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et al.

Bioproducts from Passiflora cincinnata Seeds: The Brazilian Caatinga Passion Fruit
Reprinted from: Foods 2023, 12, 2525, doi:10.3390/foods12132525 . . . . . . . . . . . . . . . . . . . 6

Samart Sai-Ut, Passakorn Kingwascharapong, Md. Anisur Rahman Mazumder and

Saroat Rawdkuen

Optimization of Ethanolic Extraction of Phenolic Antioxidants from Lychee and Longan Seeds
Using Response Surface Methodology
Reprinted from: Foods 2023, 12, 2827, doi:10.3390/foods12152827 . . . . . . . . . . . . . . . . . . . 24

Sherif M. Afifi, Eman M. Kabbash, Ralf G. Berger, Ulrich Krings and Tuba Esatbeyoglu

Comparative Untargeted Metabolic Profiling of Different Parts of Citrus sinensis Fruits via
Liquid Chromatography–Mass Spectrometry Coupled with Multivariate Data Analyses to
Unravel Authenticity
Reprinted from: Foods 2023, 12, 579, doi:10.3390/foods12030579 . . . . . . . . . . . . . . . . . . . 43

José Ángel Salas-Millán, Encarna Aguayo, Andrés Conesa-Bueno and Arantxa Aznar

Revalorization of Melon By-Product to Obtain a Novel Sparkling Fruity-Based Wine
Reprinted from: Foods 2023, 12, 491, doi:10.3390/foods12030491 . . . . . . . . . . . . . . . . . . . 60

Lorena Silva Pinho, Bhavesh K. Patel, Osvaldo H. Campanella,

Christianne Elisabete da Costa Rodrigues and Carmen Sı́lvia Favaro-Trindade

Microencapsulation of Carotenoid-Rich Extract from Guaraná Peels and Study of Microparticle
Functionality through Incorporation into an Oatmeal Paste
Reprinted from: Foods 2023, 12, 1170, doi:10.3390/foods12061170 . . . . . . . . . . . . . . . . . . . 81

Pablo Pérez, Seyedehzeinab Hashemi, Marina Cano-Lamadrid, Lorena Martı́nez-Zamora,
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in 2022. In this period, she had the opportunity to focus deeply on abiotic stresses to increase bioactive

compounds in fruits and vegetables, and on revalorization of food waste to produce new sustainable

foods. This was thanks to a research project funded by Seneca Foundation-Science and Technology

Agency of the Region of Murcia (Spain) to study the development and minimal fresh processing

of high-quality sprouts using eco-sustainable techniques. She had done a postdoctoral researcher
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Preface

Fruit and vegetable waste is a current problem in our society, as one third of the world’s

production is lost or wasted at some point in the food chain. Within the Sustainable Development

Goals (SDGs) to reduce food waste by 50%, we would like to contribute with this Special Issue, where

several by-products are presented, and how to incorporate them into a food matrix as raw material.

This Special Issue is for the entire scientific community, especially for the younger researchers

who must continue this path, proposing sustainable and innovative ways to take advantage of the

by-products present in the agri-food industry.

Finally, we would like to thank all those who have made this Special Issue possible. Starting

with all the leading researchers from all over the world who have done their bit to produce a very

comprehensive Special Issue, of course to the editors and staff of the prestigious journal Foods for all

the help received and finally to the future readers who will make it possible for these papers to be the

basis for many others.

Noelia Castillejo Montoya and Lorena Martı́nez-Zamora

Editors
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1. Introduction

Globally, there is a serious problem with fruit and vegetable waste, which can result
from improper food handling or storage techniques or from the disposal of inedible portions
of produce. Approximately one-third of worldwide production is lost or wasted at some
point in the food chain, according to reports from the Food and Agriculture Organization
(FAO) [1]. One of the Sustainable Development Goals (SDGs), reducing food waste by
50%, is one of the FAO’s major challenges for 2050. Waste is considered the raw material
for a circular economy, which is based on the idea of a “zero waste” economy driven by
society [2].

By-products from fruits and vegetables can be employed as innovative ingredients
or food fortifiers because they are high in bioactive components [3]. Just as we may cut
down on the quantity of wasted fruit and vegetable matter, an ideal extraction of these
health-promoting components will enable efficient utilization of these compounds [4].
Additionally, these by-products support a circular economy because they have a wide
range of possible uses in various industries [5]. By doing so, we can enhance food security
and nutrition while creating more sustainable farming systems.

Therefore, the purpose of this Special Issue is to showcase current developments in
cutting-edge green technology for the extraction of bioactive substances from fruit and
vegetable by-products, along with their possible applications. To achieve this purpose,
leading researchers from all over the world contributed to this Special Issue by providing
new methods to address this problem.

2. An Overview of the Published Articles

Thirteen scientific works are included in this Special Issue, with them focusing on
the optimization of the extraction of bioactive compounds, the characterization of several
by-products, the development of new food products, and the evaluation of the functionality
of these extracts.

Reis et al. [contribution 1] optimized the extraction of Passiflora cincinnata, which
belongs to the same genus as passion fruit, to obtain several bioproducts such as oil rich
in linoleic acid, antioxidant extracts, and oil microparticles with antioxidant extracts. The
seeds were pressed, and the best extraction condition (solid–liquid ratio 1:48 with 58%
ethanol at 74 ◦C) produced an extract rich in lignans, with high antioxidant capacity and
antimicrobial activity against Gram-positive and Gram-negative bacteria. In addition, the
oil was microencapsulated and enriched with Passiflora cincinnata antioxidant extracts,
improving the oxidation stability of the product by up to 30%.

In this line of research, Sai-Ut et al. [contribution 2] optimized the extraction of pheno-
lic compounds from lychee and longan seeds using response surface methodology (RSM).

Foods 2024, 13, 775. https://doi.org/10.3390/foods13050775 https://www.mdpi.com/journal/foods1
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The best condition for maximizing extraction yield, phenolic content, and antioxidant
activity using a 1:20 solid–liquid ratio was 41% and 53% ethanol at 51 ◦C and 58 ◦C for
139 min and 220 min for lychee and longan seeds, respectively.

Moreover, Afifi et al. [contribution 3] characterized the main metabolites present in
orange peels (albedo and flavedo) and juices from different countries. Sixty-six metabolites
were detected through the use of nano-liquid chromatography coupled to a high-resolution
electrospray-ionization quadrupole time-of-flight mass spectrometer. In Citrus sinensis,
eleven metabolites were discovered for the first time. Certain flavonoids were significantly
more abundant in the citrus peel than in the juice, suggesting that the peel had greater
potential for its use in industry and the circular economy. The huge number of metabolites
found in the peel, which is the main by-product during fruit processing, means that it
should be considered for its use as a new ingredient in the food industry.

Within the development of new food products, Salas-Millán et al. [contribution 4] de-
veloped a melon-based sparkling wine with 12% v/v ethanol. Within the volatile profile, the
compounds isoamyl acetate, ethyl decanoate, 3,6-nonadienyl acetate, and (E,Z)-nonadien-
1-ol contributed to the sweet, fruity, banana, tropical, nutty, and melon aroma. The sensory
evaluation of this melon-based wine at the end of its shelf-life scored 92 points, with
100 being the maximum. This study shows how by-product revalorization can yield new
products with good sensory acceptance, market potential, and a distinctive aroma, such as
the aforementioned innovative sparkling wine.

Following this topic, Pinho et al. [contribution 5] focused their research on the ex-
traction of carotenoids from guarana peels, and their encapsulation via spray drying to
improve their stability. The 1:2 ratio (concentrated ethanolic extract:gum arabic) was added
to oatmeal paste. The minimum temperature applied was 70 ◦C, with the temperature
reaching up to 90 ◦C. The oatmeal paste enriched with carotenoid microparticles showed
lower viscosity because the presence of the microparticles reduced the accessible water.
However, pigment loss decreased with encapsulation. These findings imply that the pro-
duction of stable and useful products may be possible with the addition of encapsulated
carotenoids to cooked foods at higher temperatures.

Also, in this line of research, Pérez et al. [contribution 6] studied the revalorization
of broccoli and carrot by-products, formulating a new vegetable drink. Although three
types of preservative treatments were applied, namely pasteurization, ultrasound, and
high hydrostatic pressure, only the last treatment process was able to show the best results,
maintaining a high concentration of carotenoids and sulfur compounds, which contributed
to prolonging its shelf-life, increasing its antioxidant capacity, and reducing its microbial
load, respectively.

Besides the determination and quantification of the main bioactive compounds in the
by-products, it is crucial to determine the effect of these compounds on health. Hence,
Olennikov et al. [contribution 7] characterized the waste generated by the lingonberry
processing industry and its potential functionality. The lipid profile and antioxidant
status of hamsters fed with a high-fat diet ended up being normalized by polysaccharides
from lingonberry, according to the results of in vitro and in vivo experiments. These
results provide credence to the idea that food processing waste can be used to produce
hypolipidemic and antioxidant substances in the pharmaceutical sector.

Additionally, in this research line, Han et al. [contribution 8] studied the hepatopro-
tective effects of tamarind shell extract using zebrafish and chicken embryos as in vitro
models. The use of tamarind shell extracts made it possible to successfully reverse the
ethanol-induced pathological alterations, liver dysfunction, and ethanol–metabolic enzyme
malfunction in the chick embryo liver, zebrafish, and HepG2 cells. Tamarind extract sup-
pressed the level of excess reactive oxygen species in zebrafish and HepG2 cells and restored
the altered potential of the mitochondrial membrane. This suggested that tamarind shell
extract attenuates alcohol liver disease by activating NRF2 to suppress ethanol-induced
oxidative stress.
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Furthermore, Coelho et al. [contribution 9] studied a potential prebiotic ingredient
consisting of tomato flour (seed and peel) rich in phenolic compounds and carotenoids
extracted via ohmic and conventional extraction. For this purpose, the flour was subjected
to simulated gastrointestinal digestion, and its fermentability potential and impact on gut
microbiota were determined. The probiotic strain SFCONV favored the growth of Bifidobac-
terium animalis, while SFOH favored the growth of Bifidobacterium longum, probably due to
the different carbohydrate profiles of the flours. Overall, the flours used were able to func-
tion as a direct substrate to favor the potential prebiotic growth of Bifidobacterium longum.
The results of the fecal fermentation model showed the highest growth of Bacteroidetes
with SFOH and the highest values of Bacteroides with SFCONV.

In this line of research, Zhou et al. [contribution 10] also studied the functionality
of walnut kernel extracts (defatted or whole), measuring antioxidant activity in vitro and
in vivo. The defatted walnut kernel extract showed the highest antioxidant activity under
extraction conditions with 58% ethanol at 48 ◦C for 77 min.

In addition, similar to this topic, Phumat et al. [contribution 11] studied the function-
ality of Benincasa hispida peel extracts from consumer residues, with the extracts obtained
from 95% ethanol showing the best results in terms of anti-aging and antioxidant activity.
They highlighted the absence of toxicity and the irritant effect of this extract, which is
promising for the development of new products.

In addition, two scientific reviews are included in this collection. The characterization
of the main bioactive compounds found in several by-products is important to understand
how they can be re-utilized. In this sense, as editors of this Special Issue, Martínez-
Zamora et al. [contribution 12] presented a systematic review of lemon by-products as
new flavonoid-rich ingredients, analyzing their extraction using green technologies and
the incorporation of these flavonoid-rich extracts into new foods. This analysis reported
that 89% of the papers studied used green technologies and solvents for extraction and
18 papers were related to the reuse of these extracts, although only 35% of these works
evaluated the functionality of such incorporation.

Lastly, Chetrariu and Dabija [contribution 13] presented an updated review on spent
grain and its use as an ingredient in various food products. This food is high in fats,
fiber, protein, vitamins, and minerals. Because of its high moisture content and microbial
sensitivity, it needs to be processed using an appropriate, economical, and ecologically
friendly recovery approach. This by-product, due to its nutritional properties, is utilized
as a raw material to make a variety of food products, including frankfurters, fruit drinks,
pasta, pastries, muffins, waffles, yogurt and plant-based yogurt substitutes, and other
snacks. The circular economy finds opportunities in the regeneration and recycling of
waste materials and energy that become inputs to other food processes.

Therefore, the extraction and potential utilization of bioactive compounds from fruit
and vegetable waste have emerged as a promising and relevant research field in agro-food
waste management [6]. This area provides a unique opportunity to address both food
loss reduction and the implementation of more sustainable and environmentally friendly
practices [7]. Bioactive compounds derived from these waste materials can contribute
to human nutrition and health and facilitate the creation of value-added products, thus
promoting circular economy principles [8].

3. Conclusions and Future Perspectives

In summary, exploring bioactive compounds from fruit and vegetable waste presents
a promising avenue in agro-food waste management, offering opportunities to reduce
food loss and adopt sustainable practices. These compounds, with potential benefits for
human nutrition and health, open doors for the development of value-added products.
The ongoing exploration and development of new extraction techniques and innovative
applications by young researchers are crucial to maximize the potential of this research
avenue, with a view to a prosperous future in the areas of enhanced sustainability and
comprehensive waste management in the food industry.
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Abstract: The present work aimed to obtain bioproducts from Passiflora cincinnata seeds, the Brazilian
Caatinga passion fruit, as well as to determine their physical, chemical and biological properties. The
seeds were pressed in a continuous press to obtain the oil, which showed an oxidative stability of
5.37 h and a fatty profile rich in linoleic acid. The defatted seeds were evaluated for the recovery of
antioxidant compounds by a central rotation experimental design, varying temperature (32–74 ◦C),
ethanol (13–97%) and solid–liquid ratio (1:10–1:60 m/v). The best operational condition (74 ◦C, 58%
ethanol, 1:48) yielded an extract composed mainly of lignans, which showed antioxidant capacity and
antimicrobial activity against Gram-positive and Gram-negative bacteria. The microencapsulation of
linoleic acid-rich oil through spray drying has proven to be an effective method for protecting the
oil. Furthermore, the addition of the antioxidant extract to the formulation increased the oxidative
stability of the product to 30% (6.97 h), compared to microencapsulated oil without the addition of
the antioxidant extract (5.27 h). The microparticles also exhibited favorable technological character-
istics, such as low hygroscopicity and high water solubility. Thus, it was possible to obtain three
bioproducts from the Brazilian Caatinga passion fruit seeds: the oil rich in linoleic acid (an essential
fatty acid), antioxidant extract from the defatted seeds and the oil microparticles added from the
antioxidant extract.

Keywords: vegetable oil; antioxidant extract; spray dryer; microparticles; antibacterial activity

1. Introduction

The passion fruit is native to Latin America. The most used commercial species are the
yellow passion fruit (Passiflora edulis Curtis) and the purple passion fruit (Passiflora edulis Sims).
However, although less commercially explored, species such as P. alata, P. quadrangularis L.,
P. cincinnata Mast., and P. mollisima Bailey present unique sensory, chemical, and technologi-
cal characteristics, increasing the fruit’s potential for edible and cosmetic purposes. Passion
fruit juice and pulp are the main products derived from its processing. They can be used as
ingredient in ice cream, jams, or even consumed in natura [1–3]. According to the Brazilian
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Institute of Geography and Statistics (IBGE), the global production of passion fruit was
estimated to be 1.5 million tons, with Brazil being the largest producer, having produced
about 1 million tons in 2021 [4].

Passiflora cincinnata is a native species to Brazil, cultivated in the North, Northeast
and Southeast regions of the country. It is also found in other countries such as Argentina,
Bolivia, Colombia, Paraguay, and Venezuela. This species is known as “maracujá-do-mato”
or “maracujá-da-caatinga” and it has been mainly exploited by rural families’cooperatives
in Bahia State (Northeast) in an extractive way. Its fruit is composed of 34% pulp, 26% seed
and 40% peel [5]. Thus, its processing can generate 66% residues. As Passiflora cincinnata
exhibits higher tolerance to water stress and pests when compared to other Passiflora species,
this has motivated the Brazilian Agricultural Research Corporation, Embrapa, to develop
cultivars with higher productivity and yield, and which contribute to the strengthening of
the passion fruit agro-industrial chain in Brazil [6]. Thus, an increase in the generation of
waste is envisioned, requiring studies that evaluate its potential in obtaining bioproducts
with higher added value. Herein, it is important to highlight that studies with the residue
of this species are still scarce in the literature, being restricted to the extraction of oil
from seeds.

The use of passion fruit seeds to obtain oil has been the subject of much research since
it represents a good way to add value to the agro chain of this fruit, as reported by Reis
et al. [7]. Authors obtained oil of Passiflora setacea, Passiflora alata, and Passiflora tenuifila with
increased oxidative stability by adding a hydroethanolic extract from fruit seeds. However,
an optimization study to recover antioxidant compounds from defatted seeds has not been
performed. Furthermore, both the composition of the extracts and the fatty acid profile of
the oils have not been evaluated.

Products based on passion fruit seed oil are commercialized with functional appeal,
which enhances its use and justifies the improvement of the extraction process for different
Passiflora species and the application of alternative technologies to retain the oxidative
stability of the oil and expand its use in the food and cosmetics industries [2,7].

Passion fruit seed oil contains polyunsaturated fatty acids, which are of interest to the
pharmaceutical, cosmetic, and food industries. Moreover, bioactive compounds, mainly
phenolics with antioxidant and anti-inflammatory properties, have been identified in oils
of various Passiflora species [8,9]. Passion fruit seed oil contains 60–70% unsaturated fatty
acids, consisting mainly of linoleic acid (C18:2), an essential fatty acid involved in cellular
functions and in the formation of other acids in human metabolism [10,11]. In this way, it
has a high nutritional value. On the other hand, linoleic acid is very susceptible to oxidation
due to the low oxidative stability of polyunsaturated fatty acids.

Microencapsulation by spray drying is an already consolidated technique in food
preservation and has been recently evaluated in the processing of edible oils. Due to its
flexibility, using a spray dryer for microencapsulation of oils shows advantages when
operating on a large scale. Additionally, the wall material used for emulsion prepara-
tion protects the encapsulated oil from light, oxygen, and moisture, for example [12,13].
In their previous study, Reis et al. [7] obtained antioxidant emulsions consisting of a
mixture of oils from different passion fruit seeds (Passiflora setacea, Passiflora alata, and
Passiflora tenuifila) and antioxidant extracts from their defatted seeds. Although these emul-
sions have shown higher oxidative stability when compared to pure oil, they are still very
susceptible to oxidation. Thus, the use of microencapsulation can guarantee the chemical
stability of both oil and antioxidant compounds. In addition to extending the shelf-life of
the obtained products, the elaborated powders take up less space during storage when
compared to liquid products such as emulsions and extracts, thus being a current approach
to obtain bioproducts from Passiflora cincinnata seeds [13]. To our knowledge, this approach
has not been evaluated for the biorefinery of seeds of this passion fruit species.

Therefore, the present work aimed to obtain bioproducts from passion fruit seeds
(P. cincinnata) by lipid extraction, recovery of antioxidant compounds from defatted seeds
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and microencapsulation of seeds oil with antioxidant extract, as well as to determine the
physical, chemical and biological properties of the obtained bioproducts.

2. Materials and Methods

2.1. Material

The seeds of P. cincinnata used in this work were obtained from fruits grown in
experimental fields of Embrapa Semiarid (Petrolina, Brazil) after depulping. Seeds were
stored at −20 ◦C until their processing. After thawing, the seeds were washed in a sieve
under running water to remove the arils. Then, they were autoclaved at 120 ◦C for 20 min
to reduce the microbial load.

2.2. Seeds Oil Extraction

The seeds were dried to reach about 10% moisture. After that, the raw material was
ground in a knife mill (MA-048, Marconi, Piracicaba, SP, Brazil). Crushed passion fruit
seeds were processed in continuous press (CA59G, Oekotec, Mönchengladbach, NRW,
Germany) to obtain the first-extraction crude oil decanted for 24 h in a dark cabinet. The
oil was centrifuged at 3000 rpm (CR22N, Hitachi Koki, Minato, Tokyo, Japan) for 15 min
to separate very fine particles. Then, the clarified seeds oil was stored at −20 ◦C until use,
and the pressed cake (defatted seeds) was reserved for antioxidant compound extraction.

The oil extraction yield was calculated from the ratio between the mass of oil recovered
by cold pressing (m) and the mass of oil extracted by Soxhlet (M).

Y (%) =
m
M

∗ 100 (1)

2.2.1. Fatty Acid Composition

The fatty acid composition of P. cincinnata seeds oil samples was analyzed using gas
chromatograph–mass spectrometry (GC–MS) (6890-5975, Agilent, Santa Clara, CA, USA).
Fatty acid methyl esters were prepared and analyzed in accordance with Jung et al. [14],
and the samples were injected into a Carbowax DB23 (60 m × 0.25 mm i.d. × 250 μm film)
column; helium as carrier gas flowed at 1 mL min−1. The inlet temperature was 230 ◦C,
the injection volume was 1 μL with a split ratio of 50:1, and the oven temperature was
200 ◦C for 40 min (isothermal). The transfer line temperature was 250 ◦C. The detected
compounds were identified by matching their mass spectra with the reference spectra in
the Willey7Nist05 library. The results were expressed in percentages based on the area of
the chromatogram peaks without correction.

2.2.2. Oxidative Stability

The oxidative stability of P. cincinnata seeds oil was measured using the Rancimat®

743 (743, Metrohm, Riverview, FL, USA) equipment, passing a stream of purified air of
10 L h−1 at 110 ◦C through the oil sample (3 g). Results were expressed as an induction
period representing a time interval until the sample reaches a high oxidation level.

2.3. Antioxidant Compound Recovery from Defatted Seeds

The P. cincinnata defatted seeds evaluated in the extraction of the antioxidant com-
pounds were ground in a knife mill coupled to a 1 mm diameter circular mesh sieve. A
rotational central composite design with eight factorials, six axials and three central points
was employed to select the best extraction parameters. The selected independent variables
were the concentration of ethanol (Pershy Chemical’s, São Gonçalo, RJ, Brazil) as solvent,
temperature, and solid–liquid ratio, according to Table 1. The temperature was limited to
74 ◦C to avoid loss of solvent. The extraction of antioxidant compounds was performed by
agitated solvent extraction, using 125 mL glass flasks properly covered and heated for 1 h
under constant stirring of 150 rpm, conditions based on preliminary studies and literature
data [15,16]. The experimental data were analyzed by response surface methodology using

8



Foods 2023, 12, 2525

a second order polynomial equation. Analysis of variance (ANOVA) to test for the lack of
fit and coefficient of determination (R2) were used to verify the model’s significance.

Table 1. Total phenolic compounds content and antioxidant capacity of the hydroethanolic extract of
Passiflora cincinnata defatted seeds obtained under different experimental conditions.

Trials Temperature (◦C) Ethanol (%)
Solid/Liquid Ratio

(g mL−1)
TPC 1 ABTS•+ 2 DPPH• 2 FRAP 3

1 40 (−1) 30 (−1) 1:20 (−1) 845 ± 25 43 ± 2 111 ± 3 223 ± 8
2 40 (−1) 30 (−1) 1:50 (+1) 912 ± 31 51 ± 1 107 ± 5 216 ± 4
3 40 (−1) 80 (+1) 1:20 (−1) 1016 ± 27 64 ± 3 148 ± 6 284 ± 4
4 40 (−1) 80 (+1) 1:50 (+1) 1220 ± 25 69 ± 1 153 ± 6 304 ± 6
5 65 (+1) 30 (−1) 1:20 (−1) 1371 ± 57 80 ± 2 182 ± 8 395 ± 8
6 65 (+1) 30 (−1) 1:50 (+1) 1799 ± 119 105 ± 2 214 ± 12 462 ± 19
7 65 (+1) 80 (+1) 1:20 (−1) 1870 ± 35 114 ± 2 280 ± 11 567 ± 18
8 65 (+1) 80 (+1) 1:50 (+1) 2302 ± 31 130 ± 2 292 ± 10 614 ± 17
9 32 (−1.68) 55 (0) 1:35 (0) 991 ± 42 63 ± 4 128 ± 7 303 ± 6
10 74 (+1.68) 55 (0) 1:35 (0) 2538 ± 141 178 ± 6 370 ± 20 795 ± 5
11 53 (0) 13 (−1.68) 1:35 (0) 720 ± 18 45 ± 1 92 ± 5 211 ± 2
12 53 (0) 97 (+1.68) 1:35 (0) 377 ± 17 21 ± 1 41 ± 0 103 ± 1
13 53 (0) 55 (0) 1:10 (−1.68) 1451 ± 69 99 ± 4 210 ± 5 474 ± 17
14 53 (0) 55 (0) 1:60 (+1.68) 1809 ± 80 111 ± 8 226 ± 5 462 ± 16
15 53 (0) 55 (0) 1:35 (0) 1810 ± 124 121 ± 1 235 ± 1 515 ± 6
16 53 (0) 55 (0) 1:35 (0) 1616 ± 57 117 ± 1 222 ± 4 527 ± 1
17 53 (0) 55 (0) 1:35 (0) 1637 ± 64 110 ± 3 234 ± 3 504 ± 3

The coded values of the independent variables are in parentheses. Results expressed as mean ± standard deviation
(coefficient of variation < 10%). TPC—Total phenolic compounds; 1 Results expressed as mg GAE 100 g−1 of
sample; 2 Results expressed as μmol Troloxg−1 of sample; 3 Results expressed as μmol Fe2+ g−1 of sample.

To determine the best condition for extraction of the antioxidant compounds from
P. cincinnata defatted seeds, the technique of simultaneous optimization of independent
variables (desirability) was used. The desirability function is based on the conversion of
each response in an individual desirability (d). After that, they were combined into an
overall desirability (D), using the geometric mean. The D value ranges from zero (0) to one
(1), in which the value of 1 corresponds to the most desirable response [17]. Under the best
operational condition, more assays were performed and observed results were compared
with those predicted in order to validate the chosen operational condition.

2.3.1. Total Phenolic Content

Total phenolic content (TPC) was measured according to the method described by
Singleton and Rossi [18]. For the assays, 250 μL of each diluted sample was mixed with
1250 μL of 10% Folin–Ciocalteu reagent (Imbralab, Ribeirão Preto, Brazil) for 2 min after
1000 μL of sodium carbonate solution (7.5% w/v–Dinâmica, Indaiatuba, Brazil) was added.
The mixture was incubated for 15 min at 50 ◦C. Then, the absorbance was measured at
760 nm in a spectrophotometer (5100, Metash, Songjiang District, Shanghai China) vs. a
blank prepared with distilled water. Gallic acid (Sigma-Aldrich, Saint Louis, MO, USA)
was used as a standard, and the results were expressed as mg gallic acid equivalents per
100 g of sample (mg GAE 100 g−1).

2.3.2. Evaluation of the Antioxidant Capacity

• ABTS•+

The ABTS•+ antiradical activity (2,2-azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid-
Sigma-Aldrich, Saint Louis, MO, USA) was determined according to methodology reported
by Gião et al. [19]. For the reactions, 30 μL of each sample was added to 3 mL of ABTS•+.
The absorbance was measured at 734 nm in a spectrophotometer (5100, Metash, Songjiang
District, Shanghai, China) after 6 min of reaction, using ultra-pure water as blank. The
results were expressed as μmol of Trolox g−1of sample (Sigma-Aldrich, Buchs, Switzerland).
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• DPPH•

The DPPH• radical (Sigma-Aldrich, Steinheim, Germany) scavenging activity was
determined according to Hidalgo et al. [20]. Briefly, 100 μL of each sample was added to
2.9 mL of DPPH• solution (6 × 10−5 M in methanol–Vetec, Rio de Janeiro, Brazil) for 30 min.
The absorbance was measured in a spectrophotometer (5100, Metash, Songjiang District,
Shanghai, China) at 517 nm using methanol as a blank. The DPPH• radical scavenging
activity was calculated using Trolox solution (Sigma-Aldrich, Buchs, Switzerland) as a
standard, and the results were expressed as μmol of Trolox g−1 of sample.

• Ferric reducing/antioxidant power (FRAP)

The FRAP assay was performed according to Benzie and Strain [21] with slight modi-
fications. Briefly, three stock solutions were made, 300 mM acetate buffer (pH 3.6), 10 mM
TPTZ (Sigma-Aldrich, Buchs, Switzerland) in 40 mM HCl (Isofar, Duque de Caxias, Brazil)
and 20 mM FeCl3 (Neon, São Paulo, Brazil); for the analysis 25 mL of acetate buffer, 2.5 mL
of TPTZ solution, and 2.5 mL of FeCl3 were mixed. Then, 100 μL of each sample was reacted
with 3 mL of FRAP at 37 ◦C for 30 min. The absorbance was measured in a spectropho-
tometer (5100, Metash, Songjiang District, Shanghai, China) at 593 nm using ultra-pure
water as a blank. The ferric ion reducing ability was calculated using FeSO4·7H2O (CRQ,
Diadema, Brazil) as standard, and the results were expressed as μmol Fe2+ g−1of sample.

2.3.3. BiocompoundsProfile by UPLC–MS/MS

The defatted seeds extract was analyzed by UPLC–MS/MS using a Nexera UFLC system
(Shimadzu) coupled to a high-resolution mass spectrometer with electron spray ionization
(ESI), QTOF–MS Impact (Bruker, Billerica, MA, USA). A 1 μL sample (5 mg mL−1-HPLC
grade methanol, Tedia, São Paulo, Brazil) was injected into an Acquity BEH C18 col-
umn (100 mm × 2.1 mm i.d., 1.7 μm particle size) at 40 ◦C with a constant flow rate of
0.3 mL min−1. Mobile phases A (0.1% formic acid in ultrapure water, MilliQ, Merck, Darm-
stadt, Germany) and B (acetonitrile with 0.1% formic acid) were used in a gradient elution
system as follows: the eluent was maintained at 5% B for the first 5 min, followed by a
gradient from 5 to 100% B until 39 min, and maintained at 100% B until 44 min. Mass
spectra were acquired in positive and negative ion modes, and the analyte was monitored
in the m/z range of 100 to 2000.

The ion source parameters were adjusted under the following conditions: capil-
lary voltage of 4500 V, nebulizer gas pressure of 4.0 bar, desolvation gas flow rate of
10.0 L min−1, transfer capillary temperature at 200 ◦C, and an entrance voltage of −500 V
applied to the spectrometer (end plate offset). MS2 spectra were acquired in auto MS/MS
mode. Data processing was performed using Data Analysis 4.2 software (Bruker). Com-
pound analysis was performed considering the pseudomolecular ion (negative or positive)
and mass fragmentation pattern (MS2) in manual dereplication and/or comparison with
databases (MassBank).

2.3.4. Antimicrobial Assay

In this set of experiments, Gram-negative (Acinetobacter baumannii ATCC 19606,
Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 13883, and Pseudomonas aerug-
inosa ATCC 27853) and Gram-positive (Staphylococcus aureus ATCC 29213, Staphylococcus
epidermidis ATCC 12228 and Bacillus subtilis 168 LMD 74.6) bacteria were grown in Mueller–
Hinton agar (Difco, Franklin Lakes, NJ, USA) for 24 h at 35 ± 2 ◦C. Sabouraud–dextrose
agar (Difco, Franklin Lakes, NJ, USA) was used for the cultivation of yeasts, Candida al-
bicans ATCC 90028 and Candida tropicalis ATCC 750 for 24 h at 35 ± 2 ◦C. Antimicrobial
activity was evaluated using the broth microdilution method with 96-well polystyrene
plates, standardized according to documents M07-A9 (for bacterial assays) and M27-A3
(for fungal assays). To determine the minimum bactericidal and fungicidal concentration
(MBC and MFC, respectively), 10 μL of the wells that had no visible microbial growth
were inoculated in Mueller–Hinton culture medium and Sabouraud-dextrose Agar for 24 h
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at 37 ◦C. The MBC and MFC were considered to be the lowest concentration capable of
completely inhibiting microbial growth on the agar surface. To eliminate the interference
of ethanol in the results, the hydroalcoholic antioxidant extract was subjected to vacuum
evaporation. The results were expressed as mg GAE mL−1 of ethanol-free extract.

2.4. Microencapsulation by Spray Dryer

To evaluate the properties of the microparticles obtained by spray drying, the assays
were carried out with three different formulations: (i) oil dispersed in the aqueous phase
containing wall material (ii) a mixture of oil and defatted seeds’ ethanol-free antioxidant
extract dispersed in the aqueous phase containing wall material and (iii) wall material
dispersed in the aqueous phase only.

An oil-in-water emulsion was prepared using 7.5% pressed oil, 7.5% maltodextrin
(10DE, MOR-REX 1910, Ingredion, São Paulo, SP, Brazil) and 22.5% modified starch
(Capsul®06560101CE, Ingredion, São Paulo, SP, Brazil). Modified starch and maltodextrin
10DE were used as wall material in the ratio of 3:1 (w/w), respectively. The emulsion was
homogenized in a blender for 2 min. These operational conditions were adapted from
James et al. [22].

The spray dryer was operated under the following conditions: chamber inlet tempera-
ture and air velocity of 170 ◦C and 3 m s−1, respectively, emulsion inlet flow rate of 485 mL
h−1 and 0.7 mm diameter atomization nozzle.

2.4.1. Microparticles’ Oxidative Stability

The oxidative stability of microparticles was measured using a Rancimat® 743 (743,
Metrohm, USA), by passing a stream of purified air of 10 L h−1 at 110 ◦C through the oil
sample (3 g). Results were expressed as an induction period representing a time interval
until the sample reaches a high oxidation level.

2.4.2. X-ray Diffraction

X-ray diffraction (XDR) was performed using a diffractometer (Miniflex, Rigaku,
Japan). Samples of the wall material, microencapsulated oil, containing antioxidant extract
from defatted seeds or not, were directly analyzed using the equipment. Cu Kα radiation
was employed with 2θ ranging from 10◦ to 80◦, with a scan speed of 0.06◦ 2θ s−1.

2.4.3. Morphology of Microparticles

The morphology of microparticles was analyzed by scanning electron microscopy
(SEM) (TM303 plus, Hitachi, Japan). The powder samples were mounted on a specimen
holder using double scotch tape under vacuum. The microscope was operated at 15 kV.

2.4.4. Fourier Transform Infrared Spectroscopy (FTIR)

The analysis of the chemical structures was performed by FTIR (Nexus 470, Themo
Nicolet, USA). The sample powder was blended with spectroscopy-grade KBr (Vetec, Rio
de Janeiro, Brazil) and pressed into pellets, and the oil was dripped in a KBr window.
The FTIR spectrum of samples was measured from 4000 to 400 cm−1, with a resolution of
4 cm−1 and 32 accumulations.

2.4.5. Particle Size

A particle size analyzer was used to determine the size distribution of microparti-
cles using laser diffraction (1064, Cilas, France) coupled with ultrasound to increase the
dispersibility of the sample. A small amount of powder was suspended in isopropanol
and submitted to five particle size distribution readings. The spread of particle sizes was
calculated as the scattering according to Equation (2):

span =

(
D90 − D10

D50

)
(2)
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where D10, D50, D90 are defined as diameters corresponding to the 10, 50, and 90% cumula-
tive volumes, respectively. The results were expressed in micrometers.

2.4.6. Moisture Content

The moisture content of microparticles was determined by the gravimetric method at
105 ◦C. The results were expressed as a percentage [23].

2.4.7. Hygroscopicity

Hygroscopicity was determined according to Cai and Corke [24]. Approximately
1 g of sample was placed at 25 ± 2 ◦C in a desiccator with a saturated NaCl solution
(73% relative humidity), and the weight gain due to moisture absorption was measured
after one week. The results were expressed in absorbed moisture percentage.

2.4.8. Solubility

The solubility of the microparticles in water was evaluated according to Cano-Chauca
et al. [25]. One gram of sample was added to a beaker containing 100 mL distilled water;
which was stirred at high speed for 5 min, followed by centrifugation at 3000× g for 15 min.
After that, a 25 mL aliquot of the supernatant was dried at 105 ◦C until constant weight.
The solubility was calculated by the weight difference and expressed as a percentage.

2.5. Statistical Analysis

All analytical determinations were carried out at least in triplicate, except the RANCI-
MAT and the UPLC-MS/MS trials. Analysis of variance (ANOVA) followed by Fisher’s
LSD test was performed using Statistica® v.13.0.

3. Results and Discussion

3.1. Oil Extraction and Characterization
3.1.1. Yield

The oil content obtained in a lipid extractor using petroleum ether as solvent was
about 15%. This result was used as the basis for calculating the efficiency of the process.
Lopes et al. [26] found values between 16.7 and 19.2% for lipid content of P. cincinnata seeds.
The trials were performed with fruits from different accessions, and the oil extraction was
conducted in a lipid extractor after moisture removal. The lipid content in P. cincinnata
was significantly different compared to other passion fruit species. The value obtained
was lower when compared with data reported by De Paula et al. [27] for P. setacea (31 to
34% of oil/93% efficiency of pressing) and P. alata (23% of oil/84% efficiency of pressing)
species. Extraction of P. cincinnata seeds oil by pressing showed an efficiency of 79%, using
seeds with 11% moisture content. The moisture content was selected from preliminary
experiments and literature data [28].

3.1.2. Fatty Acid Profile

The fatty acid profile of P. cincinnata seeds oil is shown in Table 2. The seeds oil is
rich in unsaturated fatty acids, represented mainly by linoleic acid. The observed profile is
similar to those reported in the literature by Araujo et al. [5] and Lopes et al. [26]. Linoleic
acid is an essential fatty acid since human metabolism does not synthesize it. Therefore,
it must be obtained through food intake. It is important to stress that the consumption
of polyunsaturated fatty acids may decrease the risk of developing cardiovascular dis-
eases [29]. However, due to the unsaturation in their structure, polyunsaturated fatty acids
are very susceptible to oxidation.
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Table 2. Fatty acid profile of Passiflora cincinnata seeds oil expressed as percentage (%).

Fatty Acids Present Work Lopes et al. [25] Araújo et al. [5]

Palmitic (C16:0) 12.14 ± 1.00 10.2 9.2
Stearic (C 18:0) 1.09 ± 0.26 2.9 3.0
Oleic (C 18:1) 8.43 ± 1.32 11.3 15.4

Linoleic (C 18:2) 78.34 ± 2.22 74.3 70.3
Linolenic (C 18:3) - 0.6 0.6

3.2. Antioxidant Compound Recovery from Defatted Seeds
3.2.1. Evaluation of the Extraction Process

The TPC content and antioxidant capacity of extracts from P. cincinnata defatted
seeds are shown in Table 1. Trial 10 performed at 74 ◦C, 55% ethanol as solvent, and
1:35 g mL−1 solid–liquid ratio, presented the highest values for TPC, ABTS•+, DPPH•, and
FRAP
(2538 mg GAE 100 g−1 of sample, 178 μmol Trolox g−1 of sample, 370 μmol Trolox g−1 of
sample, and 795 μmol Fe2+ g−1 of sample, respectively). The lowest values were found in
trial 12 at 53 ◦C, 97% ethanol in the same solid–liquid ratio (377 mg GAE 100 g−1of sample,
21 μmol Trolox g−1 of sample, 41 μmol Trolox g−1 of sample, 103 μmol Fe2+ g−1 of sample,
respectively). Thus, the results obtained in trial 10 were 6.7, 8.5, 9 and 7.7 times higher
than those observed in trial 12, showing that the responses were strongly influenced by
temperature and the percentage of ethanol employed in the extraction. Additionally, as can
be seen in Table S1, the results of the experimental design showed a positive correlation
(p < 0.05), indicating that the increase in the concentration of total phenolic compounds
produces an extract with higher antioxidant capacity as measured by different methods.

The temperature was the most relevant parameter, as shown in the Pareto diagram
(Figure 1). Its linear effect was significant and positive. In this way, higher temperatures
favor the solubility of phenolic compounds and decrease the viscosity of the extraction
system, leading to a better extraction yield [16,30]. Notably, this behavior was also ob-
served for the antioxidant capacity of the extracts regardless of the method used (Table 1,
Figure S1).

 
Figure 1. Influence of the independent variables on the total phenolic compounds in the extract of
Passiflora cincinnata defatted seeds.

Leal et al. [31] obtained extract of P. cincinnata seeds with a total phenolic content of
about 2528 mg mg GAE 100 g−1, when the assays were conducted at room temperature, 95%
ethanol, for 72 h. In the current study, the value found at 74◦C, 55% ethanol, solid–liquid
ratio of 1:35 for 1 h was similar (2538 mg mg GAE 100 g−1 100 g−1 of sample). However,
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the selected operational conditions present as advantages a shorter extraction time and a
lower ethanol concentration in the extraction solution.

Table 1 shows that extraction solutions with intermediate polarity (between 55 to 80%
ethanol) were more suitable for extracting antioxidant compounds from defatted seeds.
This occurs as a function of the polarity of the recovered compounds. The quadratic effect of
this factor was significant (Figure 1), corroborating that there is a maximum value of ethanol
concentration which promotes higher attainment of phenolic compounds and improves
the antioxidant capacity of the extracts, which can also be seen in the Pareto diagrams for
ABTS•+, DPPH• and FRAP assays (Figure S1). Shi et al. [32], when extracting phenolic
compounds from grape seeds, reported that the best ethanol concentration in the extraction
solution was between 55% and 65%. Alcântara et al. [33] evaluated the extraction of phenolic
compounds in chia seeds using water, ethanol and acetone in different proportions. In
this study, the authors observed that the polarity of the extraction solution significantly
influenced the recovery of phenolic compounds. The best solvent mixture was prepared
with 17% water, 17% ethanol and 66% acetone.

The solid–liquid ratio was significant for TPC and FRAP responses (Figures 1 and S1).
However, this factor made a low contribution to the results. From Table 1, it is possible to
verify that results obtained by varying only the solid–liquid ratio, as in the trials 1 and 2,
3 and 4, 5 and 6, 7 and 8 and 13 and 14, the increment in the total phenolic compounds
concentration ranged from 1.1 to 1.3 times only (trials 1 and 2; 5 and 6).

All models were significant for predicting the behavior of the responses in rela-
tion to the independent variables, as the calculated F-values were higher than the listed
F-values (F9,7 = 3.68) at p = 0.05. The calculated F-values for TPC, ABTS•+, DPPH• and
FRAP responses were 10.2, 11.3, 8.5, and 11.8, respectively. However, some lack of fit was
observed for DPPH• and FRAP responses as it showed p-value < 0.05, and the calculated
F-values were lower than the listed F-value for this parameter. The R2 values of the fitted
models were 0.93, 0.94, 0.91, 0.94 for TPC, ABTS•+, DPPH• and FRAP responses, respec-
tively, showing that the models accounted for at least 91% of data variability obtained by
this experimental design. The R2 of the adjusted models was superior to 0.81, reinforcing
the good fit of the data, although the DPPH• and FRAP responses have shown some lack
of fit. As can be seen in Figure S2, which describe the values observed and those predicted,
there is a good agreement between them, making it possible to use these responses to
choose the best operational condition to recover antioxidant compounds from the residue.

The desirability tool was employed to obtain the best operational condition for recov-
ering antioxidant compounds from defatted seeds. In this case, the overall desirability was
0.9985 (Figure 2); the closer to 1, the more statistically reliable the result. It indicated as
the best operational condition 74 ◦C, 58% hydroethanolic solution and a solid–liquid ratio
of 1:54. However, in order to save solvent in the process, we selected a solid–liquid ratio
lower than that estimated by the statistical tool (1:54), since a solid–liquid ratio higher than
1:48 does not significantly increase the recovery of antioxidant compounds from residue. In
the interval of the present work (1:48–1:60/Figure 2), there was no significant increase in
the recovery of antioxidant compounds from defatted seeds that would justify the increase
in solvent in the process. Therefore, the solid–liquid ratio of 1:48 was adopted in the
current study. Thus, the antioxidant compound-rich extract constitutes another bioproduct
obtained from the P. cincinnata seeds.

In this operational condition, observed values of TPC (2868 mg GAE 100 g−1 of sample)
and antioxidant capacity by ABTS•+ (195 μmol Trolox g−1 of sample), DPPH• (368 μmol
Trolox g−1 of sample), and FRAP assays (694 μmol Fe2+ g−1 of sample) were close to
the predicted values by the models as follows: TPC (2952 mg GAE 100 g−1 of sample)
and antioxidant capacity by ABTS•+ (177 μmol Trolox g−1 of sample), DPPH• (383 μmol
Trolox g−1 of sample) and FRAP assays (795 μmol Fe2+ g−1 of sample) with coefficients of
variation less than 10%. The dataset reinforces the operational condition selected for the
recovery of antioxidant compounds from P. cincinnata defatted seeds.
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Figure 2. Profiles for predicted values and overall desirability for independent variables temperature,
ethanol concentration and solid–liquid ratio employed in the extraction of antioxidant compounds
from Passiflora cincinnata defatted seeds.

3.2.2. Biocompound Profile

The chemical composition of the crude extract from P. cincinnata seeds was analyzed
by UPLC–MS/MS (Table 3). The compound identification was performed by manual
dereplication, allowing the putative annotation of eight new lignans in the genus Passiflora
(1–8). The base peak chromatographic profile in negative ionization mode can be seen in
Figure 3. The MS/MS fragmentation spectra of the major compounds showed the main
product ions m/z 165, m/z 147 and m/z 135, suggesting the presence of lignans analogous
to secoisolariciresinol and berchemol [34,35]. These two compounds have already been
described in the genus Passiflora [36,37]. The MS/MS data, combined with the exact mass
data of the pseudomolecular ions [M − H]− suggested 3-demethoxy derived compounds.

The main fragment m/z 165 (C9H9O3
−) results from the cleavage of the C8-C8′-carbon,

followed by loss of CH4. The two major lignans (m/z 327.1280 and m/z 329.1437) were
identified as tetrahydrofuranolignans (2 and 3). The other six lignans comprise glycosylated
structures, including one tetrahydrofurano lignan (1) and five butanediol lignans (4–8). In
addition to lignans, two glycosylated flavonoids were identified in positive ionization mode.
Comparison with MS/MS fragmentation databases allowed the annotation of isovitexin
2′′-O-arabinoside (9, m/z 565.1555, [M + H]+) and adonivernith (10, m/z 581.1507, [M + H]+)
(Figure 4). The elimination of 132 e 252 u revealed the pentose and hexose moiety; however,
the glycan stereochemistry could not be determined by LC–MS. Different glycosylated
flavonoids have already been reported for P. cincinnata [31]. All the annotated compounds
have phenolic hydroxyl groups which may contribute to the antioxidant capacity of the
extract [38].
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Table 3. Compounds annotated by UPLC–MS/MS (ESI positive and negative modes) in Passiflora
cincinnata defatted seeds extract.

Compound Name TR (min)
Molecular
Formula

Adduct Ion Experimental m/z Main MS2Fragment Ions
Relative

Percentage (%)

3-demethoxy-8-dehydroxy-berchemol
4-O-glucoside (1) 11.8 C25H32O10 [M − H]− 491.2162 165.0786, 147.0655,

135.0650 5.9

3-demethoxy-8-dehydroxy-berchemol (2) 13.2 C19H22O5 [M − H]− 329.1431
165.0793, 147.0660,
146.0572, 135.0659,

129.0540
10.7

2-(1,3-benzodioxol-5-yl)tetrahydro-4-[(4-
hydroxyphenyl)methyl]-3-furanmethanol (3) 14.8 C19H20O5 [M − H]− 327.1280 163.0624, 162.0538,

147.0657, 135.0649, 8.5

Secoisolariciresinol 4-O-xylopyranoside (4) 15.0 C25H34O10 [M − H]− 493.2113
329.1427, 299.1287,
179.0591, 165.0777,
147.0656, 137.0443

10.6

3-demethoxy-secoisolariciresinol
4-O-glucoside (5) 15.5 C25H34O10 [M − H]− 493.2108

329.1429, 299.1292,
165.0779, 147.0661,

137.0445
9.8

2-methoxy-bisdemethoxy-
secoisolariciresinol 4-O-glucoside (6) 16.0 C25H34O10 [M − H]− 493.2107 165.0781, 147.0658,

135.0650 4.9

2′-methoxy-bisdemethoxy-
secoisolariciresinol 4-O-glucoside (7) 16.5 C25H34O10 [M − H]− 493.2102 165.0780, 147.0657,

135.0651 2.6

3-demethoxy-secoisolariciresinol
4-O-glucosil glucoside

(8)
14.8 C31H44O15 [M − H]− 655.2615 165.0778, 163.0622,

162.0543 7.2

Isovitexin 2′′-O-arabinoside (9) 11.5 C26H28O14 [M + H]+ 565.1555
283.0595, 313.0702,
397.0917, 415.1010,

433.1253
<0.5

Adonivernith (10) 10.8 C26H28O15 [M + H]+ 581.1507
299.0564, 329.0659,
413.0844, 431.1016,

449.1073
<0.5

Figure 3. Base peak chromatogram (UPLC–MS/MS) in negative ionization mode of Passiflora cincinnata
defatted seeds extract and the respective lignans (1–7) annotated for base peaks. The diglycosylated
lignan 8 (Figure 4) is overlapped with the major ion signal at m/z 327.1280.
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Figure 4. Minor compounds annotated in the Passiflora cincinnata defatted seeds extract.

3.2.3. Antimicrobial Action

The antimicrobial activity of the P. cincinnata defatted seeds extract (obtained in better
conditions) was tested against various microorganisms, including yeasts and both Gram-
positive and Gram-negative bacteria (Table 4). Initially, we performed the MIC assay.
However, the extract interfered with the reading due to its high turbidity. Based on this, we
decided to plate 10 μL of each system (untreated and treated with different concentrations
of the extract) onto the surface of solid media to observe the bactericidal (MBC)/fungicidal
(MFC) effects. The results showed that the P. cincinnata defatted seeds extract exhibited
bactericidal effects against all tested Gram-positive bacteria (S. aureus, S. epidermidis and
B. subtilis), with MBC values ranging from 0.302 to 0.602 mg GAE mL−1 (Table 4). The
extract also inhibited the growth of Gram-negative bacteria, except for P. aeruginosa, with
an MBC value of 0.602 mg GAE mL−1, while the growth of fungal cells was not affected by
the extract under the employed experimental conditions.

Table 4. Antimicrobial activity of Passiflora cincinnata defatted seeds extract.

Microorganisms MBC/MFC [mg GAE mL−1] a

Gram-positive bacteria
Bacillus subtilis 168 LMD 74.6 0.602

Staphylococcus aureus ATCC 29213 0.302
Staphylococcus epidermidis ATCC 12228 0.302

Gram-negative bacteria
Acinetobacter baumannii ATCC 19606 0.602

Escherichia coli ATCC 25922 0.602
Klebsiella pneumoniae ATCC13883 0.602

Psedomonas aeruginosa ATCC 27853 ND

Fungi
Candida albicans ATCC 90028 ND
Candida tropicalis ATCC 750 ND

ND—not determined. a Results expressed as mg gallic acid equivalent/mL of ethanol-free extract. MBC—minimum
bactericidal concentration. MFC—minimal fungicidal concentration.

Several studies have attributed the inhibitory effect of seed extracts against different
bacteria to their phenolic compounds [15]. These compounds have the ability to bind with
the bacterial cell wall and then inhibit bacterial growth. Additionally, phenolic compounds
may precipitate proteins and inhibit the enzymes of microorganisms. Siebra et al. [3]
studied the effect of a hydroethanolic extract of different parts of P. cincinnata Mast against
S. aureus and E. coli and did not observe antimicrobial activity. However, the authors
combined the extract of each part with an antimicrobial to reduce the resistance of these
microorganisms to the antibiotics, and the results were successful for this type of application.
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The antibacterial activity observed in the current work may be related to the phytochemical
profile of the extract, as revealed by LC–MS/MS (lignan-rich) (Table 3) [39].

3.3. Microparticle Characterization
3.3.1. Oxidative Stability of Oil Microparticles

The induction times of P. cincinnata pure oil and microencapsulated P. cincinnata oil
with and without antioxidant extract are shown in Table 5. An oxidative stability of 5.37 h
for pure oil was found. This value falls within the range reported by Reis et al. [7], who
evaluated the oxidative stability of Passiflora species seeds oils recovered by continuous
pressing, including P. alata, P. tenuifila, and P. setacea (3.5–7.3 h). These values are typical for
passion fruit seeds oils, which are rich in polyunsaturated fatty acids.

Table 5. Induction time of P. cincinnata seeds oil and its microparticles.

Samples Induction Time (Hours)

Pure oil 5.37± 0.18 b

Oil + antioxidant extract microencapsulated 6.97± 0.73 a

Oil microencapsulated 5.27± 0.53 b

Different letters indicate significant differences.

It can also be observed that pure oil had oxidative stability increased by about 30%
when it was microencapsulated after addition of the antioxidant extract. These results
confirm the positive effects of bioactive compounds contained in defatted seeds on the
oxidative stability of the microparticles, acting together with the wall material to protect
the nutritional and chemical quality of the P. cincinnata seeds oil. It is essential to highlight
that oil microparticles, with added (or not) antioxidant compounds from defatted seeds,
are bioproducts of interest for the food and pharmaceutical industries. Therefore, their
preparation can add value to the Brazilian passion fruit agro chain.

3.3.2. DRX

Figure 5 shows the diffractograms obtained for the wall material and P. cincinnata oil
microencapsulated with and without antioxidant extract.

Figure 5. Diffractogram of the microparticles containing Passiflora cincinnata seeds oil (orange);
microparticles containing Passiflora cincinnata seeds oil and antioxidant extract (gray); microparticles
of wall material only (blue).

An amorphous profile was observed for all samples, with non-crystalline character,
with only one characteristic signal near 20◦. This verifies that incorporating P. cincinnata
seeds oil and antioxidant extract in the microparticles did not influence the amorphous
character typical of polysaccharides [40]. According to Pereira et al. [40], amorphous
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systems are better for microencapsulation, as they can form a glassy structure by removing
water. Additionally, these systems dissolve more easily than those that contain crystalline
components since the dissolution of the crystals occurs only on the surface exposed to the
solvent. Microparticles of fish oil encapsulated with inulin, isolated whey protein, and
maltodextrin by Botrel et al. [41] also exhibited an amorphous structure with a minimum
of organization, based on the occurrence of significant diffuse peaks near 20◦.

3.3.3. Morphology and Particle Size

As shown in Figure 6, most microparticles were spherical without cracks or fissures,
ensuring better protection of the bioactive compounds (oil and phenolic compounds).
Particle size distribution at different feed compositions is shown in Table 6. In general,
adding antioxidant extract to feed emulsions resulted in the largest particle size (p < 0.05),
although the distribution was more homogeneous (lowest span values, p < 0.05). The
microparticles formed by emulsions containing oil and wall material and those containing
only wall material were smaller and more heterogeneous than microparticles from emul-
sions containing oil, antioxidant compounds and wall material. This can be explained as a
function of the emulsion’s viscosity. More viscous emulsions give rise to larger droplets,
favoring obtaining larger microparticles. This pattern was also reported by Tonon et al. [42],
when evaluating the effect of air temperature and feed composition on the particle size
distribution of flaxseed oil microparticles.

  
(A) (B) 

 
(C) 

Figure 6. Micrograph of microparticles containing Passiflora cincinnata seeds oil (A); microparticles
containing Passiflora cincinnata seeds oil plus antioxidant extract (B); microparticles of wall material
only (C), visualized by MEV.

Table 6. Particle size parameters and moisture, hygroscopicity and solubility values of Passiflora
cincinnata seeds oil microparticles.

Samples
Average

Particle Size
(μm)

Span
Value

Moisture
(%)

Hygroscopicity (%) Solubility (%)

Oil, phenolic extract and wall
material microencapsulated 20.63 ±0.81 b 1.46 ±0.11 b 4.83 ±0.13 b 7.17 ± 0.10 b 76.97 ±0.21 a

Oil and wall material
microencapsulated 16.40 ±0.54 a 2.37 ±0.16 a 4.10 ±0.06 c 7.53 ±0.04 b 77.03 ±0.36 a

Wall material microencapsulated 15.50 ±0.05 a 2.22 ±0.06 a 6.16 ±0.12 a 10.75 ±0.77 a 72.87 ±1.74 b

Different letters in the same column indicate significant differences.
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3.3.4. FTIR

The absorption spectra from FTIR analysis of pure P. cincinnata seeds oil, oil micropar-
ticles with and without antioxidant extract and wall material are shown in Figure 7. The
P. cincinnata seeds oil spectra revealed a strong vibrational mode associated with 3009 cm−1

which referred to C-H sp2 stretching, and intense bands at 2854 and 2925 cm−1 which were
attributed to the symmetric and asymmetric axial deformation (stretching) of C-H bonds
of the methyl (CH3) and methylene (CH2) of the fatty acid in triacylglycerol. The band
at 1747 cm−1 corresponds to vibrations of stretching of the C=O group. The band near
1163 cm−1 corresponds to the C-O ester group. Bands at 1667–1640 cm−1 can be assigned
to overlapping of the olefinic C=C stretching and O-H (water). The wall material presents a
prominent band at 3384 cm−1 related to stretching O-H. The phenolic compounds were in
small quantities, so they could not be identified in the analysis, which may be due to the
overlapping of their characteristic bands common to other substances in the formulation.
However, they were confirmed by LC–MS analysis (Table 3). The absorption spectra for
microencapsulated samples, the broad band between 3650 and 3100 cm−1 was observed
and refers to the wall material used. The characteristic signals of the P. cincinnata seeds
oil was also observed, characterizing its incorporation throughout the structure of the
microparticles. The signals observed were the stretching band of saturated alkanes near
2925 cm−1, and carbonyls groups near 1747 cm−1, confirming the presence of fatty acids
esters. The absorption band at 720 cm−1 is attributed to the symmetric stretching vibration
of (CH2)n groups of n greater than four, indicating the presence of long hydrocarbon linear
chains from P. cincinnata seeds oil. Thus, the incorporation of the oil into the microparticles
can be inferred, given its presence being confirmed by the characteristic peaks of the oil in
the absorption spectrum of the microparticles [43,44].

 

Figure 7. FTIR spectra of Passiflora cincinnata seeds oil (A) wall material (B) microparticles containing
Passiflora cincinnata seeds oil and antioxidant extract (C) microparticles containing Passiflora cincinnata
seeds oil (D).

3.3.5. Moisture, Solubility and Hygroscopicity

The moisture, solubility and hygroscopicity of P. cincinnata seeds oil microparticles
are presented in Table 6. The moisture values ranged from 4.10% to 6.16%. Moisture
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data are essential since high moisture could favor microparticle oxidation and reduce
their stability. Hijo et al. [45] reported that for dry products such as microparticles used
in the food industry, the ideal moisture range is between 3 and 4%, where deterioration
by microorganisms is reduced. Drying operational conditions, soluble solid content, and
oil concentration influence microparticles’ moisture, which explains the data observed in
the present work. In this way, the mixture containing wall material and water forms a
more hygroscopic solution when compared to oil/water/wall material emulsions with or
without the addition of the antioxidant extract. Thus, the probability of the microparticles
containing only the wall material, retaining more water during the process is higher, as
they tend to come into equilibrium with the ambient humidity more easily.

The hygroscopicity values of the microparticles ranges from 7.17 to 10.75% (Table 6).
As oil and water are immiscible, the oil microparticles presented smaller hygroscopicity
values than those from wall material–water mixture. According to Nurhadi et al. [46],
microparticles with hygroscopicity higher than 20% can be considered very hygroscopic;
therefore, they are not stable, being more susceptible to water absorption and, to the
stickiness of the material and oxidation of the target compounds [13].

The solubility was higher than 76% for oil microparticles with or without antioxidant
compounds (Table 6). The addition of antioxidant extract did not affect the solubility of
samples (p < 0.05). These results are according to de Oliveira et al. [15], who elaborated
microparticles of buriti oil by freeze–drying using carbohydrates as wall material, whose
highest value reported was 71%. Botrel et al. [41] reported 79% solubility for microparticles
of fish oil atomized in spray dried using different wall materials, where the microparticles
were found to have good solubility. In this way, P. cincinnata seeds oil microparticles
demonstrate good solubility in water and, therefore, have potential for application in
aqueous systems.

4. Conclusions

This study was successful in obtaining P. cincinnata seeds oil by pressing and recov-
ering antioxidant compounds from the defatted seeds. The best operational conditionsto
obtain an antioxidant extract of defatted seeds was 74 ◦C, 58% ethanol as solvent, and a
solid–liquid ratio of 1:48. The main compounds identified by UPLC MS–MS in the extract
were lignans that may contribute to antioxidant and antimicrobial activities. The microen-
capsulation was adequate to preserve P. cincinnata oil, and the addition of antioxidant
extract proved to be a great method to increase the oxidative stability. Thus, the present
work may contribute to adding value to the Brazilian Caatinga passion fruit agro chain
by obtaining three bioproducts: pure oil, antioxidant extract and oil microparticles with
antioxidant extract.
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and antioxidant capacity by ABTS•+, DPPH• and FRAP assays). Table S1: Pearson’ Correlation for
results of experimental design.
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Abstract: Lychee seeds (LS) and longan seeds (LoS) are excellent sources of phenolic compounds
(PCs) with strong antioxidant activity (AOA). The aim of this study was to optimize the extraction
conditions regarding extraction yield (EY), extractable phenolic compound (EPC), and AOA from LS
and LoS using surface response methodology (RSM). Solvent concentration, extraction temperature,
time, and solid to liquid ratio were optimized using RSM. Increasing the solid to solvent ratio from
1:05 to 1:40 (w/v), increased EY for LoS, however, EY did not change from 1:20 to 1:40 for LS. Solid–
liquid ratio 1:20 was chosen for this study. Increasing the quantity of solvent leads to higher EPC
and FRAP. The results showed that LoS exhibited higher AOA than LS measured as DPPH, ABTS,
and FRAP, respectively. Ethanol concentrations and temperatures significantly (p < 0.05) affect EY,
EPC, and AOA. The results (R2 > 0.85) demonstrated a good fit to the suggested models and a strong
correlation between the extraction conditions and the phenolic antioxidant responses. The ethanol
concentrations of 41 and 53%, temperatures of 51 and 58 ◦C, and the corresponding times of 139 and
220 min were the optimal conditions that maximized the EY, EPC, and AOA from LS and LoS.

Keywords: antioxidant activity; extraction yield; extractable phenolic compound; DPPH; ABTS;
FRAP solvent concentration

1. Introduction

Lychee and longan have been grown commercially in Thailand for more than 100 years,
which is concentrated in the upper Northern provinces. These fruits are the most important
subtropical fruits among the top fruit crops grown in Thailand, which is currently the
biggest producer in the world. Thailand produced 43.92 thousand metric tons of lychees
in 2022, with the northern area producing the highest, at 40.8 thousand metric ton. For
longan, Thailand produced 1700 thousand metric tons in the year 2022, with the northern
area producing the highest, at about 1040 thousand metric tons [1]. There is an increase
in plantations with good prospects for exporting these crops. Longan production is also
considered to be an economically important fruit for export. With the technology to control
flowering and yield, the lychee and longan are planned to grow more in other regions in
Thailand. Most fresh lychee and longan are consumed locally. Thai longan is well-known
for its quality; there is a demand in international markets. Lychee is currently popular
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among customers because of its flavorful and eye-catching appearance. However, the
majority of the by-products from longans and lychees are the pericarp and seeds, which are
wasted [2,3]. Both longan and lychee are consumed fresh as well as processed by drying
or preserving in syrup because of their sweet and unique flavor. In any event, seed and
peel are thrown away as residue. In addition, the contemporarily generated waste from
lychee, including 10 to 20% from seeds and pericarp 15%, depending on the variety, has
caused serious issues for the environment and the economic viability of the processing
industries [4,5]. During the processing of lychee, 30–40% of the by-product is generated,
which is typically thrown away by the processing industry [6]. For the food industries, this
massive seed generation during lychee processing is an overwhelming challenge. However,
seeds are used to cure a number of ailments in traditional Chinese medicine, such as
pathogenic colds, stagnant humor, orchitis, neuralgia, testicular enlargement, hernias, and
stomach problems [7,8]. Consequently, lychee seeds (LS) have the potential to be an active
component in a variety of pharmaceutical and food preparations.

Longan seed (LoS) includes a variety of nutrients, most notably
carbohydrates (75.57%) [9]. In addition, it contains moisture (7.40%), crude fiber (7.89%),
ash (1.73%), protein (7.17%), and fat (0.23%) [9]. The LoS also includes a number of phenolic
acids, including butanoic acid, caffeic acid, geraniin, isomallotinic acid, chebulagic acid,
and flavogallonic acid [10,11]. A few research studies showed that high concentrations of
polyphenolic compounds, such as gallic acid, corilagin, and ellagic acid [3,12], as well as
ethyl gallate, 1-O-galloyl-d-glucopyranose, brevifolin, methyl brevifolin carboxylate, and
4-O-l-rhamnopyranosyl-ellagic acid [13], were found in the LoS. Starch polysaccharides
(40.7%), proteins (4.93%), crude fibers (24.5%), lipids (3.2%), and minerals such as 0.28% Mg
and 0.21% Ca are all abundant in LSs [14,15]. A significant amount of tocopherol, or vitamin
E (9.4%) as well as unsaturated fatty acids was found in LS oil [16]. All of the essential
amino acids were available in the LS, with the exception of two unique amino acids named
-methylenecyclopropylglycine (-MCPG) and hypoglycin A (HGA), which restrict the us-
age of lychee seeds in food due to their hypoglycemic impact on human health [17].
The ethaolic extract of LS contains five major phenolic compounds, including some
bioactive compounds: gallic acid, epicatechin-3-gallate, (-)-gallocatechin, (-)-epicatechin,
and procyanidin B2 along with a few minor phenolics such as protocatechuic aldehyde,
5-O-coumaroyl methyl quinate, protocatechuic acid, and daucosterol [18,19]. The bioactive
compounds found in LS act as powerful antioxidants and are liable to a variety of biological
processes, making it a viable option for use in food formulations.

In addition to being successful, an extraction technique for bioactives from plants
should be safe, affordable, and environmentally beneficial. The method and solvent se-
lection play an important role. A crucial step in separating these bioactive chemicals is
extraction. The effectiveness of the extraction can be considerably influenced by a variety
of parameters, including solvent composition, extraction duration, temperature, solvent
to solid ratio, and extraction pressure [20–22]. Polyphenols from LoS have been isolated
and extracted using a variety of techniques [23]. Sudjaroen et al. [24] used chromatography
techniques to separate polyphenols from methanol extracts of LoS. Zheng et al. [13] sepa-
rated 95% ethanol extract of LoS powder with various solvent. Li et al. [25] identified more
feasible methods to isolate bioactive compounds from LoS using alkaline extraction and
acid precipitation methods. To find the ideal extract conditions, Potisate and Pintha [26]
investigated the effect of solvent and extraction techniques on antioxidant activity of LS.
They divided LS into three types: whole seeds, pulp seeds, and pericarp seeds. Conven-
tional and microwave extraction methods were used with different solvent such as distilled
water, ethanol, citric acid, and baking soda. Paliga et al. [27] investigated the effect of
pressurized solvent (n-butane) on the extraction yield (EY), chemical composition and
antioxidant activity (AOA) of LS extract using 7–100 bar and temperature in the range
of 25 ◦C to 70 ◦C. Type and concentration of solvent, extraction temperature and time,
solid-to-liquid ration, pressure, and pH may strongly affect the extraction process. It is
necessary to optimize the extraction process before extraction of phenolic compounds [28].
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Solvent extraction techniques are regarded as the simplest and most straightforward way to
identify antioxidants in plant components. Although modern extraction technology, such
as supercritical fluid extraction, enzyme assisted extraction, ultrasonic assisted extraction,
microwave assisted extraction as well as some new extraction solvents such as ionic liquid,
low eutectic solvent and glycerol have been used by few researchers. The most important
controlling variables are typically solvent polarity, solvent concentration, extraction time,
and temperature [29,30]. Soong and Barlow [31] utilized solvent extraction methods to ex-
tract phenolic compounds and compare AOA between seeds and edible portion of jackfruit,
avocado, longan, mango, and tamarind [31]. Nonetheless, Eberhardt et al. [32] claimed that
it would be challenging to develop a universally optimal extraction strategy because of
the complex internal matrix and variety of antioxidant chemicals found in natural sources.
This study tries to use the simplest and traditional solvent extraction method to optimize
the ethanolic extraction of phenolic antioxidants from LS and LoS using response surface
methodology (RSM).

In general, empirical or statistical approaches can be used to optimize a process, with
the former having restrictions on full optimization. Evaluation of the impacts of various
process factors and their interactions on response variables is possible using the response
surface methodology (RSM) [33]. The RSM is well known for optimizing extraction process.
Additionally, RSM is a superb statistical method for maximizing variables, and when ap-
plied correctly, it reveals the ideal circumstances for process optimization. Since interactions
between the various elements cannot be identified by taking each one into account sepa-
rately, it is beneficial for identifying the effect of individual or combination of independent
variables on the process. The goal of this study was to use RSM to maximize the phenolic
antioxidants found in LS and LoS.

2. Materials and Methods

2.1. Chemicals

Absolute ethanol was supplied by Merck (Darmstadt, Germany). Fluka (Steinheim,
Germany) provided the 2,2-azinobis (3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS),
2,4,6-tripyridyl-s-triazine (TPTZ), and Folin–Ciocalteu phenol reagent. Sigma chemical Co.
(St. Louis, MO, USA) supplied the 2,2′-diphenyl-picrylhydrazyl (DPPH) and gallic acid.

2.2. Seeds Preparation

The LS and LoS were collected from Fanginterfoods Co., Ltd. Chiang Mai, Thailand.
Pericarp tissues were removed from the seeds. The seeds were washed by running. Extra
water was removed by air drying until all water droplets were entirely evaporated. The
seeds were dried using a tray drier (BP-80, KN Thai TwoOp, Bangkok, Thailand) at 50 ◦C for
24 h. A hammer mill (Model CMC-20) was used to grind the dry seeds into a fine powder.
The pulverized seeds were passed through a sieve with a mesh size of 20 (0.84 mm),
followed being kept in a high-density polyethylene zipper (Ziploc®, San Diego, CA, USA)
and stored at −20 ◦C until further use [34,35].

2.3. Extraction of Phenolic Compounds

The impact of the solid-to-liquid ratio on extraction was determined using six ratios
(1:5, 1:10, 1:15, 1:20, 1:30, and 1:40 (w/v)). The solid–liquid ratio was selected based on
previous study of Rawdkuen et al. [35]. The entire extraction volume was made of up to
30 mL of ethanol and distilled water (50:50, v/v) solution. Ethanol is used to extract phenolic
antioxidant in compliance with the standards governing the use of food-grade solvents [34].
The suspensions were stirred at 150 rpm for 4 h at room temperature (28 ± 2 ◦C). The
extraction solution was centrifuged (MPW-352R, MPW. MED Instruments, Warszawa,
Poland) for 15 min at 8000 rpm [35] The supernatant was filtered using a Buckner funnel
and Whatman No. 4 solvent-resistant filter paper. The ratio that produced the highest EPC
and AAO value was selected for RSM.
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2.4. Response Surface Methodology

An experimental plan based on a three-factor/five-level design known as a rotatable
central composite design, which included 17 experimental runs, including three replicates
at the center point, was used to optimize the extraction of PCs from the LS and LoS by
RSM. The ethanol concentration (X1; 40–80%, v/v ethanol/water), extraction temperature
(X2; 40–80 ◦C), and extraction time (X3; 60–180 min) were the independent variables [35].
Five levels of independent variables were reported in coded and uncoded forms (Table 1).
The regression coefficients were obtained by multiple linear regressions after the experi-
mental data were fitted to a 2nd-order polynomial model (Equation (1)). Using Minitab
statistical software, the desirability function approach was used to determine the optimal
extraction conditions. The STATISTICA Kernel Release 7.0.61.0 EN (StatSoft Inc., Tulsa, OK,
USA) was used to develop the response surface plots.

Y = β0 +
3

∑
i=1

βiXi +
3

∑
i=1

βiiX2
i +

2

∑
i−1

3

∑
j=2

βijXiXj (1)

where X1, X2, and X3 are the independent variables that influence the response Y’s; and
β0 = intercept; βi (i = 1, 2, 3) = linear; βii (i = 1, 2, 3) = quadratic, and βij (i = 1, 2, 3; j = 2, 3) =
cross-product terms, respectively.

Table 1. Independent variables for optimization with coded and actual values.

Independent Variables Units Symbols
Code Levels

−α −1 0 +1 +α

Ethanol concentration %, v/v X1 26.36 40 60 80 93.64
Temperature ◦C X2 26.36 40 60 80 93.64
Time min X3 19.09 60 120 180 220.9

2.5. Validation of the Model

The prediction RSM equations were used to determine the optimal conditions for
extracting the phenolic antioxidants from the LS and LoS based on the ethanol concentration,
extraction temperature and time (Table 2). Following the determination of the 2nd-order
model prediction and the multifactor analysis of variance, the desire function technique
was used to determine the optimal extraction conditions.

Table 2. Three-factor, three-level face-centered cube design for response surface methodology.

Standard Order a Run Order b
X1 X2 X3

Ethanol Concentration (%) Temperature (◦C) Time (min)

1 15 40 (−1) 40 (−1) 60 (−1)
2 11 80 (+1) 40 (−1) 60 (−1)
3 4 40 (−1) 80 (+1) 60 (−1)
4 13 80 (+1) 80 (+1) 60.00(−1)
5 1 40 (−1) 40 (−1) 180 (+1)
6 3 80 (+1) 40 (−1) 180 (+1)
7 16 40 (−1) 80 (+1) 180 (+1)
8 6 80 (+1) 80 (+1) 180 (+1)
9 12 26.36 (−α) 60 (0) 120 (0)
10 2 93.64 (+α) 60 (0) 120 (0)
11 14 60 (0) 26.36 (−α) 120 (0)
12 7 60 (0) 93.63 (+α) 120 (0)
13 9 60 (0) 60 (0) 19.09 (−α)
14 5 60 (0) 60 (0) 220.90 (+α)
15 8 60 (0) 60 (0) 120 (0)
16 10 60 (0) 60 (0) 120 (0)
17 17 60 (0) 60 (0) 120 (0)

a No randomized; b Randomized.
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2.6. Determination of EPC

The EPC was measured by following the modified method of Swain and Hillis [36] using
Folin-Ciocalteu technique. A quartz vial containing 50 μL of the extract, 200 μL of deionized
water, and 50 μL of the Folin-Ciocalteu reagent was filled, and the contents were then well
agitated using a Vortex. After allowing the combination to react for 6 min, 500 μL of a 7% (w/v)
Na2CO3 solution was added, and it was well mixed. For 90 min, the solution was incubated at
room temperature in the dark. A UV spectrophotometer (Bio-chrom/Libra S22, Waterbeach,
Cambridge, UK) was used to detect the absorbance at 760 nm, and the data were represented
in gallic acid equivalents (GAE; mg/100 g dry weight (DW) using a reference curve for gallic
acid (0–200 μg/mL). If the observed absorbance value was higher than the linear range of the
standard curve, further dilution would be carried out.

2.7. Determination of DPPH Radical Scavenging Activity

The method used to measure DPPH radical scavenging activity was somewhat modified
from that published by Brand-Williams et al. [37]. Six hundred (600) μL samples were added
with 600 μL of 0.20 mM DPPH in 95% ethanol. After vigorous mixing, the mixture was left to
remain at room temperature in the dark for 30 min. A UV spectrophotometer (Biochrom/Libra
S22, Waterbeach, Cambridge, UK) was used to measure the absorbance of the resultant solution
at 520 nm. The sample blank was made in the same way for each concentration, except that
ethanol was used in place of the DPPH solution. The gallic acid standard curve was a logarithm
between 2 and 25 μg/mL. Results are presented as mg/100 g DW of gallic acid equivalents
(GAE). If the observed DPPH value was higher than the linear range of the standard curve,
more dilution would be required.

2.8. Determination of Ferric Reducing Antioxidant Powder (FRAP)

The FRAP assay was evaluated according to the modified method of Benzie and Strain [38].
Stock solutions were prepared with 20 mM FeCl3.6H2O solution, 10 mM TPTZ solution, and
300 mM acetate buffer (pH 3.6). 25 mL of acetate buffer, 2.5 mL of TPTZ solution, and
2.5 mL of FeCl3.6H2O solution were mixed to prepare a workable solution. The mixture,
known as the FRAP solution, was incubated for 30 min at 37 ◦C in a water bath (Mem-mert,
D-91126, Schwabach, Germany). 810 μL of FRAP solution was mixed with 90 μL of sample
(concentration range of 0.5 to 10 mg/L) and left at room temperature for 30 min in the dark.
The ferrous tripyridyltriazine complex (colored product) was quantified at 595 nm using a UV
spectrophotometer (Biochrom/Libra S22, Waterbeach, Cambridge, UK). A blank sample for
each concentration was prepared by using distilled water instead of FeCl3 in the FRAP solution.
Gallic acid concentrations between 10 and 100 μg/mL were used to prepare the standard curve.
The activity was measured in terms of mg/100 g DW of gallic acid equivalents (GAE).

2.9. Determination of ABTS Antioxidant Activity

2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic) acid (ABTS) radical scavenging activity
was measured using modified described by Arnao et al. [39]. The stock solutions were prepared
by mixing 2.6 mM potassium persulfate solution and 7.4 mM ABTS solution. The two stock
solutions were mixed in equal parts to prepare the working solution, which was then left to
react for 12–16 h at room temperature and in complete darkness. The solution was then diluted
by mixing 5 mL of ABTS solution with 50 mL of methanol. This resulted in an absorbance
of 1.1 ± 0.02 units at 734 nm measured by a UV spectrophotometer (Biochrom/Libra S22,
Waterbeach, Cambridge, UK). A new ABTS solution was prepared for each test. 950 μL of
ABTS solution was mixed with 50 μL of sample (concentration range of 0.5 to 10 mg/L) and
left at room temperature for 120 min in the dark. The same procedure was followed to create
a sample blank at each concentration; with the exception that methanol was used in place of
the ABTS solution. The absorbance was quantified at 734 nm using a UV spectrophotometer
(Biochrom/Libra S22, Waterbeach, Cambridge, UK). A gallic acid standard curve was prepared,
with concentrations ranging from 2 to 50 μg/mL. The activity was measured in terms of
mg/100 g DW of gallic acid equivalents (GAE).
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2.10. Statistical Analysis

All of the analysis was performed in triplicate and statistical analysis was carried
out by analysis of variance (ANOVA). Duncan’s multiple-range test was used to compare
means. SPSS software (SPSS 10.0 for Windows, SPSS Inc., Chicago, IL, USA) was used to
conduct the analysis.

3. Results and Discussion

3.1. Selection of Solid-to-Liquid Ratio

Six ratios (1:05, 1:10, 1:15, 1:20, 1:30 and 1:40; w/v) were tested for their effects on the
extraction of PCs from LS and LoS over the course of 4 h at 25 ◦C and using a 50% (v/v) ethanol
solution as the solvent. The findings demonstrate that the extraction of PCs mainly depends on
the solid-to-liquid ratio (Figure 1). Increasing the solid-to-liquid ratio, increased the EPC, and
FRAP. This suggests that a higher solid–liquid ratio can increase the solvent–plant material
interaction surface area. This allows a higher mass transfer of soluble chemicals from the
substance to the solvent. This might also be due to a higher proportion of solvent providing
reaction with matrix [40].

(A) 

(B) 

Figure 1. Effect of the solid-to-liquid ratio on the extraction of ferric reducing antioxidant power (FRAP)
and extractable phenolic content (EPC) from LS (A) and LoS (B) using aqueous ethanol (50%, v/v) at
25 ◦C for 4 h. GAE = gallic acid equivalents; small letters represents the statistical analysis for EPC and
capital letters represent the statistical analysis for FRAP. Bar represents the standard deviation.
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The EY from LoS increased significantly (p < 0.05) when the amount of solvent was
increased (Table 3). The extraction yield from LS did not change significantly (p > 0.05)
between the ratios of 1:20 to 1:40 (w/v) (Table 3). Exceeding the solvent concentration of
a certain value, leading to the changes polarity of the solvent, resulted in a reduction in
the rate of phenolic chemical extraction [41]. The solubility and equilibrium constants of
the process are affected by changes in the solid-to-solvent ratio [35]. According to FRAP,
the optimal solid–liquid ratio for extracting PCs from LS is between the ratios of 1:20 and
1:30 (w/v) (Figure 1B). It appears that increasing the quantity of solvent leads to higher EY,
EPC, and FRAP antioxidant activity. This might be the reason for the poor solubility of
these compounds in the solvent as well as the dependence of isolated compound yields on
the predicted dielectric constant of the extraction solvent [42]. The 1:20 solid-to-liquid ratio
was hence selected for RSM as a compromise.

Table 3. Effect of solid to liquid ratio on the extraction yield from LS and LoS.

Ratio (w/v) LS (mg/100 g Sample) LoS (mg/100 g Sample)

1:05 6.52 ± 0.04 a 8.76 ± 0.17 a

1:10 9.12 ± 0.13 b 11.04 ± 0.13 b

1:15 9.34 ± 0.13 b 11.94 ± 0.07 c

1:20 9.77 ± 0.06 c 12.39 ± 0.21 d

1:30 9.81 ± 0.06 c 13.30 ± 0.16 e

1:40 9.80 ± 0.16 c 13.87 ± 0.42 f

The values are all mean ± SD. Mean values in the same column with various superscripts differ
significantly (p < 0.05).

3.2. Optimization of Extraction of Phenolic Compounds Using RSM

The RSM was used to optimize the extraction of phenolic antioxidants. The obtained
results showed that 100 g of dry fruit seeds gave between 5.7 to 8.8 mg EY for LS. This
study is supported by a little previous research. For instance, Daorueang [43] showed that
EY of LS was 4.6 g/100 g DW. He also found that EPC in the LS was 89.5 mg GAE/g extract
and LS inhibited the DPPH radical with an IC50 value of 0.65 mg/mL, demonstrating
concentration-dependent antiradical action. However, Paliga et al. [27] found that the EY of
LS was around 3.5 wt%, total phenolic content of about 126.4 mg GAE/100 g and AOA of up
to 78.36%. Similarly, Prasad et al. [44] observed that maximum EY was found at 50% ethanol
extract (26.8%), whereas 100% ethanol only produced 23.3%. The EPC of 50% ethanol extract
was 239 GAE/g DW. However, there were no significant differences between 50% ethanol
and 100% ethanol extract. The percent scavenging activity of 50% ethanol extracts was
48.9%. Therefore, the sequence of the DPPH radical-scavenging activity was 50% ethanol
> ethanol > 50% methanol > methanol > BHT > distilled water. It was found that the LS
extract exhibited antioxidant power of 134, 581, and 132 GAE/100 g dried seed for DPPH,
ABTS and FRAP method, respectively. In general, the main PCs identified in the ethanolic
extract of LS epicatechin, gallocatechin, epicatechin-3-gallate, gallic acid, and procyanidin
B2 [6].

This study showed that 100 g of dry fruit seeds gave between 8.1 to 15.5 mg EY for
LoS. The yield of PCs following traditional solid–liquid extraction was 46.86 mg/g utilizing
an alkaline buffer as the extraction solvent; however, acid precipitation showed a phenol
separation yield of 22.04 mg/g [25]. Chindaluang and Sriwattana [45] study was on the various
extraction techniques for PCs in LoS. The extraction process using ethanol provided the lowest
yield (27.7%), which requires the longest extraction time. The yield of the ultrasonic extraction
method, which was 35%, was midway between the other two treatments but took the least
amount of time, while the yield of the hot water extraction method, which generated the
highest LoS extract yield, was 42.8%. While the antioxidant power of LoS extract was found
to be 2442, 9173, and 3727 mg GAE/100 g of dried seed for DPPH, ABTS, and FRAP method,
respectively. These values were similar with others reporting that LoS contain a phenolic
content of 6300 mg GAE/100 g seeds [31].
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However, Chindaluang and Sriwattana [45] extracted PCs by ethanol, ultrasonic, and
hot water extraction techniques. They found that PCs concentrations were varied with the
extraction techniques. For example, PCs for LoS were 11.717, 26.90, and 41.250 mg GAE/mL
for ethanol, ultrasonic, and hot water extraction, respectively. In comparison to ascorbic acid
(1.37 μg/mL), the AOA of crude extracts of LoS in 20% and 95% ethanol was in the range
of 0.82 and 1.73 μg/mL [46]. The major PCs found in the LoS are gallic acid, corilagin, and
ellagic acid with retention times of 3.6, 7.8, and 13.2 min, respectively, identified using HPLC
by Hong-in et al. [47]. Analysis of variance (ANOVA) for the second order response surface
model of each response is shown in Table 4 for both LS and LoS.

Table 4. Analysis of variance (ANOVA) of the second order response model of extraction yield, EPC,
DPPH, ABTS, and FRAP values from LS and LoS.

Responses Source
DF 1

(LS)
DF 1

(LoS)
SS 2

(LS)
SS 2

(LoS)
MS 3

(LS)
MS 3

(LoS)
F

(LS)
F

(LoS)
p-Value

(LS)
p-Value

(LoS)

Extraction
yield

Lack-of-fit 8 3 0.5453 5.326 0.0685 1.7755
37.21 4.23 0.026 0.046Pure error 2 8 0.0037 3.355 0.0018 0.4193

Total 16 16 9.5443 56.048

EPC
Lack-of-fit 8 9 44,518 2,049,453 5565 227,717

247.66 1.99 0.004 0.380Pure error 2 2 45 229,404 22 114,702
Total 16 16 489,630 17,224,657

DPPH
Lack-of-fit 8 7 8222 147,221 1027.7 21,032

18.78 5.36 0.052 0.166Pure error 2 2 109 7850 54.7 3925
Total 16 16 112,382 2,352,154

ABTS
Lack-of-fit 8 7 43,482 4,209,406 5435 601,344

1.28 7.73 0.511 0.119Pure error 2 2 8511 155,653 4255 77,826
Total 16 16 686,291 37,479,890

FRAP
Lack-of-fit 8 3 8232 203,411 1029 67,804

3.85 2.41 0.222 0.142Pure error 2 8 534 224,684 267 28,086
Total 16 16 105,278 3,914,691

1 Degree of freedom, 2 Sum of squares, 3 Mean of square. LS = lychee seeds; LoS = Longan seeds. EPC = extractable
phenolic content; DPPH = 2,2-Diphenyl-1-picryl-hydrazyl-hydrate; FRAP = ferric reducing antioxidant power;
ABTS = 2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic) acid.

It was noted that the response of extraction yield and EPC for LS (EY for LoS) showed
significant lack of fit (p < 0.05) presenting the model fits not well. However, there were
significant (p < 0.05) effects on parameters on other responses, e.g., FRAP, DPPH, ABTS. The
lack of fit tests, determined by dividing the residual error by the pure error from replicated
design points to explain the sufficiency of the relationship between experimental factors and
the responses. Table 5 shows the mathematical model for extraction yield; EPC, DPPH, ABTS,
and FRAP.

Table 5. Regression coefficients of predicted models and independent effects of factors for the
investigated responses of LS and LoS extracts.

Variables a Yield CF (LS) Yield CF (LoS) EPC CF (LS) EPC CF (LoS) DPPH CF (LS) DPPH CF (LoS) ABTS CF (LS) ABTS CF (LoS) FRAP CF (LS) FRAP CF (LoS)

β0 7.586 ***,b 14.042 ***,b 939.26 *** 6015.86 *** 394.37 *** 2337.98 *** 1134.67 *** 8339.34 *** 387.25 *** 3567.43 ***
β1 −0.718 *** −1.062 *** −82.34 ** −714.44 *** −35.32 ** −213.78 *** −90.88 *** −496.76 * −27.28 *** −181.88 **
β2 0.100 ns,c 0.676 * 60.85 * 42.34 ns,c 23.15 * 110.56 * 110.54 *** −83.18 ns 50.29 *** −67.09 ns

β3 0.147 * 29.76 ns 3.91 ns 94.54 * 18.96 ns −207.84 ns 11.63 ns

β11 −0.166 * −1.270 *** −129.05 *** −771.02 *** −66.64 *** −254.23 *** −135.22 *** −1090.15 *** −55.39 *** −354.75 ***
β22 −0.670 * −83.64 ** −381.96 ** −47.88 *** −207.99 *** −110.73 *** −1002.56 *** −31.93 *** −343.61 ***
β33
β12 0.701 * 112.05 * 716.37 * 254.89 **
β13 −0.333 **
β23 −0.189 * −75.69 * −36.59 * 107.24 * −71.37 * −598.95 * −30.04 *
R2 0.94 0.85 0.91 0.86 0.93 0.93 0.92 0.88 0.92 0.89

Adj-R2 0.91 0.77 0.85 0.82 0.88 0.88 0.88 0.79 0.87 0.84

a Polynomial model Y = β0 + ∑3
i=1 βiXi + ∑3

i=1 βiiX2
i + ∑2

i−1 ∑3
j=2 βijXiXj adjusted by backward elimination

at the level of 0.1% using the lack-of-fit test; β0 = constant coefficient; βi = linear coefficient (main effect);
βii = quadratic coefficient; βij = two factors interaction coefficient; b,* significant at p ≤ 0.05; ** significant
at p ≤ 0.01; *** significant at p ≤ 0.001; c,ns = not significant (p > 0.05). CF = coefficients; LS = lychee seeds;
LoS = longan seeds; EPC = extractable phenolics content; DPPH = 2,2-Diphenyl-1-picryl-hydrazyl-hydrate;
FRAP = ferric reducing antioxidant power; ABTS = 2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic) acid.
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The correlation coefficients (R2) of each response were higher than 0.85 indicating
a good relationship between extraction condition and phenolic antioxidant responses.
The data would properly fit with the statistical model if the R2 values were higher than
0.80 [35,48]. The coefficients of the multiple regression equations that were generated as a
result of the independent variables displayed in Table 5. Only the F value for the responses
was significant for the model with a confidence level higher than 90 in order for the analysis
of variance to fit the quadratic model of the extraction parameters. The adjusted polynomial
second order models’ regression coefficients and analysis of variance for antioxidant activity
of LS and LoS extracts are summarized in Figures 2 and 3, respectively. According to the
surface response analysis for antioxidant activity, temperatures and ethanol concentrations
had the greatest impacts (p ≤ 0.01 or p ≤ 0.001), whereas time had no significant impact
(p > 0.05). The model’s suitability was confirmed by R2, Adj-R2, and a control of model
parameters (Table 1).

The relationship between extraction yield and variables is described by the following
second order polynomial equation of LS:

Extraction yield (LS) = 7.586 − 0.718X1 + 0.100X2 + 0.147X3 − 0.166X1
2 − 0.333X1X3 − 0.189X2X3. (2)

For the response to DPPH, DPPH, the linear, and quadratic terms of X1 and X2 showed
statistically significant in coefficients which are described by the following Equation (3):

DPPH (LS) = 394.37 − 35.32X1 + 23.15X2 + 3.91X3 − 66.64X1
2 − 47.88X2

2 − 36.59X2X3. (3)

Similarly, the linear and quadratic for ethanol proportion (X1) and extraction tempera-
ture (X2) for LoS were the statistically significant coefficients concerning the extraction yield
and AAO. Then, the predicted model for extraction yield was calculated by the following
Equation (4):

Extraction yield (LoS) = 14.04 − 1.06X1 + 0.67X2 − 1.27X1
2 − 0.67X2

2 − 0.70X1X2 (4)

Therefore, the positive linear and quadratic effects of temperature (X2) suggest that the
increase in extraction temperature improved the phenolic compounds yield. Indeed, the
solubility and diffusion coefficient of PCs was increased at high temperatures, permitting
a higher extraction rate. A positive effect of time (X3) was detected in LS extract but not
significant in that of LoSs. Based on the predicted models, some responses depend on linear
terms and quadratic terms, but some depend on interaction terms. It has been documented
that ethanol concentrations and temperatures significantly affect the overall antioxidant
activities of mango kernels [35], wheat [20], grape cans [21], apple pomaces [22], and wood
apples [40].

Y = 939.26  82.34X1 + 60.85X2 + 29.76 X3  129.05X12  83.64X22  75.69 X2X3 (R2 = 0.91; Adj-R2 = 0.85) 
(A) (E) 

  

Figure 2. Cont.
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Y = 394.37  35.32X1 + 23.15X2 + 3.91X3  66.64X12  47.88X22  36.59X2X3 (R2 = 0.93; Adj-R2 = 0.88) 
(B) (F) 

 
Y = 1134.67  90.88X1 + 110.54X2 + 18.96X3  135.22X12  110.73X22  71.37X2X3 (R2 = 0.92; Adj-R2 = 0.88) 

(C) (G) 

 
Y = 387.25  27.28X1 + 50.29X2 + 11.63X3  55.39X12  31.93X22  30.04X2X3 (R2 = 0.92; Adj-R2 = 0.87) 

(D) (H) 

  

Figure 2. Response surface model plot and regression coefficients of predicted models demonstrating the
effects of temperature and ethanol proportion (A–D) and time and ethanol proportion (E–H) on EPC,
DPPH, ABTS, and FRAP (mg GAE/100 g dry sample) in LS extracts.
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Y = 6015.86  714.44X1 + 42.34X2  771.02X12  381.96X22 (R2 = 0.86; Adj-R2 = 0.82) 
(A) (E) 

  
Y = 2337.98  213.78X1 + 110.56X2 + 94.54X3  254.23X12  207.99X22 + 112.05X1X2 + 107.24 X2X3 (R2 = 0.93; Adj-R2 = 0.88) 

(B) (F) 

  
Y = 8339.34  496.76X1  83.18X2  207.84X3  1090.15X12  1002.56X22 + 716.37X1X2  598.95X2X3 (R2 = 0.88; Adj-R2 = 0.79) 

(C) (G) 

  

Figure 3. Cont.
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Y = 3567.43  181.88X1  67.09X2  354.75X12  343.61X22 + 254.89X1X2 (R2 = 0.89; Adj-R2 = 0.84) 
(D) (H) 

  

Figure 3. Response surface model plots and regression coefficients of predicted models demonstrating
the effects of temperature and ethanol proportion (A–D) and time and ethanol proportion (E–H) on
EPC, DPPH, ABTS, and FRAP (mg GAE/100 g dry sample) in LoS.

3.3. Effect of Factors on the EPC and AAO

The trend seen for EPC recovery from LS (Figure 2) and LoS (Figure 3) upon simulta-
neous variation in ethanol and temperature indicates that maximal yield can be achieved at
the medium ethanol and temperature values. Most of the PCs available in the plant seeds
are phenolic acids, flavonoids, tannins, and polysaccharides, which have a similarity in
molecular structure for intermediate polar solvents due to dipole–dipole and dispersion
forces, electrostatic, and hydrogen-bonding interactions [49]. At higher ethanol and temper-
ature levels, EPC recovery showed a declining tendency. With regard to the extraction time,
maximal EPC for LoS was found for a short duration, while for LS, medium and longer
durations were proven favorable, respectively (Figure 3F). Increasing the temperature, in-
creased the amount of EPC and consequently antioxidant activities (p < 0.01), although only
up to 55 ◦C. Above this temperature, EPC and AAO reductions were observed. Both seed
extracts were primarily impacted by the temperature and ethanol proportion interaction ef-
fects. The findings suggested that active chemicals from the solid matrix may be mobilized
up to a specific threshold. This could be because of their high-temperature breakdown [20].
Generally, the high temperature enhances the mass transfer rate by decreasing the solvent
viscosity. As a result, the solvent distribution to the plant tissues and cell membranes was
greater, leading to an increase in phenolic content and antioxidant activities of bioactive
compounds [50]. Cacace and-Mazza, 2002. J.E.Cacace and-G.Mazza, Extraction of antho-
cyanins and other phenolics from black currants with sulfured water, I Agr Food Chem 50
(2002), pp. 5939–5946. Full Text via CrossRef|View Record in Scopus|Cited By in Scopus
(33). According to Cacace and Mazza [51], changing the temperature has an impact on
a compound’s solubility in the solvent and diffusion coefficient during extraction. As a
result, a rise in temperature may enhance the diffusion coefficient and subsequently the
rate of diffusion, which would shorten the extraction time [52].

The effects of ethanol proportion, extraction temperature and time on the amount of
EPC are shown in Tables 4 and 5, and Figures 2 and 3. According to Equations (2) and (4),
the ethanol concentration showed the highest impression on the extraction of EPC from
LS and LoS, as its coefficient has the highest value. Linear and quadratic impacts of the
ethanol concentration were seen for the apparent EPC content. The highest EPC was found
at a certain ethanol concentration, according to the negative quadratic impact of X1. In fact,
the apparent EPC rose as the ethanol concentration rose, peaked at around 53% ethanol,
and then started to fall (Figures 2 and 3). The coefficient of determination for EPC showed
a good regression value (R2 ≥ 0.91 for LS, and 0.86 for LoS). Significant increases in EPC
were observed at high ethanol concentrations and low temperatures. To obtain higher EPC,
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high ethanol concentrations increased the solubility and diffusion of the compounds, which
enhanced the solvent ability to extract the compound into the matrix, leading to a decrease
at higher temperatures [35]. On the other hand, higher temperatures generally degrade phe-
nolic compounds, leading to a reduction in the EPC (Figures 2A and 3A). The relationships
between the EPC and the ethanol content, extraction temperature, and extraction duration
are shown in Figures 2 and 3 for LS and LoS, respectively. Strong regression values were
shown by R2 values of 0.91 for LS and 0.86 for LoS in the coefficient of determination for
EPC. Low temperatures and high ethanol concentrations significantly increase the EPC.
High ethanol concentrations enhance the solubility and diffusion of the chemicals. This en-
hanced ability of the solvent to extract the molecule into the matrix resulted in a decrease at
higher temperatures [36]. However, higher temperatures frequently lead to the degradation
of phenolic compounds, which reduced the EPC (Figures 2A and 3A). Furthermore, EPC
decreased at extremely high temperatures, most likely as a result of the dwindling dielectric
constant, which gave the EPC a less effective contribution [35,53]. Figures 2E and 3E illus-
trate the effects of time and ethanol concentration on EPC for LS and LoS, respectively. As
opposed to this, EPC increases fast when the extraction time is extended from 60 to 139 min
for LS and decreases after 140 min. However, it was 60 to 220 min for LoS, before starting
to decline after 220 min. This is consistent with the contour plots in Figures 2E and 3E, as
well as the findings in Table 5, which show that the interactions between the two variables
are not statistically significant (p > 0.05). Numerous investigations have found that the
amount of ethanol present in the extraction medium affects the yield of EPCs. Research
revealed that piceatannol could be extracted most effectively from the seeds of passion
fruit using an extraction method that used 80% aqueous ethanol [54]. The effect of the
ethanol concentration results from its effect on the polarity of the extraction solvent and
the consequent solubility of the phenolic compounds. According to the basic principle
of like dissolves like, solvents only extract phytochemicals that are polarly similar to the
solvent [55,56]. As with ethanol proportion, temperature also had linear and quadratic
effects on the EPC extraction (Tables 4 and 5). Figures 2 and 3 demonstrate that increase
in temperature increased the EPC extraction and peaked at around 51–58 ◦C, and then
started to fall. The rate of diffusion of phenolic compounds may be improved by rais-
ing the extraction temperature and by raising the diffusion coefficient [52,57]. Beyond a
certain point, however, the temperature may encourage the simultaneous breakdown of
PCs that were previously mobilized at a lower temperature or even breakdown of PCs
that are still present in the plant matrix [58]. This research shows that EPC only started to
degrade when the temperature is above 65 ◦C (Figures 2 and 3), indicating that it is a some-
what thermo-resistant chemical that can withstand different food preparation procedures.
Tables 4 and 5 show that extraction time had neither linear nor quadratic impact on the
EPC extraction. The result suggested that a significant amount of EPC is extracted during
the first few minutes of the extraction process. Thus, a study suggests that long extraction
periods resulted in lower EPC content. Longer extraction durations may not always result
in a complete extraction of phenolic chemicals [59]. Furthermore, phenolic oxidation or
degradation brought on by exposure to light, oxygen, or high temperatures may result
from lengthy extraction periods [21,58]. DPPH, ABTS, and FRAP were found to obey
similar trends such as EPC for LS, but quite different for LoS (Figure 3). The RSM of DPPH
(93% for both LS and LoS), ABTS (92% for LS and 88% for LoS), and FRAP (92% for LS and
89% for LoS) data indicated that the model was significant (p < 0.01). The two-dimensional
contours and three-dimensional representation of the response surfaces of the model are
shown in Figures 2 and 3. The DPPH and ABTS assays were almost similar as was shown
by the shape of the contour plots. When the ethanol concentration and temperature were
raised to 55% and 60 ◦C, respectively, the DPPH and ABTS assays increased as shown in
Figures 2B,F and 3B,F. In general, chemicals may be easily removed from plant cells when
the solvent’s polarities are similar to those of the phenolic compounds [60]. Furthermore,
a rise in the extractability of bioactive chemicals brought on by a high temperature may
improve the antioxidants’ yield [61]. Figures 2F,G and 3F,G illustrate the effects of ethanol
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concentration and extraction time on the DPPH and ABTS assays. The highest DPPH activ-
ities are reached when X1 and X3 are 55% and 139 min (LS) and 180 min (LoS), respectively,
and subsequently the antioxidative activities swiftly increase at first and then decline with
increasing ethanol concentration and extraction time. At X1 = 65% and X3 = 160 min (LS)
and 220 min (LoS), the maximum ABTS activities are attained. It goes without saying that
excessively high temperatures and ethanol concentrations always reduce antioxidative ac-
tivity [35]. The response surface plot for the same variables on FRAP shows that the mutual
interactions between ethanol concentration (X1) and temperature (X2) are significant, as
seen by the elliptical contour plots in Figures 2D and 3D. Increasing the ethanol concentra-
tion and extraction temperature suggests a gradual increase of FRAP assays. As a result,
high temperature promotes extraction by increasing the diffusion coefficient and solute’s
solubility [62]. Figures 2H and 3H illustrate the linkage between ethanol concentration
and extraction time for FRAP assay. With increasing ethanol concentration, an increase in
FRAP assay was seen, although the trend slowed after the ethanol concentration reached
65%. Additionally, longer extraction times were seen to result in a higher FRAP value.
The effect of temperature and time was quite the opposite, as increases in temperature
and time values afforded higher DPPH activity. In particular, DPPH activity from the two
seeds was facilitated at medium ethanol proportion and temperature, whereas efficient
extraction from LS required an ethanol proportion of around 55%. However, there has
been a consistency in ethanol concentration and in all cases; medium ethanol (50%) was
demonstrated as the most appropriate. Optimal extraction durations varied from 140 to
220 min (Figures 2 and 3). ABTS values were two to three times higher than DPPH and
FRAP values. This might be due to the significant differences in their response to antioxi-
dants, which ABTS and DPPH radicals show similar bi-phase kinetic reactions with many
antioxidants, and the FRAP method is based on the reduction of a ferric analogue [63].

3.4. Experimental Validation of the Optimal Conditions

The predictive capacities of the model were verified by establishing the optimum
condition using the simplex technique and the highest desirability for extraction yield, EPC,
DPPH, ABTS, and FRAP antioxidant activity from LS and LoS. The extraction of PCs from
LS and LoS has been greatly affected by ethanol concentration, extraction temperature,
and extraction time. The optimum condition for ethanolic extraction for LS and LoS were
pursued to maximize the EY, EPC, and AOA as determined by the DPPH, ABTS, and
FRAP assays. Estimating economic circumstances that will decrease energy and solvent
consumption while maintaining higher EY and AOA is plausible given the requirement to
lower actual production expenses. The optimal conditions for this specific confluence of
variables result in the optimal extraction condition within the target, as produced by the
desire function approach. A 95% mean confidence range around the predicted value for
those responses encompassed the measured values. Experimental data for the response
extraction yield (mg/100 g DW), EPC (mg GAE/100 g DW), DPPH (mg GAE/100 g DW),
ABTS (mg GAE/100 g DW) and FRAP (mg/100 g DW) of LS and LoS are shown in
Tables 6 and 7, respectively, under different extraction conditions shown in Table 2. These
findings support the capacity of the model to predict the extraction yield, antioxidant
activity measured by EPC, DPPH, ABTS, and FRAP from LS and LoS under experimental
conditions. The ethanol proportion of 41% and 53%, extraction temperature of 51 ◦C
and 58 ◦C, and extraction time of 139 min and 220 min, were the optimal conditions that
maximized the extraction yields, EPC and AAO from LS and LoS, respectively. For LS and
LoS, the equivalent anticipated response values for yield, EPC, DPPH, ABTS, and FRAP
under the optimal conditions were 8.9, 14.2; 967, 6144; 383, 2401; 1117, 8353, and 382, 3609,
respectively. The consistency of the predicted and experimental results served to verify the
RSM model for the extraction process. It was found that the EY found for fruit by-products,
including grape seed (19.2%) [64]. At different solvent, temperature and time, total phenolic
compounds of the jamun seed were 72 ± 2.5 mg GAE/g seed extract, guarana seed (119 mg
GAE/g seed extract), date seed (55 mg GAE/g seed extract), lychee seed (17.9 mg GAE/g
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seed extract), grape seed (35–65 mg GAE/g seed extract), jackfruit seed (27.7 mg GAE/g
seed extract), longan seed (62.6 mg GAE/g seed extract), and tamarind seed (94.5 mg
GAE/g seed extract) [46]. The RSM was effectively used to optimize extraction yield and
phenolic antioxidant chemicals from LS and LoS. The second order polynomial model well
described the experimental data. In terms of effect on extraction performance, the three
factors investigated in this study might be prioritized as follows: ethanol concentration
> temperature >> extraction time. The EPC was shown to be significantly correlated to
DPPH, ABTS, and FRAP.

Table 6. Experimental data for the response extraction yield, extractable phenolic compounds, DPPH,
ABTS, and FRAP assay of LS under various extraction conditions as shown in Table 2.

St.
Order

Response *

Extraction Yield, % EPC DPPH ABTS FRAP

Observed Predicted Observed Predicted Observed Predicted Observed Predicted Observed Predicted

5 8.60 ± 0.1 8.62 841 ± 10 837 335 ± 0.7 333 971 ± 36 959 324 ± 2.5 327
10 5.71 ± 0.2 5.91 338 ± 29 434 134 ± 3.9 146 581 ± 33 599 132 ± 8.3 186
6 7.05 ± 0.4 6.69 765 ± 32 699 252 ± 0.9 262 743 ± 63 778 275 ± 3.6 254
3 7.83 ± 0.3 8.03 911 ± 9 923 361 ± 1.3 371 1138 ± 21 1143 387 ± 6.9 386
14 7.57 ± 0.1 7.89 987 ± 78 990 408 ± 3.4 401 1201 ± 35 1167 398 ± 3.0 403
8 6.38 ± 0.1 6.34 717 ± 31 695 218 ± 4.0 235 845 ± 59 856 330 ± 2.2 305
12 7.60 ± 0.1 7.69 819 ± 24 804 324 ± 2.8 298 1076 ± 11 1007 374 ± 2.7 383
15 7.62 ± 0.1 7.60 940 ± 18 937 406 ± 9.8 394 1097 ± 35 1135 400 ± 6.3 390
13 7.48 ± 0.3 7.39 829 ± 31 902 334 ± 3.8 388 995 ± 31 1103 340 ± 1.1 364
16 7.56 ± 0.2 7.60 938 ± 37 937 420 ± 3.7 394 1168 ± 98 1135 403 ± 7.6 390
2 6.59 ± 0.1 6.69 511 ± 16 463 214 ± 0.9 181 662 ± 93 597 217 ± 2.7 179
9 8.31 ± 0.2 8.33 743 ± 50 706 281 ± 4.6 265 942 ± 38 905 301 ± 20.5 278
4 7.26 ± 0.1 7.09 788 ± 18 737 314 ± 3.4 300 962 ± 38 961 373 ± 8.5 350
11 7.22 ± 0.1 7.36 519 ± 19 611 197 ± 0.7 220 585 ± 87 636 193 ± 10.9 213
1 7.39 ± 0.1 7.28 723 ± 51 690 262 ± 1.5 252 810 ± 100 779 231 ± 10.6 235
7 8.88 ± 0.2 8.62 749 ± 15 792 275 ± 0.5 306 926 ± 10 1038 341 ± 6.4 358
17 7.65 ± 0.4 7.60 947 ± 11 937 407 ± 0.7 394 1227 ± 5 1135 373 ± 17.4 390

* EPC, DPPH, ABTS, and FRAP (mg GAE/100 g dry sample).

Table 7. Experimental data for the response extraction yield, extractable phenolic compounds, DPPH,
ABTS, and FRAP assay of LoS under various extraction conditions as shown in Table 2.

St.
Order

Response *

Extraction Yield, % EPC DPPH ABTS FRAP

Observed Predicted Observed Predicted Observed Predicted Observed Predicted Observed Predicted

5 12.21 ± 0.2 13.19 5309 ± 137 5472 2052 ± 171 2078 7569 ± 570 7934 3258 ± 88 3369
10 8.09 ± 0.3 8.67 2606 ± 133 2634 1160 ± 62 1259 3864 ± 657 4420 1977 ± 63 2271
6 9.99 ± 0.5 9.66 4192 ± 63 4043 1552 ± 60 1427 5613 ± 341 5508 2799 ± 15 2698
3 12.97 ± 0.3 13.14 5521 ± 118 5683 1925 ± 89 1886 7140 ± 470 6751 2876 ± 22 2868
14 13.75 ± 0.3 14.04 5979 ± 12 5910 2340 ± 9 2497 7511 ± 285 7990 3591 ± 158 3574
8 12.96 ± 0.3 12.42 3457 ± 38 4128 2177 ± 84 2086 6175 ± 924 5576 3032 ± 50 2921
12 13.28 ± 0.2 13.29 5301 ± 210 5007 1760 ± 31 1936 5324 ± 450 5364 2370 ± 39 2495
15 15.49 ± 0.4 14.04 5965 ± 155 6016 2287 ± 17 2338 9173 ± 62 8339 3563 ± 78 3603
13 13.32 ± 0.1 14.04 5286 ± 194 6122 2127 ± 19 2179 7616 ± 904 8689 3303 ± 222 3474
16 14.29 ± 0.2 14.04 6325 ± 165 6016 2382 ± 73 2338 8697 ± 532 8339 3546 ± 144 3603
2 9.23 ± 0.3 9.66 4124 ± 66 4169 1389 ± 27 1452 5070 ± 989 4726 2433 ± 29 2284
9 13.63 ± 0.2 12.24 5206 ± 167 5037 1898 ± 34 1978 6626 ± 141 6091 3021 ± 54 2882
4 12.47 ± 0.2 12.42 4788 ± 105 4254 1798 ± 6 1683 7090 ± 578 7190 3032 ± 41 2811
11 11.84 ± 0.1 11.01 4711 ± 23 4864 1560 ± 7 1564 5662 ± 209 5644 2692 ± 69 2721
1 12.41 ± 0.4 13.19 5835 ± 16 5598 2177 ± 42 2104 7048 ± 25 7152 3358 ± 35 3360
7 12.25 ± 0.5 13.14 5280 ± 159 5556 2442 ± 5 2290 4329 ± 280 5137 2533 ± 125 2573
17 14.05 ± 0.5 14.04 6642 ± 138 6016 2405 ± 11 2338 8682 ± 98 8339 3727 ± 58 3603

* EPC, DPPH, ABTS, and FRAP (mg GAE/100 g dry sample).

4. Conclusions

The experimental design method was successful in optimizing phenolic antioxidant
extraction conditions from LS and LoS. The RSM has been shown to be useful in assessing
the influence of three independent variables (ethanol content, extraction temperature, and
time). In terms of effect on extraction performance, the three factors evaluated in this
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study might be prioritized as follows: ethanol concentration > extraction temperature >>
extraction time. LS and LoS have high levels of phenolic compounds with antioxidant
activity, which may be recovered using solid-to-water extraction. The solid-to-liquid ratio
influenced the extraction of phenolic chemicals. A solid-to-liquid ratio of 1:20 (g/mL)
had a substantial influence on EY, EPC, and AOA. This was selected as the optimum
parameter. The findings of the experiments revealed that ethanol content and temperature
had a substantial influence on the response values. The extraction yield of phenolic
compounds, EPC, and FRAP rose as the solid-to-liquid ratio increased. The optimized
conditions for maximum EY, EPC, and AOA of the LS and LoS were 41% and 53% ethanol
concentration, temperatures of 51 ◦C and 58 ◦C, and times of 139 and 220 min, respectively.
An increase in extraction temperature increased EPC quantity and, as a result, antioxidant
activity (p < 0.01), but only up to 55 ◦C and reduced above this threshold. The interaction
effects of temperature and ethanol percentage mostly impacted both seed extracts. It is
anticipated that optimization techniques may help to extract phenolic antioxidants from LS
and LoS more efficiently and hence more cost-effectively. The results suggested that active
chemicals from the solid matrix might be mobilized to a certain extent. However, future
research should focus on the utilization of novel and green extraction technologies such
as supercritical fluid extraction, enzyme assisted extraction, ultrasonic assisted extraction,
microwave assisted extraction, and as well as some new extraction solvents such as ionic
liquid, low eutectic solvent and glycerol to optimize the extraction of phenolic antioxidant
from food matrix.
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Comparative Untargeted Metabolic Profiling of Different Parts
of Citrus sinensis Fruits via Liquid Chromatography–Mass
Spectrometry Coupled with Multivariate Data Analyses to
Unravel Authenticity
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Abstract: Differences between seven authentic samples of Citrus sinensis var. Valencia peel (albedo
and flavedo) and juices from Spain and Uruguay, in addition to a concentrate obtained from Brazil,
were investigated by untargeted metabolic profiling. Sixty-six metabolites were detected by nano-
liquid chromatography coupled to a high-resolution electrospray-ionization quadrupole time-of-
flight mass spectrometer (nLC-ESI-qTOF-MS) belonging to phenolic acids, coumarins, flavonoid
glycosides, limonoids, terpenes, and fatty acids. Eleven metabolites were detected for the first time in
Citrus sinensis and identified as citroside A, sinapic acid pentoside, apigenin-C-hexosyl-O-pentoside,
chrysoeriol-C-hexoside, di-hexosyl-diosmetin, perilloside A, gingerol, ionone epoxide hydroxy-
sphingenine, xanthomicrol, and coumaryl alcohol-O-hexoside. Some flavonoids were completely
absent from the juice, while present most prominently in the Citrus peel, conveying more industrial
and economic prospects to the latter. Multivariate data analyses clarified that the differences among
orange parts overweighed the geographical source. PCA analysis of ESI-(−)-mode data revealed for
hydroxylinoleic acid abundance in flavedo peel from Uruguay the most distant cluster from all others.
The PCA analysis of ESI-(+)-mode data provided a clear segregation of the different Citrus sinensis
parts primarily due to the large diversity of flavonoids and coumarins among the studied samples.

Keywords: albedo; flavedo; concentrate; juice; orange; metabolomics; flavonoids; coumarins

1. Introduction

Citrus trees bear some of the most popular fruits and are grown globally for food,
medicinal and other industrial applications, with a total annual production of nearly
85 million tons [1]. Various species of Citrus genus are valuable, such as C. medica (citron),
C. limon (lemon), C. aurantium (sour orange), C. reticulata (mandarin, tangerine), C. paradisi
(grapefruit), C. clementina (clementine) and C. sinensis (sweet orange) [2]. They are either
consumed as fresh fruits or after processing to juices, beverage products, and jams, with
the peel being the main by-product of processing. Anatomically, the fruit consists of two
parts—the outer peel and the pulp with juice sac glands [2]. The peel main parts include
the outer pigmented flavedo with parenchymatous cells and cuticle, and the white albedo
part lying beneath the flavedo [3]. Different plant parts find wide application in many
countries in recipes to treat stomach disorders, skin inflammation, cough, muscular pain,
and nausea, as well as being used as a slimming agent [4].

Phytochemical investigations have revealed the presence of bioactive coumarins
(i.e., bergamottin, scopoletin, and umbelliferone), flavonoids (i.e., rutin, quercetin, and
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kaempferol), limonoids (i.e., limonin and nomilin), and acridone alkaloids (i.e., citruscridone
and citrusinine-I) in Citrus plants [5]. Dietary fiber, minerals, carotenoids, and phenolic
phytoconstituents, i.e., phenolic acids, flavanones, and polymethoxylated flavones, were
all detected in orange peel [6]. Citrus sinensis var. Valencia fruits revealed superiority as an
excellent source of phenolics, flavonoids and ascorbic acid compared to var. Mandora and
some grapefruits grown in Cyprus [7]. Another study on var. Valencia pointed out that the
flavedo part had highest vitamin C, flavones and carotenoid content, while the albedo part
was the main source of flavanones and phenolics [8].

Moreover, previous clinical and animal studies have demonstrated that certain Citrus
metabolites have antioxidant, anti-inflammatory, cytotoxic, antimicrobial, antiallergic and
antiplatelet aggregation activities [9]. The metabolites in Citrus varieties influence their
unique qualities, such as taste, appearance, and the supposed health benefits. Quantitative
and qualitative differences in these metabolites are commonly affected by the cultivation
environment and Citrus variety [10] and also vary significantly from one part to another
within the Citrus fruit.

Although there is a wide variety of Citrus fruits that were intensely investigated
for their metabolic composition [11], comparative studies of metabolite profiles within
different fruit parts are limited. Because metabolite variability and modification are affected
by the plant’s adaptation to physiological, pathological, and diverse chemical stimuli,
metabolomics enables quantitative investigation of these dynamic changes [12]. In-depth
food analyses help to uncover discriminatory biomarkers, identify various pathways, find
therapeutic targets, and discover new potential drug leads by evaluating and verifying the
major variations in metabolite profiling [13].

Metabolite profiling by mass spectrometry is regarded as the most powerful ana-
lytical tool. Among the most recent detection techniques are: high-performance liquid
chromatography–diode array detection (HPLC-DAD), ultra-high-performance liquid chro-
matography coupled to triple quadrupole mass spectrometry (UHPLC-QqQ-MS/MS), and
ultra-performance liquid chromatography/quadrupole time-of-flight mass spectrometry
(UPLC-QTOF-MS/MS) [14]. The analysis of the orange peel matrix has also been performed
via HPLC-UV-ESI-MS/MS (high-performance liquid chromatography coupled with ultravi-
olet and electrospray ionization mass spectrometry) [6]. The current technique involves the
use of nano-high-performance liquid chromatography (n-LC) coupled to high-resolution
MS to provide fast metabolite analysis of orange peel, to the best of our knowledge, for
the first time on a high sensitivity level. Previous studies have been performed via state-
of-the-art nano-liquid chromatography–ESI–MS/MS technology to only separate chiral
naringenin in Citrus pulp and peel [15].

By adding multivariate data analysis (MVA) techniques, a large-scale metabolomics
dataset is presented in this study to provide a detailed insight into C. sinensis secondary
metabolites. The use of MVA enables accurate specimen to specimen comparison and
highlights distinctive traits [16].

The aim of this work was to investigate the differences in secondary metabolite
composition in different parts of C. sinensis presenting the first comparative insights into
metabolite profiles derived from various parts of Valencia orange fruits collected from
different countries. A detailed identification of metabolites in different C. sinensis parts was
considered together with an untargeted metabolic profile for the edible part and the peel as
the main by-product during fruit processing.

2. Materials and Methods

2.1. Orange Samples and Chemicals

Valencia oranges (C. sinensis) from Spain and Uruguay, provided by Symrise (Holz-
minden, Germany) as depicted in Table 1, were cleaned and squeezed to obtain the juice,
then flavedo and albedo were manually stripped by a fruit peeler. After that, all orange
samples, including a Brazilian orange concentrate acquired from Symrise, were lyophilized
and separately ground to fine powder by a mill rotor cyclone (Tecnal, Piracicaba, Brazil,
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TE-651/2). Comminuted orange samples were stored at −80 ◦C until subsequent analysis.
All chemicals and solvents were purchased from Sigma Aldrich (Steinheim, Germany).

Table 1. Source of the different Citrus sinensis (var. Valencia) specimens used in the analysis.

Code Orange Part Country

AS Albedo peel Spain

AU Albedo peel Uruguay
CB Juice concentrate Brazil
FS Flavedo peel Spain
FU Flavedo peel Uruguay

JS Juice Spain
JU Juice Uruguay

2.2. Metabolite Mass Fingerprinting

Orange specimens (2 mg), extracted by 1 mL methanol, were spiked with 4 μg mL −1

hesperidin followed by sonication for 30 min, then centrifugation for 20 min at 15,000× g
to eliminate any leftover debris. Solid-phase extraction was applied to each extract using a
C18 cartridge (JT Baker, Phillipsburg, NJ, USA) as previously reported [17]. The resulting
extracts were injected into a nano-LC system EASY-nLC II (Bruker, Bremen, Germany)
equipped with a reversed phase column (150 × 0.1 mm, particle size 3 μm; Michrom
Bioresources, Auburn, CA, USA) coupled to maXis impact quadrupole-time of-flight
(qTOF) MS (Bruker, Bremen, Germany). A captive nano-spray ionization was operated
in the negative and positive ion modes under conditions as previously reported [18].
Identification of metabolite mass fingerprints was carried out using exact parent ion masses
as well as retention data, reference literature, fragmentation patterns, and the Phytochemical
Dictionary of Natural Products Database (https://dnp.chemnetbase.com/ accessed on
(16 March 2022)). Semi-quantification was based on the integrated peak areas of each
compound after normalization to internal standard. Aiming at comparing the relative
abundance of a given compound in the seven different samples, the determination of
absolute concentrations by an external calibration of every compound was not required.
Three independent replicates of each orange specimen were analyzed in parallel to evaluate
the biological variance.

2.3. Multivariate Data Analyses (MVA)

Modeling viz. principal component analysis (PCA) and orthogonal projection to latent
structures-discriminant analysis (OPLS-DA) was applied to a metabolite dataset of MS
abundances produced by nLC-MS either in the negative or positive ion mode via the
SIMCA-P+ 13.0 software package (Umetrics, Umeå, Sweden) to pinpoint various markers
characterizing each group declared with correlation (pcor) and covariance (p). The iterative
permutation testing and diagnostic indices, viz. R2 and Q2 values, were used to assess the
validity of models, while all variables were mean centered and Pareto scaled.

3. Results and Discussion

3.1. Metabolite Identification via nLC–ESI-MS/MS Analysis

nLC-ESI-MS/MS analyses (Figure 1) of Citrus samples resulted in the identification
of 66 metabolites, categorized into seven classes: phenolic acids, terpenes, limonoids,
coumarins, flavonoids, fatty acids and nitrogenous compounds. The elution order of
metabolites followed a sequence of decreasing polarity, whereby phenolic acids eluted
first, followed by coumarins, flavonoid glycosides, limonoids, free aglyca and fatty acids.
Samples were analyzed in both the negative and positive ionization modes to provide
a greater coverage of the metabolome. Fatty acids and flavonoids were preferentially
ionized under negative ionization conditions, while coumarins, limonoids and nitrogenous
compounds showed better ionization in the positive mode. The list of identified compounds
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along with their retention time, characteristic molecular and fragment ions and occurrence
is presented in Table 2.

Figure 1. Representative nLC-MS base peak chromatogram of orange parts extracted by methanol on
negative ionization (A) albedo from Uruguay, (B) orange concentrate from Brazil, (C) flavedo from
Uruguay and on positive ionization, and (D) juice from Uruguay. For peak numbers, refer to Table 2.

3.1.1. Identification of Organic Acids and Phenolics

A number of organic acids were eluted in the first part of the nLC-ESI-MS/MS-
chromatogram, as revealed from their MS spectral data. In the analyzed Citrus samples, the
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most representative phenolic and organic acids were citric, ferulic, sinapic acids and their
glycosides. Peak 1—for peak numbers refer to Table 2—[(M−H)− m/z 191.0189 (C6H7O7)−]
was identified as citric acid previously reported in Citrus limon ethanolic extract [19]. Peaks
6 and 8 (Suppl. Figure S1), [(M−H)− m/z 355.103 (C16H19O9)−] were annotated as ferulic
acid hexoside and sinapic acid pentoside, respectively. Having the same molecular formula;
peak 6 yielded a main fragment ion at m/z 193 [M−H−162 (hexose)]−relative to ferulic
acid, while peak 8 showed a fragment ion at m/z 223 [M−H−132 (pentose)]− relative to
sinapic acid. Sinapic acid pentoside was detected for the first time in all of the examined
Citrus samples except Citrus sinensis juice obtained from Uruguay (JU). In addition, citric
acid was absent in the albedo of both suppliers (AS: albedo from Spain, and AU: albedo
from Uruguay), while sinapoyl hexoside was absent in the juice (JS: juice from Spain, and
JU: juice from Uruguay). Peak 17 [(M−H)− m/z 311.1139 (C15H19O7)−] with product ion at
m/z 161 corresponding to negatively ionized hexose, was annotated as coumaryl alcohol-
O-hexoside, first time to be reported in all Citrus samples. Peak 55 [(M−H)− m/z 293.1763
(C17H25O4)−] was a major constituent detected in all analyzed samples and identified as
gingerol, a pungent principle previously detected in the peel of Citrus reticulata [20], but
detected for the first time in Citrus sinensis and most prominent in albedo from Uruguay
and juice from Spain (AU and JS). Ferulic and p-coumaric acid were major hydroxycinnamic
acids detected in both free and bound form in the methanolic extracts of bitter orange
(Citrus microcarpa) peel [6].

3.1.2. Identification of Coumarins

Peak 11 [(M−H)− m/z 205.0504 (C11H9O4)−] yielded fragment ions at m/z 175 [M−H−30
(C2H6)]− and m/z 101 corresponding to the loss of CO2 from the pyrone ring, and was iden-
tified as citropten, the most abundant coumarin in Citrus (Suppl. Figure S2) [19]. Peak 9

[(M−H)− m/z 175.0392 (C10H7O3)−] was identified as methoxycoumarin and detected in all
Citrus samples. Peak 26 [(M−H)− m/z 367.0668 (C16H15O10)− showed a characteristic frag-
ment ion at m/z 191 [M−H−176 (glucuronyl)]− was identified as scopoletin-O-glucuronide.
The flavedo part from Uruguay showed the highest level of the identified coumarins. This
finding was in accordance with results previously reported by Liu et al. (2017) showing
that the highest coumarin content was found in the flavedo part among different studied
Citrus cultivars [21], conveying a particular interest regarding the presumed anticancer and
antidiabetic effects of this part.
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3.1.3. Identification of Flavonoids

A total of 22 flavonoid derivatives were identified with better ionization in the negative
ion mode as a result of their rapid deprotonation ability. Peak 20 [(M + H)+ m/z 463.1238
(C22H23O11)+], with a fragment ion at m/z 343 [M + H−120]+ was identified as chrysoeriol-
C-hexoside. Peak 15 [(M + H)+ m/z 595.1654 (C27H31O5)+] showed a fragment ion at m/z
385 [M + H−120−90]+, indicating di-C-hexoside, and was identified as apigenin-di-C-
hexoside (vicenin-2). Vicenin-2 was previously identified in the peels and edible pulp of
C. aurantiifolia, and C. unshiu [46]. Both flavones, chrysoeriol-C-hexoside and vicenin-2,
were detected in all the analyzed samples with relatively high concentration in flavedo peel
of both suppliers.

Peaks 12 and 19 showed the same deprotonated aglycone fragment ion at m/z 271, and
were identified as naringenin derivatives. Peak 12 [(M−H)− m/z 433.1145 (C21H21O10)−]
with MS2 fragment at m/z 271 [M−H−162 (hexose)]− was identified as naringenin-O-
hexoside. Peak 19 [(M + H)+ m/z 581.1867 (C27H33O14)+] showed fragment ions
(Suppl. Figure S3) at m/z 419 [M + H−162 (hexose)]+ followed by successive loss of a
deoxyhexose at m/z 273 [M + H−162 (hexose)−146 (deoxyhexose)]+, while peak 31 showed
a base signal at m/z 273.0756 [M + H−308 (rutinose)]+ indicating that both carbohydrate
moieties were linked through an -O-glycosidic bond [47]. Thus, peak 19 was identified as
naringenin-O-hexosyldeoxyhexoside.

Likewise, Peaks 16 and 18 showed the same deprotonated fragment ion at m/z
269 indicating apigenin derivatives. Peak 16 [(M−H)− m/z 593.1502 (C27H29O15)−] with
MS2 fragments at m/z 431 [M−H−162 (hexose)]− and m/z 269 [M−H−162 (hexose)−162
(hexose)]−, indicating successive losses of two hexose moieties, was identified as apigenin-
di-O-hexoside previously detected in different Citrus species [26]. Peak 18 [(M−H)−
m/z 563.1408 (C26H27O14)−]/[(M + H)+ m/z 565.1550 (C26H29O14)+] was a mixed O-C
flavone, with characteristic fragment ion at m/z 311 [M−H−120 (cross ring cleavage of
C-hexosyl)−132 (pentose)]−. It was identified as apigenin-C-hexosyl-O-pentoside, first
reported in Citrus sinensis (Suppl. Figure S4). In the studied samples, flavedo peel from
Uruguay was found more enriched in apigenin derivatives, while naringenin derivatives
were found most abundant in the albedo part of both suppliers.

Peaks 30 showed deprotonated fragment ion at m/z 285, indicating sakuranetin deriva-
tives. Peak 30 showed fragment ions at m/z 433 [M + H−162 (hexose)]+ followed by
successive loss of a deoxyhexose at m/z 287 [M + H−162 (hexose)−146 (deoxyhexose)]+.
Thus, peak 30 was identified as sakuranetin-O-hexosyl-O-deoxyhexoside.

Peak 21 [(M−H)− m/z 609.1833 (C28H33O15)−]/[(M + H)+ m/z 611.1971 (C28H35O15)+]
showed a MS2 fragment ion in the negative ionization mode at m/z 301 [M−H−308 (rutinose)]−
and was the main flavanone glycoside identified in all samples (Suppl. Figure S5). It was anno-
tated as hesperidin, previously reported as the main flavanone in the peel of Citrus sinensis L.
varieties, which suffers dramatic losses in filtered peel juice due to its relatively low water
solubility [48]. Hesperidin is well known for its supposed effects on health including antimi-
crobial, anticancer, antihypertensive and antiulcer effects, thus attracting medicinal interest to
orange peel [49].

A number of polymethoxy flavones (PMF) were identified in the studied samples be-
ing more readily ionized in the positive ion mode than in the negative mode. In general, the
PMF MS2 spectra had characteristic fragments at [M + H−nCH3]+, [M + H−2CH3−CO]+

and [M + H−2CH3−H2O]+ [50]. Peak 43 [(M + H)+ m/z 403.1385 (C21H23O8)+], peak 46 [(M
+ H)+ m/z 373.1312 (C20H21O7)+] and peak 53 [(M−H)− m/z 343.0826 (C18H15O7)−] showed
typical fragmentation patterns for PMF and were identified as nobiletin, tangeretin and
dihydroxytrimethoxy-flavone, respectively. Xanthomicrol (dihydroxytrimethoxy-flavone)
was previously isolated from Citrus sudachi [51] but reported herein for first time in
C. sinensis. Likewise, peak 54 [(M + H)+ m/z 343.1201 (C19H19O6)+] and peak 56 [(M +
H)+ m/z 433.1511 (C22H25O9)+] were annotated as tetra-O-methylscutellarein and hep-
tamethoxyflavone, respectively. In addition to xanthomicrol, other hydroxylated PMFs
were detected as demethylnobiletin (peak 40), and dimethylkaempferol (peak 49). Gen-
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erally, PMFs exhibited extensive range of biological actions, i.e., antiatherogenic, and
anti-inflammation activities [52]. However, hydroxylated PMFs revealed potent antineo-
plastic effects against various cancer types [53]. Flavedo peel from Uruguay was the richest
part in methoxy flavones in contrast to the juice from both suppliers. The flavedo extracts
of various Citrus fruits encompassed flavanone glycosides (poncirin, hesperidin, neohes-
peridin, dydimin, naringin, narirutin, and neoeriocitrin), flavonol glycosides (rutin), and
flavone glycosides (diosmin, rhoifolin, and isorhoifolin) [6].

3.1.4. Identification of Limonoids and Terpenes

Limonoids are tetranortriterpenoids, found extensively in Rutaceae and Meliaceae [54].
They are widely distributed in different Citrus fruits, such as grapefruit (Citrus paradisi),
sweet orange (Citrus sinensis), sour orange (Citrus aurantium), lemon (Citrus limon) and lime
(Citrus aurantiifolia) [55]. Water-insoluble limonoid aglycones are mainly distributed within
seeds and peels. In contrast, the water-soluble limonoid glycosides are more abundant
within juices and pulps [56]. In the studied Citrus samples, limonoids occur in significant
amounts as aglycone and glycoside forms. Peak 25 [(M + H)+ m/z 473.2167 (C26H33O8)+]
showed MS2 fragments at m/z 455 [M + H−18 (H2O)]+, 411 [M + H−62 (CH2O3)]+ and
the characteristic ion for Citrus limonoids at m/z 161 attributed to the furan ring bound
to a lactone ring moiety [57] and was identified as deacetylnomilin (Suppl. Figure S6). It
was found more abundant in the peel than in juice or concentrate; this may be related to
its relatively low water solubility. Peak 51 with protonated and deprotonated molecular
ions [(M + H)+ m/z 471.2018 (C26H31O8)+]/[(M−H) m/z 469.1869 (C26H29O8)−] showed a
fragment ion m/z 453 [M + H−18 (H2O)]+ and the characteristic fragment ion for Citrus
limonoids at m/z 161. It was identified as limonin, a well-known limonoid that possesses
various biological, mainly anti-inflammatory activities [58]. Limonin was detected in more
abundant content in albedo from Spain (AS), suggestive to have a slightly bitter taste
compared to albedo from Uruguay (AU) upon providing a likely sustainable source of food
additive [59].

Terpenes are important for plant aroma and flavor playing key roles in fruit quality,
plant defense and pollinator attraction. A total of three terpenes was detected ionized most
preferentially in the negative ionization mode, from which a gluco-conjugated megastig-
madienone was identified as peak 4 [(M−H)− m/z 385.1860 (C19H29O8)−] known as citro-
side A. Its MS2 fragments showed the characteristic fragment ion at m/z 223 [M−H−162
(hexose)]− relative to the loss of a hexose moiety. Citroside A was reported previously to
be a precursor of damascenone and 3-hydroxydamascone, two important industrial flavor
compounds. It has been reported in Citrus unshiu leaves, Solanum quitoense leaves [60]
and Gynostemma pentaphyllum [61]. Herein it was detected for the first time in the peel
of Citrus sinensis being more prominent in albedo peel from Spain and flavedo peel from
Uruguay (AS and FU). A number of monoterpenes belonging to different classes were
identified: Peak 35 [(M−H) m/z 313.1651 (C16H25O6)−] was a monoterpene glycoside iden-
tified as perilloside A, detected for the first time in Citrus and found most prominent in
albedo and flavedo peel from Spain (AS and FS), suggestive to be a marker to distinguish
between peels from Spain and Uruguay. Peak 57 [(M−H)− m/z 207.1392 (C13H19O2)−] was
an apo-carotenoid monoterpene identified as ionone epoxide, a flavoring substance with a
fruity and woody flavor previously identified in many foods, such as apricot, raspberry,
tea and lemon balm [43].

3.1.5. Identification of Fatty Acids and Fatty Acid Amides

Saturated and unsaturated fatty acids in addition to low molecular mass amide com-
pounds were detected in several orange peel compartments. For details, refer to Supple-
mentary Materials [28,35,44].
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3.1.6. Identification of Nitrogenous Compounds

Other metabolites containing nitrogen were detected at trace levels. For details, refer
to Supplementary Materials [34].

3.2. Multivariate Data Analyses of Orange Samples

The datasets encompassed a total of 42 nLC-ESI-MS/MS runs (seven different orange
samples with three biological replicates each in both the negative and positive ionization
modes). Thus, unsupervised and supervised multivariate data analyses were adopted to
simplify interpretation of such complex datasets allowing better biomarkers characteriza-
tion and sample classification [62]. Principal component analysis (PCA), as an unsupervised
approach, was reported to evaluate the variance within various samples involving no prior
knowledge of the datasets [63]. Table 1 shows the color-coded source of the Citrus sinensis
specimens compared.

PCA on negative ionization runs as depicted in Figure 2A–C for all orange samples
was illustrated by PC1 and PC2 accounting for 87% of the total variance (Figure 2A). Along
PC1, there was a clear separation between flavedo specimens from Spain (FS) and Uruguay
(FU), while the latter was distinguished from the other samples and located at upper right
quadrant with positive score values, suggesting the impact of geographical source based on
their metabolites. The albedo samples were positioned at the lower right quadrant, whereas
juice samples were located at upper left quadrant with negative PC1 values. Conversely,
orange concentrate from Brazil (CB) appeared near the origin (Figure 2A). The respective
loading plot demonstrated that mono-methoxy flavonoids, i.e., hesperetin and sakuranetin
along with hydroxy-oxohexadecanoic acid were found more abundant in albedo specimens
(Figure 2B). On the other hand, hydroxylinoleic acid was major contributor to flavedo
from Uruguay (FU) being the most distant data point. Naringenin was responsible for the
clustering of orange juice of both suppliers and flavedo from Spain (FS) in the upper left
quadrant, while N-phenylacetylglycine was more abundant in juice from Spain (JS) and
orange concentrate (CB). The dendrogram of HCA (Hierarchical clustering analysis), as
depicted in Figure 2C, revealed that flavedo from Uruguay (FU) represented one cluster,
whereas the other cluster was divided into albedo specimens at one sub-group and the
other sub-group encompassed the remaining samples.

Figure 2. MS-based PCA of all orange samples (n = 3) negative ionization (A) score plot, (B) relevant
loading plot and (C) HCA; positive ionization (D) score plot, (E) relevant loading plot and (F) HCA.
AS: Albedo from Spain; AU: Albedo from Uruguay; CB: concentrate from Brazil; FS: Flavedo from
Spain; FU: Flavedo from Uruguay; JS: Juice from Spain; JU: Juice from Uruguay.
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Likewise, PCA on positive ionization as illustrated in Figure 2D–F revealed 86% of
the total variance, albeit with better segregation (Figure 2D) compared to its negative
ionization counterpart. Particularly, all replicates from each orange sample were tightly
clustered indicating the superb reproducibility of the experimental analysis in both the
negative and positive ionization modes. In agreement with the previous PCA model,
flavedo from Uruguay (FU) was also the most distant group. Flavedo specimens showed
positive score values separable from other orange parts, while orange juice and concentrate
had negative score values. Albedo from both countries (AU and AS) was separated in the
upper left quadrant. The respective loading plot (Figure 2E) demonstrated high levels of
nobiletin, tangeretin, dihydroxytrimethoxyflavone and heptamethoxyflavone in flavedo
samples. Albedo specimens were enriched in sakuranetin-O-hexosyl-O-deoxyhexoside and
hesperetin-O-deoxyhexoside, whereas high levels of hesperidin were observed in orange
juice and concentrate. The HCA dendrogram, as depicted in Figure 2F, revealed that the
flavedo from both suppliers represented one cluster, while the other cluster included the
remaining orange parts.

OPLS-DA (orthogonal projection to latent structures-discriminant analysis) as a super-
vised approach was reported to possess a great potentiality maximizing the segregation
of overlapping sample groups by identifying chemical determinants [64]. Being the most
distant cluster, flavedo from Uruguay (FU) was further subjected to OPLS-DA against
all other specimens (Figure 3) to assess sample discrimination with p value less than
0.001. The first OPLS model on negative ionization (Figure 3A) exhibited 0.96 model
predictability (Q2) and 97% total variance (R2). The relevant loading S-plot showed that
FU included abundant levels of hydroxylated fatty acids, i.e., hydroxylinoleic, trihydroxy-
linoleic, and dihydroxyoctadecadienoic acids (Figure 3B). Conversely, the second OPLS
model on positive ionization (Figure 3C) exhibited 0.62 model predictability (Q2) and
72% total variance (R2). The relevant loading S-plot revealed that nobiletin, dihydroxy-
trimethoxyflavone, demethylnobiletin and tangeretin were detected in higher levels in
FU (flavedo from Uruguay) (Figure 3D). Then, several OPLS models were constructed
(Suppl. Figures S7–S10) with p value less than 0.001 to assess chemical determinants in
orange parts derived from the various countries. Hence, a model of flavedo from Uruguay
(FU) against its counterpart from Spain (FS) was performed (Suppl. Figure S7). On negative
mode, OPLS model (Suppl. Figure S7A) revealed the enrichment of flavedo from Uruguay
(FU) in hydroxyl-linoleic acid, dimethylkaempferol, apigenin-di-O-hexoside and citropten
(Suppl. Figure S7B). Notably, hydroxyl fatty acids other than hydroxylinoleic acid did not
appear in this model, which was attributed to their similar levels present in both samples.
Conversely, OPLS model in positive mode (Suppl. Figure S7C) exhibited the enrichment
of flavedo from Uruguay (FU) in nobiletin, demethylnobiletin, and tangeretin, whereas
heptamethoxyflavone was abundant in FS (Suppl. Figure S7D). Another OPLS model
was performed with albedo from Uruguay (AU) versus its counterpart from Spain (AS)
(Suppl. Figure S8). OPLS model in negative ionization (Suppl. Figure S8A) demon-
strated the particular abundance of naringenin-O-hexoside and linoleic acid in albedo from
Uruguay (AU), while hesperetin, sakuranetin and hydroxy-oxohexadecanoic acid were
found more abundant in albedo from Spain (Suppl. Figure S8B). In positive ionization, the
OPLS model (Suppl. Figure S8C) showed significantly higher levels of glycosyl flavonoids,
i.e., sakuranetin-O-hexosyl-O-deoxyhexoside, limonin and hesperetin-O-deoxyhexoside
in AS (albedo from Spain) (Suppl. Figure S8D). Further and for better discrimination
assessment of orange juices derived from various sources, the OPLS model in negative
mode (Suppl. Figure S9A) revealed abundant levels of N-phenylacetylglycine, nomilin-
hexoside and gingerol in orange juice from Spain (JS) (Suppl. Figure S9B). Lastly, the OPLS
model including orange juice from both suppliers and orange concentrate from Brazil
(CB) was implemented in positive mode (Suppl. Figure S10A). The relevant loading plot
(Suppl. Figure S10B) showed that hesperidin, hydroxy-sphingenine and pyridoxamine
phosphate amounted for the major metabolites in orange concentrate (CB). The obvious
segregation between orange juice from Uruguay (JU) and Spain (JS) was ascribed to the
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abundance of heptyl caffeate in the former, while the later was enriched in nomilinhexoside
and sakuranetin-O-hexosyl-deoxyhexoside.

Figure 3. MS-based OPLS of flavedo from Uruguay (FU) against all other samples negative ionization
(A) score plot and (B) relevant loading S-plot; positive ionization (C) score plot and (D) relevant
loading S-plot.

4. Conclusions

In this study, the metabolites in the orange peels (albedo and flavedo parts) together
with the juice and concentrate from different suppliers were systematically analyzed and
identified using state-of-the-art nLC-ESI-MS/MS-based, widely non-targeted metabolome
analysis. A total of 66 metabolites were annotated, 37 of which were compounds shared
by all samples. Furthermore, 29 differential metabolites were detected, 15 of which were
mainly flavonoids and completely absent from the juice. A total of eleven metabolites
were detected for the first time in Citrus sinensis: citroside A, sinapic acid pentoside,
di-hexosyl-diosmetin, apigenin-C-hexosyl-O-pentoside, chrysoeriol-C-hexoside, perillo-
side A, hydroxy-sphingenine, xanthomicrol, coumaryl alcohol-O-hexoside, gingerol and
ionone epoxide. The annotation of the novel metabolites warrants in-depth functional
genomic mining to identify their various biosynthetic pathways. Comparing different
fruit parts, a number of flavonoids with proposed preventive therapies against some
diseases, i.e., naringenin-O-hexoside, hesperetin-O-deoxyhexoside, sakuranetin-O-hexosyl-
O-deoxyhexoside, and demethylnobiletin, were completely absent from the juices, but
present most prominent in the peel. Citrus peel is thus considered a renewable bio-resource
of functional foods. In addition, hesperetin-O-deoxyhexoside, sakuranetin-O-hexosyl-O-
deoxyhexoside and hydroxylinolenic acid were detected only in albedo and flavedo of
both suppliers, albeit absent in orange juices and concentrate, suggestive to be a distinctive
marker for orange peel and to increase the potential transform of Citrus by-products into
valuable food ingredients, nutraceuticals, and perhaps even pharmaceuticals.

The comprehensive nLC-ESI-MS/MS metabolic profiling followed by multivariate
data analyses suggested that the differences between orange parts were much more ob-
vious than the geographical source. Generally, albedo was richer in mono-methoxylated
flavonoids, while flavedo was richer in poly-methoxylated flavonoids and hydroxylated
fatty acids. Moreover, further research is required to more accurately evaluate the effec-
tiveness, the toxicity, and the mechanism of action of many PMFs as well as to increase
their bioavailability by using readily accessible and appropriate drug delivery vehicles.
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Further analysis of more orange samples from other sources has yet to be evaluated to
obtain a bigger picture of the entire respective population of orange samples. In addition,
other factors, i.e., seasonal variation, storage conditions and agricultural practices may be
assessed using the same platform.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12030579/s1, Figure S1: MS2 Spectra of A: ferulic acid
hexoside [M−H]− 355.1024, C16H19O9

−, B: sinapic acid pentoside [M−H]− 355.1025, C16H19O9
−.

Figure S2: MS2 spectra of citropten [M−H]− 205.0495, C11H9O4
−. Figure S3: MS2 spectra of

naringenin-O-hexosyldeoxyhexoside [M−H]− 579. 1687 C27H31O14
−. Figure S4: MS2 spectra

of apigenin-C-hexoside-O-pentoside [M−H]− 563.1416, C26H27O14
−. Figure S5: MS2 spectra of

hesperidin [M−H]− 609.1832, C28H33O15
−. Figure S6: MS2 spectra of deacetylnomilin [M + H]+

473.222, C26H33O8
+. Figure S7: MS-based OPLS of flavedo from Uruguay (FU) against that from

Spain (FS) (n = 3) negative ionization (A) score plot and (B) relevant loading S-plot; positive ionization
(C) score plot and (D) relevant loading S-plot. Figure S8: MS-based OPLS of albedo from Uruguay
(AU) against that from Spain (AS) (n = 3) negative ionization (A) score plot and (B) relevant loading
S-plot; positive ionization (C) score plot and (D) relevant loading S-plot. Figure S9: MS-based OPLS
of orange juice from Uruguay (JU) against that from Spain (JS) (n = 3) negative ionization (A) score
plot and (B) relevant loading S-plot. Figure S10: MS-based OPLS of orange juice from Uruguay (JU)
and Spain (JS) and orange concentrate (CB) (n = 3) positive ionization (A) score plot and (B) relevant
loading plot. References [63,64] are cited in the supplementary materials.
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Abstract: Fresh melons not meeting cosmetic standards were revaluated into sparkling melon-based
wine. Firstly, still melon wine was elaborated and bottled into 750 mL bottles, closed with a crown
seal, and stored for 10-weeks at 14 ◦C. The oenological parameters and polar compounds in must, still
wine, and during the sparkling process were evaluated during the experiment. The volatile profile
was qualified by GC-MS, and the odor activity value (OAV) and relative odor contribution (ROC)
were measured for aroma characterization. Results show that sparkling wine resulted in 12% v/v
ethanol. Certain amino acids contributed to the transformation and increase of volatile compounds
via Ehrlich’s pathway: leucine to isoamyl alcohol; valine to iso-butyl alcohol; and phenylalanine to
phenethyl alcohol. The volatile compounds also increased after the first fermentation, principally
in acetate and ethyl esters, and higher alcohols. Isoamyl acetate, ethyl decanoate, 3,6-nonadienyl
acetate, and (E,Z)-nonadien-1-ol had the highest OAV and ROC values among the volatiles; this
contributed to the sweet, fruity, banana, tropical, nutty and melon aroma in this sparkling wine.
Sensory evaluation (100 to 40) was evaluated according to International Organisation of Vine and
Wine compendium, the final product (10-week) scored 92 points, with great visual, nose, and taste
values. This study demonstrates how by-products revalorization can provide new products such as
this novel sparkling wine with a characteristic and distinctive aroma, good sensory acceptance and
market potential.

Keywords: fermentative process; melon; beverage; aroma; sparkling; fruit wine

1. Introduction

Food loss refers to any food that is discarded, incinerated, or otherwise disposed of
along the food supply chain from harvest/catch/slaughter up to but excluding retail level,
and which is not used for any other productive use, such as animal feed or seed [1]. In this
context, fresh products can be rejected owing to superficial cosmetic imperfections, color,
shape, and size after preparation and packaging. These imposed cosmetic quality standards
may lead to food losses with significant environmental impacts (land use, water consump-
tion, greenhouse gas emissions, etc.) and financial implications. However, reducing and
preventing food loss and waste can increase food security, foster productivity and economic
efficiency, promote resource and energy conservation, and address climate change, which
in turn, could also decrease climate change-related shocks to the supply chain [2]. In this
context, the agriculture sector must tackle the issue of stimulating a circular economy model
which enables superficially cosmetic imperfect fruits and vegetables to be utilized in novel
food products such as fruit beverages and fruit-based wines by alcoholic fermentation [3].
This research presents an example of revalorizing melon by-products—melons rejected for
failing to meet cosmetic standards—to obtain a novel sparkling melon-based wine.
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Grapes are traditionally the most used fruit in wine production, but other examples of
fermented beverages can be found, made from rice, honey, and fruits including persimmon
and kiwi [4–6]. Various fruits are produced in large amounts around the world to produce
alcoholic beverages through the fermentation process. The technique is related to traditional
winemaking in that it involves alcoholic fermentation using yeast—usually Saccharomyces
cerevisiae—to produce ethanol, carbon dioxide (CO2), and other secondary metabolites that
enhance the volatile aroma profile, such as esters and higher alcohols [7]. Some wines are
made from fruits other than grapes, such as cider which is made from fermented apples and
is one of the most popular types of fruit-based wine [8], and it is commonly used in Europe.
Fruits such as strawberries, plums, and peaches are used in the USA and Canada for
fruit-based wine, whilst mango and pineapple are used in Asia [9]. Depending on the CO2
content in the wine, they are classified into “still” or “sparkling” wines [10]. In sparkling
wine production, CO2 is generated which produces effervescence due to the use of yeast
in a second step after the first alcoholic fermentation. Sparkling wines are frequently
classified according to the method of production, the three main approaches are: traditional
(champenoise), transfer, and bulk (charmat). With the traditional method, sparkling wines
are produced by two steps of fermentation. After the first fermentation is prepared, the
cuvée, where a rich saccharose solution and nutrients (liqueur de tirage) and yeast is added
to start the second fermentation to produce CO2 inside sealed bottles [4]. These wines are
considered for special occasions due to their additional value, their positive mouthfeel
increment, their perception of volatile compounds, and their sweetness in consumers [11].
During this second fermentation, the yeast metabolism affects the aroma composition and
the chemical composition which may improve the organoleptic perception [12].

Melon (Cucumis melo L.) is cultivated in several parts of the world thanks to its
adaptability to many types of soils and temperatures. According to FAOSTAT [13], China
was the world’s foremost producer of melon (49% of the total, 14 million tons), followed by
Turkey and India, although Spain was the world’s main exporter, producing 600,000 t of
which 440,000 t were exported, which accounts for around 20% of total global exportation.
There are different C. melo botanical varieties with morphological, physiological, and
organoleptic profiles, such us cantalupensis, reticulatus, inodorus, ameri, flexuosus, chate,
dudaim, tibish, acidulus, momordica, conomon, makuwa and chinensis [14]. C. melo var. reticulatus
is the most accepted for its sweetness, pulp texture, and aroma, with highly volatile
contents such as esters (butyl acetate, ethyl isobutyrate, hexyl acetate, propyl 2-methyl
butanoate, 3-methyl-2-butenyl acetate) that improve its aroma attributes [15]. Previous
authors have reported melon-based wines [3,16] and have described the main volatiles in
melon distillates [17] but, for the moment, there has been no scientific research focused on
the development of a sparkling melon-based wine, from C. melo var. reticulatus, using fresh
melon rejected for the cosmetic reasons mentioned above. These melons cultivar have a
huge potential aroma profile for alcoholic fermentation. Thus, the aim of this research is to
obtain a sparkling wine using fresh melons with cosmetic imperfections, evaluating the
physico-chemical, polar compounds, and aroma changes during the sparkling process and
then performing a sensory evaluation at the end of the process.

2. Materials and Methods

2.1. Pilot-Scale Melon-Based Wine

Fresh melon (Cucumis melo var. reticulatus) Okashi® cultivar was obtained from
JimboFresh International Coop. (La Unión, Murcia, Spain). The melons received had
failed to meet cosmetic standards, mainly because of their tiny caliber and a few sunspots
on the skin. Following previous melon-based wine reports [3], we scaled up the process
in a winery pilot plant Figure 1, located in the University (Universidad Politécnica de
Cartagena, Spain). Fresh melons were hand peeled and cut into four pieces before being
blended in a commercial crusher-destemmer (Enoitalia, Florence, Italy) prior to being
pressed with a pneumatic press (Bucher Vaslin, Chalonnes-sur-Loire, France) to make
the initial must. The must was obtained after decanting for 24 h, at 5 ◦C adding 0.04
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g/L of sodium metabisulfite (Na2S2O5) and enriched with 5 g/L of tartaric and malic
acids (1:1, w/w), 0.2 g/L of commercial yeast (Zymaflore®, Laffort, Bordeaux, France),
0.2 g/L of nutrients yeast (Superstart® Blanc & Rosé, Laffort, Bordeaux, France) and added
commercial saccharose until 21.3 ◦Brix was obtained in the must Figure 1.

Figure 1. Scheme of the production of melon wine and sparkling wine.

After five days at 15 ◦C, the first fermentation finished obtaining a melon wine named
“Still Wine”. Subsequently, that wine was filtered through filter plate sheets (V12, 20 × 20,
Gruppo Cordenons SpA, Milano, Italy) with a filter plate (Filtro Jolly 20, MORI, Tavarnelle
Val di Pesa, Italy). The sparkling process was based on Martínez-García et al. [12] with
slight modifications: adding 0.2 g/L of commercial sparkling yeast (Zymaflore® Spark,
Laffort, Bordeaux, France) used for the second fermentation in this base melon-based wine
and 0.2 g/L of yeast nutrients, and 20 g/L of saccharose, and 0.2 g/L of bentonite were also
added. The wine was then bottled in 750 mL bottles closed with a crown seal and stored
horizontally in a chamber at 14 ◦C. At the end of the process (10 weeks), the bottles were
placed in a desk and the lees were mixed (remuage) and gradually turned and inclined into
a vertical position, so the sediment from the lees was deposited in the neck of the bottle
and then withdrawn at the end of the process. Sodium metabisulfite was added to reach
0.075 g/L of total SO2 and the bottles were corked. The physico-chemical changes and
aroma obtained during this second fermentation, sparkling wine, were monitored at six
time points of the process (0, 2, 4, 6, 8, and 10 weeks).

2.2. Physico-Chemical Analysis

Physico-chemical parameters such as alcohol strength (% v/v), pressure, total soluble
solids (TSS), residual sugar, sugar-free extracts, and total and free sulfide, were measured
using the standardized method by OIV [18] in the melon must, the still wine, and during
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the sparkling process. The pH, total acidity (TA), volatile acidity (VA) and color were
determined following the methods from Salas-Millán et al. [3].

The total polyphenol content (TPC) and antioxidant capacities (FRAP and TEAC) were
ascertained with a multiscan plate spectrophotometer (Tecan infinite M200, Männedorf,
Switzerland after diluting the melon must, still wine, and sparkling wine samples in water
(1:5), as per Salas-Millán et al. [19].

2.3. Analysis of Polar Compounds
2.3.1. Individual Sugars and Organic Acids

The analysis was performed as per Ortiz-Duarte et al. [20], using ultra-high-performance
liquid chromatography (UHPLC) instrument (Shimadzu, Kyoto, Japan) which included a
DGU-20 A degasser, LC-170 30AD quaternary pump, SIL-30AC autosampler, CTO-10AS
column heater, refractive index detector (RID), and SPDM-20 A diode array detector (DAD).
Chromatographic separation was performed at 65 ◦C with a mobile phase of 2.5 mM H2SO4
at 0.6 mL/min for 30 min using a Rezex RAM column (300 × 7.8 mm, 8 μm particle size;
Phenomenex, Macclesfield, UK). Authentic standards were used to identify and quantify
sugars and organic acids (Sigma, St Louis, MO, USA). Calibration curves were created
for each standard using at least six data points. A 5 mL must, still wine or sparkling
wine aliquot was centrifuged at 14,000× g for 15 min at 4 ◦C, and the supernatant was
further purified by solid phase extraction Phenomenex C18-SPE (Torrance, CA, USA)
conditioned columns (5 mL of MeOH + 5 mL of water + 5 mL of air). The purified extract
was filtered with a polyamide 0.20 μm syringe filter and diluted tenfold prior to analyses.
Individual sugars and organic acids were expressed in g/L, except for fumaric acid which
was presented in mg/L.

2.3.2. Individual Amino Acids

The separation and analysis of samples was performed with an HPLC/MS system
consisting of an Agilent 1290 Infinity II Series HPLC (Agilent Technologies, Santa Clara, CA,
USA) equipped with an Automated Multisampler module and a High-Speed Binary Pump
and connected to an Agilent 6550 Q-TOF Mass Spectrometer (Agilent Technologies, Santa
Clara, CA, USA) using an Agilent Jet Stream Dual electrospray (AJS-Dual ESI) interface.
Experimental parameters for HPLC and Q-TOF were set in MassHunter Workstation Data
Acquisition software (Agilent Technologies, Santa Clara, CA, USA, Rev. B.10.1.48). Stan-
dards with known concentrations of amino acids were prepared in water. Both standards
and samples were passed through 0.22 μm filters. Then 20 μL of each standard or sample
was injected onto a Zorbax Eclipse Plus C18 HPLC column (100 × 2.1 mm, 1.8 μm,), ther-
mostatted at 40 ◦C, and eluted at a flow rate of 0.4 mL/min. Chromatographic conditions
were run in accordance with Giordano et al. [21] with a slight modification: mobile phase A,
consisting of 0.1% TDFHA (tridecafluoroheptanoic acid) (w/v) in MilliQ water and mobile
phase B, consisting of 0.1% TDFHA (w/v) in acetonitrile, were used for the chromatographic
separation. The initial HPLC running conditions were solvent A:B 90:10 (v/v). The gradient
elution program was 10% solvent B for 3 min; a linear gradient from 10 to 40% solvent B in
5 min; another linear gradient from 40 to 100% solvent B in 5 min; 2 min at constant 100%
solvent B. The column was equilibrated with the starting composition of the mobile phase
for 5 min before each analytical run.

The mass spectrometer was operated in the positive mode. The nebulizer gas pressure
was set to 40 psi, whilst the drying gas flow was set to 14 L/min at a temperature of
275 ◦C, and the sheath gas flow was set to 12 L/min at a temperature of 300 ◦C. The
capillary spray, nozzle, fragmentor, and octopole RF Vpp voltages were 3500 V, 100 V,
360 V, and 750 V respectively. Profile data in the 50–400 m/z range were acquired for MS
scans in 2 GHz extended dynamic range mode. A reference mass of 121.0509 was used.
Data analysis was performed with MassHunter Qualitative Analysis Navigator software
(Agilent Technologies, Santa Clara, CA, USA, Rev. B.80.00). Extracted ion chromatograms
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of different amino acids, were obtained from their molecular formula (Table 1) and were
measured in μmol per liter of must, still wine, or sparkling wine (μM).

Table 1. Amino acids and molecular formula, molecular mass (MS), and qualifier fragment (MS/MS).

Amino Acid Abbreviature Formula MS MS/MS

Glycine Gly C2H5NO2 76.0393
Alanine Ala C3H7NO2 90.055
Serine Ser C3H7NO3 106.0499 88.0389
Proline Pro C5H9NO2 116.0706 70.0645
Valine Val C5H11NO2 118.0863 72.0801

Threonine Thr C4H9NO3 120.0655 74.0601
Cysteine Cys C3H7NO2S 122.027 76.0208

Isoleucine Ile C6H13NO2 132.1019 86.0959
Leucine Leu C6H13NO2 132.1019 86.0959

Asparagine Asn C4H8N2O3 133.0608 87.0551
Aspartate Asp C4H7NO4 134.0448 88.0387
Glutamine Gln C5H10N2O3 147.0764 84.0442

Lysine Lys C6H14N2O2 147.1128 84.0802
Glutamate Glu C5H9NO4 148.0604 84.0442
Methionine Met C5H11NO2S 150.0583 104.0527
Histidine His C6H9N3O2 156.0768 110.0711

Phenylalanine Phe C9H11NO2 166.0863 120.0807
Arginine Arg C6H14N4O2 175.119 116.0703
Tyrosine Tyr C9H11NO3 182.0812 165.0540

Tryptophane Trp C11H12N2O2 205.0972 188.0699
Cystine Cys-Cys C6H12N2O4S2 241.0311 122.0273

2.4. Analysis of Volatile Compounds by GC-MS

The volatile profiles were extracted from samples using headspace solid-phase micro-
extraction (HS-SPME), and identified utilizing gas chromatography (Agilent 7890B) linked
to a mass spectrometer (Agilent MSD 5977A) with an autosampler (Gerstel MPS 2XL
Twister) according to Salas-Millán et al. [3]. The NIST database provided the mass spectrum
and retention index (RI) via the Kovats Index (KI) for comparison in the identification of
the volatile substances. RI values were computed employing the same GC-MS settings and
an n-alkane external standard solution C8-C20 (Sigma-Aldrich, St. Louis, MO, U.S.A.). As
a semi-quantification, the GC peak area ratio of each volatile in the total ion chromatogram
to the internal standard peak area was utilized [22], and measured in mg/L of the must,
still wine, or sparkling wine.

2.5. Odor Activity Value (OAV) and Relative Odor Contribution (ROC)

The traditional indicators of odor activity values (OAV) and relative odor contributions
(ROC) were employed to quantify the sensory contribution of aromatic compounds to wine
flavor [23]. A compound’s concentration divided by its odor threshold value gave the OAV,
as stated by other authors [24–30]. The ratio of the compound’s OAV to overall OAV for
each wine is used when calculating the ROC for each aroma component.

2.6. Sensory Evaluation

Sensory evaluation was conducted in a normalized tasting room (22 ◦C) using stan-
dardized wine glasses containing 15 mL of melon sparkling wine. The sensory panel was
mainly composed of 15 research group judges (eight women and seven men between the
ages of 30 and 55), and the sensory evaluation assessment was performed following OIV
332A/2009 resolution [31], in which judges rated several aspects (Table 2). The scores for
each sensory attribute were written down, with the overall score being produced by adding
individual attribute values. This trained sensory evaluation does not require an ethical
statement. Before starting this sensory evaluation, the research team explained the scope
and details of the project to the participants, including the purpose of the research, the
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identity of the researchers, information on data protection, privacy, and data retention, the
right not to take part (participation was voluntary), the right to withdraw, and contact
details for any questions. Finally, participants signed a written consent form, confirming
that they had read it and questions had been answered.

Table 2. Organoleptical characteristics and definitions used in sensory evaluation.

Organoleptical Characteristic Definition
Range (Excellent to

Inadequate)

Visual
Discrimination of differences in outside world with

sensory impressions from visible light rays
(15–3)

Limpidity Measure of cloudiness. (5–1)

Aspect other than limpidity Determine the full spectrum of visible properties of a
product (10–2)

Nose
Sensations perceived by the olfactory organ when

stimulated by certain volatile substances
(30–12)

Genuineness Measure degree of sensation perceived (magnitude) by the
nose, of a viticulture, oenological defect of product (6–2)

Positive intensity Degree (magnitude) of full spectrum of qualitative odors
perceived by nose. (8–2)

Quality
Spectrum of properties and characteristics of a wine that

gives an aptitude to satisfy nose, implicit or expressed
needs

(16–8)

Taste
Full spectrum of sensations perceived with wine

mouthfeel.
(44–18)

Genuineness Measure degree of sensation perceived (magnitude) by the
taste, of a viticulture, oenological defect of product (6–2)

Positive intensity Degree (magnitude) of full spectrum of qualitative odors
perceived by taste. (8–2)

Harmonious persistence
To measure the length of residual olfactory-gustatory

sensation, corresponding to the sensation perceived when
the product is in mouth and length of time is measured.

(8–4)

Quality Degree (magnitude) of full spectrum of qualitative odors
perceived by taste (22–10)

Harmony-Overall judgement Corresponds to overall appraisal of a product. (11–7)

2.7. Statistical Analysis

A completely randomized design was performed with three replicates in the must and
still wine, and per week during the sparkling process. A one-way ANOVA (p < 0.01) was
carried out to determine the effect of fermentation and time of storage for sparkling wine.
Mean values were compared by LSD multiple range test to identify significant differences
among samples.

3. Results and Discussion

3.1. Physico-Chemical Characterization for First Alcoholic Fermentation (Still Wine) and During
the Second Fermentation Process (Sparkling Wine)

Table 3 shows the principal physico-chemical parameters of the must, still wine, and
sparkling melon wine. After melon must optimization (Section 2.1), once commercial
saccharose had been added, the TSS reached 21.3 ◦Brix and 90.55 g/L of residual sugar (as
the sum of total individual sugar, Table 4). The enrichment with tartaric acid and malic acid
(5 g/L of 1:1 tartaric and malic acid) provided 6.44 g/L for TA, 0.10 g/L for volatile acidity,
and a pH of 4.4. The initial sodium metabisulfite added in the must provided 11.5 mg/L
and 25.6 mg/L, free and total SO2, respectively, and it avoided prior contamination before
alcoholic fermentation. The color of the must was defined as a pale greenness (109 ◦h)
resembling the typical green color of the melon pulp.
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Table 3. Physico-chemical parameters of enriched must, still wine, and during the sparkling process
of melon-based wine (10 weeks).

Parameter Must Still Wine
Sparkling Wine (Weeks)

2 4 6 8 10

Alcohol (%; v/v) 12.3 ± 0.1 ns 12.3 ± 0.0 12.5 ± 0.1 12.4 ± 0.0 12.3 ± 0.1 12.4 ± 0.1
TSS (◦Brix) 21.3 z ± 0.7 a 8.7 ± 0.0 b 8.6 ± 0.0 b 8.5 ± 0.2 b 8.5 ± 0.0 b 8.5 ± 0.0 b 8.5 ± 0.0 b

Residual sugar
(g/L) 90.55 ± 3.49 a 5.72 ± 0.73 b 10.23 ± 1.25 b 6.03 ± 2.12 b 8.09 ± 0.04 b 7.20 ± 0.52 b 5.38 ± 0.02 b

Sugar-free extract
(g/L) 142.0 ± 4.4 a 25.1 ± 0.9 b 20.6 ± 1.2 b 23.2 ± 1.5 b 22.8 ± 0.1 b 22.4 ± 0.7 b 24.6 ± 0.0 b

pH 4.4 ± 0.1 a 3.9 ± 0.0 b 4.0 ± 0.0 b 4.0 ± 0.0 b 4.0 ± 0.0 b 4.1 ± 0.0 b 4.1 ± 0.0 b

TA (g/L) 6.44 ± 0.24 ns 5.62 ± 0.13 6.40 ± 0.06 6.63 ± 0.08 6.53 ± 0.01 6.51 ± 0.48 6.76 ± 0.17
Volatile acidity

(g/L) 0.10 ± 0.01 c 0.27 ± 0.02 ab 0.28 ± 0.00 ab 0.35 ± 0.02 a 0.32 ± 0.00 ab 0.23 ± 0.01 b 0.34 ± 0.05 a

SO2 free (mg/L) 11.5 ± 0.0 b 0.0 ± 0.0 c 0.0 ± 0.0 c 0.0 ± 0.0 c 0.0 ± 0.0 c 0.0 ± 0.00 c 12.8 ± 0.7 a

SO2 total (mg/L) 25.6 ± 0.0 b 26.2 ± 0.9 b 26.9 ± 0.4 b 25.0 ± 2.1 b 25.1 ± 0.2 b 22.7 ± 3.4 b 75.7 ± 2.3 a

L* 39.2 ± 0.2 a 33.5 ± 0.2 bc 33.8 ± 0.0 bc 33.4 ± 0 c 33.6 ± 0.1 bc 33.6 ± 0.0 bc 33.9 ± 0.1 b
◦Hue 109.0 ± 0,5 b 178.5 ± 0.0 a 178.5 ± 0.0 a 178.6 ± 0.1 a 178.5 ± 0.0 a 178.5 ± 0.0 a 178.6 ± 0.0 a

Chroma 20.7 ± 0.6 a 0.9 ± 0.0 b 0.8 ± 0.0 b 1.0 ± 0.1 b 0.8 ± 0.1 b 1.2 ± 0.1 b 1.1 ± 0.1 b

TPC 173.6 ± 4.6 ab 153.9 ± 2.4 c 164.6 ± 3.4 bc 157.6 ± 2.0 c 158.4 ± 0.1 c 156.2 ± 1.3 c 182.4 ± 3.0 a

FRAP 0.94 ± 0.01 b 0.73 ± 0.02 c 0.76 ± 0.01 c 0.72 ± 0.03 c 0.66 ± 0.01 c 0.63 ± 0.02 c 1.15 ± 0.08 a

TEAC 0.47 ± 0.01 b 0.42 ± 0.02 b 0.46 ± 0.01 b 0.45 ± 0.01 b 0.42 ± 0.00 b 0.43 ± 0.01 b 0.78 ± 0.05 a

z Means (n = 3 ± SE). TSS: Total soluble solids. TA (g TE/L): g tartaric acid equivalent per liter. Volatile acidity
(g/L): g acetic acid equivalent per liter. TPC: Total phenolic compounds, mg gallic acid equivalent/L (mg GAE/L).
FRAP: Ferric reducing antioxidant capacity, mmol Fe+2 equivalent/L (mmol Fe+2/L). TEAC: Trolox equivalent
antioxidant capacity, mmol Trolox equivalent/L (mmol TE/L). Different letters in the same row indicate significant
differences (p < 0.01) among must, still wine, and sparkling process. ns: statistically non-significant differences.

Table 4. Evolution of individual sugars and organic acids of enriched must, still wine, and during the
sparkling process of melon-based wine (10 weeks).

Polar Compounds Must Still Wine
Sparkling Wine (Weeks)

2 4 6 8 10

Individual sugar (g/L)
Saccharose 53.63 Z ± 2.58 a n.d. n.d. n.d. n.d. n.d. n.d.

Fructose 10.90 ± 0.55 a 2.95 ± 0.40 c 5.01 ± 0.73 b 3.27 ± 0.03 c 4.29 ± 0.02 bc 4.05 ± 0.66 bc 3.10 ± 0.02 c

Glucose 11.34 ± 0.64 a 1.87 ± 0.36 c 4.09 ± 0.83 b 1.74 ± 0.01 c 2.70 ± 0.02 bc 2.27 ± 0.19 c 1.41 ± 0.03 c

∑ Total 75.87 ± 3.77 a 4.82 ± 0.75 b 9.10 ± 1.55 b 5.01 ± 0.04 b 6.98 ± 0.04 b 6.32 ± 0.59 b 4.51 ± 0.04 b

Organic acids (g/L)
Fumaric acid (mg/L) 11.49 ± 1.59 a 7.66 ± 1.46 bc 10.67 ± 1.53 ab 9.80 ± 0.63 abc 11.72 ± 0.05 a 6.84 ± 0.13 b 9.66 ± 1.45 abc

Succinic acid 1.25 ± 0.20 a 0.15 ± 0.02 c 0.28 ± 0.03 b 0.20 ± 0.00 c 0.25 ± 0.00 bc 0.16 ± 0.02 c 0.19 ± 0.01 c

Malic acid 3.50 ± 0.43 a 2.37 ± 0.03 b 2.52 ± 0.27 b 2.39 ± 0.09 b 1.80 ± 0.30 b 1.88 ± 0.09 b 1.80 ± 0.08 b

Citric acid 2.07 ± 0.24 b 2.92 ± 0.22 ab 3.19 ± 0.50 a 2.83 ± 0.04 ab 3.12 ± 0.11 a 2.93 ± 0.40 ab 2.59 ± 0.39 ab

Tartaric acid 1.56 ± 0.22 b 1.62 ± 0.37 ab 1.31 ± 0.23 b 1.57 ± 0.07 b 1.12 ± 0.05 b 1.97 ± 0.25 a 1.59 ± 0.05 b

∑ Total 8.40 ± 1.08 ns 7.07 ± 0.32 7.31 ± 0.02 7.00 ± 0.15 6.31 ± 0.46 6.95 ± 0.51 6.18 ± 0.43

Mean ± SE (n = 3). Different letters in the same row indicate significant differences (p < 0.05) among must, still
wine, and sparkling process. n.d.: not detected. ns: statistically non-significant differences.

After the first alcoholic fermentation, the still wine was obtained and TSS dropped to
<9 ◦Brix and remained stable during the sparkling process without significant differences.
The alcoholic grade reached 12.3◦ and was stable in the sparkling melon process (12.3◦ to
12.5◦). Likewise, residual sugar decreased with fermentation, from 90.55 g/L in the must
to 5.72 g/L in the still melon wine, and after the incorporation of 20 g/L of commercial
saccharose before the second fermentation, the residual sugar decreased to 5.38–10.23 g/L
in the sparkling wine; a decrease in the sugar concentration with the storage time was
detected.

Regarding the sugar-free extract, the high value obtained in the must (142 g/L) was due
to saccharose added and the presence of suspension pulp, dropping with the fermentation
process and the filtration process in the still melon wine (25 g/L) and remaining quite stable
during the sparkling wine process (20.6 to 25.1 g/L). Sugar-free extract is an important
qualitative parameter for evaluating fullness and harmony in wine, this parameter should
usually be below 25 g/L [23], as obtained in the sparkling wine. The pressure reached
2 atm in the second week after second fermentation and remained stable throughout the
sparkling process.
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TA was maintained in the range of 5.62 to 6.76 g TA/L, without significant differences
during the time studied for the sparkling process. As expected, the volatile acidity increased
with the first alcoholic fermentation, 0.27 g/L was obtained in the still melon wine, and it
ranged from 0.23 to 0.35 g/L during the sparkling process. The pH slightly decreased to
3.9 in the still wine with similar and stable values for the sparkling wines (4.0 to 4.1).

Regarding the color parameters, the first fermentation, induced an increase in the ◦h
(178◦) and a slight reduction in L*, with a green color being obtained that was maintained
during the studied sparkling process. Chrome decreased from 20.7 (melon must) toward
0.8 to 1.2, which means a decline in the green color intensity, due to the filtration process
and its clarification [32].

The TPC and antioxidant capacities (FRAP and TEAC) in enriched melon must were
173.6 mg GAE/L, 0.94 mmol Fe+2/L, and 0.47 mmol TE/L, respectively. Fermentation led
to a decrease in those values, with 153 mg GAE/L being obtained in the still wine, and the
antioxidant capacity was 0.73 mg Fe+2/L and 0.43 mmol TE/L. These values were similar
for the sparkling melon wine during the eight weeks of storage, excepting the end of the
storage time when an increase in TPC (182 mg GAE/L) and antioxidant activity (1.15 mg
Fe+2/L and 0.78 mmol TE/L) was found, probably due to the interference of metabisulfite
as an antioxidant agent [33], which was added in week 10.

3.2. Polar Compounds Quantification
3.2.1. Individual Sugar and Organic Acids Content

The total sugar content for the melon must was 75.87 g/L; this high concentration was
achieved after adding saccharose. In the first fermentation, the still melon wine obtained
4.82 g/L and the sparkling melon wine ranged from 4.51 to 9.10 g/L, with the lowest
data being found after 10 weeks Table 4. This decrease in total sugars was the effect of
the fermentation processes in which S. cerevisiae, which has the ability to ferment sugars,
produced ethanol, CO2, and other secondary metabolites as the product of the alcoholic
fermentation carried out [3]. The reduction in sugars, specifically glucose, in the sparkling
melon wine after 10 weeks of storage shows that the fermentation process continued
slowly inside the bottles [34]. Saccharose was only measured in the melon must and was
completely consumed in the first alcoholic fermentation. A different trend was observed
in the fructose and glucose concentrations, which decreased in the still wine with the first
fermentation (2.95 and 1.87 g/L, respectively), but rose in the sparkling wine, due to the
saccharose added (20 g/L) to initiate the second fermentation. After two weeks in the
sparkling process, the fructose and glucose contents were 5.01 and 4.09 g/L, due to the S.
cerevisiae Suc2 invertase enzyme which hydrolyzed extracellularly saccharose into glucose
and fructose and increased the content of those monosaccharides [35]. After that, the
fructose and glucose concentrations were remained stable throughout the sparkling process
for 10 weeks Table 4. Similar trends were reported by Berbegal et al. [36] for sparkling wine
with a dry yeast preparation.

Regarding total organic acids, the melon must presented a total of 8.40 g/L, decreasing
slightly with the fermentations, 7.07 g/L in the still wine and 6.18 g/L in the sparkling
wine (10 weeks). As mentioned in Section 2.1, the melon must was enriched with tartaric
and malic acids (5 g/L, 1:1), providing a higher content for these organic acids. There were
slight differences with a stabilization trend for tartaric acid throughout both fermentations
and the sparkling melon wine storage (1.12–1.62 g/L). A similar trend in tartaric acid
has been reported in other sparkling wines from grapes, in the 3rd and 12th months [37].
The malic acid concentration in the must (3.50 g/L) decreased after the first fermentation
(2.37 g/L), due to malolactic fermentation, in which malic acid is transformed into lactic
acid, normally by Oenococcus, Lactobacillus and Pediococcus species in typical grape wines,
such production reduces the perceived acidity [4]. Malic acid continued to decrease slightly
during the sparkling process (from 2.52 to 1.80 g/L). Succinic acid also decreased with the
first fermentation, from 1.25 g/L in the must to 0.15 g/L in the still wine and remained
stable during the sparkling process (0.16–0.28 g/L).
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3.2.2. Individual Amino Acids Content

Amino acids were quantified into four groups in accordance with Liang et al. [38]:
bitter, sweet, umami, and other amino acids Table 5. The bitter amino acids included
histidine, arginine, leucine, lysine, valine, phenylalanine, and isoleucine; sweet amino
acids consisted of glycine, alanine, proline, serine, threonine, methionine, and cysteine;
the umami amino acids were aspartic acid and glutamate; and other amino acids such as
tyrosine, asparagine, glutamine, tryptophan, and cistin as the dimerization of two cysteines
(Cys-Cys). The concentration of total amino acids in the melon must was 33.06 μM, although
this dropped with the first alcoholic fermentation (18.31 μM) and was stable during the
sparkling wine process (15.10 to 16.29 μM). This reduction was caused by the yeasts, whose
population increased or retained a high viability during that period, and the use of amino
acids for protein, RNA, and DNA synthesis, and storage as a reserve in vacuoles [34]. This
trend was mainly detected in the total bitter amino acids, with arginine, phenylalanine, and
histidine being the most abundant amino acids in that group. Arginine and phenylalanine
decreased by 60 to 70% in this first fermentation and remained stable during the sparkling
process. This behavior has been previously reported in wine during alcoholic fermentation
by Wang et al. [39], who noted that these amino acids were consumed by the yeasts during
the fermentation process as a nitrogen source. By contrast, histidine did not suffer a drop
after fermentation and ranged between 5.54 and 6.45 μM during the experiment.

Table 5. Evolution of amino acids (μM) of enriched must, still wine, and during the sparkling process
of melon-based wine (10 weeks).

Polar Compounds Must Still Wine
Sparkling Wine (Weeks)

2 4 6 8 10

TBAA

Histidine 6.19 z ± 0.14 ab 6.45 ± 0.21 a 5.54 ± 0.04 c 5.97 ± 0.18 bc 6.02 ± 0.10 ab 6.19 ± 0.19 ab 6.22 ± 0.22 ab

Arginine 13.67 ± 0.51 a 3.97 ± 0.08 b 3.61 ± 0.00 b 3.79 ± 0.08 b 3.91 ± 0.02 b 3.86 ± 0.05 b 3.94 ± 0.01 b

Leucine 0.26 ± 0.08 a 0.05 ± 0.01 b 0.05 ± 0.00 b 0.04 ± 0.00 b 0.04 ± 0.00 b 0.03 ± 0.00 b 0.03 ± 0.00 b

Lysine 0.13 ± 0.01 a 0.12 ± 0.00 a 0.09 ± 0.00 b 0.12 ± 0.01 a 0.06 ± 0.01 c 0.08 ± 0.01 bc 0.06 ± 0.01 c

Valine 0.04 ± 0.00 ns 0.05 ± 0.00 0.05 ± 0.00 0.04 ± 0.01 0.04 ± 0.00 0.04 ± 0.00 0.04 ± 0.00
Phenylalanine 10.44 ± 1.45 a 3.95 ± 0.05 b 3.27 ± 0.03 bc 2.84 ± 0.15 bc 2.50 ± 0.05 bc 2.15 ± 0.05 c 2.12 ± 0.01 c

Isoleucine 0.13 ± 0.05 a 0.01 ± 0.00 b 0.02 ± 0.00 b 0.02 ± 0.00 b 0.02 ± 0.00 b 0.02 ± 0.00 b 0.02 ± 0.00 b

∑ TBAA 30.87 ± 2.0 a 14.60 ± 0.33 b 12.63 ± 0.08 b 12.83 ± 0.28 b 12.59 ± 0.14 b 12.38 ± 0.10 b 12.45 ± 0.21 b

TSAA

Glycine 0.07 ± 0.01 c 0.32 ± 0.03 a 0.26 ± 0.00 b 0.28 ± 0.01 ab 0.29 ± 0.03 ab 0.27 ± 0.01 ab 0.09 ± 0.01 c

Alanine 0.67 ± 0.07 ns 0.80 ± 0.06 0.86 ± 0.01 0.73 ± 0.03 0.73 ± 0.02 0.74 ± 0.03 0.67 ± 0.03
Proline 0.07 ± 0.01 ns 0.16 ± 0.09 0.22 ± 0.09 0.05 ± 0.06 0.05 ± 0.00 0.04 ± 0.00 0.05 ± 0.00
Serine 0.01 ± 0.00 d 0.27 ± 0.01 a 0.25 ± 0.00 b 0.22 ± 0.01 c 0.22 ± 0.00 c 0.21 ± 0.00 c 0.21 ± 0.00 c

Threonine 0.03 ± 0.00 bc 0.03 ± 0.00 ab 0.04 ± 0.00 a 0.03 ± 0.00 bc 0.03 ± 0.00 bc 0.03 ± 0.00 bc 0.03 ± 0.00 c

Metionine 0.14 ± 0.04 ns 0.12 ± 0.00 0.13 ± 0.00 0.10 ± 0.01 0.09 ± 0.01 0.10 ± 0.01 0.08 ± 0.01
Cysteine 0.01 ± 0.01 c 0.34 ± 0.03 b 0.41 ± 0.01 a 0.31 ± 0.03 b 0.32 ± 0.01 b 0.32 ± 0.00 b 0.32 ± 0.03 b

∑ TSAA 0.92 ± 0.11 c 1.73 ± 0.12 a 1.90 ± 0.09 a 1.44 ± 0.13 b 1.43 ± 0.02 b 1.44 ± 0.04 b 1.37 ± 0.03 b

TUAA
Aspartate 0.07 ± 0.06 c 1.01 ± 0.04 a 0.87 ± 0.01 abc 0.87 ± 0.05 bc 0.82 ± 0.04 b 0.99 ± 0.05 ab 0.84 ± 0.04 bc

Glutamate 0.00 ± 0.00 d 0.02 ± 0.00 a 0.01 ± 0.00 ab 0.00 ± 0.00 d 0.01 ± 0.00 b 0.01 ± 0.00 bc 0.01 ± 0.00 c

∑ TUAA 0.07 ± 0.06 d 1.03 ± 0.04 a 0.89 ± 0.01 bc 0.87 ± 0.05 c 0.83 ± 0.04 c 1.01 ± 0.06 ab 0.85 ± 0.05 c

Others

Tyrosine 0.01 ± 0.00 b 0.02 ± 0.00 a 0.01 ± 0.00 a 0.02 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a 0.02 ± 0.00 a

Asparagine 0.00 ± 0.00 c 0.08 ± 0.01 a 0.08 ± 0.00 ab 0.07 ± 0.01 ab 0.07 ± 0.01 b 0.08 ± 0.00 ab 0.08 ± 0.00 ab

Glutamine 0.15 ± 0.02 a 0.02 ± 0.00 b 0.02 ± 0.01 b 0.01 ± 0.00 b 0.01 ± 0.00 b 0.01 ± 0.00 b 0.01 ± 0.00 b

Tryptophan 0.88 ± 0.08 a 0.25 ± 0.01 b 0.22 ± 0.00 bc 0.20 ± 0.02 bc 0.16 ± 0.01 bc 0.16 ± 0.01 bc 0.14 ± 0.00 c

Cistin 0.10 ± 0.00 d 0.26 ± 0.02 a 0.27 ± 0.01 a 0.20 ± 0.02 b 0.19 ± 0.00 b 0.15 ± 0.01 c 0.10 ± 0.01 d

∑ Total AA 33.06 ± 2.18 a 18.31 ± 0.49 b 16.29 ± 0.03 bc 15.92 ± 0.23 bc 15.59 ± 0.09 c 15.50 ± 0.17 c 15.10 ± 0.15 c

Mean ± SE (n = 3). TBAA: Total bitter amino acids. TSAA: Total sweet amino acids. TUAA: Total umami amino
acids. TAA: Total amino acids. Different letters in the same row indicate significant differences (p < 0.05) among
must, still wine, and sparkling process. ns: statistically non-significant differences.

The total sweet amino acids rose from 0.92 μM in the must to 1.73 μM in the still wine,
after the first fermentation, and slightly increased to 1.90 μM after two weeks of sparkling
wine but decreased in the following weeks. The main sweet amino acid was alanine whose
concentration changed following the same trend as mentioned for the total sweet amino
acids. Some authors have suggested that the yeast’s own autolysis contributes to increase
the amino acids content [39].

In the total umami amino acids, aspartate showed the highest concentration, rising
from 0.07 μM to 1.01 μM in the first fermentation wine and decreasing to 0.84 μM at
the end of the sparkling process. Other amino acids such as tyrosine, asparagine, and
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glutamine presented very low concentrations in the still wine and during the sparkling
process (<0.08 μM). Tryptophan decreased from 0.88 μM in the must to 0.25 μM in the
still wine and ranged from 0.14 to 0.22 μM during the sparkling process. By contrast,
cistin (dimerization of cisteine) increased from the must to the still wine (0.10 to 0.26 μM,
respectively) and decreased during the sparkling process (0.26 to 0.10 μM).

3.3. Volatile Compounds in Melon Wines and Sparkling Wine

The volatile compounds identified in these melon wines were classified as: ethyl
acetate, acetic acid, acetate higher alcohols (AHA), short-chain (C3-C5) fatty acid ethyl ester
(SCFAEE), medium-chain (C6-C12) fatty acid ethyl ester (MCFAEE), long-chain (C13-C22)
fatty acid ethyl ester (LCFAEE), other esters, ethanol, higher alcohols (HA), and other
compounds. The aroma evolution during the first alcoholic fermentation and the sparkling
process is shown in Figure 2, except for other ester and other compound groups which can
be consulted in Table 6.

  
(A) (B) (C) 

  

 

(D) (E)  

Figure 2. Evolution of aroma volatiles for enriched must, still wine, and during the sparkling process
of melon-based wine (10 weeks). Must (MM); Still wine (ST); Sparkling wine (SP) in weeks (2, 4, 6,
8, and 10). (A) Acetate higher alcohol (AHA), ethyl acetate and acetic acid. (B) Ethanol and higher
alcohols. (C) Short-chain fatty acid ethyl ester (SCFAEEs). (D) Medium-chain fatty acid ethyl ester
(MCFAEEs). (E) Long-chain fatty acid ethyl ester (LCFAEEs). Different letters in the same image
indicate significant differences (p < 0.05).
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Acetate esters and acetic acid are presented in Figure 2A. Initially, the content of
ethyl acetate in the must was low (1.30 mg/L) compared to its increment in the first
alcoholic fermentation (11.88 mg/L) and stabilization during the sparkling process (11.22 to
13.79 mg/L). These acetate esters, common in wine, are responsible for the negative effect
on flavor and spoilage character when they exceed 150 to 200 mg/L [40], far higher than
our values. However, acetate esters under 80 mg/L concentration may improve the aroma
of wine [41]. Acetic acid was not detected in must but appeared with the fermentations,
1.23 to 1.95 mg/L.

AHA increased from 2.57 mg/L in the must to 23.14 in the still wine and to 27.81 mg/L
in the sparkling wine (10 weeks). Isoamyl acetate was the principal AHA Table 6, repre-
senting around 60% of all AHA compound. In wines, this compound is responsible for
providing a fruity character in the wine aroma [42]. Zhang et al. [43] found that S. cerevisiae
catabolites the leucine into 3-methyl-butyraldehyde and isoamyl alcohol, via the Ehrlich
pathway Figure 3, and the final esterification step with active acetic acid or acetyl-CoA to
isoamyl acetate; its yields are regulated by the initial concentration of leucine. Our results
follow that trend, with an increased concentration of isoamyl acetate, showing a negative
correlation with the leucine concentration.

Figure 3. Ehrlich pathway (square) in Saccharomyces cerevisiae, biochemistry and main genes
encoding enzymes (italics) involved in this catabolic pathway. It consists of three stages in which
higher alcohols are produced from assimilated amino acids. In the first step, amino acids are
deaminated in a reversible transamination reaction to the corresponding α-keto acids, followed by
a decarboxylation in the second step of α-keto acids to aldehydes. In the third step, the reduction
of aldehydes to the corresponding alcohol by alcohol dehydrogenases catalyzes this last step of the
Ehrlich pathway. The higher alcohols can be esterified to produce the equivalent acetate esters once
they have been synthesized. The biosynthesis of amino acids from a carbon source, or the anabolic
pathway, may also provide the α-keto acid.

The next principal AHA compounds were 2-phenylethyl acetate and isobutyl ac-
etate, which increased during the first fermentation (3.84 mg/L) and the sparkling process
(5.13 mg/L). As with the isoamyl acetate and leucine correlation, a similar scenario oc-
curred with 2-phenylethyl acetate and phenylalanine, which S. cerevisiae catabolized into
2-phenylethanol and 2-phenylethyl acetate [30], and this metabolic trend is shown in the
decrement of phenylalanine and the increment in its alcoholic and acetate metabolites.
Another AHA that increased during the first alcoholic fermentation was 3,6-nonadien-1-yl
acetate, probably derived from 3,6-nonadien-1-ol due to the activity of alcohol acetyltrans-
ferases, which catalyzed alcohols and acetyl-coenzyme A for the formation of acetate
ester [44].

72



Foods 2023, 12, 491

Ethanol and higher alcohols are presented in Figure 2B. The melon wine fermentations
converted sugar into alcohol; an ethanol concentration of 59.73 mg/L was obtained in the
still wine, and it reached 65.83 mg/L in the sparkling wine (10 weeks).

Higher alcohols also increased with a slight rise during the sparkling process, princi-
pally isoamyl alcohol, derived from the deamination, decarboxylation, and reduction of
leucine as explained above, via the Ehrlich pathway. Isoamyl alcohol was not detected in
the must Table 6 and developed with the first fermentation and remained stable throughout
the sparkling processes (18.70 to 24.17 mg/L). 2-Phenylethanol was the third most abundant
higher alcohol, derived from phenylalanine, and ranged from 4.71 mg/L in the still wine
to 8.16 mg/L in the sparkling processes (10 weeks). Isobutyl alcohol and 2,3-butanediol
were identified with alcoholic fermentation. As reported by Wess et al. [45], S. cerevisiae
metabolizes valine amino acid by the Ehrlich pathway to produce isobutyl alcohol in the
cytosol. Another alcohol that competes with the ethanol pathway is 2,3-butanediol which,
from 2-acetolactate after a spontaneous decarboxylation and followed by oxidation by
butanediol dehydrogenases, is reduced to 2,3-butanediol [45]; this was detected in very
low concentrations in both fermentation processes. Another higher alcohol identified
was (E,Z)-3,6-nonadien-1-ol, which was found in the must, as reported in other melon
cultivars [46] and doubled its concentration with fermentations.

An aromatic higher alcohol, 2,4-di-tert-butylphenol increased from 1.75 to 2.35 mg/L
after the first alcoholic fermentation, probably due to the oxidation of 1,3-di-tertbutyl-
benzene, which was also identified Table 6.

Fatty acid ethyl esters Figure 2C–E were produced by S. cerevisiae during the first
alcoholic fermentation and sparkling process and determined the complex flavor and
fruity aroma, obtained from the condensation of acyl-CoA with ethanol, catalyzed by
ethanol-O-acyl transferase [47].

The most abundant group of ethyl esters was MCFAEEs, followed by LCFAEEs.
Both groups increased during the first fermentation and sparkling process, ranging from
43.25 to 69.23 mg/L and 1.16 to 2.11 mg/L, respectively. In contrast, SCFAEEs decreased
with the first fermentation (0.81 mg/L) and showed a slight increase at the end of the
studied sparkling process (1.13 mg/L). Five SCFAEEs were identified in the must Table 6,
principally ethyl 2-methyl butyrate and ethyl butanoate, followed by ethyl isobutyrate,
ethyl propanoate, and ethyl pentanoate. These last three compounds decreased to a non-
detected limit after the first alcoholic fermentation. However, ethyl 2-methyl butyrate
decreased from 0.77 mg/L in the must to 0.17–0.32 mg/L after the first fermentation and
sparkling process. Ethyl butanoate ranged from 0.46 to 0.68 mg/L during the experiment,
increasing to 0.82 mg/L after 10 weeks. Generally, ethyl 2-methyl butyrate and ethyl
butanoate are commonly identified in a large range of white and rosé wines fermented
with S. cerevisiae [48].

Regarding MCFAEEs, five ethyl esters were identified throughout the experiment,
with a gradual increase during the first alcoholic fermentation and sparkling process, with
the maximum concentration being obtained at the end of the experiment (69.23 mg/L)
Figure 2D. Ethyl hexanoate was the only compound identified in the must. Instead, the
first alcoholic fermentation provided the formation of new aromas such as ethyl octanoate,
ethyl decanoate, ethyl hexanoate, ethyl 9-decenoate and ethyl laurate, with octanoate and
decanoate being the compounds found in the highest concentrations. All these MCFAEE
volatile compounds have been identified in other alcoholic fermentative beverages such as
wines from grapes [48,49] and kiwi wines [6].

Concerning LCFAEEs, ethyl tetradecanoate and ethyl hexadecanoate were not identi-
fied in the must but developed with alcoholic fermentation. The concentration of these com-
pounds was low, with a stable trend throughout the sparkling process (0.57 to 0.75 mg/L,
and 0.59–1.39 mg/L, respectively) Table 6. Both compounds have been reported in other
sparkling grape wines [50] and fruit-based wines such as pomegranate and kiwi [6,51].
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3.4. Odor Activity Value (OAV) and Relative Odor Contribution (ROC)

Table 7 shows the 15 individual volatile compounds which had at least OAV > 1 and
contributed to the aroma of the melon-based wine. Figure 4 illustrates the principal aromas
with a ROC value above 0.1. In the AHA groups, only four compounds exceeded the odor
threshold: isobutyl acetate, isoamyl acetate, 3,6-nonadienyl acetate, and 2-phenylethyl
acetate. As mentioned before, these compounds increased with the first alcoholic fermen-
tation and sparkling process. Isoamyl acetate, followed by 3,6-nonadienyl acetate, were
the AHA compounds with the highest OAV values in the must, with an increase in the
alcoholic fermentations providing sweet banana and fruity odors in the still and sparkling
wines Table 7. Isoamyl acetate, with an initial (must) OAV value of 17.7, increased to 481
in the still wine and 647 at the end of the sparkling process and its ROC increased from
0.2 (must) to 0.55–0.61, during the first alcoholic fermentation and the sparkling process,
meaning that the aroma was a major contribution to the melon-based wine.

Figure 4. Evolution of principal relative odor contribution value (ROC > 0.1) in enriched must, still
wine, and during the sparkling process of melon-based wine (10 weeks). MM: Must. ST: Still wine.
SP: Sparkling wine in weeks (2, 4, 6, 8, and 10 weeks).

Regarding the SCFAEEs, two volatile compounds contributed to the aroma of the
melon-based wines: ethyl butanoate and ethyl 2-methyl butyrate. The first aroma was
detected in the must (1.1), the still wine (1.1) and at the end of the sparkling process (1.4).
Ethyl 2-methyl butyrate decreased its OAV value from 10.5 in the must to 2.3 in the still
wine and increased to 4.3, at the end of the sparkling period studied. Both aromas provide
a sweet and fruity connotation; however, only ethyl 2-methylbutyrate reached a ROC > 0.1
value in the must, after which other aromas became more relevant Figure 4.
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For the MCFAEEs, the trend of these fatty acid ethyl esters was, after AHA, the group
with the largest increment in OAV; it increased with the fermentation process, and its
evolution followed a similar pattern to other grape and fruit wines [5,52]. Ethyl hexanoate
was the only MCFAEEs, with OAV > 1, present in the must (1.9), which increased with the
fermentations and remained stable, ranging from 20.7 to 24.1. However, the compounds
with high OAV were ethyl decanoate (78.9 to 141.9), whose odor description corresponds
to sweet, fruity, nuts, and dried fruit, and ethyl octanoate (34.1 to 74.3) which provides
pineapple, pear, and a soapy odor. The highest levels were obtained at the end of the
sparkling process. However, only ethyl decanoate managed to contribute a ROC > 0.1,
between 0.10 to 0.13, in the still and sparkling wines. Ethyl 9-decenoate had a value between
11.2 to 18.9 after alcoholic fermentations, providing a floral odor with a ROC > 0.1 Figure 4.
For LCFAEEs group, only ethyl tetradecanoate had an OAV > 1 after first fermentation
(1.5) and ranged 1.10—1.50 during the sparkling process. Regarding ethyl hexadecanoate,
it only reached an OAV > 1 with 1.39 at 10 weeks of the sparkling process. Both volatile
aromas contributed a fruity and fatty odor but with low contribution to the aroma of the
still and sparkling melon wine (ROC > 0.1).

(6Z)-Nonen-1-ol and (E,Z)-3,6-nonadien-1-ol are common aromas in some melon
cultivars [46], and they were the only HA that reached their odor threshold with a melon-
like and sweet odor description in the initial must (32.2 and 20.2, respectively), and with the
highest ROC values of 0.4 and 0.23, respectively. After the first alcoholic fermentation, the
contribution of (6Z)-nonen-1-ol disappeared but that of (E,Z)-3,6-nonadien-1-ol increased,
with an OAV value of 33.6–56.44 during the experiment, with an ROC value of around 0.05.

3.5. Sensory Evaluation of Final Sparkling Wine

The sensory evaluation of the sparkling melon, after 10 weeks in the bottle, is shown
in Table 8. In accordance with the categories described by OIV (2009), this sparkling melon-
based wine, obtained a total mark of 92.11 points, after the sum of all markers (visual, nose,
taste, and harmony), achieving the “Grand Gold” category (>92 points). Considering visual
aspects (14.44), the judges rated the sparkling wine as limpid to excellent limpidity, which
means a good visual impression without cloudiness. Regarding the sensation perceived
in the nose, melon-based wine had a very total absence of defects in genuineness (5.78),
very strong qualitative intensity (7.78), and a very-to-excellent impression of quality (15.11).
These results refer to the intensity of OAV Table 7, such as isoamyl acetate, ethyl decanoate,
3,6-nonadienyl acetate and (E,Z)-3,6-nonadien-1-ol, which are the most relevant volatile
aromas providing the highest ROC values that contributed to the complexity and fruity-
aroma character in this sparkling melon wine. Concerning taste values (39.11), sparkling
melon wine was characterized as having a total absence of defects in genuineness, strong
intensity (7.11), a very good persistence of residual olfactory-gustatory sensation of flavors
(7.22), and a very good impression for the taste quality (19.33). These results suggest that
this melon wine is absent in oxidation flavor, volatile acidity, and a negative flavor that
affects the taste and mouthfeel. Finally, the judges marked a very good general impression
(9.89), which along with the total marks received, defined our sparkling melon-based wine
as a potential marketable and novel product.
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Table 8. Sensory evaluation of the melon sparkling wine at 10 weeks of storage.

Organoleptical Characteristics
Sparkling

Melon-Wine
Range

(Excellent to Inadequate)

Visual 14.44 z ± 0.24 (15–3)

Limpidity 4.67 ± 0.17 (5–1)
Aspect other than limpidity 9.78 ± 0.22 (10–2)

Nose 28.67 ± 0.69 (30–12)

Genuineness 5.78 ± 0.15 (6–2)
Positive intensity 7.78 ± 0.15 (8–2)

Quality 15.11 ± 0.48 (16–8)

Taste 39.11 ± 0.99 (44–18)

Genuineness 5.44 ± 0.18 (6–2)
Positive intensity 7.11 ± 0.11 (8–2)

Harmonious persistence 7.22 ± 0.22 (8–4)
Quality 19.33 ± 0.60 (22–10)

Harmony-Overall judgement 9.89 ± 0.20 (11–7)

TOTAL 92.11 ± 1.77 (100–40)
z Mean (n = 14 ± SE).

4. Conclusions

In this study, a novel melon-based sparkling wine, using melons that failed to meet
cosmetic standards, was developed and characterized. In this sparkling melon wine, a
second fermentation takes place in the bottle, from a still wine (first fermentation). In our
case, during the second fermentation, S. cerevisiae provided significant physico-chemical
and aroma changes. Certain amino acids contributed to the transformation and increase in
some volatile compounds via the Ehrlich pathway, in this case, leucine to isoamyl alcohol,
valine to isobutyl alcohol and phenylalanine to phenethyl alcohol. Furthermore, during the
second fermentation principally medium- and long-chain fatty acid ethyl ester increased
and reached its odor threshold and contributed to the sweet, fruity, banana, tropical, nutty
and melon aroma character, mainly by isoamyl acetate, ethyl decanoate, 3,6-nonadienyl
acetate, and (E,Z)-3,6-nonadien-1-ol, with the highest ROC values during the sparkling
process. In summary, this study is an example of how the agriculture sector should support
a circular economy model with by-products revalorization such as fresh fruit that does
not reach aesthetic standards, providing a novel fruit-based wine with a characteristic and
distinctive aroma, good sensory acceptance and with market potential.

Author Contributions: Conceptualization, J.Á.S.-M., A.A. and E.A.; methodology, J.Á.S.-M. and A.A.;
formal analysis, J.Á.S.-M.; investigation, J.Á.S.-M., A.A. and E.A.; Writing—Original Draft, J.Á.S.-M.;
supervision, A.A., A.C.-B. and E.A.; funding acquisition, A.A. and E.A., project administration, A.A.
and E.A.; resources, A.C.-B.; writing—review & editing, E.A. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by RTI2018-099139-B-C21 project from the Ministry of Science
and Innovation (Spain)—National Research Agency (MCIN/AEI/10.13039/501100011033) and by
“ERDF A way of making Europe”, of the European Union and by 21645/PDC/21 project from
“Fundación Séneca” of Murcia Region (Spain). José-Angel Salas-Millán acknowledges financial
support for “Industrial PhD” grant (DIN2019-010837) from the Ministry of Science and Innovation.

Institutional Review Board Statement: Ethical review and approval were waived for this study
since it is not required for the sensory analysis performed in this experiment.

Informed Consent Statement: Written informed consent was obtained from all subjects in the sensory
panel involved in the study.

Data Availability Statement: The datasets supporting the findings of this article are available upon
reasonable request.

77



Foods 2023, 12, 491

Conflicts of Interest: The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work reported in this paper.
Author Andrés Conesa is employed by the JimboFresh company, and he contributed to the paper as
a researcher for supervision tasks and resources (providing fresh melon). However, the JimboFresh
company did not contribute financially, nor in the optimization, analysis of the results, or writing
of the paper. Therefore, there is no conflict of interest in relation with JimboFresh company. The
remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1. FAO. Food Loss Measurement|Technical Platform on the Measurement and Reduction of Food Loss and Waste|Food and
Agriculture Organization of the United Nations. Available online: https://www.fao.org/platform-food-loss-waste/food-waste/
introduction/en/ (accessed on 13 April 2022).

2. EPA From Farm to Kitchen: The Environmental Impacts of US Food Waste; U.S. Environmental Protection Agency: Washington, DC,
USA, 2021; pp. 1–106.

3. Salas-Millán, J.-Á.; Aznar, A.; Conesa, E.; Conesa-Bueno, A.; Aguayo, E. Fruit Wine Obtained from Melon By-Products: Physico-
Chemical and Sensory Analysis, and Characterization of Key Aromas by GC-MS. Foods 2022, 11, 3619. [CrossRef]

4. Jackson, R.S. Wine Science: Principles and Application; Academic Press: Cambridge, MA, USA, 2008; ISBN 9780333227794.
5. Lu, Y.; Liu, Y.; Lv, J.; Ma, Y.; Guan, X. Changes in the Physicochemical Components, Polyphenol Profile, and Flavor of Persimmon

Wine during Spontaneous and Inoculated Fermentation. Food Sci. Nutr. 2020, 8, 2728–2738. [CrossRef] [PubMed]
6. Sun, N.; Gao, Z.; Li, S.; Chen, X.; Guo, J. Assessment of Chemical Constitution and Aroma Properties of Kiwi Wines Obtained

from Pure and Mixed Fermentation with Wickerhamomyces Anomalus and Saccharomyces Cerevisiae. J. Sci. Food Agric. 2022,
102, 175–184. [CrossRef] [PubMed]

7. Eder, M.; Sanchez, I.; Brice, C.; Camarasa, C.; Legras, J.L.; Dequin, S. QTL Mapping of Volatile Compound Production in
Saccharomyces Cerevisiae during Alcoholic Fermentation. BMC Genom. 2018, 19, 1–19. [CrossRef]

8. Joshi, V.K.; Panesar, P.S.; Rana, V.S.; Kaur, S. Science and Technology of Fruit Wines: An Overview. In Science and Technology of
Fruit Wine Production; Elsevier Inc.: Amsterdam, The Netherlands, 2017; pp. 1–72. ISBN 9780128010341.

9. Matei, F. Technical Guide for Fruit Wine Production. In Science and Technology of Fruit Wine Production; Elsevier Inc.: Amsterdam,
The Netherlands, 2017; pp. 663–703. ISBN 9780128010341.

10. European Commision. List and Description of the Files of the OIV Code of Oenological Practices Regulation (EU) 2019/934,
PUB. 2022 Eur-Lex.Europa.Eu. 2019. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:
52022XC0506(04)&from=EN (accessed on 6 January 2023).

11. Wendrick, N.A.; Sims, C.A.; Macintosh, A.J.; Durán-Guerrero, E. The Effect of Carbonation Level on the Acceptability and
Purchase Intent of Muscadine and Fruit Wines. Beverages 2021, 7, 66. [CrossRef]

12. Martínez-García, R.; García-Martínez, T.; Puig-Pujol, A.; Mauricio, J.C.; Moreno, J. Changes in Sparkling Wine Aroma during the
Second Fermentation under CO2 Pressure in Sealed Bottle. Food Chem. 2017, 237, 1030–1040. [CrossRef]

13. FAOSTAT. Available online: https://www.fao.org/faostat/es/#data/TCL (accessed on 12 April 2022).
14. Esteras, C.; Rambla, J.L.; Sánchez, G.; López-Gresa, M.P.; González-Mas, M.C.; Fernández-Trujillo, J.P.; Bellés, J.M.; Granell,

A.; Picó, M.B. Fruit Flesh Volatile and Carotenoid Profile Analysis within the Cucumis Melo, L. Species Reveals Unexploited
Variability for Future Genetic Breeding. J. Sci. Food Agric. 2018, 98, 3915–3925. [CrossRef] [PubMed]

15. Farcuh, M.; Copes, B.; Le-Navenec, G.; Marroquin, J.; Cantu, D.; Bradford, K.J.; Guinard, J.X.; Van Deynze, A. Sensory,
Physicochemical and Volatile Compound Analysis of Short and Long Shelf-Life Melon (Cucumis Melo L.) Genotypes at Harvest
and after Postharvest Storage. Food Chem. X 2020, 8, 100107. [CrossRef]

16. Minkova, S.; Vlaeva, I.; Nikolova, K.; Petkova, N.; Gentscheva, G.; Tzvetkova, C. Assessment of the Elemental Composition,
Antioxidant Activity, and Optical Properties of Non-Traditional Bulgarian Fruit Wines. Bulg. Chem. Commun. 2022, 54, 26–30.
[CrossRef]

17. Gómez, L.F.H.; Úbeda, J.; Briones, A. Characterisation of Wines and Distilled Spirits from Melon (Cucumis Melo L.). Int. J. Food Sci.
Technol. 2008, 43, 644–650. [CrossRef]

18. OIV International Organisation of Vine and Wine. Compendium of International Methods of Analysis -OIV Chromatic Character-
istics Method OIV-MA-AS2-11. 2009. Determination of Chromatic Characteristics According to CIELab (Resolution Oeno 1/2006).
Available online: https://www.oiv.int/public/medias/7907/oiv-vol1-compendium-of-international-methods-of-analysis.pdf
(accessed on 2 June 2022).

19. Salas-Millán, J.-Á.; Aznar, A.; Conesa, E.; Conesa-Bueno, A.; Aguayo, E. Functional Food Obtained from Fermentation of Broccoli
By-Products (Stalk): Metagenomics Profile and Glucosinolate and Phenolic Compounds Characterization by LC-ESI-QqQ-MS/MS.
LWT 2022, 169, 113915. [CrossRef]

20. Ortiz-Duarte, G.; Pérez-Cabrera, L.E.; Artés-Hernández, F.; Martínez-Hernández, G.B. Ag-Chitosan Nanocomposites in Edible
Coatings Affect the Quality of Fresh-Cut Melon. Postharvest Biol. Technol. 2019, 147, 174–184. [CrossRef]

78



Foods 2023, 12, 491

21. Giordano, G.; Gucciardi, A.; Pirillo, P.; Naturale, M. Quantification of Underivatized Amino Acids on Dry Blood Spot, Plasma,
and Urine by HPLC-ESI-MS/MS. In Methods in Molecular Biology; Alterman, M.A., Ed.; Humana Press Inc.: Totowa, NJ, USA,
2019; Volume 2030, pp. 153–172.

22. Sun, Y.; Peng, W.; Zeng, L.; Xue, Y.; Lin, W.; Ye, X.; Guan, R.; Sun, P. Using Power Ultrasound to Release Glycosidically Bound
Volatiles from Orange Juice: A New Method. Food Chem. 2021, 344, 128580. [CrossRef] [PubMed]

23. Korenika, A.M.J.; Biloš, J.; Kozina, B.; Tomaz, I.; Preiner, D.; Jeromel, A. Effect of Different Reducing Agents on Aromatic
Compounds, Antioxidant and Chromatic Properties of Sauvignon Blanc Wine. Foods 2020, 9, 996. [CrossRef]

24. Acree, T.; Arn, H. Flavornet and Human Odor Space. Available online: http://flavornet.org/flavornet.html (accessed on 6
January 2023).

25. Christlbauer, M.; Schieberle, P. Evaluation of the Key Aroma Compounds in Beef and Pork Vegetable Gravies a La Chef by Stable
Isotope Dilution Assays and Aroma Recombination Experiments. J. Agric. Food Chem. 2011, 59, 13122–13130. [CrossRef]

26. Fan, W.; Xu, Y.; Jiang, W.; Li, J. Identification and Quantification of Impact Aroma Compounds in 4 Nonfloral Vitis Vinifera
Varieties Grapes. J. Food Sci. 2010, 75, S81–S88. [CrossRef]

27. Feng, Y.; Su, G.; Zhao, H.; Cai, Y.; Cui, C.; Sun-Waterhouse, D.; Zhao, M. Characterisation of Aroma Profiles of Commercial Soy
Sauce by Odour Activity Value and Omission Test. Food Chem. 2015, 167, 220–228. [CrossRef]

28. Rahayu, Y.Y.S.; Yoshizaki, Y.; Yamaguchi, K.; Okutsu, K.; Futagami, T.; Tamaki, H.; Sameshima, Y.; Takamine, K. Key Volatile
Compounds in Red Koji-Shochu, a Monascus-Fermented Product, and Their Formation Steps during Fermentation. Food Chem.
2017, 224, 398–406. [CrossRef]

29. Welke, J.E.; Zanus, M.; Lazzarotto, M.; Alcaraz Zini, C. Quantitative Analysis of Headspace Volatile Compounds Using
Comprehensive Two-Dimensional Gas Chromatography and Their Contribution to the Aroma of Chardonnay Wine. Food Res. Int.
2014, 59, 85–99. [CrossRef]

30. Fairbairn, S.; McKinnon, A.; Musarurwa, H.T.; Ferreira, A.C.; Bauer, F.F. The Impact of Single Amino Acids on Growth and
Volatile Aroma Production by Saccharomyces Cerevisiae Strains. Front. Microbiol. 2017, 8, 2554. [CrossRef]

31. OIV Standard for International Wine Competitions and Spiritous Beverages of Vitivinicultural Origin (OIV-Concours 332A-2009);
Zagreb, Croatia. 2009. Available online: https://www.oiv.int/public/medias/4661/oiv-concours-332a-2009-en.pdf (accessed on
17 January 2023).

32. Ennouri, M.; Ben Hassan, I.; Ben Hassen, H.; Lafforgue, C.; Schmitz, P.; Ayadi, A. Clarification of Purple Carrot Juice: Analysis of
the Fouling Mechanisms and Evaluation of the Juice Quality. J. Food Sci. Technol. 2015, 52, 2806–2814. [CrossRef] [PubMed]

33. De Albuquerque Gil, D.M.; Rebelo, M.J.F. Metabisulfite Interference in Biosensing and Folin-Ciocalteu Analysis of Polyphenols.
Microchim. Acta 2009, 167, 253–258. [CrossRef]

34. Martínez-Rodríguez, A.; Carrascosa, A.; Martín-Álvarez, P.J.; Moreno-Arribas, V.; Polo, M. Influence of the Yeast Strain on
the Changes of the Amino Acids, Peptides and Proteins during Sparkling Wine Production by the Traditional Method. J. Ind.
Microbiol. Biotechnol. 2002, 29, 314–322. [CrossRef] [PubMed]

35. Ostergaard, S.; Olsson, L.; Nielsen, J. Metabolic Engineering of Saccharomyces Cerevisiae. Microbiol. Mol. Biol. Rev. 2000, 64,
34–50. [CrossRef]

36. Berbegal, C.; Polo, L.; García-Esparza, M.J.; Álvarez, I.; Zamora, F.; Ferrer, S.; Pardo, I. Influence of the Dry Yeast Preparation
Method on Final Sparkling Wine Characteristics. Fermentation 2022, 8, 313. [CrossRef]

37. Sartor, S.; Toaldo, I.M.; Panceri, C.P.; Caliari, V.; Luna, A.S.; de Gois, J.S.; Bordignon-Luiz, M.T. Changes in Organic Acids,
Polyphenolic and Elemental Composition of Rosé Sparkling Wines Treated with Mannoproteins during over-Lees Aging. Food
Res. Int. 2019, 124, 34–42. [CrossRef] [PubMed]

38. Liang, Z.; Lin, X.; He, Z.; Su, H.; Li, W.; Ren, X. Amino Acid and Microbial Community Dynamics during the Fermentation of
Hong Qu Glutinous Rice Wine. Food Microbiol. 2020, 90, 103467. [CrossRef]

39. Wang, Y.Q.; Ye, D.Q.; Zhu, B.Q.; Wu, G.F.; Duan, C.Q. Rapid HPLC Analysis of Amino Acids and Biogenic Amines in Wines
during Fermentation and Evaluation of Matrix Effect. Food Chem. 2014, 163, 6–15. [CrossRef]

40. Rojas, V.; Gil, J.V.; Piñaga, F.; Manzanares, P. Acetate Ester Formation in Wine by Mixed Cultures in Laboratory Fermentations.
Int. J. Food Microbiol. 2003, 86, 181–188. [CrossRef]

41. Plata, C.; Millán, C.; Mauricio, J.C.; Ortega, J.M. Formation of Ethyl Acetate and Isoamyl Acetate by Various Species of Wine
Yeasts. Food Microbiol. 2003, 20, 217–224. [CrossRef]

42. Cameleyre, M.; Lytra, G.; Tempere, S.; Barbe, J.C. 2-Methylbutyl Acetate in Wines: Enantiomeric Distribution and Sensory Impact
on Red Wine Fruity Aroma. Food Chem. 2017, 237, 364–371. [CrossRef] [PubMed]

43. Zhang, L.; Zhang, Y.; Hu, Z. The Effects of Catabolism Relationships of Leucine and Isoleucine with BAT2 Gene of Saccharomyces
Cerevisiae on High Alcohols and Esters. Genes 2022, 13, 1178. [CrossRef] [PubMed]

44. Li, W.; Cui, D.Y.; Wang, J.H.; Liu, X.E.; Xu, J.; Zhou, Z.; Zhang, C.Y.; Chen, Y.F.; Xiao, D.G. Overexpression of Different Alcohol
Acetyltransferase Genes with BAT2 Deletion in Saccharomyces Cerevisiae Affects Acetate Esters and Higher Alcohols. Eur. Food
Res. Technol. 2018, 244, 555–564. [CrossRef]

45. Wess, J.; Brinek, M.; Boles, E. Improving Isobutanol Production with the Yeast Saccharomyces Cerevisiae by Successively Blocking
Competing Metabolic Pathways as Well as Ethanol and Glycerol Formation. Biotechnol. Biofuels 2019, 12, 1–15. [CrossRef]

46. Kourkoutas, D.; Elmore, J.S.; Mottram, D.S. Comparison of the Volatile Compositions and Flavour Properties of Cantaloupe,
Galia and Honeydew Muskmelons. Food Chem. 2006, 97, 95–102. [CrossRef]

79



Foods 2023, 12, 491

47. Saerens, S.M.G.; Delvaux, F.; Verstrepen, K.J.; Van Dijck, P.; Thevelein, J.M.; Delvaux, F.R. Parameters Affecting Ethyl Ester
Production by Saccharomyces Cerevisiae during Fermentation. Appl. Environ. Microbiol. 2008, 74, 454–461. [CrossRef]

48. Del Barrio-Galán, R.; del Valle-Herrero, H.; Bueno-Herrera, M.; López-de-la-Cuesta, P.; Pérez-Magariño, S. Volatile and Non-
Volatile Characterization of White and Rosé Wines from Different Spanish Protected Designations of Origin. Beverages 2021, 7, 49.
[CrossRef]
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Abstract: The peels of guaraná (Paullinia cupana) fruit contain abundant carotenoid content, which
has demonstrated health benefits. However, these compounds are unstable in certain conditions, and
their application into food products can be changed considering the processing parameters. This
study aimed to encapsulate the carotenoid-rich extract from guaraná peels by spray drying (SD),
characterize the microparticles, investigate their influence on the pasting properties of oatmeal paste,
and evaluate the effects of temperature and shear on carotenoid stability during the preparation
of this product. A rheometer with a pasting cell was used to simulate the extrusion conditions.
Temperatures of 70, 80, and 90 ◦C and shear rates of 50 and 100 1/s were the parameters evaluated.
Microparticles with a total carotenoid content between 40 and 96 μg/g were obtained. Over the
storage period, carotenoid stability, particle size, color, moisture, and water activity varied according
to the core:carrier material proportion used. Afterward, the formulation SD1:2 was selected to be
incorporated in oatmeal, and the paste viscosity was influenced by the addition of this powder.
β-carotene retention was higher than that of lutein following the treatment. The less severe treatment
involving a temperature of 70 ◦C and a shear rate of 50 1/s exhibited better retention of total
carotenoids, regardless of whether the carotenoid-rich extract was encapsulated or non-encapsulated.
In the other treatments, the thermomechanical stress significantly influenced the stability of the total
carotenoid. These results suggest that the addition of encapsulated carotenoids to foods prepared at
higher temperatures has the potential for the development of functional and stable products.

Keywords: mechanical stress; thermal stress; β-carotene; lutein; stability; Paullinia cupana

1. Introduction

Carotenoids are among the major classes of pigments found in tree leaves, fruits,
and vegetables. Consumption of these compounds has been considered to bring health
benefits. According to the literature, carotenoids may act as reducing agents for cancer [1–3],
cardiovascular diseases [4,5] and macular degeneration [6], as well as antioxidants [7] and
provitamin A [8]. The nutritive and coloring properties of carotenoids make them be an
ideal food additive to develop functional products with desirable appearance.

The interest in recovering carotenoids from agro-industrial waste has increased, consid-
ering their high potential to enhance the valorization of by-products. Several studies [9–12]
have reported the extraction of carotenoids from different vegetable wastes. However,
guaraná residues, with potential uses in the production of soft drinks and food ingredient
industries, have been rarely explored as a possible source of carotenoids in foods.
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Carotenoids are highly susceptible to harsh external conditions, such as high tem-
perature and shear, presence of oxygen, light, acidity, and pro-oxidant agents [13–15].
Encapsulation has emerged as a key approach for making the incorporation of these com-
pounds in processed foods feasible. In the food industry, spray drying is the most widely
used technology for the entrapment of bioactive molecules in the form of microparticles.
The technique consists of atomizing a dispersion or emulsion, containing the component of
interest and drying adjuvants, followed by its dehydrating forming microparticles. This
encapsulation facilitates transport, prolongs shelf-life, and reduces the risk of carotenoid
degradation during food processing [16,17].

Several additives are used as carrier materials to facilitate the drying, handling and ap-
plication of these bioactive compounds. In addition, the property of these carrier materials
can guarantee the stability of carotenoids against oxidation, storage conditions and pro-
cessing in the food industry. Tuyen et al. [18] reported the effect of different concentrations
of maltodextrin as carrier material and different inlet temperatures on color preservation,
total carotenoid content and antioxidant activity of spray-dried gac powder. In addi-
tion, Hojjati et al. [19] investigated the influence of different concentrations of soluble soy
polysaccharides on the properties of microcapsules loaded with canthaxanthin obtained by
spray drying. Indeed, the encapsulation of canthaxanthin in this study resulted in a more
significant storage stability of the samples. Highlighting the variety of carrier materials,
Etzbach et al. [20] evaluated the effect of using different carriers such as maltodextrin, mod-
ified starch, inulin, alginate, gum arabic and cellobiose for spray drying golden blackberry
juice rich in carotenoids. In this study, cellobiose’s proposed alternative carrier showed
a high capacity to protect carotenoids from degradation processes by exposure to light,
high temperature and oxygen, possibly due to a more compact particle wall and larger
particle sizes.

The development of starchy products includes the investigation of new formulations
and new processing techniques. However, typical technologies used to favor gelatinization
and texturization of starchy products apply a combination of heat and shear over these
products, which can be harmful to carotenoids. During gelatinization, starch swells,
destabilizing its crystalline structure and loses birefringence. The main starch fractions,
amylose and amylopectin, disperse and lead to the production of a paste [21,22]. After
disruption of their granular structure, during processing, starch is subjected to mechanical
stresses, mainly shear provoked by processing.

The rheological properties of starch solutions can vary according to factors such as
amylose and amylopectin content, the presence of functional groups, and granularity. In the
case of the current research, these factors can be influenced by adding microparticles loaded
with carotenoids into the oat paste, which may change the paste’s rheological behavior. On
the other hand, the processing of oat paste, which involves heat and shear conditions, can
lead to the degradation of thermosensitive compounds such as carotenoids. From that, the
proposal focused on understanding the effects of these conditions on microparticles rich in
carotenoids, also evaluating the effectiveness of microencapsulation by spray drying. Oats
have wide applications, and the carotenoids from the guarana by-product are still atypical
but with great potential for exploration and use by the food industry.

To simulate a pasting environment where temperature and shear are applied, a rheome-
ter equipped with a pasting cell was used to produce an oatmeal paste enriched with
encapsulated carotenoids. Thus, this study was aimed to prepare a carotenoid-rich extract
from guaraná peels, encapsulate this extract, investigate the influence of microparticles on
the pasting properties of oatmeal, and evaluate the effect of thermo- and mechanical stress
on carotenoid stability under different conditions.

2. Material and Methods

2.1. Materials

The Executive Commission for Cocoa Cultivation Planning, CEPLAC (Taperoá, Bahia,
Brazil), provided the guaraná fruits. The fruit peels were removed from seeds and pulp
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followed by being washed with water. The reddish peels were dried in a convection oven
(Marconi, MA035/1152) at 50 ◦C for 18 h [23]. They were then milled and stored under
dark at −20 ◦C until analysis.

β-carotene (CAS 7235-40-7) and lutein (CAS 127-40-2) standards were purchased
from Sigma-Aldrich (Saint Louis, USA). Analytical-grade ethanol (CAS 64-17-5), hexane
(CAS 110-54-3), and acetone (CAS 67-64-1) were obtained from Fisher Scientific (Waltham,
MA, USA).

The sunflower oil used during the guaraná peel extract preparation was from Cargill
(brand Liza). The microparticles rich in carotenoids produced by spray drying (SD) were
prepared using gum arabic as carrier material, obtained from Nexira, Brazil. Oat flakes
(the Oat Quaker Company, Chicago, IL, USA) were purchased from a local supermarket at
Columbus, OH, USA.

2.2. Carotenoid-Rich Extract Preparation

Carotenoid-rich extract preparation from guaraná peels was performed following [24],
using ethanol as solvent, at a ratio of 1:10 (peel: solvent, w/v), during 4 h at 50 ◦C. The
concentration of 3% of sunflower oil was added to the extract to reduce the carotenoid
degradation detected during preliminary experiments. The final concentration was de-
termined considering the liquid–liquid equilibrium for the mixture composed of oil and
ethanol [25]. As follows, the material was concentrated using a rotary evaporator (TE-211
Tecnal, Piracicaba, Brazil) at 48 ± 2 ◦C to 20% of the initial volume. The concentrated
extract was named guaraná peel extract (GPE).

2.3. Microencapsulation by Spray Drying

Formulations were prepared with a ratio of 1:2, 1:3, and 1:4 of concentrated ethanolic
extract:gum arabic in aqueous solution (20% w/v), v/v, using Ultra-Turrax ® IKA T25
(Labotechnic, Staufen, Germany) at 11,200× g for 3 min. The mixture was atomized
according to Rocha et al. [26], with modifications. The spray dryer (Model MSD 1.0,
Labmaq do Brasil, Ribeirão Preto, Brazil) was used coupled with a spray nozzle of 1.2 mm,
with an inlet air temperature of 100 ◦C, an air drying speed of 2.5 m/s, a feed flow of
10 mL/min, and air pressure of 8.4 kgf/cm2.

2.4. Total Carotenoid Content

The microparticles were blended with hexane for 1 min and ultrasonicated for 20 min
using an ultrasound bath, Branson 1800 (Branson Ultrasonics Corporation, Danbury, CT,
USA) to extract carotenoids. Absorbances of extracts were measured at 450 nm wavelength
and recorded using a UV–visible spectrophotometer (Thermo Scientific, Waltham, MA,
USA, Genesys 10S). The β-carotene standard was used for quantification, and the results
were expressed as μg β-carotene/g sample [27]. The test was conducted in triplicate.

The retention after encapsulation was calculated as a ratio of the total carotenoid
amount in the microparticles to that in the feed materials before atomization.

2.5. Stability Study of Microparticles

The samples were placed in glass vials covered with aluminum foil and stored in
desiccators containing saturated solutions of magnesium chloride MgCl2 (relative humidity,
RH of 32.8%). The desiccators were kept at a temperature of 25 ◦C, and the storage period
lasted for 90 days under the specified conditions [28]. The samples were evaluated every
15 days in terms of carotenoid content and color. Particle size distribution, mean diameter,
moisture content, and water activity were analyzed at the initial time and after 90 days of
storage, in triplicate.

2.5.1. Carotenoid Degradation Kinetics

Carotenoid stability was determined by comparing the total carotenoid concentration
at the initial time and over the storage of encapsulated and non-encapsulated carotenoid-
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rich GPE. Previous studies [29,30] have hypothesized that a first-order kinetics describes
adequately the reaction of carotenoids degradation. Thereby, to investigate the stability of
our samples, the degradation constant (k) and the half-life (t1/2) were determined following
the first-order kinetic model, according to Equations (1) and (2).

lnC(t)/C0 = −kt (1)

t1/2 = ln(2)/k (2)

where C = carotenoid concentration at time t (μg/g); C0 = initial carotenoid concentration
(μg/g); t = time (days).

2.5.2. Color

The microparticles color defined by the parameters L* (Brightness), a* (red–green), and
b*(yellow–blue) were determined using a HunterLab Mini Scan XE colorimeter (Reston,
VA, USA). Chroma (color saturation) was calculated according to the Minolta procedure [31]:

Chroma =

√
(a∗)2 + (b∗)2 (3)

The total color difference (ΔE) was calculated according to Equation (4).

ΔE =

√
(L∗

f − L∗
0)

2 +
(
a∗f − a∗0

)2
+ (b∗

f − b∗
0)

2 (4)

where ΔE = total color difference; L∗
f = final L*; L∗

0 = initial L*; a∗f = final a*; a∗0 = initial a*;
b∗

f = final b*; b∗
0 = initial b*.

2.5.3. Mean Diameter

Mean diameter of particles were measured using the SALD-201V laser diffraction
particle analyzer, Shimadzu (Kyoto, Japan). Ethanol was used as a dispersing liquid. The
measurements were conducted at 25 ◦C.

2.5.4. Moisture Content and Water Activity

The moisture content of the microparticles was determined in a moisture analyzer
model MB 35 from Ohaus (Parsippany, OH, USA), in triplicate. The results are expressed in
percentage. The determination of water activity (aw) was achieved by direct reading, on an
Aqualab hygrometer, model CX-2T, from Decagon Devices Inc., Pullman, WA, USA. The
readings were performed at 25 ◦C.

2.6. Dynamic Vapor Sorption (DVS) of Microparticles and Oat Flakes

Water vapor sorption isotherms of the microparticles and oat flakes were determined
at 25 ◦C using a Dynamic Vapor Sorption instrument (Surface Measurement Systems
Ltd., Allentown, PA, USA). Under a continuous airflow (200 mL/min), the system was
pre-equilibrated at 5% relative humidity (RH). The samples were exposed sequentially
to different relative humidities (RH) from 30 to 95%. The RH transitions and mass varia-
tions of the sample were monitored continuously. The moisture sorption isotherms were
determined using the DVS Analysis Macro V6.1 software, in duplicate.

2.7. Thermal Properties of Oat Flakes and Oat Flakes Containing Microparticles

The thermal behavior of oat flakes and oat flakes containing microparticles was de-
scribed by the parameters ‘onset of gelatinization’ (To), ‘peak gelatinization temperature’
(Tp), and ‘gelatinization enthalpy’ (J/g) and measured by a Multi-Cell Differential Scanning
Calorimeter (MC-DSC, TA Instruments, New Castle, DE, USA) equipped with the TRIOS
software (TA Instruments, New Castle, DE, USA). The samples dispersed in water (with
a moisture content of 80%) were weighed into ampoules and sealed. An empty pan was
used as the reference. The samples were equilibrated at 5 ◦C and then heated to 140 ◦C at a
rate of 1 ◦C/min. Each sample was run in triplicate, and the average results are shown.
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2.8. Pasting Properties

The oatmeal paste was prepared using the Discovery Hybrid Rheometer 3 (DHR-3, TA
Instruments Ltd., New Castle, DE, USA) and a pasting cell geometry to simulate operating
conditions where temperature and shear are applied during the process. The experiment
was conducted by mixing (i) oat flakes and distilled water (80% w/w); (ii) oat flakes blended
with microparticles (6% w/w), and distilled water (80% w/w); (iii) oat flakes, GPE (6% w/w),
and distilled water (80% w/w).

The samples were prepared using the following procedure: (1) conditioning the sample
at 25 ◦C for 2 min; (2) heating ramp to selected temperatures of 70, 80 or 90 ◦C at 5 ◦C/min
with a shear rate of 50 or 100 1/s; (3) flow peak hold at the selected temperature and shear
conditions for 120 s; (4) cooling ramp to 25 ◦C at 5 ◦C/min; (5) oscillation frequency at
25 ◦C from 0.01 to 10 Hz with a 0.5% strain. The testing parameters and treatments are
shown in Table 1. Each sample was run in triplicate.

Table 1. Conditions used for the preparation of oatmeal pastes in DHR-3.

Treatments Parameters
Temperature (◦C) Shear (1/s)

70/50 70 50
80/50 80 50
90/50 90 50

70/100 70 100
80/100 80 100
90/100 90 100

2.9. Retention of β-Carotene, Lutein, and Total Carotenoid Content in the Oatmeal Paste

Total carotenoid content of oatmeal paste containing encapsulated and free GPE was
analyzed using spectrophotometry, as described in Section 2.4. The main carotenoids
extracted from guaraná peels were β-carotene and lutein [24]. The contents of the incor-
porated carotenoids were quantified in the oatmeal paste and the raw material by HPLC
to evaluate the effect of the process on the retention of these compounds, in duplicate.
Carotenoid extraction was carried out following Kopec et al. [32], with some modifications
according to the solvents used. Sequential extractions were performed using methanol and
a mixture of ethanol: acetone: hexane (1:1:1, v/v/v). The extract was then injected into
the HPLC instrument Agilent 1260 ultra-high-performance liquid chromatograph with a
diode array detector (UHPLC-DAD), using a C30 column (YMC Inc., Meridian, ID, USA,
4.6 × 250 mm, 3 μm) [33]. The contents of β-carotene and lutein were calculated from
their peak areas in comparison to standards with known concentration, using a calibration
curve. Carotenoid retention was determined by comparing their content before and after
the pasting process and expressed as a percentage.

2.10. Statistics

The data were analyzed using ANOVA and Tukey’s test in SAS statistical software
(version 8.02, Statistic Analysis System). Significant differences were defined at p < 0.05.
All data were expressed as the means ± standard deviation (SD). The pasting process was
performed in duplicate.

3. Results and Discussion

3.1. Total Carotenoid Content of Microparticles

Microparticles rich in carotenoids were produced by spray drying using three for-
mulations to assess the best treatment for further applications. Total carotenoid content
and retention after encapsulation are presented in Table 2. The SD1:2 treatment showed a
significantly higher carotenoid content compared to the others. This difference was con-
sistent since the microparticles containing more carotenoid-rich extract in the proportion
core:carrier material would present higher content of carotenoid.
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Table 2. Total carotenoid content and retention in microparticles after the spray drying (SD) process.

Formulations Carotenoid Content (μg/g) Carotenoid Retention (%)

SD1:2 96.0 ± 1.0 a 100.0 ± 1.0 a

SD1:3 57.6 ± 0.7 b 99.4 ± 0.2 a

SD1:4 40.7 ± 0.9 c 96.7 ± 0.3 b

In formulations, the name is the proportion of the core:carrier material. The results are expressed as the
mean ± standard deviation (n = 3). Different letters in the columns represent a significant difference (p ≤ 0.05).

Regarding the protective effect of carrier material on carotenoid stability after en-
capsulation, the SD1:4 treatment had the lowest retention. Although this sample had the
highest carrier material proportion, the atomization temperature was not sufficiently high
to evaporate the water and dry the microparticles effectively. Consequently, this caused the
adherence of semi-moist powder to the wall of the drying chamber, which may lead to the
additional exposition to the temperatures of the process, leading to degradative reactions
of the carotenoids.

Carotenoids are sensitive compounds and well documented, and the temperature
applied for the atomization can influence their stability. The high retention observed in
SD1:2 and SD1:3 was probably associated with the relationship between the suitable degree
of heat treatment and feed material of these formulations during the process. This result
formalizes our hypothesis that among the main factors that affect carotenoid retention
during encapsulation by spray drying is the core:carrier material proportion associated
with the operational condition of atomization.

3.2. Stability Study of Microparticles during Storage
3.2.1. Carotenoid Retention

Figure 1 shows the retention of total carotenoids in the microparticles and free GPE
during storage under dark at 25 ◦C. Following 90 days, a carotenoid loss of 45% was found
in the free GPE, whereas only ~30% was observed in the microparticles. It is essential
to highlight that free GPE, considered a control, contains sunflower oil, as mentioned in
Section 2.2. Sunflower oil was added to alleviate significant losses observed in obtaining
the extract, which certainly protected the carotenoids during storage.

Figure 1. Total carotenoid retention in free and encapsulated guaraná peel extract (GPE) produced
by spray drying at a temperature of 100 ◦C. The formulations represent the proportion of the
core:carrier material.
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Regarding the microparticles, the carrier material acts as a physical barrier against
environmental conditions, and the core was efficiently entrapped by the gum arabic. This re-
duced the pronounced degradation of the active component observed in free GPE. However,
isomerization and/or oxidation of these compounds were observed in the encapsulated
samples. In this system, the high degree of carotenoid unsaturation concomitant with the
presence of oxygen was crucial to their degradation over time.

First-order kinetics was followed to assess the stability of carotenoids in encapsu-
lated and non-encapsulated GPE, and the results are reported in Table 3. In a first-order
mechanism, the reaction rate depends on variations in the amount of only one reactant; in
this case, the reactant was the carotenoids. All microparticles showed low values for the
first-order rate constant (k), indicating a reduced degradation, as evidenced by the half-life
(t1/2). It can be noted that the loss of carotenoids occurred faster in the non-encapsulated
extract than those in the encapsulated. The findings denote that the spray drying technique
improved the stability of GPE due to the protective potential of the carrier material under
storage conditions, promoting a longer shelf life. Similar results were reported when
carotenoid stability was evaluated in spray-dried samples [20,34].

Table 3. Kinetic parameters for carotenoid degradation in non-encapsulated and encapsulated extract
during storage.

Sample k (s−1) t 1/2 (Days) R2

Free extract 0.006 108.082 0.811
SD1:2 0.005 141.924 0.888
SD1:3 0.005 152.286 0.897
SD1:4 0.005 144.676 0.874

Formulation SD (core:carrier material ratio).

3.2.2. Color Parameters

The powder’s color, measured by the parameters L*, a*, b*, Chroma, and ΔE (total
color difference), may indirectly indicate the degradation of carotenoids during storage.
Overall, the color characteristics of the samples were influenced by core:carrier material
concentration in the feed material formulations (Figure 2). Comparing the treatments, an
increase in the L* values was observed by increasing the ratio of gum arabic solution in
the samples following the order: SD14 > SD1:3 > SD1:2. Further, the formulations with
the highest concentration of carotenoid-rich extract showed higher values of a* and b*,
as expected. Chroma represents color saturation, which was in the first quadrant of the
CIELab chart, corresponding to the vivid red-yellow color. A slight reduction in Chroma
was observed in all formulations during storage, indicating loss of color intensity and
degradation of the pigment, which corroborates with the results found in the stability study.

Regarding the trend for the total color difference, the expression of ΔE values for SD1:2
(7.31), SD1:3 (6.19), and SD1:4 (5.19) exhibited the overall variation between samples at
initial time and samples stored 90 days in the absence of light. This result is related to the
degradation of carotenoids during the period, considering stability to the component of
interest conferred by the carrier agent (gum arabic). Indeed, the color variation over storage
had some influence on the powder quality, considering the color property as well as the
bioactivity capacity of these pigments.
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Figure 2. L*, a*, b*, and Chroma parameters obtained for each formulation produced by spray drying
in instrumental color analysis during storage at 25 ◦C. The formulations denote the proportion of the
core:carrier material.

3.2.3. Mean Particle Diameter

Particle size is an important property for application as an ingredient in food products.
Particle size distribution can be influenced by external and/or internal factors. The condi-
tions used in the spray drying procedure, such as temperature, pressure nozzle, airspeed,
and feed flow, are some of the external factors. However, the feed material formulation and
its preparation process may act as the internal factors [35].

Unlike formulations SD1:2 and SD1:3, SD1:4 microparticles exhibited a remarkable size
variation, in which the median diameter ranged from 9 to 18 μm, over storage (Table 4). This
phenomenon was attributed to agglomeration. The hydrophilic active sites of gum arabic
(carrier material) can absorb water-favoring adherence properties of the samples. Due to the
electrostatic effects and covalent bonds, adhesion between the wetted microparticles occurs,
and the contact or collision among them can generate new agglomerate structures [36,37].
Considering the higher proportion of gum arabic in the SD1:4 formulation, the effect of this
phenomenon was maximized and reflected in the size variation after 90 days.

The particle size was within the typical range for atomization, which varies from 5 to
150 μm. Their dimensions were below the value (<100 μm) of particles which have been
found to cause little or no interference sensory when being added to food. Moreover, this
parameter may be associated with bioavailability and solubility of the active components
entrapped, considering that the more surface area of the particle the more the bioactivity of
the compounds [38].
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Table 4. Mean and standard deviation of median diameter sizes (μm) expressed in volume for each
formulation of microparticles obtained by spray drying at 0 and 90 days of storage at 25 ◦C.

Time (days) Formulations Median Diameter (μm)

0 SD1:2 11.9 ± 1.5 a

0 SD1:3 9.1 ± 1.8 ab

0 SD1:4 8.9 ± 0.9 b

90 SD1:2 15.1 ± 2.8 a

90 SD1:3 13.4 ± 2.4 a

90 SD1:4 18.6 ± 5.5 a

Formulation SD (core:carrier material ratio). Results are expressed as the mean ± standard deviation (n = 3).
Different letters in the columns represent a significant difference (p ≤ 0.05).

3.2.4. Moisture Content and aw

Moisture and aw are indicators of drying efficiency and are the main factors that affect
powder stability. The mean values for these parameters before and after storage are shown
in Table 5.

Table 5. Moisture and water activity (aw) of encapsulated carotenoid-rich guaraná peel extract.

Time (Days) Formulations Parameters
Moisture (%) aw

0 SD1:2 3.9 ± 0.4 d 0.21 ± 0.02 c

0 SD1:3 4.8 ± 0.4 c 0.24 ± 0.03 c

0 SD1:4 4.1 ± 0.7 cd 0.16 ± 0.02 d

90 SD1:2 6.9 ± 0.3 b 0.46 ± 0.01 b

90 SD1:3 8.1 ± 0.3 a 0.48 ± 0.01 a

90 SD1:4 8.2 ± 0.1 a 0.50 ± 0.02 a

Formulation SD (core:carrier material ratio). The results are expressed as the mean ± standard deviation (n = 3).
Different letters in the columns represent a significant difference (p ≤ 0.05).

After 90 days, the moisture and water activity of the powders increased significantly
(p < 0.05). This was due to the water uptake of the powder during storage under a relative
humidity of 33% and 25 ◦C. However, even after this period, the samples showed low
values of water activity. The moisture content and water activity can influence microbial
growth, in addition to enabling biochemical reactions. According to the literature, to avoid
microbial growth, the water activity of products must be less than 0.6 [18,39]; therefore,
the powders may be considered microbiologically safe. Further, aw values near 0.3 imply
that the food products are less sensitive against non-enzymatic browning and enzymatic
activities during storage [40,41].

The relevance of powdery ingredients lies in their large application in the food industry.
The incorporation of microparticles enriched with carotenoids in a model food requires
investigating the characteristics of the powder in general. In this way, it would be possible
to achieve a suitable application considering the convenient features for processing. The
findings were expected to suggest a reasonable formulation, considering the carotenoid
content and particle behavior. Thus, the formulation SD1:2 was selected to be incorporated
in oatmeal paste, to better understand the effect of conditions prevalent on processing
and/or preparation on carotenoid stability and paste properties.

3.3. Dynamic Vapor Sorption (DVS) of Oat Flakes and Microparticles

Most materials are sensitive to the presence of water vapor or moisture content in
a system [42], also shown in the storage study performed in this work and described in
previous section. Investigation of interactions between water and oat flakes, as well as
between water and microparticles is essential to improve the conception of the effect of
the encapsulated GPE incorporation on the characteristics of oatmeal pastes. As shown in
Figure 3, the equilibrium moisture content of the microparticles was 5-fold higher than that
of oat flakes at RH of 60%. The DVS curves for the samples were type III (non-sigmoidal).

89



Foods 2023, 12, 1170

Figure 3. Dynamic vapor sorption isotherms of particles produced by spray drying (SD1:2) and
oat flakes.

A moisture sorption isotherm is determined by subjecting a material to different
increasing relative humidity and monitoring the change in mass due to water absorption.
The absorption of water depends on the number of available sites in the material capable
of binding water molecules [43,44].

The structural difference between oat flakes and encapsulated GPE may be related
with their distinct absorption rates. Gum arabic is a complex polysaccharide with a highly
branched structure, which facilitates polar interactions with water by hydrogen bonds
at room temperature [45], whereas oat flake comprises mainly starch and fiber. Starch
contains amylose, a linear molecule, and amylopectin, a non-linear and highly branched
molecule [46,47], both with a hydrophilic nature. In the crystalline regions of the granule,
the intermolecular interactions among the chains are very strong, and the diffusion of a
plasticizer, such as water, is slow at room temperature.

3.4. Thermal Properties

The onset temperature and the peak temperature for oat flakes and oat flakes incor-
porated with encapsulated GPE with a moisture content of 80% are listed in Table 6. The
thermal properties were significantly affected (p ≤ 0.05) by the addition of microparticles,
showing a decrease in the enthalpies and a slight increase in gelatinization temperatures.
This indicates that in samples containing oat flakes and microparticles, the starch was
less gelatinized which is likely attributed to the decreased availability of water [48,49]. In
the system studied, microparticles and starch competitively bind water to form hydrogen
bonds. As part of the water is bound to the microparticles with larger water absorption
capacity shown in Figure 3, the available water for starch is reduced, which could elevate
the starch gelatinization temperature due to insufficient hydration and swelling.

Table 6. DSC gelatinization properties of oat flakes and oat flakes enriched with encapsulated GPE.

Onset Temp. (◦C) Peak Temp. (◦C) Enthalpy (J/g)

Oat 53.05 ± 0.01 b 60.1 ± 0.3 b 3.1 ± 0.1 a

Oat + Encapsulated GPE 54.3 ± 0.6 a 61.0 ± 0.3 a 2.6 ± 0.1 b

The results are expressed as the mean ± standard deviation (n = 3). Different letters in the columns represent a
significant difference (p ≤ 0.05).

3.5. Pasting Properties

The viscosity of the oat flakes starch with and without GPE was investigated during
the heating–cooling procedure, as described in Section 2.8, to evaluate their influence on
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the oatmeal paste properties. In Figure 4, gelatinization of the samples was observed at the
temperature of 70 ◦C or above, showing a rapid increase in viscosity.

Figure 4. DHR-3 pasting curves of oatmeal paste enriched with encapsulated GPE and free GPE.
Testing conditions: (A) temperature 70 ◦C and shear rate 50 1/s; (B) temperature 80 ◦C and shear rate
50 1/s, (C) temperature 90 ◦C and shear rate 50 1/s; (D) temperature 70 ◦C and shear rate 100 1/s;
(E) temperature 80 ◦C and shear rate 100 1/s; (F) temperature 90 ◦C and shear rate 100 1/s.

Temperature significantly affected the pasting behavior of the samples. At 70 ◦C and
80 ◦C, the viscosity of oatmeal paste with encapsulated GPE was lower without a noticeable
peak. The increase in starch viscosity indicates the swelling of the starch molecules. Further
heating resulted in molecular disorganization and the leaching of amylose and amylopectin
into the solvent. Shear facilitated the formation of the paste by promoting non-covalent
interactions between starch molecules, which can be affected by temperature and sample
composition [50,51].

Microparticles produced using gum arabic as the carrier material hindered the swelling/
gelatinization of the grains. Singh, Geveke, and Yadav [52] suggested that gum arabic might
cover the surface of the starch during processing, leading to a reduced interaction among
neighboring starch granules, which may control the swelling power of starch and restrict
the increment of viscosity. In this case, the system would require higher temperatures to
completely gelatinize the starch. Shahzad et al. [53] reported similar findings.

At 80 ◦C, the oatmeal paste with free GPE showed significantly higher peak viscosity
than the control (only oat flakes and water). This may be attributed to the presence of
residual ethanol from GPE in the starch granules, which favors maximum swelling and
leads to the gelatinization of most of the starch in the system [54]. Previous researchers [55]
have reported that an aqueous ethanol medium promoted the formation of hydrogen
bonds with starch molecules, resulting in stronger gels than those prepared with pure
water. Alternatively, GPE contains a high amount of carotenoids. These compounds
are hydrophobic, which may interact with double helices structures via hydrophobic
interactions, and contributes to higher viscosity.

Singh et al. [54] suggested that gum arabic might cover the surface of the starch during
processing, leading to the reduced interaction among neighboring starch granules, which
may control the swelling power of starch and restricted the increment of viscosity.

At 80 ◦C, the oatmeal paste with free GPE showed significantly higher peak viscosity
than the control. As before, this is attributed to the presence of residual ethanol in the ex-
tracted GPE, which favors maximum swelling and leads to the gelatinization of most of the
starch in the system [56]. Previous researchers [57] have reported that an aqueous ethanol
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medium promoted the formation of hydrogen bonds with starch molecules, resulting in
stronger gels compared to those prepared with pure water.

3.6. Carotenoid Retention

The formulation of foods enriched with active compounds is a matter of concern for
the food industry, considering the impact of processing on its bioactivity. For this reason,
the retention of β-carotene and lutein under the thermomechanical treatment applied
during the production of oatmeal paste was investigated. Results are illustrated in Figure 5.

Figure 5. β-carotene and lutein retention in oatmeal paste incorporated with encapsulated and
free guaraná peel extract (GPE) after the process at different conditions (temperature/shear rate).
Different letters in the columns represent a significant difference (p < 0.05).

The behavior of β-carotene revealed higher stability under temperature and shear
conditions applied during the paste preparation, regardless of whether it was in an en-
capsulated or non-encapsulated form, with retention ranging from 59 to 87%. The lutein
stability was significantly higher in samples enriched with encapsulated GPE compared to
the sample with free GPE, varying from 51 to 89%. Regarding the testing conditions, 90 ◦C
and the shear rate of 100 1/s exhibited a larger detrimental effect on the carotenoids, either
free or in their encapsulated forms.

Carotenoids are classified into carotenes and xanthophylls, and the latter are more
polar. The first group, comprising pro-vitamin A carotenoids (β-carotene), demonstrated
greater stability. Higher retention of β-carotene in an aqueous medium may be due to
its physical stability towards environmental conditions. In contrast, the reactivity of
xanthophylls, such as lutein, is highly affected during food processing due to its structure,
characterized by the presence of oxygen in the molecule chain. Trapped oxygen within
the food matrix composed of water and oat flakes may contribute to the oxidation of the
carotenoids in the free guaraná peel extract, and as a result, this system led to the substantial
loss of lutein. Therefore, the encapsulation technique can reduce the degradation of this
component. Dhuique-Mayer et al. [56] assessed the stability of carotenes and xanthophylls
from citrus juice upon thermal treatment, and they suggested that the former may react
less in a polar solvent. Interestingly, on the opposite, when the stability of β-carotene and
lutein in oil (i.e., a non-polar solvent) was investigated during heat treatment, they found
that β-carotene had the highest reactivity [57].

Carotenoids have highly unsaturated chains and are easily oxidized. In addition, the
isomerization of these compounds also affects their stability through food processing [58,59].
During the preparation of the oatmeal paste, extrinsic and intrinsic factors can be consid-
ered the promoters of oxidation/isomerization reactions. Thermomechanical stress, the
incidence of light, and the presence of oxygen may be the main external reasons contribut-
ing to the loss of carotenoids. The composition of the food matrix, the physical status of
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the carotenoid, and the air incorporation into the sample may be considered the internal
factors affecting the active retention [27,60].

Indeed, degrading reactions are promoted by the structure of the carotenoid as
well as the factors mentioned previously. Similar results have been reported by other
researchers [61–63].

4. Conclusions

Microencapsulation of carotenoid-rich extract from guaraná peels enhanced its stability
over storage. The sample SD1:2 exhibited promising features among other formulations,
including high carotenoid content, suitable particle size, and intense color. The addition
of microparticles rich in bioactive compounds into oatmeal paste increased the onset and
peak temperature of starch but decreased its enthalpy. Further, it reduced the viscosity
of the system, whereas the opposite trend was observed for the samples with free GPE.
Overall, the gelatinization of oat flakes starch was affected by the decrease in accessible
water, due to the presence of the microparticles.

Testing conditions, such as temperature and shear, favored heat transfer and oxygen
incorporation in the system, reducing the total carotenoid content of the samples. In
addition, the treatment significantly altered the lutein content, when compared to β-
carotene. However, pigment loss decreased by encapsulation.

The recovery of bioactive components from by-products, such as β-carotene (provita-
min A) and lutein (recognized as an agent that prevents macular degeneration), reveals the
importance of the present research on adding value to a waste of a food process encourag-
ing sustainable development. In addition, the study of applications of these materials, as
suggested in the current work, represents a suitable trend for obtaining functional foods.
The range of oat products and derivatives is wide, including oatcake, oatmeal, and porridge,
which can be enriched with bioactive compounds to add health benefits. In addition, the
use of oats as an ingredient in newer sectors, such as plant proteins, has grown and has
opened up possibilities for applications and, consequently, new processes.
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Abstract: Vegetable beverages are a convenient strategy to enhance the consumption of horticultural
commodities, with the possibility of being fortified with plant by-products to increase functional
quality. The main objective was to develop a new veggie beverage from broccoli stalks and carrot
by-products seasoned with natural antioxidants and antimicrobial ingredients. Pasteurization, Ultra-
sound (US), and High Hydrostatic Pressure (HHP) and their combinations were used as processing
treatments, while no treatment was used as a control (CTRL). A shelf-life study of 28 days at 4 ◦C was
assayed. Microbial load, antioxidant capacity, and bioactive compounds were periodically measured.
Non-thermal treatments have successfully preserved antioxidants (~6 mg/L ΣCarotenoids) and sul-
fur compounds (~1.25 g/L ΣGlucosinolates and ~5.5 mg/L sulforaphane) throughout the refrigerated
storage, with a longer shelf life compared to a pasteurized beverage. Total vial count was reduced
by 1.5–2 log CFU/mL at day 0 and by 6 log CFU/mL at the end of the storage in HHP treatments.
Thus, the product developed in this study could help increase the daily intake of glucosinolates and
carotenoids. These beverages can be a good strategy to revitalize broccoli and carrot by-products with
high nutritional potential while maintaining a pleasant sensory perception for the final consumer.

Keywords: broccoli stalks; non-thermal processing; juices; revalorization; food loss; cold pressed;
phytochemicals

1. Introduction

During the last few years, consumers’ interest in new ready-to-eat plant products has
increased due to their fresh characteristics and high nutritional value [1–3]. Predominantly,
the consumption of cruciferous vegetables, such as broccoli, is linked to health benefits for
consumers associated with the high content of nutrients and phytochemicals, particularly
glucosinolates and phenolic compounds [4]. However, it is estimated that approximately
35–40% of the world’s broccoli production is lost or wasted [5]. Several studies have
demonstrated that the nutritional value of broccoli by-products is comparable to that of its
florets [6–8]. As a result, these by-products have the potential to serve as ingredients for
developing and/or fortifying new products, thereby reducing agricultural losses [4].
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In this way, for the present study, broccoli and carrot by-products have been chosen
due to their valuable nutritional and complementary compositions. In fact, broccoli is
rich in glucosinolates and their derived isothiocyanates, which have been demonstrated
to be potential anticarcinogenic and anti-inflammatory compounds [9–11]. Carrot has a
high carotene content, especially β-carotene, which is responsible for its orange color and
is widely known for its antioxidant and anti-inflammatory effects due to its prevention
against oxidative stress [12].

Beverages containing fruit and vegetable by-products as ingredients could have a
high content of bioactive compounds, making them attractive to consumers [1]. However,
these plant products have a short shelf life limited by the growth of certain microorganisms
such as mesophilic bacteria (>107), molds and yeast (>104), and the apparition of some
pathogens such as Listeria or Salmonella [13,14]. Traditionally, the industry commonly
applies physical thermal treatments, such as pasteurization, to destroy microorganisms
and inactivate enzymes that shorten the commercial shelf life. Nevertheless, such physical
treatments may have a negative impact on the sensory and nutritional quality of these fresh
products [15].

Consequently, there is growing interest in emerging non-thermal processing treatments
such as ultrasounds (US) and high hydrostatic pressures (HHP). HHP is a non-thermal
physical preservation technology where the packaged product is exposed to high pressures,
typically around 500 MPa [16–18]. These conditions guarantee microbiological safety with-
out an increase in temperature during the process (around 35 ◦C), while maintaining the
nutritional value and fresh characteristics of the product [19]. On the other hand, the US
can increase the shelf-life of vegetable products through cell disruption without negatively
impacting their bioactive compounds [20,21]. The effectiveness of these emerging technolo-
gies has been demonstrated in different foods. It has been reported that the combined HHP
and US have a positive effect on the physicochemical and nutritional quality of cold-brew
tea, guaranteeing its microbiological safety [22].

Other researchers have previously studied the development of vegetable beverages
enriched with broccoli by-products rich in sulfur compounds [23]. However, to the best of
our knowledge, a broccoli stalk beverage as its main ingredient was not earlier reported in
the scientific literature, which is the main novelty of the present work. The mixture with
other fruit and vegetable commodities and derivates rich in other compounds, such as
carotenoids, can be convenient. For instance, a blend of broccoli stalk juice with carrot juice,
as a main source of sugars to improve sensory perception and carotenoids as antioxidants,
could be a good combination for beverage fortification.

The objective of this research was to explore the revalorization of vegetable by-products
by developing a new veggie beverage obtained from broccoli and carrot discards, mixed
with other natural antioxidant and antimicrobial ingredients. Then, conventional pas-
teurization and alternative HHP and US processing treatments, and their combinations,
were studied to preserve the microbiological and functional quality during a refrigerated
shelf-life of 28 days.

2. Materials and Methods

2.1. Beverage Formulation and Preparation

Broccoli stalks (Naxos F1 Hybrid Broccoli, Sakata) were provided by Grupo Lucas
(Murcia, Spain), making up 15% (w/w) of the harvested broccoli. On the other hand, carrots
not meeting the quality parameters of size and shape to be fresh commercialized were
used as by-products (Hortalizas Requena S.L., Murcia, Spain). These vegetables were
transported to the laboratory under refrigerated conditions, washed for disinfection with
chlorinated water (100 mg L−1 of free chlorine; pH 6.5; 5 ◦C, for 2 min), and rinsed with
cold (5 ◦C) tap water for 1 min. Then, carrots were cut into transverse slices, while broccoli
stalks were cut into longitudinal portions, taking care to remove browned areas. After
that, the cut vegetables were blanched in a microwave oven to inactivate the browning
enzymes [2,21,24]. For that, samples of 300 g of each product were exposed twice to 700 W
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during 2 min, with 1 min between the first exposition and the second. After blanching,
the ingredients were immediately cooled with ice, and then they were placed in trays
covered by a plastic film and kept under refrigeration (5 ◦C) for 16 h. After this time, they
were separately squeezed for juice extraction with a Robot Coupe J80 Ultra (Vincennes,
Île-de-France, France). Broccoli stalks yielded 37.5% of juice, and carrots 39.4%. Then, the
vegetable juices were elaborated according to the formulations shown in Table 1, previously
chosen based on their sensory perception by a trained panel of experts. The ingredients
were mixed and emulsified using a hand blender, which avoided the separation of fat from
the surface of the beverage. Samples of 125 mL were packaged into aseptic polypropylene
pouches (Infantino, San Diego, CA, USA) using a sterilized funnel. The presence of air
bubbles that could adversely interfere during processing treatments was avoided. Finally,
the pouches were hermetically closed with caps and stored at 4 ◦C, which was monitored
with a Tinytag ULTRA 2 Data logger (TGU-4500; Chichester, UK).

Table 1. Recipe composition of vegetable juices elaborated.

Recipe Composition (%)

Broccoli stalk juice 82.5
Carrot by-product juice 17.5

EVOO 1
Lemon juice 0.25
Black pepper 0.1

Salt 0.1
Garlic powder 0.1

EVOO: Extra Virgin Olive Oil.

Physicochemical analyses, including pH, titratable acidity (TA), total soluble solid
content (SST), and color, were monitored in quintuplicate during the shelf-life study fol-
lowing the methods previously described in our research work [25]. Briefly, the standard
parameters L*, a*, and b* were recorded according to the CIE Lab system for color determi-
nation using a colorimeter (Konica Minolta CR-400). TA, determined by titration (automatic
titrator T50, Metter Toledo; Milan, Lombardia, Italy), and SST, measured with a handheld
refractometer (Atago N1; Tokyo, Kanto, Japan), were expressed as g citric acid 100 mL−1

and ◦Brix, respectively. The initial values of the blended juice before processing treatments
were: 45.7, 3.0, 19.0, 6.2, 6.2, and 0.1 for L*, a*, b*, pH, SST, and TA, respectively (specified
in Section 2.2, Table S1, and Figure 1).

Figure 1. Cont.
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Figure 1. L* (A), a* (B), b* (C), ΔE (D), and pH (E) change during 28 days at 4 ◦C in a broccoli
and carrot by-product beverage according to several processing techniques (n = 5). The ANOVA
information (*: p < 0.05; ***: p < 0.001) refers to the differences among treatments at the same
sampling time.

2.2. Processing Treatments and Storage Conditions

The applied processing treatments were:

• CTRL: Fresh blended beverage without any processing treatment. This treatment was
used as a control.

• P_90: Pasteurization (90 ◦C; 10 min) in an agitated water bath to ensure the temper-
ature distribution (J.P. Selecta, Barcelona, Spain). This temperature and time were
chosen according to our previous experiments and previous works on similar bever-
ages, since this kind of product with a pH >4.6 needs stronger thermal treatments to
avoid microbial spoilage [26–29].

• HHP_500_10: HHP (500 MPa, 10 min) using a high-pressure Iso-Lab system (Stansted
Fluid Power Ltd., Harlow, UK), as recommended by previous authors [2,30].

• US_50_10: US (720 W, 35 kHz, 50 ◦C, 10 min) using an ultrasound bath (Sonorex
Digiplus, Helsinki, Finland), based on previous works [26,31,32].

• US_50_5+HHP_500_5: US (720 W, 35 kHz, 50 ◦C, 5 min) combined with HHP (500 MPa,
5 min).

• US_50_10+HHP_500_10: US (720 W, 35 kHz, 50 ◦C, 10 min) combined with HHP
(500 MPa, 10 min).

Then, the samples were stored for 28 days at 4 ◦C (4 weeks), the minimum shelf-life
required for this kind of product in Spain, until they were analyzed. Microbiological quality
and bioactive compounds were periodically measured throughout storage as indicators
to assess the effectiveness of the preservation methods. The analysis was carried out on
five sampling days (0, 7, 14, 21, and 28). For each treatment, three samples were taken
on each sampling day, and physicochemical and microbial analyses were performed. The
samples intended for the determination of bioactive compounds and antioxidants were
frozen and stored at −80 ◦C to avoid alterations to these parameters until analysis.

2.3. Microbial Analyses

Mesophilic and psychrophilic aerobic bacteria, Enterobacteriaceae, and mold and yeast
were evaluated. For this, 10 mL of the sample were mixed with 90 mL of sterile peptone
water. Decimal dilutions were made with sterile peptone water, and seeding was performed
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on plates containing agar for total count (for mesophilic and psychrophilic aerobic bacteria),
McConckey agar (for Enterobacteriaceae), and dichlorane rose Bengal chloramphenicol
medium (for mold and yeast). The plates were incubated (in the incubator Incubate
(J.P. Selecta, Barcelona, Spain)) at 37 ◦C for 24–48 h (for bacteria) and 25 ◦C for 4 days (for
molds and yeasts). Microbial counts were reported as log CFU per mL with a detection
limit of 2 log (CFU/mL). The analysis was carried out in triplicate, and three dilutions per
treatment were analyzed on each sampling day.

2.4. Bioactive Compounds
2.4.1. Free Polyphenol Content (FPC) and Antioxidant Capacity (AC)

Extracts for FPC and AC were obtained from 250 μL of frozen samples mixed in
plastic tubes with 750 μL of methanol: water (80:20, v/v). The extraction was carried
out in triplicate with an orbital shaker (Stuart, Stone, UK) for 1 h at 200 rpm in darkness
at 4 ◦C. Finally, the extracts were centrifuged at 3220× g for 10 min at 4 ◦C, with the
supernatant being used for analysis. FPC determination was carried out according to
Singleton et al. [33] with some modifications. Briefly, 19 μL of the supernatant extract was
dispensed into a 96-well plate, followed by the addition of 29 μL of 1 N Folin–Ciocalteu
reagent. The plate was then incubated in darkness at room temperature (20 ◦C) for 3 min.
Then, 192 μL of Na2CO3 (0.4%) and NaOH (2%) were added, and the mix was incubated at
room temperature (in darkness) for 1 h. Finally, each sample was spectrophotometrically
measured at a wavelength of 750 nm in a microplate reader (Infinite PRO 2000, Tecan
Trading AG, Männedorf, Switzerland). The FPC was calculated using a gallic acid standard
and expressed as mg of gallic acid equivalent per L of sample.

The determination of AC was carried out following the DPPH method [4] and the iron
reduction power assay (FRAP) [34]. For the DPPH assay, 194 μL of DPPH solution were
added to 21 μL of extract in a 96-well plate. The mixture was incubated for 30 min at room
temperature (20 ◦C) in darkness. The absorbance was measured by changes at 515 nm. For
the FRAP method, 198 μL of daily FRAP solution were added to 6 μL of extract in a 96-well
plate. The mixture was incubated for 30 min at room temperature (20 ◦C) in darkness, and
the absorbance was measured by changes at 493 nm. For both methods, the antioxidant
capacity was calculated using a Trolox standard and expressed as mg of Trolox equivalents
per L of sample.

2.4.2. Carotenoid Content

The extraction and analysis of carotenoids were performed in triplicate, according
to Martínez-Zamora et al. [35], based on the method developed by Gupta et al. [36].
Carotenoids were quantified with an Ultra High Performance Liquid Chromatography
(UHPLC) instrument (Shimadzu, Kyoto, Japan) equipped with a C32 column, DGU-20A
degasser, LC-30CE quaternary pump, SIL-30AC autosampler, CTO-10AS column heater,
and SPDM-20A photodiode array detector. The carotenoid content (9-cis-β-carotene, 13-cis-
β-carotene, all-trans-β-carotene, and lutein) was expressed as mg per L of sample. For that,
β-carotene and lutein standards were used (Sigma-Aldrich, St. Louis, MO, USA).

2.4.3. Glucosinolate and Isothiocyanate Content

For the determination of glucosinolates, myrosinase inactivation, desulfated step,
purification, identification, and quantification were carried out in triplicate according
to Martínez-Zamora et al. [37] based on the method previously described by Kiddle
et al. [38]. The glucosinolate content (ds-glucoraphanin, ds-4-methoxy-glucobrassicin,
and ds-neoglucobrassicin) was expressed as mg per L of sample, and glucoraphanin (Phy-
toLab GmbH & Co. KG, Vestenbergsgreuth, Germany) was used as standard. Sulforaphane
was quantified using the DL-sulforaphane standard (Sigma-Aldrich, St. Louis, MO, USA),
and results were expressed as mg/L. Each sample was analyzed in triplicate. A UPLC
instrument (Shimadzu, Kyoto, Japan) equipped with a C18 column, DGU-20A degasser, LC-
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30AD quaternary pump, SIL-30AC autosampler, CTO-10AS column heater, and SPDM-20A
photodiode array detector was used as previously described [37] for both analysis.

2.5. Sensory Analysis

A trained panel consisting of five experts on fruit-and-vegetable-based products, includ-
ing brassica species, from the Institute of Plant Biotechnology (IBV), which belongs to the
Universidad Politécnica de Cartagena (UPCT) (Murcia, Spain), performed the sensory study.
Tests were conducted in a standard room [39] equipped with ten individual taste booths.

To select the base formulation for our product, an informal and preliminary study
was carried out comparing the main sensory characteristics among the prototypes of the
vegetable beverages. The panelists focused on optimizing the percentage of broccoli and
carrot juice following a previous study in which millennial consumers overall liking of
beverages was negatively correlated with the level of sweetness and earthy, carrot, beetroot,
and pear flavors. penalty analysis showed that beverages based on vegetables (smoothies)
need improvement, mainly dealing with sweetness, bitterness, and vegetable flavors [40].
Moreover, the decision was made due to the know-how of the research group about the
description and development of products based on brassicas [24,41]. Samples were served
into odor-free, disposable 50 mL covered plastic cups at room temperature and coded with
3-digit randomized numbers. Each judge tested ~10 g of each sample in a randomized
order. Water and unsalted crackers were provided to the judges for palate cleansing.

On the other hand, a descriptive sensory study was carried out, focusing on the
negative attributes “off-flavor”, “cooked flavor”, and “fermented flavor”, following the
descriptors included in previous studies [40,42]. These attributes were evaluated at each
sampling time to establish and limit the shelf life of the beverage. The scale was from 1 to 5
(1: absence; 2: slight presence; 3: moderate presence, as the consumption limit was decided
by the authors; 4: significant presence; and 5: extreme presence).

2.6. Statistical Analysis

Box plots and scatter graphs using XLSTAT Premium 2016 (Addingsoft, Barcelona,
Spain) were conducted. Results were analyzed using the SSPS program (IBM SPSS Statist cs,
Chicago, IL, USA). Data were submitted to analysis of variance (ANOVA), and significant
differences were determined using the Tukey test (p < 0.05). The results after Tukey’s test
using sampling time as a factor for each of the treatments are shown in tables. Figures show
the analysis of variance between treatments for each sampling time (n = 3).

3. Results and Discussion

3.1. Physicochemical Analysis

Figure 1 shows the statistics among treatments for CIELab color coordinates and pH
at each sampling time, while Table S1 shows both statistics among sampling times for each
treatment and among treatments at each sampling time. On processing day, a significant
effect of treatments on L* values were observed, especially with thermal pasteurization
showing the lowest luminosity (L* values). The same trend was detected for b* (Figure 1).
Related to a*, the US_50_10+HHP_500_10 treatment showed differences in the first 8 days
compared with the rest of the treatments, with the US_50_10 + HHP_500_10 treatment
having the highest value. The ΔE of samples varied between 0.0 and 7.4, considering all the
treatments and sampling days. Values ranging from 0.0 to 0.5 mean no color differences;
from 0.5 to 1.0 means a difference only perceivable for experienced observers; from 1.0 to
2.0 means a minimal color difference; from 2.0 to 4.0 means a perceivable color difference;
and more than 4.0 means a significant color difference [43]. In that sense, finding low
ΔE values indicates high similarity to the ideal color of the fresh beverage and means
that the treatment was good for preserving color and storability. At day 0, no significant
color differences were detected in HHP_500_10, US_50_10, and US_50_5+HHP_500_5
(values < 4.0) compared to CTRL. However, a significant effect (ΔE higher than 4.0) was
observed after P_90 and US_50_10+HHP_500_10 samples, respectively.
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Storage time also affected color parameters. L* tended to decrease during shelf life,
with a decrease after 8 days, except for the pasteurization treatment, which remained
stable after a high initial decrease (Table S1). The a* values increased throughout storage
at 4 ◦C for the treatments CTRL, P_90, and US_50_10. For the remaining treatments,
there were no differences during storage (Table S1). As expected, ΔE levels gradually
increased throughout storage in all treatments except for pasteurization (P_90) and the
combination of US and HHP (US_50_10+HHP_500_10). The samples CTRL, HHP_500_10,
US_50_10, and US_50_5+HHP_500_5 after 8 d at 4 ◦C showed different ΔE values compared
to the fresh beverage. As the differences in color (>4.0) were observed after treatments,
there was no variation in ΔE during storage. The values found were lower than those
obtained in previous studies in which a red smoothie was developed (based on broccoli
and carrot, with tomato, red pepper, and spices), with the ΔE of untreated and heat-treated
smoothies between 8.6 and 34.7 [25]. Untreated samples during shelf life reached around
20 units higher ΔE than the treated ones. The authors of this study proposed that thermal
inactivation of browning enzymes, specifically polyphenoloxidase and peroxidase, will
lead to a reduction in ΔE values [25]. In our research, we applied a pre-juicing step
involving microwaving the plant material to effectively inactivate a great amount of such
browning enzymes.

The initial pH of the untreated beverage (6.2) was higher than the values reported
by other authors in a similar formulation [25]. The pH did not change after the thermal
and non-thermal treatment (0 d 4 ◦C) and during 21 days of storage (Figure 1), at which
point differences were observed. From that day onwards, the CTRL and US_50_10 samples
showed a decrease in pH, probably related to the microbial growth, as shown in Figure 2
and Table S2.

Figure 2. Aerobic mesophilic bacteria (A), psicrophylles (B), mold and yeast (C), and enterobacteria
(D) (log CFU/mL) changes during 28 days at 4 ◦C in a broccoli and carrot by-products beverage
according to several processing techniques (n = 3). The ANOVA information (***: p < 0.001) refers to
the differences among treatments at the same sampling time.
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3.2. Microbial Load

Figure 2 depicts the effects of treatments on the microbial load, while Table S2 shows
the numerical data and the statistics at different sampling times and among the studied
treatments. The P_90, HHP_500_10, US_50_5+HHP_500_5, and US_50_10+HHP_500_10
processing treatments reduced the mesophilic bacteria by 1.5–2.0 log CFU/mL at day 0,
which in turn resulted in a reduction of even 6 log CFU/mL at the end of the shelf-life
compared to CTRL treatment. In this sense, treatments allowed a reduction of the microbial
load by 27–36% from the beginning of the experiments in comparison with CTRL samples,
which ensured the microbial safety of these beverages. Nevertheless, US_50_10 treatment
seems to reach a similar mesophilic bacteria load to CTRL-untreated samples; therefore,
CTRL and US broccoli-carrot beverages remain microbiologically stable for up to 15 days
at 4 ◦C. After that, an increase in microbial counts was observed, making the consumption
of this product not advisable. Further microbial analysis of pathogenic bacteria must be
performed in order to meet EU legislation for such products, although exceeding the limit
of 107 in the aerobic mesophilic bacteria counts after 15 days of storage already indicates the
loss of microbiological quality of the CTRL and US_50_10 beverages. The same trend was
observed for psychrophilic bacteria, as can be seen from the data in Table S2 and Figure 2.
Contrary to this, US has been demonstrated to be effective for the reduction and inhibition
of microbial growth due to the cavitation force made by this technology [44], leading to the
production of free radicals, the rupture of the cell membrane, and a localized temperature
increase, which has been demonstrated to be effective in different fruit juices yet [45].

For enterobacteria and mold and yeast, all treatments had a reducing effect on the
microbial load at day 0 compared to CTRL and US_50_10 treatments, respectively (Figure 2).
At day 7, the enterobacteria, mold, and yeast loads of all treatments reached a steady
state. This can be attributed to differences in the competitive abilities among groups of
microorganisms, with mesophilic and psychrophilic bacteria showing higher survival rates
compared to enterobacteria, molds, and yeasts under the specific conditions observed in
this study [46].

US has been considered a good tool to preserve fruit juices with a low pH, and
probably that is the reason why this technology was not effective in the present work, with
a nearly neutral pH of the broccoli-carrot beverage that favored the microbiological growth
of competing mesophilic bacteria.

3.3. Free Polyphenolic Content (FPC) and Antioxidant Capacity (AC)

Figure 3 and Table S3 show FPC and AC indicating differences among treatments
at each sampling time and among sampling times. FPC by the Folin–Ciocalteau method
measures the reducing capacity of compounds with the Mo6+ complex [33]. The method
is not specific to polyphenols because other reducing compounds, such as ascorbic acid,
sugars, and proteins, are also included in the quantification. Most of those compounds are
heat-sensitive and are also degraded during cold storage. Pasteurized samples showed an
important reduction of FPC compared to CTRL just after treatment on 0d. Then, significant
differences among treatments at all sampling times were noticed, with P_90 presenting
the lowest values. This behavior can be explained by the fact that above 60–70 ◦C, most
antioxidant compounds, such as ascorbic acid and phenolics, can be degraded [47]. During
cold storage, a reduction of FPC compared to the initial values for all the treatments was
found (Table S3), being significant after 8 d at 4 ◦C for P_90 and US_50_10 and after 15 d
at 4 ◦C for CTRL, HHP_500_10, US_50_5+HHP_500_5, and US_50_10+HHP_500_10. This
reduction can be explained by the degradation of phenolic compounds during storage that
are continuously acting as antioxidants during this period against the oxidative damage
produced by the senescence of the product. This effect can be easily detected through
spoilage or the reduction of quality during the shelf life that has been widely demonstrated
in several food matrixes [48,49].

105



Foods 2023, 12, 3808

Figure 3. Free polyphenolic content (mg GAE/L) (A), FRAP (B), and DPPH (mg TE/L) (C) changes
during 28 days at 4 ◦C in a broccoli and carrot by-products beverage according to several processing
techniques (n = 3). The ANOVA information (*: p < 0.05; **: p < 0.005; ***: p < 0.001) refers to the
differences among treatments at the same sampling time.

In the case of US-treated samples, it can be appreciated as these beverages have shown
a higher content of FPC, which can be justified by the fact that cavitation phenomena form
during sonication. This phenomenon can promote the extraction of phenolic compounds
and carotenoids [29,50], which justifies the increase in FPC of studied beverages treated
with US, single or combined with HHP.

The FRAP assay measures the reduction of the ferric ion (Fe3+)-ligand complex to
the intensely blue-colored ferrous (Fe2+) complex by antioxidant compounds in an acidic
medium [34]. FRAP values presented the same trend observed for FPC. In our study, a sig-
nificant Pearson correlation between FRAP and FPC was observed (0.893; p-value < 0.0001;
R2 = 0.797). The main reason is that both are based on a single electron transfer reaction: in
the presence of an antioxidant, Fe3+ gets reduced to Fe2+ and Mo6+ to Mo5+, respectively.

Finally, the DPPH assay measures the presence of antioxidant compounds thanks to a
single electron and hydrogen atom transfer reaction, being the most powerful in scavenging
DPPH radicals, the structural classes of catechins (flavan-3-ols), proanthocyanidins, and
flavonols [51]. As shown in Table S3 and Figure 3C, the results obtained through this
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method showed a different trend compared to FRAP and FPC content. In this sense, a
significant, although low, Pearson correlation between DPPH and FPC was observed (0.462;
p-value = 0.005; R2 = 0.213). After processing treatments, HHP_500_10 had the highest
antioxidant capacity, followed by P_90, US_50_10+HHP_500_10, US_50_5+HHP_500_5,
US_50_10, and CTRL. However, after four weeks of refrigerated storage, all the studied
treatments tended to lose their DPPH scavenging activity by reducing between 2.3 and
4.3 fold compared to the initial values after processing.

The differences in results obtained for the different methods can be justified by the
fact that this method measures the ability to scavenge DPPH free radicals in a methanolic
medium, in which hydrophilic and hydrophobic antioxidants are included [51]. In this
sense, carotenoids, and particularly β-carotene, are the main antioxidants found in carrots,
and they are very stable even at high temperatures; hence, they are not destroyed by heat
treatments, as P_90 [52]. As previously reported during the processing of Momordica
charantia fruit or in fruit beverages, heat treatment (90–100 ◦C) for a short time could
increase carotenoid availability as well as other antioxidant compounds that are highly
non-heat-sensitive, such as flavan-3-ols or flavonols, while decreasing non-enzymatic
browning during storage [28,53]. Furthermore, the low correlation, although significant,
found between FPC and DPPH in the present study can also be explained by the fact that
the Folin method is specific for phenolic compounds and carotenoids are not detected. This
hypothesis is based on previous findings in orange, carrot, and tomato juices, which have
shown increaments in the carotenoid and DPPH activity after a pasteurization process [54].
These authors showed increases by ~12% in the carotenoids and AC values in orange juices
after 1 min at 90 ◦C and 30 s at 70 ◦C regarding a HHP treatment of 400 MPa per 1 min at
40 ◦C [54]. The same authors also reported a similar behavior in traditional pasteurized
tomato juices [55]. More recently, Dallagi et al. have shown that processing conditions can
also enhance the AC and carotenoids values of carrot juices by blanching at 95 ◦C for 9 min,
which reported the highest yield of carotenoids and AC measured by DPPH [56].

3.4. Carotenoids and Sulfur Compounds Content

Non-significant differences were observed among treatments and sampling times
regarding bioactive compound content (data shown in Table S4). A boxplot and a scatter
graph were represented to better explain the obtained results. The boxplot includes each
group of functional compounds (Figure 4). The red crosses correspond to the means; the
central horizontal bars are the medians; the lower and upper limits of the box are the first
and third quartiles, respectively; and the blue dots are the minimum and maximum values.
The horizontal width of the box has no statistical significance. On the other hand, the scatter
graph was included to show the individual carotenoids and glucosinolates. The red crosses
correspond to the means; the central horizontal red bars are the medians; and the lower
and upper black dots are the minimum and maximum values. Despite the treatment, the
resulting beverage offers a potential means to enhance the recommended daily intake of
carotenoids [57]. A single serving (250 mL) of the beverage contains approximately 1.5 mg
of ∑carotenoids, covering 30%. This valuable contribution to carotenoid consumption
makes the beverage a promising dietary option for promoting overall health and nutrition.

Given the low sensitivity of the carotenoids to heat treatments [57], it is coherent that
in our research no differences were found between heated and non-heated samples. This
can be due to the previous blanching with microwave technology, a treatment that was
aimed at inhibiting browning and carotenoid-degrading enzymes [53]. The most common
carotenoids in European diets are α-carotene, β-carotene, and lutein, among others. Among
the food constituents that were the subject of the evaluation for obtaining the authorized
claims by the EFSA panel, ‘carotenoids from fruits and vegetable juices’ are related to
health claims effects described as ‘antioxidant properties/protection of DNA’, ‘health
during pregnancy/bioavailability’, and ‘skin protector’ [58]. Different carotenoids may
have different antioxidant and pro-vitamin A activities and a different capacity to absorb
UV radiation in the tissues where they are accumulated [58]. The EFSA Panel concluded
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that a cause-and-effect relationship cannot be established between the consumption of
carotenoids and the claimed advantages considered in this section; however, there is
scientific evidence that reports the above-mentioned properties. Despite non-authorized
claims for carotenoids, it is important to note that the condition of use ‘carotenoids from
fruits and vegetable juices’ for ‘carotenoids contained in this product ensure antioxidant action
and protective effect on the organism’ was subject to the following conditions of use: 4 mg, and
30% of observed intakes per day (1.5 mg) [58].

Figure 4. Box-plot and scatter-graphs of ∑Carotenoids and individuals carotenoids (A),
∑Glucosinolates and individuals glucosinolates (B), and sulforaphane (SFN) (C) of the studied
treatments during the shelf life study.

Thermal processing conditions degrade sulfur and other non-sulfured compounds
such as vitamins and phenolics. Previous reports indicated that temperature and exposure
time should be kept as low as possible. Several studies concluded that steaming is the most
efficient process to retain glucosinolates in cruciferous vegetables when compared with
blanching, microwaving, and other processing technologies [59]. In our research, no differ-
ences were found between heated and non-heated samples because previous blanching
with microwave technology was applied to the vegetal material; this treatment was aimed
at inhibiting degrading enzymes [60–62]. It has been well documented in the scientific
literature that isothiocyanates derived from glucosinolates have significant connections
with immune health. Despite non-authorized claims for glucosinolates, it is convenient to
highlight that the condition of using ‘glucosinolates’ for ‘Foods containing glucosinolates help
strengthen our body’s defenses (glucosinolates as precursors to contribute to the proper functioning
of the cells/support) a proper functioning immune system’ was subject to the following condi-
tions: phytoconstituent’s content in vegetables expressed in comparison with the daily
needs and threshold for activity: up to 20 mg. Although the EFSA Panel considered that
the claimed effects are general and non-specific (not sufficiently defined, and no further
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details were given in the proposed wording, the references, or the clarifications provided by
Member States), the product developed in this study could help to increase the daily intake
of glucosinolates. Around 20 mg of ∑glucosinolates should be within a 25 mL serving of
this developed beverage [63].

On the other hand, despite non-authorized claims for sulforaphane (derived from
glucosinolates), it is important to note that the unique condition of using ‘sulforaphane’
from ‘broccoli sprouts can enhance antioxidant activity and boost the elimination of free
radicals’. This was subject to the following conditions of use: “Verify levels present in the
Broccoli strain used by analysis. We need to confirm that the seed variant used to produce the
product is one of the variants producing elevated levels of sulforaphane. Not all broccoli seeds do. To
also refer to the consumption of broccoli sprouts in a balanced diet as part of the “Five a day” dietary
recommendations” [64].

The impact of pasteurization at 90 ◦C on the beverages resulted in a reduction of 35%
in SFN compared to the CTRL and the rest of the treatments. This decrease could have
been previously expected since myrosinase activity is inhibited at temperatures above
70 ◦C, leading to the inability to convert glucoraphanin into sulforaphane [65,66]. The
SFN content in the beverages treated with green technologies remained the same as the
untreated ones (CTRL). These observations are consistent with the findings of those who
demonstrated that combining green technology with temperature (blanching at 60 ◦C for
4 min) resulted in the highest SFN content in broccoli florets, mainly due to the reduced
myrosinase activity [67].

3.5. Sensory Analysis

As mentioned in Section 2.5, a value of 3 denotes the limit of consumption due to
tolerable off-flavor and cooked flavor; this value is the midpoint of the scale selected for
the descriptive evaluation. Undesirable sensory attributes (off-flavor, cooked flavor, and
fermented flavor) were not found on processing day in the samples, except P_90 (1.5, 2.5,
and 0, respectively). During the shelf life of CTRL and P_90 treatments, off-flavor made the
rating values be above 3 from day 14 onwards. As to cooked flavor, P_90 reached 3 at 7 d at
4 ◦C, which was unacceptable on the following days. Fermented flavor at unacceptable
values was found in CTRL samples at 14 d 4 ◦C. The remaining treatments did not have
attribute values equal to or greater than three during their lifetime, which justified that
their shelf life was greater than 28 days.

4. Conclusions

An innovative seasoned veggie beverage made of broccoli and carrot by-products has
been developed within a circular economy scenario. Broccoli stalk by-products, as inedible
parts usually wasted in the industry, have been revalorized and applied as sources of
bioactive compounds to biofortify the beverage. In addition, due to the application of green
processing treatments as HHP (single or combined with US), health-promoting compounds
as carotenoids (~6 mg/L ΣCarotenoids) and sulfur compounds (~1.25 g/L ΣGlucosinolates
and ~5.5 mg/L sulforaphane) have been preserved during a refrigerated shelf-life period
of 4 weeks, in which the total microbial counts were reduced by ~1.5–2 log CFU/mL at day
0, and by ~6 log CFU/mL at the end of the storage thanks to these technologies applied in
combination. Nevertheless, this technique must be optimized, finding the best conditions
or combinations with other sustainable processing technologies to ensure food safety while
preserving functional and sensory quality.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/foods12203808/s1, Table S1: L*, a*, b*, ΔE, and pH changes
during 28 days at 4 ◦C in a broccoli and carrot by-products beverage according to several processing
treaments; Table S2: Aerobic mesophilic bacteria, psychrophiles, mold & yeast, and enterobacteria
(log CFU/mL) changes during 28 days at 4 ◦C in a broccoli and carrot by-products beverage according
to several processing treaments; Table S3: Free polyphenolic content (mg GAE/L), FRAP, and DPPH
(mg TE/L) changes during 28 days at 4 ◦C in a broccoli and carrot by-products beverage according to
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several processing treaments; Table S4: Range of individual identified carotenoids and glucosinolates
content (mg/L) during 28 d refrigeration (from 0 to 28 d).
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Attractive By-Product Ingredient: Effect on Batter Behaviour, Technological Properties and Sensory Quality of Gluten-Free Mini
Sponge Cake. Int. J. Food Sci. Technol. 2019, 54, 1121–1129. [CrossRef]

8. Domínguez-Perles, R.; Martínez-Ballesta, M.C.; Carvajal, M.; García-Viguera, C.; Moreno, D.A. Broccoli-Derived By-Products—A
Promising Source of Bioactive Ingredients. J. Food Sci. 2010, 75, C383–C392. [CrossRef]

9. Vanduchova, A.; Anzenbacher, P.; Anzenbacherova, E. Isothiocyanate from Broccoli, Sulforaphane, and Its Properties. J. Med.
Food 2019, 22, 121–126. [CrossRef]

10. Ho, E.; Clarke, J.D.; Dashwood, R.H. Dietary Sulforaphane, a Histone Deacetylase Inhibitor for Cancer Prevention. J. Nutr. 2009,
139, 2393–2396. [CrossRef]

11. Clarke, J.D.; Dashwood, R.H.; Ho, E. Multi-Targeted Prevention of Cancer by Sulforaphane. Cancer Lett. 2008, 269, 291–304.
[CrossRef] [PubMed]

12. Arscott, S.A.; Tanumihardjo, S.A. Carrots of Many Colors Provide Basic Nutrition and Bioavailable Phytochemicals Acting as a
Functional Food. Compr. Rev. Food Sci. Food Saf. 2010, 9, 223–239. [CrossRef]

13. Bevilacqua, A.; Petruzzi, L.; Perricone, M.; Speranza, B.; Campaniello, D.; Sinigaglia, M.; Corbo, M.R. Nonthermal Technologies
for Fruit and Vegetable Juices and Beverages: Overview and Advances. Compr. Rev. Food Sci. Food Saf. 2018, 17, 2–62. [CrossRef]
[PubMed]

110



Foods 2023, 12, 3808

14. Nieva, S.G.; Jagus, R.J.; Agüero, M.V.; Fernandez, M. V Fruit and Vegetable Smoothies Preservation with Natural Antimicrobials
for the Assurance of Safety and Quality. LWT 2022, 154, 112663. [CrossRef]

15. Salar, F.J.; Periago, P.M.; Agulló, V.; García-Viguera, C.; Fernández, P.S. High Hydrostatic Pressure vs. Thermal Pasteurization:
The Effect on the Bioactive Compound Profile of a Citrus Maqui Beverage. Foods 2021, 10, 2416. [CrossRef] [PubMed]
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Abstract: Lingonberry (Vaccinium vitis-idaea L.) fruits are important Ericaceous berries to include in a
healthy diet of the Northern Hemisphere as a source of bioactive phenolics. The waste generated
by the V. vitis-idaea processing industry is hard-skinned press cake that can be a potential source
of dietary fiber and has not been studied thus far. In this study, water-soluble polysaccharides of
V. vitis-idaea press cake were isolated, separated, and purified by ion-exchange and size-exclusion
chromatography. The results of elemental composition, monosaccharide analysis, ultraviolet–visible
and Fourier-transform infrared spectroscopy, molecular weight determination, linkage analysis, and
alkaline destruction allowed us to characterize two polyphenol–polysaccharide conjugates (PPC) as
neutral arabinogalactans cross-linked with monomeric and dimeric hydroxycinnamate residues with
molecular weights of 108 and 157 kDa and two non-esterified galacturonans with molecular weights
of 258 and 318 kDa. A combination of in vitro and in vivo assays confirmed that expressed antioxidant
activity of PPC was due to phenolic-scavenged free radicals, nitrogen oxide, hydrogen peroxide,
and chelate ferrous ions. Additionally, marked hypolipidemic potential of both PPC and acidic
polymers bind bile acids, cholesterol, and fat, inhibit pancreatic lipase in the in vitro study, reduce
body weight, serum level of cholesterol, triglycerides, low/high-density lipoprotein–cholesterol,
and malondialdehyde, and increase the enzymatic activity of superoxide dismutase, glutathione
peroxidase, and catalase in the livers of hamsters with a 1% cholesterol diet. Polysaccharides and
PPC of V. vitis-idaea fruit press cake can be regarded as new antioxidants and hypolipidemic agents
that can be potentially used to cure hyperlipidemic metabolic disorders.

Keywords: Vaccinium vitis-idaea; lingonberry; polysaccharides; polyphenol–polysaccharide conjugates;
arabinogalactan; galacturonan; antioxidant activity; hypolipidemic activity

1. Introduction

The food industry produces more than one billion tons of waste per year, and the
largest part is secondary products generated after mechanic procedures of cleaning, peeling,
and pressing of fruits, vegetables, and berries [1]. Recycling of agro-food wastes is the focus
of scientists who are interested in eco-friendly technologies for waste processing, which
is an important problem of modern life [2]. The problem of fruit processing is of interest
to many scientists, but insufficient attention is paid to berry industry waste [3]; at best,
this type of waste is composted, and at worst, it is simply thrown away [4]. Among the
processed berries, the least attention is paid to hard-skinned berries derived from Vaccinium
and Ribes species, which is explained by the impossibility of its transformation into a puree
or a homogeneous mass, despite the use of heat treatment methods [5].
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Lingonberry (Vaccinium vitis-idaea L.) is one of the most common evergreen shrubs of
the Ericaceous family in the Northern Hemisphere; it grows in green moss dry coniferous
and mixed forests in the mountains, where it rises to the subalpine belt, and in the North,
where it reaches subarctic light forests [6]. The lingonberry produces hard-skinned fruits
that ripen in August–September as red multi-seeded spherical shiny berries, bearing a
dried calyx at the top with a sweet and sour taste. After the first frost, they become soft
and watery, and they can winter under snow until spring, but in spring, the berries fall
off at the slightest touch. The berries are the reason for the human commercial interest in
this plant, especially in the Siberian region, which offers a vast amount of land to allow the
collection of more than 50,000 tons of possible annual fruit volume [7].

The focus of lingonberry processing on an industrial scale involves high-waste produc-
tion as a juice, syrup, and jam, and the low-waste production as fruit drying and freezing [8].
The main residue of the high-waste production is a berry press cake, which may be more
than half of the initial fruit weight, and most of the fruit processing factories are faced with
some waste problems. A possible way to use the capacity of the secondary raw material is
isolation of valuable compounds and the development of new products [9]. Isolation of
phenolic-rich by-products is a good example of agri-food waste utilization for grapes [10],
pomegranates [11], bananas [12], olives [13], oranges [14], and apples [15], which are rich in
flavonoids, procyanidins, catechins, hydroxycinnamates, and chalcones [16]. The pomace
of chokeberry, blueberry [17], strawberry [18], blackberry [19], and currants [20] is a good
source of phenolic antioxidants and dietary fibers that can be used as bioactive products
and food additives [21]. In addition to phenolics, agro-industrial fruit waste is a source of
polymeric compounds as polysaccharides and polyphenol–polysaccharide conjugates with
antioxidant, immunomodulatory, antiobesity and other bioactivities [22].

The phenolics of lingonberry pomace were previously characterized when antho-
cyanins, catechins, flavonols, and phenolic acids showed antioxidant activity in ABTS•+

scavenging capacity and ORAC assays [23], and the extract of lingonberry pomace showed
anti-inflammatory properties by inhibition of the NF-κB pathway in LPS-stimulated THP-
1 monocytes and COX-2 activity [24]. In the context of deep processing of lingonberry
pomace, of special interest is the finding that unprocessed lingonberry pomace has hy-
polipidemic effects in in vitro assays [21], which may be explained by the high level of
dietary fibers or their specific structure. The pomaces of other Vaccinium (e.g., blueberries
and cranberries) showed in vitro binding of bile acids, which is caused, according to the
authors, by the high fiber content [25]. Although there is considerable chemical information
about metabolites of V. vitis-idaea for which flavonoids, catechins, procyanidins, simple
phenolics, and anthocyanins are prevalent [26–28], to date, there are no scientific data
on lingonberry fibers or polysaccharides. Only subspecies V. vitis-idaea ssp. minus was
studied and showed the presence of neutral and acidic polysaccharides in the water-soluble
fraction of polymers with antioxidant and α-glucosidase inhibitory activity [29]. Polysac-
charides of other berries, such as goji (Lycium barbarum) [30], highland blackberry (Rubus
adenotrichos) [31], and Cherokee rose (Rosa laevigata) [32] have proven their hypolipidemic
potential; thus, the wastes of lingonberry processing industries might be a possible source
of bioactive polymeric compounds.

As part of the ongoing study of Siberian lingonberry [27,28], the polymeric compounds
(polysaccharides and polyphenol–polysaccharide conjugates) from V. vitis-idaea press cake
produced after juice pressing were isolated, purified, characterized, and its antioxidant and
hypolipidemic potential was studied in in vitro and in vivo experiments.

2. Materials and Methods

2.1. Plant Material and Chemicals

Samples of V. vitis-idaea press cake obtained after the juice pressing (moisture content
of 88%) were purchased from Yagody Yakutii, Ltd. (Yakutsk, Russia). The plant material
was dried in the ventilated heat oven at 40 ◦C within 7–10 days and stored at 3–4 ◦C before
extraction. The reference standards were purchased from Sigma-Aldrich (St. Louis, MO,
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USA): polysaccharides-pectin from citrus peel (galacturonic acid ≥ 74.0%; No. P9135),
arabinogalactan from larch wood (No. 10830), starch from potato (No. 03967), and micro-
crystalline cellulose (No. Y0002021); hydroxycinnamates—ferulic acid (≥99%; No. 128708)
and sinapic acid (≥98%; No. D7927); bioactivity standards—Trolox (≥97%; No. 238313),
cholestyramine (No. 1133004), and simvastatin (≥97%; No. S6196).

2.2. Polysaccharide Fraction of V. vitis-idaea Press Cake (VVPS) Isolation

Dry and milled V. vitis-idaea press cake (55 kg) was extracted by hot water (90 ◦C;
press cake:water ratio of 1:12; 10 h) in an industrial extractor (1000 L) coupled with an
agitator, filtration unit, vacuum evaporator, condenser, and DNT-1.0 automatic control unit
(SBN-Impex, Moscow, Russia) (Figure 1).

Vaccinium vitis idaea
press cake (55 kg)

Hot water extraction
90° C, 1:12 (w/v), 10 h

95% Ethanol precipitation
1:4 (v/v)

Polyamide column
dephenolization

Cation exchanging
column demineralization

Sevag deproteination
CHCl3:BuOH (4:1)

Streptomyces griseus
protease deproteination

Dialysis
cut off 2 kDa

DEAE cellulose
fractionation

VVPS polysaccharide
fraction (2.04 kg)

DEAE H2O fraction
(140 g)

DEAE 0.1% NH4HCO3

fraction (16 g)

DEAE 0.3% NH4HCO3

fraction (36 g)

DEAE 0.5% NH4HCO3

fraction (40 g)

DEAE 1% NH4HCO3

fraction (8 g)

DEAE 1% NaOH fraction
(1.62 kg)

DEAE Sepharose Fast
Flow gel fractionation

DEAE 1% NaOH f1 fraction
(153 g)

DEAE 1% NaOH f2 fraction
(252 g)

DEAE 1% NaOH f3 fraction
(0.95 kg)

DEAE 1% NaOH f4 fraction
(7 g)

DEAE 1% NaOH f3DEAE 1% NaOH f

Figure 1. Flow chart for the extraction and fractionation of polysaccharides from Vaccinium vitis-
idaea press cake. Abbreviation used: VVPS, V. vitis-idaea total polysaccharide fraction; DEAE, di-
ethylaminoethyl cellulose; DEAE–sepharose fast-flow gel, diethylaminoethyl cellulose sepharose
fast-flow gel.

The water extract was filtered through industrial filter CUNO™ Self Cleaning Metal
Edge Filter Cartridge (200 μm; 3M Purification Inc., Meriden, CT, USA) and concentrated
20 times in vacuo, and the residue was mixed with 95% ethanol (1:4). The mixture was left
for 24 h, and the crude precipitate was filtered through the cellulose membrane followed by
drying, at 50 ◦C. The yield of crude precipitate was 3.2 kg (5.8% of press cake dry weight).
Dry crude precipitate (3 kg) was suspended in 60 L of distilled water, the temperature of
the mixture maintained at 60 ◦C for 1 h, and the resulting solution was filtered through
two sequential columns with polyamide (10 kg; Sigma-Aldrich, cat. No. 02395) and a
cation-exchanging column (KU-2-8, H+-form; Eco-Vita, St. Petersburg, Russia; 20 kg) eluted
with 100 L of distilled water (dephenolization and demineralization step). The water
eluate was reduced in vacuum, at 30 ◦C, to 3 L, and the residue was vigorously mixed
with a chloroform-n-butanol mixture (4:1) in the ratio of 1:1 and centrifuged (6000 rpm,
30 min) (Sevag deproteination step 1). Organic solvents were removed under vacuum,
and the water residue was incubated with protease from Streptomyces griseus (type XIV,
≥3.5 units/mg; 1 unit per 1 mL of polysaccharide solution; Sigma-Aldrich, cat. No. P5147),
at 35 ◦C, for 3 days (pronase deproteination step 2), and the Sevag deproteination step
was repeated. The final solution was dialyzed in benzoylated dialysis tubes (cut-off of
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2 kDa; Sigma-Aldrich, cat. No. D2272) against distilled water (48 h), and the non-dialyzed
residue was freeze-dried to give V. vitis-idaea total polysaccharide fraction (VVPS) as a
light-brownish powder in a yield of 2.04 kg (3.7% of press cake dry weight).

2.3. Diethylaminoethyl–Cellulose (DEAE–Cellulose) Fractionation of VVPS

The solution of VVPS (2 kg) in water (40 L) was passed through a DEAE–cellulose
52 column (10 kg; Sisco Research Laboratories Pvt. Ltd., New Delhi, India) in HCO3

−
form and eluted with water, NH4HCO3 solution (0.1%, 0.3%, 0.5%, 1%), and 1% NaOH
until there was a negative reaction with phenol–sulfuric acid reagent. All eluates were
dialyzed in benzoylated dialysis tubes (cut-off of 2 kDa; Sigma-Aldrich, cat. No. D2272)
against distilled water (48 h), and non-dialyzed residues were freeze-dried. The yields of
the DEAE–cellulose fractions were 140 g (DEAE–H2O), 16 g (DEAE–0.1% NH4HCO3), 36 g
(DEAE–0.3% NH4HCO3), 40 g (DEAE–0.5% NH4HCO3), 8 g (DEAE–1% NH4HCO3), and
1.62 kg (DEAE–1% NaOH).

2.4. DEAE–Sepharose Fast-Flow Gel Fractionation of the DEAE–1% NaOH Fraction

The solution of DEAE–1% NaOH (1.6 kg) in water (30 L) was passed through a DEAE–
sepharose fast-flow gel column (2 L; GE Healthcare, Chicago, IL, USA) and eluted with
water and NaCl solution (0.3%, 0.5%, 0.7%, 0.9%, 1.5%) for detecting the elution progress
spectrophotometrically at 190 and 270 nm. All eluates were dialyzed in benzoylated dialysis
tubes (cut-off of 2 kDa; Sigma-Aldrich, cat. No. D2272) against distilled water (48 h), and
non-dialyzed residues were freeze-dried. The yields of the DEAE–sepharose fast-flow gel
fractions were 153 g (DEAE–1% NaOH-f1; elution 0.5% NaCl), 252 g (DEAE–1% NaOH-f2;
elution 0.7% NaCl), 0.95 kg (DEAE–1% NaOH-f3; elution 0.9% NaCl), and 7 g (DEAE–1%
NaOH-f4; elution 1.5% NaCl).

2.5. Chemical Composition of VVPS and DEAE–Cellulose Fractions

Ready-to-use kits for spectrophotometric assays were applied to measure the total
carbohydrate content (High Sensitivity Carbohydrate Assay Kit, BioVision, Inc., Milpitas,
CA, USA; cat. No. K2049-100), uronic acids (D-Glucuronic/D-Galacturonic Acid Assay Kit,
Megazyme, Bray, Ireland; cat. No. K-URONIC), starch (Total Starch Assay Kit, Megazyme;
cat. No. K-TSTA-100A), protein (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific,
Waltham, MA, USA), and phenolics (Phenolic Compounds Assay Kit, Sigma-Aldrich; cat.
MAK365). Arabinogalactan–protein complex content was estimated colorimetrically using
Yariv reagent as described by Lamport et al. [33], and ash content was determined by the
AOAC Official MethodSM 942.05 using muffle furnace ignition at 600 ◦C [34]. All analyses
were performed five times, and the data were expressed as the mean value ± standard
deviation (S.D.).

2.6. Elemental Composition

A 2400 Series II elemental analyzer (Perkin Elmer, Waltham, MA, USA) was used for
analysis of carbon, hydrogen, oxygen, and nitrogen contents in the polysaccharides.

2.7. Monosaccharide Composition

The monosaccharide composition of polysaccharides was studied after trifluoroacetic
acid (TFA) hydrolysis, followed by 1-phenyl-3-methyl-5-pyrazolone (PMP) labeling and
HPLC with ultraviolet detection separation (HPLC–UV) as previously described with
modifications [35]. Polysaccharide samples (10 mg) were subjected to the hydrolysis
procedure with 1 mL of 2 M TFA using sealed ampoules incubated, at 120 ◦C, for 2 h.
After cooling, the mixture was centrifuged (6000× g, 15 min) and evaporated in vacuo to
remove TFA, and the residue was dissolved in 1 mL of distilled water. The hydrolyzed
samples (60 μL) were mixed with 25 μL of 1.5 M NaOH (in water) and 80 μL of 0.5 M PMP
(in methanol), incubated at 70 ◦C (2 h), cooled, and neutralized with 70 μL of 0.5 M HCl.
The samples were purified by adding double chloroform (1 mL), followed by vigorous
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agitation (30 s) and centrifugation (3000× g, 10 min). Finally, the organic phase was
removed, and the aqueous layer was analyzed by HPLC–UV. HPLC–UV separation of
PMP-labeled sugars was performed using a MiLiChrom A-02 microcolumn chromatograph
(Econova, Novosibirsk, Russia) coupled with a UV detector and microcolumn ProntoSIL-
120-5-C18 AQ (75 mm × 1 mm × 1 μm; Metrohm AG, Herisau, Switzerland) eluted in
gradient mode. A solution of 100 mM CH3COONH4 (pH 6.9) was eluent A, acetonitrile
was eluent B, and the following gradient program was used: 0–20 min for 20–26% B. The
parameters of column temperature, injection volume, and flow rate were 35 ◦C, 1 μL, and
150 μL/min, respectively. Chromatograms were recorded at 250 nm. Bidistilled water
stock solutions (1 mg/mL) of reference monosaccharides of mannose, ribose, rhamnose,
glucose, galactose, xylose, arabinose, fucose, galacturonic acid, and glucuronic acid were
prepared and PMP-labeled in the same manner before analysis (Figure S1). The calibration
curves were created by plotting the peak area vs. the concentration levels. All analyses
were performed in triplicate.

2.8. Ultraviolet–Visible (UV–Vis) Spectroscopy

The UV–Vis spectra were obtained using a SF-2000 UV–Vis spectrophotometer (OKB
Spectr, St. Petersburg, Russia) in the spectral range of 190–1000 nm using a quartz cell
(10 mm). Polysaccharide solutions (5 mg/mL) were prepared using bidistilled water.

2.9. Fourier-Transform Infrared (FTIR) Spectroscopy

An FT-801 Fourier-transform infrared spectrometer (Simex, Novosibirsk, Russia; fre-
quency 4000–600 cm−1) with 200 scans and 2-cm−1 resolution was used to acquire FTIR
spectra. Tablets with potassium bromide (spectroscopic grade) and sample in the ratio of
100:1 were produced by a GS15011 hydraulic press (Specac Ltd., Orpington, UK).

2.10. Molecular Weight Determination

A gel permeation–high performance liquid chromatography (GP–HPLC) procedure
was used for the molecular weight determination. Experiments were performed on an
LCMS 8050 liquid chromatograph coupled with a photodiode array detector (Shimadzu,
Columbia, MD, USA) using a Shim-pack Diol-150 column (250 mm × 7.9 mm × 5 μm;
Shimadzu) at a column temperature of 25 ◦C. The eluent was a 10 mM phosphate-buffered
solution (pH 7.0). The injection volume was 1 μL, and the elution flow was 1 mL/min.
Isocratic elution was applied, and chromatograms were integrated at 190 nm. A series
of dextrans (10–410 kDa; Sigma-Aldrich) were used to create a calibration curve. The
polysaccharide sample was dissolved in 10 mM phosphate-buffered solution (pH 7.0),
centrifuged (6000× g), and filtered through a 0.22-μm PTFE syringe filter before injection
into the HPLC system for analysis. All analyses were performed in duplicate.

2.11. Linkage Analysis

For linkage analysis, 10 mg of the polysaccharide was methylated by methyl iodide,
followed by hydrolysis of the permethylated product using 90% formic acid and 2 M TFA,
NaBH4 reduction, and acetylation with acetic anhydride [36]. Partially methylated alditol
acetates were analyzed by gas chromatography–mass spectrometry using a 5973N gas
chromatograph mass spectrometer (Agilent Technologies, Santa-Clara, CA, USA) equipped
with a 6890N mass selective detector, a diffusion pump, and an HP-Innowax capillary col-
umn (Agilent Technologies; 30 m × 250 μm × 0.50 μm) within a programmed temperature
range of 150 to 250 ◦C, at a rate of 2 ◦C/min, with helium as the carrier gas (flow rate
of 1 mL/min) [37]. The temperature of the transfer line and ion source was 280 ◦C. The
sample injection volume was 1 μL with a split ratio of 50:1, and the scanning range was
m/z 30–400. All analyses were performed in triplicate.
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2.12. Alkaline Destruction and Analysis of Degradation Products by High-Performance Liquid
Chromatography with Photodiode Array Detection and Electrospray Ionization Triple Quadrupole
Mass Spectrometric Detection (HPLC–PDA–ESI–tQMS)

Alkaline hydrolysis of the polysaccharides was performed as previously described
using 10% potassium hydroxide solution heating, 80% H2SO4 neutralization, and liquid–
liquid extraction with ethyl acetate [38]. Degradation products were analyzed by high-
performance liquid chromatography with photodiode array detection and electrospray
ionization triple quadrupole mass spectrometric detection (HPLC–PDA–ESI–tQMS) using
an LC-20 Prominence liquid chromatograph coupled with an SPD-M30A photodiode array
detector (wavelength range 200–600 nm), and an LCMS 8050 triple quadrupole mass
spectrometer (Shimadzu, Columbia, MD, USA) with two-eluent gradient elution [39]. The
management of the LC–MS system was realized by LabSolution workstation software
equipped with an internal LC–MS library. The final identification of metabolites was
performed after an integrated analysis of retention time, ultraviolet spectra, and mass
spectra in comparison with reference standards and literature data. The relative content of
phenolic acids was calculated using calibration curves created using reference substances
(ferulic acid, sinapic acid), methanolic solution (1–100 μg/mL) analysis, and by building
concentration–peak area graphs. Contents of diferulic and triferulic acids were calculated
as ferulic acid equivalents, and disinapic acid was measured as sinapic acid equivalents.
All quantitative analyses were performed five times, and the data were expressed as the
mean value ± standard deviation (S.D.).

2.13. Hydrolysis of DEAE–1% NaOH-f1 and DEAE–1% NaOH-f2 by 2% Oxalic Acid

For mild hydrolysis of polymers DEAE–1% NaOH-f1 and DEAE–1% NaOH-f2, a
500-mg sample was heated with 2% oxalic acid (100 mL), at 100 ◦C, for 1 h, and the
hydrolysate was dialyzed in benzoylated dialysis tubes (cut-off of 2 kDa) against distilled
water (48 h), and non-dialyzed residues were freeze-dried. The yields of degraded polymers
were DEAE–1% NaOH-f1-d at 130.5 mg and DEAE–1% NaOH-f2-d at 146.5 mg.

2.14. Antioxidant Activity

In vitro microplate spectrophotometric assays of antioxidant activity were used to study
the potential of samples to scavenge 2,2-diphenyl-1-picrylhydrazyl radicals (DPPH•) [40], 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) cation radicals (ABTS+•) [35], superoxide
radicals (O2

•−) [39], hydroxyl radicals (OH•) [39], and chlorine radicals (Cl•) [41], as well
as nitric (II) oxide scavenging [42], hydrogen peroxide (H2O2) inactivating [43], and ferrous
ion (Fe2+) chelating activity [44]. All analyses were performed five times, and the data were
expressed as the mean ± S.D.

2.15. Hypolipidemic Activity
2.15.1. In Vitro Assays

The cholesterol binding capacity of polysaccharides was measured by the method
of Nagaoka et al. [45] and an enzymatic Amplex™ red cholesterol assay kit (Thermo
Fisher Scientific, Waltham, MA, USA; No. A12216). The bile acid binding properties
were studied using the Kim and White assay [46] with an enzymatic bile acid assay kit
(Sigma-Aldrich; No. MAK309). The fat binding capacity of polysaccharides was estimated
gravimetrically using the Jin et al. assay [47], and pancreatic lipase inhibition was studied
spectrophotometrically using p-nitrophenol palmitate as a substrate [48]. All analyses were
performed three times, and the data were expressed as the mean ± S.D.

2.15.2. In Vivo Assays

The experimental hyperlipidemia was reproduced using the recommendations of
Cheng et al. [49] with modification. Fifty male Golden Syrian hamsters (weight of 70–72 g;
BioNursery Stezar, Vladimir, Russia) were housed one per cage with a 12 h light/dark
cycle (humidity of 50–55%), and regular rodent cholesterol-free chow (Asortiment-Agro
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Company, Sergiev Posad, Russia) and free access to food and water were provided. After
two weeks of adaptation, the animals were weighed and divided into five groups (n = 10):
(1) the normal diet group; (2) the group with a 1% cholesterol supplementation diet; (3) the
group with a 1% cholesterol supplementation diet + simvastatin; (4) the group with a 1%
cholesterol supplementation diet + DEAE–1% NaOH-f2 polysaccharide; (5) the group with
a 1% cholesterol supplementation diet + with 1% cholesterol diet + DEAE–1% NaOH-f3
polysaccharide. The diets of all groups were switched to a high-fat diet except for the
normal diet group over a 3-month period. The general composition of the high-fat diet
was 10% lard, 10% yoke powder, 1% cholesterol, and 79% regular rodent cholesterol-free
chow. For the next six months, the animals were orally supplemented with simvastatin
(10 mg/kg/day; group 3), DEAE–1% NaOH-f2 polysaccharide (250 mg/kg/day; group 4),
and DEAE–1% NaOH-f3 polysaccharide (250 mg/kg/day; group 5). Animals in groups
1 and 2 received 0.9% NaCl solution. The experimental procedure was authorized by the
Institute of General and Experimental Biology’s Ethical Committee (protocol No. LM-0324,
27 January 2012) before starting the study and was conducted under the internationally
accepted principles for laboratory animal use and care. Serum concentrations of total
cholesterol, triglycerides, high-density lipoprotein–cholesterol, and low-density lipoprotein–
cholesterol were measured enzymatically using Sigma-Aldrich cholesterol assay kit (No.
MAK436), serum triglyceride determination kit (No. TR0100), and HDL and LDL/VLDL
quantitation kit (No. MAK045), and the malondialdehyde level was measured using a
malondialdehyde colorimetric assay kit (Elabscience Biotechnology, Inc., Houston, TX, USA;
No E-BC-K025-S). Liver superoxide dismutase, glutathione peroxidase, and catalase were
determined using Sigma-Aldrich SOD assay kit (No. 19160), glutathione peroxidase assay
kit (No. MAK437), and catalase assay kit (No. MAK100). All analyses were performed five
times, and the data were expressed as mean values ± S.D.

2.16. Statistical and Multivariate Analysis

Statistical analyses were performed by one-way analysis of variance, and the signifi-
cance of the mean difference was determined by Duncan’s multiple range test. Differences
at p < 0.05 were considered statistically significant. The results are presented as the mean ±
S.D. The linear regression analysis and generation of calibration graphs were conducted
using Advanced Grapher 2.2 (Alentum Software, Inc., Ramat-Gan, Israel).

3. Results and Discussion

3.1. Yield and Chemical Composition of V. vitis-idaea Press Cake Polysaccharides (VVPS) and
DEAE–Cellulose Fractions

Hot water extraction is able to isolate polysaccharides from the press cake V. vitis-
idaea, which is also typical for other vacciniums such as blueberry, cranberry [25], and
Manitoba lingonberry [29]. The total yield of V. vitis-idaea polysaccharide fraction (VVPS)
after hot water extraction, ethanol precipitation, polyamide column dephenolization, cation-
exchange demineralization, two steps of deproteination, and dialysis was 3.7% of dry press
cake weight (Table 1). The total carbohydrate level in VVPS was measured to be 92.89%,
which included uronic acids at 37.62% and starch at 2.04%. Non-carbohydrate constituents
were proteins at 1.67%, phenolics at 2.96%, and ash at 1.56%. The positive test with Yariv
reagent implied the presence of arabinogalactan–protein complexes (AGP) estimated as
0.29%. The early study of Vaccinium berry polysaccharide, indicating the presence of water-
soluble polymers in V. ashei, yielded 2.7% of dry berry weight and contained 37% of uronic
acids [50]. The purified water-soluble complex polysaccharide from the Northern manitoba
lingonberry had 2.1% yield and showed 36% of total carbohydrates, 4.7% of proteins, and
3.5% of phenolics [29].
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DEAE–cellulose separation of VVPS resulted in the preparation of six polymer frac-
tions eluted sequentially with water, ammonium bicarbonate (0.1–1%), and sodium hydrox-
ide (1%) (Table 1). The neutral fraction DEAE–H2O that eluted first with water showed
7% yield (of VVPS weight), high starch content (25.36%), the highest content of proteins
(3.85%), and AGP (3.44%) and no phenolics.

The subsequent elution with NH4HCO3 resulted in isolation of four minor fractions
with yields of 0.4–2.0%, and NaOH elution gave the dominant fraction DEAE–1% NaOH
with 81% yield. Non-water eluted fractions (DEAE-0.1% NH4HCO3 → DEAE–1% NaOH)
showed higher contents of uronic acids (0% → 39.67%), phenolics (0% → 3.54%), and
ash (0% → 1.90%) and reduced contents of the starch (9.27% → 0%) and AGP (0.86% →
0%). Polysaccharide fractions of V. vitis-idaea press cake obtained through DEAE–cellulose
separation were of various yields and chemical compositions.

3.2. Elemental Composition

The basic elements of polysaccharides are carbon, hydrogen, and oxygen, and the
general formula is CxHyOz. Fraction VVPS showed contents of C, H, and O at 39.08%, 6.14%,
54.52%, respectively, which is typical for carbohydrate polymers, and the composition of
the DEAE–cellulose fractions varied in the ranges of 38.94–39.96% (C), 6.10–6.67% (H), and
52.81–54.57% (O) (Table 2).

Table 2. Elemental composition and O/C, H/C ratio of VVPS and DEAE–cellulose fractions, %.

Polysaccharide Fraction C H O N O/C H/C

VVPS 39.08 6.14 54.52 0.26 1.395 0.157
DEAE-H2O 39.92 6.65 52.81 0.62 1.323 0.167

DEAE-0.1% NH4HCO3 39.96 6.67 53.08 0.29 1.328 0.167
DEAE-0.3% NH4HCO3 39.87 6.62 53.43 0.08 1.340 0.166
DEAE-0.5% NH4HCO3 39.22 6.21 54.57 - 1.391 0.158
DEAE-1% NH4HCO3 39.92 6.40 53.68 - 1.345 0.160

DEAE-1% NaOH 38.94 6.10 54.29 0.10 1.394 0.157
Hexose (C6H12O6), pentose

(C5H10O5) 40.00 6.67 53.33 - 1.333 0.167

Desoxyhexose (C6H12O5) 43.90 7.31 48.79 - 1.111 0.166
Hexuronic acid (C6H10O7) 37.11 5.15 57.74 - 1.556 0.138

Nitrogen content was at a zero level (DEAE–0.5% NH4HCO3, DEAE–0.5% NH4HCO3),
low (DEAE–0.3% NH4HCO3, DEAE–1% NaOH), or varied from 0.26% (VVPS) to 0.62%
(DEAE–H2O), which agreed with the previous chemical composition data. To better
visualize the elemental composition results, we used a Van Krevelen diagram [51] to plot
the atomic O/C ratio as a function of atomic H/C ratio (Figure 2).

Plant polysaccharides traditionally include hexoses, pentoses, hexuronic acids, and
desoxyhexoses as structural blocks that are located in the Van Krevelen diagram in different
places, creating a “monosaccharide triangle” reflecting extreme points of composition
for the possible carbohydrate polymer. Because the monosaccharide composition of the
polysaccharides varied in a wide range, the elemental composition data also varied. As
shown, VVPS and DEAE–cellulose fractions were inside the triangle, whereas the DEAE–
cellulose fraction eluted with water, 0.1%, and 0.3% NH4HCO3 were closer to the “neutral
angle” of hexose (pentose), demonstrating low acidic monosaccharide content. The VVPS
and DEAE–cellulose fractions eluted with 0.5% NH4HCO3 and 1% NaOH were in a lower
position, reflecting the presence of uronic acids. The DEAE–cellulose fraction eluted with
1% NH4HCO3 was in the middle position away from the triangle side Hexose(Pentose)–
Hexuronic Acid, which may be due to an increased content of desoxyhexoses.
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Figure 2. Van Krevelen diagram (correlation between O/C ratio and H/C ratio) for VVPS, DEAE–
cellulose fractions (labeled as eluent type), hexose (Hex), pentose (Pent), desoxyhexose (dHex), and
hexuronic acid (HexA) (a) and its enlarged fragment (b). Abbreviation used: VVPS, V. vitis-idaea total
polysaccharide fraction; DEAE, diethylaminoethyl cellulose.

3.3. Monosaccharide Composition

Monosaccharides found in the total polysaccharide fraction of VVPS were neutral
glucose, arabinose, and galactose in the ratio of 1.84:1.78:1.00 (58.2 mol% in sum) and
minor rhamnose, fucose, xylose, and ribose, as well as acidic galacturonic acid (35.4 mol%)
and glucuronic acid (0.6 mol%) (Table 3). The early data on Vaccinium polysaccharides
showed that the mountain cranberry fruit (V. vitis-idaea subsp. minus) polysaccharides
contain four basic neutral components of arabinose, glucose, galactose, and xylose in
the ratio of 6.34:1.73:1.01:1.00 (58.5% in sum) and uronic acids at 39.1% [29]. Caucasian
whortleberry fruit (V. arctostaphylos) polysaccharides were rich in arabinose (39.2 mol%),
galactose (21.0 mol%), and xylose (13.7 mol%) with 18.3% uronic acids [52]. The fruits of
rabbiteye blueberry (V. ashei) accumulate galacturonic acid in polysaccharides (37.3 mol%)
and to a lesser degree arabinose (29.7 mol%), glucose (15.5 mol%), and galactose (10.9
mol%) [50]. Glucose (41.0 mol%) and xylose (33.0 mol%) were the main monosaccharides of
European blueberries (V. myrtillus) [53], whereas arabinose (36.4 mol%), glucose (25.7 mol%),
and galactose (24.5 mol%) dominated in bog blueberries (V. uliginosum) [54]. Probably,
arabinose, galactose, glucose, and galacturonic acid are essential monosaccharides of
Vaccinium polysaccharides.

Table 3. Monosaccharide composition of VVPS, DEAE–cellulose fractions and Vaccinium fruits
polysaccharides (PS), mol%.

Polysaccharide Fraction,
Vaccinium Species

Ara Gal Glc Fuc Man Rib Rha Xyl GalA GlcA

VVPS 22.4 12.6 23.2 0.4 0.9 traces 4.6 traces 35.4 0.6
V. arctostaphylos PS [52] 39.2 21.0 6.3 - - - 1.5 13.7 18.3 *

V. ashei PS [50] 29.7 10.9 15.5 - 1.2 - 1.6 3.6 37.3 -
V. myrtillus PS [53] 4.0 4.0 41.0 - 3.0 - 1.0 33.0 14.0 1.0

V. uliginosum PS [54] 36.4 24.5 25.7 - 3.1 - - - 10.3 -
V. vitis-idaea ssp. minus PS [29] 26.8 8.6 14.6 0.3 0.8 - 1.3 8.5 39.1 *

DEAE-H2O 29.3 22.5 45.5 - 2.6 - - - - -
DEAE-0.1% NH4HCO3 25.5 27.8 41.4 0.5 4.8 - - - - -
DEAE-0.3% NH4HCO3 31.2 33.0 28.3 - 4.7 - - - 2.8 -
DEAE-0.5% NH4HCO3 22.0 29.4 11.5 - 2.9 0.1 4.4 0.3 27.7 1.7
DEAE-1% NH4HCO3 24.0 19.2 5.0 - 3.6 - 17.6 - 30.6 -

DEAE-1% NaOH 26.2 13.9 0.9 - 0.7 - 3.6 - 54.8 -

* Calculated as a sum of GalA and GlcA.
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DEAE–cellulose separation of VVPS resulted in isolation of polysaccharide fractions
of various monosaccharide compositions (Table 3). Two neutral fractions of DEAE–H2O
and DEAE–0.1% NH4HCO3 were composed mainly of glucose, arabinose, and galactose in
ratios of 2.02:1.30:1.00 and 1.49:0.92:1.00, respectively.

The subsequent fraction of DEAE–0.3% NH4HCO3 included 2.8 mol% of galacturonic
acid and a reduced level of glucose (28.3 mol%). The decreasing of neutral monosaccharides
and occurrence of rhamnose were detected in the DEAE–0.5% NH4HCO3 fraction with
29.4 mol% of uronic acids. The highest content of rhamnose was found in fraction DEAE–
1% NH4HCO3 (17.6 mol%), and the most acidic fraction was DEAE–1% NaOH with
37.8 mol% of galacturonic acid. These findings were in good correlation with the elemental
composition data and demonstrated the fine ability of sequential elution on the DEAE–
cellulose to separate the polysaccharide mixture.

3.4. Bioactivity of VVPS and DEAE–Cellulose Fractions of V. vitis-idaea Press Cake

Polysaccharides of various Vaccinium species are known antioxidants with a potency
to inactivate free radicals [52], chelate ferrous ions [50], and bind bile acids [25], making
them good antioxidative and lipid-lowering agents. The primary cause of antioxidant po-
tential for plant polysaccharides is phenolic constituents covalently bonded to carbohydrate
chains [55], while uronic aids are capable of binding metal ions, bile acids, and choles-
terol [56], providing the acidic polysaccharides with bioactivity. Given the diverse chemical
properties of V. vitis-idaea press cake polysaccharides, we assumed potency for both VVPS
and DEAE–cellulose fractions due to the high level of phenolics and uronic acids.

3.4.1. Antioxidant Activity

Eight in vitro assays were used to study the antioxidant properties of VVPS and
DEAE–cellulose fractions against the following free radicals: 2,2-diphenyl-1-picrylhydrazyl
radicals (DPPH•), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) cation radicals
(ABTS+•), superoxide radicals (O2

•−), hydroxyl radicals (OH•), and chlorine radicals (Cl•);
also, nitric (II) oxide scavenging, hydrogen peroxide (H2O2) inactivating, and ferrous ion
(Fe2+) chelating activity were examined (Table 4).

Comparative data of VVPS activity and Trolox used as a reference antioxidant demon-
strated the better potential of Trolox in scavenging DPPH•, ABTS+•, O2

•−, OH•, Cl•, and
H2O2 inactivation, but the total polysaccharide fraction VVPS was an effective scavenger
of NO molecules and chelator of Fe2+ ions. Interestingly, three commercially available
polysaccharides (i.e., pectin from citrus peel, starch, and arabinogalactan) were inactive
in scavenging all free radicals, and only pectin demonstrated at least some activity in
scavenging NO, H2O2 inactivation, and good Fe2+ chelation.

Analysis of DEAE–cellulose fractions showed DEAE–H2O, DEAE–0.1% NH4HCO3, and
DEAE–0.3% NH4HCO3 as inactive and DEAE–0.5% NH4HCO3 and DEAE–1% NH4HCO3
as poorly active. Only fraction DEAE–1% NaOH showed an antioxidant effect comparable
to that of VVPS, which indicated the leading role of DEAE–1% NaOH in VVPS antioxidant
activity. This fraction has the highest phenolic content, which may explain its excellent
antioxidant activity.

The antioxidant activity of the Vaccinium polysaccharide fraction from V. arctostaphylos
showed a 56% scavenging of DPPH• and 49% scavenging of OH• at a dose of 3 mg/mL [52],
and the ABTS+• scavenging potential of the V. ashei polysaccharide was 20–200 μmol Trolox
eq./g [50]. Other berry polysaccharides also were effective scavengers of DPPH• radicals
in Lycium barbarum with an IC50 of 300–400 μg/mL [57], ABTS+• radicals in sweet cherries
(Prunus avium) and raspberries (Rubus idaeus) with an IC50 of 57–438 μmol Trolox eq./g [58],
and O2

•− and OH• radicals in blackcurrant (Ribes nigrum L.) with IC50 values of 0.4–
1.0 mg/mL and 0.2–0.5 mg/mL, respectively [59]. Polysaccharide fractions of V. vitis-idaea
VVPS and DEAE–1% NaOH are excellent antioxidants that are effective against various
damaging factors.
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3.4.2. In Vitro Hypolipidemic Activity

In four in vitro assays, polysaccharide VVPS showed the ability to bind bile acids, fat,
and cholesterol and inhibit pancreatic lipase (Table 5). The bile acid binding capacity of
the reference standard cholestyramine which is the styrene–divinylbenzene copolymer
used as a bile acid sequestrant [60] was 10.29 μmol/100 g. Fraction VVPS showed activity
value 5.73 μmol/100 g that was much higher than that of the reference polysaccharides
such as microcrystalline cellulose (0.07 μmol/100 g), pectin (0.78 μmol/100 g), starch
(0.02 μmol/100 g), and arabinogalactan (0.12 μmol/100 g). DEAE fractions of H2O, 0.1%
NH4HCO3, 0.3% NH4HCO3, and 0.5% NH4HCO3 showed weak activity, but DEAE–1%
NaOH was most active (6.04 μmol/100 g). The fat binding levels of VVPS and of frac-
tions DEAE–1% NH4HCO3 and DEAE–1% NaOH were the highest at 200.02, 231.02, and
252.37 g/100 g, respectively, which were significantly above the activities of microcrystalline
cellulose (92.63 g/100 g) and starch (97.67 g/100 g).

Pectin and arabinogalactan demonstrated good fat binding potential with values of
186.85 and 156.14 g/100 g, respectively, and cholestyramine was inactive. A similar pattern
was found for cholesterol binding by polysaccharides. Fractions VVPS and DEAE–1%
NaOH were the most active (57.02 and 68.37 mg/g, respectively) but were less intensive
binders than cholestyramine (93.11 mg/g). Inhibition of pancreatic lipase was detected
only for VVPS and DEAE–1% NaOH polysaccharides that had IC50 values of 6.24 and
5.33 mg/mL, respectively, exceeding the activity of cholestyramine (IC50 14.02 mg/mL).
Thus, polysaccharide fraction VVPS from V. vitis-idaea press cake and its active constituent
DEAE–1% NaOH showed good in vitro hypolipidemic potential.

Previously, freeze-dried dietary berries showed in vitro bile acid binding with a value
ranging from 0.43 μmol/100 g (cranberries, Vaccinium macrocarpon) to 0.73 μmol/100 g
(blueberry, Vaccinium spp.) owing to the high polysaccharide content (particularly dietary
fibers) [25]. The bile acid binding potentials of dietary fruits were from 0.21 μmol/100 g
for nectarines (Prunus persica) to 0.90 μmol/100 g bananas (Musa paradisiaca) [61]. Known
polysaccharides with bile acid binding activity were also isolated from Abelmoschus escu-
lentus [62], Kadsura coccinea [63], and Laminaria japonica [64], and in all cases, the presence
of uronic acids was determined as a basic principle for effect manifestation [65]. The lipid
lowering effect of Inonotus obliquus and Volvariella volvacea polysaccharides was associated
with their fat and cholesterol binding [66,67], providing the hypolipidemic activity of
polymers. In addition, the pancreatic lipase inhibition plays an important role in the lipid
lowering effect of plant food and polysaccharide-derived products. Pectic polysaccharides
with varied molecular weight and methoxylation degree are effective pancreatic lipase
inhibitors, which is related to a reduction in the surface of the lipid droplet exposed to
the enzyme [68], but neutral polysaccharides are also good inhibitors as in the case of
Dictyophora indusiata polymers [69]. Summarizing the data, the polysaccharide fraction
VVPS of V. vitis-idaea press cake and its component DEAE–1% NaOH are possible effective
antioxidants and potential hypolipidemic agents that need further separation for the iso-
lation of homogenous polymers and their chemical investigation, followed by an in vivo
study of bioactivity.
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Table 5. In vitro hypolipidemic activity of VVPS, DEAE–cellulose and DEAE–sepharose fast-flow gel
fractions (n = 5).

Polysaccharide
Fraction

Bile Acids Binding,
μmole/100 g

Fat Binding,
g/100 g

Cholesterol Binding,
mg/g

Pancreatic Lipase
Inhibition, IC50,

mg/mL

VVPS 5.73 ± 0.22 viii 200.02 ± 7.24 xvi 57.02 ± 2.56 xxiii 6.24 ± 0.18 xxx

DEAE-H2O 0.10 ± 0.00 ii 103.75 ± 3.70 xii 15.37 ± 0.63 xx i.a.
DEAE-0.1% NH4HCO3 0.14 ± 0.00 ii 127.80 ± 4.49 xiii 18.62 ± 0.80 xxi i.a.
DEAE-0.3% NH4HCO3 0.27 ± 0.01 iii 131.29 ± 4.63 xiii 19.83 ± 0.93 xxi i.a.
DEAE-0.5% NH4HCO3 0.92 ± 0.04 v 139.16 ± 4.90 xiii 37.10 ± 1.69 xxii i.a.
DEAE-1% NH4HCO3 3.62 ± 0.16 vii 231.02 ± 8.14 xvii 59.22 ± 2.50 xxiii i.a.

DEAE-1% NaOH 6.04 ± 0.29 viii 252.37 ± 8.97 xvii 68.37 ± 3.02 xxiv 5.33 ± 0.15 xix

DEAE-1% NaOH-f1 7.83 ± 0.39 ix 183.70 ± 6.40 xv 72.11 ± 3.24 xxv 4.27 ± 0.12 xxviii

DEAE-1% NaOH-f2 8.26 ± 0.44 ix 173.11 ± 6.04 xv 73.92 ± 3.36 xxv 3.86 ± 0.10 xxvii

DEAE-1% NaOH-f3 1.85 ± 0.09 vi 308.75 ± 10.83 xviii 59.27 ± 2.65 xxiii i.a.
DEAE-1% NaOH-f4 1.90 ± 0.10 vi 315.61 ± 10.88 xviii 60.08 ± 2.72 xxiii i.a.

Cholestyramine * 10.29 ± 0.40 x i.a. 93.11 ± 4.15 xxvi 14.02 ± 0.42 xxxi

Microcrystalline
cellulose * 0.07 ± 0.00 ii 92.63 ± 3.12 xi 10.33 ± 0.45 xix i.a.

Pectin from citrus peel * 0.78 ± 0.03 iv 186.85 ± 6.51 xv 57.82 ± 2.69 xxiii i.a.
Starch * 0.02 ± 0.00 i 97.67 ± 3.43 xi 9.63 ± 0.44 xix i.a.

Arabinogalactan * 0.12 ± 0.00 ii 156.14 ± 5.46 xiv 21.16 ± 0.90 xxi i.a.

* Reference standards. Values with different numbers (i–xxxi) indicate statistically significant differences among
groups at p < 0.05 by one-way ANOVA. Abbreviation used: i.a., inactive; VVPS, V. vitis-idaea total polysaccharide
fraction; DEAE, diethylaminoethyl cellulose.

3.5. Preparative Chromatography of Fraction DEAE-1% NaOH and Characterization of
Homogenous Polymers

The elution curve for the DEAE–sepharose fast-flow gel of the DEAE–1% NaOH
fraction demonstrated that it is composed of four polymers labeled as DEAE–1% NaOH-
f1–DEAE–1% NaOH-f4 (Figure 3). Two polymers, DEAE–1% NaOH-f1 and DEAE–1%
NaOH-f2, were UV-positive and detected at 270 nm, unlike DEAE–1% NaOH-f3 and DEAE–
1% NaOH-f4, which showed no notable absorption in the UV region. The polymers were
isolated, and after re-chromatography, the homogenous fractions were obtained in the
yields of 9.5% (DEAE–1% NaOH-f1), 15.6% (DEAE–1% NaOH-f2), 58.4% (DEAE–1% NaOH-
f3), and 4.2% (DEAE–1% NaOH-f4) of DEAE–1% NaOH weight. The molecular weights
of the polymers were 157.6 kDa (DEAE–1% NaOH-f1), 108.2 kDa (DEAE–1% NaOH-f2),
258.3 kDa (DEAE–1% NaOH-f3), and 318.4 kDa (DEAE–1% NaOH-f4) (Figure 4a, Table 6).
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Figure 3. Elution curve of DEAE-1% NaOH fraction on the DEAE–sepharose fast-flow gel.
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Figure 4. Characteristics of DEAE–sepharose fast-flow gel fractions of DEAE-1% NaOH-f1 (f1),
DEAE-1% NaOH-f2 (f2), DEAE-1% NaOH-f3 (f3), and DEAE-1% NaOH-f4 (f4): (a) elution profiles on
GP-HPLC; (b) UV–Vis spectra of 1 mg/mL water solutions; (c) FTIR spectra.

Table 6. Yield, molecular weight, monosaccharide composition, phenol content, and phenolic acid
content after alkaline hydrolysis and linkage analysis of DEAE–sepharose fast-flow gel homogenic
polymers and degradation polymers.

Parameter
DEAE-1%
NaOH-f1

DEAE-1%
NaOH-f1-d

DEAE-1%
NaOH-f2

DEAE-1%
NaOH-f2-d

DEAE-1%
NaOH-f3

DEAE-1%
NaOH-f4

Yield 9.5 a 26.1 b 15.6 a 29.3 c 58.4 a 4.2 a

Mw, kDa d 157.6 (±1.4%) 35.5 (±1.0%) 108.2 (±1.9%) 25.4 (±1.4%) 258.3 (±2.2%) 318.4 (±2.7%)
Mw/Mn

d 1.56 (±2.9%) 1.64 (±3.7%) 1.48 (±2.1%) 1.42 (±2.6%) 1.71 (±3.7%) 1.62 (±2.4%)
Monosaccharide

composition,
mol%
Ara 65.1 - 58.6 - 15.5 16.8
Gal 33.1 99.9 38.7 99.9 7.1 8.9
Glc 0.6 - 1.7 - 0.2 0.1

Man 1.2 - 1.0 - 2.7 2.1
Rha - - - - 6.7 4.1
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Table 6. Cont.

Parameter
DEAE-1%
NaOH-f1

DEAE-1%
NaOH-f1-d

DEAE-1%
NaOH-f2

DEAE-1%
NaOH-f2-d

DEAE-1%
NaOH-f3

DEAE-1%
NaOH-f4

GalA - - - - 67.8 68.0
Linkage

analysis, molar
ratio

Terminal Ara 12.6 - 12.4 - 3.7 3.2
1,5-Ara 38.4 - 31.6 - 10.3 10.9

1,3,5-Ara 14.1 - 15.0 - 1.2 2.8
Terminal Gal 7.1 1.0 10.2 1.4 8.2 7.9

1,3-Gal 10.5 98.9 9.1 98.5 4.2 5.7
1,3,6-Gal 15.7 - 19.4 - 2.6 3.0
1,4-Gal - - - - 60.9 61.3
1,2-Rha - - - - 4.6 3.6

1,2,4-Rha - - - - 2.0 0.6
Terminal Man 1.0 - 0.4 - 2.0 0.9
Terminal Glc 0.6 - 1.9 - 0.3 0.1
Phenols, % e 10.61 (±0.32) - 14.52 (±0.44) - <0.1 <0.1

a Yield, % of DEAE-1%NaOH DW. b % of DEAE-1% NaOH-f1 DW. c % of DEAE-1% NaOH-f2 DW. d n = 3. e n = 5.

Polymers DEAE–1% NaOH-f1 and -f2 showed strong absorption at 290 ± 3, 310 ± 2
and 330 ± 3 nm caused by the high phenolic content (10.61 and 14.52%, respectively), unlike
DEAE–1% NaOH-f3 and -f4, which were weakly absorbed in the UV region (Figure 4b).
FTIR spectra of DEAE–1% NaOH-f1 and -f2 were similar, as well as the spectra of DEAE–
1% NaOH-f3 and -f4 (Figure 4c). In the spectra of DEAE–1% NaOH-f1 and -f2, intensive
bands at 3390 ± 5 and 2920 ± 3 cm−1 were attributed to vibrations of O–H and bending
vibrations of C–H. Strong bands at 890 ± 2, 1040 ± 3, 1152 ± 2, 1415 ± 2, and 1650 ± 2 cm−1

were caused by the vibrations of C–OH, C–O–C, and C–C, and the “fingerprint” region
included bands at 850 ± 2 and 910 ± 3 cm−1 due to α/β-glycosidic linkages [70]. Specific
vibrations in region 1550–1530 cm−1 was related to phenolic fragments and phenyl hydroxyl
structure [71]. The general profiles of FTIR spectra of DEAE–1% NaOH-f1 and -f2 were very
consistent with neutral polysaccharide spectra, e.g., of arabinogalactans and galactans [72].

A more complex spectral pattern was found in the FTIR spectra of DEAE–1% NaOH-f3
and -f4 containing bands typical for the pectic polysaccharides [73]. The low-frequency
(<1000 cm−1) region of the FTIR spectra included bands of “breathing rings” (762 ± 1 cm−1)
and α/β-glycosidic linkages (850 ± 2, 890 ± 1, 917 ± 1 cm−1). The specific and very
intensive “pectic region” (1200–900 cm−1) demonstrated vibrations of skeletal C–O and
C–C of glycosidic bonds and pyranoid rings at 1025 ± 2, 1050 ± 2, 1075 ± 3, 1097 ± 2, and
1142 ± 2 cm−1 [74]. Two intense bans at 1740 ± 3 and 1610 ± 4 cm−1 were due to stretching
C=O vibrations of esters, and carboxylate anion and symmetric vibrations of COO formed
the band at 1415 ± 3 cm−1.

Monosaccharide analysis indicated that DEAE–1% NaOH-f1 and -f2 were neutral poly-
mers consisting mainly of arabinose and galactose in ratios of 1.97:1 and 1.51:1, respectively,
with minor contents of glucose (0.6–1.7 mol%) and mannose (1.0–1.2 mol%). Polymers
DEAE–1% NaOH-f3 and -f4 were characterized by a high content of galacturonic acid (67.8
and 68.0 mol%, respectively), medium levels of arabinose (15.5–16.8 mol%), rhamnose
(4.1–6.7 mol%), and galactose (7.1–8.9 mol%), and low contents of mannose (4.1–6.7 mol%)
and glucose (2.1–2.7 mol%).
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Results of the monosaccharide composition study reflected the arabinogalactan and
pectic nature of isolated polymers, as previously confirmed by FTIR and further verified
by linkage analysis after methylation and GC-MS analysis. In DEAE–1% NaOH-f1 and
-f2, eight peaks were identified as terminal Ara, (1 → 5)Ara, (1 → 3, 5)Ara, terminal Gal,
(1 → 3)Gal, (1 → 3, 6)Gal, terminal Glc, and Man. Mild hydrolysis with 2% oxalic acid
resulted in formation of degraded linear homopolymers of DEAE–1% NaOH-f1-d (from
DEAE–1% NaOH-f1) and DEAE–1% NaOH-f2-d (from DEAE–1% NaOH-f2) consisting
only of galactose, which were the core chains of the polymers. This result demonstrated
that both neutral polymers were most likely (1 → 3)-linked galactans with branching points
located at the O-6 positions containing (1 → 3)-linked arabinose chains branched at the
O-5 positions. The linkage analysis results of DEAE–1% NaOH-f3 and -f4 indicated the
dominance of (1 → 4)GalA fragments (60.9–61.3%), which were the building blocks in the
construction of the polymer chains. The known data on pectin structure suggest that the
rhamnose residues (1 → 2)Rha and (1 → 2, 4)Rha were probably incorporated in the basic
polymer chains and that fragments of terminal Ara, (1 → 5)Ara, (1 → 3, 5)Ara, terminal Gal,
(1 → 3)Gal, (1 → 3, 6)Gal, terminal Glc, and Man were the blocks for the side chains [75].

To understand the chemical reasons for DEAE–1% NaOH-f1 and -f2 absorption in
the UV spectral region, we degraded both polymers in KOH media followed by HPLC-
PDA-MS analysis of the cleavage products. Alkaline hydrolysis of DEAE–1% NaOH-f1 and
-f2 resulted in liberation of phenolic acids identified as ferulic acid (m/z 195; 29.5–38.4%),
sinapic acid (m/z 225; 9.6–15.8%), diferulic acids (m/z 387; 47.3–51.9%), and disinapic
acids (m/z 447; 2.8–4.7%) (Figure 5, Table 7). Monomeric acids (degradation products 1
and 2) were identified using reference standards, and diferulic and disinapic acids gave a
specific combination of daughter ions in the MS/MS spectra, which allowed us to predict
their structure. Mass spectral patterns of three diferulic acids 3, 4, and 5 were similar to
previously described data of 5-5′-diferulic acid, 8-O-4′-diferulic acid, and 8-5′-diferulic
acid, respectively (Figure S2) [76]. The spectra of disinapic acids 6 and 7 gave mass
spectral patterns that were analogous to those of diferulic acids 3 and 4, but the basic ions
were 60 amu larger owing to two methoxy functional groups in the sinapoyl fragments.
The predicted structures of 6 and 7 degradation products were 2-2′-disinapic acid and
8-O-4′-disinapic acid, respectively (Figure S2). The obtained data showed evidence of
polyphenol–polysaccharide conjugates with cross-linked structures of polymers DEAE–1%
NaOH-f1 and -f2 esterified by ferulic and sinapic acid and their dimers.

Table 7. Characterization and content of degradation products released after alkaline destruction of
polymers DEAE-1% NaOH-f1 and DEAE-1% NaOH-f2.

Compound
(No. Figure 5)

ESI-MS, [M + H]+,
m/z

ESI-MS/MS, m/z
Content after Alkaline Destruction, % a

DEAE-1% NaOH-f1 DEAE-1% NaOH-f2

Ferulic acid (1) 195 181 38.4 ± 1.1 29.5 ± 0.8
Sinapic acid (2) 225 211, 197 9.6 ± 0.2 15.8 ± 0.4

Diferulic acid (3) 387 369, 351, 325, 323, 319, 287 10.5 ± 0.1 12.7 ± 0.2
Diferulic acid (4) 387 369, 351, 326, 325, 263, 219, 204,

201, 193, 177, 149 28.6 ± 0.4 35.9 ± 0.7

Diferulic acid (5) 387 369, 351, 343, 325, 323, 307, 297,
293, 265, 237, 219, 201, 151 8.2 ± 0.2 3.3 ± 0.1

Disinapic acid (6) 447 429, 385, 383, 411, 379, 347 1.4 ± 0.0 0.8 ± 0.0
Disinapic acid (7) 447 429, 411, 401, 323, 279, 264, 261,

237, 223, 205, 179, 177 3.3 ± 0.1 2.0 ± 0.0

a Percentage of total peak area. n = 3.
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a 

 

b c 

c d 

e f 

Figure 5. HPLC chromatogram of alkaline destruction products of DEAE–1% NaOH-f1 (f1) and
DEAE–1% NaOH-f2 (f2) polymers (a) degradation products labeled 1–7 as described in Table 7 and
ESI–MS/MS spectra (positive ionization) of degradation products 3 (b), 4 (c), 5 (d), 6 (e), and 7 (f).

Interestingly, the degradation polymers DEAE–1% NaOH-f1-d and -f2-d formed after
elimination of arabinose from DEAE–1% NaOH-f1 and -f2, showed no hydroxycinnamates
after alkaline cleavage and likely only occurred if phenolic acids were linked with arabi-
nose residues. This is not unusual because feruloylated arabinose oligomer chains were
previously found in the pectin fraction of spinach [77], diferuloyl fragments were found
in Zea mays cell walls [78,79], and sinapoylated polysaccharides were detected in radish
seedlings [80]. Acidic polymers DEAE–1% NaOH-f3 and -f4 released no phenolics after
alkaline treatment.

The obtained data showed that homogenic components of the bioactive polysaccharide
fraction of V. vitis-idaea press cake include four polymers, two of which are polyphenol–
polysaccharide conjugates as neutral arabino-3,6-galactans esterified by hydroxycinnamoyl
fragments and the other two are pectic-like polysaccharides. Although studies have been
conducted on the primary structure of polymers, additional spectral studies need to identify
the fine structure of polysaccharides isolated from V. vitis-idaea. Looking back at previous
information about Vaccinium berry polysaccharides, only bilberry (V. myrtillus) [53] and
rabbiteye blueberry (V. ashei) [50] have been mentioned as a source of bioactive polymers
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of pectic nature without fine structure determination; thus, it is still too early to speculate
about genus features in the polysaccharide composition.

3.6. Antioxidant and Hypolipidemic Activity of Homogenic Polymers: In Vitro vs. In Vivo Assays

In a series of in vitro antioxidant assays, we found that the polyphenol–polysaccharide
conjugates DEAE–1% NaOH-f1 and -f2 were the most active free radical scavengers
compared with the parent fraction DEAE–1% NaOH and reference compound Trolox
in some cases. The indices of 50% radicals inactivating (IC50) were 10.73–12.73 μg/mL
against DPPH• (Trolox IC50 8.94 μg/mL), 6.83–7.62 μg/mL against ABTS+• (Trolox IC50
3.25 μg/mL), 70.29–84.75 μg/mL against O2

•− (Trolox IC50 122.36 μg/mL), and 11.73–
14.06 μg/mL against OH• (Trolox IC50 15.23 μg/mL), and the Cl•-scavenging potential
was 126.79–157.11 mg/g vs. 1000 mg/g for Trolox. The values for NO scavenging and
hydrogen peroxide inactivation were 41.09–53.86 μg/mL (Trolox IC50 125.11 μg/mL) and
0.08–0.10 mg/mL (Trolox IC50 0.59 μg/mL), respectively. The acidic polymers DEAE–1%
NaOH-f3 and -f4 were inactive in the abovementioned assays. The ability to chelate ferrous
ions was revealed for all homogenic polymers but to a greater degree for DEAE–1% NaOH-
f1 (8.26 mM Fe2−/g) and -f2 (8.72 mM Fe2−/g) than for the DEAE–1% NaOH-f3 (6.14 mM
Fe2−/g) and -f4 (6.09 mM Fe2−/g). Polymers with low phenolics content as DEAE–1%
NaOH-f3, DEAE–1% NaOH-f3-f4 (Table 4), DEAE–1% NaOH-f1-d, and -f2-d (Table S1)
showed low antioxidant potential.

Investigation of the in vitro hypolipidemic activity demonstrated higher bile acid
binding potentials for DEAE–1% NaOH-f1 and -f2 polymers of 7.83 and 8.26 μmol/100 g,
respectively, vs. 1.85 μmol/100 g for DEAE–1% NaOH-f3 and 1.90 μmol/100 g for DEAE–
1% NaOH-f4 (Table 5). Both active polymers were also inhibitors of pancreatic lipase with
IC50 values of 4.27 and 3.86 mg/mL for DEAE–1% NaOH-f1 and -f2, respectively, whereas
DEAE–1% NaOH-f3 and -f4 were inactive. Acidic polysaccharides DEAE–1% NaOH-f3
and -f4 showed fat binding potentials (308.75 and 315.61 g/100 g, respectively), and the
cholesterol binding activities of the four homogenic polymers were similar in the range of
59.27–73.92 mg/g. These results mean that the four components of active hypolipidemic
fraction DEAE–1% NaOH also have potential to bind bile acids, fat, and cholesterol and
inhibit pancreatic lipase, each in its own way. The polyphenol–polysaccharide conjugates
showed good bile acid binding and inhibition of pancreatic lipase; however, the acidic non-
phenolized polysaccharides were binders of fat, whereas the cholesterol binding activity
was at a similar level. The removal of phenolic fragments from DEAE–1% NaOH-f1 and
-f2 resulted in significant reduction in the in vitro hypolipidemic activity of the DEAE–1%
NaOH-f1-d and -f2-d polymers (Table S2), which indicates the importance of phenolics as
active sites of the neutral arabinogalactans.

To progress from in vitro to in vivo experiments, we chose polymer DEAE–1% NaOH-f2
as an example of high-yielded polyphenol–polysaccharide conjugates and DEAE–1% NaOH-
f3 as high-yielded non-phenolized pectic polysaccharide from V. vitis-idaea press cake to treat
experimental animals on the standard and high-fat diet (Figure 6). The reference substance
was simvastatin, a known hypolipidemic drug, at a dose of 10 mg/kg/day [81]. The high-fat
diet with 1% cholesterol resulted in animal body weight gain from 81 ± 4 g at the beginning
of the test to a final weight of 195 ± 10 g (vs. 80 ± 4 g → 141 ± 7 g in the standard diet group).
The changes in serum lipid profile involved a reduced level of cholesterol (6.29 mmol/L vs.
1.63 mmol/L in the standard diet group), triglycerides (2.97 mmol/L vs. 0.72 mmol/L in the
standard diet group), low-density lipoprotein-cholesterol (3.28 mmol/L vs. 0.83 mmol/L in the
standard diet group), and high-density lipoprotein–cholesterol (1.26 mmol/L vs. 0.52 mmol/L
in the standard diet group). Experimental hyperlipidemia also affected antioxidant status
of the animals caused by elevation of the serum malondialdehyde level (28.02 nmol/L vs.
3.02 nmol/L in the standard diet group) and reduction in liver enzymatic antioxidants as
superoxide dismutase (SOD; 45.6 U/mg protein vs. 78.3 U/mg protein in the standard diet
group), glutathione peroxidase (GPX; 3.83 U/mg protein vs. 9.63 U/mg protein in the standard
diet group), and catalase (42 U/mg protein vs. 121 U/mg protein in the standard diet group).
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This was an indication that the high-fat diet with 1% cholesterol leads to hyperlipidemia
associated with antioxidant misbalance. Application of simvastatin lowered the animals’
body weights and reduced serum lipid markers to sustainable levels close to those of the
standard diet group, but the antioxidant effect was medium, which was not unexpected
and has been previously demonstrated [82]. Both polysaccharides of V. vitis-idaea press
cake DEAE–1% NaOH-f2 and -f3 demonstrated similar serum lipid lowering effects in the
high-fat-diet animals against cholesterol (decreased by 33–38%), triglycerides (decreased
by 29–35%), low-density lipoprotein–cholesterol (decreased by 48–53%), and high-density
lipoprotein–cholesterol (decreased by 9–18%). This contrasted with the antioxidant potential
when polymer DEAE–1% NaOH-f2 was more active than DEAE–1% NaOH-f3. The serum
MDA value in the DEAE–1% NaOH-f2 group was 63% lower than in the high-fat diet group,
and in the DEAE–1% NaOH-f3 group, we found a 36% reduction. The levels of SOD, GPX,
and catalase after application of DEAE–1% NaOH-f2 increased by 60.9%, 186%, and 233%,
respectively, compared with those in the high-fat diet group, while DEAE–1% NaOH-f3
resulted in 15%, 37%, and 128% boosts of enzymatic activity, respectively. This means that
polysaccharides and polyphenol–polysaccharide conjugates of V. vitis-idaea are capable of
being antioxidant and hypolipidemic agents in both in vitro and in vivo assays.

Figure 6. Changes in body weight (a), serum total cholesterol (b), serum total triglycerides (c), serum
low-density lipoprotein–cholesterol (LDL–C) (d), serum high-density lipoprotein–cholesterol (HDL–C) (e),
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serum malondialdehyde level (MDA) (f), liver superoxide dismutase (SOD) (g), liver glutathione
peroxidase (GPX) (h) and liver catalase (i) in hamsters with a normal diet (N), with a 1% cholesterol
diet (C), with a 1% cholesterol diet + simvastatin (10 mg/kg/day; S), with a 1% cholesterol diet +
DEAE–1% NaOH-f2 polysaccharide (250 mg/kg/day; F2), with a 1% cholesterol diet + DEAE–1%
NaOH-f3 polysaccharide (250 mg/kg/day; F3) before the feeding period (-0) and after a 6-month
feeding period (-6). i—p < 0.05 vs. 1% cholesterol diet group (C-group); ii—p < 0.05 vs. 1% cholesterol
diet + simvastatin group (S-group).

Polysaccharides of dietary origin are known hypolipidemic agents that normalize the
lipid profile and antioxidant level of high-fat-diet animals [83]. The sources of bioactive
polymers are fruits of pumpkin (Cucurbita pepo, C. moschata) [84,85], Chinese wolfberry
(Lycium barbarum) [86], jujube or red date (Ziziphus jujuba) [87], Cherokee rose (Rosa laevi-
gata) [32], and Japanese cornel (Cornus officinalis) [88]. In most cases, polysaccharides were
polygalacturonates that reduced serum parameters (such as total cholesterol, high/low
density lipoprotein cholesterol, and triglycerides) by inhibitory effects on the absorption of
the bile acids and cholesterol [89], inhibition of the lipase activity [90], fat and cholesterol
binding capacity and reduction in the accumulation of lipids and fecal fat and cholesterol
contents [91], modulation of the gene expression of fatty acid synthesis [92], and increased
formation of short chain fatty acids in the feces and regulation of lipid metabolism path-
ways [93]. At the same time, the regulation of observed antioxidant status and improvement
of the oxidative stress [55] involves scavenging of free radicals and reduction in liver en-
zymes [88].

Antioxidant and hypolipidemic potential of polysaccharides and polyphenol– polysac-
charide conjugates are markedly linked with structural specifics as molecular weight,
elemental and monosaccharide composition, glycosidic linkage, and nature of conjugated
polyphenolics [55,83]. The value of phenolic content in carbohydrate polymers is a crucial
marker of radical-scavenging ability, nitric oxide (II) and hydrogen peroxide inactivat-
ing potential [94], as well as pancreatic lipase inhibition [95]. Additionally, high uronic
content is an important factor of metal-chelating activity [96] and binding of bile, fat and
cholesterol [83]. The homogenic water-soluble polymers of V. vitis-idaea press cake character-
ized by a high phenolics (polyphenol–polysaccharide conjugates DEAE-1% NaOH-f1 and
DEAE-1% NaOH-f2) and uronic content (polysaccharides DEAE-1% NaOH-f3 and DEAE-
1% NaOH-f4) and, therefore, the antioxidant and hypolipidemic activity of homogenic
polymers, were caused by the various structural factors. Finally, considering the ever-
increasing volumes of waste production by lingonberry processing factories, the press cake
of V. vitis-idaea can become a promising feedstock for bioactive polymers manufacturing.

4. Conclusions

This is the first report of lingonberry (Vaccinium vitis-idaea L.) fruit press cake polymeric
compounds characterization. The results of our study indicate the heterogeneity of V. vitis-
idaea polysaccharides with a dominance of acidic polymers and polyphenol–polysaccharide
conjugates which were neutral arabinogalactans esterified with hydroxycinnamates. This
series of in vitro and in vivo studies suggest that polysaccharides normalize the lipid
profile and antioxidant status of high-fat-diet hamsters. These findings support the idea of
practical use of wastes from food processing as a source for antioxidant and hypolipidemic
agent manufacturing in the pharmaceutical industry.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods11182801/s1: Table S1: Antioxidant activity of degradation polymers DEAE-1% NaOH-
f1-d and DEAE-1% NaOH-f2-d; Table S2: In vitro hypolipidemic activity of degradation polymers
DEAE-1% NaOH-f1-d and DEAE-1% NaOH-f2-d; Figure S1: HPLC-UV chromatograms of PMP-
labeled samples of blank, standard monosaccharide mixture, and 2 M TFA hydrolysates of VVPS
polysaccharide, fraction VVPS: DEAE-H2O, and fraction VVPS: DEAE-1% NAOH; Figure S2: Possible
ways of MS/MS cleavage of degradation products 3–7 released after alkaline destruction of DEAE-1%
NaOH-f1 and DEAE-1% NaOH-f2 polymers.
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Abstract: Alcohol liver disease (ALD) is one of the leading outcomes of acute and chronic liver
injury. Accumulative evidence has confirmed that oxidative stress is involved in the development of
ALD. In this study, we used chick embryos to establish ALD model to study the hepatoprotective
effects of tamarind shell exttract (TSE). Chick embryos received 25% ethanol (75 μL) and TSE (250,
500, 750 μg/egg/75 μL) from embryonic development day (EDD) 5.5. Both ethanol and TSE were
administrated every two days until EDD15. Ethanol-exposed zebrafish and HepG2 cell model were
also employed. The results suggested that TSE effectively reversed the pathological changes, liver
dysfunction and ethanol-metabolic enzyme disorder in ethanol-treated chick embryo liver, zebrafish
and HepG2 cells. TSE suppressed the excessive reactive oxygen species (ROS) in zebrafish and HepG2
cells, as well as rebuilt the irrupted mitochondrial membrane potential. Meanwhile, the declined
antioxidative activity of glutathione peroxidase (GPx) and superoxide dismutase (SOD), together
with the content of total glutathione (T-GSH) were recovered by TSE. Moreover, TSE upregulated
nuclear factor erythroid 2—related factor 2 (NRF2) and heme oxyense-1 (HO-1) expression in protein
and mRNA level. All the phenomena suggested that TSE attenuated ALD through activating NRF2
to repress the oxidative stress induced by ethanol.

Keywords: alcohol liver disease; chick embryo; tamarind shell extract; oxidative stress; NRF2

1. Introduction

Alcohol abuse is becoming a global health problem. The immediate consequence
of acute drinking is the hangover, with lethargy and cognitive impairment as the most
prominent manifestations [1]. Because the liver is responsible for the metabolism of over
90% of consumed ethanol, alcohol liver disease (ALD) has been a main reason of acute and
chronic liver injury [2]. For a start, ethanol is converted to acetaldehyde in hepatocytes,
which is catalyzed by alcohol dehydrogenase (ADH) and microsomal ethanol-oxidizing
system, particularly cytochrome P450 2E1 (CYP2E1) and CYP3A [3,4]. Acetaldehyde
is subsequently transformed to acetate, under the catalysis of aldehyde dehydrogenase
(ALDH) [5]. Excessive or chronic alcohol consumption causes alcohol metabolism disorder
in hepatocytes decreasing ADH and ALDH and increasing CYP2E1. The oxidation of
ethanol catalyzed by CYP2E1 accelerates the accumulation of acetaldehyde and produces
large amounts of reactive oxygen species (ROS), such as singlet oxygen radicals, superoxide
radicals, hydroxyl radicals and hydrogen peroxide [6]. Superfluous ROS combined with
disrupted antioxidative defense systems, oxidative stress occurs and results in liver injury,
including ethanolic hepatitis, liver fibrosis, cirrhosis, and even liver cancer. However, the
treatment options of ALD are still limited. The demand of potential therapies for ALD is
urgent.
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Tamarind (Tamarindus indica L.), also known as Suanjiao, Suandou, Mahanghuang
(Dai language), belongs to the subfamily Caesalpinioideae of the family Leguminosae
(Fabaceae). It is widely cultured in Africa, Southeast Asia, and South America. Tamarind is
high yielding, with an annual output of 300,000 tons in India alone [7]. Tamarind shells
are leftovers of direct consumption and by-products of processing. With large amounts,
tamarind shells waste resources and pollute the environment. Waste products such as peel
and shell contain high levels of polyphenols, flavonoids, anthocyanins, vitamin C, and
carotenoids [8], which are expected to be used as a natural source of medicinal antioxidants,
cosmetics and food to increase economic benefits. Tamarind shell extract was also reported
to attenuate carbon tetrachloride-induced liver injury in mice [9]. Our previous study has
demonstrated that tamarind shell extract was rich in flavonoids. In our previous analysis
by ultraperformance liquid chromatography-mass spectrometry (UPLC/MS), the major
components of TSE were identified as naringenin, luteolin, myricetin, morin, eriocitrin,
apigenin, (+) catechin, and taxifolin. We also found that TSE and the main flavonoids
had remarkable antioxidant effects in vitro and in vivo [10]. However, limited research
was found concerning the pharmacological effects of TSE on liver damage caused by
alcohol. Therefore, in this study, the hepatoprotective effects of TSE were studied on
ethanol-stimulated HepG2 cells in vitro and ethanol-induced liver injury in zebrafish and
chicken embryos. The related mechanism was further explored. The results of this work
would hopefully introduce new uses of tamarind shell and promote the comprehensive
utilization of tamarind.

2. Materials and Methods

2.1. Chemicals and Reagents

From Jiangmen Yujun Trading Co., Ltd. (Jiangmen, China), 95% edible ethanol was.
Then, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased
from Sigma (St. Louis, MO, USA). Rhodamine 123 and assay kits for the determination
of reactive oxygen species (ROS), total glutathione, superoxide dismutase (SOD), catalase
(CAT) and lipid peroxidation (MDA) were procured from Beyotime Biotechnology Com-
pany (Shanghai, China). Alcohol dehydrogenase (ADH) and acetaldehyde dehydrogenase
(ALDH) assay kits were bought from Solarbio Biotechnology Company (Beijing, China).
Triglyceride (TG) assay kits was obtained from Nanjing Jiancheng Bioengineering Research
Institute (Nanjing, China). A chicken cytochrome P450 2E1 (CYP2E1) ELISA kit was pur-
chased from Shanghai Jingkang Bioengineering Co., Ltd. (Shanghai, China). Primary
antibodies of NRF2 and HO-1 were purchased from Proteintech Group (Chicago, IL, USA).
HRP-labeled fluorescent secondary antibody (antimouse and antirabbit) and anti-β-actin
were procured from Fude Biological Technology (Hangzhou, China). Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), and penicillin streptomycin (PS) were
purchased from Life Technologies Corporation (Gibco, Grand Island, NY, USA).

2.2. Preparation of Tamarind Shell Extract (TSE)

Tamarind fruits (Tamarindus indica L.) were purchased in Xishuangbanna (China) and
authenticated by Professor Ya-qiong Li, Yunnan University of Chinese Medicine. The fruit
shells were separated, dried, and powdered. A total of 500 g of tamarind shell fine powder
was refluxed twice with 1500 mL of 95% ethanol for 3 h. The extract was concentrated
under reduced pressure, then freeze-dried and stored at 4 ◦C.

TSE was dissolved in ultrapure water (50 mg/mL) and stored at 4 ◦C. The solution
was diluted to the experimental concentration with the corresponding culture medium in
the following experiment.

2.3. Zebrafish Maintenance and Exposure

Zebrafish (wild-type AB) were bought from the China zebrafish resource center
(Wuhan, China) and maintained following light and temperature standard conditions [11].
The embryos were collected from breeding groups of a 1:1 or 2:1 female-to-male ratio. The
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fertilized and normally developed eggs were selected and incubated in embryo medium.
Zebrafish larvae of five days postfertilization (dpf) were used for subsequent experiments.
All procedures were reviewed and approved by the Animal Care and Welfare Committee
of Yunnan University of Chinese Medicine (approval No: R-062019009; approval date:
7 March 2019).

2.3.1. Toxicity

The toxicity of TSE to zebrafish larvae was determined by exposing zebrafish to
TSE. Briefly, 5 dpf zebrafish larvae were divided to TSE exposure groups at different
concentrations and, control group at random. TSE was added to the larvae (5, 10, 20, 40,
and 60 μg/mL). The control group received embryo culture solution. Exposures were
performed in triplicate. The survival rate was recorded every day until 9 dpf.

2.3.2. Exposure

The exposure of zebrafish to ethanol was following the protocol described earlier [12]
with some modifications. In brief, at 5 dpf, zebrafish larvae were randomised into four
groups, which were control group, model group, and two TSE treatment (10 μg/mL and
20 μg/mL) groups, and cultured in a six-well plate (50 fish per well, three multiple wells per
group). All larvae except the control group were exposed to 1.5% ethanol or 1.5% ethanol
with TSE prepared in embryo culture medium. Fish in control group were given embryo
culture solution. The zebrafish were incubated for 32 h at 28.5 ◦C. Six zebrafish were selected
from each group for phenotype analysis. The remaining fish were transferred to a 12-well
plate (30 fish per well) and added 3 mL of appropriate solution: the experimental groups
received TSE (10 μg/mL and 20 μg/mL, diluted in embryo culture solution), whereas
control and model groups received embryo culture solution. After incubation for 48 h, the
fish were collected for subsequent experiments. Triplicate wells were set for each group.

2.4. Chicken Embryos and Treatment

The fertilized Leghorn eggs required for the experiment were obtained from the
poultry farm of South China Agriculture University (Guangzhou, China). The eggs were
incubated in an incubator (ProCon automatic systems GmbH & Co. KG, Luebeck, Germany)
at 38 ◦C under 70% humidity. At the embryonic development day (EDD) 5.5, live fertilized
eggs were selected by an egg illuminator marked the air chamber, and a small hole was
introduced into the shell for drug administration. Live eggs were randomly divided into a
control group, an ethanol group and TSE (250, 500 and 750 μg per egg) groups with 24 eggs
in each group. The eggs in control group were treated with 75 μL bird saline per egg, the
eggs in ethanol group were administrated with 75 μL 25% ethanol per egg, and the eggs
of TSE groups were dosed with 75 μL indicated dosage of TSE coadministration with 25%
ethanol. The eggs were administered with appropriate solution every two days from EDD
5.5 until the EDD 15. The embryos were collected for subsequent experiments. A schematic
illustration of the above protocol is presented in Figure 1.

 

Figure 1. Schematic diagram of chicken embryo treatment protocol.
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2.5. Cell Culture

Human hepatoma HepG2 cells (Procell CL-0103) were bought from Punuosai Life
Technology (Wuhan, China). HepG2 cells were cultured in DMEM supplemented with
12% FBS and 1% PS in an incubator (Thermo, Waltham, MA, USA) at 37 ◦C, 5% CO2
and 65% humidity. The following experiments were completed by using the third- to
tenth-generation cells.

2.6. Cell Toxicity and Cell Experiment

The cytotoxicity of TSE and ethanol on HepG2 cells were determined by MTT assay.
In brief, HepG2 cells were seeded into 96-well plates (2 × 104/well) and cultured overnight.
Afterward, the cells were treated with TSE or ethanol for 24 h, and the cell toxicity was
determined by MTT assay.

To assess the protective effect of TSE against ethanol-induced injury, HepG2 cells were
grown in 48-well plates at a density of 6 × 104/well for 12 h. After treatment of TSE (5, 10,
20, and 40 μg/mL) for 24 h, cells were administrated with ethanol (700 mM) for 3 h. Cell
viability was assessed by MTT assay. The DCFH-DA assay was carried out to quantified
the generation of intracellular ROS on a flow cytometry (Beckman Coulter, Bria, CA, USA)
as reported by Zhang et al. [13]. The mitochondrial membrane potential of HepG2 cells
was measured by using rhodamine 123 as a fluorescent probe (Beyotime, Shanghai, China),
following the method reported by Wang et al. [14].

2.7. Zebrafish Behavioral Test and Evaluation of ROS Level in Zebrafish

Zebrafish were treated as mentioned above. Five zebrafish were randomly selected
from each group and placed in a 96-well plate individually. The swimming behavior,
including total moving distance, trace, and total activity time, was monitored every 5 s for
a total of 70 min by using a zebrafish behavior automatic analyzer (View Point Behavior
Technology, Lyon, France) according to the manufacturer’s guide.

For the measurement of ROS, zebrafish were homogenized (Beyotime, Shanghai,
China) in PBS on ice, then centrifuged at 12,000 rpm for 15 min at 4 ◦C. A BCA protein
assay kit was utilized to quantify the protein concentration. The protein was added to
a black 96-well plate (55.84 μg in 50 μL/well) containing DCFH-DA fluorescent probe
(50 μL/well, final concentration 10 μM). The intensity of fluorescence was recorded in a
Synergy H1 fluorescence microplate reader (BioTek, Winooski, VT, USA), the excited and
emitted wavelength were 488 and 525 nm.

2.8. Histological Analysis

Liver damage was evaluated by histological examination in the chick embryos, as
the method described by Zhang et al. and with some modifications [13]. In brief, chicken
embryo liver tissue was fixed in 4% paraformaldehyde solution for 10 days and then embed-
ded in paraffin, then sectioned into 5 μm paraffin slices. After dewaxing and rehydrating,
the slice was stained with hematoxylin and eosin (H&E) and sirius red (Servicebio, Wuhan,
China). The morphology of the tissue sections was observed under an automatic scanning
microscope (Pannormic, Budapest, Hungary).

2.9. Biochemical Analysis

The chicken embryo liver tissue homogenate was prepared on ice and then centrifuged
at 12,000 rpm for 10–20 min at 4 ◦C. The protein content of supernatant was detected with
BCA protein assay kit, and the supernatant was collected for subsequent experiments. The
hepatic level of MDA, T-GSH and TG and the activities of GPx, SOD, CAT, ADH, ALDH
and CYP2E1 were assessed by commercial kits according to the manufacturers’ protocols.

2.10. Western Blot Analysis

Total proteins of HepG2 cells and chicken embryo liver tissues were extracted, re-
spectively, as described before. The concentration of protein was determined with BCA
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protein assay kit. Protein samples (25 μg) were loaded on 10% SDS-PAGE to separate
and blotted to a PVDF membrane. The transferred PVDF membrane was sealed in 5%
skimmed milk solution at 25 ◦C for 2 h after being cleaned with TBST, then incubated with
primary antibodies to detect NRF2 (1:1500) and HO-1 (1:1500) at 4 ◦C overnight; β-actin
(1:5000) served as an internal standard. Subsequently, the membranes were incubated
with HRP-labeled fluorescent secondary antibody, antimouse or antirabbit (1:5000) at room
temperature for 2 h. Finally, the protein bands were imaged by using an ECL Detection
Kit (Fdbio science, Hangzhou, China) and the Vilber FUSION FX 6 imaging system (Vilber,
Collégien, France).

2.11. qRT-PCR

Total RNA was isolated from chick embryo liver tissues, HepG2 cells, and zebrafish
by using TRIzol Reagent as described by the manufacturer’s instructions. A NanoDrop
ND-2000C spectrophotometer (Thermo, Waltham, MA, USA) was used to quantify the
concentration of RNA. A total of 1000 ng of the total RNA was utilized to synthesize
cDNA following the manufacturer’s guide (TransGen Biotech, Beijing, China). The result
of qRT-PCR was analyzed by LightCycler 96 system (Roche, Switzerland) by using the
TransStart Top Green qPCR Supermix Kit (TransGen Biotech, Beijing, China). The target
gene expression was assessed by using the 2 −ΔΔCT method and GAPDH was used as the
housekeeper gene and to a control group sample. The sequences of primers were listed in
Table 1.

Table 1. Sequences of primers used for qRT-PCR [12,13,15,16].

Species Gene Forward Primer (5′–3′) Reverse Primer (5′–3′)

Zebrafish cyp2y3 TATTCCCATGCTGCACTCTG AGGAGCGTTTACCTGCAGAA
Zebrafish cyp3a65 AAACCCTGATGAGCATGGAC CAAGTCTTTGGGGATGAGGA
Zebrafish adh8a CGAGTACACCGTCATCAAC AGCACCGAGTCCGAATAC
Zebrafish adh8b ATTGATGATGATGCTCCTCTG TAGACCAACCGCACCAAG
Zebrafish gapdh TGGTGCTGGTATTGCT TTGCTGTAACCGAACTCA
Chicken Cyp3a4 TCATAGTGTTGTTCCCCTT GGTATCCTTCTTCCCGTTC
Chicken Cyp3a7 GACTCCATGAACAACCCCAA AAATCTACTCTGCCCGTGTG
Chicken Cyp2d6 GAACCCTGCTTACATCCGAGA CATGAACAGGAACGCCCAT
Chicken Cyp2c45 CGGAGACAACAAGCACCACCA TTCGTGATCGTCCTACTACCC
Chicken Nrf2 CATAGAGCAAGTTTGGGAAGAG GTTTCAGGGCTCGTGATTGT
Chicken Ho-1 AACGCCACCAAGTTCAGTCTCC AGCTTCTGCAGCGCCTCAA
Chicken Gapdh AGAACATCATCCCAGCGT AGCCTTCACTACCCTCTTG
Human NRF2 CCTCAACTATAGCGATGCTGAATCT AGGAGTTGGGCATGAGTGAGTAG
Human HO-1 CCAGTGCCACCAAGTTCAAG CAGCTCCTGCAACTCCTCAA
Human GAPDH GCCTCAAGATCATCAGCAATGC CCTTCCACGATACCAAAGTTGTCAT

2.12. Statistical Analysis

All values were expressed as mean ± SD. Data were analyzed by one-way variance
(ANOVA) followed by Tukey’s multiple comparison with SPSS 25 software (IBM SPSS
Statistics 25.0, Armonk, NY, USA). The p < 0.05, p < 0.01 and p < 0.001 were set at the
threshold for statistical significance, high statistical significance, and very high statistical
significance, respectively. Graphs were constructed using GraphPad Prism 8 (GraphPad
Prism 8.0, San Diego, CA, USA) and Adobe illustrator CS6 software (Adobe illustrator CS6,
San Jose, CA, USA).

3. Results

3.1. TSE Protected Ethanol-Induced Damage in HepG2 Cells

The cell toxicity of TSE was tested on HepG2 cells firstly. The cell viability suggested
that TSE had no significant toxicity to HepG2 cells with a concentration of less than or equal
to 60 μg/mL (Figure 2A). When treated with ethanol, the cell viability dropped significantly
(Figure 2B,C), accompanied by evident morphology changes, reflected as gradual shrinkage,
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increased intercellular gaps and complete loss of the original morphological characteristics
(Figure 2D). We found that all doses of TSE could rescue the ethanol-treated cells from
death and reverse the morphological alterations (Figure 2C,D). Numerous studies have
confirmed that the oxidation of ethanol produces large amounts of ROS and results in the
impairment of mitochondrial [17]. Using fluorescence probes, we measured the intracellular
ROS level and the mitochondrial membrane potential. Similarly, TSE effectively inhibited
the accumulation of ROS (Figure 2E), and restored the disrupted mitochondrial membrane
potential in HepG2 cells induced by ethanol (Figure 2F). These findings indicated that TSE
was effective on preventing ethanol-induced cell damage, eliminating intracellular ROS
and reversing the depolarization of mitochondrial membrane.

Figure 2. TSE protected HepG2 cells against ethanol-induced damage. (A) MTT assay of HepG2 cell
viability following treatment with TSE for 24 h, n = 4 biologically independent experiments. (B) MTT
assay of HepG2 cell viability following treatment with ethanol for 24 h, n = 4 biologically independent
experiments. (C) MTT assay of HepG2 cell viability following pretreatment with or without TSE for
24 h before cotreatment with or without ethanol (700 mM) for 3 h, n = 4 biologically independent
experiments. (D) Morphology of cells under microscope (magnification ×200). (E) Flow cytometric
analysis of intracellular ROS levels detected by DCFH-DA probe, n = 4 biologically independent
experiments. (F) Flow cytometric analysis of mitochondrial membrane potential by rhodamine
123 staining, n = 4 biologically independent experiments. Data represent the mean ± standard
deviation and significant differences were analyzed by one-way ANOVA. ### p < 0.001 vs. control
group; *** p < 0.001 vs. ethanol group. ns, not significant vs. ethanol group.

3.2. TSE Ameliorated Ethanol-Induced Behavior Changes and Oxidative Stress in Zebrafish

To further study the protective effect against ethanol of TSE in vivo, the ethanol-
exposed zebrafish model was employed. At first, we evaluated the toxicity of TSE in
zebrafish. The survival rate in all groups exceeded 91.67% (96 h after administration),
indicating that TSE had negligible toxicity with the concentration of 60 μg/mL (Figure 3A).
As shown in Figure 3B, ethanol produced severe developmental abnormality of zebrafish,
presented as spinal curvature, pericardial edema, hepatomegaly yolk sac edema and lack
of swim bladder. TSE prevented the incidence of malformation induced by ethanol. In the
motor activity test, ethanol caused a dramatic reduction in total swimming distance and the
amount of active time compared to the untreated fish (p < 0.01) (Figure 3C). TSE (20 μg/mL)
greatly increased the swimming distance and the amount of active time. Furthermore, we
detected the content of ROS in zebrafish. Consistently, TSE strikingly blocked the excessive
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ROS generated by ethanol (Figure 3D). These data illustrated that TSE relieved alcoholism
and suppressed ROS produced by ethanol.

Figure 3. TSE ameliorated ethanol-induced behavior changes and oxidative stress in zebrafish.
(A) TSE was used to treat 5 dpf zebrafish for 96 h to detect the toxicity of TSE. (B) TSE resisted
ethanol-induced phenotypic changes in zebrafish, scale bar, 1 mm. (C) TSE ameliorated ethanol-
induced behavior changes and increased the movement distance and activity time, n = 5 biologically
independent samples. (D) The effect of TSE on the time-dependent changes of ethanol-induced DCF
fluorescence intensity. Data represent the mean ± standard deviation and significant differences were
analyzed by one-way ANOVA. # p < 0.05 vs. control group; * p < 0.05, ** p < 0.01 vs. ethanol group;
ns, not significant vs. ethanol group.

3.3. TSE Ameliorated Ethanol-Provoked Liver Dysfunction and Alleviated Liver Injury in
Chicken Embryos

As the major site of detoxification, liver is susceptible to stimuli and pollutants. Fur-
thermore, the lipase liberated by ethanol metabolism catalyzed the production of TG and
the deposition of fat in liver cells [18]. Thus, TG is one of the biomarkers of ethanol-induced
liver damage [19]. After ethanol administration, the chicken embryo survival rate dropped
to 70.83%, whereas TSE treatment improved the survival rate (Figure 4A). In addition, TSE
reversed the increased liver index caused by ethanol (Figure 4B). We also noted a signifi-
cant increment of TG levels in embryo liver. The elevated TG levels could be remarkably
decreased by TSE (Figure 4C). Ethanol consumption also gives rise to the accumulation
of ROS disrupted metabolic enzymes. All of these changes trigger pathological responses,
which contribute to the etiology of ethanol-induced liver injury [20,21]. Ethanol impeded
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the development of embryo liver, which was similar to the influence on zebrafish larvae.
In contrast with the normal embryo liver, the ethanol group showed obvious hemorrhage
and fatty liver (Figure 4D). As presented in Figure 3F, hepatocytes in the control group
were complete, with a neat, tight arrangement, intact nucleus, and clear gaps between
hepatic sinuses. In contrast, ethanol led to evident hepatic pathological alterations. The
liver sinuses dilated with disordered cell arrangement. Hemorrhage, inflammatory infil-
tration, fat deposition, and fibrosis were also found. TSE mitigated fat vacuole formation,
inflammatory infiltration, and fibrosis. (Figure 4E,F).

 

Figure 4. TSE ameliorated ethanol-induced chicken embryo death and liver damage. (A) TSE reversed
ethanol-induced chick embryo death rates and (B) liver index, n = 6 biologically independent samples.
(C) The effect of TSE on ethanol-induced changes of TG level in chicken embryo liver, n = 6 biologically
independent samples. (D) Representative images of chicken embryo liver; scale bar, 1 mm. (E) H&E
staining showing the histopathological changes of livers; scale bar, 50 μm (up), 20 μm (bottom).
(F) Sirius red staining showing liver fibrosis; scale bar, 50 μm. Data represent the mean ± standard
deviation and significant differences were analyzed by one-way ANOVA. ### p < 0.001 vs. control
group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. ethanol group; ns, not significant vs. ethanol group.

3.4. TSE Corrected the Disorder of Ethanol-Metabolic Enzymes In Vivo

Disturbing metabolic enzymes are a typical feature of ethanol-induced liver damage.
Ethanol is firstly transformed to acetaldehyde mainly by ADH, CYP2E1, and CYP3A.
Acetaldehyde is subsequently metabolized by ALDH. Needless ROS generated during
ethanol oxidation, especially through CYP2E1 [5]. Additionally, as an inducible enzyme, the
expression of CYP2E1 is enhanced by alcohol ingestion, which exacerbates the production
of ROS. Meanwhile, ethanol counteracts the effect of ALDH, leading to the accumulation
of acetaldehyde, a robust hepatotoxic [12,18,22].

To evaluate the recovering effect of TSE on ethanol-evoked liver damage, we detected
the expressions of ethanol metabolism-related genes by qPCR. In Figure 5A, we observed
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a slight rise in the mRNA expression of ethanol metabolism-related enzyme cyp2y3 in
ethanol-treated zebrafish. The mRNA expressions, cyp3a65, adh8a, and adh8b in zebrafish
were markedly upregulated following ethanol exposure (Figure 5A). All doses of TSE
could greatly abrogate the expressions of cyp3a65, adh8a, and adh8b in ethanol-stimulated
zebrafish. In ethanol-exposed chick embryo liver, as shown in Figure 5B, the mRNA
expression of Cyp3a4, Cyp3a7, and Cyp2d6 were upregulated in the ethanol group, and these
genes were involved in ethanol oxidation [23]. Similarly, the expression of Cyp2c45 mRNA
related to fat synthesis [24] was also upregulated by alcohol. TSE treatment decreased the
expression of these genes. In addition, CYP2E1 enzyme activity was significantly increased.
The activity of ALDH was drastically inhibited, accompanied by a mildly ADH. Likewise,
TSE inhibited the overactive CYP2E1 and restored the inactive ALDH (Figure 5C–E). TSE
was capable of correcting the disorder of ethanol-metabolic enzymes.

 

Figure 5. TSE ameliorated ethanol-induced metabolism dysregulation in vivo. (A) qRT-PCR analysis
of the mRNA levels of cyp2y3, cyp3a65, adh8a, and adh8b in zebrafish, n = 3 biologically independent
samples. (B) qRT-PCR analysis of the mRNA levels of Cyp3a4, Cyp3a7, Cyp2d6, and Cyp2c45 in liver
tissue, n = 3 biologically independent samples. Activity of (C) CYP2E1, (D) ALDH, and (E) ADH in
the chicken embryo liver tissues, n = 6 biologically independent samples. Data represent the mean
± standard deviation and significant differences were analyzed by one-way ANOVA. # p < 0.05,
## p < 0.01, ### p < 0.001 vs. control group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. ethanol group; ns,
not significant vs. ethanol group.
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3.5. TSE Attenuated Oxidative Stress in Ethanol-Induced Chick Embryo Livers

Ethanol exposure can interfere with the antioxidant system that protects hepatocytes
against ROS damage. Antioxidant defense systems within cells include SOD, GPx, CAT,
and T-GSH, which are important in defending cells from oxidative damage and preventing
lipid peroxidation. MDA is the final metabolite of lipid peroxidation and play an indicative
function in oxidative damage. [25,26]. We noted that ethanol disrupted the antioxidant
defense system of the liver, with declined SOD, GPx, and CAT activities as well as the
T-GSH content (Figure 6A–D), although the change of CAT activity was not significant. In
parallel, the MDA level in embryo liver was elevated after ethanol treatment (Figure 6E).
Administration of TSE at 250, 500 or 750 μg/egg evidently recovered the activities of SOD.
Except for 250 μg/egg of TSE, the content of T-GSH was also evidently increased. Only
750 μg/egg of TSE can significantly restore the activity of GPx and CAT. Of course, the
production of MDA was also inhibited by TSE.

 

Figure 6. The antioxidant effect of TSE on ethanol-induced chicken embryo liver damage. (A–E) are
the effects of TSE on the changes of ethanol-induced (A) SOD, (B) GPx, (C) CAT, (D) T-GSH, and
(E) MDA levels in ethanol-induced chicken embryo liver, n = 6 biologically independent samples.
Data represent the mean ± standard deviation and significant differences were analyzed by one-way
ANOVA. # p < 0.05, ### p < 0.001 vs. control group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. ethanol
group; ns, not significant vs. ethanol group.

3.6. TSE Activated the Nuclear Factor Erythrocyte-2-Related Factor 2 (NRF2)-Mediated
Antioxidant Response

NRF2 is a vital player in regulating intracellular redox homeostasis in cells [27]. Nor-
mally, NRF2 exists in the cytoplasm. When oxidative stress occurs, NRF2 translocates to
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the nucleus and binds antioxidant response elements (ARE) to drive the expression of the
downstream genes, such as NQO-1, HO-1, SOD, GPx, CAT, and GSH [20,28]. Improved
antioxidant capacity can restrain ROS-induced liver damage. However, chronic alcohol
ingestion inhibits the function of NRF2, exacerbating oxidative stress in the liver [18,29].
Therefore, we monitored the levels of NRF2 and HO-1 both in chicken embryo liver and
HepG2 cells. In chicken embryo liver tissue, NRF2 and HO-1 were significantly down-
regulated at protein and mRNA levels in ethanol group, whereas remarkable restoration
was detected in the TSE treatment groups (Figure 7A,B). The protein levels of NRF2 and
HO-1 were evidently suppressed in ethanol-stimulated HepG2 cells, accompanied by
mRNA expressions of NRF2 and HO-1 significant alteration. Pretreated with TSE (5 μg/mL,
10 μg/mL and 20 μg/mL) significantly restored the protein levels of ethanol-inhibited NRF2
and HO-1 (Figure 7C). The mRNA levels of NRF2 and HO-1 were also apparently raised in
HepG2 cells by pretreated with 5 μg/mL and 10 μg/mL TSE (Figure 7D). Those findings
elucidated the fact that TSE alleviated ethanol-induced liver damage by modulating NRF2
and its downstream antioxidant enzymes.

 

Figure 7. Effect of TSE on NRF2-mediated antioxidant signaling in ethanol-induced liver damage.
(A) NRF2 and HO-1 protein expression levels in chicken embryo liver tissue, n = 3 biologically
independent samples. (B) qRT-PCR analysis of the mRNA levels of Nrf2 and Ho-1 in chicken embryo
liver tissue, n = 3 biologically independent samples. (C) NRF2 and HO-1 protein expression levels
in HepG2 cells, n = 3 biologically independent experiments. (D) qRT-PCR analysis of the mRNA
levels of NRF2 and HO-1 in HepG2 cells, n = 3 biologically independent experiments. Data represent
the mean ± standard deviation and significant differences were analyzed by one-way ANOVA.
## p < 0.01, ### p < 0.001 vs. control group; * p < 0.05, ** p < 0.01 vs. ethanol group; ns, not significant
vs. ethanol group.

149



Foods 2023, 12, 1078

4. Discussion

Until now, common treatments for ALD have been nutritional support and liver
protection therapy, but we still lack efficacious and targeted treatment options. Suitable
models for ALD are urgently needed to explore the pathogenesis and therapeutic strategies.
Current experimental models of ALD are mainly based on rodents and cell lines. However,
ALD related experiments on in vitro systems have limits in mimicking the symptoms of
entire living organisms. In vivo ALD studies performed on rodents are of high cost, have
long cycles, and have complicated operations with ethical problems. In contrast, chicken
embryos are easy to operate, and the developmental process is easy to observe. In this
work, we built an ethanol-induced liver injury model on chicken embryos for the first
time. The embryonic liver of chicken has been formed at 20–22 somite stage (50–53 h
after hatching) [30,31], and hemoblast cells have appeared in the hepatic sinus space at
EDD 5 [32]. Therefore, we exposed chick embryos to 75 μL 25% (v/v) ethanol every two
days from EDD5.5 until EDD15. There was a significant increase in the liver index due to
ethanol. Severe hypertriglyceridemia is a prevalent complication of alcohol consumption,
so TG is an important indicator of ALD [18]. A significant rise of TG in liver was noted after
ethanol administration as well. The most important clinical pathological manifestations of
ALD were steatosis, hepatocyte damage, and inflammatory infiltration. In ethanol-exposed
embryo liver, we found obvious hepatic pathological alterations, presented as hemorrhage,
inflammatory infiltration, fatty liver tissue and fibrosis. The disorder of metabolic enzymes
was also noticed. Ethanol substantially inhibited the liver ALDH activity leading to
excessive accumulation of acetaldehyde. ADH, another metabolic enzyme related to alcohol
was mildly suppressed. Meanwhile, the activity of CYP2E1 was enhanced, and CYP3A7,
the main CYP3A enzyme in fetal liver [33], was significantly upregulated by ethanol. These
CYPs are associated with the generation of large amounts of ROS. Because oxidation stress
is linked to alcohol-induced liver disease, we detected the change of hepatic antioxidant
defense system in chick embryos subjected to ethanol. The activities of antioxidant enzymes
including SOD, GPx, and CAT were decreased together with the content of low molecular
weight antioxidant GSH. On the other hand, MDA, a final product and indicator of lipid
peroxidation, remarkably elevated. The disrupted antioxidant defense system along with
enhanced lipid peroxidation suggested the occurrence of oxidative stress. All the above
indicated that the ALD model on chick embryos was successfully established.

Tamarind shells, wastes of consumption and processing, lack proper utilization for a
long time. In our previous research, we found that tamarind shell was rich in functional
chemicals. By using LC/MS, we identified and quantified eight flavonoids in TSE. These
included naringenin, luteolin, myricetin, morin, eriodictyol, apigenin, catechin, and taxi-
folin. The antioxidative effects of TSE and the eight flavonoids were evaluated in vitro and
in vivo [10]. Our research indicated that TSE possessed potent antioxidant capacity both
in vitro and in vivo. The tamarind shell extract (60 μg/mL) was low in cytotoxicity, with
no influence on the growth of HepG2 cells and zebrafish.

In the current work, we systematically evaluated the hepatoprotective effect of TSE
on ethanol-induced liver damage in chick embryos, zebrafish, and HepG2 cells. TSE was
found to rescued HepG2 cell from ethanol. In the presence of ethanol, there was a dramatic
decrease in the motor activity of zebrafishes. Severe morphology changes were observed in
ethanol-exposed zebrafish and HepG2 cells. Combined with the alteration in embryo liver
described earlier, ethanol caused severe hepatic damage in vitro and in vivo. TSE could
improve the pathological changes induced by alcohol in chick embryo liver, zebrafish, and
cells, and increase in the amount of time and total distances of swimming in zebrafish. All
the abovementioned results suggested that TSE relieved ethanol-provoked hepatic damage
in vitro and in vivo.

Oxidation stress is an important feature of ethanol-induced liver damage. By using the
fluorescence probe DCFH-DA, we found excessive ROS in zebrafish and HepG2 cells cul-
tured with ethanol. Superfluous ROS contributes to mitochondrial impairment, including a
reduction of the mitochondrial membrane potential (ΔΨm) and damaged the permeability
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of membrane. The dysfunctional mitochondrial not only produces more ROS, but also
releases cytochrome c, and then activates caspase 9 cascade which causes apoptosis of
hepatocyte [34]. We noticed an evident reduction of ΔΨm and cell viability in HepG2 cells
within ethanol incubation. Furthermore, the disruption of antioxidant defense system was
found in ethanol-administrated embryo liver, as manifested by decreased SOD, GPx, CAT,
and total GSH and increased MDA. In accordance with our previous research, TSE could
efficiently scavenge the overproduced ROS in alcohol-exposed zebrafish and HepG2 cells.
The ΔΨm of HepG2 cells was rebuilt by TSE. A salient remission of the malfunctional
antioxidant defense system was also noted in chick embryo liver with the treatment of TSE.
Taken together, TSE efficaciously combated the oxidation stress triggered by ethanol.

Disturbing metabolic enzymes re another outcome of alcohol intake. ADH, CYP2E1,
and CYP3A are responsible for converting alcohol into acetaldehyde. However, CYP2E1-
mediated oxidation of ethanol liberates large amounts ROS. Meanwhile, ethanol is a strong
inducer of CYP2E1. The elevated CYP2E1 generates more ROS [35]. Additionally, ALDH, a
major player in acetaldehyde metabolism, is severely inhibited by ethanol and results in
the accumulated acetaldehyde, a powerful hepatotoxin. In chick embryo liver, the activities
of ALDH and ADH were hampered by ethanol with the comparison of normal liver. TSE
was capable of reversing the metabolic enzyme disorder by recovering ALDH and ADH
and blocking CYP2E1 (Figure 8).

 

Figure 8. A schematic illustration of tamarind shell extract against ethanol-induced liver damage.
Tamarind shell extract can improve alcohol-induced liver injury by improving alcohol metabolism
and activating NRF2 pathway to inhibit oxidative stress.

NRF2/ARE pathway is essential in maintaining the redox homeostasis in humans.
NRF2 mediates the transcription of antioxidation and detoxification enzyme genes, such as
SOD, GPx, CAT, GSH, NQO-1, and HO-1 [36,37]. Thereafter, the oxidative homeostasis is
reestablished. It has been reported that flavonoids such as luteolin, apigenin, naringenin
and epicatechin are activators of NRF2/ARE in multiple cell lines. Therefore, we proposed
that the protection of TSE on ethanol-evoked liver damage was related to the activation
of NRF2. Western blot and PCR results indicated the apparent downregulation of NRF2
and HO-1 in ethanol exposed embryo liver. The levels of both genes were also decreased
in HepG2 cells. These data combined with the inhibition of antioxidant defense system
demonstrated that the NRF2 pathway was suppressed by ethanol. Consistently, TSE could
significantly activate NRF2, following upregulation of HO-1 at the mRNA and protein level
in embryo liver (Figure 8). Afterward, the oxidative homeostasis was rehabilitated.

5. Conclusions

In this study, we successfully built an ALD model on chick embryo to explore the
hepatoprotective activity of TSE. TSE effectively attenuated ethanol-induced liver injury by
relieving oxidative stress via activating the NRF2 pathway. These findings could facilitate
the utilization of TSE, increase economic benefits, and provide raw material support for the
study of natural ingredients of antialcohol and liver protection drugs. In addition, chicken
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embryo has the characteristics of simple and easy access, short experimental period and
low experimental cost. This model of chicken embryo alcoholic liver injury can be used for
high-throughput evaluation and screening of more active substances for antialcohol and
liver protection.
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Abstract: Several studies have supported the positive functional health effects of both prebiotics and
probiotics on gut microbiota. Among these, the selective growth of beneficial bacteria due to the
use of prebiotics and bioactive compounds as an energy and carbon source is critical to promote the
development of healthy microbiota within the human gut. The present work aimed to assess the
fermentability of tomato flour obtained after ohmic (SFOH) and conventional (SFCONV) extraction
of phenolic compounds and carotenoids as well as their potential impact upon specific microbiota
groups. To accomplish this, the attained bagasse flour was submitted to an in vitro simulation of
gastrointestinal digestion before its potential fermentability and impact upon gut microbiota (using an
in vitro fecal fermentation model). Different impacts on the probiotic strains studied were observed
for SFCONV promoting the B. animalis growth, while SFOH promoted the B. longum, probably
based on the different carbohydrate profiles of the flours. Overall, the flours used were capable of
functioning as a direct substrate to support potential prebiotic growth for Bifidus longum. The fecal
fermentation model results showed the highest Bacteroidetes growth with SFOH and the highest
values of Bacteroides with SFCONV. A correlation between microorganisms’ growth and short-chain
fatty acids was also found. This by-product seems to promote beneficial effects on microbiota
flora and could be a potential prebiotic ingredient, although more extensive in vivo trials would be
necessary to confirm this.

Keywords: gut microbiota; short-chain fatty acids; prebiotic

1. Introduction

The gut microbiota arrangement depends on individual intrinsic factors (e.g., age,
ethnicity, genetic markers) and environmental factors (e.g., geographic area, lifestyle,
diet, and drugs) [1,2], whereas the host intestine provides the necessary environmental
conditions for the bacteria therein to survive and reproduce. The gut microbiota modulates
various physical functions (e.g., nutrient processing and digestion, immune cell growth and
immune response, and immunity towards pathogens, among others), hence representing a
mutualistic relationship [2].

Most bacterial fermentation happens in the proximal colon, where there is higher
substrate accessibility. Toward the distal colon, the convenience of substrates falls, and the
recovery of available food reduces both substrate and microbial products’ distribution. The
fermentation results in the production of short-chain fatty acids (SCFAs) together with gas
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(CO2 and H2) [3]. These compound molecules are mainly generated in the large intestine by
gut microbiota fermentation of carbohydrates that had escaped digestion and absorption in
the small intestine, although non-digested proteins or peptides are also essential upstream
compounds for their production [4,5].

Bioactive compound sources are mainly found in plants, such as tomato fruit. While
also used for fresh consumption, tomatoes are primarily used for processing into juice,
pulp and sauces, hence originating many by-products whose potential valorization is still
scarce [6,7]. A full and integrated recovery from tomato by-products with zero residues,
in a context of a circular economy, could be used as a strategy. For instance, the final
solid extraction by-product can be dried under controlled conditions, resulting in flour
with a high fibre content combined with bonded bioactive compounds, such as phenolic
compounds and carotenoids [8–10]. As such, the resulting material could be used with
an ingredient that, given its characteristics, could have interesting biological potential,
particularly in the modulation of the gut microbiota [11–13]. In addition, different extraction
techniques have been tested to valorize these by-products, including “green techniques”
like ohmic (OH) processing, which obtain bioactive extracts with significant differences
from extracts obtained by conventional extraction [14].

Still, even though diet arrangement has been demonstrated to have a modulating
effect on gut microbial communities, knowledge of the effects exerted by particular foods
in driving gut microbial variety is limited, hence hampering their optimal use.

Therefore, the present work aimed to characterize the prebiotic potential of two
tomato flours obtained after ohmic (SFOH) and conventional (SFCONV) extraction of
phytochemicals from tomato bagasse. To accomplish this, both flours were subjected to an
in vitro stimulation of the gastrointestinal tract. After the characterization of the impact
of this process on each sample, the digested samples were evaluated upon pure probiotic
cultures and on fresh human fecal samples to assess the prebiotic potential and the effect
on the metabolic and population dynamics of gut microflora.

2. Materials and Methods

2.1. Tomato Bagasse Flours
Tomato Bagasse Flour Preparation

Two different tomato bagasse (peel and seeds) flours were used in the present work.
The first (OH) was prepared from the solid by-product leftover after ohmic extraction
(70 ◦C, 15 min, 70% ethanol). The tomato bagasse was subjected to ohmic extraction (peel
and seeds) as described elsewhere [14]. The second (CONV) was prepared using the
solid by-product of a conventional solid–liquid extraction described in the literature using
hexane as solvent [15]. In both cases, after extraction, the leftover solid by-product fraction
(SF) was dried at 55 ◦C overnight and stored in a desiccator at room temperature until use.
The phytochemical properties of tomato flours were described in previous studies [7,10,14].
The SF for OH tomato by-products is shortened as SFOH to simplify the nomenclature,
while the SF for CONV samples is SFCONV.

2.2. In Vitro Digestion Simulation (GID)
2.2.1. Sample Preparation

The tomato SF was suspended in water (10%) and homogenized using an Ultra-
Turrax (IKA Ultra-turrax T18, Wilmington, NC, USA) at 13,000× g for 1 min. The tomato
bagasse solution was set up at 10% (w/v), as the composition showed that the dried
sample contained ca. 50% fiber and, as per the European Food Safety Agency (EFSA),
6 g of fiber for each 100 g of the item [16]. Results obtained before showed the presence
of 48.06 ± 0.11 g/100 g DW of insoluble dietary fiber and 46.01 ± 0.13 g/100 g DW for
SFCONV [10].
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2.2.2. In Vitro Digestion Simulation

Before executing fecal fermentation assays, samples were subjected to an in vitro
simulation of the GI tract (including dialysis) to better mimic in vivo conditions. The
tomato bagasse mixture’s pH value was adjusted to 5.6–6.9, utilizing 1 M HCl. Mouth
digestion was simulated by adding α-amylase from human saliva (100 U/mL in 1 mM
aqueous CaCl2), homogenizing the mixture for 2 min, and incubating at 37 ◦C and 200 rpm.
Afterward, to emulate stomach conditions, the mixture’s pH value was lowered to 2.0
(utilizing 1 M HCl) and pepsin from gastric juice was added (12.5 mg/mL in HCl 1 M) at a
ratio of 0.05 mL/mL of sample. The mixture was then incubated in a water bath for 2 h at
37 ◦C and 130 rpm. To simulate small intestine conditions, the mixture’s pH was adjusted
to 6.0 utilizing 1 M NaHCO3. Pancreatin and bile salts (0.4 g pancreatin and 1.2 g bile salts
in 200 mL of NaHCO3 1 M) were added to the mixture, at a ratio of 0.25 mL/mL of sample.
Finally, the obtained solution was maintained at 37 ◦C and 45 rpm for 2 h. Afterward, the
dialysis was performed with 12 kDa membranes for 24 h, with known volume (to simulate
the blood circulation). At the end of the dialysis process, the solution within the dialysis
tubing (OUT) represented the non-absorbable sample (colon-available). This fraction was
then freeze-dried and stored in a desiccator for later use in the fecal fermentation.

2.3. Preliminary Evaluation of the Prebiotic Potential of Tomato SF
2.3.1. Microorganisms

Probiotic bacteria species were selected for the present work, namely Lactobacillus casei
01 and Bifidobacterium animalis subsp lacties BO.

2.3.2. Selection of the Best Tomato Flour Concentration

To evaluate the effect of tomato flour on the growth of the target microorganisms,
tomato SF (before and after digestion) at 2, 4, and 6% (w/v) was suspended in basal media,
inoculated using a 24 h inoculum at 10% (v/v), and incubated for 24 h at 37 ◦C in an anaer-
obic environment. After this period, the viable cell numbers were determined by plating,
using the spread plate method, in de Mann, Rogosa, and Sharpe agar (MRS) enhanced with
0.5 g/L of L-cysteine hydrochloride. After 48 h incubation at 37 ◦C, under anaerobiosis,
the bifidobacterial and lactobacilli colonies were enumerated, and the outcomes plotted as
log CFU/mL, in accordance with [17]. All inoculations were performed in triplicate, and
plain inoculated cells were determined using decimal dilutions and plating through the
spread plate technique, in MRS agar enhanced with cysteine and bromophenol blue [18].
In addition, pH values were measured using a 52-02 Crison electrode, and the organic acid
production was assessed through HPLC-IR, as described elsewhere [17].

2.4. In Vitro Fecal Fermentations
2.4.1. Collection and Preparation of Fecal Inocula

Fresh fecal samples were provided by five healthy donors (A–E, three men and two
women, between the ages of 23 and 39 years old), whose selection was based on established
criteria regarding health status and dietary habits; namely, to assess the existence of chronic
diseases, allergies, and probiotic ingestion, among others. Moreover, an informed consent
form was distributed among donors to provide the participants with information about
the study, with a consent certificate assigned to each. Donors were healthy unrelated
anonymous volunteers, ≥18 and <50 years of age, who had not received antibiotics in the
preceding six months or consumed any prebiotic supplement. The fecal samples were
maintained under anaerobic conditions for a maximum of 2 h before being used. The fecal
inocula (FI) were then prepared by diluting the fecal matter in Reduced Physiological Salt
solution (RPS) (constituted by 0.5 g/L cysteine-HCl (Merck, Darmstadt, Germany) and
8.5 g/L NaCl (LabChem, Zelienople, PA, USA), with a final pH value of 6.8, at 100 g/L in
an anaerobic workstation (Don Whitley Scientific, West Yorkshire, UK) (10% CO2, 5% H2,
and 85% N2) [2].
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2.4.2. Nutrient Base Medium Preparation

Fecal fermentations were performed with Nutrient Base Medium. The medium com-
prised 5.0 g/L trypticase soy broth without dextrose (Fluka Analytical, St. Louis, MO,
EUA), 5.0 g/L bactopeptone (Becton Dickinson Biosciences, New Jersey, NJ, USA), 0.5 g/L
cysteine-HCl (Merck, Darmstadt, Germany), 1.0% (v/v) of salt solution A [100.0 g/L
NH4Cl (Merck, Darmstadt, Germany), 10.0 g/L MgCl2·6H2O (Merck, Darmstadt, Ger-
many), 10.0 g/L CaCl2·2H2O (Carlo Erba, Chaussée du Vexin, France)], 1.0% (v/v) of trace
mineral solution (ATCC, Manassas, VA, USA), 0.2% (v/v) of salt solution B [200.0 g/L
K2HPO4·3H2O (Merck, Darmstadt, Germany)], and 0.2% (v/v) of a 0.5 g/L resazurin
solution (Sigma-Aldrich Chemistry, St. Louis, MO, USA). The medium final pH value was
adjusted to 6.8 and was then bubbled with N2 until it presented a translucent/yellowish
color. Following this, 50 mL parts were then distributed into several containers. Fruc-
tooligosaccharides (FOS) from inulin-Raftilose® P95 (Beneo-Orafti, Oreye, Belgium) with a
molecular weight of 0.6 Kda—3.3 DP were used as positive controls and then freeze-dried
digested [2]. Tomato residue flours were added to the respective vessels at a final con-
centration of 2%. The bottles were capped and autoclaved. Following sterilization, and
before adding the fecal inocula, the atmosphere of each flask was refluxed with a sterile gas
mixture (10% CO2, 5% H2, and 85% N2) [2].

2.4.3. Fecal Fermentations

The flasks prepared before (Section 2.4.2) were inoculated at 2% (v/v) with fecal inocula
(Section 2.4.1) and incubated for 48 h at 37 ◦C under anaerobic atmosphere (10% CO2, 5% H2,
and 85% N2). Samples were collected after 0, 12, 24, and 48 h of incubation, and the pH
values were measured using a MicropH 2002 pH meter (Crison, Barcelona, Spain) equipped
with a 52-07 pH electrode (Crison, Barcelona, Spain). The positive and negative controls
were, respectively, designated as C+ (FOS) and C- (plain media), while the digested biomass
tomato flours were named OH and CONV, which are under flours. Afterward, the samples
were stored at −30 ◦C until analysis. All the steps considered in this section were carried
out inside an anaerobic workstation (Don Whitley Scientific, West Yorkshire, UK) [2].

2.4.4. Fecal Fermentation Sample Processing

Aliquots of each sample (4 mL) were centrifuged for 6 min at 4000× g. The resulting
supernatants were used to evaluate sugars and short-chain fatty acids (SCFAs), according
to Section 2.6, and the pellet was used to extract the genomic DNA.

2.5. Sugars and SCFA Analysis

Sugar consumption and organic acid production during fecal fermentation were ana-
lyzed using an HPLC system composed of a Knauer K-1001 pump (Berlin, Germany), an ion
exchange Aminex HPX87H (300 × 7.8 mm) (Bio-Rad, Hercules, CA, USA) column, and two
detectors assembled in series, namely a UV-vis detector (220 nm) and a refractive index de-
tector, both from Knauer (Berlin, Germany,) at a temperature of 65 ◦C. An isocratic gradient
was used (13 mM H2SO4 Merck, Darmstadt, Germany), at a flow rate of 0.6 mL/min. The
injection volume was 40 μL and the running time was 30 min. Fermentation supernatants
were filtered through a 0.22 μm syringe filter and each sample was injected in duplicate.

2.6. Bacterial Population Analysis
2.6.1. DNA Extraction

An NZY Tissue gDNA Isolation kit (NZYTech, Lisbon, Portugal) was used to extract
DNA from the fecal samples with slight modifications. Briefly, pellets were washed with
TE (pH 8.0; Tris EDTA buffer), vortexed, and centrifuged at 4000× g for 10 min. Then,
180 μL of a freshly prepared lysozyme solution (10 mg/mL lysozyme in a NaCl-EDTA
(30 mM:10 mM) solution) was added and incubated for a period of 1 h at 37 ◦C, with
periodic shaking. Afterward, 350 μL of NT1- buffer was added to the samples, which
were then vortexed and incubated at 95 ◦C. After 10 min, samples were centrifuged
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(11,000× g, 10 min, 4 ◦C), and supernatants (200 μL) were mixed with 25 μL of proteinase
K and incubated at 70 ◦C for 10 min. The remaining steps were performed according to
the manufacturer’s instructions. After extraction, the DNA’s purity and concentration
(20 ng/μL) were assessed using a Thermo Scientific™ μDrop™ Plate coupled with a
Thermo Scientific™ Multiskan™ FC Microplate Photometer (Thermo Fisher Scientifc,
Waltham, MA, USA).

2.6.2. Real-Time Quantitative Polymerase Chain Reaction—Gut Composition Analysis

Real-time PCR was performed using a CFX96 Touch™ Real-Time PCR Detection
System (Bio-Rad Laboratories, Inc., Hercules, CA, USA), under the conditions described
in Table S1, to detect and amplify the purified bacterial gDNA [2]. The PCR reaction
mixture comprised 5 μL of 2x iQTM SYBR® Green Supermix (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA), 2 μL of sterile ultrapure water, 1 μL of sample DNA (equilibrated
to 20 ng/μL), and 1 μL of forward and reverse primers (100 nM) targeting the 16S rRNA
gene. The primers used were obtained from STABvida (Lisbon, Portugal) and are listed
in Table S2. Standard curves were constructed using tenfold dilutions (from 2 log to 6 log
of several copies of 16S rRNA gene/μL) of bacterial genomic DNA standards (DSMZ,
Braunschweig, Germany); the primer sequences for qRT-PCR required in this experiment
are present in Table S2. The amplification schedule included one initial activation cycle at
95 ◦C for 10 min, 45 cycles at 95 ◦C for 10 s, an annealing step at 45, 50, or 55 ◦C for 60 s
depending on the primer, and an extension step at 72 ◦C for 15 s. Melting curve analysis
was performed for each PCR to evaluate the specificity of the amplification, considering a
temperature interval from 60 to 97 ◦C, with an increase of 0.1 ◦C (per 0.01 min). All assays
were performed in quadruplicate. Data were processed and analyzed using LightCycler
software obtained from Roche Applied Science. The target groups were chosen from among
the most numerous phyla and genera in the healthy human gut microbiota (Firmicutes,
Clostridium leptum subgroup, Bacteroidetes, and Bacteroides), as well as known probiotics
(Bifidobacterium and Lactobacillus). The standard curves were calculated using tenfold
bacterial dilution gDNA standards of Clostridium leptum (ATCC 29065), Bacteroides vulgatus
(ATCC 8482), Bifidobacterium longum subsp. infantis (ATCC 15697) (DSMZ, Braunschweig,
Germany), and Lactobacillus gasseri (ATCC 33323) (Table S2). The NCBI Genome database
was utilized in this work to acquire the genome size and copy number of the 16S rRNA
gene for each bacterial strain used as a benchmark.

2.7. Statistical Analysis

Statistical analysis of the data was done using IBM SPSS Statistics v21.0 (IBM, Chicago,
IL, USA). The normality of the data’s distribution was evaluated through Shapiro–Wilk’s
test. As the data proved to follow a normal distribution, one-way ANOVA, coupled with
Tukey’s post hoc test, was used to determine the significance of the effect of tomato bagasse
biomass on bacterial populations at each time point. Repeated measures ANOVA was
used to evaluate the effect of tomato bagasse biomass on the bacterial population over time.
Differences were considered significant for p-values ≤ 0.05.

3. Results

3.1. Probiotic Effect

The most used probiotic microorganisms belong to the Lactobacillus and Bifidobacterium
genera. Thus, at the first stage, these microorganisms were used to understand the potential
prebiotic effects of tomato bagasse flours after extraction. For this, the bacteria were
inoculated into a growth medium with different concentrations of tomato flours (0%,
1%, 2%, 4%) to select the minimum concentration exerting a prebiotic effect. The results
(Figure 1) showed that the flours had little impact, with differences observed between the
SFCONV and SFOH samples of 2 and 4% by-product concentration. The viable cells number
for Lactobacillus was ca. 108 CFU/mL for the various percentages of tomato samples, while
for Bifidobacterium, the observed values were lower.
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Figure 1. Impact of different concentrations of digested tomato by-products (after carotene extraction,
OH, and CONV) on the growth of Lactobacillus (A) and Bifidobacterium (B) after 24 h anaerobic incu-
bation. Letters mean the significant difference between methods for each tomato flours’ concentration
p < 0.05.

For Lactobacillus casei, when comparing the viable cells of the positive control and
the sample at 2%, the by-product appeared to allow for some growth of this bacteria; i.e.,
the total viable counts were above those registered for the control and allowed for more
prolonged survival of the bacterial cells, indicating that tomato biomass may be used as a
source of nutrients by this microorganism. The SFOH extraction had a significant impact
when compared with SFCONV (p < 0.05). The results suggest better bacteria accessibility to
nutrients, such as carbohydrates, promoting their growth [2,18–20]. In addition, according
to the chemical flours profile, SFOH has a greater amount of galactose, arabinose, and
uronic acids than CONV, which could promote the growth of these bacteria, as described
in the literature [21,22]. The results are according to the literature, given the recognized
metabolic diversity of Lactobacillus, as previous results also reported strain-specific effects
of tomato flours [23,24]. Thus, these flours can also be used as a medium for probiotic
growth.

It was reported that XOS is not fermented by most of the lactobacilli tested, whereas
arabinoxylan was not used by any of the strains examined [25]. However, [22] verified
a L. casei growth in arabinoxylan. The authors also demonstrated that another strain of
Lactobacillus, L. brevis DSM 20054, was genetically equipped with functional arabinoxylan-
oligosaccharide-degrading hydrolases, which could explain the use of arabinose for growth.

In addition, tomato by-products could promote L. casei growth, suggesting that this
sample may be used as a source of essential nutrients by bacteria, as has been the case in
some studies that utilized tomato juice as material for the manufacture of a probiotic drink.
One study showed that tomato juice enriched with Lactobacillus plantarym ST III strain posi-
tively affected fermented skimmed milk’s taste and health-promoting activity. A fermented
tomato juice with L. casei and L. plantarum was used to create a high-bioactivity probiotic
drink [26]. Phenolic compounds, lycopene, and other carotenoids are related as they cause
a positive correlation between antioxidant activity and prebiotic impact [17,26,27]. No
differences were found in antioxidant activity (Table S5) between SFOH and SFCONV used
in this study (87.50 ± 1.26 and 90.49 ± 2.54 g trolox eq./100 g DW, respectively), which
indicated that both flours could be used as a probiotic.

Relatively to B. animalis, significant differences were observed at 24 h between CONV
and OH extracts with 2% of tomato by-products. CONV seemed to promote the growth of
this microorganism as there were viable cell numbers after 24 h incubation. Nevertheless,
OH-extracted flour led to a slight decrease in bacterial growth over time. These differences
between results may originate from the fact that different Bifidobacterium strains may have
distinctive carbohydrate metabolic abilities, as has been observed in several previous
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studies [28–31]. Studies revealed that the B. longum encodes ABC transporters, PEP-
PTS systems, and secondary transporters required to carry mono- and disaccharides. In
comparison, B. animalis has a significantly smaller genome than B. longum, with a lower
number of metabolic pathways to take advantage of carbon sources, does not encode PEP-
PTS frameworks, and contains just two qualities determining sugar-specific ATP-binding
proteins characteristic of ABC transporters [28]. Therefore, since previous studies [7]
showed that CONV has more disaccharides and monosaccharides (glucose, fructose, and
mannose) than OH (which contains more polysaccharides, such as cellulose, hemicellulose,
and pectins), it is plausible that more metabolically limited bacteria, such as B. animalis,
cannot use them as a carbon and energy source to grow.

Since there were no marginal gains in growth or the death of the target microorgan-
ism provided by the different concentrations of tomato pomace, subsequent experiments
used the 2% concentration as there was limited sample availability, and in the future, it
will be easy to justify as a commercial ingredient to minimize interference in final food
products [32].

Impact of the Digested Tomato SF on Organic Acid Production

Probiotic bacteria can produce a variety of organic acids. The primary fermentation
product from the breakdown of complex dietary carbohydrates is lactic acid, specially syn-
thesized by Lactobacillus and Bifidobacterium. In Figures 2 and 3, it can be seen that at time 0
h, lactic acid is detected in the tomato SF. Greater concentrations of lactic acid concentra-
tions were obtained, both in SFOH and in SFCONV at 2%, after 24 h. Moreover, the tomato
by-product’s presence promoted an overall increase in the production/accumulation of
lactic acid.

Figure 2. Concentrations of organic acids and sugars during the 24 h of growth of prebiotic bacteria
Lactobacillus, incubated in the presence of SFOH (green) and SFCONV (orange) of tomato SF 2%,
after simulation of the gastrointestinal tract.

A slight increase in the production of lactic acid in Bifidobacterium species can be noted.
This result corroborates the literature: Bifidobacterium produce lactic and acetic acids in
large amounts, that is, larger than the amounts secreted by Lactobacillus, even though the
latter is known to be very acid-tolerant [33].

Bifidobacterium and Lactobacillus fermentation also result in the production of acetic
acid. Acetic acid was not identified in the tomato by-product control at time 0 h. Moreover,
during the graphical execution of the acetic acid concentrations for the function of time,
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it would be expected that the concentration of this product would increase over time.
However, this condition was not verified for L. casei, in the presence of tomato by-products,
at 24 h, which presents a high standard deviation, and for the mixture of Lactobacillus and
Bifidobacterium, in the absence of tomato, at 12 h. Bifidobacteria produced acetic and lactic
acids at proportions of 3:2, which were not comprised by analyzing the fermentation end
products: the concentration of acetic acid was approximately three times inferior to the
concentration of lactic acid obtained [34].

Figure 3. Concentrations of organic acids and sugars during the 24 h of growth of prebiotic bacteria
Bifidobacterium, incubated in the presence of SFOH (green) and SFCONV (orange) of tomato SF
2%, after simulation of the gastrointestinal tract. Citric acid, in the control, increased throughout
the incubation time for all probiotic bacteria as well as in the mixture of prebiotics. In addition, a
significant concentration of citric acid was produced by L. casei. Towards the presence of tomato by-
products, an increase in citric acid is visible in the first 12 h; however, after this time, the concentration
decreases substantially, with L. casei production reaching null values. It is possible to conclude that B.
animalis and B. longum achieved the highest concentrations in the presence of these flours.

Lactobacillus and Bifidobacterium can break down and metabolize a variety of substrates.
The glucose concentration is initially high due to large amounts of this monosaccharide
(Figures 2 and 3). After 12 h, there is a decrease in its concentration since the bacterial
strains consume this substrate. The metabolic capacity to consume sugars did not differ
significantly between the various probiotic bacteria, except for L. casei in the presence
of tomato by-products, which degraded glucose more sharply after 24 h, though the
production of lactic acid as well as of acetic acid did not increase.

Besides glucose, the disaccharide maltose was also found in the SF but at a lower
concentration. During the incubation and in SFCONV, the overall amount of maltose
decreased. As bacterial enzymes hydrolyze maltose in two glucose molecules, the bacteria
are likely consuming it. However, in SFOH, consumption of maltose by the microorganisms
was, overall, significantly lower, with the amount of maltose in the media increasing after
12 h (possibly released from the matrix), with a subsequent reduction in the concentration
after 24 h (Figures 2 and 3). In SFOH, only B animalis was capable of consuming present
maltose.
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3.2. Impact of Tomato Flour after Extraction on Gut Microbiota
3.2.1. Microbial Population Modulation

The gut microbiota assay mimics our organism’s complexity, which goes far beyond
Lactobacillus and Bifidobacterium. There is a set of microorganisms that interact with each
other and with different preferences for substrates.

A simulated gut microbiota fermentation was made through an in vitro model to eval-
uate the potential prebiotic impact of tomato flours (promotion of positive microorganism
growth and metabolite production) obtained after CONV and OH extraction.

The phyla Bacteroidetes, which are Gram-negative, and Firmicutes, which are Gram-
positive, are the most plentiful in the human gut. Bacteroidetes and Bacteroides presented
significant differences between SFCONV and the controls. For the Bacteroidetes cluster,
there was an increase in the presence of SFCONV at 12 h, with significant differences
compared with C-. In addition, according to Figure 4, there is a greater dispersion in the
number of gene copies for SFOH than for SFCONV. The latter population is less spread out,
concentrating in the 5 log of number of copies of 16S rRNA/ng DNA). It is also possible
to verify that for SFOH, about 25% of the population presented a 6 log 16S rRNA gene
copies/ng of DNA, similar in behavior to FOS. The results are in agreement with the
literature, as Bacteroidetes may metabolize complex nutrient polymers, many of which are
molecules in the plant cell wall (e.g., cellulose, pectin, and xylan), which, through the of
action human digestive enzymes’ cleavage activity, are released and may reach the colon
intact [35]. Studies reveal that dietary habits and lifestyle turn into determinants and play
a critical part in gut microbiota variations. High-fiber and animal protein foods increase
Bacteroidetes, whereas the presence of high-fiber and carbohydrate foods increases Firmi-
cutes and Prevotella [36,37]. This information reinforces our results since SFOH presents
more protein and insoluble fiber than SFCONV and, consequently, more Bacteroidetes than
SFOH (p < 0.05) [10].

In addition, SFCONV samples contain more bound phenolics than SFOH. Xue and
colleagues (2016) showed that phenolic compounds, namely quercetin and catechin, inhibit
the growth of Bacteroidetes and Firmicutes. Nevertheless, other microorganisms maintain
the ability for carbohydrate and energy metabolism in each group. It is still unknown how
other bacteria use FOS and their metabolites [35]. The presence of multiple FOS transport
systems with different specificities in each strain may also explain the selective metabolism
of particular oligosaccharide components observed here. Moreover, bound phenolic com-
pounds may be responsible for altering the metabolism pathway, inhibiting Bacteroidetes
growth. The increase of Bacteroidetes leads to an increase of acidic compounds such as
pyruvic, citric, fumaric, and malic acids, indicators of higher energy metabolism, and thus
contributes to the healthy metabolome [38–40]. For Bacteroides, the results also showed
the same tendency as with Bacteroidetes genera. SFOH presented a more heterogeneous
distribution for Bacteroides than SFCONV, which presents similar behavior for different
donors (Figure 4).

Furthermore, the results showed that 25% of SFOH and SFCONV have a gene copy
number higher than FOS. Additionally, there is a significant increase in the Bacteroides
population caused by SFOH and SFCONV at 12 h when compared to controls (p < 0.05)
(Figure 2). The SFCONV have more rutin than SFOH, a polyphenol compound, as described
in [7]. The authors claimed that polyphenols might modify the microbiota balance through
biased effects on Bacteroides [41].

Regarding the Firmicutes results, a slight increase of 16S rRNA at 24 h for SFCONV
samples’ exposure was observed compared to control samples, with significant differences
(p < 0.05). According to Figure 2, while the SFOH samples presented similar results to
FOS, the bacterial population is more dispersed than the observed SFCONV bacterial
population. SFOH contains more fatty acids and fiber than SFCONV (Table S3). Studies
have demonstrated that a diet rich in fiber and low in fat promotes Firmicutes’ growth,
which metabolizes dietary plant-derived polysaccharides to SCFAs [36,42].
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The ratio of Firmicutes to Bacteroidetes (F/B) was also analyzed at 1:1 for all sam-
ples during the experience. Commonly, healthy individuals display a nearly 1:1 ratio of
F/B [35,43], and the ratio’s increase (e.g., to 20:1, F/B) or decrease has been associated with
obesity and weight loss, respectively [44]. In addition, dietary intake, such as fiber, and
phytochemicals have a higher impact on microbiota. An example is a diet rich in fiber,
which increases Bacteroidetes; diets rich in calories increase Firmicutes. The maintenance
of the F/B ratio during all experiences corroborates the higher amounts of fatty acids and
dietary fiber present in samples, contributing to the ratio’s equilibrium. Thus, this is a
good indicator of the use of SFOH in diets to contribute to the health of individuals. Other
studies with obese or malnourished individuals could be interesting to understand the
alterations caused by these samples.

Figure 4. Distribution of gut bacterial populations (log 16S rRNA gene copies/ng of DNA,
means ± SD) detected by PCR in fecal samples. The used probes: Clostridium leptum (A), Bac-
teroidetes (B), Bacteroides (C), Firmicutes (D), Bifidobacterium (E), and Akkermansia (F).

In general, the Bifidobacterium showed a slight increase over time for both tomato
SFs tested. According to Figure 4, about 50% of the initial population of Bifidobacterium is
between 1 and 4 log of copies of the number of 16S rRNA/ng DNA. At 6 h fermentation, a
significant increase was observed in the number of copies with time (p < 0.05) for SFOH. In
addition, CONV fermentations showed higher levels of gene copies at 12 h compared to the
controls. In addition, at 24 h, 25% of the bacteria presented more copies than FOS. Given
the results showed by [7], it appears that SFCONV has more soluble fiber than SFOH and
FOS, being a good carbon source and promoting a greater growth of this bacteria. Studies
have shown that, depending on the strains, they use different substrates for growth. While
not all strains are capable of using (most of the components of) galactooligosaccharides,
the capacity of intestinal communities for the metabolization of galactooligosaccharides
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would not be excluded [45]. The combined activity of multiple bacteria is responsible for
the fermentation of complex carbohydrates in the gut [21]. Researchers have investigated
several strains and revealed that 11 of the bifidobacterial strains were significantly growing
on polydextrose (soluble fiber), final OD600 > 05, whereas 34 of the bifidobacterial strains
exhibited positive growth FOS. This is an essential result to deduce the prebiotic potential
of different carbohydrates to increase the diversity of the gut microbiota. McLaughlin
et al. (2015) verified superior growth with inulin to B. longum subsp. CCUG 18157 when
compared to the other strains tested. It is possible that this strain produces a specific
enzyme, such as β-fructofuranosidase, with specificity for FOS or inulin.

One intestinal bacterium naturally existing in the gut microbiota of healthy people
is Akkermansia. When present in the intestinal flora, this group also produces propionate
and acetate; however, the fecal samples contained lower gene copies of Akkermansia. The
fermentation of both samples induced a significant reduction in Akkermansia levels from 0
to 12 h. Nonetheless, no differences were found between samples and controls (p > 0.05).
The lower concentrations of this bacteria, when compared with other groups of bacteria,
could be associated with its human intestinal colonization at a very young age (it is found
in breast milk and infant formula) (Lukovac et al., 2014); the median age of the donors was
40 years old. Additionally, recent studies have shown that diets rich in fiber and protein
decrease the Akkermansia population [46,47]. Our results agree with previous reports,
where SFOH presents more fat and soluble fiber than SFCONV, resulting in a population
distribution with less 16 rRNA gene copies of Akkermansia.

C. leptum belongs to the group of anaerobic bacteria that mainly produce propionate
and butyrate in gut microbiota and use amino acids as the primary energy source. No
differences were observed in cell numbers (p > 0.05); nevertheless, interesting results were
observed in Figure 4. The first quartile population (25%) of SFOH presented a lower
number of gene copies than other samples, while the second and third quartiles, 50%
of the Clostridium leptum population, presented similar 16 rRNA gene copies with FOS.
Regarding SFCONV, this seems to promote the growth of this bacteria better. As seen
with Akkermansia, a diet rich in fermentable fiber can promote the growth of clostridium;
however, the presence of lipids can also inhibit it, thus verifying the discrepancies in the
growth of this microorganism [36,48].

The differences obtained for microorganisms agree with recent research, suggest-
ing that food changes may drastically modify endogenous microbial communities’ total
composition and organization in the gut.

3.2.2. SCFA Analysis

As referred to previously, some of the welfare benefits attributed to fiber fermentation
by the colonic bacteria are related to the metabolites generated.

Relative to butyrate, SCFAs (Figure 5) are the primary energy source for normal,
healthy colon cells. In addition, they safeguard against colon cancer and inflammation
due to their capacity to help defend the gene-expression structure that discourages the
development and proliferation of cancer cells. Results suggest a significant increase of
n-butyrate at 6 h in samples fermented with SFOH- compared with control samples. At
24 h, the SFCONV-fermented samples also showed an increase of n-butyrate higher than
SFOH samples, but no statistical differences were found (p > 0.05).

The results showed a significantly higher acetate concentration for tomato flour CONV
than for OH (p < 0.05). In addition, there was an increase in acetate concentration over
time. The results align with previously reported observations since SCFAs are, for the most
part, created by enteric microorganisms as Bacteroidetes and Bifidobacterium because of
carbohydrate fermentation through the hydrolysis of acetyl-CoA. A little part is synthesized
by acetogenic microorganisms that use hydrogen, carbon dioxide, or formic acid through
the Wood–Ljungdahl pathway [49,50]. The results are aligned with the literature, since the
observed formic acid concentration decreases as acetate concentration increases.
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There was a slight decrease in propionate concentration at 12 h in the SFOH sample
compared with the positive control, with a significant difference (p < 0.05). Nevertheless,
increased propionate concentration was found at 24 h for both positive control and tomato
bagasse flours (SFOH, SFCONV), with significant differences compared to the negative con-
trol. The different propionate pathways may explain these results: succinate, acrylate, and
propanediol. The succinate pathway is related to the Firmicutes and Bacteroidetes [50,51].
The results are illustrated in Figure 5, where succinate concentration decreases over time,
suggesting a production of propionate based on the succinate pathway.

 

Figure 5. Concentration (mg/mL ± SD) of the SCFAs produced along with fermentation time in fecal
samples. Negative control (C-), positive control (C+), tomato residue flour after OH extraction (OH),
and tomato residue flour after conventional extraction (CONV). Different letters mark statistically
significant (p < 0.05) differences.

The results showed higher production of butyrate at 24 h for SFOH and SFCONV
samples than C-, which indicates a tomato bagasse flour fermentation stimulating the
production of this acid.

Although acetate and propionate production for SFOH and SFCONV were almost
the same, the CONV sample had higher butyrate production than the OH sample. In
addition, acetate and propionate are related to the advancement of satiety, thus taking into
account the phytochemical profile of the tomato bagasse flour and the results obtained for
propionate and acetate production; they could be applied as a substitute for animal-derived
proteins and fiber in foods.

According to the Pearson correlation (Figure 6), a significant impact is observed
in some SCFAs on the expression of some microorganisms, which is considered in the
evaluation of the previously described results. Propionate is correlated with the growth
of Clostridium and Firmicutes, and the production of formate and succinate is correlated
with Akkermancia. The last one also influences the Firmicutes.
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Figure 6. Pearson correlation between microorganisms and SCFAs produced during fermentations.

4. Conclusions

The screening of the prebiotic properties of SF obtained after OH and CONV extraction
from tomato by-products was assessed using Lactobacillus and Bifidobacterium as probiotics.
Differences in bacterial carbohydrate utilization patterns between species were identified,
with the best results being obtained for Bifidobacterium animalis BO. The impact of SFOH
and SFCONV on these probiotics was small, with differences observed for the Lactobacil-
lus and Bifidobacteria strains. SFOH at 2% and 4% contributes to L. casei growth when
compared to SFCONV, while for Bifidobacterium, SFCONV at 2% promotes it growth.

Regarding the fecal fermentation based on volunteers’ feces, both flours’ main groups
are the Bifidobacterium and Akkermansia. In addition, 25% of SFOH and SFCONV samples
presented gene copies higher than the positive control for Bacteroides. Regarding SFOH,
this sample enhanced Bacteroidetes’ growth. In addition, 50% of population tests presented
similar results with FOS to C. leptum, while SFCONV presented a higher number of genes
copies than the positive control for Bifidobacterium.

Concerning SCFA results, both flours increased the propionate, butyrate, and acetate
concentration compared to the negative control, which indicates the production capacity of
these acids by SFOH and SFCONV during fermentation. In addition, SFCONV produces
more butyrate than the OH samples.
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However, a relation was observed between certain bacterial groups and SCFA con-
centration. For the Bifidobacterium, both acetate and n-butyrate influence its growth, while
Clostridium is influenced by iso-butyrate and propionate.

The outcomes propose that both tomato flours favor a potential modulatory impact
upon the gut microbiota, thus giving a counteractive action for different diets. Moreover,
SFOH comes from a cleaner extraction than SFCONV, making it a potential sustainable in-
gredient with a prebiotic impact through the growth enhancement of Bifidobacterium animalis
and improvement of the generation of SCFA.

Nonetheless, initial and promising evidence of their potential prebiotic effect was
demonstrated, raising the need for more extensive testing in vivo as part of future work.
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Abstract: The objective of this study was to determine the antioxidant activities of defatted walnut
kernel extract (DWE) and whole walnut kernel extract (WE) in vitro and in vivo. Three spectrophoto-
metric methods, DPPH, ABTS, and FRAP, were used in in vitro experiments, and mice were used
in in vivo experiments. In addition, response surface methodology (RSM) was used to optimize
reflux-assisted ethanol extraction of DWE for maximum antioxidant activity and total phenolic
content. The results of in vitro experiments showed that both extracts showed antioxidant activity;
however, the antioxidant activity of DWE was higher than that of WE. Both extracts improved the
mice’s oxidative damage status in in vivo studies. An ethanol concentration of 58%, an extraction
temperature of 48 ◦C, and an extraction time of 77 min were the ideal parameters for reflux-assisted
ethanol extraction of DWE. The results may provide useful information for further applications of
defatted walnut kernels and the development of functional foods.

Keywords: walnut kernel; antioxidant activity; in vitro; in vivo; response surface methodology

1. Introduction

Originally from the Mediterranean Basin, walnut (Juglans regia L.) is a member of the
Juglandaceae family. The major walnut producers in the world are China and the United
States [1]. Walnut is one of the four most popular nuts in the world [2,3], favored for their
nutritional and medicinal value. Walnut is widely distributed in various provinces of China,
such as Heilongjiang, Hebei, Yunnan, and Guizhou. China has the largest planting area
and production. Data shows that China’s walnut planting area and production reached
631,000 hectares and more than 2.5 million tons in 2019, respectively [4]. Walnut kernels
are rich in nutrients, containing large amounts of protein, dietary fiber, carbohydrates,
vitamins, fat, and amino acids, as well as trace elements such as potassium, iron, and
calcium [5–7]. Walnut kernels have anti-inflammatory and antiseptic effects, protecting
blood vessels, lowering blood pressure, and preventing cancer. Walnut kernels can be
eaten directly or processed into various food items for consumption, such as beverages,
desserts, and snacks. The kernels, husks, green barks of walnuts, branches, and leaves of
walnut trees are all treasures that have been extensively employed in medical research and
cosmetics manufacturing [8].

The main cause of oxidative stress is inequality between prooxidants and antioxidants
owing to the overproduction of reactive oxygen species (ROS) that exceeds the ability of cel-
lular defenses [9,10]. The by-products of aerobic metabolism can damage the structure and
function of cellular organelles. For example, reactive oxygen species (ROS), if not effectively
removed, may harm proteins, lipids, and deoxyribonucleic acid (DNA) in cells, ultimately
leading to cellular damage and cell death [11,12]. A variety of human diseases have been
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observed to have a bearing on oxidative stress, e.g., cancer [13], dementia [14], cardiovascu-
lar diseases, neurodegenerative diseases [15,16], hyponatremia [17], diabetes [18], uterine
fibroid [19], and colorectal cancer [20]. Organisms contain natural defense systems against
oxidative stress, including enzymatic antioxidant and non-enzymatic antioxidant systems.
In addition, supplementation with exogenous antioxidants is also an efficacious way to
effectively inhibit oxidative damage. Antioxidants can inhibit oxidative damage by scav-
enging or neutralizing free radicals, enhancing the activity of antioxidant enzymes in vivo,
and reducing the products of lipid peroxidation [21,22]. When present in the medium
in lower concentrations than oxidizable substrates, antioxidants prevent the oxidation of
substrates [23,24]. In the last century, various synthetic antioxidants produced by chemical
processes have been used in foods to prevent oxidation, such as butylhydroxytoluene
(BHT) and butylhydroxyanisole (BHA). However, researchers have indicated that synthetic
antioxidants can have negative consequences, like carcinogenesis [25–27]. Therefore, the
search for natural alternatives from plants has generated great interest based on safety
and health.

The presence of polyphenols, tocopherols, squalene, unsaturated fatty acids, phy-
tosterols, and bioactive peptides in walnut kernels contributes to their nutritional and
medicinal value [28,29]. Polyphenols, which have both antibacterial and antioxidant
properties [30,31], are plentiful secondary metabolites in plants. The hydroxyl groups
of polyphenolic compounds can react with free radicals, thus slowing down the harm
of free radicals to cells and achieving antioxidant effects. Walnut kernels have the high-
est phenol content compared to other nuts, like pistachios, Brazil nuts, almonds, and
peanuts [32,33]. A study even showed that walnut kernels have the greatest antioxidant
ability among twenty-five common foods [34]. Therefore, walnut kernels are a good source
of natural antioxidants.

Defatted walnut kernels are a by-product left over from the extraction of walnut oil.
Defatted walnut kernels are rich in phenolics, which have antioxidant properties [35]. This
property makes it a potential source for the development of functional foods and dietary
products. The addition of substances with healthy properties can transform these products
into healthier foods. Previous studies on the antioxidant activity of defatted walnut kernel
have mainly focused on in vitro or in vivo studies [36–38]. However, many substances may
not have consistent antioxidant activities both in vitro and in vivo. There are no reports
on the use of in vitro and in vivo assays to comprehensively assess the antioxidant activ-
ity of defatted walnut kernel. One study used ultrasonic-assisted ethanol extraction of
defatted walnut kernel extract to obtain optimal technical parameters for de-penalization
treatments [39]. However, there are few studies on the optimization of defatted walnut
kernel extract (DWE) based on the antioxidant effect as an indicator. Therefore, in the
present study, the antioxidant activity of defatted walnut kernel extract and whole walnut
kernel extract (WE) was comprehensively evaluated using in vitro and in vivo assays. In
addition, response surface methodology was used to optimize extraction conditions for
reflux-assisted ethanol extraction of defatted walnut kernel extracts. In this study, three
spectrophotometric methods, DPPH, ABTS, and FRAP, were employed to measure the
ability to eliminate free radicals in vitro. In in vivo experiments, malondialdehyde (MDA)
content, total antioxidant activity (T-AOC), glutathione peroxidase (GSH-Px) activity, cata-
lase (CAT) activity, and total superoxide dismutase (T-SOD) activity were determined in
serum and tissues of mice.

2. Materials and Methods

2.1. Materials and Reagents

This test uses walnut kernels as the raw material from Shijiazhuang City, Hebei
Province. BHA and ABTS were obtained from J&K Scientific (Beijing, China). Trolox was
provided by Aldrich Co. (St. Louis, MO, USA). DPPH was supplied by TCI Development
Co., Ltd. (Shanghai, China). Tripyridyltriazine and D-galactose were bought from Aladdin
Co., Ltd. (Shanghai, China). The malondialdehyde (MDA), total antioxidant activity (T-
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AOC), total superoxide dismutase (T-SOD), glutathione peroxidase (GSH-Px), and catalase
(CAT) kits were provided by Nanjing Jiancheng Bioengineering Company (Nanjing, China).
Other solvents utilized in the experiments were analytical- or HPLC-grade.

2.2. Preparation of Walnut Kernel Extracts

Weigh 0.30 g of the defatted walnut kernel (over 20 mesh) and walnut kernel dissolved
in 70% ethanol at a ratio of 30:1. After being sonicated (HU-10260B, Tianjin Hengao
Technology Development Co., Tianjin, China) for 40 min; the solution was centrifuged (TDL-
5A, Changzhou Wanhe Instrument Manufacturing Co., Changzhou, China) to separate the
supernatant, and then diluted with a 1.5% sodium carboxymethylcellulose solution to the
desired concentration. Defatted walnut kernel extract (DWE) and walnut kernel extract
(WE) were obtained.

The mixed fatty acids were prepared by saponifying walnut oil at 60 ◦C for 1 h. The
saponified solution was then acidified with hydrochloric acid to pH 3–4, followed by
diluting the acidified solution with anhydrous ethanol to the appropriate concentration.

2.3. In Vitro Antioxidant Activity Determination

Three complementary and common methods, DPPH, ABTS, and FRAP, were selected
to determine the in vitro antioxidant activity of each walnut extract separately. As positive
controls, the experiment employed vitamin C and butylhydroxyanisole (BHA).

2.3.1. DPPH Assay

The determination of DPPH free radical elimination activity was performed according
to the literature with some modifications [40]. In total, 0.5 mL of 250 mmol/L DPPH
(dissolved in anhydrous ethanol) working solution was added to 0.5 mL of the appropriate
concentration of sample solutions or Trolox solutions. The mixture was reacted at room
temperature and protected from light for 40 min. The absorbance values were subsequently
determined at 517 nm using an enzyme marker (Spectra Max plus 383, MDC, Silicon Valley,
CA, USA). A series of concentrations of Trolox (3.12–100 μmol/L) solutions were utilized
as standard, and the calibration curve was plotted to compute DPPH radical scavenging
activity. As follows: Y1 = 0.008X1 + 0.1225 (R2 = 0.9982) (X1, concentration of Trolox, μg/mL;
Y1, DPPH radical scavenging rate, %). DPPH scavenging activity can be shown as Trolox
equivalent antioxidant capacity (TEAC).

2.3.2. ABTS Assay

The determination of ABTS free radical elimination activity was performed according
to the literature with some modifications [41]. For the ABTS stock solution, ABTS solution
and potassium persulfate solution were produced to final concentrations of 7 mmol/L and
2.45 mmol/L, individually. After being combined, the mixing solution was left at room
temperature and shielded from light over 12 h. Anhydrous ethanol was used to dilute
the stock solution into the working solution until the absorbance value at 734 nm was
0.80 ± 0.02. A total of 1.0 mL of ABTS working solution was mixed with 50 μL of proper
sample concentration or Trolox solutions. The mixture was reacted at room temperature
and protected from light for 20 min, and the absorbance values were determined at 734 nm
using an enzyme marker (Spectra Max plus 383, MDC, Silicon Valley, CA, USA). A series
of concentrations of Trolox (25–800 μmol/L) solutions were utilized as standard, and the
calibration curve was drafted to compute ABTS radical scavenging activity as follows:
Y2 = 0.0012X2 − 0.0196 (R2 = 0.9954) (X2, concentration of Trolox, μg/mL; Y2, ABTS
radical scavenging rate, %). ABTS scavenging activity can be shown as Trolox equivalent
antioxidant capacity (TEAC).

2.3.3. FRAP Assay

The determination of ferric-reducing antioxidant power was performed according to
the literature with some modifications [42]. Ferric chloride solution (20 mmol/L), acetate
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buffer solution (pH 3.6, 0.3 mol/L), and TPTZ stock solution (10 mmol/L) were mixed in a
volume ratio of 1:1:10. This resulted in a fresh FRAP working solution. The samples were
prepared with anhydrous ethanol to the appropriate concentration. In total, 50 μL of the
sample solutions or Trolox solutions and 1 mL of FRAP reagent were well mixed at 37 ◦C.
After 10 min, the absorbance values were measured at 593 nm using an enzyme marker
(Spectra Max plus 383, MDC, Silicon Valley, CA, USA). The calibration curve was used
to compute the FRAP with Trolox as the standard: Y3 = 0.0011X3 − 0.1113 (R2 = 0.9996)
(X3, concentration of Trolox, μg/mL; Y3, FRAP). FRAP was signified as Trolox equivalent
antioxidant capacity (TEAC).

2.4. In Vivo Antioxidant Activity Determination
2.4.1. Animals

Six to eight-week-old Kunming mice (SPF grade, Batch No. SCXK 2009-0012), weigh-
ing roughly 20 ± 2 g, were obtained from Changsha Tianqin Biotechnology Company
(Changsha, China). The feed was purchased at Changsha Tianqin Biotechnology Company.
Before the start of the experiment, the mice were fed with basic feed and water for one
week to acclimatize them to the conditions of the animal room. Animal experiments in
this study were conducted in accordance with current national and international laws
and recommendations, and every effort was made to minimize suffering. The experiment
was approved by the Animal Care and Use Committee of Guizhou Normal University
(C00032801).

2.4.2. Mice Grouping and Experimental Design

After the mice were adapted, fifty mice were randomly divided into five groups of
ten mice each as follows: the normal control group (Group I), the model control group
(Group II), the positive control group (Group III); the defatted walnut kernel extract (DWE)
group (Group IV), and the whole walnut kernel extract (WE) group (Group V). Vitamin C
was the positive control that was employed.

The doses administered to the WE and DWE groups were set based on the defat-
ted walnut powder extract group. To produce an oxidative damage model, mice in
Groups II through V received an intraperitoneal injection of 0.3 mL of D-galactose so-
lution (0.5 g/kg/d). Mice in Group I received a 0.3 mL physiological saline injection. In
addition, Vitamin C (0.2 g/kg/d), DWE (0.2 g/kg/d), and WE (0.5 g/kg/d) were given
daily to groups III, IV, and V, respectively. This was conducted for 42 consecutive days
by gavage.

After the last gavage, all groups of mice were given a fast while still having access
to water. The next day, blood was taken from the eyeballs of mice. Subsequently, after
standing for a while, the collected blood was centrifuged (4 ◦C, 4000 rpm, 10 min) (TGL-
16M, Changsha Meijiasen Instrument Co., Changsha, China) to collect the serum from the
supernatant. The brain tissue, kidney, liver, and heart of mice were immediately dissected.
The blood on the tissues was washed away separately with ice-cold physiologic saline
and blotted dry with filter paper. The homogenization process involved combining the
sample with iced saline at a ratio of 1:9 (mass to volume) to obtain a 10% homogenate.
The resulting mixture was then subjected to centrifugation at 4 ◦C and 4000 revolutions
per minute (rpm) for 5 min using a TGL-16M centrifuge (Changsha Meijiasen Instrument
Co., Changsha, China). The supernatant was collected and preserved at a temperature of
−20 ◦C for subsequent experiments.

2.4.3. Antioxidant Assays

The Technical Specification for Inspection and Evaluation of Health Food (2003 edition)
stipulates that when any of the indicators of lipid peroxide content and any of the indicators
of antioxidant function enzyme activity are positive, it can indicate that the tested extract
has antioxidant health function. Therefore, we made a mouse model of oxidative damage
using D-galactose. Subsequently, measurements of total antioxidant activity (T-AOC),
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catalase (CAT) activity, total superoxide dismutase (T-SOD) activity, glutathione peroxidase
(GSH-PX) activity, and malondialdehyde (MDA) content were performed in the serum
and tissues of mice. The operation procedure was regulated on the basis of the operating
descriptions of the kit.

2.5. Optimization of Extraction Conditions of Defatted Walnut Kernel Extract

The extraction conditions for reflux-assisted ethanol extraction of defatted walnut
kernel extract were optimized for maximum antioxidant activity and total phenolic content
using single-factor experiments and response surface methodology.

2.5.1. Single-Factor Experimental Design

In this study, 0.30 g of defatted walnut powder was weighed. Firstly, the best ex-
traction method was determined by a single-factor experiment as reflux extraction. The
best extraction solvent was anhydrous ethanol, and the best liquid-to-material ratio was
30:1 (mL/g). Based on this, further single-factor experiments were carried out to determine
the optimal extraction conditions for defatted walnut kernel extract (DWE). The extraction
conditions included extraction time, ethanol concentration, and extraction temperature.
Briefly, the extraction times were 40 min, 60 min, 80 min, 100 min, 120 min, and 140 min,
respectively. The ethanol concentrations were 0%, 20%, 40%, 60%, 80%, and 100%, respec-
tively. The extraction temperatures were 35 ◦C, 45 ◦C, 55 ◦C, 65 ◦C, and 75 ◦C, respectively.
The common conditions were an extraction time of 80 min, an ethanol concentration of 50%,
and an extraction temperature of 60 ◦C. When one of the independent variables is modi-
fied, the other parameters remain unchanged. The antioxidant activity was determined
according to Sections 2.3.1–2.3.3. The total phenol content (TPC) was performed according
to the literature with some modifications [43].

Add 2.5 mL of Folin–Ciocalteu phenol reagent (10%) to 0.1 mL of the appropriate
concentration of DWE or 100 μg/mL gallic acid standard solution. Allow to stand for 5 min.
Then, add Na2CO3 solution (10%, 2 mL) and distilled water to bring the volume to 10 mL.
After another hour of keeping the mixture at room temperature and shielded from light,
the absorbance values were gauged at 765 nm. The TPC of the samples was represented as
gallic acid equivalents per gram of dry weight.

2.5.2. Response Surface Methodology (RSM) Experimental Design

Following the results of the single-factor experiments, the defatted walnut kernel
extract (DWE) was optimized by response surface methodology (RSM) using Central Com-
posite Design (CCD). Ethanol concentration, extraction time, and extraction temperature
were the independent variables, and ABTS, DPPH, FRAP, and total phenol content (TPC)
were the response variables. Five distinct levels (−1.68, −1, 0, 1, 1.68) of study were per-
formed on each design variable (Table 1). A total of 19 randomized experimental cycles
were run. Table 2 displays the response surface methodology run design and outcomes. Fol-
lowing the completion of the CDD matrix, an analysis of variance (ANOVA) was conducted,
and the data were fitted to a second-order polynomial model.

y = β0 + ∑k
i=1 βixi + ∑k

i=1 βiixi2 + ∑k−1
i ∑k

j βijxixj

where y denotes the response variable, xi and xj represent the independent variables, and k
is the number of independent variables (k is 3 in this study). β0, βi, βii, and βij indicate the
intercept term coefficient, the linear term coefficient, the quadratic term coefficient, and the
interaction term coefficient, respectively.
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Table 1. Independent variables, real and coded values in Central Composite Design (CCD).

Variable
Levels

−1.68 −1 0 1 1.68

Ethanol concentration (A, %) 16.36 30 50 70 83.64
Extraction time (B, minutes) 46.36 60 80 100 113.64

Extraction temperature (C, ◦C) 28.18 35 45 55 61.82

Table 2. Central Composite Design (CCD) scheme and experimentally observed antioxidant activity
(ABTS, DPPH, FRAP) and total phenolic content (TPC) response values.

Run
Variables Response Values

A B C ABTS DPPH FRAP TPC

1 30 60 55 85.91 37.04 220.79 32.84
2 50 80 45 106.98 46.52 247.49 41.13
3 50 80 45 106.32 46.37 250.13 40.13
4 50 46.36 45 81.05 35.70 215.33 39.53
5 50 80 28.18 75.79 31.49 199.88 39.04
6 16.36 80 45 67.25 29.03 192.61 29.83
7 50 113.64 45 92.66 40.31 225.33 40.66
8 83.64 80 45 95.04 41.37 225.94 36.58
9 50 80 61.82 100.63 42.37 232.61 40.23

10 50 80 45 103.50 43.98 252.70 40.48
11 70 60 35 92.43 39.43 224.12 39.87
12 70 60 55 98.34 42.25 232.30 39.38
13 30 60 35 64.17 28.56 180.18 33.85
14 70 100 55 101.71 42.65 243.21 32.25
15 70 100 35 101.27 42.51 234.73 34.32
16 50 80 45 103.72 43.52 252.59 38.52
17 30 100 35 71.57 29.83 191.70 34.54
18 50 80 45 106.56 46.11 247.44 39.83
19 30 100 55 92.32 38.17 221.09 35.88

A, ethanol concentration; B, extraction time; C, extraction temperature; ABTS, ABTS radical scavenging activity of
defatted walnut kernel extracts; DPPH, DPPH radical scavenging activity of defatted walnut kernel extracts; FRAP,
ferric-reducing antioxidant power of defatted walnut kernel extracts; TPC, total phenolic content of defatted
walnut kernel extracts.

2.6. Statistical Analysis

All experiments in vivo were performed in eight replicates and averaged. All other
experiments were repeated three times and averaged. The experimental result values are
expressed as mean ± SD. The data obtained from in vivo and in vitro experiments were
statistically analyzed by SPSS.18.0 software. A one-way analysis of variance (ANOVA) was
used, followed by Student’s test to assess significance. Statistically, significant results were
signified as p < 0.05, more significant as p < 0.01, and extremely significant as p < 0.001. The
optimization experiments were statistically analyzed using Design-Expert 8.0.6 software.

3. Results and Discussion

3.1. In Vitro Antioxidant Activities of Walnut Kernel Extracts

Table 3 summarizes the antioxidant activities of walnut kernel extracts determined
by DPPH, ABTS, and FRAP methods. Vitamin C and butylhydroxyanisole (BHA) were
employed as positive controls. Walnut kernels contain up to 65–70% oil, while fatty
acids make up more than 90% of walnut oil. Therefore, the antioxidant potential of
fatty acids was evaluated and compared with defatted walnut kernel extract (DWE) and
whole walnut kernel extract (WE). The results suggested that extracts from all parts
of walnut kernels had certain in vitro antioxidant effects. After oil removal, the cake
meal extract of walnut kernels had the strongest antioxidant capacity in vitro. More-
over, trends in results measured by the three methods were consistent, with vitamin C
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> BHA > DWE > WE > fatty acids. Specifically, the results of DPPH, ABTS, and FRAP
in DWE (0.025 mg/mL) were 1026.19 ± 52.95 μM TEAC/g, 2754.30 ± 42.79 μM TEAC/g,
and 5829.09 ± 36.36 μM TEAC/g. The clearance rate measured by DPPH and ABTS
at a concentration of 0.025 mg/mL of WE was small and not in the linear range. In
contrast, the FRAP result was 4180.61 ± 41.99 μM TEAC/g. At a fatty acid concentra-
tion of 100 mg/mL, the clearance measured by the three methods was small and not
in the linear range. This showed that DWE has significantly different (p < 0.01) an-
tioxidant activity from WE and fatty acids. Compared to BHA, vitamin C showed the
greatest antioxidant activity among the two positive controls. The result measured by
the DPPH method was 4006.05 ± 4.03 μM TEAC/g. The result measured by the ABTS
method was 9018.41 ± 85.58 μM TEAC/g. The result measured by the FRAP method was
20,018.69 ± 116.89 μM TEAC/g. Interestingly, the antioxidant activities of walnut kernel
extracts showed high differences in DPPH, FRAP, and ABTS. Under the same conditions,
the FRAP method showed high antioxidant capacity and large differences. For example,
for the antioxidant-active substance DWE, the antioxidant activity determined through the
FRAP method increased 5.68-fold and 2.12-fold compared to DPPH and ABTS, respectively.
This result is due to the different detection principles of the methods utilized. Each method
has its range of applications and features. At present, no method can comprehensively mea-
sure the antioxidant activity of a substance. Consequently, the antioxidant activities of food
extracts should be evaluated using various methodologies simultaneously in experiments
since different approaches frequently provide different findings [44].

Table 3. Comparison of antioxidant activities of different parts in walnut kernels.

Sample
Concentration

(mg/mL)
DPPH

(μM TEAC/g)
ABTS

(μM TEAC/g)
FRAP

(μM TEAC/g)

Vitamin C 0.025 4006.05 ± 4.03 9018.41 ± 85.58 20,018.69 ± 116.89
BHA 0.025 3660.22 ± 13.98 7301.33 ± 171.15 16,362.42 ± 575.34
DWE 0.025 1026.19 ± 52.95 2754.30 ± 42.79 5829.09 ± 36.36
WE 0.025 ND ND 4180.61 ± 41.99 a

Fatty acid 100 ND ND ND
BHA: butylhydroxyanisole; DWE: defatted walnut kernel extract; WE: whole walnut kernel extract. Data are
expressed as mean ± SD (n = 3). Superscript letters indicate a more significant difference (p < 0.01) compared to
DWE. ND, not detected.

Oxidative damage is an important cause of aging in organisms. Antioxidant and
anti-aging are closely related. Plant extracts are rich in bioactive substances. These bioac-
tive substances are highly valuable in antioxidants and disease prevention. Therefore,
antioxidant studies on plant extracts can provide many possibilities for the development of
natural antioxidant products.

Walnut kernels are one of the most beloved nuts in the world, and they are widely
grown for this reason. In addition to their good taste, walnuts have great benefits for human
health. The reason for this is that walnut kernels are rich in natural active substances.
Phenolic compounds are one of these naturally active substances. Phenolic compounds
have been shown to have antioxidant properties [45–47]. Walnut kernels have a higher
antioxidant potential than other nuts due to their high phenolic content. Defatted walnut
kernels, a by-product released after obtaining walnut oil, also have antioxidant properties.
Defatted walnuts are becoming an inexpensive source of phenolic compounds.

Our study determined the ability of defatted walnut kernel extract and whole walnut
kernel extract to scavenge free radicals in vitro. The results of this study confirmed the
antioxidant activity of both extracts. Previous studies have shown that most of the antiox-
idant activity in walnut kernels is in defatted walnut kernels [36,48,49]. Our results are
consistent with them. Walnut kernels contain 65–70% oil. Regrettably, walnut kernel oil
contains very low levels of phenolics, contributing less than 5% to the total antioxidant
activity of walnut kernels [48]. The reason may lie in the low oil solubility of phenolic
compounds [50] or be related to the distribution of phenolic compounds in walnut kernels.
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Defatted walnut kernels consist primarily of the skin that encases the kernel. The highest
phenolic content was found in the pericarp [51,52]. Therefore, the antioxidant activity of
DWE is sensibly superior to that of WE, which may also be related to the interference of
walnut oil.

3.2. In Vivo Antioxidant Activities of Walnut Kernel Extracts

The malondialdehyde (MDA) content, the catalase (CAT) activity, total superoxide
dismutase (T-SOD) activity, glutathione peroxidase (GSH-Px) activity, and total antioxidant
activity (T-AOC) in serum, brain tissue, liver, kidney, and heart of mice were examined
to assess the in vivo antioxidant activity of walnut kernel extracts. Figure 1 displays
the results.

Figure 1. The changes of (A) malondialdehyde (MDA) contents; (B) total antioxidant activity (T-AOC);
(C) total superoxide dismutase (T-SOD) activities; (D) glutathione peroxidase (GSH-Px) activities;
and (E) catalase (CAT) activities. Data are expressed as mean ± SD (n = 8). Mice were divided into
five groups as follows: I, normal control group (saline); II, model control group (D-gal solution);
III, positive control group (VC solution, 0.2 g/kg/d); IV, DWE (walnut kernels extract, 0.2 g/kg/d);
V, WE (walnut kernels extract, 0.5 g/kg/d). Compared with the model group, p < 0.05.

3.2.1. Effect on Lipid Peroxidation

As shown in Figure 1A, the malondialdehyde (MDA) content in serum and all tissues
was obviously higher in the model control group (Group II) than in the normal control
group (Group I). It indicates that mice injected intraperitoneally with D-galactose solutions
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could successfully create a model of oxidative damage. In comparison to the model group,
the content of MDA in the serum and tissues of mice in the vitamin C, defatted walnut
kernel extract (DWE), and whole walnut kernel extract (WE) groups were reduced and
varied significantly (p < 0.05). It showed that two walnut kernel extracts and vitamin C
may both lower the MDA content of aging mice due to D-galactose to varying degrees
and protect mice from lipid peroxide damage. Walnut kernel extracts showed conspicuous
antioxidant effects.

3.2.2. Effect on Antioxidant Enzyme Activities and Total Antioxidant Activities

As shown in Figure 1B–E, total superoxide dismutase (T-SOD) activities, glutathione
peroxidase (GSH-Px) activities, catalase (CAT) activities, and total antioxidant activity
(T-AOC) in the serum and various tissues were noticeably reduced in the model control
group (Group II) compared with the normal control group (Group I). The ability to scav-
enge oxygen-free radicals in vivo was also correspondingly reduced. It indicates that
intraperitoneal injection of D-galactose solution could successfully create a mouse model
of oxidative damage. Figure 1B shows the effect of walnut kernel extracts on T-AOC in the
serum and tissues of mice. The T-AOC in the serum and tissues of mice varied significantly
among the vitamin C group, the defatted walnut kernel extract (DWE) group, and the
whole walnut kernel extract (WE) group compared to the model group (p < 0.05). It notes
that walnut kernel extracts and vitamin C could improve the T-AOC of D-galactose-aged
mice to varying degrees and enhance their ability to scavenge free radicals. Figure 1C–E
reflect the effects of walnut kernel extracts on antioxidant enzyme activity in the serum
and tissues of mice. The activities of antioxidant enzymes in mice were reduced after the
use of D-galactose. T-SOD activities, GSH-PX activities, and CAT activities in serum and
tissues were improved after treatment with vitamin C, DWE, and WE. And all of them were
significantly different from the model group (p < 0.05). Antioxidant enzymes can eliminate
free radicals, maintain the redox balance of the organism, and play a certain antioxidant
role in the organism.

Free radicals readily attack unsaturated fatty acids in biological membranes and cause
lipid peroxidation. This action produces lipid peroxidation products, including MDA.
MDA is a cytotoxic substance that can induce cross-linked polymeric of proteins, nucleic
acids, and various biological macromolecules [53]. The MDA content is an indicator of
the extent of lipid peroxidation occurring within the organism and may further indirectly
reflect the level of cellular oxidative damage. The defense system of biological organisms
includes both enzymatic and non-enzymatic antioxidant systems. T-AOC is a combination
of enzymatic and non-enzymatic activity in a biological organism. The numerical value
of T-AOC could objectively mirror the strength of the body’s total antioxidant activity
and further indirectly reflect the body’s ability to defend against antioxidant damage.
T-SOD, CAT, and GSH-Px are endogenous antioxidant enzymes that are crucial in the
mechanism of antioxidant defense [54]. In the organism, these three antioxidant enzymes
are the first line of defense against reactive oxygen species. T-SOD is essential for the
oxidation and antioxidant balance of living organisms, converting superoxide anions into
hydrogen peroxide (H2O2) and thus protecting cells from damage [55]. Hydroxyl radicals
are chemically very active and can react with organic substances in living organisms, such
as sugars, amino acids, organic acids, and phospholipids. The reaction speed is fast, and
the damage to the cells of biological organisms is strong. However, it can be broken down
into H2O2 by the highly destructive CAT under certain conditions to protect the cells of
living organisms [56]. GSH-Px exclusively catalyzes the reduction reaction of reduced
glutathione (GSH) to hydrogen peroxide, thus acting to defend the structure and functional
completeness of the cytomembrane. These antioxidant indicators were therefore selected to
assess the antioxidant activity of walnut kernel extracts.

Vitamin C is one of the most common and strong antioxidants that can perform
antioxidant functions by reacting with free radicals and inhibiting lipid peroxidation
damage. The selection of vitamin C as a positive control can distinctly elucidate the effect
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of antioxidants on antioxidant enzyme activity in oxidatively damaged mice. D-galactose
is a well-stabilized reducing monosaccharide that increases tissue osmolarity and produces
oxidative stress. The products of the enzyme-catalyzed reaction of D-galactose cannot
be further metabolized. Instead, they accumulate in the body, damaging its antioxidant
defense system and producing an overabundance of oxygen radicals. This results in a
model of oxidative damage.

3.3. Single Factor Experimental Results

One of the primary factors impacting the total phenolic content (TPC) and antioxi-
dant activity is the extraction variable. The results revealed that extraction time, ethanol
concentration, and extraction temperature affected the antioxidant activity and TPC of
defatted walnut kernel extract (DWE) (Figure 2). Specifically, the effect of extraction time
on antioxidant activity manifested that the extraction time (from 40 min to 80 min) was
positively correlated with antioxidant activity. The antioxidant activity, however, fell after
80 min of extraction time. Interestingly, the TPC reflects the same situation. The TPC was
positively associated with the extraction time (from 40 min to 100 min). But sadly, the TPC
started to progressively decline after the extraction time surpassed 100 min. Concerning the
ethanol concentration, as the ethanol concentration rose from 0% to 40%, the antioxidant
activity, as determined by the DPPH and ABTS techniques, increased. Subsequently, it
gradually decreased. While the FRAP method showed that the antioxidant activity in-
creased as ethanol concentration grew (from 0% to 80%), it gradually declined after ethanol
concentration increased over 80%. The TPC was positively correlated with the ethanol
concentration, within the range of 0–60% ethanol concentration, arriving at a maximum
of 60%. After that, it gradually decreased with increasing ethanol concentrations. It is
noteworthy that the extraction temperature showed the same trend as the extraction time.
In general, the effects of these three variables on antioxidant activity and TPC followed a
consistent trend: an early rise followed by a slow decline.

Figure 2. Effect of extraction variables on antioxidant activity (DPPH, ABTS, FRAP) and total phenolic
content (TP) of defatted walnut kernel extract (DWE). Min, minutes.
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Reflux extraction is a method of extracting active ingredients from plants with volatile
organic solvents. The reflux extraction method is relatively simple to operate and has a
high extraction efficiency. Ethanol, acetone, methanol, and water are organic solvents often
used for the extraction of phenolic compounds [57], including the extraction of walnut
kernel extract. Ethanol is a hydrophilic organic solvent with good solubility for all types
of chemicals. Ethanol is safer compared to methanol and acetone. During the extraction
process, the performance of the extraction is affected by some external factors, such as
extraction temperature, feed/liquid ratio, extraction time, and solvent concentration [58].

The variable of extraction time may have a bearing on the instability of antioxidant
active components in the DWE. Additionally, when extraction time lengthens, production
costs rise. Taking all aspects into consideration, the extraction time was chosen to be
controlled at about 80 min. For the variable of ethanol concentration, this may be due
to the fact that polyphenols are not the only antioxidant active ingredient in the DWE.
The content and type of antioxidant substances extracted differed at different ethanol
concentrations. From the consideration of cost and subsequent operation, it is appropriate
to control the ethanol concentration at about 50%. For the extraction temperature, this
may be due to the poor thermal stability of polyphenols and the destruction of active
ingredients due to oxidation reactions at high temperatures. In addition, the dissolution of
impurities increases at high temperatures, and the subsequent separation and purification
become more difficult. Taking all factors into consideration, the extraction temperature was
controlled at about 45 ◦C as appropriate.

3.4. Correlation Analysis of Antioxidant Activity and Total Phenolic Content

The content of phenolic substances contained in nuts affects their antioxidant activ-
ity [59]. According to previous studies, phenolics and antioxidant activity are noticeably
positively correlated [60]. Correlations were analyzed to evaluate the relevance of total
phenolic content (TPC) and antioxidant activity of walnut kernel extracts. As can be seen
in Table 4, using the DPPH, ABTS, and FRAP methods, the correlation coefficients between
TPC and antioxidant activity were 0.517, 0.566, and 0.539, respectively. This indicated a
significant relevance in antioxidants and TPC (p < 0.05). The results were in accordance
with previous studies. There was an extremely significant relevance (r > 0.97; p < 0.001)
among the three antioxidant tests in defatted walnut kernel extract (DWE). Therefore, the
choice of any of these methods allows a reasonable one-way analysis of variance (ANOVA)
of the influencing factors.

Table 4. Correlations between total phenolic content (TPC) and antioxidant activities (DPPH, ABTS,
FRAP).

FRAP DPPH ABTS

DPPH 0.971 ** 1 –
ABTS 0.976 ** 0.991 ** 1
TPC 0.517 * 0.566 * 0.539 *

** p < 0.01; * p < 0.05.

3.5. Response Surface Methodology to Optimize the DWE Extraction Conditions
3.5.1. ANOVA and Quadratic Regression Analysis

Defatted walnut kernel extract (DWE) extraction conditions were optimized using
the response surface method (RSM) based on the findings of single-factor experiments.
The one-way analysis of variance (ANOVA) of influential variables was conducted using
ABTS. As displayed in Table 5, the total phenolic content (TPC) of defatted walnut kernel
extract (DWE) was more significantly correlated with extraction time (p < 0.01). It was
extremely significantly correlated with ethanol concentration and extraction temperature
(p < 0.001). The influencing variables were in the following order: ethanol concentration
had the highest degree of influence, followed by extraction temperature and extraction
time. Furthermore, the effect of extraction factors on the TPC was ranked in the following
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order: ethanol concentration > extraction time > extraction temperature. The quadratic
multiple regression equations that were obtained to assess the ABTS and TPC outcomes are
as follows: y (ABTS) = 105.25 + 9.26a + 3.33b + 6.64c − 0.20ab − 4.52ac − 0.81bc − 7.67a2

− 5.65b2 − 5.17c2; y (TPC) = 40.10 + 1.47a − 0.52b − 0.017c − 2.05ab − 0.36ac + 0.096bc −
2.86a2 − 0.43b2 − 0.59c2. It also shows that the effects of these three effects on antioxidant
activity and TPC are not simply linear but quadratic. And there is an interaction between
the three factors.

Table 5. ANOVA for CCD design.

Source
Sum of
Squares

df
Mean

Square
F-Value p-Value Significance

ABTS
Model

3352.62 9 372.51 38.43 <0.0001 ***

A 1172.04 1 1172.04 120.92 <0.0001 ***
B 151.87 1 151.87 15.67 0.0033 **
C 601.23 1 601.23 62.03 <0.0001 ***

AB 0.32 1 0.32 0.033 0.8597
AC 163.12 1 163.12 16.83 0.0027 **
BC 5.22 1 5.22 0.54 0.4815
A2 803.14 1 803.14 82.86 <0.0001 ***
B2 435.69 1 435.69 44.95 <0.0001 ***
C2 364.90 1 364.90 37.65 0.0002 ***

Residual 87.23 9 9.69

Lack of Fit 76.09 5 15.22 5.46 0.0625 Not
significant

Pure Error
R2

11.14
0.9746 4 2.79

TPC
Model 180.26 9 20.23 5.75 0.0078 **

A 29.47 1 29.47 8.46 0.0174 *
B 3.64 1 3.64 1.04 0.3334
C 3.83 × 10−3 1 3.83 × 10−3 1.10 × 10−3 0.9743

AB 33.66 1 33.66 9.66 0.0125 *
AC 1.04 1 1.04 0.30 0.5974
BC 0.074 1 0.074 0.021 0.8872
A2 111.96 1 111.96 32.14 0.0003 ***
B2 2.50 1 2.50 0.72 0.4189
C2 4.76 1 4.76 1.37 0.2724

Residual 31.35 9 3.48

Lack of Fit 27.61 5 5.52 5.90 0.0550 Not
significant

Pure Error
R2

3.74
0.8518 4 0.94

TPC, total phenolic content; A, ethanol concentration; B, extraction time; C, extraction temperature. NS, not
significant; *, significant (p < 0.05); **, more significant (p < 0.01); ***, extremely significant (p < 0.001).

3.5.2. Response Surface Analysis

Three-dimensional response surface plots show the interactions between each of the
two factors (Figure 3). Under the constant extraction temperature, the total polyphenol
content (TPC) and ABTS scavenging activity increased and then decreased with the increase
in extraction time and ethanol concentration. However, the magnitude of the change in
ethanol concentration was more obvious. When the extraction time remains constant,
the ABTS scavenging activity and TPC rise and then decline with the rise in extraction
temperature and ethanol concentration. The impact of ethanol concentration on ABTS
scavenging activity and TPC, however, was more remarkable. Under the constant ethanol
concentration, the TPC and ABTS scavenging activities increased and then decreased with
the increase in extraction time and extraction temperature. For ABTS scavenging capacity,
the magnitude of the change in extraction temperature was more obvious. For TPC, the
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effect of extraction time on TPC was more prominent. The analysis of variance also supports
these findings.

Figure 3. Response surface plots of antioxidant activity (ABTS) and total phenolic content (TP) of
defatted walnut kernel extract (DWE) as influenced by the interaction of paired factors.
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According to response surface methodology, the ethanol concentration of 57.67%,
extraction temperature of 47.81 ◦C, and extraction time of 76.91 min were the optimal
conditions for the extraction of DWE. The ABTS scavenging activity was predicted to be
108.04 μM TEAC, and the measured value was 108.93 μM TEAC. The predicted TPC was
40.33 mg/g, and the measured value was 40.76 mg/g. Considering the convenience of op-
eration in practical production, the ethanol concentration of 58%, extraction temperature of
48 ◦C, and extraction time of 77 min were determined as the optimal extraction conditions.

In the past, the amount of walnut kernels needed for the oil extraction process was
almost two times greater than the amount of oil that was produced. The remaining residue,
without any economic value, is used as animal feed or plant fertilizer and may even be
thrown away directly as garbage. Effective utilization of these by-products not only expands
the processing industry chain of walnuts but also helps to reduce the waste of resources
and protect the environment. The high antioxidant activity of DWE allows it to be used as a
valuable ingredient in dietary supplements, nutraceuticals, and functional products. Or as
a natural preservative to reduce rapid food spoilage. It can even work synergistically with
other natural antioxidant extracts to enhance their performance. Therefore, the optimization
of DWE provides a reference value for the application of defatted walnut kernels.

4. Conclusions

This study evaluated the antioxidant activity of defatted walnut kernel extract (DWE)
and whole walnut kernel extract (WE) in vitro and in vivo experiments. In vitro experi-
ments showed that DWE had better DPPH free radical scavenging, ABTS free radical scav-
enging, and ferric-reducing antioxidant abilities. In vivo tests revealed that both extracts
increased the activity of antioxidant enzymes and decreased lipid peroxidation products
in the serum and tissues of mice. In addition, the extraction conditions for reflux-assisted
ethanol extraction of DWE were effectively optimized using response surface methodology.
These extraction conditions include ethanol concentration, extraction temperature, and
extraction time. DWE showed maximum antioxidant activity and total phenolic content
under these optimized conditions. The results confirm that defatted walnut kernel extract is
a natural antioxidant and can be a potential source for the development of functional foods.
It is, however, necessary to conduct further research in order to determine the effectiveness
of DWE added to foods.
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Abstract: Benincasa hispida peel, a type of postconsumer waste, is considered a source of beneficial
phytochemicals. Therefore, it was subjected to investigation for biological activities in this study.
B. hispida peel was extracted using 95% v/v, 50% v/v ethanol and water. The obtained extracts were
B95, B50 and BW. B95 had a high flavonoid content (212.88 ± 4.73 mg QE/g extract) and phenolic
content (131.52 ± 0.38 mg GAE/g extract) and possessed high antioxidant activities as confirmed
by DPPH, ABTS and lipid peroxidation inhibition assays. Moreover, B95 showed inhibitory effects
against collagenase and hyaluronidase with values of 41.68 ± 0.92% and 29.17 ± 0.66%, which related
to anti-aging activities. Via the HPLC analysis, one of the potential compounds found in B95 was
rutin. Molecular docking has provided an understanding of the molecular mechanisms underlying
the interaction of extracts with collagenase and hyaluronidase. All extracts were not toxic to fibroblast
cells and did not irritate the hen’s egg chorioallantoic membrane, which indicated its safe use. In
conclusion, B. hispida peel extracts are promising potential candidates for further use as antioxidant
and anti-aging agents in the food and cosmetic industries.

Keywords: Benincasa hispida; peel extract; rutin; antioxidant; anti-aging; anticollagenase; anti-
hyaluronidase; HET-CAM; docking simulation

1. Introduction

Ultraviolet (UV) radiation is a potent initiator of reactive oxygen species (ROS) gen-
eration in the skin, leading to oxidative imbalance [1]. ROS can impair the skin barrier
functions by altering squalene, cholesterol and unsaturated lipids, which are essential
components of the skin’s structure. The effect of skin oxidative stress caused by excessive
ROS leads to the initiation of several skin problems such as atypical pigmentation, skin
inflammation, increasing sebum secretion and increased levels of oxidized lipids, including
skin aging [2,3]. Collagen, elastin and hyaluronic acid (HA) are biological compounds that
help promote healthy and youthful skin. Collagen and elastin, the proteins abundant in
the dermal layer, play essential roles in maintaining skin flexibility, elasticity and integrity,
whereas HA, a glucose-based polymer, in the dermis and the epidermis layers mainly
promotes skin rejuvenation and moisture [4,5]. The over-accumulation of ROS leads to the
activation of dermal enzymes including collagenase, elastase and hyaluronidase, which
in turn degrade collagen, elastin and HA [6]. Thus, various antioxidants simplify skin
protection against oxidative damage caused by ROS. Both chemical and natural antioxi-
dants are investigated and incorporated into numerous skin care products to mitigate skin
damage. Medicinal plants have been reported to provide potential antioxidation activity
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through various mechanisms. For example, Thunbergia laurifolia Lindl. leaf extracts have
demonstrated antioxidation activities through radical scavenging and inhibiting peroxida-
tion mechanisms [7], and Acacia concinna Linn. pod extracts exhibited scavenging activity
against free radicals [8].

Benincasa hispida (Thunb.) Cogn, a winter melon also known as Fuk-Kiew in Thailand,
is an edible plant in the family Cucurbitaceae, generally found in Asia, especially in
northern Thailand. Scientific reports suggest that B. hispida is rich in nutrients, minerals,
vitamins and phytochemical compounds [9]. The bioactive compounds in B. hispida extract
include phenolics, triterpenoids, flavonoids, glycosides, carotenes and β-sitosterin [10,11].
Related studies have reported that B. hispida exhibits pharmacologic effects including
antioxidation, anti-angiotensin-converting enzyme, anti-inflammation and antibacterial
effects. [12,13]. In addition, the efficacy and phytochemical components of the pulp, fruit
and seeds of B. hispida were determined [11]. Gallic acid, catechin and ascorbic acid, which
are phenolic compounds found in the fruit of B. hispida, exhibit antioxidant activity by
reducing free radicals [14–16].

The fruit of B. hispida is broadly cylindrical in shape, as shown in Figure 1A. Generally,
the edible pulp of the fruit is used in cooking and the production of various food products
such as tea and juice. Thus, the peel of the fruit then becomes a form of postconsumer
waste, as shown in Figure 1B. Interestingly, B. hispida juice has gained popularity as a
consumer product. This trend has resulted in an increased production of B. hispida peel,
which is considered a waste product in the food industry. Notably, B. hispida fruit can be
stored for several months, possibly because of the presence of a protective wax coating on
the peel. Thus, investigating the constituents within the peel responsible for the ability
to protect the pulp from external environmental influences as shown in Figure 1B would
be intriguing. Therefore, the present study focuses on investigating the antioxidant and
anti-aging properties of B. hispida peel, conducting simulations of the possible docking
mechanisms of the potential compounds in the peel and performing safety tests. These
research methods are designed to transform B. hispida peel, traditionally considered a waste
product, into a high-value material for potential applications as an innovative cosmetic
ingredient or another innovative material using its biological activities and the mechanisms
of action determined through docking simulations.

  
(A) (B) 

Figure 1. B. hispida fruit (A) and its peel (B) used in investigation.

2. Materials and Methods

2.1. Materials

The plant material used in this study was fresh B. hispida fruit, collected from Phrae
Province, Thailand. The plant was identified, and its voucher specimen was stored in the
Herbarium of the Faculty of Pharmacy, Chiang Mai University, Thailand.

The reagents and chemicals were of analytical grade. 2,2-Diphenyl-1-picrylhydrazyl
(DPPH) and 2,2-azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid (ABTS) were purchased
from Fluka (Buchs, Switzerland). Folin–Ciocalteu reagent was purchased from Merck
(Darmstadt, Germany). 6-Hydroxy-2,5,7,8-tetramethyl chroman-2-carboxylic acid (Trolox),
gallic acid, ascorbic acid, kojic acid, epigallocatechin-3-gallate (EGCG), hyaluronic acid,
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linoleic acid, rutin, 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide (MTT)
and 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ) were purchased from Sigma (St. Louis, MO,
USA). Dulbecco’s Modified Eagle medium (DMEM) and penicillin–streptomycin were
acquired from Invitrogen (Grand Island, NY, USA). Fetal bovine serum (FBS) and bovine
serum albumin (BSA) were obtained from Biochrom AG (Berlin, Germany). Ethanol
and dimethyl sulfoxide (DMSO) were purchased from Labscan Asia Co., Ltd. (Bangkok,
Thailand). HPLC-grade acetonitrile was purchased from Merck (Darmstadt, Germany).
Lipopolysaccharide (LPS) was purchased from Sigma-Aldrich (Darmstadt, Germany), and
sodium carbonate, aluminum chloride and sodium nitrite were purchased from United
Chemical & Trading Co., Ltd. (Chiang Mai, Thailand). Other chemicals and solvents were
of the highest grade available.

2.2. Plant Extraction

The procedure was performed following a related study with modification [17]. Briefly,
the fresh peel of B. hispida fruit was dried in a hot air oven (Memmert, WI, USA) at 50 ◦C
for 24 to 48 h and then ground to a fine powder. The obtained plant powder was extracted
with various solvents using ultrasound-assisted extraction (UAE). For extraction, 95% v/v
ethanol, 50% v/v ethanol and deionized (DI) water were used as solvents. In each solvent
extraction, an ultrasonic bath (Elma Schmidbauer GmbH, Singen, Germany) was used to
generate the ultrasound effect for 30 min at 65.0 ± 1.0 ◦C. Each UAE was performed in
triplicate. The extracted mixture (plant powder mixed with solvent) was filtered through
a Whatman No. 1 filter paper. The filtrates obtained from 95% v/v ethanol and 50%
v/v ethanol were subjected to a rotary vacuum evaporator (M.A-3S, Eyela, Tokyo, Japan)
to remove the solvent, whereas the filtrate obtained from DI water was subjected to a
lyophilizer (Christ Beta 2-8 LD plus, Osterode am Harz, Germany). After the solvents were
completely removed, the extracts from 95% v/v ethanol (B95), 50% v/v ethanol (B50) and
DI water (BW) were obtained, and all extracts were stored at 4 ◦C until use. The %yield of
each extract was calculated using the following equation:

%yield = (E/P) × 100 (1)

where E represents the weight of the extract and P represents the weight of the plant
powder used for extraction.

2.3. Determination of Total Flavonoid Content

Total flavonoid content (TFC) was determined using aluminum chloride colorimetry
following our related study [18]. All B. hispida extracts were prepared at a concentration
of 1.0 mg/mL in DI water. The extract with 100 μL was mixed with 30 μL of 5% v/v
sodium nitride. After 5 min, 50 μL of 2% v/v aluminum chloride was added. The solution
mixture was left for 6 min, followed by adding 50 μL of 1N sodium hydroxide. The
mixture was stored in the dark for 10 min at room temperature before analysis. The mixed
solution was measured for absorbance at 510 nm using a UV spectrophotometer (UV-2600i,
Shimadzu, Kyoto, Japan) against a blank without the extract. The standard curve for
TFC determination was constructed using a quercetin (QE) solution (0.0 to 1.0 mg/mL)
under the same procedure as the tested B. hispida extract. The TFC value was expressed as
milligrams of QE equivalents per gram of extract (mg QE/g extract).

2.4. Determination of Total Phenolic Content

Total phenolic content (TPC) was analyzed using the Folin–Ciocalteu method [19].
First, 50 μL of each B. hispida extract (3 mg/mL in DI water) was mixed with 100 μL of
10% v/v Folin–Ciocalteu reagent. After 5 min, 50 μL of 10% w/v sodium carbonate was
added. The mixture was vortexed and stored in the dark at ambient temperature for 2 h.
Then, the absorbance of mixtures was measured using a UV spectrophotometer (UV-2600i,
Shimadzu) at 765 nm against a blank without the extract. The TPC value was determined
using a standard curve constructed with a gallic acid standard solution (0.0 to 1.0 mg/mL)
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and expressed as milligrams of gallic acid equivalents (GAEs) per gram of extract (mg
GAE/g extract).

2.5. Antioxidant Activities

The B. hispida extracts were prepared to determine the antioxidant activities using
various procedures. Trolox and ascorbic acid were used as standards in all assays.

2.5.1. DPPH Radical Scavenging Assay

This experiment was determined using the modified method [20]. In total, 20 μL of
the extract solution (0.0 to 1.0 mg/mL) was mixed with 180 μL of DPPH reagent (167 μM)
and then incubated in the dark at ambient temperature for 30 min. The absorbance of the
extract–reagent mixture was investigated at 520 nm using a microplate reader (SpectraMax
M3, Molecular Devices, San Jose, CA, USA). The efficacy against DPPH radicals was
expressed as the percentage of inhibition (% inhibition), which was estimated using the
following equation:

% Inhibition = [(Ac − Aw) − (Ae − Ab)/(Ac − Ab)] × 100 (2)

where Ac is the absorbance of positive control that used ethanol mixed with tested reagent,
Aw is the absorbance of negative control (ethanol), Ae is the absorbance of tested extract,
and Ab is the absorbance of blank that used extract solution mixed with ethanol.

2.5.2. ABTS Radical Scavenging Assay

The potential of B. hispida peel extracts was assessed in terms of scavenging activity
using the ABTS assay following the method of Poomanee [21] with modifications. The
ABTS reagent was prepared by mixing an ABTS solution in DI water (7 mM) with potassium
persulfate solution in DI water (3 mM) in a ratio of 1:0.5 and incubated in a dark area for 18 h.
The measurement was performed using a microplate reader (SpectraMax M3, Molecular
Devices) at 734 nm. Before testing, the prepared ABTS reagent was diluted to provide an
absorbance of 0.7 and was then used as a tested ABTS reagent. Altogether, 20 μL of the
extract solution (0.0 to 1.0 mg/mL) and 180 μL of tested ABTS reagent were mixed and
incubated in the dark at ambient temperature for 30 min. The absorbance of the extract–
reagent mixture was measured at 520 nm using a microplate reader (SpectraMax M3,
Molecular Devices). The % inhibition against ABTS radicals (% inhibition) was estimated
using Equation (2) described above.

2.5.3. Ferric Reducing Antioxidant Power (FRAP) Assay

This experiment was modified from the related study [22]. The tested samples, which
were 1.0 mg/mL of each of the B. hispida extracts, were used in this experiment. Briefly,
20 μL of the extract solution was added to the mixed solution, which was 0.3 M acetate
buffer (pH 3.6) with 10 mM TPTZ in 40 mM of 37% w/v hydrochloric solution. The
extract–reagent mixture was incubated under dark conditions at ambient temperature for
5 min and then analyzed using a microplate reader (SpectraMax M3, Molecular Devices) at
595 nm. FRAP values are expressed as mg ferrous sulfate (FeSO4) per gram extract and
were calculated from a linear regression equation constructed from various concentrations
of FeSO4 solutions (100 to 1000 μM).

2.5.4. Lipid Peroxidation Inhibition Assay

This investigation was based on the method in a related study [23]. The stock solution
of B. hispida extracts was prepared at a concentration of 50.0 mg/mL in 50% DMSO. Then,
150 μL of extract solution was mixed with 100 μL of DI water, 350 μL of 20 mM phosphate
buffer solution (PBS) (pH 7.0), 350 μL of 1.3% v/v linoleic acid in methanol and 50 μL of
25.14 mg/g 2,2′-azobis-(2-amidinopropane dihydrochloride) or (APPH) in 20 mM PBS
(pH 7.0). The tested mixture was incubated at 50 ◦C for 4 h. Afterward, 5 μL of the
mixture was added to a 96-well plate with 5 μL of 10% ammonium thiocyanate and 5 μL
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of 20 mM ferrous chloride, followed by adding 185 μL of 75% methanol. After 3 min, the
absorbance of the mixed solution at 500 nm was determined using a Genios Pro microplate
reader (Tecan, Crailsheim, Germany). The potential values expressed as % inhibition were
calculated using Equation (2).

2.6. Anti-Aging Activities
2.6.1. Collagenase Inhibition Assay

The collagenase inhibition activity of B. hispida extracts was determined following
the protocol of Thring [24] with some modification. The tested collagenase enzyme at
a concentration of 2.0 mg/mL was prepared at 25 ◦C in PBS pH 7.5, containing 50 mM
Tricine, 10 mM calcium chloride and 400 mM sodium chloride. As a substrate, 1.0 mM
of N-[3- (2 furyl) acryloyl]-Leu-Gly-Pro-Ala, also known as FALGPA, in PBS pH 7.5 was
used. B. hispida extracts (10 μL) at a concentration of 0.5 mg/mL were added to a 96-well
plate, and then the tested collagen enzyme (10 μL) was added, followed by the substrate
(10 μL). The reaction mixture was incubated for 30 min at 37 ◦C. After that, this mixture
was analyzed using a microplate reader (SPECTROstar Nano, BMG Labtech, Aylesbury,
Buckinghamshire, UK) at a wavelength of 340 nm. For comparison, 0.5 mg/mL of EGCG
standard solution was used as a positive control. The results expressed as % collagenase
enzyme inhibition were calculated according to the following equation:

% Collagenase enzyme inhibition = [(C − C0) − (Cs − Cb)/(C − C0)] × 100 (3)

where C is the control absorbance (DI water mixed with collagen enzyme and substrate),
C0 is the blank control absorbance (DI water mixed with PBS pH 7.5 and collagen enzyme),
Cs is the tested extract absorbance and Cb is the extract blank absorbance (extract mixed
with PBS and substrate).

2.6.2. Hyaluronidase Inhibition Assay

This assay was performed to determine the potential of B. hispida extract against the
hyaluronidase enzyme following the sigma protocol with slight modification [25]. The
diluted hyaluronidase enzyme (2.0 mg/mL) was prepared at 25 ◦C in the enzymatic diluent,
comprising a mixture of PBS pH 7.0, 77 mM sodium chloride and 0.01% BSA. Then, 0.03%
hyaluronic acid mixed with PBS pH 5.3, namely PHS, was prepared and incubated at 80 ◦C.
The B. hispida extract at a concentration of 0.5 mg/mL in DI water was used for analysis by
mixing 50 μL of the B. hispida extract with 100 μL of diluted hyaluronidase enzyme solution
and incubating the mixture at 37.5 ◦C for 10 min; then, 100 μL of 0.03% hyaluronic acid was
added and continuously incubated at 37.5 ◦C for 45 min. After that, acetic albumin solution
pH 3.75, containing 24 mM sodium acetate, 79 mM acetic acid and 0.1% BSA, was added
and mixed at 25 ◦C. This mixture was subjected to analysis at 600 nm using a microplate
reader (SPECTROstar Nano, BMG Labtech). Tannic acid, at the same concentration of the
tested extract, was used as a positive control. The activity was shown as % hyaluronidase
enzyme inhibition and calculated using the following equation:

% Hyaluronidase enzyme inhibition = [(H − H0) − (Hs − Hb)/(H − Hb)] × 100 (4)

where H is the control absorbance (tested mixture without the extract and using DI water
as the tested sample), H0 is the blank control absorbance (DI water mixed with enzymatic
diluent), Hs is the tested extract absorbance and Hb is the extract blank absorbance (extract
mixed with PHS).

2.7. Chemical Marker Analysis by High-Performance Liquid Chromatography (HPLC)

Qualitative and quantitative analyses of the most promising B. hispida extract were
performed using an HPLC system (Prominence LC2030C, Shimazu, Japan). A Knauer® ver-
tex III reversed-phase HPLC column C18 (250 mm × 20 mm) (KNAUER Wissenschaftliche
Geräte GmbH, Berlin, Germany) was used as the stationary phase. A gradient system
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was used as an analytical method with a detector at a wavelength of 360 nm. The mobile
phase consisted of A (0.1% acetic acid in water) and B (acetonitrile) with a flow rate of
1.0 mL/min for 33 min. Gradient elution of the mobile phase was carried out as follows:
0.01 min, 95% A; 2 min, 95% A; 7 min, 80% A; 22 min, 70% A; 23 min, 95% A; and 33 min,
95% A. The analytical samples were dissolved in absolute ethanol and filtered through a
0.45 μm filter (Whatman, Marlborough, MA, USA) before analysis with an injection volume
of 10 μL. B. hispida extract at 1.0 mg/mL was prepared for analysis. Rutin was used as a
reference compound to analyze the active compounds in B. hispida extract. The retention
time of rutin was approximately 17 min. The concentration of rutin in B. hispida extract was
calculated from the peak area using a linear equation constructed from a standard curve of
rutin (0.0 to 50 μg/mL).

2.8. Molecular Docking Simulation

The main ingredients of B. hispida peel, including ascorbic acid, quercetin and rutin,
were submitted to molecular docking simulation. The 3D chemical structures of these com-
pounds were retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/
accessed on 12 June 2023). All structures were geometrically optimized using Gaus-
sian09w [26] with the HF/6-31G(d,p) [27] basis set. The enzymes involved in the aging
process such as collagenase (PDB ID: 1CGL) [28] and hyaluronidase (PDB ID: 2PE4) [29]
were obtained from the RCSB Protein Data Bank (PDB) database (https://www.rcsb.org/
accessed on 12 June 2023). All co-crystallized ligands and water molecules were removed
from the structures. Before molecular docking, the Gasteiger’s and Kollman potential
charges were assigned to ligands and proteins, respectively, using AutoDockTools 1.5.7 [30].
Molecular docking was carried out using the AutoDock Vina [31] program. The grid center
of each protein was set according to its active site coordinates. The compound with the
highest binding affinity was chosen as the representative structure for further analysis.
Hydrogen bonds and hydrophobic interactions were identified using LigandScout 4.4.8 [32]
and Discovery Studio Visualizer 2021 [33]. The molecular visualization was performed
using the UCSF ChimeraX [34] Program.

2.9. Cell Cytotoxicity Test

To investigate the skin toxicity of B. hispida extracts, human dermal fibroblast (HDF)
cells, obtained from the American Type Culture Collection (ATCC), were employed in this
experiment. The test was performed using the MTT assay that was described in a related
study with modifications [35]. The HDF cells (1 × 104 cells/well) were cultured and treated
in a 96-well plate with a medium culture containing 10% DMEM, 10% FBS and antibiotic
solution (100 U/mL penicillin and 100 μg/mL streptomycin) and incubated at 37 ◦C in
a 5% CO2 humidified atmosphere for 24 h. Then, the tested samples, B. hispida extracts
at the concentration of 0.001 to 1.0 mg/mL, were added and continuously incubated in
the same condition. After 24 h, the supernatant was removed, and 100 μL of 0.05 mg/mL
MTT reagent was added to the well, followed by further incubation at 37 ◦C in a 5%
CO2 humidified atmosphere for 6 h. The MTT reagent was then removed, and 100 μL of
DMSO was added to dissolve the formazan crystals. After 15 min, the absorbance was
measured at 560 nm using a microplate reader (Bio Tek Instruments, Winooski, VT, USA).
The results were calculated and expressed as the percentage of cell viability using the
following equation:

% Cell viability = (A/A0) × 100 (5)

where A is the absorbance of the tested sample and A0 is the absorbance of the control,
namely the tested well without B. hispida extract.

2.10. In Vitro Irritation Test Using Hen’s Egg Chorioallantoic Membrane (HET-CAM) Assay

The irritation potential of B. hispida extracts was appraised using the HET-CAM assay
according to a protocol described by Chaiyana [35]. This experiment serves as an alternative
in vitro method for assessing skin irritation. For investigation using the HET-CAM assay,
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the placental membrane of a chicken embryo, providing a vascular network of capillaries,
was used in the study. The fertilized hen eggs used in this study were obtained from
the Faculty of Agriculture at Chiang Mai University, Thailand. Eggs aged between seven
and nine days were employed. These eggs underwent incubation at a temperature of
37.5 ± 0.5 ◦C with a relative humidity of 62.5 ± 7.5%. The shell above the air cavitation
of the egg was carefully removed using a rotating cutting blade attached to a Marathon
champion 3 micromotor (Saeyang, Seoul, South Korea). A normal saline solution was
then applied to an inner membrane that came into direct contact with the chorioallantoic
membrane (CAM), followed by incubation under the same conditions as described above
for 15 min. After this incubation period, the inner membrane was meticulously removed
using forceps. Then, 30 μL of B. hispida extract at a concentration of 10 mg/mL was
dropped onto the prepared CAM. In this study, the positive and negative controls were
represented by 30 μL of 1% (w/v) sodium lauryl sulfate (SLS) and 30 μL of normal saline
solution, respectively.

The assessment of irritation effects involved continuous observation using a stereomi-
croscope (Olympus, Tokyo, Japan) over a 5 min (300 s) period and expressed the short-term
irritation effect. After 60 min of testing, observations were once again conducted to deter-
mine long-term irritation. The observed signs of irritation included vascular hemorrhage,
vascular lysis and vascular irritation. The time of the first appearance of each of these irri-
tating signs was recorded in seconds and was subsequently used to calculate an irritation
score (IS) according to the following equation:

IS = [((301 − Ht)/300) × 5] + [((301 − Lt)/300) × 7] + [((301 − Ct)/300) × 9] (6)

where Ht is the time of the initial appearance of vascular hemorrhage, Lt is the time of
the initial appearance of vascular lysis and Ct is the time point of the initial appearance
of vascular coagulation. Based on the calculated IS, IS = 0.0 to 0.9 was classified as no
irritation, IS = 1.0 to 4.9 was classified as mild irritation, IS = 5.0 to 8.9 was classified as
moderate irritation and IS = 9.0 to 21.0 was classified as severe irritation.

2.11. Statistical Analysis

All measurements were performed independently in triplicate. The results are ex-
pressed as mean ± S.D. Statistical analysis was conducted using SPSS Software, Version 17.0
for Windows, and differences between groups were determined using one-way analysis of
variance (ANOVA) followed by Tukey’s test. The differences were considered significant at
a p-value ≤ 0.05.

3. Results

3.1. Plant Extraction

From the extraction using various solvents, the obtained extracts from B. hispida peels
and the percentage yields of each extract are shown in Table 1. The highest extract yield
was found for BW, followed by B95 and B50. The extracts appeared viscous and light brown
and had specific odors.

Table 1. Percentage yields of B. hispida peel extracts from various solvents.

Extract Solvent Yield (%)

B95 95% ethanol 29.6 ± 1.28 b

B50 50% ethanol 15.2 ± 0.98 c

BW DI water 32.7 ± 0.87 a

The results show the average yield values of extracts ± S.D., and the different letters indicate significance level at
p < 0.05.
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3.2. Total Flavonoid and Total Phenolic Contents

The values of total flavonoid content (TFC) and total phenolic content (TPC) in B.
hispida extracts are shown in Table 2. Flavonoid contents in different extracts were calcu-
lated from the regression equation of the quercetin standard curve (y = 0.3502x + 0.0565,
r2 = 0.993) and expressed as mg QE/g extract. Phenolic contents in different extracts were
calculated from the regression equation of the gallic acid standard curve (y = 8.2221x + 0.006,
r2 = 0.998) and expressed as mg GAE/g extract.

Table 2. Total phenolic and total flavonoid contents of B. hispida peel extracts.

Extract
Total Flavonoid Content

(mg QE/g Extract)
Total Phenolic Content

(mg GAE/g Extract)

B95 212.88 ± 4.73 a 131.52 ± 0.38 b

B50 54.18 ± 0.11 c 140.43 ± 0.77 a

BW 60.83 ± 0.86 b 115.91 ± 0.78 c

The results show the average values ± S.D. Different letters indicate significance level at p < 0.05.

The highest TFC was found in B95 with a value of 212.88 ± 4.73 mg QE/g extract and
was followed by the TFCs of BW and B50, consecutively. However, the highest TPC was
found in B50 with the value of 140.43 ± 0.77 mg GAE/g extract and was followed by the
TPCs of B95 and BW, consecutively. These results might be related to the extracted solvents;
some flavonoid and phenolic compounds are well extracted in semi-polar solvents such as
95% ethanol, which was presented in the study as having a high value of TFC and TPC
in B95.

3.3. Antioxidant Activities

The antioxidative activities of B. hispida peel extracts were investigated using various
methods to evaluate various mechanisms of action. The results of B. hispida extracts from
these procedures are shown in Table 3.

Table 3. Antioxidant activities with various assays.

Tested Sample
DPPH Assay *
(IC50; mg/mL)

ABTS Assay *
(IC50; mg/mL)

FRAP Assay *
(mg FeSO4/g Extract)

Lipid Peroxidation Assay *
(% Inhibition)

B95 2.91 ± 0.07 c 0.17± 3.13 c 0.75 ± 0.09 e 53.42 ± 0.02 c

B50 1.73 ± 0.13 b 0.16 ± 3.95 c 2.46 ± 0.18 d 40.31 ± 0.01 e

BW 23.63 ± 0.60 d 0.27 ± 12.09 d 17.33 ± 0.19 c 45.39 ± 0.86 d

Ascorbic acid 0.01 ± 0.04 a 0.00002 ± 0.02 a 1926.16 ± 21.40 a 94.17 ± 3.74 a

Trolox 0.013 ± 0.26 a 0.00544 ± 1.71 b 566.65 ± 27.41 b 78.82 ± 3.36 b

* Results show the average antioxidant values of extracts ± S.D. from different assays. Different letters indicate
significance level at p < 0.05.

DPPH and ABTS assays were performed to determine the radical scavenging activity
of the extracts. From the DPPH assay, the results were expressed as the concentration of
extract that could be active against radicals where the % inhibition is equal to 50 (IC50). The
IC50 values of extracts in the DPPH assay were calculated from the regression equations
of each extract, namely y = 0.0128x + 12.75, r2 = 0.986 for B95; y = 0.0308x + 2.6124,
r2 = 0.9895 for B50; and y = 1.3828x + 16.589, r2 = 0.925 for BW. The standard compounds
that were considered in comparison were ascorbic acid and Trolox. The IC50 values of
these standard compounds were also calculated from the regression equations of each
compound, namely y = 6.1021 + 20.349, r2 = 0.936 for ascorbic acid and y = 3.031 + 14.631,
r2 = 0.989 for Trolox. The results demonstrated that B50 exhibited the significantly highest
scavenging activity with an IC50 value of 1.73 ± 0.13 mg/mL, followed by B95 with an IC50
of 2.91 ± 0.07 mg/mL and BW with an IC50 value of 23.63 ± 0.60 mg/mL (p < 0.05).
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The ABTS assay results were expressed as IC50 values, the same as the results obtained
from the DPPH assay. IC50 values of the B. hispida extracts were calculated using the
equations of linear regression of each extract. The obtained equations used to calculate IC50
values of B95, B50 and BW were y = 0.227x + 9.7036 (r2 = 0.9907), y = 0.2387x + 10.612
(r2 = 0.9708) and y = 0.1387x + 10.685 (r2 = 0.9279), respectively. Ascorbic acid and
Trolox were used as the standard compounds, and IC50 values were also calculated
from the regression equations. The calculated equations of ascorbic acid and Trolox were
y = 7.2955x + 6.7331 (r2 = 0.9841) and y = 3.9231x + 2.1272 (r2 = 0.9803), respectively. The
obtained IC50 values from ABTS assays showed that B95 and B50 provided the highest
ABTS scavenging activity with IC50 values of 0.17± 3.13 mg/mL and 0.16 ± 3.95 mg/mL,
followed by BW with an IC50 value of 0.27 ± 12.09 mg/mL (p < 0.05).

The FRAP assay was used to determine the ability of radical reduction. The results
were expressed as the mg FeSO4/g extract which was calculated from the regression
equation of FeSO4 (y = 6.724x + 0.1818, r2 = 0.995). A high FRAP value indicated a high
radical reduction activity. B. hispida extracts (B95, B50 and BW) at a concentration of
1.0 mg/mL were used in this experiment. The BW showed the highest reducing property
with a FRAP value of 17.33 ± 0.19 mg FeSO4/g extract. Nevertheless, B95 showed less
activity in comparison with others (p < 0.05).

The lipid peroxidation inhibition assay was performed to determine the antioxidant
ability against oxidative degradation of lipids by peroxide radicals. The results were
expressed as % inhibition obtained from B95, B50 and BW extracts including the stan-
dard compounds (ascorbic acid and Trolox) at the same concentration of 0.1 mg/mL. B95
possessed high activity with the % inhibition of 53.42 ± 0.02, against peroxide radicals,
followed by B50 and BW, consecutively.

Ascorbic acid and Trolox, the compounds that were used for comparing the antioxidant
activity in all tested assays, showed the significantly strongest activities when compared
with all B. hispida peel extracts (p < 0.05). Interestingly, the overall antioxidative assays
illustrated that B95 obtained from B. hispida peel has potential antioxidant activity related
to all antioxidant mechanisms.

3.4. Anti-Aging Activities

To determine anti-aging activities of B. hispida peel extracts, the ability to inhibit
collagenase and hyaluronidase enzymes was investigated. The results were expressed as
% collagenase enzyme inhibition and % hyaluronidase enzyme inhibition. The obtained
inhibitory effects of B. hispida peel extracts are illustrated in Figure 2. Among the samples
tested against the collagenase enzyme (Figure 2A), B95 showed an inhibition effect that
does not significantly differ (p > 0.05) from EGCG, a standard compound, at the same
concentration of 0.5 mg/mL. B95 showed an inhibition of the collagenase enzyme with the
value of 41.68 ± 0.92%. Furthermore, the % collagenase inhibition exhibited by B50 and BW
did not demonstrate statistically significant differences when compared with that of B95
(p > 0.05). Concerning the activity against the hyaluronidase enzyme, the obtained results
are demonstrated in Figure 2B. B95, with a value of 29.17 ± 0.66%, showed obviously
higher hyaluronidase inhibition activity than other extracts (p < 0.05). Nevertheless, B50
and BW demonstrated hyaluronidase inhibition of the same potential (p > 0.05). However,
all B. hispida peel extracts possessed an inhibitory effect against the hyaluronidase enzyme
that was less than that of tannic acid, the standard compound in this experiment (p < 0.05).

3.5. Chemical Marker Analysis by High-Performance Liquid Chromatography (HPLC)

The results obtained from antioxidant and anti-aging assays showed that B95 exhibited
the most potent effects among all the tested extracts of B. hispida. Consequently, B95 was
selected to determine its chemical marker using HPLC. Rutin, a reference flavonoid com-
pound used to identify the active compound in B95, was also included in the analysis for
comparison. The HPLC chromatograms of B95 and rutin are presented in Figure 3. Several
components were detected in B95, as indicated by the observed HPLC chromatograms; one
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of these components was rutin, which exhibited a retention time of approximately 17 min.
The quantification of rutin in B95 was calculated using the linear equation of rutin, namely
y = 8914.9x + 793.63 (r2 = 0.9999). The results demonstrated that 1 mg of B95 contained
4.81 ± 0.03 μg of rutin.

 
(A) (B) 

Figure 2. Potential of B. hispida extracts against the collagenase enzyme compared with EGCG (A)
and the hyaluronidase enzyme compared with tannic acid (B). Different letters indicate significance
level at p < 0.05.

Figure 3. HPLC chromatograms of rutin at the concentration of 50 μg/mL (A) and the most promising
B. hispida extract, B95 (B) at a concentration of 1.0 mg/mL, analysis at 360 nm.

3.6. Molecular Docking Simulation

The main ingredients of B. hispida peel extract, including ascorbic acid, quercetin and
rutin, were submitted to molecular docking simulation. The molecular docking results
indicated that quercetin exhibited the highest binding affinity against the collagenase en-
zyme (z8.9 kcal/mol), followed by rutin (−7.9 kcal/mol) and ascorbic acid (−6.3 kcal/mol),
consecutively. The molecular recognition of these compounds against collagenase is de-
picted in Figure 4. All compounds fit well in the binding pocket of collagenase, as shown
in Figure 4A. Ascorbic acid interacts with key amino acids, including Ala182, Arg214,
His218, Glu219 and Pro238, via hydrogen bonding and also forms a metal interaction
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with Zn301 (Figure 4B). Quercetin forms hydrogen bonds with Arg214, Glu219 and Tyr237
and interacts with Leu181 and Val215 via hydrophobic interactions (Figure 4C). Rutin
exhibits interactions with amino acids such as Asn180, Arg214, Tyr237 and Tyr240 through
hydrogen bonds and forms hydrophobic interactions with Val215 (Figure 4D).

 

Figure 4. Binding modes of representative phytochemicals binding to collagenase (A) and
hyaluronidase (E). The 2D and 3D interactions of ascorbic acid (B), quercetin (C) and rutin (D)
complexed with collagenase, along with the 2D and 3D binding modes of ascorbic acid (F), quercetin
(G) and rutin (H) in the binding site of hyaluronidase. The pharmacophore features include hydrogen
bond acceptor (red arrow), hydrogen bond donor (green arrow) and hydrophobic property (yellow).

The molecular docking results for the hyaluronidase enzyme showed that rutin pos-
sessed the highest docking affinity (−9.8 kcal/mol), followed by quercetin (−8.1 kcal/mol)
and ascorbic acid (−5.6 kcal/mol). The graphical illustration indicates that the molecular
binding patterns of the compounds differ in terms of their positions within the binding
pocket (Figure 4E). Ascorbic acid fits well in the narrow pocket to form hydrogen bonds
with residues including Tyr75, Asp129, Glu131 and Tyr286 (Figure 4F). Quercetin interacts
with Trp130, Glu131, Asp206, Tyr210, Ser245 and Asp292 via hydrogen bonds and forms
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hydrophobic interactions with Tyr202 and Phe204 (Figure 4G). Rutin is located on the same
site as quercetin. The core structure of rutin forms hydrogen bonds with Glu131, Gly203,
Tyr202, Asp206, Ser245 and Asp292, and the glycoside substituent forms hydrogen bonds
with Arg134, Trp141, Tyr247 and Tyr261 (Figure 3).

3.7. Cell Cytotoxicity Test

A cytotoxicity test of B. hispida extracts (B95, B50 and BW) on HAF cells was performed
using the MTT assay. The tested samples showing cell viability of above 80% were regarded
as nontoxic to the cells. The obtained results after 24 h of exposure of the tested samples
to the HAF cells are shown in Figure 5. All B. hispida extracts were not toxic to HAF
cells at concentrations of 0.001 to 0.01 mg/mL, with cell viability of more than 90%. In
addition, B50 and BW at a concentration of 1.0 mg/mL also exhibited nontoxicity to HAF
cells with a % cell viability of 99.74 ± 8.63, and 92.35 ± 17.30, respectively. However, B95 at
a concentration of 1.0 mg/mL showed slight toxicity to HAF cells with a % cell viability of
77.58 ± 2.82%.

Figure 5. Percentage cell viability of each B. hispida extract at concentrations from 0.001 to 1.0 mg/mL.
The values are presented mean ± S.D. (n = 3). Asterisk (*) represents a different value at p < 0.05.

3.8. In Vitro Irritation Test Using the HET-CAM Assay

To further investigate the effective activities of B. hispida peel extracts in vivo and in a
clinical study, an in vitro irritation test using the HET-CAM assay was then employed. The
irritation induced by B. hispida peel extracts (B95, B50 and BW) was evaluated and compared
with that of the negative control, 0.9% w/v NaCl, and the positive control, 1% (w/v) SLS.
The obtained results as irritation scores are shown in Table 4, and the observations of the
alterations under a stereomicroscope are shown in Figure 6. None of the B. hispida peel
extracts at a concentration of 10 mg/mL induced considerable alterations, namely vascular
hemorrhage, vascular lysis and vascular irritation, in short-term testing (5 min) and long-
term testing (60 min), similar to the result obtained from 0.9% w/v NaCl. However, 1%
(w/v) SLS, the positive control, exhibited signs of severe irritation in 5 min of testing with
vascular hemorrhages and vascular lysis.

Table 4. Irritation score of B. hispida peel extracts, 0.9% w/v NaCl and 1% w/v SLS.

Tested Compound Irritation Score * Irritation Category

B95 0.0 ± 0.0 b No irritation
B50 0.0 ± 0.0 b No irritation
BW 0.0 ± 0.0 b No irritation

0.9% (w/v) NaCl 0.0 ± 0.0 b No irritation
1% (w/v) SLS 11.1 ± 0.5 a Severe irritation

* The results are shown as the average IS ± S.D. Different letters indicate significance level at p < 0.05.

199



Foods 2023, 12, 3555

Figure 6. The stereomicroscope images of CAM vasculature before testing, at 5 min after treatment
and at 60 min after treatment with 10 mg/mL of each extract (B95, B50 and BW), 0.9% w/v NaCl and
1% w/v SLS.

4. Discussion

It has been realized that the potential of antioxidants against free radical damage to
the skin is a significant property that can decelerate skin aging and skin damage related to
transduction pathways and epigenetic changes caused by oxidative stress [36]. Moreover,
countless studies have explored the antioxidant activity from novel natural sources, includ-
ing plants, animals, insects, algae and waste products, to protect the skin from damage
caused by free radicals [37,38]. Phenolic compounds are powerful antioxidant agents
with wide mechanisms of action including the capacity to scavenge free radicals such as
hydroxyl radical (•OH) and superoxide anion (O2

−•) and chelate metal ions (Fe2+, Fe3+,
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Cu2+ and Cu+) which react to hydrogen peroxide (H2O2). Highly reactive •OH is formed
by the dismutation of O2−• by SOD, enhancing the activity or expression of intracellular
antioxidant enzymes [39]. Flavonoids are a group of natural substances with variable
phenolic structures. Flavones and catechins have been reported to be the most powerful
flavonoids for protecting the body against ROS [40].

B. hispida is a potentially edible plant that has been used for remedies and protection
against many diseases related to the phytochemicals in the used part [11]. The obtained
extracts of B. hispida in this study showed a high yield in BW and B95, which could
indicate that the chemical constituents in B. hispida peel are well solubilized in water and
95% ethanol. Related studies have reported the presence of phenols, alkaloids, saponins,
steroids, carbohydrates and flavonoids in chloroform, alcoholic and aqueous extracts
obtained from B. hispida peel [10,13]. This was consistent with the results of this study
that found flavonoids in B. hispida peel extracts, especially in B95 (95% v/v ethanolic
extract). Moreover, phenolic compounds were found in all extracts. The phytochemical
profile of phenolic compounds in B. hispida has been reported by Islam et al., and the
results revealed the presence of many bioactive chemicals, such as quercetin, rutin, astilbin,
catechin, naringenin and hispidulin [11]. The antioxidant activities of B. hispida extracts
were investigated with standard procedures to evaluate the different mechanisms of action.
DPPH and ABTS methods have commonly been used to evaluate the antioxidant activity
of compounds that act as scavengers of O2−• and •OH radicals [41]. The FRAP assay
is a method that possesses the power of antioxidation by reducing ferric iron (Fe3+) to
ferrous iron (Fe2+) [42]. In this study, B95 obviously possessed antioxidant activities with
free radical scavenging mechanisms via DPPH and ABTS assays. Moreover, it could
inhibit lipid peroxidation by stopping lipid chain reactions. Further, BW possessed good
potential to reduce Fe3+ via the FRAP assay. These results are consistent with related studies
reporting that the methanolic extracts of B. hispida peel provided antioxidant activity against
free radicals when determined using DPPH and FRAP methods [10,43]. In addition, the
high flavonoid and phenolic contents found in B95 possessed good potential antioxidant
activities in all assays, referring to the synergistic action of both compounds [44].

Collagenase is a key enzyme that acts by degrading collagen in the extracellular ma-
trix, promoting premature skin aging. Hyaluronidase is also a key enzyme that degrades
hyaluronic acid, a critical component of the extracellular matrix in the skin for maintaining
the normal hydration of the skin [45,46]. The inhibition of both enzymes provides the
potential to prevent skin aging and its signs. Our study found that the strongest anticolla-
genase activity was provided by B95 (72.70 ± 1.24%), and the strongest antihyaluronidase
activity was also exhibited by B95 (74.88 ± 4.84%). The results presumably recommend that
flavonoid compounds that were found to possess the highest B95 levels may be the active
compounds for these activities. In a related study, rutin and quercetin, which belong to the
group of flavonoid compounds, were detected in the fruit of B. hispida, indicating good
anti-aging activities [16,47]. In addition, the literature extensively supports the efficacy
of flavonols as inhibitors of collagenase [48]. Quercetin and kaempferol exhibited a more
significant inhibitory effect compared with flavones, isoflavones and flavanones, with the
latter demonstrating a very negligible impact. The arrangement of hydroxyl groups in the
B-ring of the flavonoid structure may play a crucial role in determining the inhibitory effect
on enzyme activity [49]. Similarly, the antioxidative and anti-enzymatic activities of Thai
plants were found to be influenced by their phenolic and flavonoid contents [6]. Thus, both
compounds were investigated in a molecular docking simulation against collagenase and
hyaluronidase enzymes.

Various phytochemicals have been identified in B. hispida extracts, primarily in the
fruit portion [16]. However, limited information is available regarding the composition of
phytochemicals obtained from B. hispida peel. In this study, the most promising B. hispida
extract, namely B95, was used to determine the phytochemical active compounds through
HPLC analysis. Rutin, a flavonoid that has been detected in various parts of B. hispida,
was employed as a reference compound for the HPLC analysis of B95. This analysis
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revealed the presence of numerous compounds, which manifested as multiple HPLC
peaks observed in the chromatogram. Rutin is one of the compounds identified in B95.
This result aligns with related studies that have also detected rutin in other parts of
B. hispida [50,51]. However, it is necessary to identify and characterize the other compounds
in B95. This will provide a comprehensive understanding of B95′s composition and support
the feasibility of its mechanism of action and efficacy in various applications. Conducting a
broader analysis to identify and understand the various compounds in B95 can significantly
enhance the ability to assess its potential benefits and applications. Molecular docking
contributes to a better understanding of the molecular basis underlying the interaction
between promising compounds from B. hispida and the collagenase and hyaluronidase
enzymes, which are the key enzymes related to anti-aging properties. Ascorbic acid,
quercetin and rutin were identified as the main bioactive compounds in the B. hispida peel
extract and were further investigated for their molecular recognition within the binding
sites of these enzymes. All phytochemicals are capable of binding to the collagenase active
site cleft through hydrogen and hydrophobic interactions. The strength of the binding
of these phytochemicals correlates to the number of hydrogen bonds and steric effects.
Quercetin and rutin form interactions with Arg214 at the bottom of the S1′ pocket, which is
suitable in size for an aromatic ring [52]. Moreover, the hydrogen bond with Glu219 also
supports the binding affinity of quercetin within the binding pocket [28]. In hyaluronidase,
rutin and quercetin form hydrogen bonds with Asp129 and Glu131, which are essential
amino acids for the catalytic site of hyaluronidase [53,54]. The interaction of quercetin and
rutin with Tyr202 has been observed, further supporting the binding strength [55]. This
interaction information can provide insights into the potential use of the phytochemicals
from B. hispida peel extract as anti-aging agents that inhibit the activity of collagenase and
hyaluronidase, which are enzymes associated with the skin aging processes of collagen
degradation and hyaluronic acid breakdown.

Regarding safety, the cytotoxicity and the irritation of B. hispida peel extracts need
to be investigated before application and further development for food, cosmetics or
cosmeceutical products. The cytotoxicity of all B. hispida peel extracts on human dermal
fibroblast cells was evaluated using the MTT assay, which is a standard protocol for
assessing in vitro cytotoxicity. This assay is based on the reduction of the yellow tetrazolium
salt of MTT to purple formazan crystals by metabolically active cells. Thus, the high
detection of purple formazan crystals in the experiment indicates a high density of living
cells. A test sample showing cell viability above 80% is considered as safe or possessing
non-cytotoxicity [56,57]. In the present study, B. hispida peel extracts (B95, B50 and BW)
demonstrated cell viability of more than 80% after being exposed to the cells for 24 h. These
results were consistent with one related study reporting that B. hispida extract is not toxic
to normal cells [58]. Therefore, it could be concluded that B. hispida peel extracts are not
harmful to dermal cells and can be safely applied on the skin.

As the irritation test, the HET-CAM assay was used to assess the irritation properties
of B. hispida peel extracts. This protocol was developed by Lüepke [59] and is employed as
an alternative to the Draize test for screening the potential of irritation and anti-irritation
effect of cosmetic formulations and ingredients [60]. The HET-CAM test was compared
with results obtained from the irritation test with human skin, and the results led to the
conclusion that significant comparable efficacy patterns were found [61]. Thus, the HET-
CAM assay has been used as a preliminary assessment of irritation before clinical trials.
The results obtained in our study revealed that none of the B. hispida peel extracts showed
any signs of irritation on the chorioallantoic membrane. The signs of irritation include
hemorrhage, coagulation and vascular lysis. These results revealed that B. hispida peel
extracts are suitable for further developing topical products or skin care products with
safety similar to that of other extracts that have been reported to have no irritation potential
after being tested using the HET-CAM assay [7,31,62]
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5. Conclusions

In the present study, we have demonstrated that B. hispida peel extracts received from
postconsumer waste, containing flavonoid and phenolic compounds, constitute a potential
natural source. All the extracts possessed significant antioxidant and anti-aging activities,
especially activities against enzymes that cause skin aging. The extract obtained from
95% ethanol as the extraction solvent showed the most promising antioxidant activities
involving the mechanisms of radical scavenging of DPPH and ABTS radicals, reduced free
radicals in the FRAP assay and inhibited peroxide radicals. Regarding the investigation
of anti-aging activities, B. hispida peel extract, obtained from 95% ethanol, possesses good
ability to inhibit the collagenase enzyme at the same potential as epigallocatechin gallate
(standard control). Additionally, this extract also exhibits an inhibitory effect on the
hyaluronidase enzyme. Based on the molecular docking results, the interaction of B. hispida
peel extracts with collagenase and hyaluronidase suggests that they have the potential to
be used as anti-aging agents. The in vitro toxicity against human dermal fibroblast cells
and the in vitro irritation assay using hen’s egg chorioallantoic membrane demonstrate
that all B. hispida peel extracts possess no toxicity and produce no irritating effect. In
conclusion, these valuable results provide scientific evidence to support further studies
concerning the physiochemical properties of B. hispida extracts and their active compounds.
This research serves as a preliminary study via in vitro investigation; the mechanisms of
in vivo antioxidant and in vivo anti-aging effects could be clarified in further investigations.
Additionally, developing products containing B. hispida extracts for use in food, cosmetics
or cosmeceuticals, as well as clinical studies, could also be investigated. Expanding upon
this research can open opportunities for a wide range of practical applications.
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Abstract: This systematic review seeks to highlight, from the published literature about the extraction
and application of lemon by-products rich in flavonoids, which works use environmentally friendly
technologies and solvents and which ones propose a potentially functional food application, according
to the Sustainable Development Goals (SDGs). WoS and SCOPUS were used as scientific databases
for searching the documents, which were evaluated through 10 quality questions according to their
adherence to our purpose (5 questions evaluating papers devoted to lemon flavonoid extraction
and 5 concerning the application of such by-products in new foods). Each question was evaluated
as “Yes”, “No”, or “does Not refer”, according to its adherence to our aim. The analysis reported
39 manuscripts related to lemon flavonoid extraction; 89% of them used green technologies and
solvents. On the other hand, 18 manuscripts were related to the incorporation of lemon by-products
into new foods, of which 41% adhered to our purpose and only 35% evaluated the functionality of
such incorporation. Conclusively, although the bibliography is extensive, there are still some gaps for
further investigation concerning the extraction and application of lemon by-products to reduce food
losses in an environmentally friendly way and the possible development of new functional foods,
which must be performed following the SDGs.

Keywords: hesperidin; naringenin; food loss; lemon skin; co-products

1. Background

The Food and Agriculture Organization (FAO) reports that approximately one-third
of the global production is lost or wasted at some stage of the food chain [1]. FAO’s future
challenges for 2050 are to reduce food waste by 50%, one of the SDGs. Circular economy
has been seen as the principle of a society-driven and ‘zero waste’ economy, with waste as
raw materials.

According to FAOSTAT, the global production of lemon was around 21.4 million tons
in 2020 [2]. Although it depends on the variety, the juice yield of these citrus reaches values
of 38–41% [3]. Peels, pulp, seeds, and pomace, which constitute approximately 50% of the
fresh fruit, are some of the wastes generated by citrus processing and consumption [3].
Similar values are being obtained in our own laboratories (45%) in the Primofiori variety,
while they decreased to 28% in varieties with a thicker albedo, such as the Verna variety
(unpublished data). This means that, according to the variety, between 55 and 72% of a
lemon is directly wasted after squeezing. In global figures, this leaves between 11.8 and
15.4 million tons of food losses per year with high nutritional value that can be recovered
as sources of bioactive compounds, essential oils, and fiber.
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In this sense, these food losses are currently used by flavor and extraction compa-
nies to obtain essential oils and fiber for their application as flavorings and odorizing or
emulsifying agents. Linked to the rise in demand for a healthy diet and the pursuit of the
SDGs, the extraction and purification of bioactive compounds from food by-products have
exponentially increased in the last two decades.

In this perspective, sustainability, well-being, and health are currently popular topics
in the food industry. ‘Clean label’ goods or components appeal to both consumers and food
manufacturers [4–6]. This indicates that people are interested in a variety of green-processed
foods and ingredients, including nutraceuticals, bioactive chemicals with health-promoting
qualities, and non-thermal green solvents. The technical and functional properties of
the bioactive compounds derived from fruit and vegetable by-products allow them to be
incorporated into other food matrixes to improve their nutritional, functional, and sensory
qualities [5,7]. Additionally, the use of bioactive chemicals from fruit and vegetable by-
products has been previously categorized as a potential green element for the cosmetic
and pharmaceutical sectors, generating several products aimed at niche markets such as
athletes [8].

In fact, regarding European regulations, no health claim is yet authorized for ‘antioxi-
dants’ and ‘flavonoids’ from lemon. The reason for the negative opinion from the EFSA
is the non-compliance with the regulation based on the scientific evidence assessed. The
claimed effect of this food has not been substantiated. There are currently no authorized
health claims for lemon and its constituents in the European Union.

Consequently, several reviews have been published so far related to this topic, like the
one recently published by Magalhães et al. [9], who widely exposed the major compounds
found in lemons, their main extraction technologies, and their applications in food preser-
vation. In this sense, as a review of the extensive bibliography on the topic has already been
performed, the aim and novelty of the present systematic review is to account for which of
the literature published on the topic is truly adapted to these SDGs, uses environmentally
friendly technologies and solvents, and develops a potentially functional food application
of flavonoids, the main bioactive compounds extracted from lemon by-products.

2. Lemon By-Products and Their Functional Quality

According to the structure of the lemon fruit, it is divided into the albedo, which is
the main source of fiber (pectin and cellulose), the flavedo, which is rich in essential oils
and pigments, and the pulp, where the juice, rich in water and nutritional and functional
compounds (citric acid, ascorbic acid, minerals, and flavonoids), is obtained.

The albedo is the bitter white layer that surrounds the juicy pulp of the fruit. It contains
pectin, fiber, and other nutrients [10]. Because of its bitterness, in the lemon processing
industry, the albedo is usually removed from the fruit as a non-edible part. For lemon
essential oil production, the processors use a method called cold-pressing, in which the
lemon peels are soaked in water and then pressed to extract the oil. This method produces
a high-quality oil with a fresh, citrusy fragrance, which is used in perfumes, cosmetics, and
food flavorings.

In fact, this bitterness is caused mainly by the presence of phenolic compounds,
which include phenolic acids and flavonoids. Hydroxycinnamic (chlorogenic, caffeic,
ferulic, sinapic, and p-coumaric acids) and hydroxybenzoic acids (protocatechuic, p-
hydroxybenzoic, vanillic, and gallic acids) have been identified in lemon peels [11]. Nev-
ertheless, flavonoids such as hesperidin (59% of the flavanone content) and eriocitrin
(35.6% of the flavanone content) are the most concentrated in the albedo. Furthermore,
other minor flavanones such as didymin, naringin, neoeriocitrin, neohesperidin, narirutin,
eriodictyol, and naringenin have been identified. Also, the favones diosmetin, diosmin, lu-
teolin, vicenin, chrysoeriol, apigenin, and sinensetin and the flavonols quercetin, limocitrin,
limocitrol, rutin, and kaempferol are also present in lemon by-products [9,10].

For this reason, and due to their bioactivity, lemon flavonoids have a good potential to
be extracted and applied in new functional foods. Flavonoids are polyphenolic compounds
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with a broad range of biological activities, including antioxidant, anti-inflammatory, and
anticancer effects. Hence, its consumption has been associated with the preventive effects of
chronic diseases by avoiding inflammation and oxidative stress. The combination of these
bioactive compounds and dietary fibers in lemon fruits makes them a valuable addition to
a healthy diet and lifestyle.

In this respect, the dietary fiber contained in the lemon albedo includes gums, pectins,
glucans, and some polysaccharides as insoluble fibers, while cellulose, hemicellulose, and
lignin are soluble fibers. Particularly, pectin is the major component of such fiber, and
although it cannot be digested by the human intestine, our microbiota is able to assimilate
and convert it into beneficial metabolites [12].

In addition, the flavedo is rich in volatile compounds and essential oils. For instance, d-
limonene is the main essential oil of the lemon flavedo, followed by β-pinene, γ-terpinene,
α-pinene, sabinene, myrcene, and α-thujene, among others [10]. However, in the present
review, we will focus on the bioactivity of the main compounds cited above.

3. Methods

WoS and SCOPUS were used as scientific databases for searching documents. The
terms “lemon”, “Citrus limon”, “co-products”, and “by-products” were used as keywords.
Other search words used were “extraction”, “flavonoids”, “ultrasound-assisted extraction”,
“microwave-assisted extraction”, and “enzymatic-assisted extraction” for manuscripts
related to the extraction of lemon by-products. The terms “application”, “food”, “juice”,
and “beverage” were used for manuscripts related to the application of lemon by-products
in new food matrixes. First, a description of the total literature found in reference to
“lemon”, “Citrus limon”, “co-products”, and “by-products” published in the last twenty
years was carried out, including the number of reviews in reference to this topic (Figure 1).

From the bibliography found and described in the raw analysis, the inclusion criterion
for our systematic review was “original studies included in JCR-SCI journals’”. The
exclusion criterion was “studies non-included in JCR-SCI journals, books, and reviews”.
The title and abstracts of the documents found were analyzed and classified depending on
their significant interest using Microsoft Excel for the data curation. The potential scientific
papers were subjected to a comprehensive analysis, in which all the papers were checked
for the inclusion quality criteria. The 10 following questions were used as quality criteria (5
of the questions (from 1 to 5) were related to the evaluation of the quality of the manuscript
related to the extraction of lemon by-products, and the other 5 (from 6 to 10) were related
to the evaluation of the quality of the manuscript related to the application of such lemon
by-product extracts): (Q1) Does the article include an experimental design (response surface
methodology)?; (Q2) Does it use green solvents for the extraction?; (Q3) Does it use green
technologies for the extraction?; (Q4) Does it extract flavonoids?; (Q5) Do the authors
validate/characterize their extract?; (Q6) Do the authors incorporate these flavonoids into
food?; (Q7) Do the authors encapsulate the extract?; (Q8) Do the authors conduct a shelf-life
study with the new food?; (Q9) Do the authors compare it to a control sample?; (Q10) Do
the authors evaluate the functionality of the enriched food?
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Figure 1. Number of research papers and reviews related to lemon by-products published in the last
twenty years, according to WoS and SCOPUS (n = 176).

Each query was evaluated as “Yes”, “No”, or “does Not refer”. The frequency of “Yes”
responses for each one was used to determine the quality and reproducibility of this study.
The works were arranged into three categories: excellent (>70% “Yes” responses), good
(50–69% “Yes” responses), and bad (<50% “Yes” responses), according to their adherence
to our purpose. The PRISMA flow diagram followed, and the results obtained in this
systematic review are shown in Figure 2.
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Figure 2. PRISMA flow diagram followed, studies selected, and classification in reference to the
proposed quality criteria.

4. Results and Discussion

As shown in Figure 2, of all the studies found in the literature, 39 were included in
the qualitative analysis for extraction, of which 92% suited well to our main goal, while
the remaining 8% did not. Moreover, 18 scientific studies were included in the analysis
related to the application of lemon by-products, of which 39% were in good compliance
with our purpose.

4.1. Flavonoid Extraction

Table 1 shows the results obtained from the qualitative analysis carried out in the
39 scientific studies found.
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The studies reviewed in this list explore various methods for the extraction and
utilization of valuable components from citrus peels and by-products.

Due to the SDGs, petrochemical solvents have been so far replaced by green solvents
in many recent studies. Green solvents must be environmentally sustainable and are
characterized by high-quality products with fewer by-products produced during processing
and low toxicity. The main green solvents are ionic liquids, deep eutectic solvents (DESs),
polyethylene glycol (PEGs), ethyl lactate, water, supercritical fluids, alcohols (ethanol),
esters (ethyl lactate and ethyl acetate), and terpenes [52–54]. Other solvents, such as xylenes,
methanol, tetrahydrofuran, DMSO, chlorobenzene, thiophene, and diphenyl ether, are still
widely used and sometimes considered to be green solvents, although little evidence of
this has been found [55].

As previously described by Artés-Hernández et al. [4–6], some examples of green
technologies are ultrasound-, microwave-, and enzymatic-assisted extraction, supercritical
or subcritical fluids, and pressurized liquids, which are the most widely used in the studies
reviewed. Another green technology is cold pressing, a fast, inexpensive, solvent-free,
and environmentally friendly process, but its yield is often lower than that of solvent
extraction [22].

Phenolics and pectins are commonly targeted for extraction, with enzyme-assisted
extraction showing promise as an effective method. Lemon peels have been shown to
be useful to produce pectin-derived oligosaccharides and polyphenol extracts, as well as
bioethanol [19]. Other studies have explored the use of lemon peel waste for the removal
of heavy metals from wastewater and the production of humic acid [29]. Novel approaches
include the use of ultrasound- and microwave-assisted extractions, as well as the integration
of pressurized liquid and in-line solid-phase extractions for the simultaneous extraction
and concentration of phenolic compounds [42]. Overall, the studies suggest that utilizing
citrus peels and by-products can be an effective way to reduce waste and extract valuable
components for various applications that are going to be summarized below.

Li et al. [13,14] investigated the extraction of phenolics from citrus peels through
two different methods: solvent extraction [14] and enzyme-assisted extraction [13]. Both
methods resulted in high yields of phenolic compounds. However, the enzyme-assisted
method was found to be more efficient and faster compared to the solvent extraction
method [13]. Masmoudi et al. [15] studied the effect of different extraction methods on the
antioxidant properties of citrus peels. They found that ethanol and water were the best
solvents for extracting phenolics from citrus peels. The study also showed that microwave-
assisted extraction had a higher extraction efficiency compared to traditional methods.

These studies highlight the potential value that can be generated from citrus peels
and by-products. Efficient extraction methods can be used to obtain valuable bioactive
compounds with potential health benefits and industrial applications using green solvents,
mainly ethanol and water, and novel green technologies such as enzymatic-, ultrasound-,
pressurized-, pulsed electric field-, or microwave-assisted extractions. Moreover, utilizing
citrus peels can significantly decrease environmental pollution caused by the disposal of
waste citrus materials and is an important source of flavonoids to be applied to new foods,
as shown below.
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4.2. Application

The results obtained from the qualitative analysis carried out for the 18 scientific
studies found are shown in Table 2. The works listed in this collection focus on the use of
citrus by-products, particularly lemon, in various food applications. These applications
include the use of citrus fibers and albedo in meat products [56], the preparation and char-
acterization of osmodehydrated fruits [57], the incorporation of citrus fibers in fermented
milk containing probiotic bacteria [58], as well as cake or bakery products [51,59,60]. Other
studies examine the potential of citrus by-products as fat replacers in chicken patties [61],
as antioxidants in food flavorings, and as a means of improving the bio-accessibility of
polyphenols in salad dressings [62]. Additionally, several works evaluate the efficacy of an-
tioxidant extracts from lemon by-products in preserving the quality attributes of minimally
processed radish [63].

In addition, lemon juice has been used as a natural acidifying agent, e.g., Banerjee et al. [64]
used lemon juice instead of HCl in the valorization of mango peels to lower the pH to 2.5
and recover pectin. Furthermore, lemon peels have been studied as removers of heavy
metal ions (Fe2+, Zn2+, and Mn2+) in wastewater [65]. Lemon peels in a 0.1 M HCl solution
were able to reach a value of 55.19% for Mn2+ desorption and 37.24% for Zn2+, while for
Fe2+, the highest value of 25.82% was achieved in a 0.1 M HNO3 solution.

Overall, these studies demonstrate the potential of citrus by-products as functional
ingredients in various processed food products, such as fruits, vegetables, dairy, bakery,
and meat products. For that reason, this topic must be further investigated with the goal of
incorporating these new ingredients as food preservatives to recover part of the produced
food discards with potential health benefits, which must be validated by international
agencies (such as the EFSA in Europe or the FDA in the USA).
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5. Future Perspective and Main Conclusions

The main conclusion of the present systematic review is that almost 90% of the selected
publications related to the extraction of bioactive compounds from lemon by-products
used environmentally friendly technologies and solvents. They greatly contributed to
the optimization of the extraction of the bio-compounds, which are mainly present in the
flavedo and albedo of lemon peels, the main food discards of these citrus. Nevertheless,
further research is still necessary relating to the incorporation of these lemon extracts into
potential new functional foods, especially concerning the assessment of the functionality
and direct benefits produced by the consumption of such new foods enriched in flavonoids
from lemon by-products, which have been shown to be an important source of health-
promoting compounds. In addition, further research is also needed regarding green
technologies to reduce energy in the by-product’s revalorization process by applying an
efficient and environmentally friendly solvent extraction method.
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Abstract: Spent grain is the solid fraction remaining after wort removal. It is nutritionally rich,
composed of fibers—mainly hemicellulose, cellulose, and lignin—proteins, lipids, vitamins, and
minerals, and must be managed properly. Spent grain is a by-product with high moisture, high protein
and high fiber content and is susceptible to microbial contamination; thus, a suitable, cost-effective,
and environmentally friendly valorization method of processing it is required. This by-product is
used as a raw material in the production of many other food products—bakery products, pasta,
cookies, muffins, wafers, snacks, yogurt or plant-based yogurt alternatives, Frankfurter sausages
or fruit beverages—due to its nutritional values. The circular economy is built on waste reduction
and the reuse of by-products, which find opportunities in the regeneration and recycling of waste
materials and energy that become inputs in other processes and food products. Waste disposal in
the food industry has become a major issue in recent years when attempting to maintain hygiene
standards and avoid soil, air and water contamination. Fortifying food products with spent grain
follows the precepts of the circular bio-economy and industrial symbiosis of strengthening sustainable
development. The purpose of this review is to update information on the addition of spent grain to
various foods and the influence of spent grain on these foods.

Keywords: spent grain; valuable by-product; beer industry; whisky; bioactive compound;
valorization; circular economy

1. Introduction

Agro-industrial processes generate substantial amounts of by-products with increased
contents of organic compounds that have a significant impact on the environment [1]. On
the other hand, the increased demand for food globally drives the discovery of substi-
tute raw materials with affordable pricing and superior nutritional value. By-product
valorization has emerged as an important component of food research in recent years [2].
Spent grain (SG) is the main by-product of the beer and distillation industries [3,4]. During
whisky and beer production, an average of 8–15 L of effluent and 2.5–3.0 kg of spent grain
is generated for each liter of whisky produced, while 0.2 kg of spent grain is generated per
liter of beer produced [4,5]. To support the circular economy and the environment, biomass
conversion technologies and biorefineries must be developed so that the biomass-based
economy grows. Spent grain is a valuable by-product that is rich in nutrients such as
dietary fibers (hemicellulose, cellulose and lignin), proteins, monosaccharides (glucose,
xylose and arabinosis), minerals, vitamins and lipids [6]. Products enriched with spent
grain are called fortified foods [7,8]. Spent grain contains a substantial quantity of bioactive
compounds with high antioxidant capacities, including hydroxycinamic acids (particularly
ferulic acid and p-cumaric acid) [9,10]. There are several variations of this by-product due
to the varied types of cereals, seasons and quality of crops, malting and lautering methods,
and composition of the spent grain [11–13]. The roles of the functional components of
spent grain in the human body are described in Table 1. Due to its high moisture, finding
alternative sources of drying spent grain that consume less energy, produces a brighter
color and with higher available and digestible protein, is challenging [14]. Spent grain is
often used as animal feed due to its nutritional content and low cost; it is used either in
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wet or dry form [10,15]. Spent grain is also used for the generation of renewable energy to
reduce the carbon footprint of alcohol production [16,17].

2. Nutritive Value of Spent Grains

Proteins in spent grain can be used as a substitute for fishmeal or soya flour in feed
formulations [18]. Approximately 50–60% of dry matter in spent grain is carbohydrates,
including glucans, starch, cellulose and arabinoxylans. These carbohydrates can be con-
verted into various biochemical products and biofuels [19,20]. Spent grain can also be used
in various biotechnological processes to produce lactic acid, xylitol, microbial enzymes and
biopesticides [17,21,22]. The proteins in spent grain contain valuable amino acids, the most
abundant of which are glutamine/glutamate and proline [20]. In addition, spent grain is a
promising source of lipids, including triglycerides (67% of the total extract), a range of free
fatty acids (18%) and lower quantities of monoglycerides (1.6%) and diglycerides (7.7%).
Among the fatty acids are linoleic acid (18:2), palmitic acid (16:0) and oleic acid (18:1), as
well as small quantities of stearic acid (18:0) and linolenic acid (18:3) [23–25]. It is necessary
to add value to this by-product and to develop sustainable low-cost methods to make
it economically attractive [26]. Harnessing this by-product and developing sustainable
processes is an urgent need in food industry [27] (Table 1).

Table 1. Functional compounds in spent grain.

Functional Compounds in
Spent Grain

Role in Human Body Study

Non-cellulosic
polysaccharides (β-glucan

and arabinoxylans)

• β-glucan reduce the rise in blood
glucose after meals;

• Arabinoxylans reduce blood
glucose levels.

[28,29]

Proteins • Increase satiety;
• Regulate long-term energy balance. [30,31]

Polyphenols
• Anti-carcinogenic;
• Anti-inflammatory and

antioxidant activities.
[31–34]

Fiber
• Dietary fiber reduces

cholesterol levels;
• Increases fecal bulk.

[28,34–36]

Vitamins • Vitamins have antioxidant properties. [28]

Spent grain is a low cost by-product that is available throughout the year, is nutri-
tionally valuable, rich in fiber, proteins and minerals and can be reused in both food and
non-food sectors, including animal feed, compost preparations, biogas production, cultiva-
tion of microorganisms and production of biomaterials, biochemicals and bricks [33,37,38].
Spent grain extract is an approved ingredient in food supplements [39]. Spent grain under-
goes pre-treatment to make it more accessible. It has a number of advantages, including
open cell wall structure, decreased particle size and improved digestibility. Pre-treatments
are used in acidic and alkaline environments and in ultrasonic or microwave extractions;
however, simple, environmentally friendly, economical and efficient methods are desired.
Spent grain is used in food products (Figure 1) for its health promoting effects against
constipation, obesity, diabetes and cardiovascular diseases. Phenolics in spent grains are
associated with the prevention of chronic cardiovascular and neurogenerative diseases,
certain cancers and diabetes. The high fiber content helps in the elimination of cholesterol
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and fats and improves symptoms of ulcerative colitis [31,33–36]. Reusing spent grain as
a value-added food source for human consumption is appealing because it increases the
protein, fiber, vitamin and mineral contents while decreasing the starch and caloric content
in grain-based products [40].

Figure 1. Synthetic process of generating and using spent grain to produce food products.

Spent grain is a by-product with high nutritional value, thus it is important to identify
innovative solutions for returning waste and by-products into the production cycle to
obtain innovative quality products [33,41]. A large number of companies have adopted
the reduce-reuse-recycle approach, understanding that solving social and environmental
issues require changing the strategy of organizations and introducing interdisciplinary
actions and methods [38]. The circular economy is based on extending the life cycle of
products by reusing, renovating and recycling them for as long as possible, thus reducing
waste. In this respect, innovations are stimulated and solutions are found to meet the rising
challenges [42,43]. A sustainable approach to the circular economy is necessary in order to
use the circular economy structure for food by-products.

Spent grain is a good source of phenolic compounds (ferulic acid, p-coumaric acid,
sinapic acid and caffeic acids), which are considered natural antioxidants [44]. There is
a growing interest in the valorization of by-products and the circular bioeconomy, by
developing alternatives to the conventional use of spent grain for animal feed and compost.
The capitalization of food by-products is not only influenced by technical capabilities, but
also by socio-economic, supply chain and regulatory factors [45].
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The circular and sustainable bioeconomy is gaining traction as a means of addressing
climate change and fossilization, increasing resource efficiency and creating new opportu-
nities for long-term economic growth [33].

The aim of this review is to update information on the use of spent grain from the beer
and whisky industries in the production of value-added food products.

3. Possible Uses of Spent Grain in Food Products

The food sector is continuously expanding, and consumers are becoming more and
more interested in new recipes and healthy diets. The current global context challenges us
to find low-cost, high-nutrition, healthy alternatives for food products, and to use industrial
by-products. The principal characteristics of several food products enriched with spent
grain are presented in Table 2.

Table 2. Characteristics of functional foods derived from spent grain.

Functional Foods
derived from
Spent Grain

Quantity of Spent
Grain Added

Properties Study

Bread 10–15% spent
grain flour

Acceptable sensorial properties;
High fiber content (health benefit);
Increased mineral content;
Influences the rheological and pasting properties
of dough;
The biaxial extensional viscosity is significantly higher;
The strain-hardening index decreases with increasing
quantities of flour substitution;
Reduces the uniaxial extensibility, while the storage
modulus, G′′, increases;
Addition of spent grain increases the
composition/nutritional properties;
The color of bread turned from light cream to brown;
Water absorption increases with the quantity of
spent grain;
Increased crumb firmness;
Increased antioxidant content.

[35,37,46–51]

Bread obtained from
fermented spent grain

25%, 50%, 75%, 100%
spent grain sourdough

Changes the porosity and acidity;
Bacteriostatic function (the shelf life of bread increases). [52]

Spent grain pasta 5–25% spent
grain flour

Increased protein, fiber and β-glucan content;
Increased antioxidant content;
The higher the spent grain content, the darker the color of
the pasta;
A compact structure with higher firmness;
Decreased cooking loss;
Decreased degree of starch gelatinization;
Reduced the optimal cooking time;
Increased total organic matter.

[53–56]

Cookies Max 30% spent
grain added

Fiber and protein content increases;
Dough development time and dough stability increases;
Total antioxidant activity increases;
Water absorption increases.

[57–61]

Shortbread 30% Increase in fiber and protein content;
Decrease in carbohydrate levels and energy value. [29]

Muffins 15–30% Increases the amount of fat, protein and total dietary fiber;
Increases the viscosity of the batter. [62,63]
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Table 2. Characteristics of functional foods derived from spent grain.

Functional Foods
derived from
Spent Grain

Quantity of Spent
Grain Added

Properties Study

Wafers 5–20% Gumminess, chewiness, springiness, firmness and
cohesiveness increase. [64–66]

Snacks 10–30%
Increase the total content of polyphenols, flavonoids,
proteins, fats, dietary fiber and energy;
Increases phytic acid and resistant starch content.

[48,67,68]

Yogurt and
plant-based

yogurt alternetives
5–20%

Yogurt’s syneresis level was considerably reduced;
Decreased fermentation time and increased viscosity and
shear stress;
Maintained textural and gelling formation.

[69,70]

Frankfurters sausages 1–5% Total dietary fiber increases. [71]

Tarhana 6% Increase in protein and fiber content. [72]

Fruit juice
and smoothies 0–10% Increased antioxidant activity. [73]

3.1. Spent Grain in Bread

Bread is one of the most common foods. To obtain bread with acceptable sensorial
properties, the amount of spent grain added is limited to 10–15%, as adding a higher
quantity leads to a decrease in volume, affects the taste and aroma and changes the rheo-
logical properties [46]. Bread enriched with this by-product has a high fiber content, which
is associated with health benefits, including increasing digestion and preventing some
gastrointestinal diseases. [47]. Not only does the fiber content increase with the increase in
spent grain content, the protein content also increases [48]. Furthermore, a high quantity of
this by-product influenced the rheological and pasting properties of dough, significantly
increased the biaxial extensional viscosity, decreased the strain hardening index as the
quantity of substituted flour increased and reduced the uniaxial extensibility. On the other
hand, the storage modulus, G′′, increased, indicating changes in the structural properties
of the dough. These properties negatively affected the baking quality of doughs, conduced
to breads with low volumes and dense structures. On the other hand, adding spent grain
increased the compositional/nutritional properties, e.g., protein and fiber content [49].

Ktenioudaki et al. [74] produced bread with 15% aded spent grain and sourdough
with 15% added spent grain. The samples contained high fiber (11.9% in the spent grain
flour added to bread and 12.1% in the spent grain added to the sourdough). As expected,
sourdough bread had higher acidity (5.3 compared with 5.8 for breads with no sourdough).
The mineral content in the sourdough spent grain samples was higher (107.9 ± 4.8 mg/100 g
Ca, 12.7 ± 2.8 mg/100 g Mg, 100.4 ± 17.8 mg/100 g K) compared with bread with no
sourdough (98.9 ± 12.5 8 mg/100 g Ca, 11.6 ± 2.0 mg/100 g Mg, 98.9 ± 12.5 mg/100 g
K) [74]. Yitayew et al. found that the calcium, magnesium and potassium contents of the
bread increased from 76.44 to 150.93 mg/100 g, 87.12 to 176.81 mg/100 g and 116.04 to
225.49 mg/100 g, respectively, as the spent grain quantity increased from 0 to 20% [37]. The
in vitro antioxidant activity in the sourdough samples was also higher (132.7 ± 3.0 gallic
acid equivalent (mg/100 g sample dwb) for total phenolic content and 83.1 ± 9.3 TEAC
(IC50Trolox/IC50Sample) × 105 for DPPH scavenging activity compared with samples with
no spent grain sourdough (130.9 ± 4.3 gallic acid equivalent (mg/100 g sample dwb) of total
phenolic content, 82.2 ± 9.0 TEAC (IC50Trolox/IC50Sample) × 105 for DPPH scavenging
activity) [74]. Similar observations were reported by Aprodu et al. [75] who found higher
total phenolic content and antioxidant activity in bread prepared with sourdough. This
can be attributed to the action of endogenous enzymes on cell walls. Phytic acid reduces
mineral bioavailability through formation of insoluble complexes, but the sourdough
fermentation reduces the phytic acid by approximatively 30%, as measured in the bread,
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hence potentially increasing the bioavailability of minerals in breads containing spent
grain [74].

The increase in the concentration of spent grain added to bread decreases its specific
volume due to the high amount of arabinoxylans found in spent grain, with an Arabi-
nan:Xylan ratio of about 0.45, a ratio much lower than wheat bran and wheat endosperm
(0.88 and 0.67). Sourdough fermentation increased sample volume, but this decreased once
spent grain was added [75]. On the other hand, the bread crumb harness increased with
addition of spent grain to the wheat flour; however, the bread crumb level was lower in
samples with sourdough. This might be attributed to the effect of endoxylanases activity
during sourdough fermentation [75]. Adding spent grain increased the starch gelatinization
of wheat flour and affected the stability and retrogradation of the starch gels [75]. Shaitan
et al. [52] made sourdough bread containing 25%, 50%, 75% and 100% spent grain by
fermentation for 8 days. Bread samples prepared with 25% and 50% spent grain sourdough
were characterized by higher porosity, acidity and corresponding moisture compared with
samples prepared from 100% spent grain sourdough, which had lower porosity and acidity.
The spent grain in the samples played a bacteriostatic function; the control sample was the
first to show early signs of rope spoilage. The addition of spent grain increased the shelf life
of the bread by 24–48 h, thus slowing down the development of rope spoilage in the bread.

Ginindza et al. [76] optimized spent grain in the wheat:maize:spent grain composite
flour bread, up to 10%. A higher quantity of spent grain decreased the bread’s specific
volume but increased the volume and density. Fiber, protein and ash content increased
with the increase in the quantity of spent grain added [76].

Czubaszek et al. [77] found that replacing wheat flour with spent grain reduced gluten
yield and deteriorated its quality, leading to a decrease in the sedimentation value and
stability, and increasing dough softening. These trends were attributed to the long mixing
time and high shear force applied, in addition to the high fiber and protein content [37,50].
Bread with 10% spent grain did not differ significantly from wheat flour bread in terms of
appearance, crust, and crumb properties; however, the color of the bread turned from light
cream to brown as the spent grain replacement increased [77].

Water absorption ability of the bread increased significantly (from 58.40 to
66.67 mL/100 g) as the quantity of spent grain increased (0–20%), likely due to the in-
crease in high protein and non-starchy polysaccharides in spent grain [37]. Similar results
were obtained by Stojceska and Ainsworth [50]. The protein and fiber content of the spent
grain also increased the dough development time (from 3.43 to 17.57 min) [37]. Yitayew
et al. [37] showed that the loaf weight, volume and specific volume are modified. Increasing
spent grain quantity increased the loaf weight (from 127.58 to 148.85 g), while the spe-
cific volume of bread loaf decreased (from 2.92 to 2.46 cm3/g). The addition of fiber- and
protein-rich ingredients increases the hardness of the bread, as fiber and protein absorb a lot
of water, leading to a stronger structure. Sensory analysis showed that overall acceptability
decreases with increase in spent grain content due to the cumulative effect of the darker
color, the taste, the malt aroma and the crumb texture [37].

Sahin et al. [78] used two ingredients derived from spent grain (one rich in fiber
and one rich in protein) to make bread. The bread containing additional fibers had high
specific volume (3.72–4.66 mL/g), soft crumb texture (4.77–9.03 N) and crumb structure
(4.77–9.03 N), whereas bread enriched with protein had increased dough resistance (+150%
compared with control sample), which led to a lower specific volume (2.17–4.38 mL/g) and
a harder crumb (6.25–36.36 N).

Steinmacher et al. [51] used enzyme-treated and untreated spent grain to produce
bread. Enzymatic treatment did not affect the characteristics of the bread, but adding
spent grain and enzymes (Pentopan Mono BG and Celluclast BG) directly to the dough
improved the texture and volume. Stojceska and Ainsworth [50] used a wider range of
enzymes (Maxlife 85, Lipopan Extra, Pentopan Mono BG and Celluclast) to evaluate the
characteristics of bread with added spent grain. Increasing the level of fiber in bread has
some advantages, including increasing dough development time, dough stability and
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crumb firmness; however, it also has some disadvantages, including decreased softening
and loaf volume. Shelf life, loaf volume and textures improved when Lipopan Extra,
Pentopan Mono BG and a mixture of Pentopan Mono and Celluclast were added.

Adding spent grain affected the rheological properties of the dough: the biaxial
extensional viscosity was significantly higher in the supplemented doughs. Replacing
wheat flour with spent grain significantly reduced the uniaxial extensibility, while the
storage modulus (G′′) increased, indicating changes in the structural properties of the
dough. The strain hardening index decreased as the quantity of substituted spent grain
increased [49]. The nutraceutical quality of bread enriched with spent grain is defined by
the quantities of antioxidants and fiber. The antioxidant content of the bread increased with
the increase in the quantity of spent grain in the bread formulation, as indicated by Baiano
et al. [35]. Additionally, the fiber content increased without affecting the structural and
sensory attributes of the bread.

3.2. Spent Grain in Pasta Products

Pasta is a ready-to-eat product made from durum wheat [79]; however, lately it is also
obtained from other flours, flour mixtures with or without additional vegetables or other
by-products, resulting in quality products that retain a good consistency after cooking.
Several researchers have investigated the partial replacement of flour with ingredients from
agro-industrial by-products to make pasta [80–84]. The increasing worldwide consumption
of pasta is due to its high digestibility, slow carbohydrate release, relatively low glycemic
index compared with bread, pizza or other cereal products, high shelf life, versatility and
ease of cooking [56]. Foods that promote health by incorporating ingredients of plant
or animal origin during manufacturing are considered nutritional products with added
value [85].

In the case of pasta products, the addition of spent grain does not have a major
influence on the functional properties, even at concentrations of 25%, which makes adding
spent grain to these products in order to increase their nutrient content acceptable [46].
Nocente et al. conducted a study on pasta formulations by adding spent grain from
two species of cereals (einkorn and tritordeum), resulting in pasta with noticeably higher
protein, fiber and β-glucan content and, to a minor extent, increased antioxidant capacity
and good sensory quality [53]. In another study, Nocente et al. [86] used a blend of semolina
and spent grain to produce spent grain-enriched pasta characterized by high fiber and
antioxidant content. Schettino et al. used bioprocessed spent grain to obtain fortified pasta
labeled “High fiber” and “Source of protein” [55]. Cuomo et al. [54] used two fractions of
spent grain (5–10% protein and 10–20% fiber) to obtain high fiber and high protein pasta.
Several features of pasta were evaluated, including proximate composition, color, optimal
cooking time, sensory features and texture. Protein-enriched pasta had a protein content of
about 18% and a fiber content greater than 8%, meaning that it contained about 30% of the
protein content recommended by EFSA [87]. Food products can be classified into “fiber
source” products, which contain at least 3 g dietary fiber/100 g product, and “fiber-rich”
products, which contain at least 6 g dietary fiber/100 g product according to Regulation
(EC) No. 1924/2006 [80]. As expected, the protein- and fiber-enriched pasta had a darker
color. The L* (brightness) parameter showed a significant reduction compared with the
wholegrain semolina paste sample [46,54,86,88], as shown in Figure 2.

Optimal cooking time was between 11 min and 13 min 30 s. Values close to the blank
samples and firmness of pasta were positively evaluated. The firmness characteristics,
evaluated using instrumental analysis, were associated with sensorial features and were
very close to each other [54]. Cappa and Alamprese [80] added egg white powder to
spent grain pasta to improve the structural properties of fresh-egg pasta (lasagna) but the
mechanical properties were poor.

Sahin et al. [15] developed enriched pasta containing protein and fiber fractions de-
rived from spent grain, resulting products with stronger gluten networks and bonding
properties, compact structure, higher firmness and higher tensile strength, but lower
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glycemic index. An important criterion for pasta quality is cooking loss, with low cook-
ing loss (CL) being more desirable. Pasta labeled high in fiber had lower CL values
(3.47 ± 0.86%). Increasing the quantity of ingredients derived from spent grain decreased
cooking loss [15]. Starch gelatinization and protein coagulation are two processes respon-
sible for the formation of the structure and quality of pasta during cooking. Adding
ingredients derived from spent grain decreased the degree of starch gelatinization due to
the high protein content [89]. Starch is physically captured in a protein matrix due to its
interaction with proteins through molecular forces (ionic, hydrogen and covalent bonds),
which leads to a reduction in the degree of gelatinization and an increase in resistance
to shearing and heat. The increased quantities of starch and protein compete for water,
leading to reduced swelling of the starch during gelatinization. Reducing the amount of
total starch affects the degree of gelatinization and the cooking loss of pasta [15].

 

Figure 2. Spent grain pasta [84].

Nocente et al. [86] showed that the total antioxidant capacity in spent grain-enriched
pasta increases as the quantity of spent grain increases. Most antioxidant compounds
(phenolic acids and other polyphenols) are found in the outer layers of the barley grain
and in the aleuronic layer of the kernels.

Optimal cooking time reduced after pasta fortification, probably due to the increase in
dietary fiber content, which alters the structure of pasta and permits early starch gelatiniza-
tion and accelerates water penetration [90]. These findings were in agreement with the
findings by Nocente et al. [86]. Other quality parameters of the pasta include the amount
of water absorbed (WA) by the pasta during the optimal cooking time—associated with
the swelling and gelatinization of the starch. Good quality pasta has WA of 150–200 g
water/100 g pasta. The swelling index (SI) gives us information about the integrity of the
protein matrix, which restricts water penetration [89,91]. The increase in the swelling index
is due to a weakened gluten network, which allows increased amounts of water to enter
the starch granules, leading to faster gelatinization. Good quality pasta has SI values of
approximately 1.8 [90]. These data are in agreement with those of the study by Chetrariu
and Dabija [56].

Total organic matter increases with the increase in the spent grain content added to the
recipe, possibly due to the high fiber content and the weakened gluten network, leading to
swelling of the starch granules and release of a higher quantity of starch while cooking the
pasta [86]. Very good quality pasta has total organic matter values lower than 1.4, good
quality pasta has values between 1.4 and 2.1, and values higher than 2.1 represent poor
quality pasta [91]. Microscopic analysis of the pasta showed a continuous protein network,
with protein aggregates of different sizes derived from the spent grain. The degree of starch
swelling also increased in the outer part of the sample but decreased towards the core [55].

Good quality pasta must have several attributes: moderate optimum cooking time,
low cooking loss, water absorption and swelling index, moderate increase in volume
with firmness and high chewiness and low adhesiveness, given by a consolidated and
non-continuous protein matrix. This limits the swelling of starch and makes the diffusion
of water to the core of the pasta difficult, leading to greater retention of amylose in the
structure and less amylopectin on the surface [91]. All these studies show that spent grain
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can be used in a saturated market to produce innovative products; the ingredients used
represent a stable and sustainable solution for spent grain upcycling.

3.3. Cookies and Shortbreads

Cookies are food products to which different flours can be added because they ac-
commodate a wide variety of formulations and ingredients, are ready-to-eat, represent a
good source of energy, have a long shelf life and are accepted by consumers of all ages [92].
Adding 20% spent grain to the cookie formulation increased the protein content by 55%,
the lysine content by 90% and the fiber content by 220% compared with the control sam-
ple [93]. The addition of spent grain to cookies is proportional to the increase in dietary
fiber content [13] and also depends on the particle size of the spent grain. Öztürk et al. [57]
studied the influence of spent grain particle size on the quality of cookies. Medium and
coarse particle sizes resulted in better properties in terms of spread ratio, hunter color
values and overall sensory scores compared with cookies made with spent grain of fine
particle size. Dough development time and dough stability increased with spent grain
substitution level, resulting in higher energy costs. Adding spent grain increased the phe-
nolic acid concentration and ferulic acid was predominant in all cookies. A 20% quantity of
spent grain resulted in lower hydrolysis and glycemic index, and less total starch content
compared with the control cookies [58]. Fat is needed for cookie production; as the quantity
of substituted spent grain increased, fat levels in the cookies also increase. Additionally, the
thickness and width of cookies increased with the addition of spent grain, while the spread
ratio decreased in comparison with control samples [59]. Figure 3 shows cookies produced
using 10% spent grain. Given that the replacement of wheat flour with spent grain in the
cookie recipe increases the proportional fiber and protein content, the use of spent grain
becomes promising for groups of consumers with nutritional deficiencies [60].

 

Figure 3. Spent grain cookies.

Petrović et al. [61] evaluated the effect of fresh spent grain (milled and non-milled)
in cookie formulations on cookie quality parameters. Fresh spent grain had no negative
effects on microbiological stability, and adding 25% of it produced the best sensory charac-
teristics (appearance, hardness, grittiness and flavor). Fresh spent grain was susceptible
to microbial attack and chemical damage due to its chemical composition, but the study
shows that a proliferation of microbiological compounds (Yeast and molds, Escherichia coli
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and Clostridium spp.) did not occur. The high quantity of fiber and protein in spent grain
increased water absorption, negatively impacting the hardness and chewiness.

Replacing 30% of wheat flour with spent grain flour in the shortbread recipe led to
a significant increase in the fiber (particularly arabinoxylans) and protein content, and
a decrease in carbohydrate levels and energy compared with the control samples. The
replacement also showed acceptable sensory characteristics [29].

3.4. Muffins

Shih et al. looked into how two drying techniques (impingement and hot-air drying)
affect the composition of spent grain and the quality of muffins made using spent grain.
The study showed that impingement-dried spent grain may be used as a functional com-
ponent in muffins to enhance the value to the food chain and to provide nutritional and
environmental benefits. The study also found that adding spent grain flours to muffins
(substituting 15% of the wheat flour) increased their protein and total dietary fiber contents
by 23% and 13%, respectively, without influencing consumer acceptance of the products. In
general, due to the higher concentrations of these nutrients in spent grain flour compared
with wheat flour, the amount of fat, protein and total dietary fiber in fortified products is
significantly higher [62]. The viscosity of the batter increases as the amount of spent grain
in the muffin recipe increases. This may be because the spent grain has a high fiber content
that acts as a thickening agent by absorbing water in the batter. A study of 18 participants
who consumed muffins with 30% added spent grain daily for 8 weeks showed beneficial
effects associated with reduced systolic blood pressure and insulin compared with the
control group [63]. Another study on the use of spent grain in muffins found that 30%
spent grain retains consumer approval and offers more chances of triggering biological
reactions due to the higher levels of proteins, fiber and antioxidants. Furthermore, nutrient
content could be mentioned on the labels of muffins with 20% and 30% spent grain, both of
which are considered “good sources” of protein and fiber, because the portion size contains
more than 10% of the recommended daily value of each nutrient [40].

3.5. Wafers

Wafers come in a wide variety of assortments and are obtained by baking special forms
of fluid dough consisting of wheat flour, water, salt, aeration agents and other ingredients
used to add taste and aroma, and are presented in the form of sheets or different alveoli
formats [94] with high porosity and no filling (Figure 4). The disadvantages lie in the
fact that parts of these products may have low nutritional values and poorly defined
sensory characteristics.

Gumminess, chewiness, springiness, firmness and cohesiveness increased in the spent
grain sample, while adhesiveness decreased with the addition of spent grain [64]. Water
activity is an important instrumental measure of crispiness in wafers and should be between
0.387 and 0.52 [65]. Two regions of wafers with different porosities can be highlighted: a
dense part called “skin” and a less porous part called “core”, which is the central part of the
baked sheet [66]. Analyzing the microstructure of the wafers is important for determining
the quality of the products and involves measuring the size of the pores and cell wall sizes
throughout the cross-section. This analysis shows that the distribution of the pores on the
cross section is heterogeneous, with the center of the wafers having larger pores and the
edges having smaller pores and denser skins [66].
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Figure 4. Spent grain wafers.

3.6. Snacks

Nagy and Diósi obtained products with added spent grain that had positive nutri-
tional values, including increased total content of polyphenols, flavonoids, proteins, fats,
dietary fiber and energy, compared with the control samples [48]. Ktenioudaki et al. [95]
obtained crispy snack slices containing 10% spent grain with a high crispiness index and
low crispiness, indicating that this quantity of added spent grain did not negatively affect
the crispiness of the finished product. Adding a higher quantity of spent grain modified the
texture and crumb structure and altered the odor profile. Crispy slices containing 10% spent
grain were highly acceptable to panelists compared with the control samples. This quantity
of added spent grain almost doubled the fiber content of the baked snacks [95]. Crofton and
Scanell conducted a study of four types of spent grain snacks; the crispy cracker snack was
the most preferred, followed by the crispy sticks with dip, the fruity biscuits and finally the
twisted breadsticks [96]. Stojceska et al. [67] studied the effects of spent grain on the textural
and functional properties of extrudates and found that at between 10% and 30% reduced
cell size, the expansion of the product reduced and the phytic acid content and bulk density
increased. The optimal level of spent grain was set at 20% in order to obtain products
similar to those available on the market, although a substitution of 30% still led to products
with acceptable physico-chemical characteristics. The textural properties were adjusted by
incorporating starch and specific mechanical energy and controlling extrusion parameters
conduced to an acceptable expanded ready-to-eat snack. Ainsworth et al. [68] conducted a
similar study on the effect of brewers spent grain and screw speed on the selected physical
and nutritional properties of an extruded snack. They found that phytic acid and the
resistant starch content of the samples increased significantly with the addition of up to
30% of spent grain to the formulation, although screw speed had no significant effect on
total antioxidant capacity and total phenolic compounds. Kirjoranta et al. [97] conducted a
study on the effects of spent grain on process parameters of snacks and concluded that 10%
of spent grain increased hardness and caused a small expansion. The expansion increased
with increasing screw speed and decreasing water content. Several ways of achieving a
greater expansion of extruded snack include adding starch, enzymatic treatment of spent
grain to solubilize part of the insoluble dietary fiber or grinding spent grain into small par-
ticles. The snack market is rapidly expanding with the frequent introduction of innovative
bars fortified with proteins, fibers and other rich nutrients such as spent grain [98].
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3.7. Extruded Spent Grain

Extrusion is a relatively new method of cooking that involves continuous mixing,
cooking and extrusion of food products. The extrusion process takes place in an extruder
in which thermo-mechanical processing takes place. The temperature inside the extruder is
increased by subjecting the material to high compressive and shearing forces. This process
leads to cooking of the product and has the advantage of immediate and efficient modifica-
tion, giving a product with superior quality [66]. Extrusion is a thermo mechanical process
that combines several unitary operations representing a viable, transferable opportunity
with a beneficial impact on the functional, technological and food safety characteristics
of the product [99]. The extrusion process can improve the balance between soluble and
insoluble dietary fiber contents, breaking polysaccharide bonds under mechanical stress,
and releasing the content of phenolic compounds trapped in the dietary fibers through
shearing. Among the undesirable aspects of extrusion is the Maillard reaction, which
favors the production of acrylamide or the reduction in the content of essential amino acids;
aspects that depend on the required processing conditions [100]. Gutiérrez-Barrutia et al.
studied the effect of extrusion on spent grain and found that extrusion had positive effects
on spent grain, increasing the content of soluble dietary fibers, changes caused by the
thermo mechanical process that can disrupt the cell wall matrix resulting in smaller and
more soluble fragments. Extruded spent grain can be considered a suitable ingredient for
human consumption from a microbiological point of view [100].

3.8. Yogurt and Plant-Based Yogurt Alternatives

Various quantities of spent grain were used as substitutes for yogurt fermentation,
and the effects on microstructural characteristics such as surface chemical characteristics
and confocal microstructures were investigated. Yogurt’s syneresis level was considerably
reduced when spent grain was added. Adding spent grain decreased fermentation time
and increased viscosity and shear stress. As a result of amino acids being released, the
proteolytic action of the additional microorganisms in yogurt manufacture shortens the
fermentation process by enhancing microbial growth. The reduced fermentation period
was also influenced by the inclusion of protein and fat substitutes. Yogurt’s maximum
quality, including its acidity, rheological behavior and lactic acid bacteria development
improved with the increase in the added spent grain from 5% to 10%. While 15–20% of
spent grain gave the lowest syneresis while producing the same amount of acidity and
lactic acid bacteria, it reduced the yogurt’s flow performance [69].

Spent grain has a great water-holding capacity due to its significant insoluble dietary
fiber content (particularly arabinoxylans, which have a high capacity to bind water and play
a potential prebiotic role). Due to these properties, spent grain may be able to control the
behavior of semi-solid foods and hence replace the need for starch. In the study conducted
by Naibaho et al., spent grain flour and three different protein extracts from spent grain
added to plant-based yogurt-alternatives maintained textural and gelling formation, while
increasing shear stress and viscosity [70].

3.9. Other Food Products

Spent grain can also be used as breadcrumbs for schnitzel, in fillings for vegetable
burgers and in Frankfurter sausages [47]. Nine experimental Frankfurters were made
using spent grain of three distinct particle sizes—fine (212 μm), medium (212–425 μm), and
coarse (425–850 μm). As expected, the Frankfurters’ total dietary fiber content improved
as more spent grain was added. The water-holding capacity was correlated with the total
dietary fiber in the experimental samples, and the total dietary fiber content of the samples
generated with coarse-particle-size (425–850 μm) spent grain were higher than those of the
other samples. The amount of spent grain and the low level of fat in the coarse, medium
and small particle size groups appeared to have a negative impact on all textural criteria,
with the exception of springiness. The study revealed that spent grain has great potential as
a source of dietary fiber and might be used as a fat substitute to create meat products that
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are both high in dietary fiber and low in fat. Most of the textural and sensory criteria were
substantially correlated with overall acceptance, based on statistical cluster analysis [71].

Özboy-Özbaş et al. showed that spent grain can be used as an ingredient in tarhana, a
fermented wheat flour-yoghurt product, with acceptable results obtained using 6% spent
grain. This quantity of spent grain increases the protein and fiber content while maintaining
sensory qualities within acceptable limits [72].

McCarthy et al. used different methods to introduce phenolic extracts into fruit
beverages (fruit juice and smoothies). The maximum concentration of phenolic extract
in spent grain was 10%, considerably raising the FRAP activity of cranberry juice and
demonstrating the possibility of using spent grain phenolic extracts as antioxidants in
functional foods [73].

Spent grain has replaced flour/semolina in the traditional Herzegovinian product,
Cupter. This product is made from wheat flour or semolina and grape must and is described
as a sweet jelly. Spent grain influences the odor, color, texture and flavor profile of the
traditional product, the taste of which is well known to consumers [101].

Spent grain can also be used to make edible coating composite films for fresh strawber-
ries by immersing the strawberries in coating solution for 2 min before testing weight loss,
pH, dry matter and anthocyanin content over 5 days. The carboxyl methylcellulose edible
composite film positively affected the appearance of strawberries after the testing period,
preserving their freshness for a longer period compared with uncoated strawberries. The
strawberries had low weight loss because the films prevent moisture loss. No significant
differences in anthocyanin levels were observed between coated and uncoated strawberries.
The pH levels of the coated and uncoated strawberry samples also showed little variation
over the course of storage [102].

4. Conclusions

The use of spent grain as an ingredient in finished food products is an opportunity
to reduce by-products in the beer and whisky industries while improving the nutritional
content of the food obtained. Studies showed that consumer acceptability limits for food
products comparable to commercial ones fall within a 20% concentration of the spent grain,
although 10–15% spent grain is considered optimal for sensory properties. By-products
of the agro-industrial sector are important resources that can be used as raw materials to
create food products with added value, supporting the circular economy. One of the basic
tenets of the circular economy and one of the biggest problems in food engineering in recent
years has been the sustainable use of organic waste and agri-food by-products. Due to its
high quantity and low cost, spent grain is a source worth exploiting. The growing demand
for products with stable ingredients obtained from food by-products is stimulating the
identification of innovative alternatives. Additionally, food industry by-products are a good
source of proteins, minerals, fatty acids, fiber and bioactive substances that can prevent
nutrition-related disorders and improve consumers’ physical and mental well-being. The
global demand for food is rising, driving researchers to look for alternative raw materials
with good nutritional value. There is a pressing need to utilize this by-product and to create
sustainable methods of using it. The reuse of spent grain in food products (muffins, cakes,
biscuits, etc.) brings both economic and environmental benefits, thus reducing pollution.
In subsequent studies, we aim to determine the upper limit of spent grain that can be
incorporated into food products, as well as to identify their advantages and disadvantages.
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