
promoted by sesamol and lignans, which are the phenolic compounds previously reported in sesame,

Foods 2020, 9, 393; doi:10.3390/foods9040393 www.mdpi.com/journal/foods1
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but C-glycosides and other compounds could also contribute to this bioactivity. Furthermore, Contreras
and coworkers [9] have proposed an integrated scheme to recover oleuropein and other olive leaves
antioxidants in the first extraction step assisted by ultrasound, proteins in a second extraction step
along with mannitol and arabinose oligomers, and finally, a cellulose-enriched fraction was obtained
residually, which can be subject to subsequent valorization (e.g., for obtaining biofuel).

The extracts and fractions containing bioactive compounds can be addressed to formulate
nutraceuticals, preservatives, such as antioxidant and antimicrobial additives, or functional ingredients
for functional foods. Moreover, some plant foods can contain a high content of bioactive components,
which can be predicted using mathematical models and based on color measurements, as showed
Llerena and coworkers [6]. Yang et al. [10] directly obtained a resveratrol-enriched rice wine with
enhanced antioxidant activity by adding Polygonum cuspidatum root powder, as a source of resveratrol,
and fermentation. After 10 days of co-fermentation, rice wine with high levels of resveratrol (86 mg/L)
was obtained. Ultrafiltration was also applied as an alternative treatment to boiling for the clarification
and sterilization of the beverage while maintaining the bioactive components.

In summary, several strategies have been applied to obtain bioactive products from different
sources, including agro-industrial byproducts. We are pleased to present this special issue, which
offers new opportunities for alternative strategies in food production, supply, and consumption
to move into a more sustainable industry with zero-waste. However, further work is required to
test their food applicability, for example, as antioxidant additives, while functional ingredients of
particular importance are performing more in vivo and clinical studies to demonstrate bioactivity
and functionality. Nonetheless, some of the products and extracts are based on phenolic compounds,
whose bioactivity is highly recognized.
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Andalucía” (Spain). Finally, we would like to thank the authors for their contributions and the valuable work of
the reviewers in the evaluation process.
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Abstract: Buckwheat is a rich source of phenolic compounds that have shown to possess beneficial
effect to reduce some diseases due to their antioxidant power. Phenolic compounds are present in the
free and in the bound form to the cell wall that are concentrated mainly in the outer layer (hull and
bran). Hull is removed before the milling of buckwheat to obtain flours. In order to evaluate the
phenolic composition in dehulled buckwheat milling fractions, it was carried out a determination of
free and bound phenolic compounds in dehulled whole buckwheat flour, light flour, bran flour, and
middling flour by high-performance liquid chromatography-mass spectrometry (HPLC–MS). The most
abundant free phenolic compounds were rutin and epiafzelchin–epicatechin-O-dimethylgallate,
whereas the most abundant bound phenolic compounds were catechin and epicatechin in all
buckwheat flours. Besides, the highest content of free phenolic compounds was obtained in bran flour
(1249.49 mg/kg d.w.), whereas the greatest bound phenolic content was in middling (704.47 mg/kg
d.w.) and bran flours (689.81 mg/kg d.w.). Thus, middling and bran flours are naturally enriched
flours in phenolic compounds that could be used to develop functional foods.

Keywords: free and bound phenolic compounds; buckwheat flours; HPLC–MS; milling fractions

1. Introduction

Buckwheat (Fagopyrum esculentum Moench) as a traditional pseudocereal crop which belongs to
the Polygonaceae is extensively utilized as food and as a medicinal plant [1]. Buckwheat is a rich source
of starch, protein, and vitamins [2]. In addition, buckwheat is well known for containing phenolic
compounds, including phenolic acids such as protocatechuic, syringic acid, and caffeic acid and
flavonoids such as rutin (quercetin 3-rutinoside), quercetin, hyperoside (quercetin 3-O-b-d-galactoside),
quercitrin (quercetin 3-O-a-l-rhamnoside), epicatechin, orientin, vitexin, isovitexin, and isoorientin [3–5].
Rutin is the most concentrated phenolic compound in Tartary and some common buckwheats, which
have a content higher than most other plants [2]. Phenolic compounds in buckwheat have shown
to possess antioxidant activity which has been associated with a lower incidence of cardiovascular
disease, cancers, and age-related degenerative process [6–10].

Foods 2019, 8, 670; doi:10.3390/foods8120670 www.mdpi.com/journal/foods5
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Phenolic compounds in buckwheat are present in the free and in the bound form to cell wall [11],
however, the majority of phenolic compounds are present in the free form, which has a distribution
and concentration that is different in each part of the grain: pericarp (hull, husk), coat, endosperm,
embryo with axis, and two cotyledons [12]; phenolic compounds are concentrated in the outer layers
(hull and bran) of buckwheat grain [2]. Nevertheless, during buckwheat seeds processing into flour,
the hull (17–20% of buckwheat grain) is removed by stone dehuller. The resulting product, called
groat (intact achene), is milled into bran flour (10–24%), which is a by-product that it is not commonly
used in foods, and light flour (55–70%), which consists principally of endosperm and is used in
human nutrition [13]. In addition, middling is a by-product from buckwheat milling that is not a flour
that comprises different fractions and it includes 12% of the original grain, consisting of fractions of
endosperm, bran, and germ [14]. Milling techniques used in the food industry employ mechanical
force to break the grains into smaller fragments or fine particles. [15]. Previous studies reported the
use of roller milling process in dehulled whole buckwheat to obtain a flour and the separation of this
flour into various fractions from outer to inner parts [2,16]. These studies have shown that outer layers
are richer in protein, lipid, dietary fiber, and ash content than the inner layers. Also, the antioxidant
capacity in flour fractions in the outer layers is higher than that in the inner layers by the increase of
phenolic compounds from bran [2,16]. In addition, it has reported that milling fractions that contain
outer layers possess a higher concentration of phenolic compounds than whole grain and groat flour
fractions [6]. Therefore, the aim of this work was the determination of free and bound phenolic content
in different buckwheat meals/flours: whole grain flour, light flour, bran meals, and middling flour in
order to evaluate the phenolic concentration in each buckwheat meal fraction. These analyses will
furnish new information about the total content of phenolic compounds in each fraction, taking into
account the free or extractable fraction and bound or nonextractable phenolic fraction (NEPP). For that
purpose, phenolic compounds were extracted and then were analyzed by high-performance liquid
chromatography-mass spectrometry (HPLC-MS).

2. Materials and Methods

2.1. Sample

Buckwheat meals/flours were obtained from whole buckwheat grain (cv. Darja) harvested in
Matrice (Italy) (41◦37′00” N 14◦43′00” E), situated in a hilly location at 750 m above sea level. The field
presented high tenacity of the soil due to the presence of clay. Harvesting took place on September
2018. The grain was dehulled by stone dehuller (GRANO 200 SCHNITZER Stein-Getreidemuhle,
Offenburg, Germany), and the groat (dehulled grain) was roller-milled by using an experimental mill
(Labormill 4RB Bona, Monza, Italy). This mill is able to produce three milling fractions with different
particle sizes that constituted the basis for differentiation between bran meal, middling flour, and light
flour (Figure 1). In the bran meal, the majority of particles were >505 μm, while in middling flour,
between 219–363 μm, and in light flour, <183 μm. Granulometry analysis was performed using an
automatic sieve (Buhler ML1-300, Uzwil, Switzerland).
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Figure 1. Flowchart of the milling process used for the production of buckwheat flours.

2.2. Reagents and Chemicals

HPLC-grade acetonitrile, water, methanol, acetone, acetic acid, ethanol, hexane, ethyl acetate,
diethyl ether, and hydrochloric acid were purchased from Merck KGaA (Darmstadt, Germany).
Hydroxide sodium was from Fluka (Buchs, Switzerland). Ferulic acid, catechin, quercetin, and rutin
(Sigma-Aldrich (St. Louis, MO, USA)) were used for the calibration curves.

2.3. Extraction Method

Extraction of free phenolic compounds from buckwheat flour fractions has been carried out
according with the method established by Hung & Morita (2008) [2] with certain modifications. One
gram of buckwheat flour was extracted thrice in an ultrasonic bath with a solution of ethanol/water
(4:1 v/v). The supernatants were collected, centrifugated at 2500 rpm for 10 minutes, evaporated, and
reconstituted with 1 mL of methanol/water (1:1 v/v). The extracts were stored at −18 ◦C until use.

Extraction of bound phenolic compounds was carried out according to the method established by
Verardo et al. (2011) [5]: residues of free phenolic extraction were digested with 25 mL of 1M NaOH
at room temperature for 18 h by shaking under nitrogen gas. The mixture was acidified (pH 2.2–2.5)
with hydrochloric acid in a cooling ice bath and extracted with 250 mL of hexane to remove the lipids.
The aqueous solution was extracted five times with 50 mL of 1:1 diethyl ether/ethyl acetate (v/v). The
organic fractions were collected and evaporated at 40 ◦C in a rotary evaporator. The dry extract was
reconstituted in 1 mL of methanol/water (1:1 v/v) and stored at −18 ◦C until use.

2.4. Determination of Free and Bound Phenolic Compounds by HPLC–MS

A liquid chromatography apparatus HP 1100 Series (Agilent Technologies, Palo Alto, CA, USA)
equipped with a degasser, a binary pump delivery system, and an automatic liquid sampler and
coupled to a single quadrupole mass spectrometer detector was used. Separation of free and bound
phenolic compounds from buckwheat flour fractions was carried out using a C-18 column (Poroshell

7
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120, SB-C18, 3.0 × 100 mm, 2.7 μm from Agilent Technologies, Palo Alto, CA, USA). The gradient
elution was the same as that previously established by Gómez-Caravaca et al. [17] using as a mobile
phase A acidified water (1% acetic acid) and as mobile phase B acetonitrile. MS analysis was carried out
using an electrospray ionization (ESI) interface in negative ionization mode at the following conditions:
drying gas flow (N2), 9.0 L/min; nebulizer pressure, 50 psi; gas drying temperature, 350 ◦C; capillary
voltage, 4000 V. The fragmentor and m/z range used for HPLC–ESI/MS analyses were 80 V and m/z
50–1000, respectively. Data were processed by the software MassHunter Workstation Qualitative
Analysis Version B.07.00 (Agilent Technologies, Santa Clara, CA, USA).

2.5. Statistical Analysis

The results of quantification reported in this work are the averages of three repetitions (n = 3).
Tukey’s honest significant difference multiple comparison (one-way ANOVA) at the p < 0.05 level was
evaluated by using the Statistica 7.0 software (StatSoft, Tulsa, OK, USA)

3. Results and Discussion

3.1. Analytical Parameters of the Method

An analytical validation of the method was performed considering linearity and sensitivity. In
order to quantify phenolic compounds in buckwheat fractions, five calibrations curves were elaborated
with the standards ferulic acid, catechin, quercetin, gallic acid, and rutin. Table 1 includes the analytical
parameters of the standards used, containing calibration ranges, calibration curves, determination
coefficients, limit of detection (LOD), and limit of quantification (LOQ).

Table 1. Analytical parameters of the method proposed.

Standards
Calibration

Ranges (mg/L)
Calibration Curves (mg/g) r2 LOD (mg/L) LOQ (mg/L)

Ferulic acid LOQ-100 y = 119572x + 16157 0.9995 0.0136 0.0452
Catechin LOQ-100 y = 170925x + 8609.5 0.9994 0.0095 0.0316
Quercetin LOQ-100 y = 402162x + 44862 0.9996 0.0040 0.0134
Gallic acid LOQ-100 y = 123892x − 4971.6 0.9984 0.0131 0.0437

Rutin LOQ-100 y = 199694x − 2067.2 0.9999 0.0081 0.0271

LOD: Limit of detection, LOQ: Limit of quantification.

Calibration curves were carried out by using the peak areas analyte standard against the
concentration of the analyte for the analysis by HPLC. The external calibration of the standards was
elaborated at different concentration levels from LOQ to 100 mg L−1. All calibration curves revealed
good linearity among different concentrations, and the determination coefficients were higher than
0.9994 in all cases. The method used for analysis showed LOD within the range 0.0040–0.0136 mg L−1,
the LOQ were within 0.0134–0.0452 mg L−1.

3.2. Identification of Phenolic Compounds from Buckwheat Extracts by HPLC–MS

Free and bound phenolic compounds in buckwheat flour fractions extracts were analyzed by
HPLC with MS detection, and the identification of these compounds was carried out by comparison of
molecular weight in bibliography and when available, by co-elution with commercial standards.

A total of 25 free phenolic compounds were identified in buckwheat flours, among them five
were phenolic acids and 20 were flavonoids, and they were previously identified in other works [4,18]
(Table 2).
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Table 2. Identification table of free phenolic compounds in buckwheat flours.

Peak
Retention

Time
[M-H]

Molecular
Formula

Compound
In Source
Fragments

1 2.1 315 C13H15O9 2-hydroxy-3- O-β-d-glucopyranosylbenzoic acid 153
2 2.6 315 C13H15O9 Protocatechuic-4-O-glucoside acid 153
3 3.3 451 C21H23O11 Catechin-glucoside 289
4 4.1 341 C15H17O9 Caffeic acid hexose 179
5 4.2 289 C15H13O6 Catechin
6 4.4 487 C21 H27 O13 Swertiamacroside 179
7 5.0 179 C9H7O4 Caffeic acid
8 5.5 289 C15H13O6 Epicatechin
9 6.2 561 C30H25O11 (Epi)afzelchin-(epi) catechin isomer A 543, 289, 271, 435

10 6.8 447 C21H19O11 Orientin
11 7.0 447 C21H19O12 Isorientin
12 7.8 431 C21H19O10 Vitexin
13 7.9 609 C27H29O16 Rutin
14 7.9 441 C22H17O10 Epicatechin-gallate 289
15 8.0 833 C45H37O16 Epiafzelchin–epiafzelchin–epicatechin
16 8.2 487 C21H27O13 Swertiamacroside
17 8.3 463 C21H19O12 Hyperin
18 8.7 727 C38H31O15 Epiafzelchin-epicatechin-O-methylgallate 455, 289, 271
19 9.4 455 C23H19O10 (−)-Epicatechin-3-(3”-O-methyl) gallate 289
20 9.5 561 C30H25O11 (Epi)afzelchin-(epi)catechin isomer B 543, 425, 289, 271
21 9.9 757 C39H33O16 Procyanidin B2-dimethylgallate
22 10.7 741 C39H33O15 Epiafzelchin–epicatechin-O-dimethylgallate
23 11.5 469 C24H21O10 Epicatechin-O-3,4-dimethylgallate
24 12.3 463 C21H19O12 Isoquercitrin
25 12.6 301 C15H10O7 Quercetin

Twenty-four bound phenolic compounds were identified in buckwheat flours: seven were phenolic
acid derivatives and 17 were flavonoids, which were identified in previous works (Table 3) [5,18].

Table 3. Identification of bound phenolic compounds in buckwheat flours.

Peak Retention Time [M-H] Molecular Formula Compound

1 2.1 315 C13H15O9 2-hydroxy-3-O-β-d-glucopyranosylbenzoic acid
2 2.6 315 C13H15O9 Protocatechuic-4-O-glucoside acid
3 3.2 341 C15H17O9 Caffeic acid hexose isomer a
4 4.1 341 C15H17O9 Caffeic acid hexose isomer b
5 4.2 289 C15H13O6 Catechin
6 4.4 487 C21H27O13 Swertiamacroside isomer a
7 5.0 179 C9H7O4 Caffeic acid
8 5.5 289 C15H13O6 Epicatechin
9 6.3 197 C9H9O5 Syringic acid

10 6.8 447 C21H19O11 Orientin
11 6.9 163 C9H7O3 p-coumaric acid derivative
12 7.0 575 C30H23O12 Procyanidin A
13 7.5 317 C15H9O8 Myricetin
14 7.8 431 C21H19O10 Vitexin
15 7.9 609 C27H29O16 Rutin
16 7.9 441 C22H17O10 Epicatechin gallate
17 8.2 451 C21H23O11 Catechin-glucoside
18 8.2 487 C21H27O13 Swertiamacroside isomer b
19 8.7 727 C38H31O15 Epiafzelchin–epicatechin-O-methylgallate
20 9.3 163 C9H7O3 p-coumaric acid
21 9.4 455 C23H19O10 (−)-epicatechin-3-(3”-O-methyl) gallate
22 11.5 469 C24H21O10 Epicatechin-O-3,4-dimethylgallate
23 12.3 463 C21H19O12 Isoquercitrin
24 12.6 301 C15H10O7 Quercetin

3.3. Quantification of Free and Bound Phenolic Compounds in Buckwheat Fractions

Free phenolic compounds were quantified through of calibration curves of standards. A total of
25 free phenolic compounds were quantified in buckwheat meals/flours: de-hulled grain meal, bran
meal, middling flour, and light flour (Table 4).
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Table 4. Free phenolic compounds quantified in buckwheat meals/flours (mg/kg d.w.) determined
by HPLC-MS.

Free Phenolic Compounds Bran Meal Middling Flour Light Flour De-hulled Grain Meal

2-hydroxy-3-O-β-Dglucopyranosylbenzoic acid 42.17 b 78.22 a 2.67 d 32.71 c

Protocatechuic-4-O-glucoside acid 79.69 b 120.59 a 2.93 d 65.56 c

Catechin-glucoside 23.87 b 34.97 a 1.88 d 13.53 c

Caffeic acid hexose 41.02 a 37.39 b 1.06 d 30.95 c

Catechin 20.40 a 17.25 b 1.36 d 7.33 c

Swertiamacroside 33.14 a 22.81 b 0.85 d 9.84 c

Caffeic acid 36.82 a 22.35 b 0.15d 0.96 c

Epicatechin 69.56 a 26.48 b 2.60 d 14.01 c

(Epi)afzelchin-(epi) catechin isomer A 58.11 a 35.49 b 1.71 d 20.06 c

Orientin 5.18 a 3.79 b 0.02 d 1.58 c

Isorientin 4.61 a 2.84 b <LOQ 0.82 c

Vitexin 9.14 a 6.26 b 0.06 d 2.02 c

Rutin 214.99 a 148.63 b 7.03 d 87.33 c

Epicatechin-gallate 18.56 a 7.82 b 0.28 d 5.22 c

Epiafzelchin–epiafzelchin–epicatechin 20.37 a 12.69 b 0.84 d 8.01 c

Swertiamacroside 27.41 a 20.92 b 4.23 d 9.47 c

Hyperin 2.84 a 1.59 b <LOQ 0.13 c

Epiafzelchin–epicatechin-O-methyl gallate 76.84 a 39.84 b 1.00 d 28.73 c

(−)-Epicatechin-3-(3”-O-methyl) gallate 31.61 a 17.77 b 0.51 d 15.18 c

(Epi)afzelchin-(epi) catechin isomer B 25.04 a 15.03 b 0.47 d 9.95 c

Procyanidin B2-dimethylgallate 51.46 a 29.22 b 0.67 d 21.06 c

Epiafzelchin–epicatechin-O-dimethylgallate 216.94 a 176.67 b 13.11 d 93.83 c

Epicatechin-O-3,4-dimethylgallate 98.07 a 8.05 c 2.31 d 39.10 b

Isoquercitrin 1.41 a,b 2.05 a 0.54 d 1.09 c

Quercetin 33.21 a 12.39 b 0.06 d 2.27 c

Flavonoids 982.23 a 598.23 b 34.47 d 371.25 c

Phenolic acids 260.26 b 302.28 a 11.89 d 149.49 c

Sum 1242.49 a 901.10 b 46.36 d 520.74 c

Different letters in the same line show significant differences (p < 0.05), LOQ: Limit of quantification.

The most concentrated free phenolic compound in all buckwheat flours was
epiafzelchin–epicatechin-O-dimethylgallate, whose content was 13.11 mg/kg d.w. in light flour,
93.83 mg/kg d.w. in de-hulled grain meal, 176.67 mg/kg d.w. in middling flour, and 216.94 mg/kg
d.w. in bran meal. The second most concentrated in buckwheat flours was rutin, whose content was
from 7.03 mg/kg d.w in light flour, 87.33 mg/kg d.w. in de-hulled grain meal, 148.63 mg/kg d.w. in
middling flour, to 214.99 mg/kg d.w in bran meal. Thus, the most abundant free flavonoids are present
in buckwheat bran meal, followed by middling flour, de-hulled buckwheat meal, and light flour.
Besides, 2-hydroxy-3-O-β-d-glucopyranosylbenzoic and protocatechuic-4-O-glucoside acid appear in
buckwheat fractions in significant quantities, whose values were 2.67–2.93 mg/kg d.w. in light flour,
32.71–65.56 mg/kg in de-hulled grain meal, 42.17–79.69 mg/kg d.w. in bran meal, and 78.22–120.56
mg/kg d.w. in middling flour. Therefore, the highest content of phenolic acids appears in middling
flour, followed by bran meal, de-hulled grain meal, and light flour. The third most abundant phenolic
compound in middling and de-hulled grain meal was protocatechuic-4-O-glucoside acid (120.59 and
65.56 mg/kg d.w.), whereas in light flour was swertiamacroside (4.23 mg/kg d.w.), and in bran meal
was epicatechin-O-3,4-dimethylgallate (98.07 mg/kg d.w.).

The total free phenolic content in buckwheat flours was decreasing in the following order: bran
meal >middling flour > de-hulled buckwheat meal > light flour (1242.49, 901.10, 520.74, and 46.36
mg/kg d.w.). These results are due to the most abundant free phenolic compounds being flavonoids,
which corresponded to 66–79% of total free phenolic compounds, and these are found in higher
concentration in outer layers than in inner layers of buckwheat grain [2]. For that reason, bran meal
contains the highest content of free phenolic compounds, followed by middling flour, as it contains
seed coat.

The concentration of free phenolic compounds obtained in buckwheat was compared with that
obtained previously in other works. Verardo et al. (2011) [5] quantified the individual free phenolic
compounds in de-hulled buckwheat grain, where rutin was the most concentrated, whose value was
35.12% higher than that obtained in the present work and total content of free phenolic compounds
was 48.39% higher than in the present work. Nevertheless, the most concentrated free phenolic
compound in our work was epiafzelchin–epicatechin-O-dimethylgallate, whose value was 50% higher
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than that obtained by Verardo et al. (2011) [5]. These differences of concentration could be due to the
different buckwheat cultivar. Besides, Inglett et al. (2011) [18] quantified the free flavonoid content in
different buckwheat flours (fancy, farinetta, supreme, and whole), fancy corresponded with light flour,
supreme flour is similar to bran meal, farinetta consists of a fine granulated mixture of aleurone layer
of hulled achene and achene embryo, a composition similar to middling flour [19,20]. The value of free
flavonoids obtained in our study in light flour, de-hulled grain meal, bran meal, and middling flour
(34.47 mg/kg d.w., 371.25 mg/kg d.w., 982.23 mg/kg d.w., and 598.83 mg/kg d.w) were in the same order
of magnitude than that obtained in fancy (71.40 mg/kg d.w.), whole buckwheat flour (417.03 mg/kg
d.w.), supreme (525.27 mg/kg d.w.), and farinetta (671.50 mg/kg d.w.) by Inglett et al. (2011) [18].

Hung et al. (2008) [2] reported the content of rutin in the free form obtained in different buckwheat
flour fractions, and its concentration was 2.5–3 mg/kg d.w. in the innermost layers, whereas in the
outer layers, it was 274-337.8 mg/kg. These results were similar to those obtained in the present work
in the light flour (7.03 mg/kg dw.) and bran meal (214.99 mg/kg d.w.). Kalinová et al. (2019) [21]
reported the free phenolic compounds in the seed coat (553.18 mg/kg d.w.), in the endosperm (2.59
mg/kg d.w.), and in the groat (139.66 mg/kg d.w.). These values were lower than those obtained in bran
meal, light flour, and de-hulled grain meal, and also, the content of rutin in seed coat (54.23 mg/kg
d.w.) represents a quart of the phenolic bran meal (214.99 mg/kg d.w.) obtained in our study. This
could be due to the different cultivar and/or the different methodology of determination of phenolic
compounds (by MS detection a higher number of compounds are determined).In addition, Liu et al.
(2019) [22] reported the concentration of rutin in common buckwheat (62.19 mg/kg d.w.) that was in
the same order as that obtained in de-hulled grain meal (87.33 mg/kg d.w.). According to the results
obtained in these previous works, it has shown that rutin in the free form is concentrated in the outer
layers, which is in concordance with our results.

The Table 5 reports the content of bound phenolic compounds in buckwheat flours. Bound
phenolic compounds composition in buckwheat flours was similar than that obtained in free phenolic
fraction; nevertheless, flavonoids such as isorientin, epiafzelchin–epiafzelchin–epicatechin, Procyanidin
B2-dimethylgallate, hyperin, and (epi)afzelchin-(epi)catechin were not detected in bound fraction,
whereas some phenolic acids such as syringic and p-coumaric acid, procyanidin A, and myricetin were
determined only in bound fraction.

Catechin was the most concentrated bound phenolic compound in all buckwheat flours,
representing 25–30% of total bound phenolic compounds, and its concentration was 54.67 mg/kg d.w.
in light flour, 95.45 mg/kg d.w. in de-hulled grain meal, 200.17 mg/kg d.w. in middling flour, and
207.74 mg/kg d.w. in bran meal, respectively. The second component most abundant was epicatechin,
whose content was 34.67 mg/kg d.w. in light flour, 41.55 mg/kg d.w. in de-hulled grain meal, 59.08
mg/kg d.w. in bran flour, and 97.50 mg/kg d.w. in middling flour. The third most abundant phenolic
compound in de-hulled grain meal and bran meal was syringic acid (35.62 mg/kg d.w. and 85.86 mg/kg
d.w.), whereas in middling flour it was caffeic acid hexose (56.73 mg/kg d.w.), and in light flour it
was swertiamacroside.

The total bound phenolic content in buckwheat flours was increasing in the following order:
light flour < de-hulled grain meal < bran meal < middling flour (207.74, 389.51, 689.81, and 704.47
mg/kg d.w.). Therefore, the highest concentration of bound phenolic compounds is in middling and
bran meal due to these compounds being linked to the cell wall of buckwheat layers. Flavonoids
represented 59–65% of the bound phenolic fraction. Whereas, phenolic acids represented 35–41% of
bound phenolic fraction.

Concentrations of catechin, epicatechin, syringic, and total bound phenolic compounds in
de-hulled whole buckwheat flour obtained by Verardo et al. (2011) [5] were 23.88%, 48.54%, and 53.18%
higher than those obtained in the present work. Inglett et al. (2011) [18] reported the content of total
bound flavonoid in buckwheat flour fractions obtained was 59.25 mg/kg d.w. in fancy, 389.68 mg/kg in
farinetta, 530.21 mg/kg in supreme, and 613.77 mg/kg d.w. in whole flour, which are in the same order
of magnitude as that obtained in our work. Nevertheless, in this study, the highest bound phenolic
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content was obtained in whole buckwheat flour, whereas in our work, the maximum value of phenolic
content corresponded with the middling flour. This could be due to the different cultivar or because
Inglett et al. (2011) [18] could include the hull in the buckwheat grain flour.

Table 5. Bound phenolic compounds quantified in buckwheat meals/flours (mg/kg d.w.) determined
by HPLC–MS.

Bound Phenolic Compounds Bran Meal Middling Flour Light Flour De-Hulled Grain Meal

2-hydroxy-3-O-β-d-glucopyranosylbenzoic acid 23.02 b 34.56 a 6.19 c,d 7.88 d

Protocatechuic-4-O-glucoside acid 18.44 b 25.50 a 5.51 c 5.95 c

Caffeic acid hexose isomer a 5.52 b 11.34 a 0.67 c 0.43 c,d

Caffeic acid hexose isomer b 40.42 b 56.73 a 13.28 d 26.35 c

Catechin 207.74 a 200.17 a 54.67 c 95.45 b

Swertiamacroside 23.25 c,d 31.84 a,b 25.40 d 33.66 a

Caffeic acid <LOQ <LOQ <LOQ <LOQ
Epicatechin 59.08 b 97.50 a 34.67 d 41.55 c

Syringic acid 85.86 a 43.57 b 7.74 d 35.62 c

Orientin 0.46 a 0.56 a 0.19 c 0.22 b

p-coumaric acid derivative 9.65 a 3.53 b 1.39 d 3.24 c

Procyanidin A 8.82 a 9.03 a 0.95 c 4.95 b

Myricetin 4.12 a 3.80 a 2.06 b,c 2.92 b

Vitexin 4.22 a 3.86 a 0.67 c 2.30 b

Rutin 51.64 a 45.19 b 6.82 d 33.71 c

Epicatechin gallate 16.24 a 15.57 a 4.21 c 10.75 b

Catechin-glucoside 16.48 a 17.51 a 1.04 c 13.26 b

Swertiamacroside 39.40 a 32.37 b 23.52 d 30.43 c

Epiafzelchin–epicatechin-O-methylgallate 28.04 a 27.81 a 3.57 c 9.72 b

p-coumaric acid 3.96 b 6.91 a 0.67 d 2.74 c

(−)-epicatechin-3-(3”-O-methyl) gallate 6.09 a 6.05 a 2.06 c 4.17 b

Epicatechin-O-3,4-dimethylgallate 4.65 a 4.11 a 0.50 c 1.78 b

Isoquercitrin 6.06 a 5.89 a 1.03 c 3.64 b

Quercitrin 26.64 a 21.05 b 10.94 d 18.78 c

Flavonoids 440.29 b 458.11 a 123.37 d 243.20 c

Phenolic acids 249.52 a 246.35 b 84.37 d 146.31 c

Total 689.81 b 704.47 a 207.74 d 389.51 c

Different letters in the same line show significant differences (p < 0.05), LOQ: Limit of quantification.

The total content of flavonoids was from 157.84 mg/kg d.w. in light flour to 1422.52 mg/kg d.w.
in bran meal, whereas the content of phenolic acids was from 96.261 mg/kg d.w. in light flour to
548.63 mg/kg d.w. in middling flour. Total phenolic content was from 254.10 mg/kg d.w. in light
flour to 1932.30 mg/kg d.w. in bran meal (Table 6). According to the results, the total phenolic
content was increasing in the following order: light flour < de-hulled grain meal < middling flour
< bran meal Therefore, middling flour and bran meal possess the highest phenolic content due to
bran and the aleurone layer being richer in many phenolic compounds than the others buckwheat
flours [23]. Total flavonoid obtained in de-hulled grain meal, bran meal, and middling flour was
49.22%, 71.21%, and 27.83% higher than that obtained in whole grain meal, supreme, and farinetta by
liquid chromatography-electrospray ionization- mass spectrometry (LC–ESI-MS) [18]. According to
Guo and co-workers, free rutin was determined in a range of 51–81% [24].

Table 6. Total content of flavonoids, phenolic acids, and phenolic compounds in buckwheat flours.
Results are expressed as mg/kg d.w.

Flavonoids Phenolic Acids Total

Bran meal 1422.52 a 509.78 b 1932.30 a

Middling flour 1056.94 b 548.63 a 1605.57 b

Light flour 157.84 d 96.261 d 254.10 d

De-hulled grain meal 614.46 c 295.80 c 910.25 c

Different letters in the same column show significant differences (p < 0.05).

4. Conclusions

An HPLC–MS has been used for the determination of free and bound phenolic compounds in
buckwheat flours: middling flour, bran meal, light flour, and whole meal. The results of this study
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have shown that the total free phenolic compounds are found in the highest concentration in bran meal,
whereas the bound content of phenolic compounds are concentrated in middling flour and bran meal.
In buckwheat flours, the main flavonoids were rutin and epiafzelchin–epicatechin-O-dimethylgallate,
which had the greatest content in bran meal. By contrast, catechin and epicatechin were the main
bound flavonoids in buckwheat meal/flours that existed in the greatest quantities in middling and
bran fours.

To conclude, the bran meal and middling flour could be considered as flours enriched in phenolic
compounds that could be used to elaborate food with health benefits. Moreover, it has been proved, as
the distribution of some phenolic compound varied from bran to middling fraction.
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Abstract: Agri-food residues represent a rich source of nutrients and bioactive secondary metabolites,
including phenolic compounds. The effective utilization of these by-products in food supplements
and the nutraceuticals industry could provide a way of valorization in the transition to becoming
more sustainable. In this context, the present study describes the phenolic profiling of sesame
(Sesamum indicum L.) cake using reversed-phase high-performance liquid chromatography coupled
to diode array detection and quadrupole-time-of-flight-mass spectrometry. Compounds were
characterized based on their retention time, UV spectra, accurate mass spectrometry (MS) and
MS/MS data along with comparison with standards, whenever possible, and the relevant literature.
The characterized compounds (112 metabolites) belong to several classes, namely, phenolic acids
(hydroxybenzoic acids and hydroxycinnamic acids), flavonoids, and lignans. Moreover, organic
acids and some nitrogenous compounds were characterized. The total phenol content and the
antioxidant activity of the cake extract were determined. This study provides useful information for
the valorization of by-products from the sesame oil industry.

Keywords: Sesamum indicum L.; sesame cake; RP-HPLC–DAD–QTOF-MS; phenolic acids; lignans;
flavonoids; agri-food residues

1. Introduction

Pedaliaceae is considered a small family, with 14 genera and 70 species. It is natively distributed
in the Old World and commonly known as the sesame family [1]. Sesame (Sesamum indicum L.) is
a prominent oil crop that is cultivated all over the world. It is believed that sesame originates from
India [2]. Nevertheless, it has been present in the Ancient Egyptian civilization since the third century
BC, where the ancient Egyptian used it for soothing asthma [3].

Sesame seeds are considered a rich source of proteins, dietary fibers, carbohydrates, fats, and
vitamins [2,4]. Several studies investigated the phytochemical composition of sesame seeds and/or oil
with a focus on lignans. For instance, Dachtler and coworkers applied online liquid chromatography
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coupled to nuclear magnetic resonance and mass spectrometry (MS) to characterize lignans in sesame
oil, whereas Grougnet and others isolated lignans from sesame seeds and perisperms, respectively [5,6].
Regarding other phytochemicals, Hassan studied the physical characteristics of two Egyptian cultivars
of sesame as well as their content of phenolic acids while taking into account the effect of roasting
of seeds. Botelho et al. applied supercritical fluid extraction to black sesame seeds. The extracts
showed significant amounts of unsaturated fatty acids and phytosterols, which were subjected for
neuroprotective studies [7]. Moreover, sesame seeds showed several biological activities viz. antioxidant,
hypolipidemic, hypocholesterolemic, antidiabetic, anticancer, antihypertensive, and cardioprotective
activities [2,8,9]. Thus, more studies are required to establish the chemical composition of sesame since,
as far as we know, most of the published studies on sesame focused on a short list of compounds.

Today, new efforts are addressed to valorize agri-industrial by-products in different ways.
This includes obtaining extracts rich in functional secondary metabolites, which can be useful in the
sustainable development of functional food supplements and nutraceuticals [10]. In accordance with
the Food and Agriculture Organization (FAO) of the United Nations statistics, the global production
of sesame is higher than 7 million tons, and around 2 million tons of sesame oil are produced.
Consequently, there is a growing interest in the utilization of the cake by-product, which represents
nearly 70% of the total production of the seeds [11]. The cake could maintain a large part of the
phytochemical composition of the seeds and, thus, their functionality.

Therefore, the objective of this study was to perform an untargeted metabolic profiling of sesame
cake, mainly focused on the structural elucidation of phenolic compounds, through reversed-phase
(RP) high-performance liquid chromatography (HPLC) coupled to diode array detection (DAD) and
quadrupole-time-of-flight (QTOF)-MS. In addition, the antioxidant activity via measurement of the total
phenol content (TPC) and the Trolox equivalent antioxidant capacity (TEAC) was assayed. These results
give new insights into the phenolic composition of this undervalued sesame by-product.

2. Materials and Methods

2.1. Chemicals and Reagents

Methanol, n-hexane, acetone, acetonitrile, and glacial acetic acid were purchased from
Fisher Chemicals (Thermo Fisher Scientific, Waltham, MA, USA). The solvents used for
extraction and characterization were of analytical and MS grade, respectively. Ultrapure
water was obtained with a Milli-Q system (Millipore, Bedford, MA, USA). Folin & Ciocalteu’s
phenol reagent, sodium carbonate, ABTS (2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonate)),
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), potassium persulfate, l-tyrosine,
and phenolic standards were purchased from Sigma-Aldrich (St. Louis, MO, USA), while l-tryptophan
and l-phenylalanine were from Acros Organics (Morris Plains, NJ, USA). Kaempferide was purchased
from Extrasynthese (Genay, France). The degree of purity of the standards was around 95% (w/w).

2.2. Samples Procurement and Extraction Procedures

The Egyptian sesame cultivar ‘Giza 32’ was kindly provided and identified by Agriculture
Engineer Nadia Abdel-Azim, Egyptian Ministry of Agriculture and Land Reclamation (Giza, Egypt).
Prior to the extraction, the seeds were ground (particle size around 1 mm) with Ultra Centrifugal Mill
ZM 200, Retsch (Haan, Germany).

The first step of the extraction method was performed according to previous studies [12,13] with
some modifications. For each one, 1 g of sample was firstly homogenized with 10 mL n-hexane and
subjected to magnetic stirrer Agimatic-N (Jp Selecta, Barcelona, Spain) at room temperature for 30
min for defatting. Then defatted sesame cake was homogenized with 25 mL methanol/water (50:50,
v/v) using an Ultra-TurraxIka T18 basic (Ika-Werke GmbH & Co. KG, Staufen, Germany), sonicated
for 10 min at room temperature in an ultrasonic bath B3510 (40 kHz) (Branson, Danbury, CT, USA),
and homogenized in the aforementioned magnetic stirrer at room temperature for 60 min. The mixture
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was finally centrifuged at 7155× g (8000 rpm) for 15 min and 5 ◦C using Sorvall ST 16 (Thermo Sci.,
ThermoFisher, Waltham, MA, USA) and the supernatant was collected. The pellet was re-extracted
with 25 mL acetone/water (70:30, v/v). Both supernatants were combined and evaporated under
vacuum using a rotary evaporator at 38 ◦C (Rotavapor R-200, BüchiLabortechnik, AG, Switzerland).
Three independent extractions were performed. Finally, the dry cake extracts were dissolved in
methanol/water (80:20, v/v), filtered (0.45 μm syringe filter, regenerated cellulose) and stored at −20 ◦C
until analysis.

2.3. Analysis by RP-HPLC–DAD–ESI–QTOF-MS and -MS/MS

Analyses were made with an Agilent 1200 series rapid resolution (Santa Clara, CA, USA) equipped
with a binary pump, an autosampler, and a diode array detector (DAD). Separation was carried out
with a core-shell Halo C18 analytical column (150 mm × 4.6 mm, 2.7 μm particle size). The system was
coupled to a 6540 Agilent Ultra-High-Definition (UHD) Accurate-Mass Q-TOF LC/MS equipped with
an Agilent Dual Jet Stream electrospray ionization (Dual AJS ESI) interface.

Gradient elution was conducted with two mobile phases consisting of acidified water (0.5% acetic
acid, v/v) (phase A) and acetonitrile (phase B) with a constant flow rate of 0.5 mL/min according to [13].
The gradient program was 0 min, 99% A and 1% B; 5.50 min, 93% A and 7% B; 11 min, 86% A and 14%
B; 17.5 min, 76% A and 24% B; 22.50 min, 60% A and 40% B; 27.50 min, 0% A and 100% B; 28.5 min
0% A and 100% B; 29.5 min, initial conditions, which were finally maintained for 5.50 min for column
equilibration (total run 35 min). The injection volume was 15 μL and three analyses were performed.

The operating conditions briefly were drying nitrogen gas temperature, 325 ◦C with a flow of
10 L/min; nebulizer pressure, 20 psig; sheath gas temperature, 400 ◦C with a flow of 12 L/min; capillary
voltage, 4000 V; nozzle voltage, 500 V; fragmentor voltage, 130 V; skimmer voltage, 45 V; octapole
radiofrequency voltage, 750 V. Data acquisition (2.5 Hz) in profile mode was governed via MassHunter
Workstation software (Agilent technologies). The spectra were acquired in negative-ion mode over a
mass-to-charge (m/z) range from 70 to 1500. The detection window was set to 100 ppm. Reference
mass correction on each sample was performed with a continuous infusion of Agilent TOF biopolymer
analysis mixture containing trifluoroacetic acid ammonium salt (m/z 112.9856 corresponding to the
trifluoroacetic acid ion) and hexakis (1H, 1H, 3H-tetrafluoropropoxy) phosphazine (m/z 1033.9881
corresponding to the trifluoroacetic acid ammonium salt adduct ion). MS/MS experiments were
performed in automatic mode, using the following collision energy values: m/z 100, 40 eV; m/z 500,
45 eV; m/z 1000, 50 eV; and m/z 1500, 55 eV.

MassHunter Qualitative Analysis B.06.00 (Agilent technologies) was used for data analysis
following the strategy proposed by [10,12,14]. The characterization of compounds was performed by
generation of candidate formula with a mass accuracy limit of 5 ppm. The MS score related to the
contribution to mass accuracy, isotope abundance and isotope spacing for the generated molecular
formula was set at ≥90. After the generation of the molecular formula, retention time (Rt), UV, and
MS/MS spectra were also considered and compared with literature. Consequently, the following
chemical structure databases were consulted: ChemSpider (http://www.chemspider.com), SciFinder
Scholar (https://scifinder.cas.org), Reaxys (http://www.reaxys.com), PubChem (http://pubchem.ncbi.
nlm.nih.gov), KNApSAcK Core System database (http://www.knapsackfamily.com/knapsack_jsp/
top.html), METLIN Metabolite Database (http://metlin.scripps.edu), Phenol-Explorer (www.phenol-
explorer.eu), Dictionary of Natural Products (http://dnp.chemnetbase.com), Phytochemical dictionary
of natural products database [15] and tracing available literature via Egyptian Knowledge Bank
(https://www.ekb.eg/). Confirmation was made through a comparison with standards, whenever these
were available in-house. Moreover, the peak area obtained by MS for each compound was determined
to estimate the abundance of each characterized phenolic compound.
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2.4. Total Phenol Content (TPC) Assay

The TPC of the extracts was determined in triplicate colorimetrically by Folin–Ciocalteu reagent [16]
and modified according to [17] in 96-well polystyrene microplates (Thermo Fisher) and using a Synergy
MxMonochromator-Based Multi-Mode Microplate reader (Bio-Tek Instruments Inc., Winooski, VT,
USA). The absorbance of the solution was measured at a wavelength of 760 nm after incubation for 2 h
in the dark and compared with a calibration curve of serially diluted gallic acid (GA). The results were
expressed as GA equivalents (GAE). Analyses were done in triplicate.

2.5. Trolox Equivalent Antioxidant Capacity Assay

TEAC absorbance measurements were performed using the aforementioned microplate reader
and following the procedure described by [12]. Briefly, ABTS+ was produced by reacting ABTS stock
solution with 2.45 mM potassium persulfate (final concentration). The mixture was kept in dark at
room temperature for 24 h and the solution diluted with water until reaching an absorbance value of
0.70 (±0.03) at 734 nm. Afterwards, 300 μL of this solution and 30 μL of the cake extract were mixed
and measured. Absorbance reading was compared to a standard calibration curve of Trolox and the
results expressed as equivalents of Trolox (TE). Caffeic acid was used as a positive control. Analyses
were done in triplicate.

3. Results and Discussion

3.1. Metabolic Profiling of Sesame Cake by RP-HPLC–DAD–QTOF-MS and -MS/MS

The sesame cake was subjected to core–shell RP-HPLC–DAD–ESI–QTOF-MS and -MS/MS analysis
in negative ionization mode, providing Rt, experimental m/z, generated molecular formulae, mass
error in ppm, mass score, double bond equivalents (DBE), UV maxima, and tandem mass fragments.
For clarification, Tables 1 and 2 illustrate the aforementioned parameters for phenolic compounds and
non-phenolic compounds, respectively. Moreover, Tables S1 and S2 (supplementary material) also
detail metabolites class/subclass, plant species, family, and previously reported literature for phenolic
compounds and non-phenolic compounds, respectively. The total number of characterized metabolites
was 112, including 92 metabolites that were reported for the first time in sesame, with 20 new proposed
structures. Figure 1 shows the base peak chromatogram of the cake extract, showing its complexity.

 
Figure 1. Base peak chromatogram of the cake of the Egyptian cultivar of sesame ‘Giza 32’.
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3.1.1. Hydroxybenzoic Acids

Qualitatively, phenolic acids were the most abundant phenolic compounds by 40 metabolites.
They are divided into hydroxybenzoic acids (13) and hydroxycinnamic acids (27).

Concerning hydroxybenzoic acids, they can be classified into non-hydroxylated (benzoic acid),
mono-hydroxylated (p-hydroxybenzoic acid), di-hydroxylated (gentisic, protocatechuic, and vanillic
acid derivatives), and tri-hydroxylated (gallic acid and syringic acid derivatives). It bears noting that
five of them were confirmed with standards. In brief, m/z 121.03 exerted a neutral loss of CO and UV
absorbance at λmax 272 nm. It was characterized as benzoic acid and has been previously reported
in sesame [4]. The compound with a m/z value of 137.02 was confirmed to be p-hydroxybenzoic
acid upon comparison with a standard. Similarly, two compounds showed a molecular formula of
C7H6O4 and m/z of 153.02. By comparing with standards, they were confirmed as protocatechuic acid
(3,4-dihydroxybenzoic acid) and gentisic acid (2,5-dihydroxybenzoic acid).

In regard to O-methylated derivatives of dihydroxybenzoic acids, five derivatives of vanillic acid
were characterized. Vanillic acid was observed with m/z 167.04, and was confirmed with standard. It has
been reported before in sesame [18]. In addition, three isomers of vanillic acid hexoside (C14H18O9)
were observed at Rt 9.02, 10.28, and 10.66 min. They revealed the neutral loss of the hexose moiety
(162 Da) and CO2 (44 Da), complying with the typical decarboxylation of phenolic acids [10,12,17].
They were reported for the first time in S. indicum, nevertheless, they were reported in the genus
Sesamum in accordance with the Dictionary of Natural Products database (Table S1). Vanillic acid
pentoside hexoside was characterized with m/z 461.13 and sequential loss of pentose (m/z 329.09), hexose
(m/z 167.03, i.e., vanillic acid ion), and methyl (m/z 153.02) moieties. It was detected for the first time in
sesame (Table 1 and Table S1). Concerning tri-hydroxylated benzoic acids, both gallic and syringic
acids were observed with m/z 169.01 and 197.05, respectively. These assignments were confirmed with
standards. It is worth noting that the compound with an m/z value of 329.09 and molecular formula
C14H18O9 exerted the neutral loss of pentose with an aglycone fragment of (m/z 197.05) followed by
fragmentation of syringic acid. It was tentatively identified as syringic acid pentoside and proposed as
a new structure. Similarly, compound at m/z 359.10 (C15H20O10) showed a neutral loss of a hexose
moiety with syringic acid fragmentation pattern. In this way, two consecutive losses of CH3 were
observed until fragment 166.10, indicating methoxy substituents. Moreover, the loss of CO2 from the
carboxyl moiety was also observed (m/z 153.06 and 138.03) followed by losses of CH3 (Figure 2a) [17].
Therefore, it was identified as syringic acid hexoside, which was described for the first time in sesame.

3.1.2. Hydroxycinnamic Acids

Regarding hydroxycinnamic acid, it was found in free form, conjugated with quinic acid or with
sugars. The occurrence of p-coumaric acid, m-coumaric acid, chlorogenic acid (caffeoylquinic acid),
caffeic acid, ferulic acid, and sinapic acid were unequivocally confirmed with standards enabling
characterization validation, which was in agreement with previous studies [19]. It is worth noting
that both m-coumaric acid and chlorogenic acid were described for the first time in sesame. Moreover,
cinnamic acid (21, m/z 147.05) was observed with the neutral loss of CO2 from the carboxylate moiety
and water (Table 1 and Table S1).

Five isomers of p-coumaric acid hexosides were detected expressing the neutral loss of hexose
moieties releasing aglycones of m/z 163.04 followed by decarboxylation (m/z 119.05), except for the
hydrated form (M−H+H2O) and, hence, dehydration occurred firstly [13]. In the same manner, three
isomers of ferulic acid hexoside (C16H20O9, m/z 355.10) and sinapic acid hexoside (C17H22O10, m/z
385.11) were observed (Table 1 and Table S1). As an example, the fragmentation of the latter compound
is shown in Figure 2b. Another compound was described as ferulic acid dihexoside (sibiricose A5).
In addition, seven novel hydrocinnamic acids were tentatively identified as ferulic acid pentoside
isomers (I–III), sinapic acid deoxyhexoside hexoside isomers (I–III), and diferuloyl hexoside (Table 1
and Table S1). The latter was characterized by the presence of fragment ions at m/z 337.0929 (C16H17O8

−)
and 193.0503 (C10H9O4

−), i.e., feruloylhexosyl and ferulic acid, respectively. Ferulic acid ion showed
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the typical decarboxylation and demethylation of this type of compound in MS/MS (Figure 2c), as for
sinapic acid. Remarkably, most of these compounds are described for the first time in sesame (Table S1).

 

Figure 2. Fragmentation patterns of (a) syringic acid hexoside, (b) sinapic acid hexoside, and (c)
diferuloyl hexoside.

Moreover, caffeoyl derivatives were found. Based on molecular formula (C21H28O13) and
fragmentation pattern with successive loss of deoxyhexose and hexose, the caffeic acid derivate
cistanoside F (C21H28O13) was characterized. Furthermore, three caffeoylphenylethanoid derivatives
were observed. Verbascoside and isoverbascoside expressed the neutral loss of caffeoyl moieties
and deoxyhexoses through the presence of the ion m/z 461.17 and m/z 315.11, respectively.
β-Hydroxyverbascoside was identified with similar fragmentation pattern as of verbascoside with
additional loss of hydroxyl group (16 Da) [19]. These caffeoyl derivatives were isolated before from
sesame [20,21].
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3.1.3. Lignans

Lignans are natural phenolic compounds that possess several biological activities, especially
antioxidant and estrogenic activities. A simple lignan is composed of two phenyl propanoid derivatives
(C6–C3) linked through a β–β-linkage [22]. In this context, 18 lignan derivatives were identified in
cake of sesame, which belonged to the furofuran subclass of lignans. As a matter of fact, the in-depth
analysis of tandem MS data made it possible to preliminary predict lignan structures, whose presence
in sesame were not discovered and could yet contribute to its bioactivity (Table 1). For that, studies
using tandem MS/MS were consulted for analog structures [22–25]. All of them were glycosides,
and the loss of each sugar was observed until the product ions of the aglycones were released and
hence observed [22].

Briefly, three isomers of pinoresinol dihexoside were detected showing subsequent losses of two
hexosyl moieties with aglycone fragmentation showing the fragment m/z 151.04 (C8H7O3

−) due to
cleavage of the tetrahydrofuran ring followed by methyl loss from the guaiacyl moiety [22,24,25] (Table 1
and Table S1, Figure 3a). Similarly, two isomers, (m/z 767.24, C35H44O19), resembled the aforementioned
fragmentation with additional loss of a malonyl moiety (CO2 and an acetyl moiety CH2CO) (86 Da).
Consequently, they were characterized as pinoresinol malonyl dihexoside (I–II). In the same manner,
xanthoxylol trihexoside and xanthoxylol malonyl trihexoside were tentatively characterized with the
observation of the loss of CH3OH (32 Da) (m/z 323.10). In addition, minor fragments were observed at
m/z 149.05 from the aglycone corresponding to methylenedioxyphenyl-CO (C8H5O3

−) [23] and the
counterpart after the loss of CO (m/z 177.09). The ion m/z 121.03 (C7H5O2

−, methylenedioxyphenyl) was
also observed according to [22,23], as well more abundant ions from sugars such as m/z 179.06 (hexose,
C6H12O6), 161.05 (hexosyl, C6H10O5), and 89.02 (C3H5O3

−). For clarification, Figure 3b illustrates
the fragmentation pattern of xanthoxylol malonyl trihexoside. Although these glycosides have been
reported here for the first time, and aglycone was characterized by Fukuda et al. [25].

In regard to sesaminol derivatives, two isomers of sesaminol trihexoside (I–II) and sesaminol
tetrahexoside (I–II) were identified with the observation of m/z 149.05 characterizing furofurano
lignans [23], as commented upon before, as well as the counterpart at m/z 219.06 (C12H11O4

−).
Moreover, two isomers of sesaminol dipentoside were identified, also showing a fragment at m/z 135.03;
i.e.,methylenedioxyphenyl–CH2 (C8H7O2

−) [23]. The acetic acid adduct of sesamolinol hexoside
(m/z 593.19, C28H34O14) and three new isomers of sesamolinol dipentoside were observed with the
observation of the aglycone at m/z 371.11 (Table 1 and Table S1). In the first case, fragment ions at m/z
138.0323 (C7H6O3

−) and m/z 233.0817 (C13H13O4
−) were detected, corresponding to the fragmentation

of the aglycone structure, while in the rest of cases, the fragmentation of the aglycone was poor
under the MS/MS conditions used for the assay. Finally, hydroxysesamolin trihexoside was tentatively
identified with the presence of aglycone at m/z 385.09. The aglycone part showed MS/MS product ions
at 137.0244 (C7H5O3

−), which could indicate a similarity to sesamolinol structure, but also product ions
at 165.0192 (C8H5O4

−) and 149.0452 (C8H5O3
−), which could indicate the presence of a hydroxylated

methylenedioxyphenyl–CO moiety.

3.1.4. Coumarins

Regarding coumarins, umbelliferone (7-hydroxycoumarin) was unequivocally confirmed with
a standard.

3.1.5. Flavonoids

A total of 26 flavonoids were characterized in the sesame cake extract, being classified
mainly into a flavan-3-ol, flavanones (2), flavones (15), and flavonols (8) (Table 1). It is worth
noting that (−)-epicatechin, naringenin, luteolin 7-O-β-d-glucopyranoside, luteolin, apigenin,
quercetin, rutin, quercetin 3-O-β-d-glucopyranoside, quercetin 3-O-β-d-galactopyranoside, quercetin
3-O-rhamnopyranoside, myricetin, kaempferol, and kaempferide were identified through comparison
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with standards. All of them were described for the first time in the genus Sesamum, except for apigenin
and luteolin 7-O-β-d-glucopyranoside, according to the phytochemical dictionary database [15].

Figure 3. Patterns of (a) pinoresinol dihexoside I, (b) xanthoxylol malonyl trihexoside, and (c) apigenin
di-C-pentoside II.

Additionally, the fragmentation pattern of compound at m/z 255.07 (Rt 29.81 min, C15H12O4)
revealed the common fragment ion released after retro Diels–Alder fission and retrocyclization at
m/z 151.00 (C7H3O4) (1,3A−) by this type of compound [26]. Moreover, the ion fragment with m/z at
103.05 (C8H7

−) could be derived from band B (1,3B−). Besides the fragmentation pattern, it showed UV
absorbance at λmax 288 nm, suggesting a flavanone nucleus [12]. Therefore, it was tentatively identified
as pinocembrin, which was described for the first time in sesame.

The occurrence of C-glycosides of flavones was noticed with 12 derivatives of either luteolin or
apigenin, which were observed for the first time in sesame. They were characterized by the presence of
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prominent fragment ions after the characteristic sequential loss of 90 (C3H6O3) and/or 120 Da (C4H8O4),
in agreement with previous studies [12,14,17,19,27]. As an example, two isomers of luteolin C-hexoside
were identified, exerting characteristic fragments at m/z 357.06 and 327.05, respectively. Similarly, three
isomers of luteolin C-deoxyhexoside-C-hexoside were tentatively identified based on comparing their
fragmentation pattern and UV absorbance with reported literature [27]. As for apigenin derivative,
five isomers of apigenin C-pentoside-C-hexoside were observed, showing fragmentation patterns and
UV absorbance of C-flavones as described in reported studies [15,17]. Moreover, a minor fragment ion
at m/z 117.03 (C8H5O) (1,3B−) was observed, suggesting that the aglycone is apigenin. Similarly, two
isomers of apigenin di-C-pentoside were tentatively characterized. As Figure 3c shows, the consequent
neutral loss of sugar fragments (30–180 Da) was observed (Table 1 and Table S1, Figure 3c).

3.1.6. Others (Non-Phenolic Compounds)

A total of 17 organic acids were observed in the cake of the sesame, namely gluconic/galactonic
acids, citric acid (I–III), malic acid (I–II), citramalic acid, itaconic acid, (−)-3-dehydroshikimic acid, quinic
acid (I–II), pantothenic acid (I–II), isopropylmalic acid (I–II), and azelaic acid. Their fragmentation
patterns were in agreement with reported studies [12,14,17,19,28–30] (Table 2 and Table S2). All of the
identified organic acids are reported for the first time in sesame.

Regarding nitrogenous compounds, it is worth mentioning that five amino acids were characterized,
viz. asparagine, leucine/isoleucine, tyrosine, and phenylalanine. Their fragmentation patterns were
characterized by deamination and/or decarboxylation [13,15,17]. In addition, both tyrosine and
phenylalanine were confirmed with standards. Furthermore, a peptide was observed (Rt 6.29 min,
m/z 611.1454, C20H32N6O12S2) exerting the loss of a glutathione moiety (m/z 306.08) followed by a loss
of SH2 from the cysteinyl group. Finally, the product ion of the glutamyl moiety was observed at m/z
128.04. It was compared with data on the METLIN database to be described as oxidized glutathione
(GSSG), indicating the presence of reduced glutathione (GSH) in the cake of sesame, which is easily
auto-oxidized to GSSG during sample preparation and/or analysis [31]. In fact, GSH is considered to be
a powerful cellular antioxidant that prevents oxidative stress in biological systems and, hence, prevents
the onset and progression of many serious diseases such as diabetes mellitus, cancer, and Alzheimer’s
disease [31]. Furthermore, a derivative of tryptophan (m/z 529.18, C26H30N2O10) was observed as
well as succinyladenosine (m/z 382.10, C14H17N5O8), a nucleoside derivative. It bears noting that the
characteristic tetrasaccharide sesamose could be the ion with m/z 665.21, presenting subsequent losses
of hexosyl moieties in MS/MS (Table 2 and Table S2).

3.2. TPC, TEAC, and Phenolic Abundance

The extract of sesame cake showed a total phenol content of 1.9 ± 0.3 mg GAE/g cake extract.
In fact, this value is even beyond results by Mohadaly et al. [18], where total phenol contents were
assayed of single different solvents cake extracts of the Egyptian cultivar ‘Shandweel-3’. The value
of TPC ranged from 0.1 (petroleum ether extract) to 0.8 (methanol extract) mg GAE/g cake extract.
This could be attributed to the combined solvent extraction accompanied with ultra-sonication,
which enhances the extraction process [12,32]. In regard to the TEAC assay, the extract expressed
a value of 2.65 ± 0.08 μmol TE/g of cake extract. In fact, Janu et al. [33] focused on the antioxidant
activity of the sesame oil, which was found to be 0.004 μg TE/mL oil (i.e., around 0.02 μmol TE/g oil)
indicating the value of the cake as an agri-industrial by-product that needs further attentions for its
antioxidant potential as well as other biological activities.

To evaluate the contribution of phenolic compounds, a summary of the characterization results is
shown in Figure 4. In the perspective of subclasses, flavonoids were the most abundant, representing
38.3% of the total characterized phenolic metabolites followed by hydroxycinnamic acids and then
lignans (Figure 4a). Similarly, flavonoids and hydroxycinnamic acids were also the most representative
families in qualitative terms (Figure 4b).
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Figure 4. Summary of the characterization results on sesame phenolic compounds: (a) relative
abundance (%) and (b) qualitative classification (%).

The exploration of alternative strategies for the treatment of many chronic diseases such as
cancer, diabetes, and heart and liver diseases continues to attract scientists in discovering drugs
derived from plant origins [34–36]. In fact, there is growing attention in the valorization of agri-food
residues to provide new functional ingredients with bioactivities for sustainability of the agri-industry.
It bears noting that such by-products represent around 40% of total plant foods [10,37]. For that,
the elucidation of the potential bioactive phytochemicals is a requirement. In this regard, the application
of UHPLC–QTOF-MS enabled us to characterize 86 phenolic compounds in sesame cake and, hence,
as far as we know, this is the first study providing comprehensive phenolic profiling of sesame
cake. In addition, the antioxidant activity of the sesame cake extract was determined by the TEAC
method. In this regard, furofurano lignans possess anticancer, cardiovasculoprotective, neuroprotective,
antioxidant, and anti-inflammatory activities. Moreover, they are metabolized by gut microflora into
enterolactone and enterodiol, which are considered phytoestrogens [38]. Thus, these compounds could
contribute to the antioxidant activity of the extract.

In this line, a previous study on sesame cake showed that the main contributors to the antioxidant
activity were sesamol and water- (sesaminol tri- and di-glucoside) and lipid-soluble lignans (sesamin
and sesamolin), but the extraction procedure was based on Soxhlet extraction with methanol [39].
In this sense, our results revealed the presence of sesamol and a wider range of lignan glycosides,
but there were no free lignans, which could be due to the use of more polar extraction conditions
and the removal of the fatty phase. Moreover, C-glycosides were the most abundant compounds
both as a subclass, accounting for around 37.3% in relative abundance, and individually, i.e., apigenin
C-pentoside-C-hexoside I (8.8%) followed by luteolin C-deoxyhexoside-C-hexoside III (7.0%), luteolin
C-deoxyhexoside-C-hexoside II (6.7%), and apigenin C-pentoside-C-hexoside IV (5.1%). As a matter of
fact, it seems that C-glycosylation enhances antioxidant capacity, where the hydroxyl group and metal
chelation sites of flavones are free [14,40]. Thus, these compounds could be the highest contributors to
the antioxidant activity of the extract, agreeing with Zhou et al. [41]. These authors highlighted that the
antioxidant activity of sesame cake extracts was associated with the total content of flavonoids, but these
compounds were not characterized. Furthermore, oxidized glutathione was detected for the first time
in the cake of sesame, which could be produced from reduced glutathione during sample preparations.
It is considered a strong marker for the antioxidant potential of this agri-industrial byproduct.

4. Conclusions

In this study, core–shell RP-HPLC–DAD–ESI–QTOF-MS and -MS/MS methods were employed
to analyze the cake of the Egyptian cultivar of sesame ‘Giza 32’. A total of 112 metabolites were
characterized in sesame cake, and among them, 86 were phenolic compounds. The observed lignans
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were of furofurano type and, among them, 12 lignans are considered to be new proposed structures.
Moreover, this is the first report showing the conjugation of malonyl moieties to lignans in Pedaliaceae.
With regard to the characterized flavonoids, they were classified into flavones (15), flavonols (8),
flavanones (2), and a flavan-3-ol. C-Glycosides of flavones have been reported here for the first time
in sesame. This type of flavonoid was the most abundant. Furthermore, the antioxidant activity
of the sesame cake extract was determined by TEAC method and, hence, our results suggest that
not only sesamol and lignans, but also C-glycosides and other compounds could contribute to this
bioactivity. Consequently, further studies are required for the development of food supplements and
nutraceuticals from sesame cake to widen its applicability and to move into a more sustainable industry
with zero waste.
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Abstract: The extraction of bioactive compounds in a biorefinery context could be a way to valorize
agri-food byproducts, but there is a remaining part that also requires attention. Therefore, in
this work the integrated extraction of phenolic compounds, including the bioactive oleuropein,
and proteins from olive mill leaves was addressed following three schemes, including the use of
ultrasound. This affected the total phenolic content (4475.5–6166.9 mg gallic acid equivalents/100 g),
oleuropein content (675.3–1790.0 mg/100 g), and antioxidant activity (18,234.3–25,459.0 μmol trolox
equivalents/100 g). No effect was observed on either the protein recovery or the content of sugars and
lignin in the extraction residues. Concerning the recovery of proteins, three operational parameters
were evaluated by response surface methodology. The optimum (63.1%) was achieved using NaOH
0.7 M at 100 ◦C for 240 min. Then, the selected scheme was applied to olive leaves from the
field, observing differences in the content of some of the studied components. It also changed the
lignocellulosic profile of the extraction residues of both leaf types, which were enriched in cellulose.
Overall, these results could be useful to diversify the valorization chain in the olive sector.

Keywords: bioactive compounds; biorefinery; oleuropein; olive leaves; phenolic compounds;
vegetable protein; ultrasound

1. Introduction

Olive tree cultivation is growing worldwide; the total area harvested was 10.8 million ha in 2017,
which is three million more than in 1997 [1]. Thus, in addition to the main product, olive oil, high
amounts of byproducts are generated. In particular, olive leaves (≈20%–25% by weight) are firstly
generated during the tree pruning process and, secondly, in the mill leaves and thin branches (olive
mill leaves) (≈4%–10% by weight) are separated together from olives using a blower machine [2–5].
This means that, for example, a hectare of olives trees could generate around 300–750 kg of olive leaves
and 250 kg of olive mill leaves [3–6], or even more. These proportions may vary depending on the
tree age, growing conditions, crop production, pruning intensity, local pruning practices, etc. [5,6].
Despite these large quantities, their industrial applications are still limited. In the worst scenario, these
byproducts are burnt [6] and thereby contributing towards the emission of greenhouse gases.
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Alternatively, olive leafy byproducts can be potential natural resources for obtaining valuable
phytochemicals. Among them, oleuropein has revealed pharmacological potential in itself and as
a starting material to develop new bioactive compounds [5,7,8]. Moreover, oleuropein contains a
hydroxytyrosol moiety. Hydroxytyrosol and its derivatives (e.g., oleuropein complex and tyrosol) are
the basis of the health claim on olive oil polyphenols approved by the Commission Regulation (EU)
No. 432/2012, i.e., “olive oil polyphenols contribute to the protection of blood lipids from oxidative
stress” [9]. In addition to the interest that oleuropein may cause, olive leaves extracts can provide a
basis for the formulation of functional ingredients since a wide spectrum of bioactivities has been
reported [5]. Similarly, olive mill leaves have antioxidant and antibacterial properties [2], but little is
known about the oleuropein content.

Moreover, as food additives, olive leaves’ extracts may counteract the loss of oil quality and
enhance the stability of edible oils [10].

In this context, obtaining extracts rich in functional plant phytochemicals can be addressed to
valorize agroindustrial byproducts [11], but generally the yield of extraction of phenolic compounds
is low. This means that there is a large remaining fraction that can be applied for other purposes.
Instead of a stand-alone process, the process based on the principles of biorefinery would increase the
profitability [12]. This means that olive leafy byproducts can be complementarily used as feedstock for
the production of second generation bioethanol from their sugar fraction [4,12]. Another unexplored
fraction is proteins. Vegetable proteins can be extracted and used as such or in the form of hydrolyzates,
with adequate nutritional and techno-functional properties [13–15]. New sources of usable protein
could help to alleviate the global feed protein crisis [16]. Alkaline extraction is commonly used to
recover plant proteins [13,15], but more studies are required to give new insights into the operational
requirements when applied to leafy byproducts.

Therefore, the objective of this study was to integrate the sequential extraction of phenolic
compounds, including the valuable compound oleuropein, and proteins from olive mill leaves and
olive leaves from field. For that, maceration and ultrasound-assisted extraction of phenolic compounds
was performed, while alkaline extraction was optimized via response surface methodology (RSM) to
recover proteins and establish crucial factors affecting this step. Moreover, the residues obtained after
extraction were characterized in terms of sugars and lignin since it can be valuable for other uses under
a biorefinery approach.

2. Materials and Methods

2.1. Chemicals and Standards

For extraction, ethanol and sodium hydroxide (NaOH) were obtained from Sigma-Aldrich
(St. Louis, MO, USA) and VWR Chemicals (Radnor, PA, USA), respectively. Acetone, methanol
and acetonitrile were purchased from PanReac AppliChem (Barcelona, Spain). Folin and
Ciocalteu’s phenol reagent, sodium carbonate, 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonate)
(ABTS), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox), and standards of oleuropein,
luteolin 7-O-glucoside and gallic acid were purchased from Sigma-Aldrich. Ultrapure water was
obtained by a Milli-Q system (Millipore, Bedford, MA, USA).

2.2. Samples

Olive mill leaves from ‘Picual’ olive trees were collected in 2016 from the olive mill “SCA Unión
Oleícola Cambil” (Jaén, Spain). Moreover, olive leaves were picked randomly in 2018 from olive tree
leaves (‘Picual’) located in the Campus “Las Lagunillas” (University of Jaén). Leaves were washed
with tap water, air-dried, and stored in a dry place until use. Just before starting the extraction process,
both samples were ground (particle size around 1 mm) with an Ultra Centrifugal Mill ZM 200, Retsch
(Haan, Germany).
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2.3. Chemical Composition of Leafy Byproducts and Extraction Residues

The moisture and ash contents were determined according to the standard National Renewable
Energy Laboratory (NREL) procedure [17]. According to the aforementioned procedure and after acid
hydrolysis, carbohydrates were determined by high-performance liquid chromatography (HPLC) and
lignin by gravimetric analysis. Acid soluble lignin was determined at 205 nm and a coefficient of
extinction of 110 L/g cm was used [18]. The cellulose content was estimated from the glucose using an
anhydro correction of 0.90 and hemicellulose from the other sugars using an anhydro correction of 0.90
and 0.88 for hexoses and pentoses, respectively [4,19].

2.4. Ethanolic Extraction

Extraction of phenolic compounds was based on the procedure of Ammar et al. [20], with some
modifications. Briefly, olive leafy samples were extracted at 1:20 of solid-to-liquid ratio of initial weight
using ethanol. Each sample was placed in a test tube, sonicated (40 kHz) (Ultrasons, J.P. Selecta,
Barcelona, Spain) for 30 min at room temperature and centrifuged at 4000 rpm (Herolab, Wiesloch,
Germany) for 15 min. Then, the supernatants were collected. For analysis, samples were filtered with
a syringe filter (nylon, 0.45 μm pore size) (SinerLab Group, Madrid, Spain) and stored at 20 ◦C until
analysis. Moreover, a portion of the extracts (15 mL) were oven-dried at 40 ◦C until constant weight.
A control without sonication was also performed.

2.5. Alkaline Extraction

Alkaline extraction was initially performed at pH 9 in a bath (JULABO GmbH, Seelbach, Germany)
at 60 ◦C and under agitation during 125 min. For that, NaOH at 0.03 M was added to olive mill leaves
at a solid-to-liquid ratio of 1:10. These conditions were selected to be in the range of those reported in
literature [13].

Then, the extraction conditions were optimized by RSM and the protein recovery was evaluated.
The effect of NaOH concentration, extraction time and temperature were tested at three experimental
levels using a central composite design (CCD) (23 + star, face centered). A total of 18 assays were
carried out in randomized run order: eight points of a full factorial design (combination of levels
1 and −1), six star points, and four center points to estimate the experimental error. The assays
were firstly performed at: i) mild conditions: pH 6–9 (i.e., NaOH concentration from 0.008 to 0.1 M);
time, 10–240 min; temperature, 40–80 ◦C, and then ii) using strong conditions: NaOH concentration,
0.1–0.7 M; time, 10–240 min; temperature, 60–100 ◦C. The goodness of fit of the model was evaluated
by the coefficient of determination (R2), the lack of fit, and the residual standard deviation (RSD).
The extraction at the optimum conditions were applied to olive leaves from mill and field and three
repetitions were performed for each type of leaves.

In all cases, after subsequent centrifugation, which was performed at 4000 rpm (Herolab) for
15 min, supernatants were collected and stored at −20 ◦C until further analysis. Moreover, a portion of
the extracts (15 mL) were oven-dried at 40 ◦C until constant weight.

2.6. Total Phenol Content (TPC) Method

The TPC was determined by a colorimetric assay using Folin–Ciocalteu reagent in 96-well
polystyrene microplates, according to Mekky et al. [21]. A Bio-Rad iMarkTM microplate absorbance
reader (Hercules, CA, USA) was employed. The absorbance was measured after incubation for 2 h in
dark and compared with a calibration curve of gallic acid (25 to 300 μg/mL, R2 > 0.99). The results
were expressed as gallic acid equivalents (GAE).
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2.7. Trolox Equivalent Antioxidant Capacity (TEAC) Assay

The TEAC assay was performed using the aforementioned microplate reader and following the
procedure described by [21]. ABTS radical was produced by reacting ABTS with 2.45 mM potassium
persulfate. The mixture was kept in dark at room temperature for 24 h and then diluted with water
till reaching an absorbance value of 0.70 (± 0.02) at 734 nm. Afterwards, this solution and the
extract (appropriately diluted) were mixed in the proportion 10:1 (v/v) and the absorbance measured.
Absorbance readings were compared to a standard calibration curve of trolox (6 to 330 μM, R2 > 0.99)
and the results expressed as trolox equivalents (TE). Moreover, caffeic acid was used as a positive
control (TEAC value ≈ 1.4 ± 0.1 mmol TE/mmol of compound).

2.8. Reversed-Phase (RP)-HPLC Analyses

The ethanolic extracts were analyzed using RP-HPLC coupled to UV. For that, a Shimadzu
Prominence UFLC device was used, which was equipped with a DGU-20A5 degasser, LC-20AD
quaternary pump, SIL-20AC HT auto sampler, SPD-M20A diode array detector and CTO-10AS
VP column oven. A BDS HYPERSIL C18 column (290 mm × 4.6 mm, 5 μm particle size, Thermo
Fisher Scientific Inc., Waltham, USA) was applied to separate the phenolic compounds. The mobile
phase consisted of ultrapure water/0.2% orthophosphoric acid (solvent A), methanol (solvent B),
and acetonitrile (solvent C) with an initial composition of 96/2/2 (v/v/v). A gradient elution at a flow
rate of 1.0 mL/min and 30 ◦C was performed according to [22]. The obtained extracts were directly
injected (20 μL) and the detection was performed in the UV range from 190 to 350 nm. Finally, for
quantification, calibration curves at 280 nm were prepared with standards (from 2.5 to 1000 mg/L).
The curves (R2 > 0.99) were y = 30,405x − 113,090 for luteolin 7-O-glucoside and y = 5591x + 11,911
for oleuropein.

Additionally, RP-HPLC-MS and –MS2 (working in automatic mode) was used to confirm the
identity of the compounds. This analysis was performed on an Agilent 1100 HPLC System (Agilent
Technologies, Waldbron, Germany) connected on-line to an Esquire 6000 ion trap (Bruker, Bremen,
Germany). A linear gradient of solvent B (acetonitrile with formic acid, 0.1%, v/v) in A (water with
formic acid, 0.1%, v/v) at a flow rate of 0.5 mL/min was applied according to Ammar et al. [20].
The column was a C18 Kinetex (2.1 × 50 mm, 2.7 μm) (Phenomenex, Barcelona, Spain) and the injection
volume was 10 μL. Spectra were recorded over the mass-to-charge (m/z) range of 100–1200 in the
negative ionization mode. Auto MS/MS analyses were performed at 0.6 V. About 4 spectra were
averaged in the MS analyses and about 2 spectra in the MS/MS analyses. The data were processed
using DataAnalysis (version 4.0) from Bruker.

2.9. Protein Content

The crude protein content of the byproducts was determined from the nitrogen content obtained
by elemental analysis (TruSpec Micro, Leco, St. Joseph, MI, USA), applying a conversion factor of 6.25.
The determination of the soluble protein was based on the Bradford assay, using a commercial kit
from Bio-Rad. The absorbance was measured at 595 nm using the aforementioned colorimeter and
bovine serum albumin (BSA) was used as standard for quantification to build a calibration curve up to
740 μg/mL (R2 > 0.99). The protein recovery (%) was estimated as the ratio of protein content in the
supernatant to the protein content of the byproducts.

2.10. Sodium Dodecyl Sulphate (SDS)-Polyacrylamide Gel Electrophoresis (PAGE)

For SDS–PAGE analysis, 100 μL of protein extract were precipitated by adding 400 μL of acetone
for 20 min at cold conditions. The proteins were collected by centrifugation at 10,000× g for 10 min at
4 ◦C, and the resulting pellet was dissolved in 50 μL of Laemmli sample buffer containing 5% (v/v)
2-mercaptoethanol, according to [23]. In order to determine the molecular weight of the extracted
protein products, their separation was carried out on Mini-PROTEAN® TGX™ Precast Gels (Bio-Rad).
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Electrophoresis was performed at constant voltage (200 V) using Tris/Glycine/SDS buffer (Bio-Rad)
as running buffer. Then, gels were stained during 1.5 h with Coomassie Brilliant Blue R-250 staining
solution (Bio-Rad). Finally, gels were washed with a solution composed of water/methanol/acetic
acid (60%:40%:10%, v/v) overnight. The molecular mass markers Precision Plus Protein™ Standard
Unstained (10–250 kDa) (Bio-Rad) were used.

2.11. Sugar and Sugar Alcohol Analysis

Alkaline extracts were acidified using HCl 2 M (till pH around 3.5) and centrifuged as in Section 2.5.
A portion of the supernatants was filtered (nylon, 0.45 μm pore size; SinerLab Group) and analyzed
using an ICSep ICE-COREGEL-87H3 column (Transgenomic, Inc., Omaha, NE, USA) according to
Martínez-Patiño et al. [24] and other portion was subjected to acid hydrolysis at 120 ◦C and analyzed
as in 2.3.

2.12. Statistical Analysis

Statgraphics Centurion (StatPoint Technologies, Inc., Warrenton, VA, USA) was used to build the
response surface experimental design and to obtain Pareto charts, which were used to summarize
graphically and display the relative importance of each factor. One-way analysis of variance (ANOVA)
followed by the least significant difference (LSD) multiple range test at the 0.05 significance level were
also performed using the aforementioned software. The data are expressed as mean ± SD (n = 3).

3. Results and Discussion

3.1. Raw Composition of Leafy Byproducts

Table 1 shows the chemical composition of the olive byproducts after conditioning (drying and
milling). Differences were found between both leaves types in terms of protein, cellulose (estimated as
glucose), hemicellulose, lignin, ash, and mannitol (p < 0.05). In this regard, the hemicellulosic sugars of
olive leafy biomass are mainly composed of xylose, arabinose, and galactose, which could come from
xylans, arabinans, and galactans, respectively [25]. Although, other authors suggest that arabinans
and galactans appear to be part of pectins, at least in the initial synthesis [26].

Concerning the nitrogen content in lignin, it could be derived from complexes formed between
proteinaceous materials and lignin [27], was similar for both byproducts (p = 0.09), but there were
differences between the percentage of acid insoluble protein with respect to the total protein content
(p < 0.05), i.e., above 29% and 16% in olive mill leaves and olive leaves, respectively. Among other
factors, all these differences could be explained by its primary origin since olive mill leaves consist
mainly of olive leaves but mixed with a small amount of fine wood from small tree branches (<0.5 cm).
As commented before, this byproduct is generated during olive harvesting and separated from olives
using pneumatic separation systems in the mill.

Table 1. Chemical composition of olive mill leaves (OML) and olive leaves (OL) 1.

Component (%) OML OL

Crude protein 8.10 ± 0.38 1 9.34 ± 0.35 1

Cellulose (as glucose) 11.73 ± 0.14 1 15.84 ± 0.29 1

Hemicellulose 7.92 ± 0.05 1,2 8.62 ± 0.10 1,2

Mannitol 0.76 ± 0.02 1 2.81 ± 0.03 1

Acid soluble lignin 5.40 ± 0.09 1 7.46 ± 0.37 1

Acid insoluble lignin 35.16 ± 0.05 1,3 28.85 ± 1.05 1,3

N in acid-insoluble lignin 1.06 ± 0.11 1 0.82 ± 0.04 1

Ash 10.04 ± 0.08 1 6.24 ± 0.06 1

1 Dry basis. 2 Composed of arabinose, xylose, and galactose. 3 With N.
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3.2. Evaluation of the Extractions Schemes on Phenolic Compounds, Proteins, Sugars, and Lignin

3.2.1. Evaluation of the Extractions Schemes on Olive Mill Leaves

Preliminarily, three schemes for the sequential extraction of phenolic compounds (maceration or
ultrasound-assisted extraction) and proteins (alkaline extraction) from olive mill leaves were evaluated:
(Scheme 1) maceration, as control, followed by alkaline extraction; (Scheme 2) alkaline extraction
followed by ultrasound-assisted extraction; and (Scheme 3) ultrasound-assisted extraction followed
by alkaline extraction. For phenolic extraction, ethanol was selected as solvent since it has several
advantages: among others, it is reusable, nontoxic with food grade status [27], as well as a potential
biorefinery coproduct. Concerning alkaline extraction, mild conditions (initial pH 9; temperature,
60 ◦C; time, 125 min) were applied, according to those previously reported [13]. Table 1 shows the
values for TPC, the content of the olive bioactives, oleuropein and luteolin 7-O-glucoside, and the
antioxidant activity determined by TEAC.

Using ultrasound-assisted extraction (Scheme 3) to recover phenolic compounds and as first step,
higher values for TPC, oleuropein content, luteolin 7-O-glucoside content and TEAC were obtained as
compared to solely maceration (Scheme 1) (Table 2); between 4% and 34% higher. The use of ultrasound
generally favors the extraction of phenolic compounds from plant materials, but this enhancement
depends on the conditions used (including the device) and the biomass type [21,28]. In another
context, when ultrasound-assisted extraction was performed after protein extraction (Scheme 2),
the phenolic profile changed mainly quantitatively (Figure 1), and the amounts of oleuropein and
luteolin 7-O-glucoside were lower (Table 2). Oleuropein could suffer thermal degradation during
alkaline extraction following this scheme, caused by oxidation, cleavage of covalent bonds or enhanced
oxidation reactions as suggested by [29]. Moreover, the use of alkaline conditions could modify
oleuropein to give low active degradation products, as suggested by Soler-Rivas et al. [30]. On the
contrary, the values for TPC and TEAC were the highest using this scheme (Scheme 2). This could
be also related to the change in the phenolic profile that led to obtain more luteolin in this extract
(Figure 1). This fact can explain these results taking into account the results by Benavente-García et
al. [7], who reported the antioxidant activity of some olive phenolic compounds, including luteolin,
luteolin 7-O-glucoside, and oleuropein, using this antioxidant assay. Thus, the phenolic composition
and the antioxidant activity of the extracts can be modulated by the sequential extractions scheme
applied. Nonetheless, the TEAC method is primarily governed by steric considerations of the radical,
and the presence of hydrogen atom transfer-acting antioxidants, which react slowly in this system,
could be underestimated [31].
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Figure 1. Chromatograms (280 nm) of ethanol extracts obtained by: (a) maceration of olive mill leaves
(OML) before protein extraction (Scheme 1), (b) ultrasound-assisted extraction of OML after protein
extraction (Scheme 2), (c) ultrasound-assisted extraction of OML before protein extraction (Scheme 3),
and (d) ultrasound-assisted extraction of olive leaves before protein extraction (Scheme 3). (1) Luteolin
7-O-glucoside, (2) oleuropein, and (3) luteolin.

Concerning the recovery of proteins, there were no differences among the extraction schemes
(Table 2). Although the study of Karki et al. [32] suggested that a pretreatment with ultrasound may
enhance protein release from soy meal, the byproduct type, the ultrasonic device and the conditions
applied were different. Moreover, our results suggested that the residues of extraction contained
similar amount of solids, ash, acid-soluble lignin (ASL), acid-insoluble lignin (AIL), protein linked to
AIL, cellulose, and hemicellulose (Figure 2). In all cases, the most susceptible fraction was lignin with
only 60%–65% remained in the residue after extraction. This makes sense since alkaline pretreatments
are used for removing lignin from the biomass in order to increase the accessibility and digestibility of
cellulose for saccharification and transformation into biofuels [33].

Figure 2. (a) Yield of solids (%) and content (%) of acid-soluble lignin (ASL), acid-insoluble lignin (AIL),
protein in AIL, cellulose (Cel), hemicellulose (Hem), and mannitol (Man) in the remaining fraction
from olive mill leaves (OML) after extraction using Schemes 1–3. (b) Corresponding recovery values
(%) with respect to the initial amounts in OML.
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3.2.2. Comparison between Olive Mill Leaves and Olive Leaves from Field

Overall, since oleuropein is a potential therapeutic molecule as commented before, the extraction
of phenolic compounds was performed before alkaline extraction in subsequent experiments since the
rest of constituents were not significantly affected by the extractions sequence followed. Nevertheless,
if higher antioxidant activity is desired, protein extraction can be performed before phenolic extraction.
If the use of ultrasound is not possible in the industrial scheme, the phenolic amounts in the extracts
will be reduced only slightly.

Therefore, for comparison, olive leaves were also extracted by ultrasound-assisted extraction
as first extraction step (Table 2). This extract presented higher TPC, oleuropein content, luteolin
7-O-glucoside content and antioxidant activity than that obtained from olive mill leaves. These
differences could be explained by the fact that the composition of the byproducts is different. As
commented before, olive mill leaves not only contain leaves but also present woody material. It seems
that the content of oleuropein in olive wood is lower than in leaves [20,34,35], being absent in the
wood of some cultivars [35]. Also, storage time and conditions could have affected the latter values,
since olive leaves were picked fresh before extraction, while olive mill leaves were stored at room
temperature as it was at the mill. In any case, olive mill leaves are a cheap and easily accessible source
of oleuropein. This means that this leafy byproduct is localized and stored in the mill, being ready for
utilization, but storage time and conditions should be further controlled in a future biorefinery based
on the production of antioxidant extracts.

3.3. Evaluation of the Solubilization of Proteins by Mild Alkaline Conditions after Phenolic Extraction

Alkaline extraction is commonly employed to extract proteins from vegetable sources, but it has
not been well explored in leafy byproducts [13,36]. Thus, RSM was applied to evaluate the effect of
some parameters on the solubilization of proteins from olive mill leaves using mild alkaline-thermal
conditions at a solid-to-liquid ratio of 1:10. Table S1 shows the experimental levels of the tested factors,
i.e., initial pH from 6 to 9, extraction time from 10 to 240 min, and temperature from 40 to 80 ◦C, along
with the results obtained for the response variable (protein recovery) and the yield.

Figure 3(a1) shows the Pareto chart of the standardized effect of each term on the protein recovery
and its statistical significance at the 90% confidence level, while Figure 3(a2) shows the main effects
plots. The Pareto chart (Figure 3(a1)) indicates that pH, temperature, and the interaction of both
parameters had the strongest influence on the protein recovery, as well as this effect was positive.
The rest of the variables, including the extraction time and the quadratic terms of the parameters, had
no significant effects on the extraction recovery, hence they were eliminated from the model. In this
way, the corresponding surface plot is depicted in Figure 3(a3). The model had an R2 of 85.16%, the
standard error of the estimate was 1.83 and the p-value of the lack-of-fit was 0.82 (Table 3).

The model proposed was:

Y = a0 +
3∑

i=1

ai Xi +
3∑

i=1

aii X2
i +

3∑

i� j=1

aij Xi Xj (1)

where Y is the response variable, a0 is a constant, ai, aii, and aij are the linear, quadratic, and interaction
coefficients, respectively. The values of the coefficients are shown in Table 3. Using this model, the
optimum conditions were: pH 12 (NaOH concentration of 0.1 M), 80 ◦C and 240 min. The predicted
recovery value was 21.5%, which was similar to the experimental value (21.7% ± 2.3%). Moreover,
these extraction conditions were applied to olive leaves, but the recovery of proteins was slightly
lower at 15.5% ± 0.2%. In this regard, protein extractability depends on the byproduct type and
composition [13,37]. Olive leaves contain more cellulose than olive mill leaves (Table 1) and cellulose
may hamper the extractability of proteins [37], explaining at least in part our results.
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Figure 3. Pareto charts indicating the weight of each factor on the protein recovery and corresponding
main effects plots using (a1 and a2, respectively) mild and (b1 and b2, respectively) strong alkaline
conditions. The surface plots are represented take into account the significant factors: (a3) mild and (b3)
strong alkaline conditions. CNaOH, NaOH concentration; T, temperature; t, extraction time. * Significant
at p-value < 0.05; ** significant at p-value < 0.1.

Table 3. Model equation coefficients and optimum conditions values for the recovery of proteins from
olive mill leaves obtained using mild and strong alkaline extractions.

Equation Terms Mild Alkaline Conditions Strong Alkaline Conditions

Coefficients 1

a0 10.785 −27.166
Linear
a1 −0.174 *** 47.100 ***
a2 NS 0.074 **
a3 −0.147 ** 0.392 **
Interaction
a12 NS NS
a13 0.026 * NS
a23 NS NS
Quadratic
a11 NS NS
a22 NS NS
a33 NS NS
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Table 3. Cont.

Equation Terms Mild Alkaline Conditions Strong Alkaline Conditions

R2 0.85 0.69
Lack-of-fit 0.823 0.113
Optimum (estimated) 22.3 62.7
Optimum
(experimental) 21.7 ± 2.3 63.1 ± 5.7

1 (pH/CNaOH) 12 0.7 M
2 (time) 240 min 240 min
3 (temperature) 80 ◦C 100 ◦C

1 The factors were pH (1), time (2) and temperature (3) in the design for mild alkaline conditions and NaOH
concentration (CNaOH) (1), time (2) and temperature (3) in the design for strong alkaline conditions. NS, not
significant; significant at *** p < 0.01; ** 0.01 < p < 0.05; * 0.05 < p < 0.1.

3.4. Evaluation of the Solubilization of Proteins by Strong Alkaline-thermal Conditions

Since temperature and pH (determined by the NaOH amount) were the most important factors
in the former design, a new design was built to evaluate the effect of stronger NaOH concentration
and temperature. Firstly, the effect of the amount of alkali added per solid (1–7 mmol NaOH/g of
solid) on the solubilization of proteins was evaluated. For that, NaOH solutions from 0.1 to 0.7 M at a
fixed solid-to-liquid ratio of 1:10 were tested, and as well a fixed value of NaOH 0.1 M at different
solid-to-liquid ratio values (1:10–1:70). Figure 4 depicts that the use of higher amounts of alkali
increased the amount of protein extracted, particularly when using concentrated NaOH solutions.
This led to higher pH values (up to 13.3) than using the other way (up to 12.6). These results agree
with those obtained by Zhang et al. [38], who reported that the amount of applied alkali is critical to
extract proteins from leafy byproducts.

Figure 4. Amount of protein extracted using different ratio of alkali to solid, which was obtained using
different NaOH concentration (CNaOH) and solid-to-liquid ratio (s:l) values.

Secondly, taking into account the previous results, the solid-to-liquid ratio was fixed again to
1:10 to reduce the consumption of water and the NaOH concentration (0.1–0.7 M), the temperature
(60–100 ◦C) and the extraction time (10–240 min) were optimized by using a CCD (Table 4). In this
case, NaOH concentration, temperature and extraction time had the strongest influence on the protein
recovery (p-value < 0.05), as well as this effect was positive (Figure 3(b1)). In this case, the interaction
and quadratic terms had no significant effects on the protein recovery. The influence of these three
operational parameters has also been reported in algae [39] and tea byproduct [38]. Furthermore, the
use of high temperatures seems to be essential to extract proteins from leafy byproducts in agreement
with Sari et al. [37].
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Table 4. Protein recovery from olive mill leaves subjected to different alkaline-thermal treatments
(strong conditions).

Assay
No.

pH
NaOH

Concentration (M)
Time (min)

Temperature
(◦C)

Protein
Recovery (%)

Yield
(Solids) (%)

1 13.2 0.4 125 80 36.1 40.0
2 13.6 0.7 240 60 43.4 57.4
3 13.5 0.7 240 100 55.8 66.5
4 12.2 0.1 240 100 15.5 24.4
5 12.3 0.1 240 60 14.4 23.4
6 12.2 0.1 10 100 13.6 23.2
7 13.3 0.4 10 80 13.6 32.1
8 13.4 0.4 125 80 38.4 42.2
9 13.1 0.7 10 60 17.1 50.3
10 13.7 0.7 125 80 51.3 60.1
11 12.5 0.1 10 60 10.0 39.2
12 12.7 0.1 125 80 16.7 21.2
13 12.7 0.4 125 100 53.5 50.0
14 13.2 0.7 10 100 43.9 63.3
15 13.3 0.4 125 80 36.8 42.6
16 13.4 0.4 240 80 54.3 49.3
17 12.8 0.4 125 60 19.0 41.6
18 13.2 0.4 125 80 50.9 46.1

Finally, the model was rebuilt considering only the significant variables and the surface plot is
shown in Figure 3(b3). The new model explained almost 70% of the variability and the standard
error of the estimate was 5.3%. Since the p-value for lack-of-fit in the ANOVA was greater than 0.05
(Table 3), the model appears to be adequate for the observed data at the 95.0% confidence level. Table 3
also details the coefficients for Equation (1) and the optimum conditions, which were obtained using
NaOH 0.7 M at 100 ◦C for 240 min. The predicted recovery value was 62.7%, which is similar to the
experimental value (63.1% ± 5.7%), i.e., ≈ 5 g/100 g of olive mill leaves. Finally, the optimum conditions
were applied to olive leaves. The recovery value was 55.5% ± 4.3% (i.e., ≈ 5 g/100 g of OL); again it
was slightly lower than that for olive mill leaves.

It should be noticed that a recovery value higher than 50% was obtained using the conditions
assayed in the experiment 16 (NaOH 0.4 M, 80 ◦C for 240 min) (Table 4). Although this value is
lower than that using the optimum conditions, the alkali and temperature requirements are lesser.
This treatment was also applied in the subsequent experiments.

3.5. Characterization of the Protein Products by SDS-PAGE

The solubilized protein consisted of proteins partially hydrolyzed into peptides with molecular
weight lower than 10 kDa (band B1), proteins/peptides closer to 10 kDa (band B2) and 100 kDa
(band B3) (Figure S1). When using stronger thermal-alkaline conditions, bands B1 and B2 were more
prominent, suggesting it may favor protein hydrolysis, in agreement with Fetzer et al. [14]. Nonetheless,
Zhang et al. [40] reported that tea protein was not severely hydrolyzed after alkaline treatment at 95 ◦C,
0.1 M NaOH and a v/w of 40:1. Moreover, the band B4 (>250 kDa) was not well resolved and could be
possibly formed by complexed proteins too large to enter the gel [15].

Some similar bands have been previously reported in olive leaves [22,41], while RuBisCO main
subunit band at 55 kDa was not detected. This protein could be affected by hydrolysis reactions
occurred under the conditions applied or complexation. Furthermore, all these protein bands were also
observed in the alkaline extract from olive leaves, suggesting that the protein precursors are similar for
both byproducts (Figure S2).
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3.6. Characterization of the Residual Fraction after the Sequential Extraction of Phenolic Compounds
and Protein

For a complete valorization of olive mill leaves, the remaining fraction obtained after the sequential
extractions scheme was characterized (Figure 5). Under optimum alkaline extraction conditions (i.e.,
NaOH concentration, 0.7 M; temperature, 100 ◦C; time, 4 h) (Scheme 3′′), the percentage of lignin
was lower than using softer thermal-alkaline conditions, i.e., Scheme 3 (NaOH concentration, 0.03 M;
temperature, 60 ◦C; time, 125 min) and scheme 3′ (NaOH concentration, 0.4 M; temperature, 80 ◦C;
time, 4 h) (Figure 5a). This means that the chemical profiles are different from each other and with
respect to the raw byproduct. Particularly, using Scheme 3′′, the recovery of most components was
lower, which could pass to the liquid phase as hydrolyzed forms (Figure 5b). Similarly, the latter
extraction conditions also changed the chemical profile of the remaining fraction recovered from olive
leaves compared to the raw byproduct. In this case, the chemical profile and the recovery values were
similar to those of olive mill leaves, with the exception of AIL and mannitol.

Figure 5. (a) Yield of solids (%) and content (%) of acid-soluble lignin (ASL), acid-insoluble lignin (AIL),
protein in AIL, cellulose (Cel) and hemicellulose (Hem) and mannitol (Man) in the remaining fraction
from olive mill leaves (OML) and olive leaves (OL) after phenolic extraction followed by alkaline
extraction using NaOH 0.03 M, 60 ◦C, 125 min (Scheme 3), NaOH 0.4 M, 80 ◦C, 4 h (Scheme 3′), and
NaOH 0.7 M, 100 ◦C, 4 h (Scheme 3′′, optimum conditions). (b) Corresponding recovery values (%)
with respect to the initial amounts in both byproducts.

In general, the lowest recovery value was found for lignin (both soluble and insoluble fractions)
and AIL protein (or protein linked to lignin) (Scheme 3′′), suggesting that these components were
more solubilized than the others. It seems that an alkali treatment can attack mainly hydrolysable
linkages in lignin, which cause a reduction in the degree of polymerization and disruption of the lignin
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structure of biomass [42]. This can lead to the breakage of lignin linkages, such as aryl–ether, ester and
C–C bonds [43], as well as linkages between lignin–carbohydrate complexes [44], whose presence has
been reported in different types of biomass [45]. Among the first type, β-O-4′ alkyl–aryl ethers are the
most abundant lignin inter-unit linkages in olive tree pruning, which is composed of olive leaves, thin
branches and wood [46]. Nonetheless, these authors suggested that its low syringyl/guaiacyl ratio and
the presence of condensed structures (C–C) make it probably less reactive than other biomasses, and
thus requiring higher amounts of alkali. Furthermore, the destabilization of the polymeric structure
of the biomass could favor the release proteins linked to fibers, but literature information is scarce.
In our case, the alkaline extraction also led to obtain cellulose and hemicellulose enriched fractions
with higher ratios of sugars/lignin, which can be further valorized for obtaining biofuels as shown
McIntosh and Vancov [47] for alkaline pretreated wheat straw.

Alternatively, the solubilization of lignin and its co-precipitation with proteins via acid precipitation
(until ≈pH 3.5) can explain, at least in part, that the protein enrichment was modest as suggested
other authors [13,48]. The protein content of acid precipitates was up to 24% (Scheme 3′). In this
context, future studies should be addressed to separate proteins from solubilized lignin and sugars
in the alkaline extracts since all these components are valuable, e.g., using enzymes and acids [48].
Concerning sugars and derivatives, mannitol (1.0–2.3 g/L), xylitol (0.4–1.1 g/L), and arabinose oligomers
(21.5–35.8 g/L) were detected in the alkaline extracts. The formers have many applications as natural
sweeteners and excipients in the food industry and pharmaceutical industries [4], while the latter
could be useful as a prebiotics [49].

4. Conclusions

The following scheme could be applied to obtain phenolic compounds and proteins from olive leafy
byproducts: ultrasound-assisted extraction of phenolic compounds to recover oleuropein followed by
alkaline extraction of proteins. The amount of oleuropein extracted per 100 g of biomass was higher in
olive leaves (≈1.4 g) than in olive mill leaves (≈0.2 g), while the extracted protein (≈5 g) amount was
similar. If higher antioxidant activity is desired, protein extraction can be performed before phenolic
extraction, also increasing the luteolin content. Furthermore, to increase the recovery of proteins
from this leafy byproduct, strong alkaline-thermal conditions are required. Alkaline extraction led to
changes in the residual lignocellulosic fraction, which was enriched in cellulose. Further studies are
required to assess its viability for obtaining biofuels in biorefinery and to purify proteins and other
interesting compounds, such as oligosaccharides.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/11/531/s1,
Table S1: Protein recovery from olive mill leaves subjected to different alkaline-thermal treatments (mild conditions).
Figure S1: SDS-PAGE of protein extracts from olive mill leaves obtained at different extraction conditions, Figure
S2: SDS-PAGE of protein extracts from olive mill leaves (OML) and olive leaves (OL) obtained using 0.7 M NaOH
at 100 ◦C for 4 h.
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Abstract: Anthocyanins, carotenoids and polyphenols are biomolecules that give the characteristic
color to fruits. Carotenoids relate to yellow, orange and red colors whereas anthocyanins and
polyphenols mainly relate to purple and red colors. Presently, standard determination of antioxidants
is carried out using relatively complex methods and techniques. The aim of this study was to develop
a mathematical prediction model to relate the internal color parameters of the Amazonic fruits araza
(Eugenia stipitata Mc Vaugh), Andean fruit blackberry (Rubus glaucus Benth), Andean blueberry
(Vaccinium floribundum Kunth), goldenberry (Physalis peruviana L.), naranjilla (Solanum quitoense Lam.),
and tamarillo (Solanum betaceum Cav.) to their respective anthocyanins, carotenoids and polyphenols
contents. The mathematical model was effective in predicting the total anthocyanins content (TAC),
the total carotenoids content (TCC) and finally the total phenolic content (TPC) of fruits assayed.
Andean blueberry presented a TPC with an experimental value of 7254.62 (mg GAE/100 g sample)
with respect to a TPC prediction value of 7315.73 (mg GAE/100 g sample). Andean blackberry
presented a TAC with an experimental value of 1416.69 (mg chloride cyanidin 3-glucoside/100 g) with
respect to a prediction TAC value of 1413 (mg chloride cyanidin 3-glucoside/100 g).

Keywords: chemometrics; mathematical model; metaheuristic techniques; color; araza; blackberry;
Andean blueberry; naranjilla; tamarillo; goldenberry

1. Introduction

Due to its geographical location, Ecuador is a diverse country in terms of climate and
fruit production. Fruit consumption is clearly associated with health benefits such as enhancing
the immunologic system, reduction of cellular oxidative damage and protection against cancer
development [1]. These properties are attributed to the presence of phytochemicals and nutrients with
antioxidant properties [2–4]. Antioxidants can have chemoprotective effects, which include prevention
of cardiac diseases, antidiabetic activity and vasoprotective properties [5–7].

Antioxidants can be classified in four phytochemicals main groups: phenolic compounds,
including anthocyanins, terpene substances, including carotenoids, sulphur compounds, and finally,
nitrogen compounds alkaloids. Amongst them, the first three groups are the most important as bioactive
constituents in fruits are responsible for skin and pulp color [8].
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Polyphenols are responsible for the red, blue and purple colors in many fruits and legumes [9,10].
In this group, anthocyanin is a group of water-soluble pigments, composed by a molecule of
anthocyanidin, also named aglycone, linked to a sugar with a β-glucosides bond [1]. Its color and
stability depend on several factors such as chemical structure, pH and temperature [5]. Anthocyanins
are associated with flavylium cation, which produces red color at low pH ≤ 1.0 [1]. Concerning
carotenoids, these compounds are common natural pigments. Around 600 carotenoids have been
described in the literature, β-carotene being the most representative. Carotenoids pigments are
responsible for red, orange, and yellow hues of plant leaves, fruits, and flowers, as well as the colors of
some birds, insects, fish, and crustaceans. Plants, bacteria, fungi, and algae can synthesize carotenoids.
However, animals and humans incorporate carotenoids through their diet. Some carotenoids can be
used as a source of vitamin A [11].

During ripening, a series of biochemical and physiological processes occur, producing changes in
the texture, flavor and color of the fruits [12,13]. Color changes are evident during fruit development
and ripening and keep on going after harvesting. Orange color becomes evident in β-carotene rich fruits
as araza, naranjilla, tamarillo and goldenberry fruits, when the degreening process occurs. During the
maturation stage, carotenoids build up and at the same time, chlorophylls start a degradation process
to a pheophytin form [13,14]. Fruits of deep red and blue colors such as blackberry and Andean
blueberry show a superficial color change due to an accumulation of anthocyanins associated with
changes in the concentration of sugars and organic acids [15].

Determination of fruit properties is of utmost importance in the food industry, color being the
most important of visual attributes. Consumers use color as a fast index of quality of a fruit. Color is
associated with its taste, freshness and nutritional value. Moreover, color is related to fruit shelf life:
a reduction in its characteristic traits can be easily associated with decay [16–18].

Color and antioxidant content can be quantified based on the characteristic radiation wavelength
absorption of each pigment in the visible region of the electromagnetic spectrum [19,20]. The classical
spectrophotometric methods for determination of light absorption are carried out with equipment
and specialized procedures, not easily affordable for small-medium scale enterprises. Nevertheless,
quality can be related to color in an easier way, using portable spectrophotometric methods associated
to a wide gamut color space L* a* b* coordinates [21–23]. From these measurements, non-destructive
chemometric prediction methods can be created using deterministic and stochastic mathematical models.
These models are fast, precise and easy enough to be used in routine food quality control [24–26].

The aim of the present work was to determine the total content of anthocyanins, carotenoids
and polyphenols, of six representative Andean and tropical fruits from Ecuador using the UV-visible
spectrophotometry and to develop a mathematical tool to predict the nutritional value based on
the measurement of the internal color, as a cheap and fast alternative quality method of analysis.
Antioxidant activity was also determined.

2. Materials and Methods

2.1. Raw Material

Two tropical fruits, and four Andean fruits were chosen in this research. Araza (Eugenia stipitata
Mc Vaugh) is a fruit from the genus Mirtaceae cultivated all around the Amazonic basin. Two clones
(INIAP 001 and INIAP 003) from the Orellana province in Ecuador were selected for their special
aptitude to be industrially processed due to their unique flavor, strong sourness and short shelf life.

Blackberry (Rubus glaucus Benth) is a fruit native from the high lands of the intertropical region [27].
Cultivar ‘INIAP Andimora 2013′ is an improved clone cultivated in the Tungurahua province. This clone
is thornless, has a high yield, high fruit quality and improved resistance to the main diseases affecting
this plant.
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Mortiño or Andean blueberry (Vaccinium floribundum Kunth) is a small perennial bush growing
wild in the highlands in the Andes. Fruits are spherical berries of dark blue color, traditionally
harvested in the Ecuadorian provinces of Bolivar, Cotopaxi, and Pichincha.

Naranjilla (Solanum quitoense Lam.) belongs to the Solanaceae family, native of the Andean medium
ranges of Ecuador, Colombia and Central America [28]. The Instituto Nacional de Investigaciones
Agropecuarias (INIAP) from Ecuador, through the National Program of Fruticultura, has generated
technologies that allow generating resistant materials and practices of integrated agronomic
management. One of these materials is the juicy naranjilla INIAP Quitoense 2009, which comes
from a selection of the variety ‘Baeza’ years 2005–2007, and presents better characteristics in terms of
vigor, yield capacity, productivity and physicochemical quality of fruits.

Tamarillo (Solanum betaceum Cav.) is a Solanaceae with a medium-sized fruit, oval berry, with a juicy
bitter-sweet pulp. Ecotype ‘Anaranjado Gigante’ comes originally from the Tungurahua province and
is mainly featured by its light orange pulp color [29].

Goldenberry (Physalis peruviana L.) is an annual or short-lived culture belonging to the genus
Solanaceae, which is mostly grown for its ecotype ‘Golden Kenyan’ in the Tungurahua province of
Ecuador. The fruit, usually commercialized with its distinctive protector calyx, is small, round and
yellow with a medium sourness flavor [30].

2.2. Sample Preparation

Fifteen kilograms of each fruit was recollected from trees to ensure the heterogeneity. The fruits
were washed with drinking water to reduce the microbial load, dirt and organic matter. They were
then separated in portions of 1 kg to obtain 15 samples for each fruit assayed. Then, the maturity
index was determined, and the fruit was homogenized, screened and stored in high-barrier plastic
bags with hermetic seals at −18 ◦C, out of oxygen and light. The determination of internal color,
anthocyanins, and total polyphenols was carried out taking into consideration 15 samples per fruit,
in triplicate (n = 45 for each fruit). The total carotenoid content determination was carried out in
duplicate (n = 30 for each fruit). The total flavonoids content was determinate only in three fruits
(araza, naranjilla and tamarillo) and was made for triplicate (n = 45). All methods were validated using
CV Horwitz—15 samples for fruits were used and duplicate and triplicate measurements were taken.
CV Horwitz were considered significant with values ≤16.0%.

2.3. Physicochemical Analysis

2.3.1. Texture

Fruit firmness was determined by puncture with two penetrometers Gullimex (Borne, Netherlands),
using different probe diameters. The results were expressed in Newtons (N). Araza, naranjilla and
tamarillo were tested using a FT327 model with a cylindrical probe of 6-mm diameter. Goldenberry,
blackberry and Andean blueberry were tested with a FT011 model with a cylindrical probe of
2-mm diameter.

2.3.2. Maturity Index

The maturity index (MI) was calculated based on the titratable acidity and the content of total
soluble solids. Titratable acidity was obtained by acid-base neutralization according to Ecuadorian
standards. The result was expressed in terms of percent of malic acid for araza [31] and blackberry [12]
and citric acid for Andean blueberry [32], tamarillo [33], naranjilla [34], and goldenberry [35].

Total soluble solid (TSS) content was directly measured in the pulp of each sample with a digital
handheld refractometer Atago, model PAL, 0–53 ◦Brix (Tokio, Japan). The results were expressed as g
of sucrose per 100 g of sample (◦Brix).
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The MI was calculated with Equation (1), Tehranifar et al. (2010) [36].

MI = TSS/TA (1)

where,

MI: maturity index (dimensionless)
TSS: total soluble solid content (◦Brix)
TA: titrable acidity (g/100 g)

2.3.3. Internal Color

The internal color was determined with a handheld colorimeter ColorTec-PCM (ColorTec, Clinton,
NJ, USA) with a measurement angle of 10◦, D65 illuminant and 8 mm aperture. Chromatic properties
of the fruit pulps were expressed in the CIE (Commission Internationale de l’Eclairage) L*a*b* color
space in terms of coordinates L* luminosity, a* red/green and b* blue/yellow. From each fruit, 500 mL
of pulp was extracted and homogenized. Samples of 30 mL were carefully poured in a Petri dish
avoiding lumps or bubbles. The Petri dish was placed over a white surface and divided into four equal
areas. Duplicate measurements were done in each quarter and center of the plate.

2.4. Total Anthocyanins Content (TAC)

TAC was determined using the differential pH method used by Rapisarda et al. (2000) [37].
The extraction was done with a magnetic stirrer for 60 min, taking 0.25 g of freeze dried sample,
adding 10 mL of buffer solution at pH 1.0 (potassium chloride 0.2 N and hydrochloric acid 0.2 N) and
a buffer solution at pH 4.5 (sodium acetate 1 M, hydrochloric acid 1 N). After centrifugation of the
extract at 5000 rpm, 1 mL of the solution was diluted with the buffer solution to 10−3 for buffer pH 1.0
and 10−1 for buffer pH 4.5. The absorbance was measured in the supernatant and buffer solutions at
510 nm and 700 nm with a UV-VIS spectrophotometer Shimadzu, model 2200 (Shimaszu, Kioto, Japan).
Results were expressed as mg of cyanidin-3-glucoside chloride/100 g of the dry weight sample (DW).
TAC was calculated based on the following equation:

TAC = A ×MW × DF × 100/ε ×W

where A is the absorbance, MW molecular weight of cyanidin-3-glucoside chloride (C21H21ClO11,
484.84 g/moL), DF is dilution factor, ε molar absorptivity (34,300), W = sample weight (g).

2.5. Total Carotenoids Content (TCC)

TCC was measured in the absence of light and oxygen, using 0.6–1.0 g of the freeze-dried sample.
The extraction was done using 50 mL of a solvent mixture composed by hexane 50%, ethanol 25%,
acetone 25% (v/v/v), 0.1% of butylated hydroxytoluene (BHT) (p/v) and 5 g of calcium chloride (p/v).
These elements were added gradually. The mixture was mixed for 20 min in a refrigerated water bath
at 4 ◦C. The phase separation was achieved by adding 15 mL of distilled water for 10 min. The extract
was filtered and transferred to a separating funnel. The organic phase was transferred to a volumetric
flask. Hexane was added to reach 50 mL. The determination of total carotenoids content was made
using the UV-VIS spectrophotometer Shimadzu, model 2200 (Kioto, Japan) at 450 nm, using the method
of Leong & Oey (2012) [38]. The results were expressed in terms of μg of β-carotene/μg of dry weight
basis (DW). TCC was calculated based on the following equation:

TCC= A × VT × 104/2592 ×W

where A is the absorbance at 450 nm, VT is the volume total, 2592 is the coefficient of extinction molar of
β-carotene in hexane and W is the weight of the sample and 104 constant of conversion of units of μg/g.
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2.6. Total Polyphenols Content (TPC)

TPC was determined following a method by Georgé et al. (2005) [39]. The extraction was made
using a solution of 70% acetone (v/v) under magnetic stirring for 45 min, using 0.3–1.0 g of freeze-dried
samples. The mixture was centrifuged for 10 min at 3500 rpm and the supernatant raw extract was
recovered in Eppendorf vials. TPC A non-soluble fraction and the soluble compound TPC B fraction
were evaluated from the raw extract. For the A fraction, a series of solutions of 25, 50 and 75 μL of the
raw extract in 500 mL of pure methanol were prepared. The separation of soluble compounds was
done by solid phase extraction (SPE) using C18 OASIS cartridges (Waters Corp.; Milford, MA, USA)
previously conditioned following the fabricant instructions. 500 μL of raw extract were diluted in
3.5 mL of distilled water and a 2 mL aliquot of this solution was injected into the OASIS cartridge.

The quantification of A and B fractions was done using the Folin-Ciocalteu method with a UV-VIS
spectrophotometer Shimadzu 2200 (Kioto, Japan) at 760 nm and both fractions were used (AbsB-AbsA)
to corrected interferences. Gallic acid was used as standard. The curve was stablished (y = 0.0011x
+ 0.0529, R2 = 0.9997). The total polyphenol content was expressed in terms of mg of gallic acid
equivalents GAE/100 g of the DW sample.

2.7. Mathematical Modeling

Mathematical modeling was carried out using chemometric techniques of pattern recognition by
object representation in a multidimensional space towards a reduced dimensionality space [25].
The correlation matrix between dependent and independent variables was determined using
a multidimensional regression and the mean square method (Equations (2)–(4)). Finally, a results
matrix was obtained (Table 1).
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In Table 1, color coordinates L*, a* and b* were the independent variables. TAC, TCC and TPC
acted as the dependent variables for the n samples.

Table 1. Multivariate components matrix.

Biocompounds Content
Luminosity Coordinate Red/Green Coordinate Yellow/Blue

(L*) (a*) (b*)

Y1 X11 X12 X13
Y2 X21 X22 X23
Yn Xn1 Xn2 Xn3

Mean X1 X2 X3

The robustness analysis of the mathematical prediction model was evaluated using the coefficient
of determination. The data homogeneity was evaluated using the experimental residual analysis vs the
predicted values. Only samples with standard deviations lower than 2σ were used [17]. The partial
coefficients of the regression model were tested for signification (Equation (5)) to verify if parameters
L*, a* and b* added value to the prediction model.
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t =
bi√

Pij ∗ S2
(5)

where,

bi: partial regression coefficient
Pij: i-row and j-column of the reverse square sum and cross-product matrix
S2: estimator for the variance of the standard deviations and residues

The magnitude of the correlations between the variables was evaluated with the values of the
determination coefficient (R2). The most influential variables in the model and the data with the better
adjustments were used for a new multiple regression analysis, establishing the final mathematical
model (Equation (6)).

Yc = b0 + b1X1 + b2X2 + b3X3 (6)

where,

Yc: the content of total antioxidant: anthocyanins, carotenoids and polyphenols
b1, b2, b3: regression coefficients
X1, X2, X3: color parameters L*, a* and b*

2.8. ABTS Assay

The extracts of araza (Eugenia stipitata McVaugh), tamarillo (Solanum betaceum Cav.) and naranjilla
(Solanum quitoense Lam.) were used to evaluate their antioxidant activity using the ABTS method
described by Piñuel et al. (2019). Trolox was used as the reference standard (0–800 μmoL Trolox/L).
The curve was established (y = 0.0007x + 0.0671, R2 = 0.999). The results obtained were expressed as
μmol Trolox Equivalents TE/ g sample. All assays were made in triplicate [40].

2.9. DPPH Assay

The extracts of araza (Eugenia stipitata McVaugh), tamarillo (Solanum betaceum Cav.) and naranjilla
(Solanum quitoense Lam.) were used to evaluate the antioxidant activity using the DPPH method
described by Piñuel et al. (2019). Trolox was used as the reference standard (50–500 μmol Trolox/L)
and the curve was established (y = 0.0013x + 0.007, R2 = 0.999). The results obtained were expressed as
μmol TE/g sample. All assays were made in triplicate [40].

2.10. Statistical Analysis

The results obtained in this study were presented as means ± standard deviation (SD). Differences
between group values were determined using the one-way ANOVA analysis, followed by the Tukey’s
test. All tests were considered with statistical differences at p < 0.05 and p < 0.01 using the software
Graph Pad Prism 4. Moreover, the data obtained with the mathematical model were processed with
the Statistica 10.0 software to obtain the analysis graphs.

3. Results and Discussion

3.1. Maturity Index

Climacteric fruits as araza, naranjilla and tamarillo can reach full ripening after harvesting.
These fruits were harvested at physiological maturity. The MI is a parameter commonly used to
establish the commercial maturity of these products [12]. As shown in Table 2, naranjilla and tamarillo
presented an MI over 2.5 and 4.5 respectively. Araza is extremely perishable. The fruit used in this
work, presented an MI between 1.15 and 2.05, corresponding to a partially mature green-yellow and
over ripened full yellow color [41].
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Non climacteric fruits, blackberry, Andean blueberry and goldenberry, were harvested at the
final stage of edible maturity: stage 6 for blackberry [42] and Andean blueberry [32] and stage 5 for
goldenberry. MI reached 9.64, very close to the value MI of 10.45 reported by Fischer et al. (2011) [35].

Changes during the postharvest period can modify firmness and color of fruits [13]. As can be
seen in Table 2, naranjilla and tamarillo continued their ripening during storage and transportation,
something related to their high variability observed in firmness of 36.52% and 29.69% respectively.
Blackberry and araza suffered a firmness loss due to mechanical damages during transport. This data
is not shown in the text. High water content and soft flesh make araza very susceptible to damage.
Moreover, its exceptionally high respiration rate can change dramatically its color and firmness in
a period as short as 72 h after being harvested [43]. In the same way, goldenberry presented a high
variability in its firmness—14.72% at maturity—that could be attributed to being harvested with
different MIs. This did not happen in the case of Andean blueberry.

Table 2. Physical and chemical parameters related to the maturity stage of the fruits.

Sample
Titrable Total Soluble Solids * Maturity Firmness *

Acidity * (◦Brix) Index * (N)

(%)

Araza 2.40 ± 0.02 3.83 ± 1.19 1.60 ± 0.45 14.42 ± 5.00
Blackberry 2.81 ± 0.07 12.69 ± 0.43 4.51 ± 0.06 3.22 ± 0.49

Andean blueberry 0.96 ± 0.05 11.81 ± 0.26 12.39 ± 0.72 0.69 ± 0.01
Naranjilla 2.58 ± 0.15 9.55 ± 0.43 3.72 ± 0.32 48.05 ± 17.55
Tamarillo 2.09 ± 0.05 12.43 ± 0.94 5.94 ± 0.37 55.80 ± 16.57

Goldenberry 1.42 ± 0.02 13.73 ± 1.50 9.64 ± 0.62 2.65 ± 0.39

* Fresh basis.

3.2. Internal Color

The relationship between color and ripeness is due to the pigment accumulation and variation of
the sugar and organic acid in fruits [44]. In Table 3 and Figure 1, it can be observed the internal color of
the fruits was represented in the CIE L*a*b* color space. Araza and naranjilla pulp presented a clear
trend towards green and yellow colors with an intermediate luminosity L* 49.63 and 40.10, respectively.
Tamarillo and goldenberry presented a more yellow-reddish color and more differences in luminosity
L*, 51.71 and 35.70, respectively. Blackberry and Andean blueberry presented the lowest values for
luminosity L* 10.68 and 20.80, respectively, according to Hue et al., 2014 [17].

Table 3. CIE L*a*b* color coordinates in several tropical and Andean fruits.

Fruit

Color Coordinates

Lightness Red-Green Blue-Yellow Chroma Hue

L*
CV

a*
CV

b*
CV

C* ◦H
(%) (%) (%)

Araza 49.63 ± 2.94 5.91 −0.89 ± 0.40 45.32 22.73 ± 2.84 12.48 92.31 ± 1.20 22.75 ± 2.83
Blackberry 10.68 ± 2.23 20.88 13.80 ± 3.90 28.26 4.95 ± 1.70 34.34 19.86 ± 4.94 14.71 ± 27.85

Andean blueberry 20.80 ± 1.50 7.21 3.52 ± 1.10 31.25 3.16 ± 0.95 30.06 42.28 ± 13.38 4.86 ± 0.87
Naranjilla 40.10 ± 1.92 4.79 −4.25 ± 0.60 14.03 22.04 ± 2.62 11.88 100.93 ± 1.05 22.45 ± 2.65
Tamarillo 51.75 ± 2.93 5.67 9.06 ± 0.71 7.84 32.68 ± 2.83 8.65 74.45 ± 1.41 33.92 ± 2.80

Goldenberry 35.70 ± 2.46 6.88 7.10 ± 0.51 7.25 25.39 ± 3.55 13.99 74.11 ± 2.48 26.39 ± 3.41
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Figure 1. Chromatic representation of the CIE L*a*b* color coordinates of the tropical and Andean fruits.

The rupture of the chlorophyll and accumulation of carotenoids is a phenomenon that occurs
in araza, naranjilla, tamarillo and goldenberry. This phenomenon determines its color at ripeness,
and turns the color of these fruits from green to yellow. β-carotene is the center of this photosynthetic
reaction, its concentration in fruits being related to variety, harvest time and other factors like soil,
climate, cultural practices, etc. [13]. In the case of blackberry and Andean blueberry, the color was
dominated by red and blue, due to the characteristic accumulation of anthocyanins during ripening of
these fruits [45].

All fruits evaluated presented polyphenols in their composition, Andean blueberry and blackberry
being the fruits with the highest concentration of this antioxidant.

3.3. Development of the Mathematical Prediction Models

Correlation matrices were constructed using color coordinates L*, a* and b* as independent
variables and TAC, TPC and TCC as dependent variables. Anthocyanin and polyphenol content
models were developed for blackberry and Andean blueberry, whereas carotenoid and polyphenol
content models were developed for araza, naranjilla, tamarillo and goldenberry.

Mathematical equations were evaluated considering two aspects, significance of the coefficients
of the independent variables of the model and the global determination coefficient of the model.
The mathematical equations were evaluated considering two aspects: significance of the coefficients
of the independent variables of the model and the global determination coefficient of the model.
The whole set of coordinates was used in order to elaborate the mathematical prediction models for
color, as there were no significant differences for the partial coefficients of each coordinate L*, b*, and b*
in terms of anthocyanin, carotenoid and total polyphenol contents.

The first modelling approach with the whole data resulted in very low determination coefficients
for the TAC and TCC of all fruits. Based on the analysis of residuals between the theoretical and
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experimental data, the results obtained were consistent series of data falling inside a confidence interval
of two standard deviations from the mean.

The selected data was submitted to a new multivariate analysis. The adjusted prediction equations
for each fruit (Table 4; Table 5) were determined. The TAC prediction models had determination
coefficients R2 of 0.84 and 0.98, whereas the TPC presented R2 between 0.81 and 0.89.

From the equations in Table 4, a prediction of bioactive compounds for each fruit was calculated
in terms of TAC, TCC, and TPC. This result was compared to the experimental and bibliographic data
in Table 5. The developed method of analysis was validated using the Horwitz variation coefficient
(CV Horwitz). This parameter relates the concentration of analyte with the coefficient of variation of
the experimental data. CV Horwitz was proposed as a reference value to evaluate the inter-laboratory
tests performance. It has been accepted by the EU, IUPAC and CODEX to validate analytical methods.
The value of CV Horwitz should be ≤16.0% [46].

3.4. Total Anthocyanin Content (TAC)

Anthocyanins were reported in mg/100 g accepting an error of 5–8%. As can be seen in Table 5,
blackberry presented a TAC of 1416.68 ± 158.71 mg/100 g, DW, very close to the 637–3000 mg/100 g
interval reported for different blackberry cultivars and harvesting conditions. The prediction model for
blackberry showed a value of 1413 mg/100 g very close to the experimental data and with a coefficient
of variation estimated (CVE) of 11.20.

Andean blueberry showed higher values of TAC of 2682.30 ± 602.92 mg/100 g close to data
reported by Vasco et al. (2009) [47] around 3832.95 mg/100 g DW. The prediction model showed a good
approximation to experimental data, offering a value of 2761.24 mg/100 g. In this case, the coefficient
of variation predicted (CVP) of 2.66 was lower to the experimental error of CVE of 5.74.

Blackberry and Andean blueberry showed red and violet dominance, correlated significantly with
TAC, obtaining R2 values of 0.82 y 0.81, respectively.

Anthocyanins are part of a group of bioactive compounds present in the pulp of Andean blueberry
and blackberry, and responsible for their characteristic red-blue color. In the case of araza, naranjilla,
tamarillo and goldenberry, the presence of these chemical compounds was not identified, or their
concentrations were under the detection limit of the spectrophotometric method employed. However,
significant amounts of carotenoids were found in these fruits with characteristic yellow-orange color,
as shown in Section 3.6.

3.5. Total Polyphenol Content

Polyphenols were reported in mg/100 g accepting an error of 5–8%. Polyphenols showed
a significant correlation with the color of the six fruits studied, and especially those with red and violet
colors, obtaining coefficients of 0.88 for araza, 0.81 for blackberry, 0.82 for mortiño, 0.84 for naranjilla,
0.75 for tamarillo and 0.88 in goldenberry.

As can be seen in Table 6, Andean blueberry showed the highest TPC, 7254.62 ± 1209.17 mg/100 g;
CVE 10.86%. These results are in accordance with the ones reported by several authors working with
Ecuadorian Andean blueberry of 8104.52–9799.02 mg/100 g [48]. The prediction models showed a value
of 7315.73 mg/100 g with a CVP of 2.22%.

Blackberry showed the second highest TPC of 6352.28 ± 633.61 mg/100 g; CVE 4.47% falling into
the upper part of the interval 2340.24−6300 mg/100 g reported by several authors [49]. The prediction
model showed a theoretical value for this fruit of 5995.62 mg/100 g, with a CVP of 3.38% (Table 5).

Araza also showed a high TPC of 3507.79 ± 1430.36 mg/100 g with a CVE 4.65% in accordance
to the results reported by Laverde-Acurio, (2010) [50] for clone 003 (2477.72 mg/100 g). In this case,
the predicted value for TPC (3256.33 mg/100 g) resulted in a CVP of 0.98% (Table 5).

Tamarillo from ecotype Orange Giant showed a TPC of 1062.77 ± 57.87 mg/100 g; with a CVE

10.26%. Torres (2006) [51] showed a value for this fruit of 654.20 mg/100 g DW. The predicted value
from equations obtained resulted in 1055.45 ± 14.80 mg/100 g with a CVP 0.72% (Table 5).
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Naranjilla cv. INIAP quitoense 2009 showed a TPC of 897.58 ± 227.77 mg/100 g and a CVE of
6.32%, above the 510.72–699.79 mg/100 g interval reported by several authors for several agroclimatic
conditions [51]. The predicted value for TPC in naranjilla was 730.84 mg/100 g, with a CVP of 2.02%
(Table 5).

Experimental TPC obtained for goldenberry was 259.93 ± 42.74 mg/100 g with a CVE 11.61%,
whereas the predicted TPC resulted in 233.68 mg/100 g, with a CVP of 3.24%. Both results are lower
than bibliographic data reported by Cerón et al. (2010) in goldenberry grown in Colombia [52].

Experimental errors for Andean blueberry of 10.86%, tamarillo with 10.26% and goldenberry
with 11.61% were slightly higher than the upper limit imposed by Horwitz criterium for this range of
concentrations, 5–8%.

3.6. Total Carotenoid Content

Carotenoid concentration was measured in μg/g, accepting an error of <16%. Table 5 shows the
TCC results: tamarillo showed a dry basis TCC of 123.18 ± 16.61 μg/g with a CVE 4.65%, the highest
concentration of TCC among all fruit studied and very similar to data reported by Mertz et al. (2009) [45]
for the same cultivar and origin of 117.37 μg/g. The prediction model showed a TCC of 133.67 μg/g
with a CVP of 0.98%. Both CV were well above the Horwitz limit for this range of concentrations
around 16%.

Goldenberry showed a TCC of 65.21 ± 8.31μg/g with a CVE 10.84% very close to data reported by
Ramadan, (2011) who obtained a TCC of 85.38 μg/g on a dry basis for the ecotype Golden Kenyan.
The prediction value for this fruit of 64.93 μg/g showed an estimated error of 6.49% also lower than the
Horwitz limit [30].

In araza, an experimental TCC of 62.85 ± 3.36 μg/g with a CVE 1.92% and a predicted value of
61.96 μg/g with a CVP 1.09% were found. These results are close to 55.32 μg/g, DW, in accordance with
the ones reported by Laverde-Acurio (2010), in clone 003 [50].

Finally, naranjilla (var. INIAP quitoense 2009) showed the lowest concentration of experimental
TCC, 57.93 ± 4.28 μg/g with a value of CVE 6.05% and a predicted a value of 58.42 μg/g, with a value of
CVP 4.50%, relatively close to data reported by Acosta et al. (2009) [34] in naranjilla from Costa Rica of
76.59 μg/g, DW.

The results obtained for araza, naranjilla, tamarillo and goldenberry confirmed that TCC found in
these fruits are strongly associated with color parameters L*, a* and b* and thus being responsible
for the yellow-orange color of the pulp of these fruits, obtaining coefficients R2 ranged from 0.85 to
0.98 for the latter fruits. Also, it is worth noting that all experimental and predicted values for TCC
were within the threshold reported by Horwitz for the concentration range of μg/g with a value of CV
Horwitz 16%, as commented before.
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3.7. Antioxidant Activity Using ABTS and DPPH Methods

The extracts obtained from araza ((Eugenia stipitata McVaugh), tamarillo (Solanum betaceum Cav.)
and naranjilla (Solanum quitoense Lam.) were used to evaluate their antioxidant activity using the ABTS
and DPPH methods. Araza fruit presented a higher value of ABTS and DPPH with 758.22 μmoL TE/g
sample and 392.10 μmoL TE/g, sample respectively. Tamarillo presented an ABTS value of 161.04 μmoL
TE/g sample and 47.82. μmoL TE/g sample (Table 6). The value of ABTS and DPPH between fruits
presented statistical differences at p < 0.05. Naranjilla fruit presented a low value of antioxidant activity
with both methods. Espin et al. (2016) described the antioxidant activity of four varieties of tamarilllo
fruits (S. betaceum Cav.) using the ABTS, FRAP and ORAC methods. ABTS analysis presented a value
between 22 and 89 μmoL TE/g of the sample, lower than the one reported here [54]. It can be explained
by the fact that the fruits used in our study were obtained from different cultivars and locations in
Ecuador. Araza fruit has a high antioxidant activity with both methods and can be related to its high
TPC content of 3507.79 mg GAE/100 g DW because it does not register TAC and its content of TCC was
low; i.e., the experimental value of 62.81 μg β-carotene/g and 61.96 μg β-carotene/g predicted by the
mathematical model.

Table 6. Antioxidant activity of araza, tamarillo and naranjilla fruits using the ABTS and DPPH methods.

Fruit

Antioxidant Activity

(μmoL TE/g Sample)

ABTS Assay DPPH Assay

Araza 758.22 ± 5.01 a 392.10 ± 9.67 a

Tamarillo 161.04 ± 8.48 b 47.82 ± 2.94 b

Naranjilla 76.40 ± 1.33c 21.26 ± 1.35 c

The ABTS and DPPH results were presented as the means± standard deviation. Values in the same
column followed by different letters are statistical meaningful at p < 0.05 using the ANOVA-one-way
analysis followed by the Tukey’s Test.

Foods are complex matrices that have many biomolecules and secondary metabolites that may or
may not be reactive to the available antioxidant methods. It must be borne in mind that the content of
these bioactive compounds in fruits can be modified by the environmental conditions of the crop [56,57].
Therefore, it is important to know the nature of the sample and try to separate the components as
much as possible before choosing the method. It would also be appropriate to measure with different
methods to look for differences [58,59]. The different bioactive compounds can be separated and
identified with different analytical techniques. For example, antioxidant and phenolic compounds
can be separated and identified using high performance liquid chromatography (HPLC) coupled
with a post column derivatization (PCD). The analyses allow to relate changes in the chemistry of the
state of the food directly with the presence or absence of the detected compounds. Another form of
analysis of antioxidant and/or polyphenols is to fractionate the sample by semi-preparative HPLC
and subsequently test the antioxidant activity of the fractions collected [60]. However, the HPLC-PCD
technique is a faster technique and may be more effective for the detection and identification of these
bio compounds [61]. Nonetheless, the mathematical model presented in this study for the first time
reports that the TAC, TCC and TPC predictions in six fruits of Ecuador, serving as a first screening
method. It would be necessary to validate the mathematical model in other fruits to see its effectiveness
in order to determine the TAC, TCC, and TPC in other fruits with different qualitative and quantitative
phenolic/carotenoid composition. This method can be used as a first screening to determine the TAC,
TCC and TPC content but cannot replace an HPLC analysis of the individual components.
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4. Conclusions

The mathematical prediction models developed allowed the determination of the TAC, TCC and
TPC in araza, Andean blueberry, goldenberry, naranjilla, tamarillo and blackberry in a fast, precise and
non-destructive way. These models allow reducing the cost of analysis compared to traditional chemical
methods, avoiding the use of solvents and other materials for sample preparation. These satisfactory
mathematical models resulted in a prediction of the TAC content of blackberry and Andean blueberry.
The TCC was successfully predicted for araza, naranjilla, tamarillo and goldenberry, whereas the
TPC was correctly predicted for araza, blackberry, Andean blueberry, tamarillo and goldenberry.
The models showed a good statistical calibration as a result of their high determination coefficients R2,
ranging between 0.75 and 0.98. There is a high correlation between experimental and predicted data
from the mathematical models. The prediction errors obtained ranged between 0.72% and 6.94% and
were kept within the limits according to the Horwitz criterium CV of 5–16%. This method can be used
as a routine system susceptible of being evaluated using laboratory systematic methods.
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Abstract: A new bioprocess to produce resveratrol-enriched rice wine was established and the effects
of adding Polygonum cuspidatum root powder to rice wine fermentation were investigated. In this
new process, piceid and resveratrol were extracted from P. cuspidatum roots to rice wine and piceid
was converted to resveratrol by β-glucosidase during fermentation. After 10 days co-fermentation,
rice wine with high levels of resveratrol was obtained, which contained ~14% (v/v) ethanol, 122 mg/L
piceid, and 86 mg/L resveratrol. The resveratrol-enriched rice wine had enhanced antioxidant
activity with significantly stronger 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity,
ferric ion reducing power, and ferrous ion chelating capability. Ultrafiltration (UF) was employed in
this study using hollow fibers to clarify the end product, increase shelf life without heat treatment,
and maintain the quality of the phenolic compounds. The boiled and UF-treated rice wine were
evaluated for ethanol, piceid, resveratrol, clarity, aerobic plate count, total acidity, pH, reducing
sugars, and amino acids. The quality of the resveratrol-enriched rice wine was maintained after four
weeks storage at normal refrigeration temperatures.

Keywords: rice wine; piceid; resveratrol; Polygonum cuspidatum; antioxidant activity; ultrafiltration;
clarification

1. Introduction

Resveratrol (3,5,4-trihydroxystilbene) is a polyphenol that exists in several plants, including
bilberry, blueberry, cranberry, grape, and peanut [1–3]. Resveratrol possesses physiological functions
reported to inhibit the migration and metastasis of cancer cells [4], as well as antioxidative,
anti-melanoma [5], fatty-liver-reducing [6], anti-obesity [7], anti-inflammatory, cardioprotective,
neuroprotective, and antitumor properties [8]. Resveratrol from grape juice [9], grape seeds [10],
grape skins [11], and red wine [12] has been extensively studied. It is generally agreed that moderate
consumption of red wine can prevent cardiovascular disease. The resveratrol in red wine is believed
to be a key molecule since it inhibits low-density lipoprotein oxidation and platelet aggregation in
blood [13,14]. Resveratrol is mainly present in grape skins and its concentration in grape pulp is low or
absent altogether. Red wine is made from pomace and fermentation occurs together with grape skins,
which gives the wine higher amounts of resveratrol than white wine [15,16]. Despite this, resveratrol
concentration in red wine is relatively low, ranging from around 1.6 to 3.6 mg/L [17].
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Polygonum cuspidatum is a perennial plant belonging to the Polygonaceae family. Dried P. cuspidatum
roots, also called Hu Zhang in Chinese, are herbal medicine for the treatment of cough, arthralgia,
chronic bronchitis, jaundice, amenorrhea, hypertension, and hypercholesterolemia [18]. The main
phenolic compounds extracted from P. cuspidatum roots have been identified as resveratrol, piceid,
and emodin [19]. Emodin has been shown to possess anti-inflammatory, antibacterial, antiglycation,
and antineoplastic activities [20–23]. However, emodin is more hydrophobic and only small amounts
of emodin can be extracted at low ethanol concentrations compared to piceid and resveratrol [24].
In plants, resveratrol is usually present in piceid (resveratrol 3-β-mono-D-glucoside), its glycoside
derivative. Extracts from P. cuspidatum roots contain high amounts of piceid, which can be converted
to resveratrol when treated with β-glucosidase or cellulase or fermented by Aspergillus oryzae [25–27].
Rice wine is an alcoholic beverage made from rice, traditionally consumed in East Asia, Southeast
Asia, and South Asia [28]. Qu is usually used as a starter in rice wine fermentation [29]. Qu is rich
in a wide variety of microorganisms, such as the filamentous molds A. oryzae and Rhizopus oryzae
and the amylolytic yeast Saccharomycopsis fibuligera, as well as various enzymes, including amylase,
glucoamylase, protease, and phosphatase [30,31]. A. oryzae and R. oryzae are responsible for producing
amylase during fermentation; these two microorganisms can also produce β-glucosidase [32,33].

Functional beer, a new product recently obtained via co-fermentation with medicinal herbs,
has been commercialized in Japan [34], which has prompted interest in developing a high value rice
wine with health benefits. Most medicinal herbs are rich in antioxidants, especially phenolic compounds.
Therefore, wines made from medicinal herbs are rich in natural antioxidants to enhance the health
functions of fermented wines. In recent years, resveratrol has become a candidate nutritional substance
for cancer prevention widely available as a botanical dietary supplement. To date, P. cuspidatum
roots are used as a commercial source of resveratrol. However, the conversion of excessive piceid in
P. cuspidatum to resveratrol is still necessary. As such, the addition of P. cuspidatum roots during rice
wine fermentation to produce resveratrol-enriched rice wine was investigated. In this new process,
as depicted in Figure 1, resveratrol can be extracted and piceid converted to resveratrol by β-glucosidase
during fermentation.

 
Figure 1. Scheme representing transformation of piceid to resveratrol during rice wine fermentation.

Sterilization by boiling is commonly used to kill microorganisms and deactivate the enzymes in
rice wine to protect it against rancidity and deterioration. However, boiling at high temperatures might
increase turbidity, cause heavy browning, or decompose bioactive compounds. Ultrafiltration (UF) is a
new technology widely used by the food industry in recent years to remove enzymes, microorganisms,
and turbidity contents. The separation principle of the UF membrane is based on mechanical filtration,
driven by the pressure difference between the internal and external sides of the membrane [35–38].
Compared to boiling, the advantages of UF are no phase changes, operation at low temperatures,
low energy consumption, simple operation, and better preservation of the original flavor and nutrients.
At present, many studies use ultrafiltration for juice clarification [39,40], but the application of UF in
wine sterilization is still limited.

The objective of this study was to develop a new brewing process for resveratrol-enriched
rice wine. The effects of P. cuspidatum on the composition characteristics of rice wine were
investigated. The antioxidant activity of rice wine was determined based on the scavenging activity of
2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals, ferrous ion chelating activity, and reducing activity.
Finally, ultrafiltration was employed to remove enzymes, microorganisms, and turbidity contents from
the resveratrol-enriched rice wine.
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2. Materials and Methods

2.1. Materials

Polished rice (11.9% moisture, 82.4% carbohydrate, 5.7% protein, and 0% lipid) from the 2017
crop was purchased from the Hua-Tung Rice Co., Ltd. (Hualien, Taiwan). Dried P. cuspidatum
roots were purchased from local Chinese herbal medicine stores and ground into powder with
~0.62 mm particles. Qu was purchased from Yong Xin Jiuqu Co., Ltd. (Changhua, Taiwan).
Piceid and p-nitrophenyl-β-D-glucopyranoside (PNG) was purchased from Sigma-Aldrich (MO,
USA). Resveratrol was purchased from Changsha Nutramax Biotechnology (Changsha, China).
DPPH (2,2-Diphenyl-1-picrylhydrazyl) and o-phthaldialdehyde were purchased from Alfa Aesar
(Tewksbury, MA, USA). Finally, 3,5-dinitrosalicylic acid and ferrozine were purchased from Acros
(Morris Plains, NJ, USA). Unless otherwise noted, all reagents and chemicals were of analytical grade.

2.2. Rice Wine Production

Rice and water at a ratio of 1:1 were steam-cooked for 40 min. The moisture content of the cooked
rice was 45.42%. After cooling to 30 ◦C, Qu was added to the rice at a ratio of 1:200 (Qu: steam-cooked
rice; w/w) and mixed well. Then, 100 g of the mixture was added to a 500 mL screw capped glass jar
and the mixture was cultured at 30 ◦C for 2 days. Varying amounts of P. cuspidatum root powder (1%,
3%, or 5% based on the weight of the steam-cooked rice) and 100 mL sterile water were then added to
the jar for simultaneous extraction and transformation of piceid to resveratrol from P. cuspidatum root
powder during rice wine fermentation. Ethanol, piceid, and resveratrol concentrations were measured
periodically during fermentation.

2.3. Clarification and Sterilization by Ultrafiltration

Rice wine fermented with 5% P. cuspidatum for 10 days was used for UF processing. The rice
wine was centrifuged at 10,000 rpm for 5 min and the supernatant filtered through Whatman No. 1
filter paper. The rice wine was then ultrafiltered by a tangential flow filtration system (MAP-TFF,
Lefo Science, Taipei, Taiwan) equipped with a hollow-fiber filter module with a molecular weight
cut-off of 3 kDa or 10 kDa (MicroKros, Spectrum Labs, Rancho Dominguez, CA, USA). The rice wine
was stored at 4 ◦C to test its shelf life. Samples were analyzed for ethanol, piceid, and resveratrol
concentrations, as well as total acidity, turbidity, reducing sugars, amino acids, and aerobic plate count
(APC). The control experiment, sterilization by boiling, was conducted by placing the centrifuged
supernatant in a boiling water bath for 20 min.

2.4. Antioxidative Properties of Resveratrol-Enriched Rice Wine

The DPPH radical scavenging activity was measured according to the method of Huang et al. [41],
with some minor modifications. Briefly, 0.5 mL of the sample was added to 0.5 mL 0.1 mM freshly
prepared DPPH solution (in ethanol). After DPPH radicals transferred hydrogen to antioxidative
agents, the solution lightened in color at 517 nm due to the reduction in optical absorbance. The mixture
was shaken vigorously for 1 min then left to stand for 30 min in the dark at room temperature.
The absorbance of all sample solutions was measured at 517 nm using a UV/VIS spectrophotometer
(Hitachi U-2900, Tokyo, Japan). The DPPH radical scavenging activity was calculated using the
following equation:

Scavenging activity (%) = (1 − (Asample)/Acontrol) × 100 (1)

The reducing power assay was measured according to the method of Conde et al. [42], with some
minor modifications. Briefly, 1 mL of sample was added to 1 mL of phosphate buffer (200 mM, pH 6.6)
and 1 mL of 1% potassium ferricyanide. The solution was allowed to react for 20 min at 50 ◦C, and then
1 mL of 10% trichloroacetic acid (in ethanol) was added. The reactant was centrifuged at 10,000 rpm
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for 10 min. Then 0.5 mL of the upper layer of the solution was mixed with 0.5 mL of distilled water
and 0.1 mL of 0.1% ferric chloride in test tubes. After 10 min of reaction, the resulting solution was
measured at 700 nm. Increased absorbance (A700) of the reaction mixture indicated increased reducing
power. The standard curve was linear between 20 and 100 ppm vitamin C. Results are expressed in
ppm vitamin C. Additional dilution was needed if the measured absorbance value was over the linear
range of the standard curve.

The ferrous ion chelating power was measured according to the method of Wu et al. [43], with some
minor modifications. Briefly, 1 mL of sample was added to 0.1 mL of 2 mM ferrous chloride and
3.7 mL of methanol. The reaction was started by the addition of 5 mM ferrozine (0.2 mL), and the
mixture was shaken vigorously before being left to stand at room temperature for 10 min. Absorbance
of the resulting solution was measured at 562 nm. The chelating power was calculated according to
Equation (1).

2.5. Analysis

The ethanol concentration was quantified using a Thermo Quest Trace 2000 gas chromatograph
equipped with a flame ionization detector and an MXT-WAX capillary column (30 m × 0.28 mm i.d.;
film thickness 0.25 μm; RESTEK, Bellefonte, PA, USA). Injector and detector temperatures were set at
200 ◦C and 250 ◦C, respectively. Initial temperature of the column oven was set at 40 ◦C for 2 min,
and then increased to 215 ◦C at 20 ◦C min−1. Pure helium was used as a carrier gas at a flow rate of
0.5 mL min−1. Piceid and resveratrol were assayed by injecting 20 μL of the sample into an HPLC
system, consisting of a Hitachi L-2130 HPLC pump and a Hitachi L-2420 UV/VIS detector (Hitachi,
Tokyo, Japan), using an Inertsil ODS-3 column (5 μM, 250 mm × 4.6 mm). Deionized water and
methanol containing 0.1% acetic acid were used for gradient elution from 10 to 100% methanol for
20 min, followed by elution at 100% methanol for 5 min. The flow rate was set at 1.0 mL min−1. The UV
detector was set at a wavelength of 303 nm. The standard curves for piceid and resveratrol were linear
over the range 25–125 μg/mL (R2 = 0.9987) and 16–80 μg/mL (R2 = 0.9995), respectively. Piceid and
resveratrol levels in the samples were quantified by comparing their retention times and peak areas
with those of the standards. Samples were diluted if the concentrations fell outside the standard
curve ranges. β-Glucosidase was determined using PNG as the substrate. Briefly, 50 μL of sample
was added to 50 μL of 20 mM PNG (in 50 mM, pH 4.5 citric buffer) and was incubated for 30 min at
37 ◦C. The reaction was stopped by the addition of 0.9 mL of 0.1 M sodium carbonate. The release of
p-nitrophenol, resulting from the β-glucosidase-catalyzed hydrolysis of PNG, was measured by reading
the absorbance at 405 nm (ε405 = 17.0 mM−1 cm−1). One unit of β-glucosidase activity was defined as
the amount of enzyme that liberated 1 μmoL of p-nitrophenol per minute. The reducing sugar content of
the rice wine was determined by 3,5-dinitrosalicylic acid colorimetry using glucose as the standard [44].
Total acidity of the rice wine was rapidly determined by titrimetry. The amino acid content was
determined by o-phthaldialdehyde colorimetry using glutamine as the standard [45]. Clarity was
determined by measuring the transmittance (T%) at 680 nm using a UV/VIS spectrophotometer (Hitachi
U-2900, Tokyo, Japan); distilled water was used as the control.

3. Results and Discussion

3.1. Rice Wine Fermented with P. cuspidatum

Steam-cooked rice mixed with Qu was incubated for 2 days in order to induce the enzymes
involved in ethanol fermentation, including amylase, glucoamylase, and protease. After incubation,
varying amounts of P. cuspidatum root powder (1%, 3%, or 5%) were added with sterile water to the
mixture for rice wine fermentation and simultaneous extraction of piceid and resveratrol. The ethanol
yield during the period of fermentation is shown in Figure 2. The addition of P. cuspidatum decreased
the initial ethanol production rate for the first 6 days, compared to the control; however, the ethanol
yields were the same after 8 d of fermentation. The final ethanol yields were 14.2%, 14.4%, 14.5%,
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and 14.1%, for rice wine with 1%, 3%, and 5% P. cuspidatum and the control, respectively. The results
showed that P. cuspidatum did not influence ethanol production.

P. cuspidatum
P. cuspidatum
P. cuspidatum

Figure 2. Effect of P. cuspidatum roots on ethanol yield during rice wine fermentation. Control was
performed without the addition of P. cuspidatum.

3.2. Biotransformation of Piceid to Resveratrol during Rice Wine Fermentation

Piceid and resveratrol, which originated from the P. cuspidatum roots, were infused into the rice
wine during fermentation. The change in piceid yield during fermentation is shown in Figure 3a.
The highest piceid concentrations were found in the first 2 days at 73, 161, and 231 mg/L for wine
with 1%, 3%, and 5% P. cuspidatum, respectively, but after 10 days, these levels decreased to 22, 80,
and 122 mg/L. Resveratrol showed a different trend; the change in its yield during fermentation is
shown in Figure 3b. Resveratrol concentration was lowest the first 2 days at 10, 22, and 34 mg/L for
wine with 1%, 3%, and 5% P. cuspidatum, respectively. Unlike piceid, however, resveratrol concentration
increased with fermentation time, with the yield increasing gradually for the first 8 days and then
levelling off after 10 days. Wang et al. studied the biotransformation of piceid to resveratrol by A. oryzae
and reported that the yield of trans-resveratrol first increased, and then decreased after it reached its
highest value during fermentation [46]. It has been reported that resveratrol increases the life span
of yeast in winemaking [47]. The levelling off in resveratrol concentration after 10 days may be due
to the converted resveratrol being consumed by yeast. The highest resveratrol yield was 26, 57, and
86 mg/L after 10 days for wine with 1%, 3%, and 5% P. cuspidatum, respectively. These results indicate
that piceid was converted to resveratrol during rice wine fermentation.

β-Glucosidase catalyzes the hydrolysis of β-O-glucosidic linkages between β-D-glucose and
an aglycone [48,49]. Therefore, β-glucosidase activity was examined during rice wine fermentation.
As shown in Figure 4,β-glucosidase activity increased with the amount of P. cuspidatum supplementation.
After 10 days fermentation, the β-glucosidase activity was 5.3, 7.6, and 10.2 U/L for wine with 1%, 3%,
and 5% P. cuspidatum, respectively. The results indicate that β-glucosidase activity was induced by
P. cuspidatum during fermentation. The mole conversion of piceid to resveratrol was defined as the
increase of resveratrol mole per the decrease of piceid mole from days 2 to 10. The mole conversions for
wine with 1%, 3%, and 5% P. cuspidatum were 56%, 73%, and 82%, respectively. These results indicate
that the mole conversion is directly related to β-glucosidase activity. β-Glucosidase from A. niger
has been used to hydrolyze piceid to produce resveratrol in red wine, which increases resveratrol to
75% [50], but the overall content of resveratrol is still low (~2.8 mg/L).
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 P. cuspidatum
 P. cuspidatum
 P. cuspidatum

 

 P. cuspidatum
P. cuspidatum
P. cuspidatum

(a) (b) 
Figure 3. Effect of P. cuspidatum roots on the (a) piceid and (b) resveratrol yields during rice wine
fermentation. a,b,c,d When the bars of the same color have significant differences at p-value less than
0.05, homogeneous groups in each variable are identified by the same superscript letter according to
the LSD (least significant difference) test.

β

P. cuspidatum
P. cuspidatum
P. cuspidatum 

Figure 4. Effect of P. cuspidatum roots on the β-glucosidase activity during rice wine fermentation.

3.3. Antioxidant Capacity of Resveratrol-Enriched Rice Wine

Oxygen is the basic component needed to maintain most life, but oxygen can form reactive
oxygen species (ROS) or free radicals, such as superoxide anion radicals, hydroxyl radicals, hydrogen
peroxide, singlet oxygen, or nitric oxide [51]. Excessive free radicals or ROS are harmful to the
human body because these components are highly chemically reactive and may damage cellular DNA,
proteins, nucleic acids, and lipids, thereby destroying the normal functions of cells, tissues, and organs.
The importance of anti-oxidative components is due to their ability to reduce the damage to free
radical-mediated cells, tissues, and organs within the human body. Polyphenols possess a well-known
antioxidant capacity because of their ability to scavenge free radicals, inhibit free radical formation,
and chelate with metals to protect cells from oxidative damage and further prevent the occurrence
of cancer and cardiovascular disease [52]. Therefore, the aim of this section was to demonstrate the
antioxidant capacity of resveratrol-enriched rice wine.

The DPPH radical scavenging capacities of rice wine, and rice wine fermented with 1%, 3%,
and 5% P. cuspidatum root were 5.12%, 29.70%, 30.42%, and 37.18%, respectively (Table 1). The DPPH
radical scavenging capacity of the rice wine fermented with P. cuspidatum was higher than the control.
DPPH radical scavenging activity increased with the amount of P. cuspidatum supplementation.
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The higher percentage values of DPPH radical scavenging capacity in rice wine fermented with
P. cuspidatum indicate that resveratrol-enriched rice wine scavenges free radicals in vitro, consistent
with the study results for total amounts of resveratrol. Similarly, the DPPH radical scavenging capacity
for 250 mg/L of P. cuspidatum extract was 22.22% [5], which is lower than the resveratrol-enriched rice
wine. This might be due to the conversion of piceid to resveratrol during rice wine fermentation.

Table 1. DPPH free radical scavenging activity, ferrous ion chelating activity and reducing power of
resveratrol-enriched rice wine. Control was performed without the addition of P. cuspidatum.

Group
DPPH Radical

Scavenging Activity (%)
Reducing Power (Vitamin

C Equivalent ppm)
Ferrous-Ion Chelating

Activity (%)

Control 5.12 ± 2.70 c 6.93 ± 0.20 d 69.36 ± 0.83 c

1% P. cuspidatum 29.70 ± 0.11 b 107.29 ± 6.43 c 73.05 ± 1.36 b

3% P. cuspidatum 30.42 ± 1.60 b 189.63 ± 6.94 b 79.14 ± 0.61 a

5% P. cuspidatum 37.18 ± 6.05 a 293.92 ± 3.47 a 80.91 ± 1.28 a

a,b,c,d When there are significant differences at p-value less than 0.05, homogeneous groups in each variable are
identified by the same superscript letter according to the LSD test. DPPH: 2,2-Diphenyl-1-picrylhydrazyl.

Reducing power is another important indicator of antioxidant activity in natural components.
The reducing capacity of a compound may serve as a significant indicator of its potential antioxidant
activity and indicates that these compounds are electron donors [53]. The quantification of reducing
power is based on the antioxidant’s reaction with potassium ferricyanide (Fe3+) to form potassium
ferrocyanide (Fe2+). This then reacts with ferric chloride to form a ferric ferrous complex that has a
maximum absorption at 700 nm. As shown in Table 1, the reducing powers of rice wine, and rice wine
fermented with 1%, 3%, and 5% P. cuspidatum were 6.93, 107.29, 189.63, and 293.92 ppm vitamin C
equivalent, respectively. The reducing power increased with the amount of P. cuspidatum, similar to the
results of DPPH radical scavenging activity.

Another antioxidant system was investigated by determining the chelating power of the ferrous
ion. Ferrozine can form complexes with the ferrous ion, resulting in a red color. In the presence of
chelating agents, complex formation is interrupted, decreasing the red color. The chelation capacity of
rice wine increased with the amount of P. cuspidatum. Rice wine fermented with P. cuspidatum showed
higher ferrous ion chelating activity (73.05~80.91%) than control (69.36%). In general, free transition
metals like iron react with either hydrogen or lipid peroxides to produce hydroxyl radical compounds
and alkoxyl radicals, also known as the Fenton reaction. These radicals are extremely reactive and will
significantly accelerate oxidative degradation.

In summary, the antioxidant activity (based on DPPH radical scavenging activity and reducing
capacity) of the resveratrol-enriched rice wine was stronger than rice wine.

3.4. Clarification and Sterilization of Resveratrol-Enriched Rice Wine

Traditionally, boiling is used to kill microorganisms and deactivate enzymes in rice wine to
protect it against rancidity and deterioration. UF is a new technology widely used by the food
industry in recent years for juice clarification [54,55], but there are few reports on wine clarification.
Macromolecular substances, like microorganisms, enzymes, and turbid substances, cannot pass through
the UF membrane and are therefore removed from the rice wine. Aroma components and smaller
nutrient molecules that can pass through the UF membrane are retained. The resveratrol-enriched
rice wine was ultrafiltered with a tangential flow filtration system equipped with a hollow-fiber filter
module with a molecular weight cut-off of 3 kDa or 10 kDa. The effect of the UF process on rice wine
quality is shown in Table 2. UF did not affect the ethanol content, total acidity, pH, reducing sugar
content, or amino acid content of the rice wine. These parameters were, respectively, about 14% ethanol,
4 g/L total acidity, 3.7 mg/mL reducing sugars, and 1.1 mg/mL amino acids. However, the UF-treated
rice wine had better clarity (transmittance at 680 nm was more than 99%) than boiled rice wine
(91.4%), as shown in Table 2. The transmittance shows a large difference between the UF-treated
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and boiled rice wine. Li et al. have shown that suspended solids and juice turbidity can be almost
entirely removed by the UF membrane, but the pH, acidity, sugar, and soluble solid content of the juice
showed no significant changes [56]. Furthermore, the microbiological characteristics of the UF-treated
resveratrol-enriched rice wine were in agreement with food safety regulations, since the number of
aerobic plate count was not detected, as shown in Table 2. These results indicate that UF could be
an alternative process for clarification and sterilization. UF has been used to clarify nixtamalization
waste waters for the recovery of phenolic compounds [57]. In our study, the 3 kDa UF process slightly
decreased the amount of piceid and resveratrol, but the concentration of piceid and resveratrol did
not change by the 10 kDa UF process. The resveratrol-enriched rice wine obtained from 10 kDa UF
contains 120 mg/L piceid and 84 mg/L resveratrol, which is at least 23 times greater than the resveratrol
concentration of red wine (~1.6 to 3.6 mg/L resveratrol) [17]. As such, resveratrol-enriched rice wine
would have a beneficial effect on physical health.

Table 2. Quality characteristics of resveratrol-enriched rice wine treated by boiling and ultrafiltration.

Item Boiling
Ultrafiltration

10 KD 3 KD

Ethanol (%; v/v) 14.22 ± 0.66 14.40 ± 0.24 14.50 ± 0.92
Piceid (mg/L) 120.10 ± 6.07 120.67 ± 3.05 104.75 ± 2.51

Resveratrol (mg/L) 82.50 ± 2.52 84.93 ± 0.47 80.58 ± 0.43
Clarity (%T) 91.4 ± 0.00 99.35 ± 0.05 99.60 ± 0.05

Aerobic plate count (CFU/mL) N.D. 1 N.D. N.D.
Total acidity (g/L) 3.83 ± 0.23 4.05 ± 0.00 4.05 ± 0.00

pH 3.66 3.65 3.65
Reducing sugars (mg/mL) 3.59 ± 0.08 4.09 ± 0.19 3.55 ± 0.21

Amino acids (mg/mL) 1.11 ± 0.03 1.04 ± 0.00 1.05 ± 0.02
1 Not detected.

3.5. Storage Study

The UF-treated rice wine was stored for 4 weeks to check its shelf life. Polymerization of
phenolic compounds and interactions with other components (e.g., proteins or sugars) can lead to
increased turbidity [58–60]. The rates of these reactions slow in low temperature conditions. Therefore,
the UF-treated rice wine was stored at a lower temperature to keep the turbidity within a minimal
range. Various parameters, including ethanol, piceid, and resveratrol levels, clarity, aerobic plate count,
total acidity, pH, total reducing sugars, and total amino acids, were determined at the onset and after
each consecutive week. As the results in Table 3 show, the quality of rice wine remained almost the
same for 4 weeks. The quality indices (ethanol, piceid, and resveratrol) of the UF-treated rice wine
showed no significant change after four weeks of storage, and therefore it can be safely asserted that the
UF-treated rice wine can be stored for four weeks at normal refrigeration temperature (4 ◦C) without
any additives or preservatives.
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4. Conclusions

This study established a new process to combine rice wine fermentation, the extraction of
phenolic compounds, and the biotransformation of piceid to resveratrol to obtain functional rice wine.
This novel resveratrol-enriched rice wine has enhanced antioxidant activities, including increased free
radical-scavenging activity, ferric ion reducing power, and ferrous ion chelating activity. The results
confirm that UF has great potential for the clarification and sterilization of rice wine as it retains
bioactive compounds. This is because UF operates at room temperature, no chemicals are used,
no phase changes occur, and it has a high recovery yield. The UF-treated clarified product presents
good quality characteristics, and also meets microbiological safety requirements. Therefore, this novel
product could be consumed as a resveratrol-rich functional wine or a natural herb-fermented rice wine.
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