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Michael Glei, Tanja Schwerdtle, Stefan Lorkowski and Christine Dawczynski

Nutrient Composition of Different Hazelnut Cultivars Grown in Germany
Reprinted from: Foods 2020, 9, 1596, doi:10.3390/foods9111596 . . . . . . . . . . . . . . . . . . . . 149

Miriam Distefano, Elena Arena, Rosario Paolo Mauro, Selina Brighina, Cherubino Leonardi,

Biagio Fallico and Francesco Giuffrida

Effects of Genotype, Storage Temperature and Time on Quality and Compositional Traits of
Cherry Tomato
Reprinted from: Foods 2020, 9, 1729, doi:10.3390/foods9121729 . . . . . . . . . . . . . . . . . . . . 161

Dario Donno, Maria Gabriella Mellano, Giovanni Gamba, Isidoro Riondato and Gabriele

Loris Beccaro

Analytical Strategies for Fingerprinting of Antioxidants, Nutritional Substances, and Bioactive
Compounds in Foodstuffs Based on High Performance Liquid Chromatography–Mass
Spectrometry: An Overview
Reprinted from: Foods 2020, 9, 1734, doi:10.3390/foods9121734 . . . . . . . . . . . . . . . . . . . . 177

vi



About the Editor

Dario Donno

Dario Donno, Master graduated in chemistry and with a PhD in agricultural, forest and

food sciences. He is a post-doctoral research assistant at the Department of Agricultural,

Forest and Food Sciences, University of Turin. His studies mainly focus on qualitative analysis

and analytical strategies (e.g., chromatographic and spectrophotometric analyses coupled with

multivariate statistical analysis) for the identification and quantification of the bioactive compounds

in different plant materials (buds, leaves, fruits, bark) from temperate, sub-tropical and tropical areas

and agri-food industry derived-products for their quality and traceability evaluation. He is the author

of more than 150 scientific and technical publications in national and international journals and books,

including around 80 in Web of Science and Scopus peer-reviewed journals. He has also actively

participated in national and EU research projects.

vii





Preface to ”Screening, Identification, and
Quantification of Nutritional Components and
Phytochemicals in Foodstuffs”

The interest in nutritional components, bioactive compounds, and phytochemicals in potential

functional foods continues to grow, powered by the identification of health-promoting properties and

potential applications of nutraceutical substances. These products may range from isolated nutrients,

agri-foods, dietary supplements, and diets to genetically engineered foods, herbal products, and

processed foods.

In recent years, nutraceutical foods, food supplements, herbal preparations, plant foods,

and derived products have become very attractive to the food industry, prompting their use as

replacements for synthetic chemicals and nutraceuticals, but neglected and underutilized plant

resources are suffering from less attention and research, and their nutritional, economic, and

socio-cultural potentials are not fully exploited. The identification and quantification of nutritional

substances and bioactive compounds in foods and the evaluation of their biological activities are

important to gauge their efficacy as dietary interventions and in healthy applications.

This book provides readers with a good overview of the status and exciting developments in

this field. It includes papers focused on modern analytical instrumentation and new methods and

biological tests applied to the evaluation of plant foods, derived products, herbal products, and

food supplements and the phytochemical characterization of innovative natural sources of bioactive

compounds and relative health-promoting properties.

The guest editor would like to thank all the colleagues and contributors that published their

works in this Special Issue, as well as the reviewers that evaluated the submissions, assuring the high

quality of the published studies. The guest editor would also like to thank the publisher, MDPI, and

the editorial staff of Foods for their high-quality, constant, and professional support as well as for their

invitation to edit this Special Issue.

Dario Donno

Editor
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Foods confer many health-promoting benefits to humans for the treatment/prevention
of different diseases. The interest in bioactive compounds, nutritional components, and
phytochemicals in potential health-promoting foods continues to grow, powered by the
identification of health-promoting properties and potential applications of nutraceutical
substances. These products may range from isolated nutrients, agri-foods, dietary sup-
plements, and diets to genetically engineered “designer” foods, herbal products, and
processed foods. Today, nutraceutical products may be both traditional foods (e.g., meat
products, fish, vegetables, fruits, chocolate, grains, and tea) and non-traditional foods
(e.g., added ingredients or products derived from agricultural breeding). These products
have become very attractive to the food industry, prompting their use as replacements
for synthetic chemicals and nutraceuticals, but natural resources are suffering from less
attention and research, and their nutritional, economic, and socio-cultural potentials are
not fully exploited.

Studies on natural resources and foodstuffs are very important to discover new sources
for natural antioxidants, health-promoting materials, nutraceuticals, and potential func-
tional foods. The identification and quantification of nutritional substances and bioactive
compounds in foods and the evaluation of their biological activities are important to gauge
their efficacy as dietary interventions and in healthy applications. In the last few years,
studies in the field of natural biomolecules and health-promoting foods have been focusing
on naturally health-positive molecules available in food, herbal preparations, plants, and
derived products. Their utilization in foodstuffs could increase quality, safety, and added
value; for this reason, traditional and innovative techniques for extraction/purification
and identification/quantification of bioactive compounds and nutritional substances us-
ing eco-friendly analytical strategies need to be stimulated and developed to improve
production yields.

This Special Issue provides readers with a good overview of the status and important
insights and developments in this field. It includes review and research papers focused on
modern analytical approaches, traditional and innovative techniques, and biological tests
applied to the screening, identification, and quantification of nutritional components and
phytochemicals in foodstuffs together with the evaluation and valorization of innovative
natural sources of bioactive molecules and relative health-promoting properties.

Turrini et al. [1] investigated, for the first time, an alternative method to produce
Ribes nigrum bud derivatives, a category of botanicals marketed as plant food supplements
in the European community. Pulsed ultrasound-assisted extraction (PUAE), using a food-
grade solvent according to green chemistry principles, was employed and compared to
the conventional extraction method. Untargeted polyphenolic fingerprints (UV-Visible
and fluorescence) coupled with chemometrics were employed to quickly screen the best
extraction conditions, evaluated by the design of experiment (DoE) method. The polyphe-
nolic fraction of the optimized PUAE extract was quantified by targeted HPLC fingerprint
and its antiradical activity was determined. PUAE on a lab pilot reactor was proven to
be the most practical approach for a rapid (20 min vs. 21 days maceration) and efficient
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extraction of bioactive polyphenolics from Ribes nigrum buds, encouraging the scale up to
an industrial scenario.

Jang et al. [2] studied the optimization and validation of an analytical method for
separating flavonoid isomers in common buckwheat sprout extract (CSE). Factors such
as range, linearity, precision, accuracy, the limit of detection, and limit of quantification
were evaluated for each standard using high-performance liquid chromatography (HPLC).
Based on resolution and symmetry, a column temperature of 40 ◦C with 0.1% (v/v) acidic
water and acetonitrile as mobile phases, at a flow rate of 1 mL/min were determined to be
the optimal analytical conditions. The developed method was used to analyze flavonoids
in CSE, with isomers satisfactorily separated and simultaneously quantified.

Lavefve et al. [3] determined the stability of polyphenolics in five products (ice pop,
oatmeal bar, graham cracker cookie, juice, and gummy product) prepared with wild
blueberry (WBB) powder that can be added to the formulation of foods to encourage
consumption of health-promoting polyphenolics. Samples stored at 21 ◦C, 4.4 ◦C, or −20 ◦C
(ice pops only) were analyzed at 0, 2, 4, 6, and 8 weeks for polyphenolic content and percent
polymeric color. Total anthocyanins decreased over storage and storage temperatures in all
products. However, the ice pop and the refrigerated juice both retained over 90% of their
initial total anthocyanin content. The refrigerated oatmeal bar also showed good retention
of anthocyanins (86%), but the gummy product retained only 43% and 51% when stored at
4.4 ◦C or 21 ◦C, respectively. The lower amount of polyphenolic compounds recovered in
the gummies stored at 4.4 ◦C compared to 21 ◦C may be attributed to reduced extraction
efficiency as a result of gel hardening at refrigerated temperature. Chlorogenic acid and
flavonols were generally more stable than anthocyanins throughout storage.

Dini et al. [4] validated, for the first time, a highly specific automated enzymatic
method to quantify the acetic acid in wine vinegar, in terms of linearity, precision, re-
peatability, and uncertainty measurement. The results were compared to the Community
method of analysis. Regression coefficient ∼= 1 and the normal distribution of residuals
in the ANOVA test confirmed the method’s linearity. Lower limit of detection—LLOD
(0.946 ppm) and lower limit of quantification—LLOQ (2.00 ppm) defined the method’s
sensitivity. The results of the tested and the Community methods, linearly distributed in
the Shapiro–Wilk test, confirmed the method’s repeatability. The few anomalous data in the
Huber test were due to random errors. The high selectivity of the enzymatic method, which
exclusively measures acetic acid concentration, determined the significant differences be-
tween the two tests, examined in the accuracy determination. The enzymatic method can be
considered applicable since its precision and uncertainty were lower than the Community
method values (relative percentage deviations = 10%). The enzymatic method compared to
the Community method reduces the analysis time and the risk of errors due to operators
(avoiding pipetting errors and wrong calculations), minimizes solvent and the sample
consumption, and guarantees assay quality through method standardization.

Bonasia et al. [5] assessed the chemical composition (minerals, organic acids, free sug-
ars, volatile, and phenolic compounds) of six garlic landraces collected from Puglia Region
(Foggia Province) along with their main morpho-biometrical traits. A commercial genotype
was also considered as a reference standard. The landraces showed large variability, but in
general high morphological standards, high levels of cations and phenols, and low levels
of volatile-(S)-compounds in comparison with the commercial genotype and the literature
values. “Aglio di Peschici” and “Aglio Rosso di Monteleone di Puglia” were very rich in
minerals and phenols (mainly ferulic acid and iso-rhamnetin). The increase in knowledge
of the chemical properties of these garlic landraces could represent a tool for encouraging
the consumption of a food product. At the same time, the consumption of these landraces
would stimulate their cultivation and could highly contribute to protection against the risk
of erosion of agro-biodiversity through in situ/on-farm conservation.

Beccaro et al. [6] investigated chestnut cultivars grown in the same pedoclimatic
conditions and on the same clonal rootstock. Chestnuts were characterized by sensory,
spectrophotometric, and chromatographic analysis to determine the phytochemical compo-
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sition and nutraceutical properties. A multivariate approach, including principal compo-
nent analysis and conditional inference tree models, was also performed. The multivariate
approach showed that phenolic acids and tannins were the bioactive classes with the
highest discriminating power among different genotypes, and that genotype is a significant
variable (p < 0.05). Furthermore, most of the analyzed chestnut cultivars showed a content
of bioactive compounds similar to or higher than the main hazelnut, walnut, and almond
varieties. Chestnut agrobiodiversity could be intended as strictly associated to the genotype
effect and underlines the large variability within the genus Castanea, and therefore, the
importance of in farm and ex situ conservation of local germplasm is part of a global
strategy aimed at increasing the levels of agrobiodiversity.

Suleria et al. [7] determined the polyphenol content and their antioxidant potential in
twenty different fruit peel samples in an ethanolic extraction, including their comprehen-
sive characterization and quantification using the LC-MS/MS and HPLC. The application
of LC-ESI-QTOF-MS/MS tentatively identified and characterized a total of 176 phenolics,
including phenolic acids (49), flavonoids (86), lignans (11), stilbene (5), and other polyphe-
nols (25) in all twenty peel samples. From HPLC-PDA quantification, the mango peel
sample showed significantly higher phenolic content, particularly for phenolic acids and
flavonoids, as compared to other fruit peel samples. These results highlighted the impor-
tance of fruit peels as a potential source of polyphenols. This study provided supportive
information for the utilization of different phenolic rich fruit peels as ingredients in food,
feed, and nutraceutical products.

Krawęcka et al. [8] assessed the effect of adding 0%, 5%, 10%, 15%, and 20% oat
(1,3)(1,4)-β-D-glucans to physicochemical properties, as well as the cooking and sensory
qualities of durum wheat pasta. Additionally, 5% of xanthan gum and vital gluten was
added to improve the cooking and sensory qualities of pasta. The study showed that
the addition of β-glucans led to an increase of the water absorption index (WAI), water
solubility index (WSI), and viscosity of products. At the same time, an increase in the
content of fat, ash, and dietary fiber was observed. The addition of (1,3)(1,4)-β-D-glucans
influenced the cooking quality of the pasta, extending the minimum cooking time and
increasing the loss of dry matter. At the same time, the color of the product changed. In the
case of cooked pasta, the addition of β-glucans decreased the brightness and increased the
yellowness and redness. It was found that the products enriched with 10–15% of β-glucans,
as well as 5% of xanthan gum and vital gluten would yield functional pasta that may offer
health benefits beyond its nutritional value. Furthermore, this could influence high cooking
and sensory quality.

Müller et al. [9] evaluated the micro- and macronutrient composition of represen-
tative, randomly mixed samples of the 15 different hazelnut cultivars. Protein, fat, and
fiber contents were determined using established methods. Fatty acids, tocopherols, min-
erals, trace elements, and ultra-trace elements were analyzed using gas chromatogra-
phy, high-performance liquid chromatography, and inductively coupled plasma triple
quadrupole mass-spectrometry, respectively. The different hazelnut varieties contained
valuable amounts of fat, protein, dietary fiber, minerals, trace elements, and α-tocopherol,
however, in different quantities. The variations in nutrient composition were independent
of growth conditions, which were identical for all hazelnut varieties. Therefore, each
hazelnut cultivar presented a specific nutrient profile.

Distefano et al. [10] addressed the effects of two storage temperatures, namely 10 ◦C
(T10) and 20 ◦C (T20), on main quality and functional traits of three cherry tomato cultivars
(“Eletta”, “Sugarland”, and “Ottymo”), after 0 (S0), 7 (S7), and 14 (S14) days of storage.
At T10 both fruit weight and firmness were better retained during storage. At S14, T10
promoted fruit Chroma and overall fruit color deviation (∆E*ab). Total polyphenols content
(TPC) of fruits peaked at S7 then declined at S14 (by 16%), with the highest values recorded
at T10. Lycopene showed a similar trend, but with a higher average concentration recorded
at T20. β-carotene content peaked at S14, irrespective of the storage temperature. At
S14, the concentrations of phytoene and phytofluene were higher at T20, but the opposite
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was found at S7. “Sugarland” and “Ottymo” showed the highest ∆E*ab during storage,
with the former cultivar proving to have the highest TPC and lycopene content, whereas
“Eletta” did so for phytoene and phytofluene. The results suggested that unravelling the
possible functional interactions among these three carotenoids would allow for a better
orientation of breeding programs, targeting the phytochemical evolution of tomatoes
during refrigerated storage.

Donno et al. [11] investigated the main analytical strategies commonly utilized in the
agri-food industry, often using complementary technologies with different purposes. This
overview presented the most recent MS-based techniques applied to food analysis. An
entire section was dedicated to the recent applications of high-resolution MS. Covered
topics included liquid (LC)– and gas chromatography (GC)–MS analysis of natural bioactive
substances, including carbohydrates, flavonoids and related compounds, lipids, phenolic
compounds, vitamins, and other different molecules in foodstuffs from the perspectives
of food composition, food authenticity, and food adulteration. The results represented
an important contribution to the utilization of GC–MS and LC–MS in the field of natural
bioactive compound identification and quantification.

In recent years, the agri-food industry has applied new analytical strategies for a full
characterization of foods since consumers and regulatory agencies required a molecular
characterization. Validated analytical approaches using high-performance systems were
improved to ensure traceability and quality of food. Chromatographic techniques coupled
to suitable detection strategies are one of the most effective tools to separate the single
molecules and develop a specific profile (“fingerprint”). If chromatography, coupled to
detection systems as mass spectrometry, is further combined with chemometrics, clearer
patterns might be developed for analytical fingerprints.
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Abstract: In this research, for the first time, an alternative method to produce Ribes nigrum bud
derivatives is presented. Pulsed ultrasound-assisted extraction (PUAE), using a food-grade solvent
according to green chemistry principles, has been employed and compared to the conventional
extraction method. Traditionally, bud derivatives, a category of botanicals marketed as plant food
supplements in the European Community, are produced by macerating meristematic tissues of trees
and plants mainly spontaneously collected. Buds are a challenging raw material for the UAE, since
meristematic tissues are much softer and fragile than their corresponding adult phenological stage.
It is therefore important to assess whether the polyphenolic fraction, very susceptible to degradation,
is conserved after UAE. Untargeted polyphenolic fingerprints (UV-Visible and fluorescence) coupled
with chemometrics are employed to quickly screen the best extraction conditions, evaluated by the
design of experiment (DoE) method. The polyphenolic fraction of the optimized PUAE extract was
quantified by targeted HPLC fingerprint and its antiradical activity was determined. PUAE on a lab
pilot reactor was proven to be the most practical approach for a rapid (20 min vs. 21 days maceration)
and efficient extraction of bioactive polyphenolics from Ribes nigrum buds, encouraging the scale up
to an industrial plan.

Keywords: phenolic compounds; bud derivatives; Ribes nigrum glyceric macerate; green
chemistry; pulsed ultrasound-assisted extraction; untargeted spectroscopic fingerprint; targeted
chromatographic fingerprint

1. Introduction

FINNOVER “Innovative strategies for the development of crossborder green supply chains” is an
Interreg ALCOTRA Italy/France transfrontier cooperation project (2017–2020) whose main target is
the “green” implementation of some agro-industrial chains [1]. Particularly, the project supports the
creation of both innovative and eco-sustainable production chains of botanicals in order to valorize the
biodiversity of the ALCOTRA territory. One of the main natural products studied in FINNOVER are
bud derivatives, which represent a relatively new category of botanicals marketed, in the European
Community, as plant food supplements according to the Directive 2002/46/EC of the European
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Parliament [2,3]. Bud derivatives are obtained by cold maceration in solvents (i.e., ethanol and glycerol)
of fresh meristematic tissues of trees and plants (i.e., buds and young sprouts) as reported in the
European Pharmacopoeia VIII edition (2014) [2,4,5]. These botanicals are still poorly studied, although
they are widely used in gemmotherapy, a branch of phytotherapy that exploits the properties of these
plant extracts for medicinal purposes [6]. The peculiarity of meristematic tissues in this particular
phenological stage concerns their fragile texture and the high content of compounds which constitute
the bud phytocomplex. In fact, these substances, including mainly flavonoids, enzymes, vitamins,
aminoacids, nucleic acids, and plant hormones, are often present only in trace in the corresponding
adult tissues [5].

In this research, a sonochemical application with a green chemistry approach was presented.
Particularly, pulsed ultrasound-assisted extraction (PUAE) was employed as alternative method to
quickly produce new bud derivatives in comparison to the long traditional maceration in solvent
(21 days) taking under control their total phenolic fraction and antiradical activity to monitor possible
PUAE-induced degradations. Ribes nigrum buds (RNB) were used as case study due to their common
use in herbal medicine for their potential health properties. The most important industrial products
of R. nigrum are its berries, which contain very high amounts of bioactive compounds, particularly
flavonoids, phenolic compounds, and anthocyanins [7–9]. However, R. nigrum bud derivatives also
contain high amounts of polyphenols, representing more than 60% of the bud phytocomplex [7], and
they are widely used for inflammatory, circulatory, respiratory, and cutaneous disorders [10].

Ultrasounds (UAE—ultrasound-assisted extraction) together with microwaves (MAE—microwave-
assisted extraction), supercritical fluids (SCF), and pulsed electric fields (PEF), are emerging “green”
extraction technologies [11]. According to the six principles of the green extraction introduced by
Chemat and colleagues [12] and to the twelve principles of green chemistry set by the Environmental
Protection Agency of USA [13], these eco-compatible extraction techniques, with respect to conventional
methods, aim to reduce the environmental impact in terms of time and energy. Moreover, they reduce
both the quantities of solvents employed, preferring alternative solvents (water or food-grade solvents),
and the generation of waste, hazardous substances, and consequently pollution [11,14]. In particular,
UAE is a relatively simple, cheap, and efficient alternative to conventional extraction techniques whose
main benefits are faster kinetics and increased extraction efficiency [15,16]. In fact, UAE allows one to
quickly extract, with high reproducibility both on small and large scale, a wide variety of bioactive
compounds (i.e., aromas, pigments, antioxidants, and organic and mineral compounds) from several
animal tissues, plants, or food matrices [15,17]. However, the effects of ultrasound on the extraction
yield may be linked to the nature of the matrix. Therefore, the experimental conditions of UAE
must be optimized for each matrix [18]. In a solid/liquid media, the ultrasound waves originate the
cavitation phenomena, a succession of different phases of compression and rarefaction which generates
cavitation bubbles in the liquid. The implosion of the cavitation bubbles on the surface of the solid
material generate microjets, at very high temperature and pressure, which destroy the wall cells of the
matrix, with the consequent recovery of the intracellular content in the extraction solvent. There are
several mechanisms involved (i.e., fragmentation, erosion, sonoporation, detexturation, capillarity)
which independently or in combination influence the final ultrasound extraction yield [17]. When
UAE is used in a pulsed mode (PUAE), the ultrasound processor works intermittently during the
entire extraction process (active time vs. inactive time). This extraction mode reduces the operating
temperature, allowing the extraction of thermolabile compounds and decreasing the possibility to
produce alterations (i.e., oxidation products) in the final extract [19].

Untargeted phytochemical fingerprints coupled with chemometrics [2,20], particularly the
UV-Visible and fluorescence spectra of each extract as multivariate response variables, have been
employed to quickly screen the best experimental conditions of PUAE investigated by the design of
experiment (DoE) method [21]. Finally, the extract obtained by PUAE in the optimized conditions
has been characterized using targeted phytochemical fingerprinting by HPLC [2,22,23] in order to
identify and quantify the main polyphenolic compounds. The polyphenolic fraction has been selected
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as the marker of activity and degradation susceptibility in order to make a comparison with the
corresponding R. nigrum glyceric macerate (RNGM), representing the commercial product.

2. Materials and Methods

2.1. Bud Collection

RNB were collected from plants cultivated in the Bronda valley (Cuneo, Italy), particularly in the
municipality of Pagno (44.597,7.424–44.598,7.424) and Brondello (44.603,7.422–44.603,7.418) in March
2018. Buds, after being certified by a botanical expert, were employed by an Italian Company of food
supplements (Geal Pharma, Bricherasio, Turin, Italy) for the production of the corresponding RNGM.
Particularly, the fresh merystematic tissues were immediately used after their collection in order to
preserve their bioactive compounds. Both the traditional procedure for preparing glyceric macerates,
according to the European Pharmacopoeia VIII edition, and an alternative method that exploits the
action of ultrasounds have been used and compared for the production of the corresponding extracts
(RNGM and RN8).

2.2. Chemicals

Ethanol and glycerol were supplied by VWR International S.r.l (Milan, Italy) and GealPharma
(Bricherasio, Turin, Italy), respectively. All the standards employed for the HPLC analysis were
purchased by Sigma-Aldrich (St. Louis, MO, USA). The purity of all the standards employed was
≥95%. Ultrapure water (18 MΩ) was produced by a Millipore Milli-Q system (Bedford, MA, USA) and
used throughout.

2.3. Traditional Preparation of R. nigrum Glyceric Macerates

RNGM was produced according to the indications of the European Pharmacopoeia VIII edition
(2014), referring to the procedure reported in the French Pharmacopoeia [4]. Particularly, a mixture of
glycerol/ethanol 96% (1:1 w/w) as extraction solvent and a solid–solvent ratio 1:20 between buds and
solvent (considering the dry weight) were employed. The phytocomplex extraction from RNB involved
several steps: a cold maceration for 21 days, followed by a preliminary filtration, a manual pressing,
and, at the end, a second filtration with filter paper (Whatman n. 1) after 2 days of decanting [2,5].
The obtained extracts, which represent the commercial product marketed by GealPharma, were stored
at 4 ◦C in the dark until further analysis.

2.4. Alternative Method to Produce R. nigrum Bud Derivatives: Pulsed Ultrasound-Assisted
Extraction (PUAE)

PUAE was carried out directly by an Hielscher UP200St (Teltow, Germany) in pulsed mode, with
an ultrasonic titanium probe (7 mm diameter) able to transfer, with high efficiency, the acoustic energy
into the treated media [2,24,25]. Fresh RNB were finely ground by a Grindomix 200 M (Retsch, Haan,
Germany), for 20 s at 5000 rpm, and then sieved by a 150 µm sieve. Twenty grams of a glycerol/ethanol
96% mixture 1:1 w/w were added to 1 g (dry weight) of ground RNB in a polypropylene 50 mL
centrifuge tube. The samples were processed in a 200 W ultrasonic processor at a constant frequency
of 26 kHz, with an amplitude level of 30%, optimized in a previous paper from the authors [26],
keeping temperature under control always below 70 ◦C. The pulse duration and pulse interval refer
to “on” and “off” times of the sonicator. The same mixture of glycerol/ethanol 96% (1:1 w/w) and the
same solid–solvent ratio 1:20 between buds and solvent (considering the dry weight), as described
in the Section 2.3, were employed. The duty cycle (pulse) and the extraction time (65% and 20 min,
respectively) were optimized by applying DoE (Table 1). The obtained suspension was then filtered by
Buchner (Whatman n. 44 paper) and the filtrate was centrifuged at 3000 rpm for 10 min. The obtained
solutions were stored at 4 ◦C until the analysis time.
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Table 1. Experimental matrix of the Faced Central Composite Design, the experimental plan (in
brackets), and the obtained response variable (Y).

Experiment

Experimental Conditions Response Variable

X1

Duty Cycle (%)
X2

Extraction Time (min)
Y

PC1 Scores

RN1 −1 (50) −1 (10) 3.222515159
RN2 +1 (80) −1 (10) 2.256792019
RN3 −1 (50) +1 (20) 0.834250201
RN4 +1 (80) +1 (20) −0.535350397
RN5 −1 (50) 0 (15) 0.587361402
RN6 +1 (80) 0 (15) −1.165491045
RN7 0 (65) −1 (10) −0.327200585
RN8 0 (65) +1 (20) −2.638815847
RN9 0 (65) 0 (15) −2.234060907

2.5. Untargeted Fingerprints of The R. nigrum Phytocomplex

2.5.1. UV-Visible Spectroscopy

An Agilent UV-Vis spectrophotometer Cary 100 (Varian Co., Santa Clara, CA, USA) with 0.5 nm
resolution, was employed to record all the UV-Vis spectra of the extracts and the corresponding glyceric
macerates of R. nigrum. Before being analyzed, all the samples were properly diluted 1:20 in the same
extraction mixture (glycerol/ethanol 96% 1:1 w/w). The total spectrum of each analyzed sample was
collected in duplicate at room temperature (25 ± 1 ◦C), against a blank solution (i.e., the extraction
mixture), using rectangular quartz cuvettes with 1 cm path length. For each sample, the resulting
spectra were averaged and used as vector of variables to build the data matrix.

2.5.2. Fluorescence Spectroscopy

The excitation–emission fluorescence spectra were recorded in duplicate at room temperature
(25 ± 1 ◦C) by a Perkin-Elmer LS55B luminescence spectrometer (Waltham, MA, USA) using the
traditional right angle fluorescence spectroscopic technique [27]. A standard cell holder and a 10 mm
quartz SUPRASIL® cell with volume of 3.5 mL by PerkinElmer were used. The emission spectra were
recorded in the range of 450–800 nm, exciting samples at a fixed wavelength (λ ex = 430 nm) [20]. Both
the excitation and the emission monochromator slits were set to 10 nm, with high gain and 600 nm/min
of speed. The same dilution of all the samples, at the ratio of 1:20 with the solvent, was evaluated. For
each sample, the resulting emission spectra were averaged and used as vector of variables to build the
data matrix combing them together with the previous described UV-Vis spectra.

2.6. Experimental Design and Multivariate Data Analysis

DoE was used to optimize the experimental conditions of PUAE from RNB. A Faced Central
Composite Design (2k + 2k + 1) was applied with the aim to estimate the constant, the linear terms, the
interactions between variables, and the quadratic terms, according to the following model [21]:

Y = b0 + b1X1 + b2X2 + b12X1X2 + b11X1
2 + b22X2

2

The experimental plan, illustrated in Table 1, summarizes the conditions of the nine experiments
performed (namely from RN1 to RN9). The minimum, intermediate, and maximum value of each
variables are labeled as −1, 0, and +1, respectively. A data matrix M9,1402 consisting of nine rows (the
nine samples/extracts obtained by DoE) and 1402 columns (the vector of 701 absorbance values at
different wavelengths in the range of 230–500 nm of the UV-Vis spectra plus 701 fluorescence emissions
in the range of 450–800 nm of the fluorescence spectra), was prepared and further analyzed by the PCA,
a multivariate statistical technique of unsupervised pattern recognition. The scores on PC1 have been
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used as a response variable of the experimental design (Y). In detail, the standard normal variate (SNV)
transform, or row autoscaling, was previously performed on the spectral data in order to revise both
the baseline shifts and the global intensity variations [28]. Subsequently, PCA was performed using the
nonlinear iterative partial least squares (NIPALS) algorithm on the column-centered data [29]. After the
PCA, the scores on PC1, explaining the 90.3% of the total variance, were extracted and used as response
to elaborate DoE. DoE and multivariate data analysis were performed by CAT (Chemometric Agile
Tool) a chemometric software based on R, developed by the Chemistry Group of the Italian Chemical
Society [30]. The data matrix and the detailed PCA analysis is available as Supplementary Materials.

2.7. Analytical Determinations

The most promising extract obtained by PUAE and the corresponding glyceric macerate (RNGM),
in order to make a comparison, were characterized to evaluate their total phenolic contents (TPC) and
their radical scavenging activity (RSA). All the measurements were performed in duplicate and the
results are expressed as mean ± standard deviation (SD). Statistical analysis was performed by the
Excel Data Analysis Tool (Microsoft Corporation, Seattle, WA, USA).

2.7.1. Determination of The Total Phenolic Compounds (TPC)

The Folin-Ciocalteu spectrophotometric method was applied to estimate the TPC of the R. nigrum

bud preparations [31]. 0.2 mL of sample appropriately diluted, 1 mL of Folin-Ciocalteu reagent
(diluted 1:10 with deionized water), 0.8 mL of aqueous sodium carbonate 7.5% w/v solution were
added in a test tube and vortexed. After an incubation period of 30 min at room temperature in the
dark, the absorbance was recorded at 760 nm by an Agilent 8453 UV-Vis spectrophotometer with
1 nm resolution. A calibration curve, using gallic acid as a standard, has been used to evaluate the
polyphenolic concentration. The TPC was expressed as milligrams of gallic acid equivalent (GAE)
pulled-out from 100 mL of bud extract (mg GAE/100 mL).

2.7.2. Determination of Radical Scavenging Activity (RSA)

The DPPH• assay was applied to evaluate the RSA of the R. nigrum bud preparations [32].
Determinations were performed as described in a previous paper [24]. The absorbance at 515 nm was
recorded by an Agilent 8453 UV-Vis spectrophotometer with 1 nm resolution. A multilevel calibration
with ascorbic acid as standard was used to evaluate the RSA and to express the results as milligrams of
ascorbic acid equivalent (AAE) in 100 mL of bud extract (mg AAE/100 mL).

2.8. HPLC Analysis

HPLC methods were used for phytochemical analysis both on R. nigrum bud preparations and
PUAE extracts. Analysis were focused on flavonols, phenolic acids (benzoic and cinnamic acids), and
catechins, as polyphenolic markers with a demonstrated health-promoting activity [33]. Bioactive
compounds were identified and quantified by comparison and combination of their retention times and
UV spectra with those of authentic standards. The calibration parameters for all the employed analytical
standards were previously reported by the authors [22,34]. The total bioactive compound content
(TBCC) was determined as sum of the selected and identified markers with health-promoting activities
and positive antioxidant effects on human health-status according to “multimarker approach” [35]:
phytochemicals were grouped into different bioactive classes in order to evaluate each class contribution
to phytocomplex composition. All analyses were triplicated and the results expressed as mg/100 g of
fresh weight (FW).

Samples were filtered with circular pre-injection filters (0.45 µm, polytetrafluoroethylene
membrane) prior to HPLC-DAD analysis. Chromatographic analysis was carried out using an
Agilent 1200 High-Performance Liquid Chromatograph coupled to an Agilent UV-Vis diode array
detector (Agilent Technologies, Santa Clara, CA, USA), based on HPLC methods previously validated
for fresh fruits, herbal medicines, and other food products [2,22,23]. Chromatographic conditions
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were set in order to obtain a phytochemical information with a good resolution and a reasonable
analysis time.

Bioactive molecule separation was achieved on a Kinetex C18 column (4.6 mm × 150 mm, 5 µm,
Phenomenex, Torrance, CA, USA). Different mobile phases were used for bioactive compound
characterization and several linear gradients in different slopes were optimized because some
compounds were similar in structure with each other in the same chemical class: (1) a solution
of 10 mM KH2PO4/H3PO4 and acetonitrile with a flow rate of 1.5 mL·min−1 (method A—analysis of
cinnamic acids and flavonols); (2) a solution of methanol/water/formic acid (5:95:0.1 v/v/v) and a mix of
methanol/formic acid (100:0.1 v/v) with a flow rate of 0.6 mL·min−1 (method B—analysis of benzoic
acids and catechins). Selected wavelengths were suitable to achieve more specific peaks as well as a
smooth baseline after a full scan on the chromatogram from 190 to 400 nm; in particular, UV spectra
were recorded at 330 nm (A) and 280 nm (B). Information on used chromatographic methods and
selected markers are reported in the Supplementary material.

3. Results and Discussion

3.1. Optimization of The PUAE Experimental Conditions by DoE Using Untargeted Phytochemical Fingerprint

The PUAE conditions have been optimized by a Faced Central Composite Design (CCD), whose
results are shown in Table 1. The DoE response variable to be optimized was obtained by an untargeted
spectroscopic method combined with chemometrics previously described by the authors [2,20]. Briefly
each of the nine extracts, obtained according the experimental plan and spectroscopic analyzed,
was described by a vector of 701 UV-Vis absorbances plus 701 fluorescence emissions, as a holistic
nontargeted fingerprint 1402-dimensional of the corresponding extract. Since these multivariate
vectors of UV-Vis absorptions and fluorescence emissions (701 + 701 variables) of each extract have
been proven to be strictly correlated to the whole polyphenolic fraction of the extracts they were
combined in a multivariate data matrix: The DoE response matrix. This matrix, composed of nine rows
and 1402 columns (M9,1402: nine objects corresponding to the nine experiments and 1402 variables
which represent the spectral absorptions/emissions), has been elaborated by principal component
analysis (PCA), an unsupervised patter recognition technique, in order to extract the useful analytical
information and to reduce its dimensionality.

The untargeted polyphenolic phytochemical fingerprints (UV-Vis absorptions and Fluorescence
emissions) of each extract obtained by DoE were reported in Figure 1 and compared with the
corresponding commercial product RNGM.

Figure 2 shows the score-plot on the first two principal components (PCs), whose explained
variance are 90.3% and 6.8%, respectively.

The first PC (PC1) retains all the useful information of the 1402 original variables and thus the
corresponding scores were used as the response variable of each experiment in the experimental matrix.
The other PCA details are reported in the Supplementary Materials (i.e., score matrix, loading matrix,
eigenvalues, explained variance plot). The following model of the CCD has been obtained by applying
multiple linear regression to the experimental matrix:

Y = −2.6708 − 0.6814X1 * − 1.2487X2 ** − 0.1010X1X2 + 2.6000X1
2 ** 1.4061X2

2 *

* indicates the significance of the coefficients: * = p < 0.05, ** = p < 0.01.
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Figure 1. Untargeted spectroscopic fingerprints of the R. nigrum bud (RNB) phytocomplex: (a) The
UV-Vis averaged spectra (250–600 nm) of the nine experiments selected by the DoE and the corresponding
R. nigrum glyceric macerate (RNGM) tested at the same dilution (1:20 in the extraction solvent); (b) The
2D Fluorescence averaged spectral emissions (450–800 nm) of the nine experiments selected by the DoE
and the corresponding RNGM tested at the same dilution (1:20 in the extraction solvent).

 

Figure 2. The score plot on the first two principle components (PCs) selected by principle
component analysis (PCA) using the vector of UV-Vis (250–600 nm) spectra coupled to fluorescence
(450–800 nm) absorptions of each extract (RN1–RN9) as a multivariate untargeted signal. The red +
represents the central point of the plot and the red circle highlights the extract obtained in the best
experimental conditions.
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All the linear and quadratic terms are significant as highlighted in the plot of the coefficients
(Figure 3).

 

− − −

Figure 3. The coefficients of the model of Y (PC1 scores) obtained by the Faced Central Composite
Design (X1: duty cycle; X2: extraction time). * = p < 0.05, ** = p < 0.01.

Particularly, the linear term X2 (** = p < 0.01) corresponding to the extraction time, the quadratic
term X1

2 (** = p < 0.01), the linear term X1 (* = p < 0.05) corresponding to the duty cycle, and the
quadratic term X2

2 (* = p < 0.05) are the statistically significant coefficients. They should be increased or,
on the contrary, decreased to improve or to minimize the Y response variable respectively. Experiments
whose scores on PC1 are negative (Figure 2) correspond to the highest absorptions/emissions of the
phytocomplex as shown in Figure 1, thus they must be decreased. RN8 represents the best experimental
conditions and this extract has been analytically characterized and compared with RNGM.

3.2. Analytical Characterization of The Most Promising PUAE Extract (RN8) and the Corresponding RNGM

3.2.1. Determination of the Total Phenolic Compounds (TPC) and the Radical Scavenging
Activity (RSA)

RN8, representing the most promising R. nigrum extract obtained by PUAE, and the corresponding
RNGM, were analytically characterized to evaluate their total phenolic contents (TPC) and their radical
scavenging activity (RSA). As reported in Table 2, both the bud preparations presented quantitatively
similar RSA values: 1158.58 ± 73.24 mg/100 mL of bud extract for RN8 and 1137.04 ± 38.49 mg/100 mL
of bud extract for RNGM, respectively. Regarding TPC, RN8 showed a higher value with respect to
RNGM (415.56 ± 5.52 mg/100 mL vs. 276.44 ± 3.85 mg/100 mL). However, the Folin-Ciocalteu assay is
a nonspecific method to quantify phenols and polyphenols. In fact, this reagent does not measure
only phenols, but can react with some reducing substances (i.e., ascorbic acid) [36]. For this reason, the
phenol content could be overestimated and further investigations on the phytocomplex composition
should be carried out. Nevertheless, the higher value of RN8 is promising and indicative of almost no
oxidative alterations potentially induced by ultrasounds with respect to maceration.
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Table 2. Total phenolic compounds (TPC) and radical scavenging activity (RSA) of the most promising
R. nigrum extract obtained by pulsed ultrasound-assisted extraction (PUAE) (RN8) compared to the
corresponding commercial product (RNGM).

Determination
RNGM RN8

Mean Value SD Mean Value SD

TPC mg GAE/100 mL bud extract 276.44 3.85 415.56 5.52
RSA mg AAE/100 mL bud extract 1137.04 38.49 1158.58 73.24

Results are reported as mg/100 mL of bud extract and expressed as mean value ± standard deviation (SD) (n = 2).
GAE: gallic acid equivalent; AAE: ascorbic acid equivalent.

3.2.2. Targeted Phytochemical Fingerprint

Antioxidant compounds (in particular, polyphenols) may play a critical health-promoting role in
humans for disease prevention due to their synergistic or additive biological effects (phytocomplex) that
influence human health better than a single molecule or a group of few compounds [37]. In this study,
13 biologically active compounds (grouped into four polyphenolic classes) were selected as markers
for fingerprint analysis because they have been described as important health-effective substances in
humans [38]. The phytochemical fingerprints of RNGM and RN8 are reported in Table 3.

Table 3. Targeted phytochemical fingerprint by HPLC-DAD of the polyphenolic compounds in the
most promising R. nigrum extract (RN8) obtained by PUAE compared to the corresponding glyceric
macerate (RNGM).

Bioactive Class Compound

RNGM RN8

Mean Value SD Mean Value SD

(mg/100 g FW) (mg/100 g FW)

Cinnamic acids

caffeic acid 22.48 0.04 20.76 0.48
chlorogenic acid n.d. / n.d. /

coumaric acid 5.21 0.15 1.05 0.25
ferulic acid n.d. / n.d. /

Flavonols

hyperoside n.d. / n.d. /

isoquercitrin n.d. / n.d. /

quercetin 49.53 0.49 80.14 1.08
quercitrin 30.86 0.85 48.18 0.94

rutin 17.25 0.22 20.88 0.48

Benzoic acids
ellagic acid 69.66 0.08 75.37 0.30
gallic acid 0.31 0.09 0.64 0.05

Catechins
catechin 95.88 0.26 55.85 2.78

epicatechin 59.83 0.37 49.08 0.48

Results are reported as mg/100 g of bud fresh weight (FW) and expressed as mean value ± standard deviation (SD)
(n = 3). * n.d. = not detectable.

Among the analyzed compounds, chlorogenic acid, ferulic acid, hyperoside, and isoquercitrin
were not detected. Bioactive compounds were separated and identified via HPLC-DAD. Adding other
markers with demonstrated biological activity may be a necessary step for a better identification of the
chromatographic pattern in further fingerprint studies together with a mass spectrometry detection of
unknown peaks.

In RNGM samples, catechins were the most important bioactive class (44.36%), with flavonols
as the second most abundant (27.82%), followed by benzoic acids and cinnamic acids (19.93% and
7.89%, respectively), while in PUAE extracts RN8, the quantitative relationships between catechins and
flavonols were reversed: 29.81% for catechins and 42.39% for flavonols, while cinnamic acids (6.20%)
and benzoic acids (21.60%) showed percentages similar to the bud macerates (Figure 4).
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Figure 4. Contribution of each polyphenolic class to the total phytocomplex in RN8 and RNGM
analyzed samples.

Figure 5 reports the polyphenolic chromatographic profile of analyzed samples: RNGM and RN8
presented qualitatively and quantitatively similar phenolic patterns. The most important differences
were only detected in four compounds: (i) quercetin (48.53 ± 0.49 mg/100 g of bud fresh weight, FW,
for RNGM and 80.14 ± 1.08 mg/100 g FW for RN8); (ii) quercitrin (30.86 ± 0.85 mg/100 g FW for
RNGM and 48.18 ± 0.94 mg/100 g FW for RN8); (iii) catechin (95.88 ± 0.26 mg/100 g FW for RNGM
and 55.85 ± 2.78 mg/100 g FW for RN8); (iv) epicatechin (59.83 ± 0.37 mg/100 g FW for RNGM and
49.08 ± 0.48 mg/100 g FW for RN8). Caffeic acid showed levels slightly higher in RNGM, while ellagic
acid presented levels slightly higher in RN8.

Our results highlight that the traditional glyceric macerate and the alternative PUAE extract
show similar total polyphenolic levels (and a qualitatively similar chromatographic pattern), but some
differences in specific bioactive compounds (in particular, flavonols and catechins) were also detected,
due to the different extraction method [39]. For this reason, PUAE yielded an extract rich in biological
active molecules with potentially high health-promoting activity, but maybe with a practical use which
could be different from traditional bud preparations. In any case, this research is only a preliminary
study and further phytochemical, clinical, toxicological, and pharmaceutical in vitro and in vivo tests
should be carried out to confirm this preliminary hypothesis.
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Figure 5. Chromatographic pattern of polyphenolic compounds identified in RN8 and RNGM samples:
(A) Cinnamic acids and flavonols; (B) Benzoic acids and catechins. In the chromatograms, the x-axis
represents the signal current intensity (mAU), while the y-axis represents time (min).

4. Conclusions

In this work, PUAE, as an alternative time-saving method to produce R. nigrum bud derivatives,
was presented according to the green chemistry principles. The unconventional extraction conditions
were optimized by DoE at the lab scale using untargeted fingerprints coupled to chemometrics, but
this same quick strategy could be analogously applied to transfer this method to an industrial scale.
The impact of the UAE with respect to traditional maceration was evaluated in terms of recovering of
the total phenolic content, the antiradical scavenging activity and the profiles of the most important
bioactive compounds. In particular, PUAE provided the extract named RN8 in a few minutes, compared
to the 21 day-long maceration, whose total polyphenolic levels and antiradical scavenging are similar
or even slightly increased with respect to RNGM. Furthermore, RN8 presents a qualitatively similar
chromatographic pattern, even if some differences in flavonols and catechins were detected. Due to
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these differences, an LC-MS study of RN8 is mandatory in the near future. Nevertheless, this is a
promising preliminary result to provide alternative uses of Ribes nigrum bud derivatives using this
unconventional time-saving extraction method.

Supplementary Materials: Supplementary materials are available online at http://www.mdpi.com/2304-8158/8/
10/466/s1. Table S1: score matrix; Table S2: loading matrix; Table S3: eigenvalue matrix; Table S4: chromatographic
conditions. Figure S1: percentage of explained variance plot.
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Abstract: Buckwheat sprouts that are synthesized during the germination process are rich in
flavonoids, including orientin, vitexin, rutin, and their isomers (isoorientin, isovitexin, and
quercetin-3-O-robinobioside, respectively). The purpose of this study was to optimize and validate
an analytical method for separating flavonoid isomers in common buckwheat sprout extract (CSE).
Factors, such as range, linearity, precision, accuracy, limit of detection, and limit of quantification, were
evaluated for each standard using high-performance liquid chromatography (HPLC). On the basis of
resolution and symmetry, a column temperature of 40 ◦C with 0.1% (v/v) acidic water and acetonitrile
as mobile phases, at a flow rate of 1 mL min−1 were determined to be the optimal analytical conditions.
Calibration curves for orientin, isoorientin, vitexin, isovitexin, and rutin exhibited good linearity with
correlation coefficients of 0.9999 over the 6.25–100.00µg mL−1 range. Recovery values of 96.67–103.60%
confirmed that the method was accurate for all flavonoids. The relative standard deviations of
intra-day repeatability and inter-day reproducibility confirmed method preciseness, with values of
less than 5.21% and 5.40%, respectively. The developed method was used to analyze flavonoids in
CSE, with isomers satisfactorily separated and simultaneously quantified. We demonstrated that the
developed HPLC method can be used to monitor flavonoids in buckwheat sprouts.

Keywords: common buckwheat sprout; flavonoid isomer; quercetin-3-O-robinobioside; validation;
chromatographic separation

1. Introduction

Buckwheat is a pseudocereal belonging to the Polygonaceae family that grows rapidly and is tolerant
to cold [1]. Buckwheat is found almost everywhere but is mainly grown in the northern hemisphere [2].
Common buckwheat (Fagopyrum esculentum Möench) and tartary buckwheat (F. tataricum Gaertner) are
the most consumed buckwheat species [1]. Among the edible parts of common buckwheat, the sprouts
have attracted considerable attention in recent years [3] as they are considered to be a popular health
food and are widely consumed because of their bioactive compounds [4,5]. The sprout-germination
process induces the hydrolysis of triglycerides in the seeds and produces the energy required for
various biochemical reactions through the tricarboxylic acid cycle [6], and the content of bioactive
compounds in the seeds increases through chemical reactions, for example, the flavone glycoside
content is known to increase during the germination of common buckwheat [7,8]. Common buckwheat
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sprout (CS) has been studied for a variety of pro-health benefits, such as its antioxidant capacity [7,9]
and anti-inflammatory effects [10,11].

CS has been reported to have more abundant flavone C-glucosides than those of the tartary
species [12]. The flavone C-glucosides in CS are present as orientin and isoorientin, from luteolin as
the parent, as well as vitexin and isovitexin, from apigenin as the parent (Figure S1). In addition, rutin
is a representative flavonoid present in common buckwheat and CS [12]. A recent report revealed that
quercetin-3-O-robinobioside (Q3R), which is an isomer of rutin, exists in CS [8]. Q3R is known to be
present in cotyledon and immature common buckwheat, rooibos, mature saskatoon fruit, and jujube
fruit [8,13–15]. To summarize, the six main flavonoids found in CS exist as three sets of isomer pairs,
with differences due to the position and form of the sugar.

Flavonoids and their glycosides can be used as quality control markers for many phytomedicines
and medicinal plants [16]. Various analytical techniques have been developed for the separation and
detection of flavonoid glycosides, in which the most-widely employed method is reversed-phase
high-performance liquid chromatography (HPLC), coupled with photodiode array (PDA) detection
and/or mass spectrometry (MS) [14,16,17]. Qualitative analysis of flavonoids is possible using MS even
when baseline separation has not been secured. However, structural isomers cannot be distinguished
only on the basis of MS/MS information because they have the same molecular weight and similar
fragment patterns [16,18,19]. Therefore, flavonoid glycosides need to be separated in order to enable
their accurate quantitative analysis in food. Previous studies reported the effects of column temperature,
composition of mobile phase, and flow rate on the separation of a flavonoid isomer for qualitative
analysis [20,21]. Even with a column temperature of 40 ◦C and the addition of acid to solvents,
orientin and Q3R in CS were not separatable with isoorientin and rutin, respectively [7,9]. Q3R and
rutin in mature saskatoon and jujube fruits were not completely separated and were not suitable for
quantification [13,22]. Therefore, a suitable HPLC method for quantitatively analyzing flavonoid
isomers present in CS is necessary.

In this study, we introduce an HPLC analysis method that simultaneously quantifies two types
of flavone-C-glycoside isomer and flavonol-O-glycoside isomer found in common buckwheat sprout
extract (CSE). The HPLC conditions of the developed analytical method, including mobile phase, column
temperature, and flow rate, were optimized. The developed method was validated by determining the
range, linearity, precision, accuracy, limit of detection (LOD), and limit of quantification (LOQ) for
each compound.

2. Materials and Methods

2.1. Chemicals and Reagents

Orientin, isoorientin, vitexin, and isovitexin (all with ≥99% purity) were purchased from
Extrasynthese (Genay, France). Rutin hydrate (≥94%), HPLC-grade formic acid (≥98%), and dimethyl
sulfoxide (DMSO) were obtained from Sigma Aldrich Co., LLC (St. Louis, MO, USA). HPLC-grade
water, methanol, and acetonitrile were purchased from Thermo Fisher Scientific (Waltham, MA, USA).

2.2. CSE Preparation

CS seeds were purchased from First Village Farmer’s Union under Hallasan Mountain (Jeju-do,
Republic of Korea) in 2018. Seeds were planted for 6 days at 25 ◦C in a dark growth chamber. Sprouts
were harvested and freeze-dried (FD 8518; Ilshin Lab Co., Ltd., Dongducheon, Korea) for 3 days.
The CSE was obtained by mixing the dried buckwheat sprouts with 90% (v/v) aqueous methanol.
The mixture was ultrasonicated for 30 min and the supernatant was acquired by centrifugation (2232× g)
for 10 min and filtered through a 0.45-µm polyvinylidene fluoride syringe filter (Millipore, Billerica,
MA, USA). The residue was re-extracted once using the procedure described above. The filtrate was
evaporated on a rotary evaporator (N-1000; Eyela, Tokyo, Japan) in a water bath at 40 ◦C. The extract
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was stored in a deep freezer (WSM-2700UC; Grand Woosung Inc., Seoul, Korea) at −50 ◦C and
freeze-dried (FD 8518) for 3 days. All experiments were performed in triplicate.

2.3. Flavonoids Analysis by Reversed-Phase HPLC

The 3 sets of isomer pairs were analyzed by modifying an existing method [8]. CSE and its
flavonoids were analyzed using HPLC (Alliance e2695; Waters, Milford, MA, USA) with the Empower
3 software (Waters), a PDA detector (2998, Waters), and a ProntoSIL 120-5-C18-ace-EPS column
(4.6 × 250 mm, 5.0 µm; Bischoff, Leonberg, Germany), with the flavonoids and extract monitored at
360 nm. The column temperature was set to 40 ◦C and an injector volume of 5 µL was used. Gradient
elution was carried out with 0.1% (v/v) formic acid in water (solvent A) and acetonitrile (solvent B).
All solvents were filtered and degassed. A flow rate of 1.0 mL min−1 was used. The following binary
mobile-phase linear gradients were used: 100% A at 0 min, 90% A at 4 min, 86% A at 20 min, 84% A at
30 min, 84% A at 36 min, 80% A at 44 min, 80% A at 50 min, 75% A at 54 min, 30% A at 58 min, 30% A
at 62 min, 15% A at 66 min, 15% A at 70 min, 100% A at 72 min, and 100% A at 75 min. Flavonoids were
identified by comparing their retention time and ultraviolet (UV) spectra with those of their respective
standards. The Q3R was identified as in previous studies and was quantified using the calibration
curve for rutin because the standard for Q3R is not commercially available [13,22].

2.4. Optimizing the Chromatography Conditions

The conditions for the separation of the flavonoids in CSE include the mobile phase, temperature,
and flow rate. Water or 0.1% (v/v) formic acid in water as solvent A and methanol or acetonitrile as
solvent B were used. The column temperatures were set to 20, 30, and 40 ◦C. The separation of the
3 sets of isomer pairs was evaluated. Flow rates of 0.6, 0.8, and 1.0 mL min−1 were used. The column
and method used are listed in Section 2.3. The resolution (Rs) and symmetry factor were calculated as
follows [23]:

Rs = 1.18 × (tR2 − tR1)/(W2 +W1)

where tR2 − tR1 is the difference in retention time and W2 +W1 is the sum of the peak widths at half of
peak height, and,

Symmetry factor =W0.05h/2f

where W0.05h is the peak width at 1/20th the peak height above the peak baseline, and f is the distance
along the horizontal line drawn from the leading edge of the peak to the vertical line drawn from where
the peak dissects a horizontal line drawn at 1/20th of the peak height above the peak baseline (W0.05h).

2.5. Method Validation

The validation criteria are based on the guidelines published by the Ministry of Food and Drug
Safety [23]. Spectral scans of peaks were performed with the PDA detector (2998, Waters) in order to
verify method specificity. The linearity of each calibration curve, range, precision, accuracy, LOD, and
LOQ were also evaluated.

2.5.1. Linearity

Stock solutions of standard compounds in CSE were prepared at a concentration of 10 mg mL−1

in DMSO and 10% (v/v) DMSO in methanol was used to dilute the stock solution to the appropriate
concentration. The concentration ranges of the standard compounds were appropriately set to include
the CSE to be analyzed through preliminary experiments. Linearity ranges were determined by
diluting the standard solutions to six different concentrations. The method was found to be linear in
6.25–100.00 µg mL−1 range for all standard compounds. Each concentration was analyzed in triplicate.
The analytical curve was obtained from the peak area corresponding to each standard compound
at six different concentrations. The linearity of each calibration curve is expressed by its correlation
coefficient (R).
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2.5.2. Accuracy, Precision, and Recovery

Accuracy was evaluated as the percent recovery (%) at three concentrations (25.00, 50.00, and
100.00 µg mL−1) of spiked standard solutions and blanks (dilution solvent). Precision is expressed as
the relative standard deviation (RSD) of intra-day repeatability (analysis was performed on the same
day (n = 3) with the same instrument) and inter-day reproducibility (three different days (n = 3 × 3)
using the same instrument).

2.5.3. Limits of Detection and Quantification

LODs and LOQs for the analyte flavonoids were calculated from the standard deviation of
the response and the slope of the calibration curve. The standard curves were constructed in the
0.61–20.00 µg mL−1. The LOD was calculated as 3.3 × σ/s (σ = standard deviation of the response,
s = slope of the standard curve), while 10 × σ/s was used for the LOQ.

2.6. Statistical Analysis

Analysis was performed in triplicate and the results obtained are represented as means ± standard
deviations. One-way analysis of variance followed by the Tukey’s test (p < 0.05) was applied to
determine the significances of the differences among the means. Tests for statistical significance were
performed using IBM SPSS software (Version 23; IBM SPSS Statistics Inc., Armonk, NY, USA).

3. Results and Discussion

3.1. Effects of Elution Conditions on Isomer Separation

The mobile phase, temperature, and flow rate are significant isomer-separation factors in
HPLC [24,25]. The data for the various isomers in CSE using different mobile phases are listed
in Table 1, at a column temperature of 40 ◦C and a flow rate of 1.0 mL min−1. Rs, a quantitative value
that indicates the degree of separation between adjacent components should be greater than 1.5 in
order to satisfy the baseline-separation criteria [23]. The data listed in Table 1 are for water as solvent
A and an organic solvent as B. Luteolin, apigenin, and quercetin derivatives include orientin and
isoorientin, vitexin and isovitexin, and Q3R and rutin, respectively, and the Rs values for the luteolin
and quercetin derivatives were less than 1.5 when methanol was used as solvent B. We conclude that
methanol is not suitable as solvent B. On the other hand, all components were completely separated
using acetonitrile, which has a higher elution strength than methanol and is universally used due to its
UV cutoff and viscosity [25]. Symmetry factors were calculated in order to determine whether or not
proton (hydrogen ion) donor needs to be added to the water that accompanies the acetonitrile. Peaks
appear to be more symmetric as the symmetry factor approaches unity [23] and values in the 0.99–1.03
range were observed for all components using acidic water as mobile phases (Table 1). Peaks were not
completely separated when methanol was used as a mobile phase, which means that symmetry factors
could not be calculated. Therefore, the optimal mobile phases for analyzing CSE are water containing
0.1% (v/v) formic acid as solvent A and acetonitrile as solvent B.
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Table 1. Effect of the mobile-phase composition on the separation of isomers in common buckwheat sprout extract.

Composition of Mobile Phase
(Solvent A/Solvent B)

Resolution (Rs) Symmetry Factor

Luteolin
Derivatives 1

Apigenin
Derivatives 2

Quercetin
Derivatives 3 Orientin Isoorientin Vitexin Isovitexin Q3R 4 Rutin

Water/Methanol 1.23 ± 0.00 c,5 3.66 ± 0.03 c 0.00 ± 0.00 c n.d. 6 n.d. n.d. n.d. n.d. n.d.
Water/Acetonitrile 2.53 ± 0.03 a 10.17 ± 0.06 b 2.09 ± 0.04 a 1.17 ± 0.04 1.18 ± 0.05 0.96 ± 0.01 0.99 ± 0.01 1.12 ± 0.05 1.05 ± 0.02

Acidic water 7/Methanol 1.19 ± 0.00 c 3.71 ± 0.01 c 0.00 ± 0.00 c n.d. n.d. n.d. n.d. n.d. n.d.
Acidic water/Acetonitrile 1.87 ± 0.00 b 10.30 ± 0.03 a 1.93 ± 0.02 b 1.03 ± 0.02 1.03 ± 0.01 0.99 ± 0.02 0.99 ± 0.01 1.02 ± 0.02 1.00 ± 0.02

1 Luteolin derivatives, orientin and isoorientin; 2 Apigenin derivatives, vitexin and isovitexin; 3 Quercetin derivatives, Q3R and rutin; 4 Q3R, quercetin-3-O-robinobioside; 5 Means with
different superscripts in the same column indicate significant differences (p < 0.05) by Tukey’s test, 6 n.d., not detected; 7 Acidic water is water containing 0.1% (v/v) formic acid.
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The chromatogram shown in Figure 1 reveals the effect of temperature on isomer separation.
The calculated Rs values are listed in Table S1. The above-mentioned optimal mobile phases were used
at a flow rate was 1.0 mL min−1. The Rs values for the isomer sets were 1.05 (luteolin derivatives),
10.83 (apigenin derivatives), and 0.00 (quercetin derivatives) at 20 ◦C (Figure 1A and Table S1). Only
vitexin and isovitexin (the apigenin derivatives) satisfied the baseline-separation criterion at 20 ◦C.
The luteolin derivatives and apigenin derivatives exhibited Rs values of 1.58 and 9.64 at 30 ◦C, which
satisfy the baseline-separation criterion (Figure 1B and Table S1). The Rs value of Q3R and rutin
(the quercetin derivatives) at 30 ◦C was 1.15, which clearly does not satisfy the baseline-separation
criterion. In contrast, Figure 1C and Table S1 reveal that all isomer sets were baseline separated at
40 ◦C, with Rs values of 1.87, 10.30, and 1.93 for the luteolin, apigenin, and quercetin derivatives,
respectively. The analytes also eluted faster as the column temperature was increased from 20 ◦C
to 40 ◦C as higher temperatures result in lower mobile-phase viscosities and pressures, which lead
to shorter retention times [26]. However, high temperatures do not necessarily guarantee efficient
separation [24,27], for example, the Rs value of the apigenin derivatives seemed to be independent of
the increase in temperature with values of 10.83, 9.64, and 10.30 at 20 ◦C, 30 ◦C, and 40 ◦C, respectively
(Figure 1). Therefore, appropriate temperature conditions are very important when developing an
analytical method. Based on the above results, all subsequent analyses in this study were carried out
at 40 ◦C.

 

−

 

−

−

− −

Figure 1. Reversed-phase high-performance liquid chromatography (HPLC) traces of common
buckwheat sprout extract acquired at: (A) 20 ◦C, (B) 30 ◦C, and (C) 40 ◦C detected at 360 nm. Peak
number: 1, orientin; 2, isoorientin; 3, vitexin; 4, isovitexin; 5, quercetin-3-O-robinobioside; 6, rutin. L,
luteolin derivatives; A, apigenin derivatives; Q, quercetin derivatives.

The effects of flow rate on elution were evaluated at 0.6, 0.8, and 1.0 mL min−1 (Figure 2 and
Table S2) using the optimal solvents and temperature. All components were separated except for the
quercetin derivatives (Rs = 1.44) at a flow rate of 0.6 mL min−1 (Table S2). The components eluted
faster as the flow rate was increased from 0.6 to 1.0 and the flavonoids eluted at 46.52–60.03 min at
0.6 mL min−1, but at 36.28–52.00 min at 1.0 mL min−1. As a result, a flow rate of 1.0 mL min−1 was
chosen in subsequent work.
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Figure 2. Reversed-phase HPLC traces of common buckwheat sprout extract acquired at flow rates
of: (A) 0.6 mL min−1, (B) 0.8 mL min−1, and (C) 1.0 mL min−1 detected at 360 nm. Peak number: 1,
orientin; 2, isoorientin; 3, vitexin; 4, isovitexin; 5, quercetin-3-O-robinobioside; 6, rutin. L, luteolin
derivatives; A, apigenin derivatives; Q, quercetin derivatives.

3.2. Isolating the Three Isomer Pairs from CS

The structures of the three sets of isomer pairs are displayed in Figure S1. Orientin and isoorientin
are isomers that have luteolin as their parent, in which a glucose unit is attached at the 8-C and
6-C position of the flavonoid A ring, respectively. Likewise, vitexin and isovitexin are isomers with
apigenin as the parent. Rutin contains a rutinose (6-O-α-L-rhamnosyl-D-glucose) at the C-3 position
of the quercetin, while Q3R contains a robinobiose (6-O-α-L-rhamnosyl-D-galactose) at the same
position. Figure 3A shows the ordering of orientin, isoorientin, vitexin, isovitexin, and rutin standards
obtained using the optimal HPLC conditions, which is similar to that of a previous CSE analysis
result [8]. The -OH of glucose moiety and the -OH of the flavonoid A-ring can interact to form
hydrogen bonds [28], resulting in electron distributions and polarities that depend on the position
of glucose bonding to the flavonoid (6-C or 8-C). Therefore, when reversed-phase HPLC is used,
the flavone-8-C-glycosides elute faster than the corresponding flavone-6-C-glycosides [29]. The HPLC
trace of the CSE also shows that the flavone-8-C-glycosides elute faster than the flavone-6-C-glycosides
(Figure 3). The Q3R and rutin isomer sets were also detected in the CSE (Figure 3B).
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Figure 3. Reversed-phase HPLC traces of (A) standards and (B) common buckwheat sprout extract.
Peak number: 1, orientin; 2, isoorientin; 3, vitexin; 4, isovitexin; 5, quercetin-3-O-robinobioside; 6, rutin.
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The UV spectra corresponding to the peaks of flavonoids in CSE separated by HPLC-PDA are
shown in Figure 4. Band I, which is observed at 300–380 nm, is due to electron transitions in the
cinnamoyl group (B-ring of flavonoid backbone), while band II (240–280 nm) corresponds to electron
transitions of the benzoyl group (A-ring of flavonoid backbone) [30]. Figure 4A,B show that orientin,
isoorientin, vitexin, and isovitexin have the same absorption maximum for bands II (λmax = 267.1 nm).
The sugar attached at the 6-C or 8-C position of the benzoyl group does not affect the UV spectra.
Orientin and isoorientin exhibit band I maxima at 348.4 nm, while those of vitexin and isovitexin
are evident at 334.0 nm (Figure 4A,B). Q3R showed band I maxima similar to rutin, while band II
maxima was quite different (Figure 4C). The UV spectra of flavonoids are affected by a variety of
functional groups (methyl, glycosyl, and hydroxyl) and other molecular features (2,3 double bond
and/or a ketone in the C-ring) [31]. For example, -OH groups coupled to the B-ring systematically
cause a red-shift of the λmax of band I [31], with electron delocalization contributing these observations.
Consequently, the band I λmax values of orientin and isoorientin (3´,4´-OH) are higher than those of
vitexin and isovitexin (3´-OH). Q3R and rutin exhibit higher band I values (λmax = 353.2 nm) than the
flavones (λmax = 348.4, 334.0 nm) and the 3-OH present in the flavonol structure reduces π conjugation
through stabilization [31].
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π
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Figure 4. UV spectra of (A) orientin and isoorientin, (B) vitexin and isovitexin, and (C)
quercetin-3-O-robinobioside (Q3R) and rutin acquired with the HPLC-PDA (photodiode array).

3.3. Validating the Applied Method

3.3.1. Linearity and Range

Calibration curves based on six concentrations were constructed over the 6.25–200.00 µg mL−1

range (Table 2). We analyzed five components, however Q3R was not analyzed because no validated
standard compound exists. According to guidelines for the validation of analytical procedures for
compounds, such as medicines, published by the Ministry of Food and Drug Safety, a response is
considered to be linear if the correlation coefficient (R) of the calibration curve exceeds 0.9900 [23].
All calibration curves in this study exhibited good linearities with correlation coefficients over 0.9999,
indicating that the responses to the external standards in this study are suitably linear. Therefore,
we conclude that a concentration range of 6.25 µg mL−1 or higher ensures good linearity when
quantifying flavonoids in CSE.

Table 2. Calibration curves constructed from standard flavonoid solutions.

Flavonoid Range (µg mL−1) Calibration Curve Correlation Coefficient (R)

Orientin 6.25–200.00 y = 13074.0x + 3111.6 0.9999
Isoorientin 6.25–200.00 y = 13895.0x + 1876.0 0.9999

Vitexin 6.25–200.00 y = 10604.0x + 4006.4 0.9999
Isovitexin 6.25–200.00 y = 11450.0x + 6941.8 0.9999

Rutin 6.25–200.00 y = 7751.5x + 4289.6 0.9999
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3.3.2. Precision, Accuracy, and Recovery

Validation results, including accuracy and precision, are listed in Table 3. Accuracy and precision
were measured for each component using three spiked base-solvent replicates at concentrations of 25,
50, and 100 µg mL−1. RSDs of retention times were less than 0.2%. Accuracy is an indication of the
degree to which the measured value is close to the true value. The relative area of the main component
is set to 100% and the amount of analyte is calculated and expressed as a percent recovery. Values of
recovery that ranged between 96.67% and 103.60% were measured for the five components (Table 3).
All percent recoveries were within in the 95% confidence interval criterion and were highly accurate.
A higher concentration of a spiked standard (25,100 µg mL−1) in the blank solvent resulted recovery
closer to 100%. We conclude that the method provides values that are close to the true values and is
therefore suitable for accurate analysis.

Precision was assessed by the intra-day repeatability and inter-day reproducibility on three
different days, and is expressed as a RSD. The RSDs of intra-day repeatability measured three times in
a single day were found to be 2.67–5.21% (Table 3). Based on the RSD values of the five flavonoids
measured in this study, we showed that the developed analysis method is consistent and precise [32,33].

3.3.3. Limits of Detection and Quantification

The five standard components were analyzed over the 0.61–20.00 µg mL−1 range in order to
determine LODs and LOQs, which were calculated from the standard deviation of the response and
the slope of the calibration curve (Table 3). LOD and LOQ are used to verify the capacity of a method
to detect and quantify materials at low concentrations [23]. The results show the concentrations
used in the standard curves are appropriate and consistent with previous validation studies [34,35].
These results show that the new method is very sensitive toward the quantification of flavonoids
in CSE.

3.4. Applying the Analytical Method to CSE

We verified the method using CSE, the results of which are listed in Table 4. The developed HPLC
method was used to analyze eight CSEs produced at different batches. All samples were prepared in
the same manner (described above). The flavonoids in each extract were detected in the elution order
with an increasing retention time as follows: orientin, isoorientin, vitexin, isovitexin, Q3R, and rutin.
Except for Q3R, which was detected only in the extract, the tR values of the other five components are
consistent with those listed in Table 3. Q3R was detected at 51.1 min, eluting between isovitexin and
rutin. All samples exhibited satisfactory validation data, with the calculated LODs and LOQs listed
in Table 3. The flavonoid content in the CSEs was calculated based on the standard curves provided
in Table 2. There were differences in content per growth lot, but the results show that the content
of 6-C-glycosyl flavones is higher than that of the flavone-8-C-glycosides in the CSEs, as reported
previously [11,12]. The results also show that there was more rutin than Q3R in CSEs, in line with
reported results [11]. Similar trends were observed despite differences in sowing times and cultivation
environments. Hence, the validated method was successfully applied to various CSEs.
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Table 3. Validation data for the simultaneous analysis of flavonoids in common buckwheat sprout extract using HPLC.

Flavonoid tR
1 (min) RSD 2 (%) of tR LOD 3 (µg mL−1) LOQ 4 (µg mL−1) Spiking Level (µg mL−1)

Accuracy (%) Precision (RSD; %)

Recovery (n = 3)
Confidence

Interval
(95%)

Intra-Day
Repeatability

(n = 3)

Inter-Day
Reproducibility
(n = 3 × 3 Days)

Orientin 36.4 0.13 0.32 0.96 25 97.10 96.91–103.59 3.74 4.04
50 102.96 3.78 3.13
100 100.69 2.80 4.30

Isoorientin 37.5 0.14 0.09 0.26 25 97.05 96.87–103.54 3.33 3.56
50 102.88 4.18 2.85
100 100.69 2.67 4.35

Vitexin 42.4 0.12 0.26 0.77 25 96.67 96.48–103.83 3.84 4.55
50 103.09 3.69 3.46
100 100.70 2.72 4.22

Isovitexin 47.9 0.07 0.29 0.88 25 97.12 96.84–104.20 3.61 4.13
50 103.60 3.76 3.44
100 100.83 2.69 4.24

Rutin 52.1 0.10 0.42 1.28 25 97.25 96.97–103.90 5.21 5.40
50 103.35 4.25 3.57
100 100.71 2.96 4.03

1 tR, retention time. 2 RSD, relative standard deviation. 3 LOD, limit of detection. 4 LOQ, limit of quantification.30
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Table 4. Application of the developed HPLC method to common buckwheat sprout extracts.

Orientin Isoorientin Vitexin Isovitexin Q3R 1 Rutin

tR
2 (min) 36.4 37.5 42.4 47.9 51.1 52.1

Content
(mg g−1 DW 4)

No. 1
6.63 ± 0.17

d,3 12.63 ± 0.21 a 5.90 ± 0.11 e 10.48 ± 0.18 b 3.50 ± 0.06 f 9.98 ± 0.21 c

No. 2 6.99 ± 0.04 d 13.37 ± 0.20 a 6.69 ± 0.32 d 11.62 ± 0.25 b 4.12 ± 0.07 e 10.53 ± 0.23 c

No. 3 7.02 ± 0.08 d 13.48 ± 0.29 a 6.89 ± 0.23 d 12.14 ± 0.29 b 3.69 ± 0.04 e 10.74 ± 0.44 c

No. 4 7.64 ± 0.11 e 14.11 ± 0.27 b 9.50 ± 0.06 c 16.59 ± 0.22 a 3.42 ± 0.07 f 8.60 ± 0.08 d

No. 5 8.16 ± 0.44 c 15.24 ± 0.71 a 7.93 ± 0.24 c 13.83 ± 0.68 a 4.56 ± 0.64 d 12.18 ± 0.53 b

No. 6 8.90 ± 0.22 c 16.67 ± 0.33 a 9.84 ± 0.25 b 17.09 ± 0.50 a 3.65 ± 0.03 d 9.22 ± 0.11 bc

No. 7 7.33 ± 0.20 c 14.00 ± 0.62 a 7.29 ± 0.26 c 12.92 ± 0.44 a 4.45 ± 0.25 d 11.74 ± 0.44 b

No. 8 6.99 ± 0.77 b 13.27 ± 1.28 a 7.26 ± 0.72 b 13.34 ± 1.02 a 3.90 ± 0.46 c 10.70 ± 1.05 b

No. 9 8.48 ± 0.26 d 15.83 ± 0.46 b 9.65 ± 0.32 c 16.80 ± 0.50 a 4.21 ± 0.13 e 9.84 ± 0.28 c

1 Q3R, quercetin-3-O-robinobioside. 2 tR, retention time. 3 Means with different superscripts in the same row
indicate significant differences (p < 0.05) by Tukey’s test. 4 DW, dry weight.

4. Conclusions

The HPLC method developed and optimized in this study is capable of concurrently analyzing
flavonoids in CSE. Validation data, namely linearity, precision, percentage of recovery, LOD, and LOQ
were found to be adequate for the intended purpose. The method was successfully used to quantify
and qualify CSE on the basis of retention times and UV spectra. The developed method was very
effective for the analysis of flavone-6-C-glycosides and flavone-8-C-glycosides in CSE. In addition,
the method can also separate stereoisomers of flavonol glycosides bearing different sugars (glucose or
galactose). The broad versatility and good efficiency is a valuable feature of this simultaneous analysis
method. The utility of the method can be further extended to the simultaneous analysis of flavone and
flavonol isomers present in food.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/11/549/s1,
Figure S1: Structures of flavonoids in common buckwheat sprouts, Table S1: Resolution of common buckwheat
sprout extract analyzed at: (A) 20 ◦C, (B) 30 ◦C, and (C) 40 ◦C, Table S2. Resolution of common buckwheat sprout
extract analyzed on flow rate of: (A) 0.6, (B) 0.8, and (C) 1.0 mL min−1.
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Abstract: Wild blueberry (WBB) powder can be added to the formulation of foods to encourage
consumption of health-promoting polyphenolics, but the stability of polyphenolics throughout storage
is important. We determined the stability of polyphenolics in five products (ice pop, oatmeal bar,
graham cracker cookie, juice, and gummy product) prepared with WBB powder. Samples stored at
21 ◦C, 4.4 ◦C, or−20 ◦C (ice pops only) were analyzed at 0, 2, 4, 6, and 8 weeks for polyphenolic content
and percent polymeric color. Total anthocyanins decreased over storage and storage temperatures
in all products. However, the ice pop and the refrigerated juice both retained over 90% of their
initial total anthocyanin content. The refrigerated oatmeal bar also showed good retention of
anthocyanins (86%), but the gummy product retained only 43% and 51% when stored at 4.4 ◦C or
21 ◦C, respectively. The lower amount of polyphenolic compounds recovered in the gummies stored
at 4.4 ◦C compared to 21 ◦C may be attributed to reduced extraction efficiency as a result of gel
hardening at refrigerated temperature. Chlorogenic acid and flavonols were generally more stable
than anthocyanins throughout storage.

Keywords: anthocyanin; chlorogenic acid; flavonol; polymeric color; storage; wild blueberry

1. Introduction

Lowbush “wild” blueberries (Vaccinium angustifolium Ait) are considered a nutrient-rich healthy
food, due in large part to their exceptional phenolic content [1,2] and antioxidant activity [2].
Lowbush blueberries are particularly rich in anthocyanins and the anthocyanin profile is complex
compared with other fruits [3,4]. They contain five of the six anthocyanidins commonly found in
nature (delphinidin, cyanidin, petunidin, peonidin, and malvidin), which can have three different sugar
moieties attached (galactose, glucose, and arabinose) as well as acyl groups such as acetyl-, malonyl-, or
coumaryl- also attached to the sugar moieties [4,5]. Blueberries are also rich in proanthocyanidins [1,6],
chlorogenic acid [7,8], and flavonols [7,9].

Diets rich in blueberries or their polyphenolic-rich extracts have been associated with lower
cardiovascular risk, weight gain and metabolic syndrome, and neurological diseases (reviewed in [10]).
In addition, studies involving blueberries have identified polyphenolic-derived phenolic acids that
improve cell differentiation and proliferation of osteoblasts in vitro and promote bone growth and
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limit bone loss in rodents [11–13]. These health-promoting effects are due to a myriad of mechanisms
associated with blueberry polyphenolics, including prevention of oxidative stress and inflammation,
and vaso- and lipid modulation [14–16]. Many human studies reporting positive health outcomes have
used freeze-dried wild blueberry (WBB) powder [17–21], which is a natural source of concentrated
polyphenolics. However, the freeze-dried WBB powder may be tart or astringent and not always
palatable to consume. This can be problematic in feeding trials in children and adults. In our previous
work, we developed five food products (gummy, oatmeal bar, graham cracker cookie, juice, and ice pop)
prepared with freeze-dried WBB powder that were evaluated for children’s acceptability and desire to
eat [22]. These results are useful in designing food products as well as menu items that could be used in
clinical trials of WBB-rich diets. In addition to evaluating sensory properties, it is important to validate
the storage stability of polyphenolics in these products, before use in clinical trials, to ensure that a
consistent dose of polyphenolics can be maintained. Blueberry polyphenolics, especially anthocyanins,
are unstable in various processed forms such as juices, jams, purees, and canned berries when stored at
ambient temperature [23–25]. Additionally, anthocyanins in freeze-dried WBB powder are susceptible
to degradation when stored at ambient temperature with a reported half-life of 139 days at 25 ◦C [26].

The mechanism responsible for loss of anthocyanins during storage is unknown, but anthocyanin
losses are commonly accompanied by increased polymeric color values, suggesting that anthocyanins
form polymers with proanthocyanidins [27]. In addition to polymerization, many other factors can
affect the stability of anthocyanins including exposure to elevated temperatures, light, oxygen, metals,
sugars, and ascorbic acid [28]. At present, refrigeration of blueberry products such as jam [24] and
juices [29,30] is the best approach to mitigate polyphenolic losses during storage.

This study was undertaken to determine the stability of anthocyanins, flavonols, chlorogenic
acid, and percent polymeric color in five blueberry products prepared with freeze-dried WBB powder.
Gummy, oatmeal bar, graham cracker cookie, and juice were stored at 21 ◦C and 4.4 ◦C and evaluated
for anthocyanin, flavonol, and chlorogenic acid content and percent polymeric color over eight weeks
of storage. An ice pop product stored at −20 ◦C was evaluated for its anthocyanin and chlorogenic
acid content over eight weeks of storage.

2. Materials and Methods

2.1. Standards and Solvents

HiActive® North American wild blueberry powder was purchased from FutureCeuticals, Inc.
(Momence, IL, USA). Rutin, chlorogenic acid, high performance liquid chromatography (HPLC) grade
methanol, HPLC grade acetonitrile, potassium metabisulfite, formic acid, acetic acid, chlorogenic
acid and rutin were purchased from Sigma-Aldrich (St. Louis, MO, USA). A standard mixture of
delphinidin, cyanidin, petunidin, peonidin, pelargonidin, and malvidin glucosides was purchased
from Polyphenols (Sandnes, Norway).

2.2. Preparation of Blueberry Products

Samples of juice, ice pop, gummy, oatmeal bar, and graham cracker cookie, each containing 15 g
of WBB powder per serving, were prepared and packaged as previously described [22]. One serving
of oatmeal bar, ice pop, and graham cracker cookie was equivalent to one piece each (61 g, 121 g and
50 g, respectively), a juice serving was 135 g, and a gummy serving was 7 pieces, or 113 g. The amount
of 15 g of WBB powder used in product formulations was calculated and converted from previous
animal studies to humans [31]. The graham cracker cookies and oatmeal bars were prepared with
minimal thermal treatment. This involved only the use of brief microwave heating to solubilize the
ingredients in order to avoid thermal loss of phenolic compounds, but still obtain a ready-to-consume
non-baked product. The blueberry juice and ice pop were prepared with an anthocyanin concentrate,
previously extracted from the WBB powder [22]. This procedure was used to produce juice and ice pop
products with no particulates. The formulation was adjusted with water so the anthocyanin content of
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the products was equivalent to that found in 15 g of WBB powder per serving. The preparation and
processing of the samples for the storage study were performed in two separate experiments, using the
same sample of wild freeze-dried blueberries obtained from FutureCeuticals Inc. (Momence, IL, USA).
The WBB powder was stored at 15.5 ◦C for four months between the two experiments. The samples from
Experiment 1 were stored at 21 ◦C and the samples from Experiment 2 were stored at 4.4 ◦C. The ice
pop products prepared in Experiment 1 were stored at −20 ◦C. Three samples of each packaged product
were evaluated at time 0 (immediately after preparation) and after 2, 4, 6, and 8 weeks of storage.

2.3. Extraction of Polyphenolics from Freeze-dried Blueberries and Products

Polyphenolics were extracted by homogenizing 5 g of WBB-containing food product or 1 g of
WBB powder in 25 mL of extraction solution containing methanol/water/formic acid (60:37:3 v/v/v), to
the smallest particle size using a Euro Turrax T18 Tissuemizer (Tekmar-Dohrman Corp, Mason, OH,
USA) for 1 min. Homogenates were centrifuged for 5 min at 10,864 × g. The pellet was re-extracted two
additional times with 25 mL of extraction solution and centrifuged for 5 min at 10,864 × g. The filtrates
were pooled and adjusted to 100 mL with extraction solvent in a volumetric flask. Prior to HPLC
analysis, 5 mL of extract were dried in a Thermo Savant Speed Vac Plus SC210A (Thermo Fisher
Scientific, Waltham, MA, USA) and reconstituted in 1 mL 5% formic acid in water. All samples were
passed through 0.45 µm nylon syringe filters (VWR, Radnor, PA, USA) into 1 mL HPLC vials prior
to HPLC analysis. The ice pop and juice samples did not undergo extraction due to prior extraction
of anthocyanins to make the concentrate used in the formulation but were filtered using the 0.45 µm
nylon syringe filters prior to HPLC analysis.

2.4. HPLC Analysis of Anthocyanins and Chlorogenic Acid

Anthocyanins and chlorogenic acid were analyzed by HPLC using the method of Cho and others
(2004) [7]. Samples (50 µL) were analyzed using a Waters HPLC system (Waters Corp, Milford, MA,
USA) equipped with a model 600 pump, a model 717 Plus autosampler, and a model 996 photodiode
array detector. Separation was carried out at room temperature using a 4.6 mm × 250 mm Symmetry
C18 column (Waters Corp, Milford, MA, USA) preceded by a 3.9 mm × 20 mm Symmetry C18 guard
column. The mobile phase was a linear gradient of 5% formic acid (A) and methanol (B) from 2%
B to 60% B for 60 min at a flow rate of 1 mL/min. The system was equilibrated for 20 min at the
initial gradient prior to each injection. Detection wavelengths of 320 nm and 510 nm were used to
monitor chlorogenic acid and anthocyanin peaks, respectively. Individual anthocyanin monoglucosides
and acylated anthocyanin derivatives were quantified as delphinidin, cyanidin, petunidin, peonidin,
and malvidin glucoside equivalents using external calibration curves (3.75, 7.5, 15, 30, 60, 120, 240 mg/L;
R2 > 0.9977 for each anthocyanin glucoside) of a mixture of authentic standards (Polyphenols, Sandnes,
Norway). Chlorogenic acid was quantified using external calibration curves (4, 8, 16, 32, 64, 128,
256 mg/L; R2 = 0.9988) of an authentic standard (Sigma-Aldrich, St. Louis, MO, USA). Results are
expressed as mg of anthocyanin or chlorogenic acid per g of WBB powder.

2.5. HPLC Analysis of Flavonols

Flavonols were analyzed by HPLC using the same HPLC system described above according to the
method of Cho et al. (2005) [32]. Separation was performed at room temperature on a 4.6 mm × 250 mm
Aqua C18 column (Phenomenex, Torrance, CA, USA) preceded by a 3.0 mm × 4.0 mm ODS C18 guard
column. The mobile phase was a linear gradient of 2% acetic acid (A) and 0.5% acetic acid in water and
acetonitrile (50:50 v/v) (B) from 10% B to 55% B in 50 min and from 55% B to 100% B in 10 min at a flow
rate of 1 mL/min. The system was equilibrated for 20 min at the initial gradient prior to each injection.
A detection wavelength of 360 nm was used to monitor flavonol peaks. Flavonols were quantified
as rutin equivalents using an external calibration curve (3.3, 6.6, 13.2, 26.4, 52.8, 105.6, 211.2 mg/L;
R2 = 0.9999) of an authentic standard (Sigma-Aldrich, St. Louis, MO, USA), with results expressed as
mg of rutin equivalents per g of WBB powder.
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2.6. HPLC/ESI-MS Analysis of Polyphenolics

An analytical Hewlett Packard 1100 series HPLC instrument (Palo Alto, CA, USA) equipped with
an autosampler, binary HPLC pump, and UV/Vis detector was used. For HPLC/MS analysis, the HPLC
apparatus was interfaced to a Bruker model Esquire-LC/MS ion trap mass spectrometer (Billerica,
MA, USA). Mass spectral data were collected with the Bruker software (Bruker Co., DataAnalysis
version 4.0, Billerica, MA, USA), which also controlled the instrument and collected the signal at
520 nm. Typical conditions for mass spectral analysis conducted in positive-ion electrospray mode
for anthocyanins and negative-ion electrospray mode for flavonols included a capillary voltage of
4000 V, a nebulizing pressure of 30.0 psi, a drying gas flow of 9.0 mL/min, and a temperature of 300 ◦C.
Data were collected in full scan mode over a mass range of m/z 50−1000 at 1.0 s per cycle. Characteristic
ions (m/z) were used for peak assignment. For compounds where chemical standards were commercially
available, retention times were also used to confirm the identification of components.

2.7. Analysis of Percent Polymeric Color

Percent polymeric color (% PC) of extracts was determined using the spectrophotometric assay of
Giusti and Wrolstad (2001) [33]. Sample extracts were diluted with water in order to have an absorbance
reading between 0.5 and 1.0 at 512 nm when evaluated by an 8452A Diode Array Spectrophotometer
(Hewlett Packard, Palo Alto, CA, USA). For analysis, 0.2 mL of 0.90 M potassium metabisulfite was
added to 2.8 mL diluted sample (bisulfite bleached sample) and 0.2 mL of DI water was added to
2.8 mL diluted sample (non-bleached, control sample). After equilibrating for 15 min, but not more
than 1 h, samples were evaluated at λ = 700 nm, 512 nm, and 420 nm. Color density was calculated
using the control sample according to the following formula:

Color Density = [(A420 nm − A700 nm) + (A512 nm − A700 nm)] × Dilution Factor (1)

Polymeric color was determined using the bisulfite-bleached sample using the following formula:

Polymeric Color = [(A420 nm − A700 nm) + (A512 nm − A700 nm)] × Dilution Factor (2)

Percent polymeric color was calculated using the formula:

% Polymeric color = (polymeric color/color density) × 100 (3)

2.8. Statistical Analysis

The effect of storage time (0, 2, 4, 6, and 8 weeks) on anthocyanins, flavonols, chlorogenic acid,
and % polymeric color in each blueberry product was evaluated using the Fit Model platform of JMP
(JMP Pro, version 15, SAS Institute, Cary, NC, USA)), and the percent retention of each compound after
8 weeks of storage was calculated using the fit model equation. The effect of storage temperature on
phenolic compounds stability was not evaluated in this study due to the length of time (4 months) the
WBB powder was stored between processing the products in Experiment 1 (products stored at 21 ◦C)
and Experiment 2 (products stored at 4.4 ◦C). During this four-month storage time, the powder stored
at 15.5 ◦C presumably absorbed moisture evident by powder clumping, resulting in different amounts
of polyphenolics in the products immediately after processing. Principal component analysis (PCA)
was performed with the total and individual anthocyanins variables, using the Multivariate platform
in JMP, on the mean value (n = 3) of each sample per time point and using the correlation method.
Correlations among total anthocyanins and percent polymeric color were determined by pairwise
correlations method in the multivariate platform of JMP.

3. Results

3.1. Identification of Anthocyanins by HPLC/MS

The WBB powder used to prepare the products contained at least 22 anthocyanins (Table 1),
which were identified by comparing their mass-to-charge (m/z) values and elution orders with
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previous studies [4,5,34]. Blueberries are unique in that three different sugars (galactose, glucose,
arabinose) are commonly attached to the five anthocyanidins (delphinidin, cyanidin, petunidin,
peonidin, malvidin) [34]. This was confirmed in our study; however, we were unable to detect
peonidin-3-arabinoside using our HPLC method. We were unable to obtain complete separation
of all of the anthocyanins present in the extract due to the complexity of the anthocyanin profile.
Peak 15 contained two co-eluting compounds, namely cyanidin-3-(6′′-malonyl) galactoside and
cyanidin-3-(6′′-acetyl) galactoside, and peak 18 was composed of three co-eluting compounds, namely
delphinidin-3-rutinoside, cyanidin-3-(6′′-malonyl) glucoside, and malvidin-3-(6′′-acetyl) galactoside.
We were unable to identify peak 17, which appeared to be a delphinidin derivative based on its
aglycone m/z of 303, but the molecular ion m/z value was ambiguous. Many of the anthocyanins were
present in acylated form. Two of the cyanidin glycosides (galactoside and glucoside) were acylated
with malonic acid, whereas delphinidin, cyanidin, and malvidin galactosides as well as petunidin,
peonidin, and malvidin glucosides were acylated with acetic acid moieties.

Table 1. Peak assignments, retention times (RT in min), and mass spectral data of anthocyanins in
extract from WBB powder.

Peak HPLC (RT in min) Identification m/z [M+] Fragments

1 24.9 delphinidin-3-galactoside 465 303

2 26.2 delphinidin-3-glucoside 465 303

3 27.1 cyanidin-3-galactoside 449 287

4 28.1 delphinidin-3-arabinoside 435 303

5 28.8 cyanidin-3-glucoside 449 287

6 29.9 petunidin-3-galactoside 479 317

7 30.3 cyanidin-3-arabinoside 419 287

8 31.1 petunidin-3-glucoside 479 317

9 31.8 peonidin-3-galactoside 463 301

10 32.9 petunidin-3-arabinoside 449 317

11 33.2 peonidin-3-glucoside 463 301

12 33.6 malvidin-3-galactoside 493 331

13 35.1 malvidin-3-glucoside 493 331

14 36.6 malvidin-3-arabinoside 463 331

15 37.7
cyanidin-3-(6′′-malonyl) galactoside +

cyanidin-3-(6′′-acetyl) galactoside
535
491

287
287

16 40.0 delphinidin-3-(6′′-acetyl) galactoside 507 303

17 41.6 delphinidin derivative - 303

18 42.3
delphinidin-3-rutinoside

malvidin-3-(6′′-acetyl) galactoside
cyanidin-3-(6′′-malonyl) glucoside

611
535
535

303
331
287

19 42.7 malvidin-3-(6′′-acetyl) galactoside 535 331

20 43.6 petunidin-3-(6′′-acetyl) glucoside 521 317

21 45.7 peonidin-3-(6′′-acetyl) glucoside 505 301

22 46.6 malvidin-3-(6′′-acetyl) glucoside 535 331

3.2. Identification of Flavonols by HPLC/MS

The WBB powder used to prepare the products contained at least 12 flavonols (Table 2), which were
identified by comparing their mass-to-charge (m/z) values and elution orders with previous studies [9,32].
The WBB powder contained one syringetin derivative, three myricetin derivatives, and eight quercetin
derivatives. We were unable to identify peak 8, which appeared to be a quercetin derivative based on
its aglycone m/z of 300, but the molecular ion m/z of 623 was ambiguous.
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Table 2. Peak assignments, retention times (RT in min), and mass spectral data of flavonols in extract
from WBB powder.

Peak HPLC (RT in min) Identification m/z [M−] Fragments

1 39.2 myricetin-3-galactoside 479 316

2 39.8 myricetin-3-glucoside 479 316

3 43.8 myricetin-3-rhamnoside 463 316

4 44.2 quercetin-3-rutinoside 609 300

5 45.0 quercetin-3-galactoside 463 300

6 45.8 quercetin-3-glucoside 463 300

7 47.0 quercetin-3-glucuronide 477 301

8 48.9 Unknown 623 505, 433, 300

9 50.3 quercetin-3-pentoside 433 300

10 51.0 quercetin-3-rhamnoside 447 300

11 51.1 syringetin-3-galactoside/glucoside 507 344

12 51.8 quercetin-3-(6′′-acetyl) galactoside 505 300

3.3. Stability of Anthocyanins in Blueberry Products during Storage

3.3.1. Ice Pop

The total anthocyanin content of the ice pop over eight weeks of storage at −20 ◦C is shown in
Figure 1. The total amount of anthocyanins significantly decreased with storage time (p = 0.0056),
but the percent retention remained high with 93% of total anthocyanins retained in the product
after eight weeks. Consistent with our results, total anthocyanin content of frozen blueberries was
stable over three months of storage at −20 ◦C [35]. Changes in major individual anthocyanins in
the ice pop over eight weeks of storage at −20 ◦C are shown in Figure S1. Most of the individual
anthocyanins did not significantly decrease over storage. For the anthocyanins that decreased during
storage, their percent retention after eight weeks remained over 87%: malvidin-3-glucoside (87.3%),
malvidin-3-galactoside (94.5%), cyanidin-3-galactoside (91.2%), malvidin-3-(6′′-acetyl) glucoside
(91.1%), petunidin-3-glucoside (91.4%).

(6”

−

−
−

(6”

 

−Figure 1. Stability of total anthocyanins and chlorogenic acid in ice pop stored at −20 ◦C
(n = 3/time point). Shaded area around lines represents 95% confidence intervals for predicted values.
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3.3.2. Oatmeal Bar

The total anthocyanin content of the oatmeal bar decreased with storage time at 4.4 ◦C (p = 0.0008)
and 21 ◦C (p = 0.0008). The mean total anthocyanin content of both storage temperatures over
eight weeks of storage is shown in Figure 2. After eight weeks of storage, the oatmeal bar retained
86.4% of the total anthocyanins present in the control sample (Day 0) when stored at 4.4 ◦C and
74.1% when stored at 21 ◦C. Changes in the major individual anthocyanins in the oatmeal bar
over eight weeks of storage are shown in Figure S2. At 4.4 ◦C, seven individual anthocyanins did
not significantly decrease over storage: petunidin-3-(6′′-acetyl) glucoside, petunidin-3-arabinoside,
petunidin-3-glucoside, delphinidin-3-(6′′-acetyl) glucoside, cyanidin-3-arabinoside, the two co-eluting
compounds (cyanidin-3-(6′′-malonyl) galactoside + cyanidin-3-(6′′-acetyl) galactoside), and the
three co-eluting compounds (delphinidin-3-rutinoside + malvidin-3-(6′′-acetyl) galactoside +
cyanidin-3-(6′′-malonyl) glucoside). The percent retention values of the anthocyanins over eight
weeks of storage at 4.4 ◦C were all > 75%. When stored at 21 ◦C, petunidin-3-arabinoside,
malvidin-3-(6′′-acetyl) glucoside, the unknown delphinidin derivative, and the two co-eluting
compounds (cyanidin-3-(6′′-malonyl) galactoside + cyanidin-3-(6′′-acetyl) galactoside) did not
significantly decrease over eight weeks of storage. The percent retention of the other anthocyanins
ranged from 68.2% (malvidin-3-glucoside) to 82.8% (petunidin-3-galactoside).

(6”
(6”

(6”

(6” (6”

Figure 2. Stability of total anthocyanins in blueberry stored at 21 ◦C and 4.4 ◦C (n = 3/time point).
Shaded area around lines represents 95% confidence intervals for predicted values.

3.3.3. Graham Cracker Cookie

The total anthocyanin content of the graham cracker cookie decreased with storage time at 4.4 ◦C
(p = 0.0003) and 21 ◦C (p < 0.0001). The mean total anthocyanin content of both storage temperatures
over eight weeks of storage is shown in Figure 2. After eight weeks of storage, the graham cracker cookie
retained about 74% of the total anthocyanins present in the control sample (Day 0) for both storage
temperatures. Changes in the major individual anthocyanins in the graham cracker cookie over eight
weeks of storage are shown in Figure S3. At both storage temperatures, petunidin-3-arabinoside and the
two co-eluting compounds (cyanidin-3-(6′′-malonyl) galactoside + cyanidin-3-(6′′-acetyl) galactoside)
did not significantly decrease with storage time. Percent retention of the three delphinidin-3-glycosides
(glucoside, galactoside, and arabinoside) was >80% at 4.4 ◦C. However, the unidentified delphinidin
derivative showed only 32.9% retention, while all the other compounds showed retentions >50%.
When stored at 21 ◦C, delphinidin-3-arabinoside and petunidin-3-galactoside showed >80% retentions,
while the unknown delphinidin derivative was the only compound showing <50% retention after
eight weeks of storage (47.1%).
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3.3.4. Juice

The total anthocyanin content of the juice decreased with storage time for each storage
temperature (p < 0.0001). The total anthocyanin content of juice stored at 4.4 ◦C and 21 ◦C is
shown in Figure 2. After eight weeks of storage, the juice stored at 4.4 ◦C retained 90.7% of total
anthocyanins compared with control samples (Day 0), whereas the juice stored at 21 ◦C retained 69.1%.
Concentrations of anthocyanins are known to readily decline during storage of blueberry juice at
ambient temperature [23,36], but refrigeration is an effective treatment to ameliorate anthocyanin
losses [29,37,38]. Changes in the major individual anthocyanins in the juice stored at 4.4 ◦C and
21 ◦C over eight weeks of storage are shown in Figure S4. At 4.4 ◦C, peonidin-3-galactoside,
cyanidin-3-arabinoside, malvidin-3-galactoside, malvidin-3-glucoside, and malvidin-3-(6′′-acetyl)
galactoside remained stable over the eight weeks of storage. At 4.4 ◦C, all anthocyanins showed >50%
retention, with the minimal percent retention being 57.7% for the unknown delphinidin derivative.
This compound, however, did not significantly decrease over storage at 21 ◦C, along with the two
co-eluting anthocyanins (cyanidin-3-(6′′-malonyl) galactoside + cyanidin-3-(6′′-acetyl) galactoside).
Besides these two compounds, the percent retention of anthocyanins at 21 ◦C ranged from 59%
(malvidin-3-(6′′-acetyl) glucoside) to 75.5% (petunidin-3-glucoside).

3.3.5. Gummy Product

The total anthocyanin content of the gummy product decreased with storage time for each
storage temperature (p < 0.0001). The total anthocyanin content of the gummy product stored at
4.4 ◦C and 21 ◦C is shown in Figure 2. After eight weeks of storage, the gummy product stored at
4.4 ◦C and 21 ◦C retained 43.2% and 50.6%, respectively, of their original total anthocyanin content
(Day 0). Consistent with our findings, levels of total anthocyanins declined in gelatin gels prepared
with grape pomace extract over 24 weeks of storage at 21 ◦C, with losses most pronounced in gels
exposed to neon light [39]. Maier et al. (2009) [39] also reported similar retention of total anthocyanins
in gels stored for 24 weeks at 6 ◦C and 24 ◦C. The lower amount of anthocyanins recovered in
the gummies stored at 4.4 ◦C compared to the same product stored at 21 ◦C may be explained
by reduced extraction efficiency due to the hardening of the gel at low temperature, as opposed
to degradation late during storage. Changes in the major individual anthocyanins in the gummy
product stored at 4.4 ◦C and 21 ◦C over eight weeks of storage are shown in Figure S5. At 4.4 ◦C, all
the individual anthocyanins decreased with storage time with retentions <50%, except for the two
co-eluting anthocyanins (cyanidin-3-(6′′-malonyl) galactoside + cyanidin-3-(6′′-acetyl) galactoside)
(60.9%) and malvidin-3-glucoside (52.1%). The percent retentions of the rest of the anthocyanins
at this storage temperature ranged from 29.3% to 49.2%. When stored at 21 ◦C, two anthocyanins
did not significantly decrease with time, namely the unknown delphinidin derivative and the two
co-eluting compounds (cyanidin-3-(6′′-malonyl) galactoside + cyanidin-3-(6′′-acetyl) galactoside).
For the rest of the anthocyanins, percent retentions ranged from 40% (cyanidin-3-glucoside and
cyanidin-3-galactoside) to 71% (malvidin-3-(6′′-acetyl) glucoside).

In all the products, the individual anthocyanin loss did not appear to be impacted by the
anthocyanidin structure or the type of sugar moiety attached (data not shown).

3.3.6. Product Comparison of Anthocyanin Composition over Eight Weeks of Storage

The distribution of the products according to their individual anthocyanin profile as affected
by storage time (0, 2, 4, 6, and 8 weeks) can be visualized on a PCA scores plot (Figure 3). The first
principal component (PC1) explained 83.9% of the variation with all the individual anthocyanins
being positively loaded on PC1. Therefore, PC1 represents the amount of individual anthocyanins.
The juice and ice pop samples had high scores on PC1 (except for the juice samples stored at 21 ◦C for
6 and 8 weeks). The oatmeal bar samples also had positive scores on PC1 for the earlier storage times,
whereas the oatmeal bar samples stored at 21 ◦C for eight weeks were the only oatmeal sample to have
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a negative score. Except for the control samples (Day 0), all the graham cracker cookie samples had
negative scores on PC1, regardless of the storage temperature. Finally, all gummy samples (for both
storage at 4.4 ◦C and 21 ◦C) had negative scores on PC1, with scores becoming smaller with storage
time. The PCA figure confirmed higher values of anthocyanins in the juice and ice pop samples, as
well as, to a lesser extent, the oatmeal bars. The graham cracker cookie and gummy samples did not
demonstrate high values for anthocyanins, with a clear loss of anthocyanins with storage time for the
gummy samples.

−

− −

Figure 3. Principal component analysis (PCA) scores plot of blueberry products stored at −20 ◦C
(ice pop), 4.4 ◦C and 21 ◦C (graham cracker cookie, gummy, juice, oatmeal bar) for 0, 2, 4, 6, and 8 weeks
(n = 3/time point).

3.4. Changes in Percent Polymeric Color in Blueberry Products during Storage

Changes in percent polymeric color (% PC) values in oatmeal bar, graham cracker cookie, juice,
and gummy product stored at 4.4 ◦C and 21 ◦C over eight weeks of storage are shown in Figure 4.

−

− −

Figure 4. Stability of percent polymeric color in blueberry stored at 21 ◦C and 4.4 ◦C (n = 3/time point).
Shaded area around lines represents 95% confidence intervals for predicted values.
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3.4.1. Oatmeal Bar

Percent polymeric color values of oatmeal bar samples increased over storage at 4.4 ◦C (p = 0.0012)
and 21 ◦C (p = 0.0173). For samples stored at 4.4 ◦C, % PC values increased from 7% at day 0 to 9.6% at
eight weeks, and from 5.7% at day 0 to 9.6% at eight weeks in samples stored at 21 ◦C. Percent polymeric
color values showed significant inverse correlations to levels of total anthocyanins at 4.4 ◦C (rxy = −0.65;
p = 0.0081) and at 21 ◦C (rxy = −0.64; p = 0.0103) during storage.

3.4.2. Graham Cracker Cookie

Percent polymeric color values of graham cracker cookie samples significantly increased over
storage at 4.4 ◦C (p < 0.0001), but not at 21 ◦C (p = 0.2075). For samples stored at 4.4 ◦C, % PC
values increased from 2.5% at day 0 to 6.3% at eight weeks, but when stored at 21 ◦C, % PC values
remained at 6.2% on average during eight weeks of storage. Percent polymeric color values showed
significant inverse correlations to levels of total anthocyanins at 4.4 ◦C (rxy = −0.56; p = 0.0298) and
21 ◦C (rxy = −0.58; p = 0.0237) during storage.

3.4.3. Juice

Percent polymeric color values of juice samples significantly increased over storage at 4.4 ◦C
(p = 0.0008) and 21 ◦C (p < 0.0001). For samples stored at 4.4 ◦C, % PC values increased from 13.6%
at day 0 to 20.8% at eight weeks, and the values increased from 13.8% at day 0 to 23.5% at eight
weeks when stored at 21 ◦C. Percent polymeric color values showed significant inverse correlations to
levels of total anthocyanins at 4.4 ◦C (rxy = −0.58; p = 0.0239), and more strongly at 21 ◦C (rxy = −0.71;
p = 0.0029) during storage.

3.4.4. Gummy Product

Percent polymeric color values of gummy samples significantly increased over storage at 4.4 ◦C
(p = 0.0229) and 21 ◦C (p < 0.0001). For samples stored at 4.4 ◦C, % PC values increased from 6.8% at
day 0 to 12.7% at eight weeks, and in samples stored at 21 ◦C, % PC values increased from 6.9% at
day 0 to 23.8% at eight weeks of storage. Percent polymeric color values showed a moderate inverse
correlation to levels of total anthocyanins at 4.4 ◦C (rxy = −0.563; P = 0.036), but a much greater inverse
correlation at 21 ◦C (rxy = −0.93; p < 0.0001) during storage.

Percent polymeric color values typically show an inverse correlation with total anthocyanins
during storage of blueberry products [23,24], and inverse correlations with each individual anthocyanins
in all the products and storage temperature (data not shown). Higher percent polymeric color values
indicate that a higher percentage of anthocyanins are resistant to bleaching in the presence of potassium
metabisulfite. Since the sulfonic acid adduct attaches at C4 on the middle heterocyclic ring, it is thought
that anthocyanin–procyanidin polymers are formed via a direct condensation reaction, resulting in a
C4–C8 anthocyanin–procyanidin linkage as the major polymers formed in blueberries during storage.
Hence, it is possible that declines in anthocyanins during storage of the blueberry products are not true
losses due to degradation, but the conversion of monomeric anthocyanins to anthocyanin–procyanidin
polymers. Anthocyanins can be degraded via a hydration reaction, where the flavylium ion is
converted to a hemiketal structure, which is rapidly converted to cis-chalcone, which slowly arranges to
a trans-chalcone structure [40]. The trans-chalcone structure is highly unstable and rapidly degrades to
hydroxybenzoic acid derivatives [40]. However, we do not consider that this reaction was responsible
for anthocyanin losses in the blueberry products over storage since we did not observe an increase in
phenolic acid derivatives in our HPLC chromatograms at 280 nm (data not shown).

3.5. Stability of Chlorogenic Acid during Storage

The stability of chlorogenic acid in the four blueberry products stored at 4.4 ◦C and 21 ◦C is shown
in Figure 5. Chlorogenic acid was stable in all products over storage regardless of storage temperature,
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except for the juice and oatmeal bar stored at 4.4 ◦C, where levels significantly decreased (p = 0.0249 and
p = 0.0133, respectively). At 4.4 ◦C, the chlorogenic acid content decreased from 4.3 to 3.6 mg/g WBB
powder in the juice and from 3.0 to 2.6 mg/g WBB powder in the oatmeal bar. At 21 ◦C, chlorogenic
acid in the juice showed a slight increasing trend; however, this change was not statistically significant
(p = 0.6496). Chlorogenic acid was also stable in the ice pop over eight weeks of storage at −20 ◦C
(p = 0.8332), with an average value of 6.5 mg/g WBB powder over storage (Figure 1). Initial levels of
chlorogenic acid were higher in all products stored at 21 ◦C compared with 4.4 ◦C storage, which may
be due to the variation in processing the two sets of samples for the storage study, or possible the
degradation of chlorogenic acid in the WBB powder used to prepare the products. The WBB powder
used to prepare samples for the refrigerated storage study was stored at 15.5 ◦C for three months
prior to preparing the samples. Blueberries contain polyphenol oxidase, which can readily oxidize
chlorogenic acid [41]. Chlorogenic acid was previously found to be stable in blueberry juice, puree,
and canned berries stored for six months at 25 ◦C [23], but blueberry jams lost 27% of chlorogenic acid
over six months of storage at 25 ◦C [24].

Figure 5. Stability of chlorogenic acid in blueberry stored at 21 ◦C and 4.4 ◦C (n = 3/time point).
Shaded area around lines represents 95% confidence intervals for predicted values.

3.6. Stability of Flavonols in Blueberry Products during Storage

The stability of total flavonols in the five blueberry products is shown in Figure 6. Total flavonol
levels in the oatmeal bar stored at both temperatures and in the gummy product and graham cracker
cookie stored at 4.4 ◦C were stable over eight weeks of storage as well as the juice samples stored at
4.4 ◦C from two to eight weeks (p > 0.05). Flavonols in the juice stored at 21◦C were also stable over
time despite an upward trend, but the increase was not significant (p = 0.1935). Consistent with our
findings, total flavonol concentrations were found to be relatively stable (<15% losses) in blueberry
jam, juice, puree, and canned berries over six months of storage at 25 ◦C [24,42].

However, total flavonol content significantly decreased over storage in the gummy product
(p = 0.0085) and graham cracker cookie (p = 0.0237) stored at 21 ◦C. Total flavonol levels declined by
45.7% and 28.5%, respectively, in these products over eight weeks of storage. In the gummy product,
the most marked loss occurred from six to eight weeks of storage. Moisture loss during late storage
presumably led to hardening of the gummies, resulting in incomplete extraction of the flavonols.
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Figure 6. Stability of total flavonols in blueberry stored at 21 ◦C and 4.4 ◦C (n = 3/time point).
Shaded area around lines represents 95% confidence intervals for predicted values.

Individual flavonols in oatmeal bar and juice were all stable for both storage temperature as
well as in graham cracker cookie stored at 4.4 ◦C (data not shown). In the graham cracker cookie
stored at 21 ◦C, myricetin-3-galactoside was the most unstable flavonol showing 57.8% retention after
eight weeks (p = 0.038). Quercetin-3-rutinoside (p = 0.0225), quercetin-3-galactoside (p = 0.0195),
quercetin-3-glucoside (p = 0.037), quercetin-3-rhamnoside (p = 0.0058), quercetin-3-(6′′-acetyl)
galactoside (p = 0.0195), and syringetin-3-galactoside/glucoside (p = 0.0237) were all retained at levels
from 61.1% to 70.1%. Four individual flavonols significantly decreased in the gummy product stored
at 4.4 ◦C. The percent retention of quercetin-3-glucuronide (p = 0.0012) and quercetin-3-rhamnoside
(p = 0.0016) were 33% and 38.5%, respectively. In the gummy product stored at 21 ◦C, only two
flavonols (myricetin-3-glucoside and the syringetin derivative) showed no significant decrease over
eight weeks of storage. All other flavonols in the gummy product stored at 21 ◦C were adversely
affected by storage time with retentions ranging between 45.2 and 60.1% after eight weeks.

4. Conclusions

The stability of polyphenolics over eight weeks of storage in food products made with WBB
powder varied according to product type. Polyphenolic compounds from the ice pop, oatmeal bar,
and juice were shown to be stable over storage and are good candidates for further use in applications
in which stored food items are to be used for delivery of significant amounts of polyphenolics (e.g.,
controlled feeding trials). The other food items may also be used for these applications, but the relative
retention of bioactive polyphenolics as outlined herein should be taken into account when dose and
delivery are designed. The gummy product showed relatively poor retention of anthocyanins and
flavonols after eight weeks of storage, which may be due to extraction issues rather than true losses.
In summary, incorporating WBB powder into food products in which key molecules remain intact
during storage can improve the consumption of blueberry phytochemicals. The effect of the product
matrix on bioavailability of retained polyphenolic compounds needs further investigation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/4/466/s1,
Figure S1: Individual anthocyanin content of blueberry ice pop stored at −20 ◦C over eight weeks. Bars represent
standard error of the mean (n= 3/time point). Anthocyanidins: Cyd= cyanidin, Dpd=delphinidin, Mvd=malvidin,
Pnd = peonidin, Ptd = petunidin. Sugar moiety: ara = arabinoside, gal = galactose, glc = glucose. Figure S2:
Individual anthocyanin content of blueberry oatmeal bar stored at 4.4 and 21 ◦C over eight weeks. Bars represent
standard error of the mean (n= 3/time point). Anthocyanidins: Cyd= cyanidin, Dpd=delphinidin, Mvd=malvidin,
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Pnd = peonidin, Ptd = petunidin. Sugar moiety: ara = arabinoside, gal = galactose, glc = glucose. Figure S3:
Individual anthocyanin content of blueberry graham cracker cookie stored at 4.4 and 21 ◦C over eight weeks.
Bars represent standard error of the mean (n = 3/time point). Anthocyanidins: Cyd = cyanidin, Dpd = delphinidin,
Mvd =malvidin, Pnd = peonidin, Ptd = petunidin. Sugar moiety: ara = arabinoside, gal = galactose, glc = glucose.
Figure S4: Individual anthocyanin content of blueberry juice stored at 4.4 and 21 ◦C over eight weeks. Bars represent
standard error of the mean (n= 3/time point). Anthocyanidins: Cyd= cyanidin, Dpd=delphinidin, Mvd=malvidin,
Pnd = peonidin, Ptd = petunidin. Sugar moiety: ara = arabinoside, gal = galactose, glc = glucose. Figure S5:
Individual anthocyanin content of blueberry gummy stored at 4.4 and 21 ◦C over eight weeks. Bars represent
standard error of the mean (n= 3/time point). Anthocyanidins: Cyd= cyanidin, Dpd=delphinidin, Mvd=malvidin,
Pnd = peonidin, Ptd = petunidin. Sugar moiety: ara = arabinoside, gal = galactose, glc = glucose.
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Abstract: Vinegar is produced from the fermentation of agricultural materials and diluted acetic
acid (diluted with water to 4–30% by volume) via sequential ethanol and acetic acid fermentation.
The concentration of acetic acid must be measured during vinegar production. A Community method
for analyzing acetic acid in vinegar is a non-specific method based on the assumption that the
total acid concentration of the vinegar is attributable to the acetic acid. It consists of titration with
a strong base in the presence of an indicator. This test is laborious and has a time-consuming
character. In this work, a highly specific automated enzymatic method was validated, for the first
time, to quantify the acetic acid in the wine vinegar, in terms of linearity, precision, repeatability,
and uncertainty measurement. The results were compared to the Community method of analysis.
Regression coefficient � 1 and the normal distribution of residuals in the ANOVA test confirmed
the method’s linearity. LLOD (0.946 ppm) and LLOQ (2.00 ppm) defined the method’s sensitivity.
The results of the tested and the Community methods, linearly distributed in the Shapiro–Wilk
test, confirmed the method’s repeatability. The few anomalous data in the Huber test were due to
random errors. The high selectivity of the enzymatic method, which exclusively measures acetic
acid concentration, determined the significant differences between the two tests, examined in the
accuracy determination. The enzymatic method can be considered applicable since its precision and
uncertainty were lower than the Community method values (relative percentage deviations = 10%).
The enzymatic method compared to the Community method reduces the analysis time and the risk of
errors due to operators (avoid pipetting errors and wrong calculations), minimizes solvent and the
sample consumption and guarantees assay quality through method standardization.

Keywords: vinegar; automatized method; quantification

1. Introduction

In the European Member States, products obtained by the fermentation of agricultural materials or
by the dilution with water of acetic acid are marketed under the name “vinegar” [1]. According to the
raw material used in production, there are many types of vinegar: wine, cider, fruit, malt, malt distillate,
spirit, cereal, honey, and whey vinegar. Wine vinegar is widely used as a seasoning, food preservative,
and acidifier. Traditional production needs maturation for a long time in the wood to obtain a high acetic
degree. Two stages of fermentation lead to the production of wine vinegar. In the first step, the yeasts,
generally Saccharomyces, convert the fermentable sugars into ethanol. In the second phase, the bacteria
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oxidize the ethanol to acetic acid [2]. In Italy, three types of wine vinegar are produced: white wine
vinegar, red wine vinegar, and balsamic vinegar. The latter is obtained from fresh grapes, concentrated
by a slow heating process (to 1/3 of its original volume), fermented by yeasts (Zygosaccaharomyces)
and bacteria (Gluconobacter), and subsequently refined in wooden barrels (25 years) [3]. Acetic acid
is monitored during the acetic fermentation process. A Community method for the analysis of
acetic acid consists of direct titration with sodium hydroxide in the presence of phenolphthalein [4].
This method is not selective; it determines the total acidity of the vinegar and attributes it to the
content of acetic acid. Titration is an analytical methodology that uses color to measure the quantity
of substances. The visual identification of the endpoint can lead to quantification errors. Therefore,
accuracy, sampling frequency, and time expenditure are difficulties generally associated with manual
titrations. The alternative methods proposed to determine acetic acid in vinegar are spectrophotometry
with a fiber optic sensor [5], a titration system with colorimetry (λ480 nm) [6] or an ATR-FT-IR detector,
a chemometric test [7], capillary electrophoresis or ion exclusion chromatography with conductimetric
detection, [8,9] and liquid chromatography and gas chromatography [10,11]. In this work, we propose
the validation of an automated enzymatic method to identify and quantify acetic acid in vinegar.
The automated analyzer was designed to disperse the reagents and samples in the cuvette, incubate
the samples at a controlled temperature, read the absorbance in the UV-visible spectrum, and calculate
the concentrations of the selected molecules using a calibration curve. The highly selective enzymatic
reaction allows the detection of acetic acid in spectrum fields without interference. Following regulatory
requirements, the validation of the method is essential to establish data traceability and avoid incorrect
quantification, which could have economic consequences and damage the reputation of the laboratories.
The validation exercise is expensive and time-consuming. It would be desirable for the scientific
community to spend more time validating advanced analytical methods for food quality control [12]
to eliminate test repetitions and avoid wasting time.

2. Materials and Methods

2.1. Reagents

Enzytec acetic acid Cod. E2580 was purchased from R-Biopharm AG (Darmstadt, Germany).
Distilled water was purchased from Sigma-Aldrich (Milan, Italy). Potassium hydrogen phthalate and
ethanol were purchased from Carlo-Erba (Milan, Italy).

2.2. Samples Preparation

Three commercial vinegar types were tested: white, red, and balsamic wine vinegar. Samples
were diluted 1:125 before analyses.

2.3. Apparatus

The analyzer iCubio iMagic M9 was used and run with full automation for the enzymatic assay
for acetic acid determination. It automatically pipetted reagents and samples into the cuvette, allowed
incubation at a controlled temperature, read absorbance at the specific wavelength, and calculated
the concentration of the analytes with a calibration curve. The parameters used in the automated
photometric systems were temperature, 37 ◦C; wavelengths, 340 nm and 415 nm (bichromatic); and
optical path, 1 cm.

2.4. Reference Procedure

Commercial vinegar samples were analyzed by titration to determine the acetic acid content
following the Community reference method [12]. A NaOH solution, normalized with potassium
hydrogen phthalate (ACS), was gradually added to 5 mL of the vinegar solution. Complete neutralization
was indicated by color changes in 2% phenolphthalein solutions in ethanol. Triplicate analyses were
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carried out. The average of the three analyses was used as the reference value. The mean standard
error (pooled standard deviation divided by the average acidity content) was 0.32%.

2.5. Enzymatic Method Determination of Acetic Acid Content

The method reported in the kit instruction (Enzytec acetic acid) was followed. The Enzytec
fluid Acid combination Standard (ID-No 5460, 3 × 3 mL) was used to calibrate the automated
photometric systems.

2.6. Spectrophotometric Method Validation Parameters

The linearity, precision, sensitivity, and measurement uncertainty were determined.
In the linearity assessment, a matrix-match calibration curve was plotted at 0, 0.06, 0.13, 0.25, and

0.50 g/L for acetic acid.
The method precision was tested, performing ten analyses of the same sample

Reproducibility =
Standard deviation of analyzed samples
Standard deviation of reference samples

(1)

Normality, by the Shapiro–Wilk test [13], and the presence of anomalous data, by the Huber
test [14], were evaluated to define the method’s precision.

The method sensitivity was evaluated by LLOQ (limit of quantification: LOQ = 10σS) and LLOD
(limit of detection: LOD = 3.3σS) determinations, where σ is the relative standard deviation and S is
the slope of the standard curve.

The method accuracy was determined, performing ten analyses with both methods (Community [4]
and enzymatic), determining the residual distribution by the Saphiro–Wilk test, and controlling for
anomalous data by t-tests.

Type A and B uncertainties were measured following the EURACHEM/CITAC guide [15]. Type A
was estimated from 10 repeated readings of the same sample.

U Type A =

√

variance
Degrees of freedom

(2)

Type B was determined with a metrology approach.
U(t) is the uncertainty associated with 20 mL pipette use U(t). It was obtained considering a

certificate of calibration (0.016 mL) and repeatability (0.00050 mL).
U(p) is the uncertainty associated with 10 mL pipette use. It was obtained considering a certificate

of calibration (0.096 mL) and repeatability (0.00020 mL).
U(ct) is the uncertainty associated with the calibration curve. It was obtained for the standard,

which was measured at three concentrations in triplicate.

U(ct) S
x/y

b
∗

√

1/n + 1/m (3)

S = standard deviation of the residual
n = points used for the calibration line
m = readings taken for each sample
U(mr) is the uncertainty associated with a standard preparation.
U(bt) is the uncertainty associated with balances. It was determined considering a certificate of

calibration (0.00060 g), repeatability (0.000029 g), and stability (0.000032 g).
U(m) is the uncertainty associated with the use of a 100 mL flask. It was obtained considering a

certificate of calibration (0.01 mL) and repeatability (0.00030 mL).
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U(k) is the uncertainty associated with the use of a 250 mL flask. It was obtained considering a
certificate of calibration (0.025 mL) and repeatability (0.00040 mL).

Compound uncertainty:
√

(U Type A)2 + (U Type B)2

The accuracy was tested by Student’s t test:

Accuracy =

∣

∣

∣XCommunity − X
∣

∣

∣

√

S2
r + U2

Community

≤ tp
ν

(4)

X = Community method value
Xsy/x =medium repeatability values
S2

r = standard deviation2

U2
CRM = reference material uncertainty2

Uncertainty (tpν) = k × σr.

2.7. Statistical Analysis

The data were analyzed using the software Statistica Version 7.0 (StatSoft, Hamburg, Germany).
The normality of the data was verified by applying the Shapiro–Wilk W-test. A p-value of >0.05
indicates a normal distribution. The non-parametric Huber test determined the outliers.

3. Results

3.1. Method Linearity

The method linearity, by regression coefficient determination (Figure S1), and residuals distribution,
by ANOVA tests (Figure S2), were evaluated. R2 = 0.99; the residuals were normally distributed.

3.2. Method Sensitivity

The method detection limit was tested by repeated analyses of blank samples. The LLOD and
LLOQ were derived from the regression curve. The quantitation limit (LLOD) of an individual
analytical procedure is the lowest amount of acetic acid in a sample that can be quantified with suitable
precision and accuracy. The lower limit of detection was 0.0063 g/L. The detection limits (LLOQ) were
determined as the concentration giving a peak height three times the background noise. The Lower
Limit of Quantitation was 0.0253 g/mL. The LLOQ dilution factor was used to determine the lower end
of the measuring range. It was obtained by dividing the (read concentration × 10) / (weight × rate)
(0.098 g/100 mL). The last point of the calibration curve line was the upper end of the measuring range
(0.40 g/100 mL).

3.3. Measurement Uncertainty

Type A uncertainty due to method repeatability was 0.005 (Table S1). Type B uncertainties—due to
method repeatability and associated with the standard preparation, the calibration curve, the balances,
the flasks (100 mL and 250 mL), and the pipettes (10 mL and 20 mL)—were less than 10% of the results
(Table S2).

3.4. Method Precision

Method repeatability was tested, making ten analyses on the same sample of each type of vinegar
and comparing the results with those obtained with the Community method. The Shapiro-Wilk test
showed that the data were linearly distributed (Figure S4). The Huber test excluded the presence
of anomalous data (Figures S3–S5). The reproducibility of the three kinds of vinegar were red wine
vinegar = 0.55, white wine vinegar = 0.69, and balsamic wine vinegar = 0.66. The limits of method
repeatability were: upper limit = 0.548 and lower limit = 1.480, considering the ratio between the
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standard deviation (Sr) of the enzymatic method and the repeatability standard deviation of the
reference method (σr), satisfied for nine degrees of freedom (Table S6).

3.5. Accuracy Test

Accuracy was determined, making ten analyses with both methods (Community and enzymatic),
and determining significant differences between groups by Student’s t test (Figures S4–S6). We cannot
reject the null hypothesis that there is no difference between means when p < 0.05.

4. Discussion

Automated analyzers are modern instrumentation for routine analytical analysis since they reduce
staff errors due to tiredness or a lack of technicality, improve safety, and decrease the amount of
reagents, the cost, and the time of analysis. Traditional methods of analysis are struggling to survive
in technology. Innovation in technologies brings significant opportunities but also carries risks for
society. The validation of new analytical procedures is a developed approach that responds to evolving
markets. It is a verification process that checks whether the analytical method achieves predetermined
results. The validation of an analytical procedure is used both before its first use and throughout its life,
to continually monitor its performance and any critical issues. In food, analysis is indispensable to make
available reliable and accurate results with known uncertainty. Therefore, the methods used in analytical
laboratories need an accurate validation process to ensure their validity (ISO/IEC, 2005) [16]. Validation
is performed to define the linearity, precision, accuracy, and repeatability of the method based on the
matrix, the working field, and the uncertainty due to the instrumentation and environmental conditions.
Furthermore, it is possible to verify the results by comparing them with those obtained with reference
analytical methods. In this work, an enzymatic determination of acetic acid in three different types of
vinegar (red wine vinegar, white wine vinegar, and balsamic vinegar) was carried out on automated
photometric systems. The method was based on acetate kinase, an enzyme capable of reacting with
acetic acid and adenosine-5’-triphosphate, giving acetylphosphate and adenosine-5’-diphosphate
(ADP). Acetylphosphate is converted into acetyl-CoA plus phosphate by coenzyme A (CoA) and
phosphotransacetylase. ADP reacts with D-glucose through an ADP-dependent exokinase to produce
D-glucose-6-phosphate. The latter, in the presence of glucose-6-phosphate dehydrogenase, reacts with
NAD+, turning into D-glucono-δ-lactone-6-phosphate and NADH+ H +. The concentration of NADH,
proportional to the concentration of acetic acid, is determined spectrophotometrically, according
to AOAC instructions (AOAC 2012) [17]. The test uses a kit containing ready-to-use reagents and
standards. The analytical problem consisted of adapting the procedures proposed by the industry for
the wine matrix to the vinegar matrix and the validation of the analytical procedures. The concentration
of the solution influences the spectrophotometric reading. The vinegar samples were diluted 125 times
to be able to read the absorbance at the desired wavelength. Any change requires an evaluation of
the method’s performance. The validation of the method, comparative tests with standard methods,
and co-validation between laboratories are the possible strategies to achieve this goal [18]. In this case,
the method was validated in terms of the linearity, precision, repeatability, measurement of uncertainty,
and accuracy. The linearity of the method was demonstrated by the regression coefficient (1) and
a residual diagram (straight line) in the ANOVA test. The ANOVA test describes the difference in
the standard deviations of the values obtained from the reference compared to the expected values.
The reliability of the test depends on the normal distribution of residues with a 95% confidence
level. The sensitivity of the method was defined by deriving the LLOD (0.946 ppm) and LLOQ
(2.00 ppm) from the regression curve and determining the measuring range (100 ppm ≤measuring
range ≤ 500 ppm). The precision of the method was determined, confirming its reproducibility and
repeatability. Repeatability produces the minimum precision value. It was obtained, making ten
analyses of the same sample in short intervals of time, by the same operator, in the same laboratory,
with the same method and equipment and comparing the repeatability type difference of the method
(sr) with that of the reference method (sr). The Shapiro–Wilk test confirmed the linearity between
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the results obtained by the spectrophotometric method and those obtained by the reference method.
The null hypothesis (H0) states that two elements or series of elements are normally distributed.
This hypothesis is satisfied if the p-value is higher than 0.05, as happens for the types of analysis carried
out (Figure S4). Successively, the absence of anomaly data was tested by the Huber test (Tables S3–S5).
The Huber test is a robust statistical method to identify outliers, which may invalidate the resulting
analysis, by first fitting most of the data and flagging data points. The presence of very few anomalous
data was attributed to random errors. Finally, random and systematic uncertainties were detected to
establish method accuracy. Random errors are caused by unpredictable changes in the experiment
due to environmental conditions and measuring instruments. The errors due to the instrument or its
data-handling system, or the instrument being wrongly used by the experimenter cause systematic
errors. In this work, the uncertainties due to method repeatability and associated with the standard
preparation, the calibration curve, the balances, the flasks (100 mL and 250 mL), and the pipettes (10 mL
and 20 mL) were determined to be irrelevant since they were less than 10% of the results. Finally,
the accuracy of the enzymatic method was evaluated. The accuracy showed significant differences
between the two populations of data. The enzymatic method underestimated the results because of
systematic errors. The percentage difference was calculated, and it was observed that the systematic
errors were independent of the matrix but were influenced by the measuring range (five samples had
waste results around 10). The differences in measurements between the two tests were due to the
high selectivity of the enzymatic method, which exclusively measured the concentration of acetic acid
and non-specificity of the Community method, which attributed to the concentration of acetic acid
all of the acids present in the sample. Consequently, the underestimation of the enzymatic method
was expected. Therefore, the method could be considered applicable since the relative percentage
deviations compared to the values obtained with the official method are around 10%.

5. Conclusions

An enzymatic method on an automated spectrophotometric system was used for the quantification
of acetic acid in vinegar. The enzymatic method met many validation requirements (linearity, sensitivity,
and uncertainties) but not accuracy. However, the method can be considered applicable as the precision
and uncertainty are lower than those of the Community method (deviations are around 10%).
The validation of instrumental analytical methods not yet used as conventional methods should find
more space in the scientific literature. By transferring knowledge on operating methods, the repetition
of long and laborious validation processes that involve high costs and waste of time will be avoided.
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Figure S1: Standard calibration curve, Figure S2: Normal residual probability, Figure S3: Shapiro-Wilk test
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vinegar accuracy statistical analyses, Figure S6: White wine vinegar accuracy statistical analyses, Table S1: Data
considering calculating type A uncertainty, Table S2: Type B: Systematic uncertainty estimates, Table S3: Red wine
vinegar data, Table S4: Withe wine vinegar data, Table S5: Balsamic wine vinegar data, Table S6: Upper and lower
limit of repeatability.
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Abstract: Interest in local landraces has unfortunately decreased over, the last decades, in which
they have been continuously subjected to a high genetic erosion in favour of new modern varieties.
Within the Puglia region (S-E Italy), Foggia province was found to be the richest in vegetable landraces.
In the present study, six garlic landraces collected from this area have been assessed for their chemical
composition (minerals, organic acids, free sugars, volatile, and phenolic compounds) along with their
main morpho-biometrical traits. A commercial genotype was also considered as a reference standard.
The landraces show a large variability, but in general high morphological standards, high levels of
cations and phenols, and low levels of volatile-(S)-compounds in comparison with the commercial
genotype and the literature values. ‘Aglio di Peschici’ and ‘Aglio Rosso di Monteleone di Puglia’
are very rich in minerals and phenols (mainly ferulic acid and iso-rhamnetin). This increase in
knowledge on the chemical properties of these garlic landraces could represent a tool for encouraging
the consumption of a food product. At the same time, the consumption of these landraces would
stimulate their cultivation and could highly contribute to protection against the risk of erosion of
agro-biodiversity by their in situ/on-farm conservation.

Keywords: Allium sativum L.; agro-biodiversity; local varieties; bulb morphology; phenols;
volatile compounds

1. Introduction

Garlic (Allium sativum L.) is one of the most important bulb vegetables and is mainly used as a
spice or flavouring agent for foods. It is used in several types of products such as garlic oil, powder,
salt, paste, and flakes.

Garlic has a high nutritive value as a rich source of minerals, carbohydrates, proteins, and vitamins.
It also contains numerous bioactive molecules such as organic sulphur-containing (S-compounds)
compounds and phenolic compounds [1–3].

The organic S-compounds (present in intact garlic cloves are γ-glutamyl cysteine and cysteine
sulfoxides, including deoxyallin and mainly alliin [4]. When garlic is mechanically damaged,
the vacuolar enzymes (allinase) convert alliin to allicin. Unstable allicin undergoes non-enzymatic
degradation to form a variety of volatile S-compounds—ajoene, vinyl-dithiins, and sulphides as
mono-, di-, and tri-sulphides [4]. Numerous studies have reported that the organic S-compounds are
responsible for the biological activities revealed in different pathological situations [1,2,5].

Garlic is also characterized by phenolic compounds and the main group consists of phenolic acids
(mainly as caffeic acids), followed by flavonoids (mainly as quercetin) [6–8]. A lot of research has been
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conducted to assess the dietary role of phenolic compounds, their characteristics, metabolic pathways,
and biological effects, affirming their capacity to scavenge Reactive Oxygen Species (ROS) and to treat
a variety of diseases including heart disease and cancer [2,6].

The Puglia region (South-East Italy) in the centre of the Mediterranean basin has a rich
agro-biodiversity, with particular reference to landraces (also known as ‘local varieties’ and ‘farmer’s
varieties’). Landraces are variable, identifiable populations, usually known by a local name,
lacking ‘formal’ crop improvement, and characterized by a marked adaptation to specific environmental
conditions of the area of cultivation [9].

Unfortunately, the regional agro-biodiversity of vegetable crops has been partially lost due
to several factors. The modernization and intensification of agriculture have resulted in vast
agro-biodiversity loss, since farmers grow modern varieties and hybrids and tend to abandon
traditional landraces.

As a result of a regional Project (https://biodiversitapuglia.it//), aimed at collecting and identifying
vegetable resources at risk of genetic erosion, the province of Foggia was found to be the richest in
landraces among the five provinces of the region [10]. In the Alliaceae botanical family the most frequent
species found was garlic (Allium sativum L.). To stimulate the cultivation of landraces from the farmers
(‘keepers’), their consumption has to be promoted. To do this, the identification and the highlighting of
the chemical properties of the landraces compared with the ‘commercial’ varieties may represent an
added value of the product that could push the preference of consumers.

In this view, the present study describes for the first time the chemical properties of six landraces
collected in the province of Foggia, along with their main morpho-biometric traits.

2. Materials and Methods

2.1. Description of Collecting Sites, Plant Materials, and Sampling

Six landraces of garlic (Allium sativum L.) were directly collected from local growers which had
very small farms in marginal areas, in the province of Foggia, in the North of Puglia region (Italy), which
lies geographically between 41◦54′44′′N and 41◦02′27′′N in latitude and 14◦55′58′′E and 14◦02′27′′E
in longitude. All the interested growers had very small farms in marginal areas and all of them adopted
low input agronomic practices such as minimum soil tillage, hand weed control and scarce or no use of
irrigation, pesticides or fertilizers.

Details of the collected landraces and the collecting sites are presented in Table 1. Bulbs of ‘Spanish
white garlic’ (‘Palmieri Import’, Afragola (Na); Origin: Spain), widely available on the European and
national market, was used as a reference standard. Pictures of the examined genotypes are shown in
Figure S1.

Samples of bulbs (3 ± 0.5 kg per each genotype) were well mixed to obtain three independent
replicates, each consisting of 15–40 bulbs. Morphological and biometrical measurements on cloves and
bulbs were carried out on fresh material, dealing with 7–15 bulbs for each replicate. Chemical analyses
of peeled cloves were performed in triplicate for each replicate, after being freeze-dried (CoolSafe
SCANVAC, Labo0Gene, Allerød, Denmark), powdered, packed in hermetic jars and then stored in the
dark at −18 ± 1 ◦C until the analyses were carried out.
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Table 1. List of garlic genotypes and description of collecting areas.

Genotype Acronym
Collection

Sites
Landscape

Unit 1
Latitude

(N)
Longitude

(E)
Altitude
(m, asl)

Yearly Mean
Temperature 2

(◦C)

Yearly Mean
Rainfall 2

(mm)

Spanish white garlic
(Commercial genotype)

‘CG’ Grocery store

Aglio dei Cortigli
(Landrace)

‘Cortigli’
Vico del Gargano

(Municipality)
‘Cortigli’ locality

Gargano
(mountain)

41.8960 15.9596 445 11.9 3 721 3

Aglio di Peschici
(Landrace)

‘Peschici’
Peschici

(Municipality)

Gargano
(Adriatic Sea
coastal plain)

41.94711 16.0098 12 16.6 459

Aglio Rosso di
Monteleone di Puglia

(Landrace)
‘Monteleone’

Monteleone di Puglia
(Municipality)

Daunian
Apennine

(mountain)
41.16768 15.2418 800 11.7 572

Aglio di Anzano di
Puglia

(Landrace)
‘Anzano’

Anzano di Puglia
(Municipality)

Daunian
Apennine

(mountain)
41.12126 15.2914 760 11.6 571

Aglio Bianco di Panni
(Landrace)

‘Panni’
Panni

(Municipality)

Daunian
Apennine

(mountain)
41.22080 15.2762 728 12.1 558

Aglio Durevole di Panni
(Landrace)

‘PanniD’
Panni

(Municipality)

Daunian
Apennine

(mountain)
41.22080 15.2762 729 12.1 558

1 As reported in Piano Paesaggistico Territoriale Regionale—PPTR—www.paesaggiopuglia.it/pptr. 2 As reported in https://it.climate-data.org/. 3 As reported in http://my.meteonetwork.it/station/.
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2.2. Appearance and Morpho-Biometrical Measurements

The description of the morphological features for each genotype was done following the descriptors
7.1.11 (bulb shape), 7.1.20 (bulb structure type), 7.1.16.1 (bulb outer skin colour), and 7.1.16.2 (skin colour
of the clove), provided by the International Plant Genetic Resources Institute (IPGRI) guidelines [11].
The main biometrical traits for each genotype were assessed. A dry matter concentration of the peeled
cloves was calculated after freeze-drying the material.

Measurements of colour on external bulbs (with dry tunics) and cloves (with thin skin) were also
performed by images analysis using an image acquisition station (Immagini & Computer, Bareggio,
Milano, Italy), equipped with four white lamps, camera NIKON D5200, and software Image Pro Plus
7.0 (Media Cybernetics, Inc., Rockville, MD, USA). Colour indices were based on the CIELAB scale
1976: L*, indicating lightness/darkness, ranging from 0 (black) to 100 (white) value in a grey scale;
a* reflecting greenish (if negative) to reddish (if positive) tonality; b* indicating bluish (if negative) to
yellowish (if positive) tonality. In addition, the derived parameters, hue angle (h◦), and chroma (C*),
indicating respectively the hue and the vividness/dullness, were evaluated.

2.3. Chemical Measurements

2.3.1. Standards and Reagents

HPLC-grade methanol, metaphosphoric, formic, methanesulfonic acid, acetonitrile, ethanol
were purchased from Sigma-Aldrich (St. Louis, MO, USA). NaOH, sodium carbonate, and sodium
bicarbonate were purchased from Merck KGaA (Darmstadt, Germany).

Standards for phenolic (caffeic acid, caftaric acid, quercetin 3-ß-d-glucoside, quercetin, rutin,
hyperoside) and volatile (di-allyl-sulphide-DAS; di-allyl-disulphide-DADS; di-allyl-trisulphide-DATS,
di-methyl-sulphide, crotonaldehyde, pelargonaldehyde) compounds were purchased from
Sigma-Aldrich (MO, USA).

Glucose, fructose, and sucrose standards were purchased from Chem Service (West Chester, USA);
all the other standards were purchased from Sigma-Aldrich (MO, USA). Ultrapure water (18.2 MΩ cm
resistivity at 25 ◦C) was obtained from a water purification system Milli Q (Millipore, Germany).

2.3.2. Minerals

Ashes were determined by a muffle furnace according to the AOAC method 923.03.
Inorganic ions were analyzed by ion chromatography (Dionex ICS 3000; Dionex-ThermoFisher

Scientific, Waltham, MA, USA). Inorganic cations were extracted from lyophilised samples (1 g),
previously ashed (in a muffle furnace at 550 ◦C for 6 h) and acid digested (20 mL of 1 mol L−1 HCl
in boiling water for 30 min), before injection into the ion chromatography system. For inorganic
anions, the lyophilized samples (0.5 g) were extracted with 50 mL of an eluent solution (3.5 mM
sodium-carbonate and 1.0 mM sodium-bicarbonate) in a shaking water bath at room temperature for
30 min. The mixture was filtered through a Whatman no. 2 paper. The filtrates were filtered again
through a 0.22 µm Millipore filter, before injection into the ion chromatography system.

The ion chromatography system was equipped with: an isocratic pump; conductivity detector;
and a model AS-DV auto-sampler (ThermoFisher Scientific, Waltham, MA, USA); a self-generating
ERS-500 suppressor (4 mm), a Dionex Ion-Pac AS23 analytical column (4 × 250 mm, particle size 6
µm), and an eluent solution (3.5 mM sodium-carbonate and 1.0 mM sodium-bicarbonate) at a flow
rate of 1 mL min−1 (Dionex-ThermoFisher Scientific, Waltham, MA, USA) (specifically for anion
analysis); a self-generating DRS-600 suppressor (4 mm), a Dionex IonPack CS12A analytical column
(4 × 250 mm, 5 µm), and an eluent solution (20 mM methanesulfonic acid) at a flow rate of 1 mL min−1

(Dionex-ThermoFisher Scientific, Waltham, MA, USA) (specifically for cation analysis).
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2.3.3. Starch and Simple Carbohydrates

Total starch was analyzed using the Megazyme Total Starch Assay kit (AOAC Method 996.11 and
AACC Method 76.13; Megazyme International Ireland Ltd., Wicklow, Ireland) based on the enzymatic
hydrolysis method, following McCleary et al. [12]. Lyophilized samples (0.03 g) were pre-extracted
with 10 mL of 80% ethanol to remove free glucose; the complete starch hydrolization to glucose was
achieved by a combined action of α-amylase and amyloglucosidase; the reaction took place by heating
up (80 ◦C) the samples in the presence of an 8 mL sodium acetate buffer (1.2 M) at pH 3.8 and 0.1 mL
of thermostable α-amylase (3000 U/mL) for 15 min. After cooling to 50 ◦C, 0.1 mL of amyloglucosidase
(3300 U/mL) was added which catalyzes complete hydrolysis of the maltodextrins to glucose within
30 min.

The starch concentration was determined as liberated glucose. Then, the mixture was centrifuged
at 13,000 rpm (10 min); the supernatant was collected and filtered through a membrane filter (0.45 µm).

Samples were analyzed according to Rohrer [13] using the ICS 3000 System (Dionex-ThermoFisher
Scientific, Waltham, MA, USA) and high-performance anion exchange chromatography with pulsed
amperometric detection (ED50; Dionex-ThermoFisher Scientific, Waltham, MA, USA), equipped
with a Carbopac PA-1 column (CarboPac PA1 Analytical, 4 × 250 mm; particle size 10 µm)
(Dionex-ThermoFisher Scientific, Waltham, MA, USA), maintained at 30 ◦C. Glucose was eluted
with NaOH (150 mM) at a flow rate of 1.0 mL min−1 for 15 min. Glucose was identified by a comparison
of the retention times with the standard. Peak areas were analyzed using the Dionex Chromeleon
software (version 6.80, Dionex-ThermoFisher Scientific, Waltham, MA USA).

Total simple carbohydrates were extracted from 15–30 mg of a lyophilized sample and adding
15 mL of ultrapure water and using shaking water baths (Foss, Padova, Italy) for 45 min at room
temperature. Then, the mixture was centrifuged at 13,000 rpm (10 min); the supernatant was collected,
filtered through a 0.45 µm membrane filter, and analyzed as previously described.

Carbohydrates were identified by a comparison of the retention times with those of sugar standards.
Peak areas were analyzed using the Dionex Chromeleon software (version 6.80, Dionex-ThermoFisher
Scientific, Waltham, MA, USA).

2.3.4. Organic Acids

The lyophilized sample (0.3 g) was placed in a 50 mL tube and added to 20 mL metaphosphoric acid
(0.1%). The sample was mixed in a shaking water bath at room temperature for 15 min, then centrifuged
(12,000 rpm, 4 ◦C for 15 min) (SR16L, ThermoFisher Scientific, Waltham, MA, USA). The supernatant
was collected, filtered, and stored at 4 ◦C until analyzed according to González-Castro et al. [14] with
some modification.

Organic acids were separated by the ICS 3000 HPLC System (Dionex-ThermoFisher Scientific,
Waltham, MA, USA) equipped with: An isocratic pump, a 10 µL injection loop, an AS-DV auto-sampler,
Hydro-RP 80A column (250 × 4.60 mm) (Phenomenex Inc., Castel Maggiore, BO, Italy), maintained
at 30 ◦C combined with a UV-visible detector (RLSC Diode Array Detector, Dionex-ThermoFisher
Scientific, Waltham, MA, USA), set to a wavelength of 210 nm and the Chromeleon version 6.50 software.

The eluent consisted of 100 mM Na2SO4 at pH 2.6 adjusted with methanesulfonic acid at a flow
rate of 1 mL min−1. Individual organic acids were identified by comparing retention times with those
of available standards.

2.3.5. Volatile Compounds

Volatile compounds were extracted by the HS-SPME technique using a DVB-CAR-PDMS fiber
(Supelco, Bellefonte, Pa., USA) according to Gambacorta et al. [15], with some modifications.
The freeze-dried powder sample (0.5 g) and 10 µL of internal standard (2-heptanone) in water
at 8.15 µg mL−1 were placed in a 12 mL screw-cap vial, tightly capped with a PTFE-silicon septum,
and conditioned for 10 min at 50 ◦C. Then, the fiber was introduced into the headspace of the
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vial for 30 min, removed, and inserted into the gas-chromatography injection port. Desorption of
volatiles from the fiber took place in a split mode (1:20 ratio) at 220 ◦C. The separation of volatile
compounds was performed by a Trace 1300 gas chromatograph (Dionex-ThermoFisher Scientific,
Waltham, MA, USA) equipped with a VF-WAXms capillary column (Agilent, Santa Clara, CA,
USA), 20 m length × 0.10 mm ID x 0.1 µm film, and coupled with an ISQ single quadrupole mass
spectrometer (ThermoFisher Scientific, Waltham, MA, USA). The chromatographic conditions were:
Oven, 50 ◦C (0.1 min) to 180 ◦C at 13 ◦C min−1, to 220 ◦C at 18 ◦C min−1, held for 3 min; detector,
source temperature 250 ◦C; transfer line temperature 250 ◦C; carrier gas, helium at a constant flow of
0.4 mL min−1. The impact energy was 70 eV. Data were acquired using the full-scan mode in the range
of 33 to 280 m/z at an acquisition rate of 7.2 Hz.

Volatiles were identified by comparing the experimental spectra with those obtained by the
available pure standard compounds and with those reported in the NIST Library [16] and quantified
using relative areas that related the 3-pentanone as an internal standard. The acquisition and
processing of peaks were carried out using the Xcalibur v 2.0 software (ThermoFisher Scientific,
Waltham, MA, USA).

2.3.6. Phenolic Compounds

The lyophilized sample (0.05 g) was placed in a 2 mL Eppendorf tube and added to 1 mL of 80%
methanol in water. The sample was mixed for 1 min, sonicated for 5 min, and then centrifuged (4000 g
4 ◦C for 20 min). The clear supernatant was diluted 1:1 with an acetonitrile:water (10:90, vol/vol)
solvent mixture containing 0.1% formic, and filtered using re-generated cellulose filters of 0.22 µm pore
diameter. The analysis was performed according to Pasqualone et al. [17] with some modification using
the UHPLC Dionex Ultimate 3000 RS system (quaternary pump, auto-sampler, column oven, and PDA),
coupled by the HESI-II probe with the LTQ Velos Pro ion trap mass spectrometer (Dionex-ThermoFisher
Scientific, Waltham, MA, USA). The separation of compounds was performed on a Hypersil GOLD
aQ C18 column, 100 mm in length, 2.1 mm ID, and 1.9 µm particle size (Waters, Milford, MA, USA)
maintained at 30 ◦C. A binary mobile phase was used: (A) 0.1% formic acid in water and (B) 0.1%
formic acid in acetonitrile, at a constant flow of 0.2 mL/min. The gradient program of solvent B was as
follows: 0–30 min from 10% to 70%, 30–33 min isocratic 70%, 33–33.1 min from 70% to 10%. The MS
conditions were: Capillary temperature 320 ◦C; source heater temperature 280 ◦C; nebulizer gas N2;
sheath gas flow 30 arbitrary units; auxiliary gas flow 15 arbitrary units; capillary voltage—2.8 kV,
S-Lens RF Level 60%. Data were acquired in a negative ionization mode.

Phenolic compounds were identified by comparing elution times, molecular ions, MS/MS
fragmentation patterns of the experimental spectra with those obtained by the available pure standard
compounds or by tentative methods using reported data from the literature. Calibration curves were
created to obtain quantification results and were based on the UV signal of each available standard.
When no commercial standard was available, a similar compound from the same phenolic group was
used as a standard.

2.4. Statistical Analysis

A one-way analysis of variance was performed using the Statistical Analysis Software (SAS,
Cary, NC, USA). The least significant difference (LSD) test (p = 0.05) was used to establish differences
between means.

For a visual analysis of data, the Principal Component Analysis (PCA) was performed using
the PAST3 Software (http://folk.uio.no/ohammer/past) [18] on mean standardized ((x-mean)/standard
deviation) data. The data matrix considered all genotypes with relative replications. To avoid the
presence of highly correlated variables, data were subjected, before the PCA, to the analysis of
correlation. The variables which presented a correlation coefficient higher than or equal to 0.8 were
grouped, and only one of them was considered in the data matrix.
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3. Results and Discussion

Refer to Table 1 for acronyms of garlic genotypes.

3.1. Bulb Appearance and Biometrical Traits

According to IPGRI descriptors, the Commercial Genotype (CG) used in this study was grouped
as a ‘flat globe’ type with a ‘regular multi-cloved radial’ bulb structure. Among the landraces, the bulb
shape ranged from ‘broad oval’ for ‘Panni’, ‘PanniD’, and ‘Monteleone’, to ‘flat globe’ for ‘Anzano’
and ‘Cortigli’ and to ‘globe’ for ‘Peschici’. All the landraces studied had an ‘irregular’ bulb structure,
except for ‘Peschici’, which was in the ‘regular two-fan group’ (Table S1 and Figure S1).

Concerning the colour of bulbs (with dry tunics) and cloves (with thin skin) (Table S1), all landraces
(except for ‘Monteleone’) were characterized by an evident yellow component (+b*) and a very small
greenish component (slightly −a*), with a resulting hue and saturation C* values allowing colour
identification as creamy. Bulbs and cloves of the ‘Peschici’ landrace distinctively presented a more
vivid colour as indicated by the highest C* values. The instrumental data supported the reddish
tonality of cloves of the ‘Monteleone’ landrace by the highest +a*, the lowest −b*, along with the
highest h◦ values.

A high variability was observed in biometrical traits of both bulbs and cloves (Table S2).
The Principal Component Analysis (PCA), carried out on biometrical data, showed that the first two
PCs explained 81% of the total variability, attributing 59.1% to PC1 and 21.9% to PC2 (Figure 1).
PC1 discriminates the landraces from the Panni Municipality, clustered on the left-hand side of the
axis. ‘PanniD’ was separated from all the other genotypes for the highest concentration in dry matter
(DM). The lower moisture concentration of its bulbs is indicative of a higher resistance to post-harvest
deterioration. This characteristic may explain the prolonged shelf-life attributed to ‘PanniD’, known
by its local name ‘Aglio Durevole di Panni’ meaning a long storage life. PCA also discriminates
‘Peschici’ from the other genotypes for the highest number of cloves per bulb (Number-c) (highly
and positively correlated to PC1) and by the lowest weight of cloves (W-c) (highly and positively
correlated to PC2).

This high variability in morpho-biometrical traits in the examined landraces is, of course, the
result of the long process of (un)conscious selection made by farmers and of their continued evolution
in a certain eco-geographical area [9]. Although garlic is propagated asexually, using the cloves
from the previous growing season, there is a great diversity in morphological (agronomic) characters,
even between genotypes grown in the same areas for a long time. This is probably mostly a consequence
of the accumulation of natural mutations and their evolving over time due to the selection pressures
and cultural data in the minds of local farmers [19,20].

The variability of the morpho-biometrical traits of garlic genotypes has been widely
reported [19,21]. The biometrical traits of the collected landraces are of a high standard in terms of
bulb and clove weight in comparison with other Italian landraces [19,22,23] and also in comparison
with the tested CG. The DM accumulation of the cloves of collected landraces was also in line with
the values reported in various landraces such as those grown in Greece [24] and several genotypes
grown in Spain [25].
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Figure 1. Principal component analysis bi-plot (PC1 vs. PC2) showing the spatial distribution of the
main biometrical traits as affected by genotypes. The considered biometrical traits were: Weight of
cloves (W-c), number of cloves per bulb (Number-c), weight of bulbs (W-b), diameter of bulbs (Diam-b),
concentration of dry matter (DM).

3.2. Mineral Concentration

The concentration of ashes, cations, and anions is reported in Table 2.

Table 2. Concentration of ashes and inorganic ions (g kg−1 dw) in bulbs of garlic genotypes.

Genotype 1 Ashes
Inorganic Cations Inorganic Anions

Total Na K Mg Ca Total NO3 Cl PO4 SO4

‘CG’ 34.1 e3 8.93 d 0.74 a 7.81 d 0.06 d 0.32 c 1.609 c3 0.000 c 0.707 b 0.200 c 0.702 b
‘Cortigli’ 55.0 b 15.9 b 0.68 a 14.5 b 0.14 a 0.58 b 1.963 b 0.094 b 0.618 c 0.419 b 0.833 a
‘Peschici’ 70.0 a 22.0 a 0.76 a 20.5 a 0.11 b 0.55 b 2.766 a 0.140 a 1.130 a 0.633 a 0.864 a

‘Monteleone’ 68.7 a 21.7 a 0.89 a 20.4 a 0.11 b 0.37 c 1.452 c 0.081 b 0.627 bc 0.366 b 0.379 d
‘Anzano’ 49.4 c 13.8 c 0.72 a 12.0 c 0.07 cd 1.09 a 1.651 c 0.143 a 0.602 c 0.380 b 0.527 c
‘Panni’ 42.7 d 14.2 c 0.44 b 13.1 c 0.09 bc 0.61 b 1.351 d 0.030 c 0.588 c 0.225 c 0.508 c

‘PanniD’ 23.7 f 5.90e 0.30 b 5.22 e 0.12 ab 0.26 c 0.732 e 0.014 c 0.327 d 0.161 c 0.231 e
Significance 2 *** *** *** *** *** *** *** *** *** *** ***

1 Refer to Table 1 for acronyms of garlic genotypes. 2 *** Significant at p ≤ 0.001. 3 Different letters within the column
indicate significant differences at p = 0.05.

The content of ash and cations ranged from the highest values in ‘Peschici’ and ‘Monteleone’
to the lowest in ‘PanniD’. On average, landraces were richer than the CG in ash (51.6 g kg−1 dry
weight—dw) and cations (15.6 g kg−1 dw), particularly K. ‘Cortigli’ along with ‘PanniD’ had the
highest Mg concentration, whereas ‘Anzano’ had the highest Ca concentration. Regarding anions,
the total concentration in the landraces (1.6 g kg−1 dw, on average) was in line with that of the CG;
‘Peschici’ showed the highest values of all the individual anions, followed by ‘Cortigli’ (SO4, NO3, PO4).
Among the examined landraces, ‘PanniD’ was the poorest in all anions and cations, except for Mg.

The genotype and/or environment have been cited to be the main determinants in mineral and
ash concentration of garlic bulbs [3,23,24]. Apart from the genotypic characteristics, the high incidence
of ash and minerals in ‘Peschici’ in comparison with all the other landraces could also be explained as
an effect associated with a higher DM concentration, due to the specific pedo-climatic conditions of
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this site such as the sandy soils with a limited use of irrigation, and the dry climate (a coastal area
characterized by low rainfall and warmer temperatures) (Table 1).

The amount of ash concentration in our landraces (2.0 g 100 g−1 fresh weight—fw, on average) was
slightly higher than the values reported in Greek garlic landraces [24] and slightly lower than in Indian
garlic bulbs [26]. The K levels in our landraces (562 mg 100 g−1 fw, on average) can be considered in line
with those reported in official food composition databases, such as that of the European Food Safety
Authority (EFSA) (579 mg 100 g−1 fw) and of the Italian National Centre of Agriculture (INRAN-CREA)
(600 mg 100 g−1 fw), and higher than those reported by the United States Standard References (USDA)
(401 mg 100 g−1 fw). The levels of K in our landraces were similar to those found in Greek [24] and in
Sicilian (Italy) [23] landraces, while levels of Ca and Mg were significantly lower.

3.3. Starch and Simple Carbohydrates

The values of starch and simple carbohydrates are reported in Table 3.

Table 3. Concentration of starch, simple carbohydrates, and organic acids (g kg−1 dw) in bulbs of
garlic genotypes.

Genotype 1 Starch
Simple Carbohydrates Organic Acids

Total Glucose Sucrose Fructose Total Oxalic Citric Pyruvic Malic Ascorbic

‘CG’ 2.14 b3 6.22 a 0.18 a 5.59 b 0.45 a 32.4 ab3 2.94 bc 26.5 a 1.96 c 0.94 e <0.001 c
‘Cortigli’ 0.83 de 1.28 b 0.19 a 0.84 c 0.25 ab 19.6 d 4.00 b 9.52 c 3.10 c 2.91 de 0.02 ab
‘Peschici’ 1.30 cd 0.54 b 0.06 a 0.33 c 0.15 b 19.1 d 4.45 b 7.51 c 3.88 bc 3.26 cde 0.02 a

‘Monteleone’ 1.78 bc 0.57 b 0.07 a 0.29 c 0.21 ab 40.7 a 9.09 a 18.7 b 7.09 a 5.77 bc 0.03 a
‘Anzano’ 3.06 a 0.47 b 0.10 a 0.15 c 0.22 ab 17.8 d 4.25 b 6.60 c 3.19 c 3.72 cd 0.02 a
‘Panni’ 1.23 d 7.38 a 0.10 a 7.13 a 0.15 b 30.2 bc 3.32 bc 13.3 bc 6.38 ab 7.20 ab 0.01 bc

‘PanniD’ 0.46 e 0.50 b 0.07 a 0.37 c 0.06 b 22.5 cd 1.88 c 8.62 c 3.17 c 8.85 a 0.01 bc
Significance 2 *** *** ns *** ** *** *** *** *** *** ***

1 Refer to Table 1 for acronyms of garlic genotypes. 2 Significance—ns and **, *** not significant or significant at
p ≤ 0.01 and p ≤ 0.001, respectively. 3 Different letters within the column indicate significant differences at p = 0.05.

Genotypes differed distinctively in the amount of total carbohydrates and individual soluble
sugars, except for glucose (0.11 g kg−1 dw, on average). ‘Panni’, as well as the CG, showed the highest
level of total simple carbohydrates, mainly due to the contribution of sucrose. The CG had the highest
value of fructose, followed by ‘Monteleone’ and ‘Anzano’. Since extensive studies on several vegetables
have correlated total simple sugars with perceived sweetness [27], among the examined landraces
‘Panni’ had the highest sweet flavour perception.

On average, the total carbohydrate content in our landraces (1.79 g kg−1 dw) was lower than that
of the CG (Table 2). Total sugars, sucrose, glucose, and fructose in our landraces were lower than those
reported in other landraces from North-Central Italy [21] and Greece [24] and in several genotypes
grown in Spain [25]. The value of total sugars in our landraces was also lower than that reported in the
INRAN-CREA (8.4 g 100 g−1 fw) or the USDA (1.0 g 100 g−1 fw) databases.

On average, among the studied landraces, the greatest fraction of simple carbohydrates was
represented by sucrose (85%), followed by fructose (10%) and glucose (5%) (Table 2). Sucrose is reported
as the main carbohydrate in genotypes collected from various Italian regions [22,28], Spain [25] and
Greece [24]. In rare cases, fructose [25] or glucose [29] has been reported as the main sugar in garlic.

Concerning the starch concentration (Table 2), ‘Anzano’, followed by CG, was the richest and
‘PanniD’ the poorest. On average, the starch content in our landraces (1.44 g kg−1 dw; 0.054 g 100 g−1 fw)
was lower than that of the CG and other genotypes [26,29]. Although starch is generally the most
widespread carbohydrate reserve in the plant kingdom, in the examined landraces starch was detected
in very low concentrations. Similarly, in other Italian local landraces, only traces of starch have been
identified (<0.06 g 100 g−1 fw), while fructans have been detected in a larger proportion [10]. Thus, it is
possible to suppose that the storage function in the Allium spp. bulb tissue could be attributed mainly
to fructans.
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3.4. Organic Acids

The organic acid concentrations of the studied garlic genotypes are presented in Table 3.
‘Monteleone’ along with the CG showed the highest total organic acid concentrations. In the former,
a high content of citric, oxalic, and pyruvic acids was detected, while the CG distinctively showed the
highest amount of citric acid and the lowest amount of malic and ascorbic acids. ‘Cortigli’, ‘Peschici’,
‘Anzano’, and ‘PanniD’ had the lowest total concentrations of organic acids, and ‘Panni’ had the lowest
values of all the individual organic acids, except for malate.

On average, the total organic acid contents in our landraces (25.0 g kg−1 dw; 1.0 g 100 g−1 fw)
were lower than that in the CG (Table 2), and in other genotypes such as those from Greece [24]
(2.79 g 100 g−1 fw) and from Latvia (3.87 g 100 g−1 dw) [30].

In the examined landraces, the organic acid profile was represented by 43% citric, 21% malic,
18% oxalic, and 18% pyruvic acid (Table 2). The organic acid composition of our landraces varied
greatly compared with other literature data. A wider composition of organic acids was found in garlic
samples from Latvia by Priecina and Karklina [30] and in Italian garlic varieties by Ritota et al. [28],
additionally reporting the presence of fumaric, formic, succinic, quinic, salicylic, and tartaric acids,
probably due to a different assay implemented.

In the collected landraces, and particularly in ‘Monteleone’, ‘Peschici’, and ‘Anzano’, ascorbic
acid (the main biologically active form of vitamin C) was distinctively higher than in the CG
(Table 2). However, the averaged values were lower than those reported for some Italian varieties
by Fratianni et al. [6] and those reported in the INRAN-CREA (5 mg 100 g−1 fw) and in the USDA
(31.2 mg 100 g−1 fw) food composition databases.

3.5. Volatile Compounds

The volatile compound concentration in the studied garlic genotypes is reported in Table 4.
The precursors of the volatile organic S-compounds in garlic are γ-glutamyl cysteine and cysteine

sulfoxides, including deoxyallin and mainly alliin (S-allyl-cysteine-S-oxide) [4], an odourless derivative
of cysteine. This latter is enzymatically hydrolyzed (allinase or alliin lyase, E.C.4.4.1.4) into a mixture
of both volatile and non-volatile S-containing compounds, after the breakage of the tissue caused by
cutting, mastication, and cooking [31]. The volatile S-containing compounds include thiosulphinates,
which are very unstable and are transformed into compounds belonging to Sulphides-di-allyl-sulphide
(DAS), di-allyl-disulphide (DADS), di-allyl-trisulphide (DATS) or into compounds belonging to
‘Vinyldithiins’ (cyclic sulfur-containing compounds) or into others [31]. All of them are responsible for
the typical flavour of garlic and the protective effects against cardiovascular diseases [1,2,32].

In the current study, the main fraction of volatile substances was the S-compounds (94% for
landraces; 79% for the CG), with the non-sulphur compounds (including aldehydes, and ‘others’)
representing only a minor fraction (6% for landraces; 21% for the CG). Among the examined genotypes,
a total of 28 compounds were identified in the volatile fraction, 16 of them were S-compounds, while the
other compounds were hydrocarbons, alcohols, and ethers (Figure S2).

The total volatile concentration in CG bulbs was distinctively higher than those of
landraces (15.0 vs. 2.2 mg kg−1 dw, on average), mainly due to the amount of S-compounds
(37.8 vs. 2.1 mg kg−1 dw, on average). Among the non-sulphur volatile compounds, a lower
concentration of total aldehydes (0.04 mg kg−1 dw, on average) and ‘other’ compounds
(0.10 mg kg−1 dw, on average) was found in the examined landraces. In particular, the landraces
were completely devoid of two out of four of the determined aldehydes—‘2-butenal-2-methyl’ and
‘4-heptenal’.

Di-methyl-sulphide, trans-propenyl-methyl-di-sulphide, mercaptoacetic acid, 3-vinyl-4H-1,
2-dithiin, and Allicin (S-oxo-di-allyl-di-sulphide) (among the S-compounds), and 4-heptenal-enantic
aldehyde (among aldehydes), were detected in very low amounts (<0.01 unit).

Except for the 1-propanethiol S-compound, the genotype distinctively affected the concentration
and the profile of volatile compounds.
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Table 4. Profile of volatile compounds (mg kg−1 dw) in bulbs of garlic genotypes.

RT 1 Volatile Compounds MW 2 m/z ions
Genotype 3

Signifi-
cance 4CG Cortigli Peschici Monteleone Anzano Panni PanniD

total 14.98 a5 1.72 b 3.35 b 1.50 b 2.11 b 1.81 b 2.69 b ***
S-compounds 11.77 a 1.64 b 3.12 b 1.43 b 2.00 b 1.70 b 2.48 b ***

1.43 di-methyl-sulphide 6 62 62,47,35 0.044 a 0.001 b 0.000 b 0.001 b 0.002 b 0.000 b 0.000 b *
1.71 1-propanethiol 76 76,47,43 0.149 a 0.030 a 0.030 a 0.016 a 0.034 a 0.037 a 0.045 a ns
2.03 propylene-sulphide 74 41,74,46 0.219 a 0.006 b 0.006 b 0.007 b 0.015 b 0.009 b 0.022 b ***
3.57 di-allyl-sulphide (DAS) 6 114 45,41,73,39 0.316 a 0.009 b 0.023 b 0.014 b 0.010 b 0.012 b 0.021 b ***
4.86 methyl-2-propenyl-disulphide 120 120,41,45 0.906 a 0.017 b 0.068 b 0.016 b 0.039 b 0.008 b 0.007 b ***
4.91 trans-propenyl-methyl-disulphide 120 73,120,45 0.038 a 0.001 b 0.009 ab 0.001 b 0.006 b 0.001 b 0.005 b *
5.89 di-methyl-trisulphide 126 126,45,79 0.187 a 0.001 b 0.021 b 0.001 b 0.005 b 0.000 b 0.000 b ***
6.69 mercaptoacetic acid 92 47,45,92 0.000 d 0.002 abc 0.001 abcd 0.001b cd 0.000 cd 0.003 a 0.003 ab *
6.86 di-allyl-disulphide (DADS) 6 146 41,81,39 0.929 a 0.304 c 0.478 b 0.335 c 0.369 bc 0.281 c 0.402 bc ***
7.93 methyl-allyl-trisulphide 152 87,73,45 0.522a 0.054 cd 0.306 b 0.039 d 0.142 c 0.017 d 0.013 d ***
9.27 3-vinyl-1,2-dithiin 144 45,144,97 2.203 a 0.255 b 0.424 b 0.201 b 0.303 b 0.286 b 0.439 b *
9.49 2-vinyl-1,3-dithiane 146 74,72,45 0.222 a 0.024 b 0.037 b 0.020 b 0.051 b 0.021 b 0.046 b ***
9.73 di-allyl-trisulphide (DATS) 6 178 73,41,113 1.219 a 0.521 c 1.138 ab 0.461 c 0.528 c 0.575 bc 0.771 abc *
10.20 3-vinyl-1,2-dithiacyclohex-5-ene 144 72,71,144 4.766 a 0.389 b 0.555 b 0.305 b 0.457 b 0.435 b 0.682 b ***
10.52 3-vinyl-4H-1,2-dithiin 144 72,71,144 0.000 d 0.008 bc 0.002 cd 0.004 bcd 0.021 a 0.010 b 0.017 a ***

10.56
Allicin

(S-oxo-di-allyl-disulphide)
162 41,45,72 0.049 a 0.011 b 0.022 b 0.007 b 0.019 b 0.009 b 0.009 b ***

Non-sulphur compounds 3.22 a 0.09 b 0.24 b 0.07 b 0.10 b 0.10 b 0.31 b ***
Aldehydes 1.01 a 0.01 b 0.11 b 0.00 b 0.01 b 0.02 b 0.08 b ***

2.71 2-butenal (crotonaldehyde) 6 70 41,39,70 0.564 a 0.009 b 0.107 b 0.000 b 0.013 b 0.017 b 0.072 b ***

3.05
2-butenal-2-methyl

(2-methyl-2-pentenoic aldehyde)
84 55,84,29,27 0.248 a 0.000 b 0.000 b 0.000 b 0.000 b 0.000 b 0.000 b **

3.79 4-heptenal (enantic aldehyde) 112 68,67,55 0.062 a 0.000 b 0.000 b 0.000 b 0.000 b 0.000 b 0.000b ***
5.93 nonanal (pelargonaldehyde) 6 142 57,98,43,56 0.185 a 0.000 b 0.002 b 0.001 b 0.001 b 0.001 b 0.004 b ***

Others 2.20 a 0.08 b 0.13 b 0.07 b 0.09 b 0.08 b 0.14 b ***
1.28 Cyclopropane 42 42,41,39,27 0.482 a 0.023 b 0.034 b 0.019 b 0.033 b 0.024 b 0.037 b ***
1.38 heptane (di-propyl-methane) 100 43,41,29,57 0.220 a 0.000 b 0.000 b 0.000 b 0.000 b 0.000 b 0.000 b ***
3.20 2-propen-1-ol (allyl-alcohol) 58 57,29,31 0.438 a 0.021 b 0.037 b 0.019 b 0.029 b 0.023 b 0.032 b ***
5.11 Pentadecane 212 57,43,71 0.124 a 0.002 b 0.001 b 0.004 b 0.001 b 0.005 b 0.004 b *
5.33 di-iso-deciyl-ether 298 43,57,41 0.230 a 0.003 b 0.008 b 0.003 b 0.002 b 0.003 b 0.009 b ***
6.07 tetradecane 198 57,43,71 0.083 a 0.003 b 0.015 b 0.002 b 0.000 b 0.002 b 0.010 b **
6.29 benzene,m-ditert-butyl 190 175,57,41 0.077 a 0.004 b 0.008 b 0.003 b 0.000 b 0.004 b 0.011 b **
7.33 1,4-dihydro-2,3-benzoxathin-3-oxide 168 104,103,105 0.551 a 0.020 b 0.025 b 0.015 b 0.026 b 0.022 b 0.033 b ***

1 Retention time (min). 2 Molecular weight. 3 Refer to Table 1 for acronyms of garlic genotypes. 4 Significance—ns and *, **, *** not significant or significant at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001,
respectively. 5 Different letters within the row indicate significant differences at p = 0.05. 6 Comparison with standards.
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A large variation in the amount of (S)-volatile compounds was observed between the GC
and the collected landraces (15.0 vs. 2.2 mg kg−1 dw—total volatile compounds; 12.0 vs.
2.0 mg kg−1 dw—S-compounds). Apart from the genotype, other factors such as ‘environment’
may affect volatile compound concentrations, as widely proved in the specific literature on garlic [1,33].
The large difference in concentration of (S)-volatile compounds between the CG and landraces
could be imputable to different pre- and/or post-harvest management. It is well known that (S)
fertilization is strictly correlated to the accumulation of garlic volatile S-compounds [34] and of
organo-sulfur-compounds [35], precursors of volatile S-compounds [36]. The collected landraces might
have accumulated lower (S) volatile compounds, probably due to the poor S availability in the marginal
soils where these plants are collected, also characterized by a low organic matter content and no
fertilizer application (in normal growing conditions various fertilizers are used containing significant
amounts of sulfur, thus improving S availability). The different post-harvest storage time between
the CG and landraces could have also affected their volatile (S)-compound contents. Several studies
report that the concentrations of volatile [37] and non-volatile [38] S-compounds are higher in stored
than in fresh material. The total amount of volatile (S)-compounds was lower than that found in other
studies [4,39]. The allicin in our landraces, representing less than 1% of the total volatile compounds
and of the S-compounds, was slightly lower than that found in five endemic Italian varieties [6] and
much lower than that found in red garlic from Argentinian germplasm [40] and in Croatian garlic [8].

The qualitative profile of the volatile component in the current study was instead in line with
that found in numerous studies reported in the garlic literature [4,32,37,39,41,42]. Genotype and/or
‘environment’ are also the main determinants of the composition of volatile compounds [1,33].

In the current study, in the examined landraces the five most abundant S-compounds
(representing 93% of the S-compounds) were ‘di-allyl-trisulphide’ (DATS) (0.67 mg kg−1 dw; 32% of
S-compounds), followed by 3-vinyl-1,2-dithyocyclohex-5-en’ (0.47 mg kg−1 dw; 23% of S-compounds),
di-allyl-disulphide (DADS) (0.36 mg kg−1 dw; 18%), 3-vinyl-1,2-dithiin (0.32 mg kg−1 dw; 15%),
and methyl-allyl-tri-sulphide (0.10 mg kg−1 dw; 5%). The quantitative analysis in the CG showed that
five compounds represented 85% of the total S-compounds: 3-vinyl-1,2-dithyocyclohex-5-ene (40% of
the total), 3-vinyl-1,2-dithiin (18%), DATS (10%), and DADS (8%) and methyl-2-propenyl-di-sulphide
(8%).

The sulphide S-compounds were prevalent in the collected landraces, while the S-compounds
belonging to the ‘Vinyldithiins’ family were prevalent in the CG. Although initially controversial,
the S-compounds belonging to the ‘Vinyldithiin’ family are now considered the major components of
fresh garlic and some of them have been found to have a very high flavour dilution factor (FD ≥ 1)
indicating an intense pungent odour [32,43]. Accordingly, the CG should have a more pungent aroma
than the collected landraces. It can be not excluded that the examined landraces were selected over the
time as a conscious and intentional aim by growers to reduce the volatile (S)-compounds, responsible
for breath and sweat smelling of garlic, which can last for days. Thus, landraces showed this drawback
to a more limited extent.

3.6. Phenolic Compounds

Phenolic compounds are reported in Table 5. In the examined genotypes, the phenolic acids
(six compounds) represented most of the total phenols (83% on average), and among them, ferulic acid
(524 mg kg−1 dw, on average) was the most abundant, followed by the caffeic acid derivates—caffeic
acid-O-hexoside-1 (211 mg kg−1 dw, on average) and caffeic acid-O-hexoside-2 (203 mg kg−1 dw, on
average). The flavonoid component (six compounds), represented 16% of the total phenols, and among
them, iso-rhamnetin (120 mg kg−1 dw, on average) and rutoside-1 (60 mg kg−1 dw, on average) were
the most abundant. Less than 0.3% of total phenols were unknown compounds. A 3-hydroxy-methyl
phenol was found only in the CG. Among the flavonoids, quercetol (quercetin), patuletin, hyperoside
(hyperin), iso-quercitrin (quercetin 3-β-D-glucoside), and coumaroyl-quinic acid among the phenolic
acids were detected at a very low rate (<0.5 unit).
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Table 5. Phenolic compounds (mg kg−1 dw) in the bulb of garlic genotypes.

Phenols
RT

(min)
UV Max

(nm)
[M-H]− m/z ions

Genotype 1
Signifi-
cance 2CG Cortigli Peschici MonteleoneAnzano Panni PanniD

Caffeic acid-O-hexoside-1 5 1.58 379 341 179, 135 404.1 a3 186.9 a 181.5 a 141.8 a 169.7 a 192.8 a 205.3 a ns
Caffeic acid-O-hexoside-2 5 1.90 379 341 179, 135 119.6 b 220.0 a 231.8 a 187.8 a 196.0 a 230.3 a 235.2 a *

Caffeic acid 4 2.18 323 179 135, 107 6.81 d 10.8 c 5.61 d 14.3 b 14.4 b 10.7 c 17.8 a ***
Ferulic acid 5 2.74 320 195 177, 89 87.6 d 518.6 bc 851.4 a 790.9 ab 611.6 abc 405.6 c 404.8 c **
Caftaric acid 4 3.49 308 311 179 1.87 a 14.7 a 12.2 a 30.2 a 29.0 a 30.5 a 0.00 a ns

Coumaroylquinic acid 5 11.33 306 337 191, 163 0.00 b 0.17 b 0.73 b 0.00 b 0.68 a 0.00 b 0.00 b ***
Rutoside-1 (Rutin) 4 9.21 354 609 609, 300 0.00 b 68.3 ab 91.2 a 102.1 a 68.1 ab 38.3 ab 50.3 ab *

Iso-rhamnetin 6 10.05 374 315 165 0.00 b 137.8 a 157.9 a 142.3 a 139.7 a 126.7 a 132.3 a ***
Hyperoside (Hyperin) 4 10.20 355 463 463, 300 0.00 b 0.00 b 0.20 b 0.00 b 0.00 b 0.22 b 1.09 a **

Iso-quercitrin
(Quercetin 3-ß-d-glucoside) 4 10.77 355 463 463, 300 0.00 b 0.17 b 0.92 ab 1.39 a 0.00 b 0.00 b 0.00 b *

Patuletin 6 12.97 374 331 151 0.00 b 0.00 b 0.00 b 0.20 ab 0.43 a 0.00 b 0.00 b *
Quercetol (Quercetin) 4 14.22 374 301 151, 301 0.49 a 0.00 c 0.00 0.00 c 0.00 c 0.00 c 0.22 b ***

3-Hydroxy-methyl phenol 5 20.03 280 123 123 1.94 a 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b ***
Sum of un-identified phenols 4.2 c 4.4 c 3.0 cd 1.0 e 6.7 b 2.0 de 8.8 a ***

Phenolic acids 526.5 c 954.3 ab 1193 a 1128 ab 1030.3 ab 881.2 b 888.8 b **
Flavonoids 0.49 d 203.8 bc 248.0 ab 271.1 a 207.5 abc 155.7 c 189.7 bc ***

Total phenols 532.8 c 1162 ab 1444 a 1400 a 1,245 ab 1039 b 1087 b ***
1 Refer to Table 1 for acronyms of garlic genotypes. 2 Significance—ns, *, **, and *** not significant or significant at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively. 3 Different letters within the
row of samples indicate significant differences at p = 0.05. 4 Comparison with standards. 5 Comparison with the caffeic acid standard. 6 Comparison with the quercetol standard.

71



Foods 2020, 9, 850

Except for caftaric and caffeic acid-O-hexoside-1 acids, the genotype distinctively affected the
concentrations and the profile of phenols.

On average, the phenolic concentration in our landraces was much higher than in the CG (1230
vs. 533 mg kg−1 dw), due to the high contribution of both components. The CG showed a very small
amount of flavonoids (only quercetol).

The high level of phenols in all landraces in comparison with the CG, could be explained as an
effect associated with the genotype, but also with the environment [1], the pedo-climatic conditions of
the growing site and the technical practices adopted by growers. It is well known that the biosynthesis
of phenols/flavonoids is upregulated in response to a wide range of abiotic stresses/factors, ranging from
nutrient depletion to cold and drought stress [44,45], aiming to effectively counter the stress-induced
oxidative damage. Thus, apart from the genotypic characteristics, the incidence of phenols in the
landraces could be related to harsh growing conditions in terms of climate and/or to the scarce
availability of nutrients/water, since no or low inputs (water, nutrients, chemicals) were provided by
the landrace growers.

The levels of phenolic compounds in our landraces were also substantially greater than
that reported for Polish garlic (11.5 mg kg−1 dw) [7] and particularly in phenolic acids
(0.1–252.1 mg kg−1 dw) [46], as well as for the local garlic from Namhae-gun (Korea) both in total
phenolic acids (17.9 mg kg−1 dw) and in flavonoids (29.9 mg kg−1 dw) [47].

The antioxidant, antibacterial, anti-inflammatory, anti-proliferative, and chemopreventive
properties of phenolics and flavonoids in vegetables and Allium spp. [2,48] are well known, thus the
contribution of the observed landraces to the protection and preservation of human health should be
emphasized due to their being very rich in these compounds.

Among the examined landraces, ‘Peschici’ and ‘Monteleone’, followed by ‘Cortigli’ and ‘Anzano’
showed the highest total phenol concentrations. The most abundant compounds were ferulic acid
along with caffeic acid-O-hexoside-2 (phenolic acids) and iso-rhamnetin and rutinoside-1 (flavonoid
compounds). In this study, we found significantly higher amounts of ferulic acid both in comparison
with the tested GC and also compared with those found in several genotypes in Spain −3.5 mg
kg−1 dw in Almeria [49]; 0.9–7.3 mg kg−1 dw in Andalusia [50]; and in Poland −0.3 mg kg−1 dw [7].
Ferulic acid, conferring rigidity to cell walls [51], has been identified as being involved in resistance
against thrips [52], stem borers in maize and cotton, and cereal aphids and midges, and in defence
against different fungi [53]. Therefore, the higher presence of this compound might be linked to a
defence mechanism of landraces to biotic factors.

Hydroxycinnamic acids as well as ferulic and caffeic acids have been reported, similar to many
phenols, as antioxidants since they are reactive toward free radicals as a reactive oxygen species [54].
Caffeic acids, found in coffee, fruit, and vegetables such as garlic, are a well-known pharmacological
antioxidant with anti-mutagenic activities and anti-inflammatory and immune-modulatory effects.
They are also an anti-wrinkle agent and inhibitor of carcinogenesis, as reported by Kim et al. [47].
Moreover, according to the findings of Kallel et al. [55], ferulic and caffeic acids may be the main
compounds responsible for the antimicrobial effect of the crude garlic extract.

Concerning iso-rhamnetin, it was identified as a new flavonoid glycoside in Allium neapolitanum

and evaluated for its anti-aggregation human platelet activity by Carotenuto et al. [56]. Recently,
pre-treatment with iso-rhamnetin, extracted from sea buckthorn (Hippophae rhamnoides L.), has been
shown to play a protective role against acute fulminant hepatitis in mice [57].

‘Peschici’ and ‘Monteleone’ appreciably highlighted a high amount of rutoside-1, known as rutin
(a flavonol glycoside between quercetin and disaccharide rutinose), which has been found to have
important pharmacological effects, such as in the prevention of ulcerative colitis [58]. Both ‘Peschici’ and
‘Monteleone’ also showed the highest amounts of iso-quercitrin (also named quercetin 3-β-D-glucoside),
even if identified at low concentrations, this quercetin glucoside, which can be isolated from several
Allium spp. (Chinese onion, garlic, onion, and Welsh onion), has been shown to have anti-proliferative
potential in various cancer cell lines [48].
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‘Anzano’ along with ‘Monteleone’ were the only two genotypes containing patuletin, a compound
also detected on Allium spp. from Romania (A. obliquum L.; A. senescens L. subsp. montanum (Fries)
Holub; A. schoenoprasum L. subsp. Schoenoprasum) [59]. Isolated in Urtica urens L., patuletin has
been shown to possess an antioxidant activity and free radical scavenging effects in rats treated with
aflatoxin B1, a risk factor for hepatocellular carcinoma [60]. Furthermore, its anti-proliferative, necrotic,
and apoptotic activity in tumour cell lines has been claimed recently by Alvarado-Sansininea et al. [61].

Among the examined landraces, those from Panni Municipality were the poorest in total
phenolic compounds but contained a good level of caffeic acid-O-hexoside-1 acid (phenolic acid) and
iso-rhamnetin and rutoside-1 (flavonoids). Among the investigated genotypes, ‘PanniD’ showed the
highest value of hyperoside (hyperin) and it was the only landrace which accumulated a considerable
amount of quercetol (quercetin). Quercetol (quercetin) has important functional benefits, including
an anti-inflammatory activity, an anti-histamine effect, allergy medication, as well as anticancer and
antivirus activities. It has also been claimed to regulate blood pressure in hypertensive subjects [62].
The hyperoside (hyperin) flavonoid has also been detected in other common Italian varieties of
garlic [6]. Its ROS scavenging activity is well known and are the protective effects for PC12 cells against
induced-cytotoxicity [63]. This flavonoid is also a candidate as a therapeutic agent for the treatment of
vascular inflammatory diseases in humans and in mice endothelial cells [64].

3.7. Principal Component Analysis (PCA)

The results of the PCA using the chemical parameters showed that the first two PCs explained
approximately 70% of the total variability, attributing 42% to PC1 and 26% to PC2 (Figure 2).

 

Figure 2. Principal component analysis bi-plot (PC1 vs. PC2) showing the spatial distribution
of the main chemical traits as affected by genotypes. Refer to Table 1 for the acronyms of garlic
genotypes. Following a previous analysis of correlation, 3-vinyl-1.2-dithiocyclohex-5-ene is
representative of a group of seven volatile S-compounds (di-methyl-sulphide, propylene-sulphide,
methyl-2-propenyl-disulphide, trans-propenyl-methyl-disulphide, di-methyl-trisulphide,
methyl-allyl-trisulphide, and Allicin-S-oxo-di-allyl-di-sulphide); di-allyl-disulphide (DADS) is
representative of a group of two volatile S-compounds (di-allyl-sulphide-DAS and 2-vinyl-1.3-dithiane);
Isorhamnetin is representative of 3-hydroxy-methyl-phenol.
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The group of ‘Anzano’, ‘Monteleone’, ‘Cortigli’, and ‘Peschici’ landraces separated from the
‘PanniD’, ‘Panni’ landraces (low side of PC2) and also from the CG (left side of PC1).

The former group clustered for the concentration of phenolic compounds (Isorhamnetin, Ferulic
acid Caffeic-acid-O-hexoside-2, and Rutoside1) (highly and positively correlated to PC1) and for
the high concentration of anions and cations (highly and positively correlated to PC2). ‘Peschici’
and ‘Monteleone’ set in an extreme position of this quadrant, mainly characterized by the highest
mineral (K) concentration and phenols, as also underlined by Anova (Tables 2 and 5). ‘Anzano’
and ‘Cortigli’ clustered quite in a cloud-graphical space, suggesting a substantial homogeneity in
chemical composition.

Conversely, the CG tended to cluster separately on the left side of PC1 for the general negative
correlation with phenolic compounds and for the positive correlation with the volatile S-compounds
(di-allyl-disulphide-DADS and 3-vinyl-1,2-dithiocyclohex-5-ene), with a phenolic compound as
Quercetol (Quertecin) (exclusively present in GC, Table 5), citric acid and sucrose.

The PC2 axis separated the two Panni Municipality landraces from all the other landraces mainly
for the general negative correlation with all the minerals and phenols, except for Hyperoside (Hyperin),
exclusively present in ‘PanniD’ (Table 5).

4. Conclusions

The observed diversity in the morpho-biometrical and chemical traits among the examined
landraces can be explained by considering the long process of adaptation to the specific ‘environment’
(pedo-climatic properties and less intensive agronomic practices), along with the constant selection
pressure performed by farmers over a long period. These factors ensured a ‘non-homologation’ of
the final product and specificity of the morpho-biometrical and chemical characteristics of a single
genotype. Findings highlighted that the landraces collected from the province of Foggia maintain high
biometrical (productive) standard features for the market, in line with those of the examined commercial
genotype used as a reference standard.

The examined landraces were able to accumulate nutrients and phytochemicals, thus showing
interesting features for the human diet. They exhibited high total cations (mainly K+) and phenols
(ferulic acid and derivates of caffeic, among phenolic acids, iso-rhamnetin and rutinoside-1, among
flavonoids).

By increasing the knowledge of the properties of these local garlic landraces, this work could
represent a key tool for the promotion of their consumption. At the same time, the consumption could
encourage their cultivation, thus contributing to the protection of this agro-biodiversity at a high risk
of genetic erosion by promoting their in situ/on-farm conservation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/7/850/s1.
Figure S1: Photos of the bulbs of the studied garlic genotypes. Figure S2: Examples of HS-SPME chromatograms
of volatile compounds. Table S1: Morphological traits of bulbs and cloves of garlic genotypes. Table S2: Biometric
traits of bulbs and cloves of garlic genotypes.
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Abstract: A large species diversity characterises the wide distribution of chestnuts in Asia, North
America, and Europe, hence reflecting not only the adaptation of the genus Castanea to diverse
environmental conditions, but also to different management strategies encompassing orchards.
The characterisation and description of chestnut populations and cultivars are crucial to develop
effective conservation strategies of one of the most important Italian and European fruit and wood
species. Chestnut cultivars grown in the same pedoclimatic conditions and on the same clonal
rootstock were characterised with sensory, spectrophotometric, and chromatographic analysis to
determine the phytochemical composition and nutraceutical properties. A multivariate approach,
including principal component analysis and conditional inference tree models, was also performed.
The ease of peeling, seed colour, and intensity of sweetness were the sensory descriptors that allowed
us to differentiate C. sativa cultivars. Antioxidant capacity ranged from 9.30 ± 0.39 mmol Fe+2 kg−1

DW (‘Bouche de Bètizac’) to 19.96 ± 1.89 mmol Fe+2 kg−1 DW (‘Garrone Rosso’). Monoterpenes
represented the main component, reaching 88% for hybrids, followed by polyphenols (10–25% for
hybrids and chestnuts, respectively). A multivariate approach showed that phenolic acids and
tannins were the bioactive classes with the highest discriminating power among different genotypes,
and that genotype is a significant variable (p < 0.05). In addition, most of the analysed chestnut
cultivars showed a content of bioactive compounds similar to or higher than the main hazelnut,
walnut, and almond varieties. Chestnut agrobiodiversity could be intended as strictly associated
to the genotype effect and underlines the large variability within the genus Castanea, and therefore,
the importance of in farm and ex situ conservation of local germplasm is part of a global strategy
aimed at increasing the levels of agrobiodiversity.

Keywords: chestnut; characterisation tool; bioactive compounds; sensory analysis; multivariate approach

1. Introduction

Landscape modification, habitat loss, and fragmentation stand among the main agrobiodiversity
conservation issues that affect the ecosystem structure and functioning with negative effects on plants
populations and communities [1]. The consequences of these pressures is particularly true for species
with a relevant environmental and historical economic role in agroforestry systems, such as chestnut
(Castanea spp.) [2].
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A large species diversity characterises the wide distribution of chestnut in Asia, North America,
and Europe, hence reflecting not only the adaptation of the genus Castanea to diverse environmental
conditions, but also to different management strategies encompassing orchards for fruit production,
coppices for timber production, and naturalised populations providing several ecosystem services [3].
Indeed, the high levels of chestnut diversity are largely acknowledged as the result of the co-existence
between Castanea spp. and human populations [4].

Natural and planted forests of sweet chestnut cover the species’ ecological limits [5], spreading
from the Caucasus to Portugal, reaching the southern United Kingdom, Canary Islands, and the
Azores archipelago. It is also locally present in Lebanon and Syria [6]. Sweet chestnut is one of the
oldest domesticated species, widespread throughout the Roman Empire and commonly cultivated
during the Medieval period, becoming so indispensable for the survival of mountain populations that
these cultures were identified as “chestnut civilizations” [7]. Therefore, sweet chestnut represents
an important resource in Europe for its great ecological (large ecosystem biodiversity and landscape
value), economic (fruit, wood, honey, and tannin production), and cultural relevance. Noteworthily,
sweet chestnut is considered one of the most important trees in Italy [8], underlined by the presence of
ancient forests and orchards with monumental trees [2,9].

However, since the beginning of the 20th century, the growing areas of sweet chestnut have
dramatically decreased because of several social, cultural, and environmental changes. Such challenges
include the progressive depopulation of mountain areas, diet changes [10,11], climate change [12],
and the establishment and spread of diseases and pests. The latter encompass ink disease caused
by the oomycetes Phytophthora cambivora (Petri) Buisman and P. cinnamomi Rands, chestnut blight
associated with the ascomycete Cryphonectria parasitica (Murrill) M.E. Barr, the emerging nut rot
due to Gnomoniopsis castaneae G. Tamietti, and the infestation and control of the Asian gall wasp
Dryocosmus kuriphilus Yasumatsu [13–16]. The preservation of chestnut intra- and interspecific diversity
together with a management hinging on regular agronomic treatments seems to be the key factors
for a correct management of the plantations [17]. The above diversity can also contribute to the
selection of varieties more tolerant or resistant to diseases and pests, and not surprisingly, breeding
programs and preservation strategies for the existing varieties are sought, implemented, and supported
worldwide [18]. Moreover, genetic and ecophysiological investigations on C. sativa showed the wide
plasticity of the species to cope with different environments (water and nutrient uptake efficiency) [19].

For these reasons, the characterisation and description of chestnut populations and cultivars [20]
are crucial to develop effective conservation strategies of one of the most important Italian and European
fruit and wood species [2,17]. A genetic landscape study on the European sweet chestnut was recently
performed to evaluate the geographical patterns of its diversity and to identify high-priority areas
characterised by high allelic richness [20]. The results showed that the most interesting areas in terms
of conservation priority are located in Italy, Georgia, and eastern Turkey, thus pointing out the crucial
role played by the Italian peninsula in global biodiversity conservation strategies. Different approaches
are under development for the conservation of Castanea spp., and on farm and ex situ conservation
combined with other initiatives represent the first step to prevent the loss of biodiversity [3,4].

Moreover, an increased economic interest for sweet chestnut in the food industry increased
the demand for selected varieties, which is also driven by several research studies on the potential
positive health benefits that can be derived from the consumption of fresh and processed chestnut
products [21,22]. In addition, the recognition of quality certification, such as EU Protected Designation
of Origin (PDO) and Protected Geographical Indication (PGI), represent strategic marketing tools that
are widely applied in the Italian chestnut market, with particular reference to the “Marrone-type” (MT)
cultivars, which stand among the most appreciated varieties by the processing industry worldwide.
Consequently, the increased market demand and consumers awareness impose the development of
reliable methods for the description and identification of the cultivars [23], and for the characterisation
of the fruit traits for the selection of high-quality products (good sensorial and qualitative properties,
high bioactive compound content) [24]. For these reasons, several techniques are applied for the
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characterisation of chestnut cultivars, from the implementation of molecular typing such as SSR
markers [25], to morpho-biological, sensory, phenological and chemical analysis. Furthermore,
chemical and sensory analyses are on the rise because they allow us to define the most proper
technological uses for each cultivar by the study of the nut properties and merceological traits [26].
Moreover, characterisation and conservation of chestnut germplasm represent crucial aspects to ensure
adaptability and productivity of the crop, also in relation to the recent climate changes [27].

In this study, a combination of different approaches was applied to describe and characterise 18
chestnut cultivars in order to assess their diversity in bioactive compounds and sensory attributes. It is
worth noting that the attempt of silencing the exogenous sources of variability on the phenotypical
expression maximises the likelihood of detecting the genotype influence on chestnut chemical
and sensorial properties, hence providing an element of novelty and added value to the current
state-of-the-art method in the subject of chestnut cultivars characterisation. The diversity that was
detected in bioactive compound profiles and sensory traits among the chestnut cultivars is likely
related to the effect of the genotype. Thus, chemical and sensorial analyses such as the ones that were
applied in this study could be, in the future, an important mean of characterisation, while also allowing
the evaluation and the selection of new cultivars [26].

2. Materials and Methods

2.1. Plant Material and Sampling Site

Samples of Castanea spp. fruits were collected in October 2018 from 18 accessions grown in the
collection field (about 5 ha) of the Chestnut R&D Center—Piemonte in Chiusa Pesio, Cuneo Province
(North-Western Italy) (lat. 44◦18′27.5′′; long. 7◦40′57.3′′; elevation 575 m above sea level). These
cultivars were grown under the same pedoclimatic conditions, agronomic management practices and,
for the first time, on the same clonal rootstock. The origin and identification codes of the sampled
material are listed in Table 1.

The experimental design allowed the assessment of the genotype effect on the chestnut composition
while controlling for the potential confounding effect potentially exerted by the above environmental
and agronomic variables. This approach resulted in the implementation of an effective tool to
distinguish the different cultivars and, in particular, the “Marrone-type” (MT) cultivars from the
other categories as sweet chestnut (SC) and Euro-Japanese hybrids (EH). The germplasm repository
includes the main local and Italian chestnut cultivars, several European varieties, and accessions from
China, Japan, and USA [27]. The area is characterised by a temperate climate and is located in the
phytoclimatic transition zone between “cold Castanetum” and “hot Fagetum”, following Mayr-Pavari’s
classification [4]. The annual mean temperature and precipitations are 13.3 ◦C and 993 mm, respectively.
All climatic data were extracted from the meteorological station placed in the collection field. Figure 1
shows climate data from April to December, the period from vegetative awakening to winter dormancy.
Soils are composed of fluvial deposits, with a high concentration of sand, and the soil depth is limited
(between 30 and 60 cm) by the presence of coarse gravel [4].

Table 1. Origin and identification codes (number of the tree in the orchard) of the sampled raw material.

Category Species Cultivar Nut ID Country

Sweet chestnut (SC) C. sativa Canepina

—
′ ′′ ′ ′′

Nut 

78 Italy
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Table 1. Cont.

Category Species Cultivar Nut ID Country

C. sativa Brunette

—
′ ′′ ′ ′′

 

 

9 Italy

C. sativa Mansa

—
′ ′′ ′ ′′

t  

 
 

390 Spain

C. sativa Madonna

—
′ ′′ ′ ′′

 

 

1 Italy

C. sativa Gentile

 

186 Italy

C. sativa
Garrone

Rosso

 

 
 

39 Italy

C. sativa
Bouche
Rouge

 

 
 

286 France

C. sativa Marrubia

 

 
 

215 Italy

C. sativa Contessa

 

 
 

30 Italy

C. sativa Gabiana

 

 

45 Italy

C. sativa
Neirana della

Val di Susa

 

 

218 Italy
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Table 1. Cont.

Category Species Cultivar Nut ID Country

C. sativa Tarvisò

 

 
 

25 Italy

Marrone-type
chestnut (MT)

C. sativa
Marrone di

Castel del Rio

 

130 Italy

C. sativa
Marrone di

Marradi IGP

 

 
 

198 Italy

C. sativa
Marrone

della Val di
Susa

 

 
 

47 Italy

Euro-Japanese
hybrid (EH)

C. sativa x C.
crenata

Precoce
Migoule

 
 

“Marrone type” (MT) cultivars from 

located in the phytoclimatic transition zone between “cold ” and “hot ”, following 
Pavari’s classification

°

258 France

C. sativa x C.
crenata

Marsol

 

 
 

“Marrone type” (MT) cultivars from 

located in the phytoclimatic transition zone between “cold ” and “hot ”, following 
Pavari’s classification

°

5 France

C. sativa x C.
crenata

Bouche de
Bétizac

 

 

“Marrone type” (MT) cultivars from 

located in the phytoclimatic transition zone between “cold ” and “hot ”, following 
Pavari’s classification

°

159 France

“Marrone type” (MT) cultivars from 

located in the phytoclimatic transition zone between “cold ” and “hot ”, following 
Pavari’s classification
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Figure 1. Monthly (maximum, mean, and minimum) temperature and rainfall values available from
April to December 2018.
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2.2. Sample Preparation

Chestnut fruits (1 kg for each plant of each cultivar—three plants for each cultivar) from 18
accessions were randomly collected, hand selected to remove damaged fruits, and divided into two
lots for sensory and chemical analysis. The nuts for the sensory analysis were boiled (100 ◦C for 45 min)
and given to the trained panellists for the tasting sessions (see Sensory analysis section).

Raw nuts used for the chemical analysis were hand-pealed, fragmented in small pieces, dried
in an oven (WIPA, Stadtlohn, Germany) at 40 ◦C for 2 days, and then ground to a fine powder and
subdivided into small portions (500 g for each one) sealed in plastic bags.

2.3. Sensory Analysis

Sensory evaluation was used to identify and quantify the product organoleptic traits [28]. Currently,
the technique is widely applied to a large range of food [29], and it is very important for the selection
of cultivars to be used by agri-food industry.

Sensory analysis was performed in a specific sensory laboratory, by 12 selected panellists (gender
ratio: 50:50; age range: 20–50-year-old) from ONAFrut (National Organization of Fruit Tasters).
Three training sessions were carried out with 12 panellists to ensure a common lexicon of terms for
flavour and aroma. During the three training sessions, the panellists worked in a group, but they
individually evaluated the samples. After each panel training session, a discussion was held to decide
the appropriate set of descriptors to use [30]. Quantitative Descriptive Analysis (QDA) was carried out
as analytical-descriptive method [31]. Selected descriptors were: ease of peeling, seed colour, intensity
of flavour, intensity of sweetness, intensity of saltiness, intensity of bitterness, flouryness, and chestnut
aroma. Descriptive terms, definitions, and associated reference standards used in the sensory analysis
of chestnuts were reported in Supplementary Table S1. Each descriptor was evaluated on a continuous
scale partially structured into 10 segments as reported in literature [31–34]. Finally, the same scale
was used to evaluate the descriptor of personal judgement of each panellist, based on a subjective
approval rating.

2.4. Extraction Protocols

All the chemicals/reagents are reported in Supplementary Materials. Polyphenolic compounds
were extracted with a mixture of methanol: water: 37% HCl (95:4.5:0.5, v/v/v). Methanolic extracts
were filtered through a membrane microfilter (polytetrafluoroethylene membrane, PTFE; pore size
0.45 µm), and then were stored for a few days at normal atmosphere (NA), at 4 ◦C and 95% RH.

Monoterpenes, sugars, and organic acids were extracted with 95% ethanol solution. Samples were
then stored until analysis in NA, at 4 ◦C and 95% RH.

Ascorbic acid and dehydroascorbic acid were extracted by an extraction solution (0.1 mol·L−1

citric acid, 2 mmol·L−1 ethylenediaminetetraacetic acid (EDTA) disodium salt, and 4 mmol·L−1 sodium
fluoride in methanol-water, 5:95, v/v). o-Phenylenediamine (OPDA) solution (18.8 mmol·L−1) was
added to 750 µL of extracted samples for dehydroascorbic acid (DHAA) derivatisation to a fluorophore,
3-(1,2-dihydroxyethyl)furo(3,4-b) quinoxaline-1-one (DFQ).

2.5. Spectrophotometric Analysis

Antioxidant capacity in the chestnut fruits was assessed by a ferric reducing antioxidant power
(FRAP) assay [35], and results were expressed as millimoles of Fe2+ equivalents per kilogram (solid
food) of dried weight (DW).

The total polyphenol content (TPC) was evaluated following the Folin–Ciocalteu colourimetric
method [36], and the results were expressed as grams of gallic acid equivalents (GAE) per kilogram
of DW.

Absorbance at 595 nm (for antioxidant capacity) and 765 nm (for TPC) with a UV/Vis
spectrophotometer (1600-PC, VWR International) was recorded.
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2.6. Chromatographic Analysis

An Agilent 1200 High Performance Liquid Chromatograph, equipped with a G1311A quaternary
pump, a manual injection valve, and a 20 µL sample loop, coupled to an Agilent GI315D UV-Vis diode
array detector (Agilent Technologies, Santa Clara, CA, USA), was used for the analysis.

Six different chromatographic methods were used to analyse the samples. Chromatographic
separations were carried out on a Kinetex—C18 column (4.6 × 150 mm, 5 µm, Phenomenex, Torrance,
CA, USA), and a SphereClone—NH2 column (4.6 × 250 mm, 5 µm, Phenomenex, Torrance, CA, USA).
Different chromatographic conditions were used to analyse the samples according to the methods
described by other studies [37,38], with some modifications, and previously were validated for fresh and
dried fruits, herbal medicines, and other food products. Identification and detection were performed
with an UV—Vis Diode Array Detector by scanning from 190 to 600 nm. The chromatographic
conditions of each method are reported in Table 2. The external standard method was used for
quantitative determinations. All results were expressed as g·kg−1 of DW.

Table 2. Chromatographic conditions of the used methods.

Method
Compounds of

Interest
Stationary Phase Mobile Phase

Flow
(mL min−1)

Wavelength
(nm)

A
cinnamic acids,

flavonols
KINETEX—C18 column
(4.6 × 150 mm, 5 µm)

A: 10 mM
KH2PO4/H3PO4, pH = 2.8

1.5 330

B: CH3CN

B
benzoic acids,

catechins,

KINETEX—C18
column (4.6 × 150 mm,

5 µm)

A: H2O/CH3OH/HCOOH
(5:95:0.1 v/v/v), pH = 2.5

0.6 280

Tannins
B: CH3OH/HCOOH

(100:0.1 v/v)

C monoterpenes
KINETEX—C18

column (4.6 × 150 mm,
5 µm)

A: H2O 1.0 250

B: CH3CN

D organic acids
KINETEX—C18

column (4.6 × 150 mm,
5 µm)

A: 10 mM
KH2PO4/H3PO4, pH = 2.8

0.6 214

B: CH3CN

E vitamins
KINETEX—C18

column (4.6 × 150 mm,
5 µm)

A: 5 mM
C16H33N(CH3)3Br/50 mM

KH2PO4, pH = 2.5
0.9 261, 348

B: CH3OH

F sugars
SphereClone—NH2

column (4.6 × 250 mm,
5 µm)

A: H2O 0.5 286

B: CH3CN

Method A—gradient analysis: 5% B to 21% B in 17 min + 21% B in 3 min (2 min conditioning time). Method
B—gradient analysis: 3% B to 85% B in 22 min + 85% B in 1 min (2 min conditioning time). Method C—gradient
analysis: 30% B to 56% B in 15 min + 56% B in 2 min (3 min conditioning). Method D—gradient analysis: 5% B to
14% B in 10 min + 14% B in 3 min (2 min conditioning time). Method E—isocratic analysis: ratio of phase A and B:
95:5 in 10 min (5 min conditioning time). Method F—isocratic analysis: ratio of phase A and B: 5:85 in 12 min (3 min
conditioning time).

2.7. Data Analysis

Sensory and nutraceutical data of 18 chestnut cultivars were subjected to one-way analysis of
variance (ANOVA), and the averages were compared with the Tukey’s HSD post-hoc comparison
test (n = 3) [39]. Correlation between sensory and phytochemical data was evaluated with Pearson’s
coefficient (r) [39]. A principal component analysis (PCA) [39,40] was carried out on the data matrix
including 54 rows (3 repetitions for 18 samples) and 11 fields, each one representing a variable
obtained from the chemical analyses. Such variables included the content of nine chemical classes CA
(cinnamic acids), FL (flavonols), BE (benzoic acids), CAT (catechins), TA (tannins), MO (monoterpenes),
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OA (organic acids), VC (vitamin C), SU (sugars), the TPC (total polyphenol content), and AA
(antioxidant activity). The Bartlett’s test of sphericity was carried out and the Kaiser–Meyer–Olkin
(KMO) index was calculated from the data matrix [39,40]. The data matrix was subsequently centred
and scaled columnwise and the corresponding cell values were, thus, transformed into Z-scores [41].
Based on the outcomes of the Bartlett’s test of sphericity and of the KMO index, a principal component
analysis (PCA) was performed on the transformed data matrix. Varimax rotation of the principal
axes was applied [39,40]. The minimum number of principal components (PCs) accounting for at
least the 50% of the total variance was retained. The association between the chemical variables and
the retained PCs was assessed from the plots displaying the loadings of each chemical variable in
the PCs plane [39,40]. Points coordinates in the PCs plane were analysed as reported in Lione et al.
(2015) [42] and Lione and Gonthier (2016) [43]. The spatial distribution pattern of all the points
plotted in the PCs plane was analysed with the Clark-Evans test [44]. The spatial distribution pattern
of the points associated with the MT group in the PC plane was analysed with the Mean Distance
Randomisation Test Left Tailed (MDRTLT), performed on a subset of 106 permutations [43]. Similarly,
the spatial distribution of cases associated with SC and EH groups was assessed by the Mean Distance
Randomisation Test Right Tailed (MDRTRT), carried out by setting the same permutation number.

The effect of the genotype on the chemical fingerprint was tested by fitting a conditional inference
tree model [45,46] on CA, FL, BE, CAT, TA, MO, OA, VC, SU, TPC, and AA as response variables and
on the genotype as predictor. The unbiased recursive partitioning algorithm described in Hothorn
et al. (2006) [45] and Hothorn and Zeileis (2015) [46] was used for model fitting. The algorithm was
run by setting the Bonferroni p-value correction for multiple comparisons and the 95% criterion to
implement the model splits [39,45,46].

ANOVA and PCA were performed with statistical software package IBM SPSS Statistics 22.0
(IBM, Armonk, NY, USA), the Mean Distance Randomisation Tests were run with the MDT software
(https://apsjournals.apsnet.org/doi/suppl/10.1094/PHYTO-05-15-0112-R) [43], and the conditional
inference tree model fitting was performed in R [47] with the package partykit [46]. For all statistical
tests, the significance threshold was set at 5%.

3. Results and Discussion

3.1. Sensory Analysis

Eight sensory attributes were used to characterise, qualitatively and quantitatively, the 18 chestnut
cultivars analysed in this study, including three textural and visual (ease of peeling, seed colour,
and flouryness) and five flavour descriptors (intensity of flavour, intensity of sweetness, intensity of
saltiness, intensity of bitterness, and chestnut aroma). An overall subjective estimation (subjective
judgement) was also expressed in order to describe the panellist personal rating. A 0 to 10 linear scale
was used to evaluate the intensity of each attribute.

Although different cultivars showed the same sensory attributes, they differed in terms of
intensity [48]. Within the SC and MT groups, cultivars of C. sativa showed significant differences
(p < 0.05) for all the descriptors, except for intensity of saltiness. The EH group was more homogeneous
and samples differed (p < 0.05) only for ease of peeling, seed colour, intensity of flavour, and intensity
of bitterness.

SC cultivars achieved high values in terms of seed colour and intensity of sweetness, according to
Kunsch et al. [49], but they were the bitterest ones, with low values for intensity of flavour, a descriptor
very appreciated by consumers (Figure 2).
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‘Marsol’ presented the lowest ease of peeling value (3.50
‘Bouche de Betizac’ (5.86

Figure 2. Sensory profiles for analysed chestnut groups (Sweet chestnut—SC, Marrone-type—MT,
Euro-Japanese hybrid—EH). Y-axis represents the intensity value of sensory descriptors in a continuous
scale partially structured into 10 segments.

Significant differences (p < 0.05) were observed between chestnut samples for ease of peeling and
seed colour, two important attributes. ‘Marrubia’ (SC) presented the highest value of ease of peeling
(7.00 ± 0.65), while ‘Marrone di Castel del Rio’ and ‘Marrone di Marradi IGP’ showed a good ease
of peeling in the MT group (5.21 ± 2.32 and 5.67 ± 1.94, respectively) as shown in other studies [48].
‘Marsol’ presented the lowest ease of peeling value (3.50 ± 0.71) for the EH group, in particular if
compared to ‘Bouche de Betizac’ (5.86 ± 2.14), which was in agreement with the values reported in
other studies [49]. A sensory profile of all the chestnut samples is reported in Table 3.

MT cultivars are commonly appreciated for fresh and processing consumption thanks to their
positive traits (kernel easily separable from episperm, ease of seed peeling, reddish colour epicarp,
good sweet flavour). Sensory analysis on the three cultivars from this group partially confirmed the
results published in previous studies [48,50]. They showed the highest ratings for intensity of saltiness
and chestnut aroma. Intensity of sweetness level was also considerably high, and it was comparable
with the other SC chestnuts (Figure 3).

—
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Figure 3. Radar chart for sensory analysis of considered chestnut groups (Sweet chestnut—SC,
Marrone-type chestnut—MT, Euro-Japanese hybrid—EH). Subjective judgement is not part of radar
chart for sensory analysis described by Quantitative Descriptive Analysis (QDA), but it was added
together to other descriptors as complementary information.
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Table 3. Sensory profiles of the analysed chestnuts.

Cultivar Cv Type ID Ease of Peeling Seed Colour
Intensity of

Flavour
Intensity of
Sweetness

Intensity of
Saltiness

Intensity of
Bitterness

Flouryness
Chestnut

Aroma
Subjective
Judgement

Bouche de Betizac *** EH 159 5.86 ± 2.14 ab 2.64 ± 1.97 b 3.71 ± 1.60 b 6.07 ± 1.30 a 1.43 ± 0.98 a 0.29 ± 0.49 ab 6.86 ±0.80 a 6.00 ± 1.55 a 5.43 ± 2.24 a
Brunette * SC 9 4.21 ± 2.12 abcd 5.21 ± 0.99 ab 3.93 ± 2.01 ab 6.14 ± 0.85 abc 1.43 ± 1.27 a 0.21 ± 0.39 ab 5.36 ± 1.93 ab 5.50 ± 1.12 ab 5.79 ± 1.07 abcd
Canepina * SC 78 3.43 ± 1.30 bcd 4.93 ± 0.84 ab 3.00 ± 1.15 b 4.36 ± 1.18 b 1.07 ± 1.02 a 0.43 ± 0.79 ab 6.71 ± 1.15 a 5.14 ± 0.90 b 4.86 ± 1.35 cd
Contessa * SC 30 4.65 ± 1.73 abcd 5.90 ± 1.78 ab 5.65 ± 1.93 ab 6.85 ± 1.70 abc 1.97 ± 1.13 a 0.00 ± 0.00 b 6.35 ± 1.06 ab 7.35 ± 1.60 ab 7.10 ± 1.30 abcd
Gabiana * SC 45 5.33 ± 2.06 abcd 4.44 ± 1.51 ab 3.39 ± 1.32 ab 5.50 ± 1.70 abc 1.78 ± 1.30 a 1.22 ± 0.79 a 3.94 ± 1.24 b 4.72 ± 1.95 b 4.56 ± 2.07 d

Garrone Rosso * SC 39 5.43 ± 2.15 ab 5.21 ± 1.35 ab 5.21 ± 2.48 ab 5.86 ± 1.70 abc 1.71 ± 0.49 a 0.29 ± 0.76 ab 6.86 ± 1.35 a 6.79 ± 1.47 ab 7.07 ± 1.02 abcd
Gentile * SC 186 5.11 ± 1.27 abcd 3.56 ± 0.98 b 4.33 ± 1.22 ab 4.72 ± 1.20 bc 1.94 ± 0.73 a 0.78 ± 0.79 ab 6.06 ± 1.67 ab 5.78 ± 1.99 ab 6.00 ±1.58 abcd
Mansa * SC 390 3.13 ± 1.64 bcd 5.13 ± 1.46 ab 3.13 ± 0.79 b 6.00 ± 1.60 abc 1.94 ± 1.21 a 1.31 ± 1.03 a 6.13 ± 2.10 ab 6.19 ± 1.13 ab 5.17 ± 1.12 abcd

Marrone di Castel del Rio ** MT 130 5.21 ± 2.32 abcd 4.36 ± 1.86 ab 5.79 ± 2.14 ab 7.07 ± 1.59 a 1.86 ± 1.49 a 0.14 ± 0.24 ab 5.21 ± 2.10 ab 7.14 ± 1.55 a 7.43 ± 1.24 a
Marrone di Marradi IGP ** MT 198 5.67 ± 1.94 abc 4.78 ± 1.30 ab 5.22 ± 1.72 ab 6.22 ± 1.12 abc 1.83 ± 1.12 a 0.44 ± 0.73 ab 6.17 ± 2.12 ab 6.33 ± 1.20 ab 6.00 ± 1.32 abcd

Marrone della Val di Susa ** MT 47 2.64 ± 1.25 cd 4.21 ± 1.78 b 4.57 ± 2.23 ab 5.21 ± 1.78 abc 2.07 ± 1.84 a 0.57 ± 0.79 ab 6.21 ± 2.06 ab 6.33 ± 1.60 ab 5.92 ± 2.08 abcd
Marrubia * SC 215 7.00 ± 0.65 a 5.07 ± 1.64 ab 6.21 ± 1.38 a 7.00 ± 0.82 ab 1.71 ± 1.38 a 0.00 ± 0.00 b 6.14 ± 1.11 ab 7.57 ± 0.98 a 7.71 ± 0.76 a
Marsol *** EH 5 3.50 ± 0.71 b 4.00 ± 1.70 ab 6.00 ± 0 a 4.20 ± 1.96 a 1.90 ± 1.75 a 0.90 ± 0.74 a 5.10 ± 1.29 a 5.80 ± 1.44 a 5.60 ± 1.64 a

Neirana della Val di Susa * SC 218 5.90 ± 1.65 ab 5.56 ± 2.01 ab 5.06 ± 1.83 ab 6.00 ± 1.98 abc 2.11 ± 1.41 a 0.44 ± 0.71 ab 5.89 ± 1.70 ab 5.72 ± 1.16 ab 5.56 ± 1.20 abcd
Precoce Migoule *** EH 258 4.50 ± 1.53 ab 5.93 ± 1.37 a 4.14 ± 1.97 ab 4.71 ± 1.73 a 1.64 ± 1.11 a 0.29 ± 0.57 ab 5.64 ± 2.43 a 6.50 ± 0.87 a 5.43 ± 1.37 a

Tarvisò * SC 25 3.21 ± 1.22 bcd 5.43 ± 1.99 ab 3.57 ± 1.75 ab 5.14 ± 2.25 abc 1.50 ± 1.38 a 0.14 ± 0.38 ab 5.14 ± 2.73 ab 5.86 ± 1.68 ab 5.93 ± 1.59 abcd

Mean value and standard deviation (SD) of each sample is given (n = 3). Different letters (a,b,c,d) for each descriptor indicate the significant differences at p ≤ 0.01. * Sweet chestnut (SC). **
Marrone-type chestnut (MT). *** Euro-Japanese hybrid (EH).

88



Foods 2020, 9, 1062

In particular, the descriptor “intensity of sweetness” varied significantly (p < 0.05) among the
SC and MT cultivars: ‘Canepina’ presented the lowest value (4.36 ± 1.18) and ‘Marrone di Castel del
Rio’ the highest one (7.07 ± 1.59), while there were no significant differences (p > 0.05) among the EH
group. Data showed a high correlation level, evaluated by Pearson’s coefficient (r), between intensity
of sweetness and sugar content in the analysed cultivars (r = 0.71 for SC, r = 0.89 for MT, and r = 0.81
for EH). ‘Marrubia’ showed no intensity of bitterness, recording the lowest value for this attribute,
while ‘Marsol’ was the most bitter Euro-Japanese hybrid (0.90 ± 0.74). A high correlation coefficient
was also found between intensity of bitterness and tannin content (r = 0.73 for SC, r = 0.68 for MT,
and r = 0.85 for EH).

Significant differences (p < 0.05) were also observed in intensity of flavour and chestnut aroma
(flavour descriptors). The first one is usually measured during the seed breakup and refers to the smell
sense, while the other is the expression of chestnut aroma measurable by multiple senses as described
in other studies [48,51]. Results highlighted a high level of intensity of flavour in the ‘Marrubia’ cultivar
(6.21 ± 1.38), significantly higher (p < 0.05) than all the other sweet chestnuts. In the case of chestnut
aroma, both ‘Marrubia’ and ‘Marrone di Castel del Rio’ significantly differed (p < 0.05) from the other
cultivars that showed higher ratings. Euro-Japanese hybrids did not differ significantly (p > 0.05) in
terms of chestnut aroma, while significant differences (p < 0.05) were observed in intensity of flavour,
which was higher in ‘Marsol’ (6.00 ± 0.23).

Panellists were also asked to give a personal preference to each cultivar or hybrid, although
not planned in the Quantitative Descriptive Analysis (QDA), in order to assess a subjective general
rating. ‘Marrubia’ (7.71 ± 0.76) and ‘Contessa’ (7.10 ± 1.30) for the SC chestnuts, and ‘Marrone di Castel
del Rio’ (7.43 ± 1.24) for the MT group, displayed significantly higher (p < 0.05) values than all the
other cultivars, while EH chestnuts showed lower but not significant values (p > 0.05) in the group.
Data pointed out a good correlation between judgment and sugar content (r = 0.57 for SC, r = 0.89 for
MT, and r = 0.73 for EH). These values seemed to be lower than the Pearson’s coefficients between
intensity of sweetness and sugar content due to the influence of other sensory traits on panellist
judgment. Indeed, a significant correlation was also observed between judgment and chestnut aroma,
with values similar to the correlation between judgment and sugar content (r = 0.62 for SC, r = 0.80 for
MT, and r = 0.78 for EH). These results showed that judgment was equally influenced by chestnut
aroma and sugar content. Moreover, a significant correlation between intensity of sweetness and
chestnut aroma was observed (r = 0.52 for SC, r = 0.72 for MT, and r = 0.54 for EH). In any case, further
statistical assessments are necessary to confirm this hypothesis. Moreover, a good correlation was
found between intensity of sweetness and judgement (r = 0.56 for SC, r = 0.873 for MT, and r = 0.89
for EH group), suggesting the influence of this sensory parameter on panellist personal preference.
Pearson’s correlation data were reported in Supplementary Table S2. Even if MT cultivars were very
floury and with dark seed colour, they were the most appreciated chestnuts according to the personal
panellist judgment, confirming the findings of Mellano et al., 2007 [52]. Euro-Japanese hybrids, widely
spread and cultivated because of their resistance to diseases and their high kernel quality [53], scored
as the easiest to peel and the lowest in terms of flouryness, intensity of bitterness, and intensity of
saltiness. Nevertheless, hybrids showed values lower than other cultivars for intensity of sweetness
and chestnut aroma, as remarked by the low score assigned by the panellists.

3.2. Phytochemical Composition, Antioxidant Capacity, and Nutritional Properties

The phytochemical and nutritional profile (contents of polyphenols, monoterpenes, vitamin C,
organic acids, and sugars), complemented by the measurement of the antioxidant capacity, of the 18
cultivars and hybrids of chestnuts were defined by chemical analysis [54].

Mean TPC and antioxidant capacity values are reported in Figures 4 and 5. TPC values (Figure 4)
ranged from 0.55 ± 0.02 gGAE kg−1 DW for the French cultivar ‘Bouche Rouge’ to 1.40 ± 0.05 gGAE

kg−1 DW for the Italian cultivar ‘Marrubia,’ in agreement with other studies [55,56]. Chestnut TPC
values were similar or higher than values detected in other tree nuts [57]. The highest phenolic content
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was observed for the Piemonte Region cultivars. Significantly different antioxidant capacity values
(p < 0.05), expressed as a FRAP assay, were observed among the cultivars with a trend similar to
the one observed for TPC levels. Antioxidant capacity ranged from 9.30 ± 0.39 mmol Fe+2 kg−1 DW
(‘Bouche de Bètizac’) to 19.96 ± 1.89 mmol Fe+2 kg−1 DW (‘Garrone Rosso’), as shown in Figure 5,
in agreement with previous studies [51,58]. Chestnuts are a potential source of bioactive molecules,
with a good antioxidant capacity, as highlighted by similar studies [51,59]. However, establishing
the contribution of each single bioactive compound to the total antioxidant activity may be difficult
because of the synergistic combination and interaction between the different substances (phytocomplex).
Each antioxidant compound may improve the effectiveness of the others, and this action could influence
the overall response (total antioxidant capacity) [60]. This additive effect may explain the significant
differences between the antioxidant activities of the different analysed samples; for this reason, samples
with the highest values of TPC and vitamin C did not always show the highest antioxidant capacity.

 

—
— —

—
— —

Figure 4. Total polyphenol content of the 18 chestnut cultivars. Different letters for each cultivar indicate
the significant differences at p < 0.05. Blue colour: Sweet chestnut—SC; orange colour: Euro-Japanese
hybrid—EH; green colour: Marrone-type chestnut—MT.

—
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Figure 5. Antioxidant activity of the 18 chestnut cultivars. Different letters for each cultivar indicate
the significant differences at p < 0.05. Blue colour: Sweet chestnut—SC; orange colour: Euro-Japanese
hybrid—EH; green colour: Marrone-type chestnut—MT.
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The phytochemical composition of the analysed cultivars identified 21 biomarkers by HPLC-DAD.
To evaluate the contribution of each class to the total phytocomplex composition, the bioactive
compounds were grouped in the following classes: polyphenols (as the sum of cinnamic acids,
flavonols, benzoic acids, catechins, and tannins), monoterpenes, and vitamin C (mean values were
considered) (Figure 6).

the cultivar ‘Tarvisò’ showed a higher proportion of polyphenols than monoterpenes. The highest 
levels of polyphenols and monoterpenes were detected in ‘Canepina’ (0.19 −1 −1
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Figure 6. Phytocomplex representation of the analysed chestnut cultivars. The colours identify the
different classes: blue corresponds to polyphenols, green to monoterpenes, and orange to vitamin C.
* Sweet chestnut (SC). ** Marrone-type chestnut (MT). *** Euro-Japanese hybrid (EH).

Monoterpenes, recognised for their anti-tumour and anti-inflammatory properties [61], represented
the main component of the phytocomplex, reaching the 88% of EH cultivars, followed by polyphenols,
characterised by antioxidant, anti-bacterial, and anti-tumour properties [62], and is between 10 and 25%
for EH and SC, respectively, and has vitamin C in low quantities (2%). However, the cultivar ‘Tarvisò’
showed a higher proportion of polyphenols than monoterpenes. The highest levels of polyphenols
and monoterpenes were detected in ‘Canepina’ (0.19 g·kg−1 DW and 0.76 g·kg−1 DW, respectively),
a cultivar from central Italy, while the highest values of vitamin C were observed in the French cultivar
‘Bouche Rouge’ (0.19 g·kg−1 DW) as shown in Table 4.

Within the polyphenolic group, differences were observed among chestnut genotypes, but most of
the cultivars showed phenolic levels similar to hazelnut ones [63,64], and higher than walnut ones [65].
Cinnamic acids and flavonols were the most important classes among phenolics (20–40% and 15–20%,
respectively), followed by tannins (27%, 22%, and 43% for MT, EH, and SC chestnuts, respectively) as
shown in Figure 7. Flavonols, catechins, and benzoic acids were detected in very low quantities (<10%).
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Table 4. Chestnut phytochemical class profiles.

Cinnamic Acids Flavonols Benzoic Acids Catechins Tannins Monoterpenes Vitamin C

Mean
Value

SD
Mean
Value

SD
Mean
Value

SD
Mean
Value

SD
Mean
Value

SD
Mean
Value

SD
Mean
Value

SD

CV ID g·kg−1 DW g·kg−1 DW g·kg−1 DW g·kg−1 DW g·kg−1 DW g·kg−1 DW g·kg−1 DW

Bouche de Bétizac *** 159 0.204 0.001 0.089 0.007 0.014 0.001 0.079 0.007 0.173 0.022 3.365 0.118 0.124 0.018
Bouche Rouge * 286 0.151 0.080 0.011 0.000 0.025 0.000 0.049 0.001 0.060 0.008 0.643 0.158 0.189 0.029

Brunette * 9 0.158 0.080 0.085 0.001 0.036 0.001 0.065 0.002 0.174 0.008 1.614 0.095 0.126 0.008
Canepina * 78 0.208 0.001 0.244 0.034 0.064 0.007 0.159 0.034 1.201 0.348 7.590 1.788 0.055 0.023
Contessa * 30 0.199 0.005 0.145 0.024 0.027 0.000 0.019 0.002 0.196 0.004 2.595 0.576 0.160 0.023
Gabiana * 45 0.137 0.010 0.173 0.011 0.066 0.001 0.063 0.013 0.170 0.014 2.589 0.051 0.142 0.065

Garrone Rosso * 39 0.066 0.001 0.083 0.008 0.018 0.001 0.100 0.005 0.148 0.011 1.039 0.172 0.022 0.008
Gentile * 186 0.066 0.000 0.112 0.009 0.019 0.006 0.078 0.007 0.205 0.013 1.207 0.073 0.154 0.011

Madonna * 1 0.117 0.079 0.247 0.043 0.023 0.000 0.076 0.009 0.224 0.028 1.783 0.051 0.025 0.008
Mansa * 390 0.100 0.079 0.005 0.001 0.014 0.001 0.019 0.002 0.026 0.002 0.457 0.045 0.019 0.002

Marrone di Castel del Rio ** 130 0.198 0.014 0.163 0.008 0.021 0.001 0.078 0.017 0.232 0.016 1.581 0.054 0.100 0.016
Marrone di Marradi IGP ** 198 0.206 0.001 0.030 0.005 0.021 0.001 0.077 0.002 0.036 0.003 1.199 0.193 0.002 0.002
Marrone della Val di Susa ** 47 0.210 0.003 0.118 0.010 0.022 0.001 0.075 0.003 0.192 0.020 2.812 0.454 0.019 0.002

Marrubia * 215 0.200 0.004 0.171 0.008 0.026 0.001 0.080 0.003 0.105 0.020 1.124 0.083 0.017 0.010
Marsol *** 5 0.199 0.004 0.072 0.005 0.024 0.001 0.100 0.008 0.117 0.009 1.822 0.061 0.027 0.006

Neirana della Val di Susa * 218 0.155 0.001 0.039 0.001 0.012 0.009 0.023 0.012 0.211 0.017 1.526 0.068 0.047 0.017
Precoce Migoule *** 258 0.209 0.001 0.044 0.002 0.025 0.000 0.106 0.005 0.036 0.006 7.371 0.478 0.025 0.005

Tarvisò * 25 0.202 0.001 0.256 0.031 0.015 0.001 0.109 0.006 0.652 0.041 0.958 0.343 0.105 0.015

Mean value and standard deviation (SD) of each sample is given (n = 3). * Sweet chestnut (SC). ** Marrone-type chestnut (MT). *** Euro-Japanese hybrid (EH).
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Figure 7. Polyphenol profile of the analysed chestnut cultivars. * Sweet chestnut (SC). ** Marrone-type
chestnut (MT). *** Euro-Japanese hybrid (EH).

Data on each bioactive and nutritional compound content are reported in Supplementary Table S3.
Tannins were the main polyphenolic class in the analysed chestnuts, followed by cinnamic acids and
flavonols, the latter with a great variability in the results. The ‘Canepina’ cultivar displayed high
tannin levels (1.20 ± 0.35 g·kg−1 DW). This value was higher than the average of the other samples,
as confirmed by Tukey’s test (p < 0.05), which included this sample in a separate group. The same
holds true for the catechin class, which was represented mainly by epicatechin (0.15 ± 0.04 g·kg−1 DW).
Regarding catechins, the MT varieties were included within the same group, together with ‘Gentile’
and ‘Madonna’ cultivars, that showed relevant quantities of these compounds as shown by De Biaggi et
al. (2018) [51]. The identification of catechin and epicatechin is an important result as they are involved
in the inhibition of lipid peroxidation, and inhibition of human cancer cell line proliferation and
cyclooxygenase enzymes [66]. For tannins, except for ‘Canepina’ and ‘Tarvisò’ (the highest values) and
‘Mansa’ and ‘Marrone di Marradi IGP’ (the lowest values), all the samples contained between 0.10 and
0.25 g·kg−1 DW, while French cultivar ‘Bouche Rouge’, with about 0.06 g·kg−1 DW, was classified by
the post-hoc test in a separate group (p < 0.05). The presence of tannins in adequate amounts increases
the nutraceutical properties of chestnuts since these compounds are free radical quenchers [67].

Caffeic and coumaric acids were quantified in all the samples, although in low quantities (<0.01
g·kg−1 DW). Ferulic acid was not detected in all the analysed chestnut cultivars, except in ‘Canepina’
and ‘Madonna’ (about 0.01 g·kg−1 DW). In the flavonol class, no traces of quercetin were detected in
any of the analysed samples, and quercitrin and rutin occurred only at low concentrations (always
below 0.01 g·kg−1 DW), except in ‘Marrubia’, which showed a quercitrin value of 0.120 ± 0.001 g·kg−1

DW. The most representative flavonol was isoquercetin, which is detected in large quantities, especially
in ‘Tarvisò’ (0.26 ± 0.03 g·kg−1 DW), ‘Canepina’ (0.23 ± 0.03 g·kg−1 DW), and ‘Madonna’ (0.22 ± 0.04
g·kg−1 DW). ‘Tarvisò’ cultivar displayed the highest flavonol content (0.26 ± 0.03 g·kg−1 DW), followed
by ‘Madonna’ (0.25 ± 0.04 g·kg−1 DW), and ‘Canepina’ (0.24 ± 0.03 g·kg−1 DW), while ‘Mansa’, ‘Bouche
Rouge’, and ‘Marrone di Marradi IGP’ showed lower values. Flavonols quench active oxygen species
and inhibit in vitro oxidation of low-density lipoproteins [68].

Ellagic acid was the most abundant benzoic acid in ‘Gabiana’ and ‘Canepina’ (about 0.05 g·kg−1

DW), while gallic acid showed high variability among the samples, except for ‘Marrone della Val
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Pellice,’ which did not contain gallic acid and, in general, was characterised by the lowest content
of benzoic acids. These molecules are very important in human nutrition and are related to many
biological properties, including anticancer, anti-atherosclerotic, anti-inflammatory, antihepatotoxic,
and anti-HIV replication activities [69].

As well as polyphenols, the analysed samples also showed different monoterpenes and discrete
contents of vitamin C, as reported in Supplementary Table S3. Monoterpenes are a large class
of naturally bioactive molecules used extensively for their aromatic qualities combined with their
antioxidant capacity and anti-inflammatory properties [70]. Many of these molecules have antibacterial
and antitumor activity [71]. EH cultivars showed high contents of monoterpenes, in particular
‘Precoce Migoule,’ but ‘Canepina’ (SC) was characterised by the highest content of these compounds
(0.76 ± 0.18 g·kg−1 DW). Limonene was predominant and reached quantities of 6.35 ± 1.77 g·kg−1 DW
in the ‘Canepina’ cultivar. High limonene amounts were also found in the EH group. γ-terpinene
was detected in high quantities, in particular in ‘Precoce Migoule’ (0.38 ± 0.70 g·kg−1 DW), ‘Marrone
della Val Pellice’ (0.21 ± 0.13 g·kg−1 DW), and ‘Gabiana’ (0.16 ± 0.05 g·kg−1 DW), similar to other
studies [62,72]. Several studies reported their chemopreventive activity against rodent mammary, skin,
liver, lung, and forestomach cancers [73]. Terpinolene, sabinene, and phellandrene were also identified
even if at trace levels.

Vitamin C was evaluated as the sum of ascorbic and dehydroascorbic acids due to their biological
activity in human organisms as reported in other studies [60,74]. The maximum vitamin C value was
detected in the ‘Bouche Rouge’ cultivar (0.19 ± 0.03 g·kg−1 DW), followed by ‘Marrone della Val Pellice’
(0.18± 0.09 g·kg−1 DW), while the minimum amount was detected in ‘Marrone di Marradi IGP’. Among
EH chestnuts, ‘Bouche de Bétizac’ provided the largest amount of vitamin C (0.12 ± 0.02 g· kg−1 DW),
which was comparable to the values reported in De Biaggi et al. (2018) [51]. The majority of the
chestnut cultivars showed vitamin C content similar to walnut and almond ones [57,75], higher than
hazelnut varieties [76].

Large and significant differences (p < 0.05) in organic acid and sugar content values were detected
among cultivars. Mean values for SC, MT, and EH chestnuts are reported in Table 5.

Table 5. Nutritional properties of analysed chestnut cultivars.

Organic Acids Sugars

Mean
Value

SD
Mean
Value

SD

CV ID g·kg−1 DW g·kg−1 DW

Bouche de Bétizac *** 159 4.08 0.32 32.61 4.10
Bouche Rouge * 286 3.34 0.48 10.64 2.33

Brunette * 9 7.97 0.25 48.79 9.68
Canepina * 78 4.41 0.37 114.80 10.63
Contessa * 30 6.00 0.15 18.36 2.92
Gabiana * 45 3.88 0.43 38.32 3.86

Garrone Rosso * 39 1.20 0.21 14.90 2.07
Gentile * 186 2.63 0.19 48.97 2.19

Madonna * 1 4.34 0.80 62.47 3.38
Mansa * 390 6.58 0.71 273.38 21.16

Marrone di Castel del Rio ** 130 2.49 0.39 26.80 3.91
Marrone di Marradi IGP ** 198 3.18 0.31 29.22 2.03
Marrone della Val di Susa ** 47 1.30 0.15 14.26 1.76

Marrubia * 215 1.79 0.31 25.29 4.01
Marsol *** 5 5.01 0.45 29.07 9.82

Neirana della Val Susa * 218 3.22 0.21 20.00 2.67
Precoce Migoule *** 258 7.43 0.09 38.97 1.40

Tarvisò * 25 4.75 0.35 25.75 1.34

Mean value and standard deviation (SD) of each sample is given (n = 3). * Sweet chestnut (SC). ** Marrone-type
chestnut (MT). *** Euro-Japanese hybrid (EH).
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High levels of organic acids were observed in hybrids, in particular for ‘Precoce Migoule’
(7.43 ± 0.09 g·kg−1 DW), while the chestnut cultivar ‘Garrone Rosso’ showed the lowest values
(1.20 ± 0.21 g· kg−1 DW). Citric acid was the most abundant organic acid in the analysed chestnuts, with
high levels in ‘Mansa’ and ‘Precoce Migoule’ cultivars (5.31 ± 0.25 g·kg−1 DW and 3.28 ± 0.25 g·kg−1

DW, respectively), followed by quinic acid (maximum value of 3.55 ± 0.28 g·kg−1 DW in ‘Brunette
cultivar’), as reported by similar studies [77]. Quinic acid was detected in all the samples, except in
‘Marrubia,’ which only contained citric acid. Malic acid was not detected in the analysed chestnuts,
due to the intrinsic characteristics of the considered varieties and the effect of the drying treatment
applied during the sample preparation [49]. Tukey’s test highlighted significant differences (p < 0.05)
in the organic acid composition among different cultivars of the SC, MT, and EH groups, leading to
the identification of different groups composed by one or a few compounds. This result could be
due to the differences associated with the different genotypes but, since organic acids are volatile
molecules, other factors could have slightly influenced the results, such as the extraction technique,
sample storage, and applied drying technique [78].

The highest quantity of sugars was observed for the cultivar ‘Mansa’ (273.38 ± 21.16 g·kg−1 DW),
while the average values ranged from 10.64 ± 2.33 g·kg−1 DW (‘Bouche Rouge’) to 114.80 ± 10.63 g·kg−1

DW (‘Canepina’); chestnut cultivars showed higher values if compared to the sugar levels of other
tree nuts such as walnut and almond [79]. MT chestnuts showed sugar levels (15–30 g·kg−1 DW)
similar to other chestnut cultivars, which was in agreement with other studies [51,80,81]. Although
sucrose was the most abundant sugar in many analysed chestnuts, some samples, including ‘Marrone
di Marradi IGP,’ ‘Marsol,’ ‘Precoce Migoule,’ ‘Brunette,’ ‘Garrone Rosso,’ ‘Marrone della Val Pellice,’
and ‘Marrubia,’ showed higher contents of glucose than sucrose. Other cultivars (e.g., ‘Mansa,’
‘Marrone della Val di Susa,’ and ‘Neirana della Val di Susa’) showed higher contents of fructose than
glucose. The higher fructose amount compared to the glucose one may be important to define chestnuts
as a potential functional food for consumers suffering from type 2 diabetes, as fructose shows a lower
glycemic index than glucose and, consequently, the postprandial glycemic peak due to fructose is
lower than the glycemic peak due to glucose, as well as the insulin response [82]. As evidenced by the
Tukey’s test, the ‘Mansa’ cultivar significantly differed (p < 0.05) from the other samples, followed
by ‘Canepina’, as mentioned above, and ‘Brunette’ and ‘Gentile’, which reported quantities close to
50 g·kg−1 DW.

3.3. Multivariate Analysis

Rather than hinging on the action of a single compound, therapeutic effects obtainable from the
consumption of fresh fruit and derived-products are the result of the synergistic or additive interaction
of several phytochemicals that jointly contribute to disease prevention [83]. For this reason, compounds
belonging to the same chemical class were combined in bioactive classes for multivariate data analysis.
The outcome of the Bartlett’s test of sphericity (p < 0.05) showed a significant collinearity among
variables. The KMO index attained a value of 0.74. The PCA resulted in two principal components
accounting for 50.71% of the total variance, with 32.47% explained by PC1, and 18.24% by PC2.
The location in the PCs plane of the 18 samples (mean values of three repetitions for each cultivar) in
relation to phytochemical composition, nutritional properties, and nutraceutical traits is shown in the
score plot (Figure 8).

PCA showed that cultivars belonging to the MT group, which are highlighted in Figure 8,
presented similar traits according to the chemical results. PCA loadings plot showed an association
between polyphenolic classes, vitamin C, monoterpenes and PC1, and a correlation between TPC,
antioxidant activity, organic acids, sugars, and PC2 (Figure 9).
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Figure 8. Principal component analysis (PCA) score plot of analysed chestnut cultivars. Mean values
(n = 3) were considered for each cultivar. Cultivar name (ID): Bouche de Bétizac (159); Bouche Rouge
(286); Brunette (9); Canepina (78); Contessa (30); Gabiana (45); Garrone Rosso (39); Gentile (186);
Madonna (1); Mansa (390); Marrone di Castel del Rio (130); Marrone di Marradi IGP (198); Marrone
della Val di Susa (47); Marrubia (215); Marsol (5); Neirana della Val di Susa (218); Precoce Migoule
(258); Tarvisò (25).

Figure 9. PCA loading plot of considered variables.
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Phenolic acids and tannins, associated with PC1, were identified as bioactive classes with the most
discriminating power among different genotypes; these phytochemical classes included compounds
displaying significant differences (p < 0.05) in their bioactive content among the different cultivars.
Moreover, monoterpenes showed also a good discriminating power among chestnut samples. For this
reason, all these molecules could represent the most important markers in order to build a discriminant
model between chestnut genotypes, but further studies are necessary to confirm this hypothesis.

In this study, a multivariate analysis as PCA allowed for the visualisation of the information
included in the fingerprints. The results showed that PCA classification characterised the samples
according to the different chemical composition, providing information on the bioactive classes and
chemical markers that most influence the phytocomplex. A chemometric method was applied with
the HPLC fingerprint technique for a better recognition of the analysed extracts as reported by
Cirlini et al. [84]. Different marker compounds were detected as the variables most relevant for the
discrimination of chestnut cultivars, which could be applied to accurate composition control of a
chestnut flour derived from a specific cultivar. In this study, PCA results showed that MT genotypes
formed a single group within a larger group of SC and EH cultivars: the HPLC fingerprint combined
with chemometrics could be considered as a tool of traceability in order distinguish different genotypes
by their phytochemical composition and antioxidant properties, as is reported in other research [85,86].

The tests about the spatial distribution pattern further supported the interpretation of the PCA
results. The Clark-Evans test showed that the points in the PCs plane were significantly clustered
(r = 0.643, p < 0.05). The MDRTLT test showed a significant clustering of points associated with MT
group (p < 0.05) in the PC plan, while the MDRTRT test showed that the points associated with SC + EH
groups are characterised by a significantly dispersed spatial distribution (p < 0.05) in the same PCs
plane. These results suggest that the MT cultivars represented a homogenous group with less variable
traits than the SC + EH groups (Figure 10).

Distribution of the points associated with “Marrone” and “Chestnut” groups in the 
Figure 10. Distribution of the points associated with “Marrone” and “Chestnut” groups in the principal
components (PCs) plane. A significant clustering of points associated with MT group (p < 0.05) is
observed in the PCs plane, while the points associated with SC + EH groups are characterised by a
significantly dispersed spatial distribution (p < 0.05) in the same PCs plane. Sweet chestnut = SC.
Marrone-type chestnut =MT. Euro-Japanese hybrid = EH.
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In the PCs plane, spatial proximity between points is interpretable in terms of similarity of the
underlying features [42]; hence, MT genotypes, closely located in the PCA plane, analysed in this
study are characterised by a similar profile of chemical composition and of the associated properties
beneficial to human health. The reduced variability in terms of chemical composition of MT cultivars
that was pointed out by the geostatistical tests suggests that MT fruits are more suitable for specific uses
than SC and EH ones. For instance, quality tracking and certifications are likely easier to be obtained
by fruits showing constant chemical and organoleptic features than by fruit whose characteristics may
undergo large fluctuations. Moreover, strict dietary requirements might be more likely respected by
the consumers if the food they eat is endowed with a stable composition. This holds true not only
for direct consumption, but also for the industrial transformation, in general aiming at producing
standardised products with constant nutritional and chemical properties.

The outcomes of the conditional inference tree model pointed out that the genotype plays a
significant (p < 0.05) role and may account for most of the differences detected among the chemical
fingerprints of the chestnut fruits. In fact, the tree model (Supplementary Figure S1) displayed four
highly significant (p < 0.001) splits resulting in two intermediate and four terminal nodes.

Each terminal node clustered the genotypes whose overall chemical fingerprint was homogeneous
(p > 0.05), while genotypes included in separate nodes were characterised by significantly different
chemical fingerprints (p < 0.05). It is worth noting that while the PCA clearly pointed out the role
played by different chemical compounds in profiling, the samples analysed, the conditional inference
tree model accounted for the role of the genotype, a categorical variable that cannot be included directly
within a PCA, since this can only handle continuous covariates [39,40]. In combination, both analyses
strongly support our hypothesis about the genotype influence on the chemical composition of chestnut
cultivars grown on the same clonal rootstock and in the same agri-environmental conditions. Although
replicates within genotypes were not particularly abundant, the algorithm run to fit the conditional
inference tree model [45,46] has been specifically designed to be robust and reliable. Even when the
number of covariates is high, the sample size is low or the data are unbalanced, as confirmed by a
recent study on chestnut [87].

The combination of chromatographic fingerprint and chemometric evaluation could be a potential
tool for chestnut product traceability and quality control, in order to select the best raw material based
on the desired traits and properties. In addition, the above tools could be used to avoid potential
voluntary or involuntary adulterations and contaminations. These hyphenated techniques could also
contribute to the analysis of several processed products. Chemical fingerprint coupled to chemometrics
could also be a useful tool to obtain label certifications for the valorisation of specific local genotypes.
Moreover, the approach used in this study could also contribute to the selection of new varieties
more tolerant or resistant to pests and diseases, in particular considering the new issues related to the
climate change, and to support and improve breeding programs and preservation strategies for the
existing cultivars.

4. Conclusions

Chromatographic and spectrophotometric data confirmed the high variability within the genus
Castanea, and multivariate analysis allowed to explain such variability in terms of phytochemical
and nutritional composition, characterising the different genotypes. Monoterpenes, important for
their anti-inflammatory and anti-tumour activities, represented the main component of the chestnut
composition (in particular, 88% for EH cultivars); followed by polyphenols, which are characterised
by antioxidant and anti-bacterial properties (10–25% for EH and SC); and vitamin C in trace (about
2%). Tannins were the main polyphenolic compounds detected in the analysed chestnuts, followed
by phenolic acids and flavonols. In particular, ‘Canepina’ presented higher phenolic amounts than
almost all the analysed cultivars. Moreover, the majority of the analysed chestnut cultivars showed a
content of bioactive compounds, as phenolics and vitamin C, whose levels were similar to, or higher
than those reported for the main hazelnut, walnut, and almond varieties.
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As genetic and phytochemical diversity represent fundamental aspects to ensure the productivity
and adaptability of chestnut orchards, different approaches need to be developed to ensure the correct
characterisation strategy. Hence, different techniques were combined in this study to define a suitable
strategy for the characterisation of the chestnut cultivars as a key prerequisite to allow the conservation
of Castanea germplasm.

The analysed cultivars were selected as part of a core collection that maximises the chestnut
agro-biodiversity. The diversity observed among the analysed cultivars could be strictly associated
to the genotype effect and underlines the large variability of the genus Castanea, and therefore,
the importance of in farm and ex situ conservation of local germplasm as part of a global strategy,
and also in relation to an active utilisation of agrobiodiversity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/8/1062/s1.
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Abstract: Fruit peels have a diverse range of phytochemicals including carotenoids, vitamins, dietary fibres,
and phenolic compounds, some with remarkable antioxidant properties. Nevertheless, the comprehensive
screening and characterization of the complex array of phenolic compounds in different fruit peels is
limited. This study aimed to determine the polyphenol content and their antioxidant potential
in twenty different fruit peel samples in an ethanolic extraction, including their comprehensive
characterization and quantification using the LC-MS/MS and HPLC. The obtained results showed
that the mango peel exhibited the highest phenolic content for TPC (27.51 ± 0.63 mg GAE/g)
and TFC (1.75 ± 0.08 mg QE/g), while the TTC (9.01 ± 0.20 mg CE/g) was slightly higher in
the avocado peel than mango peel (8.99 ± 0.13 mg CE/g). In terms of antioxidant potential,
the grapefruit peel had the highest radical scavenging capacities for the DPPH (9.17 ± 0.19 mg AAE/g),
ABTS (10.79 ± 0.56 mg AAE/g), ferric reducing capacity in FRAP (9.22 ± 0.25 mg AA/g), and total
antioxidant capacity, TAC (8.77± 0.34 mg AAE/g) compared to other fruit peel samples. The application
of LC-ESI-QTOF-MS/MS tentatively identified and characterized a total of 176 phenolics, including
phenolic acids (49), flavonoids (86), lignans (11), stilbene (5) and other polyphenols (25) in all twenty
peel samples. From HPLC-PDA quantification, the mango peel sample showed significantly higher
phenolic content, particularly for phenolic acids (gallic acid, 14.5± 0.4 mg/g) and flavonoids (quercetin,
11.9 ± 0.4 mg/g), as compared to other fruit peel samples. These results highlight the importance of
fruit peels as a potential source of polyphenols. This study provides supportive information for the
utilization of different phenolic rich fruit peels as ingredients in food, feed, and nutraceutical products.

Keywords: fruit peels; polyphenols; phenolic acids; flavonoids; flavan-3-ols; hydrolysable and
condensed tannins; antioxidant activities; LC-MS and HPLC

1. Introduction

Food processing industries discard huge amounts of fruit wastes, particularly peels, seeds,
and some other fruit residues [1]. These fruit wastes have different challenges for many countries,
including Australia. Inappropriate landfill management results in emissions of gases including
methane and carbon dioxide, while incomplete incineration involves the subsequent formation of
secondary wastes such as dioxins, furans, acid gases, and releases of other dangerous pollutants that
can cause serious environmental and health issues [2]. For these reasons, there is an urgent need to
find uses for these food wastes, including fruit peel wastes. Some fruit peels have been recycled into
products ranging from agricultural compost, biofuel, and citric acid [3]. However, fruit peels also
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provide an excellent source of carbohydrates, fibre, proteins, and phytochemicals, particularly phenolic
compounds with high antioxidant capacities [4]. These components are not generally recovered from
peels and so provide a future source of valuable antioxidant ingredients. Polyphenols are a large group
of secondary metabolites commonly present in fruits and vegetables, which play a prominent role in
human health and nutrition [5]. Phenolic compounds consist of aromatic rings with hydroxyl groups,
organic acids, and acylated sugars. These phenolic moieties have high antioxidant activity which
prevents the formation of free radicals [6]. The most abundant polyphenols in different fruit peels
include flavan-3-ols, flavonols, phenolic acids, anthocyanins, and hydroquinones [7].

The fruit juice industries generate substantial quantities of peel residues during juice processing [8].
The major phenolic compounds present in different fruit peels (apple, pomegranates, mango,
pineapple, and citrus peels) include hydroxybenzoic and hydroxycinnamic acids (caffeic acid,
gallic acid, protocatechuic acid, and chlorogenic acid), hydrolysable tannins (pedunculagin,
punicalin, punicalagin, and ellagic and gallic acids) and flavonoids including anthocyanins [9].
The phenolic compounds identified in avocado and custard apple peels include high contents of
condensed tannins and flavonoids including procyanidins [10], whereas those in banana peels are
mainly gallocatechin, catechin, and epicatechin [11]. Prunus cultivars such as nectarine, peaches,
and apricot peels are rich in hydroxycinnamates and flavan-3-ols that have potential antioxidant
activities [12]. The antioxidant potential of polyphenols can be estimated with different in vitro
spectrophotometric-based methods, including (i) the determination of total phenolics, (ii) free
radical scavenging methods, (iii) non-radical redox potential-based methods, and (iv) metal-chelating
methods [13]. In addition, polyphenols can also inactivate the Fenton reaction by reacting with different
metal ions [14]. For this reason, a set of different in vitro spectrophotometric-based assays with different
mechanisms, including total phenolic content (TPC), total flavonoid content (TFC), total tannin content
(TTC), 2, 2′-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay, ferric reducing assay
(FRAP), 2, 2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay and total antioxidant
capacity (TAC), were used to estimate overall phenolic contents and map their antioxidant potential [15].

In recent years, there is increasing interest in the extraction of phenolic compounds from different
plant materials. Extraction, identification, and characterization of novel phenolics from different
plant-based materials are challenging due to their chemical and structural diversity and complexity.
The liquid chromatography coupled with electrospray-ionization and quadrupole time-of-flight
mass spectrometry (LC-ESI-QTOF-MS/MS) is an innovative tool with high sensitivity and is the
most effective method for the characterization of both low and high molecular weight phenolic and
non-phenolic compounds [16]. Also, high-performance liquid chromatography (HPLC) coupled
with the photodiode array detector (PDA) is a useful tool for quantifying targeted polyphenols.
Although several studies have quantified selected phenolic compounds from a range of different
fruit by-products using conventional HPLC-UV-based techniques, there is limited literature available
on the relative abundance and distribution of numerous phenolic compounds in Australia’s grown
fruit peels, particularly using advanced LC-MS/MS characterization methods. As far we know,
only some selected phenolic compounds have been characterized in fruit peels using LC-MS/MS [17].
Therefore, extraction, identification, and characterization of phenolics from different fruit peels using
advanced analytical techniques including the LC-ESI-QTOF-MS/MS will provide further information
in developing innovative functional foods, nutraceuticals, and pharmaceuticals on a commercial scale
from these food wastes.

The objective of this study is to determine the phenolic content including TPC, TFC, TTC in twenty
(20) different fruit peel samples and assess their antioxidant potential by determining DPPH, TAC,
FRAP, and ABTS. Moreover, the identification and characterization of untargeted phenolic compounds
were achieved through the LC-ESI-QTOF-MS/MS followed by the quantification of twenty targeted
phenolics through HPLC-PDA. This study provides supportive information for the use of different
phenolic rich fruit peels as ingredients in food, feed, and nutraceutical products.
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2. Materials and Methods

2.1. Chemicals

In this study, most of the chemicals, reagents, and standards were analytical grade and
purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). Gallic acid, L-ascorbic acid, vanillin,
hexahydrate aluminium chloride, Folin-Ciocalteu’s phenol reagent, sodium phosphate, iron(III)
chloride hexahydrate (Fe[III]Cl3.6H2O), hydrated sodium acetate, hydrochloric acid, sodium carbonate
anhydrous, ammonium molybdate, quercetin, catechin, 2,2′-diphenyl-1-picrylhy-drazyl (DPPH),
2,4,6tripyridyl-s-triazine (TPTZ), and 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
were purchased from the Sigma-Aldrich (Castle Hill, NSW, Australia) for the estimation of polyphenols
and antioxidant potential. Sulfuric acid (H2SO4) with 98% purity was purchased from RCI Labscan
(Rongmuang, Thailand). HPLC standards including gallic acid, p-hydroxybenzoic acid, caftaric acid,
caffeic acid, protocatechuic acid, sinapinic acid, chlorogenic acid, syringic acid, ferulic acid, coumaric
acid, catechin, quercetin, quercetin-3-galactoside, diosmin, quercetin-3-glucuronide, epicatechin gallate,
quercetin-3-glucoside, kaempferol and kaempferol-3-glucoside were produced by Sigma-Aldrich
(Castle Hill, NSW, Australia) for quantification proposes. HPLC and LC-MS grade reagents including
methanol, ethanol, acetonitrile, formic acid, and glacial acetic acid were purchased from Thermo Fisher
Scientific Inc. (Scoresby, VIC, Australia). To perform various in vitro bioactivities and antioxidant
assays, 96 well-plates were bought from the Thermo Fisher Scientific (VIC, Australia). Additionally,
HPLC vials (1 mL) were procured from the Agilent technologies (VIC, Australia).

2.2. Sample Preparation

Twenty different Australian grown fresh and mature fruits varieties (2–3 kg) including apple
(Royal gala), apricot (Mystery), avocado (Hass), banana (Cavendish), custard apple (African Pride),
dragon fruit (Red-fleshed), grapefruit (Thompson), kiwifruit (Hayward), mango (Kensington Pride),
lime (Tahitian), melon (Rock melons), nectarine (Fantasia), orange (Navels), papaya (Sunrise Solo),
passionfruit (Misty Gem), peach (Florda gold), pear (Packham’s Triumph), pineapple (Aussie Rough),
plum (Angeleno), and pomegranate (Griffith) were purchased from a local produce market in Melbourne,
Australia. The fruits were manually cleaned, and peels were removed and freeze-dried according
to the method of Peng, et al. [18], described in the supplementary material. Figure 1 represents the
graphical and schematic layout of our study.

2.3. Extraction of Phenolic Compounds

To extract the phenolic compounds, 2.0 ± 0.5 g of each fruit peel powder was mixed with 20 mL
70% ethanol by modifying the method of Gu, et al. [19], explained in the supplementary material.

2.4. Estimation of Phenolics and Antioxidant Potential

For the phenolic estimation in selected fruit peel samples, TPC, TFC, and TTC assays were
performed, while for measuring their antioxidant capacities, four different types of antioxidant assays
including FRAP, DPPH, ABTS, and TAC were performed by adopting our previously published
methods of Tang, et al. [20], explained in the supplementary material. The data was determined using
a Multiskan® Go microplate photometer (Thermo Fisher Scientific, Waltham, MA, USA).
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Figure 1. Graphical overview and schematic layout of the proposed research study.

2.5. Characterization and Quantification of Phenolics Using LC-ESI-QTOF-MS/MS and HPLC-PDA

The phenolic compound characterization was performed on an Agilent 1200 HPLC with 6520
Accurate-Mass Q-TOF-MS (Agilent Technologies, Santa Clara, CA, USA). The separation and
characterization of phenolics were conducted by adopting our previously published method of
Zhong, et al. [21], elaborated in the supplementary material. However, for the quantification of
targeted phenolics present in different fruit peel samples was achieved with an Agilent 1200 HPLC
coupled with a photodiode array (PDA) detector by following the protocol of Ma, et al. [22], explained
in the supplementary material.

2.6. Statistical Analysis

All analyses were performed in triplicate, and the results are presented as mean ± standard
deviation (n = 3). The mean differences between different samples were analyzed by one-way
analysis of variance (ANOVA) and Tukey’s honestly significant differences (HSD) multiple rank
test at p ≤ 0.05. ANOVA was carried out via Minitab 19.0 (Minitab, LLC, State College, PA, USA)
and GraphPad Prism 7.05 Software for Windows (GraphPad 7.05 Software, San Diego, CA, USA,
www.graphpad.com). For correlations between polyphenol content and antioxidant activities, Pearson’s
correlation coefficient at p ≤ 0.05 and multivariate statistical analysis including a principal component
analysis (PCA), XLSTAT-2019.1.3 were used by Addinsoft Inc. New York, NY, USA.

3. Results and Discussion

This study involved the screening and characterization of phenolic compounds with antioxidant
potential from twenty different fruit peel samples. An untargeted polyphenol identification and
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characterization were achieved by the LC-ESI-QTOF-MS/MS, an advanced analytical technique
which can provide comprehensive phytochemical screening and MS/MS characterization. For the
quantification of phenolic compounds, the twenty most abundant phenolic compounds including (10)
phenolic acids and (10) flavonoids present in different fruit peels were targeted and quantified by the
HPLC-PDA. A strong correlation between phenolic compound levels and antioxidant activities was
observed in all selected fruit peel samples.

3.1. Phenolic Estimation (TPC, TFC and TTC)

Fruit peels contain high concentrations of phenolic compounds including flavonoids, phenolic
acids, and tannins. The phenolic contents in different fruit peel samples were determined with TPC,
TFC, and TTC assays.

Table 1 summarizes the polyphenol concentrations and antioxidant potentials of twenty selected
fruit peel samples. The TPC values of these fruit peel samples varied widely, with mango, grapefruit,
and lime peel samples exhibiting the highest TPC values (27.51 ± 0.63, 27.22 ± 1.00 and 23.32 ± 2.07 mg
GAE/g, respectively), followed by orange and avocado peel samples. The lowest phenolic contents
were detected in dragon fruit, nectarine, and passion fruit peels. Comparing all the peel samples,
the mango peel sample had significantly higher phenolic contents (p < 0.05) than any other fruit
peels. Previously, Nguyen, et al. [23] reported significantly higher phenolic contents in mango peels as
compared to other tropical fruits, including passion fruit and dragon fruit, which is consistent with
our results. In our study, total phenolic content was measured using the Folin-Ciocalteu reagent that
has the ability to react with both phenolics and non-phenolic compounds such as ascorbic acid and
other reducing substances [24]. Grape and lime peel were reported to be rich in ascorbic acid, which
may be one of the contributors to their high total polyphenol content [25]. However, grapefruit and
lime peel were previously found to be abundant in polymethoxylated flavones, phenolic acids, and
flavanones including naringin and neohesperidin [26]. Previously, similar trends but with higher TPC
values were detected in different fruit juices, including grapefruit (657.65 ± 69.20 mg GAE/g), lime
(579.41 ± 91.14 mg GAE/g) and orange (523.44 ± 87.20 mg GAE/g) [27]. Nurliyana, et al. [28] also
found that dragon peel has a high phenolic content, most likely due to the abundance of betacyanins
(pigments) rather than polyphenols, which increased the TPC values [29]. Considering these facts,
polyphenol characterization through advanced analytical techniques including LC-MS/MS can provide
more reliable and useful information for their applications in different food, feed, nutraceutical,
and pharmaceutical industries.
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Table 1. The polyphenol concentrations and antioxidant potentials of twenty different selected fruit peels.

Sample TPC (mg GAE/g) TFC (mg QE/g) TTC (mg CE/g) DPPH (mg AAE/g) ABTS (mg AAE/g) FRAP (mg AAE/g) TAC (mg AAE/g)

Apple peel 10.82 ± 0.51 e 1.22 ± 0.10 b–e 2.25 ± 0.12 e 5.20 ± 0.25 b 4.96 ± 0.17 d 3.20 ± 0.04 d 2.97 ± 0.16 d

Apricot peel 5.60 ± 0.27 f,g 1.22 ± 0.09 b–e 1.07 ± 0.05 f 3.73 ± 0.55 c 3.21 ± 0.04 e 2.27 ± 0.11 e 2.28 ± 0.04 e,f

Avocado peel 18.79 ± 1.46 c 1.24 ± 0.11 b–d 9.01 ± 0.20 a 8.67 ± 0.44 a 7.19 ± 0.72 c 3.65 ± 0.07 c 4.50 ± 0.16 c

Banana peel 6.13 ± 0.25 f,g 1.32 ± 0.12 b,c 1.22 ± 0.08 f 1.20 ± 0.12 e 1.31 ± 0.03 g,h 0.81 ± 0.03 i,j 2.36 ± 0.22 e,f

Custard apple peel 15.72 ± 0.74 d 1.21 ± 0.08 b–e 8.32 ± 0.56 a–c 2.52 ± 0.52 d 4.00 ± 0.44 e 1.51 ± 0.02 f 2.58 ± 0.04 d,e

Dragon fruit peel 0.45 ± 0.12 k 0.03 ± 0.01 h 0.03 ± 0.01 h 1.03 ± 0.16 e 0.56 ± 0.08 h 0.06 ± 0.01 l 0.19 ± 0.02 i

Grapefruit peel 27.22 ± 1.00 a 0.82 ± 0.14 f 7.60 ± 0.35 c 9.17 ± 0.19 a 10.79 ± 0.56 a 9.22 ± 0.25 a 8.77 ± 0.34 a

kiwi fruit peel 5.30 ± 0.40 g,h 0.45 ± 0.06 g 3.51 ± 0.33 d 5.03 ± 0.39 b 8.95 ± 0.18 b 1.13 ± 0.10 g–i 0.79 ± 0.05 h

Lime peel 23.32 ± 2.07 b 1.14 ± 0.17 c–e 8.42 ± 0.63 a,b 2.73 ± 0.34 d 1.46 ± 0.14 g 0.92 ± 0.07 h–j 2.27 ± 0.08 e,f

Mango peel 27.51 ± 0.63 a 1.75 ± 0.08 a 8.99 ± 0.13 a 8.67 ± 0.49 a 9.32 ± 0.24 b 6.19 ± 0.26 b 6.19 ± 0.23 b

Melon peel 2.39 ± 0.02 i–k 0.03 ± 0.01 h 0.02 ± 0.01 h 0.48 ± 0.28 e 1.16 ± 0.20 g,h 0.08 ± 0.01 l 0.93 ± 0.23 g–h

Nectarine peel 1.53 ± 0.04 j,k 0.09 ± 0.01 h 0.23 ± 0.18 h 1.29 ± 0.09 e 1.25 ± 0.13 g,h 0.91 ± 0.07 h–j 0.97 ± 0.05 g,h

Orange peel 21.31 ± 1.37 b 1.08 ± 0.06 c–f 8.12 ± 0.26 b,c 4.79 ± 0.31 b 3.36 ± 0.16 e 2.44 ± 0.12 e 2.55 ± 0.08 d,e

Papaya peel 3.13 ± 0.15 h–j 1.06 ± 0.07 c–f 1.09 ± 0.04 f 1.13 ± 0.11 e 3.30 ± 0.17 e 0.91 ± 0.07 i,j 1.12 ± 0.13 g,h

Passion fruit peel 1.55 ± 0.21 j,k 0.04 ± 0.01 h 0.19 ± 0.02 h 0.72 ± 0.13 e 1.04 ± 0.07 g,h 0.42 ± 0.04 k 1.32 ± 0.05 g

Peach peel 5.84 ± 0.33 f,g 1.02 ± 0.08 d–f 0.16 ± 0.05 h 1.33 ± 0.11 e 1.03 ± 0.06 g,h 0.89 ± 0.07 i,j 1.13 ± 0.07 g,h

Pear peel 4.30 ± 0.29 g–i 1.07 ± 0.12 c–f 0.10 ± 0.03 h 0.84 ± 0.12 e 1.21 ± 0.06 g,h 0.65 ± 0.08 j,k 1.18 ± 0.03 g,h

Pineapple peel 7.83 ± 0.35 f 1.47 ± 0.07 b 1.23 ± 0.05 f 1.30 ± 0.07 e 2.36 ± 0.06 f 1.30 ± 0.16 f,g 2.00 ± 0.14 f

Plum peel 4.81 ± 0.30 g,h 0.96 ± 0.08 e,f 0.29 ± 0.05 g,h 1.01 ± 0.10 e 1.19 ± 0.08 g,h 0.71 ± 0.04 j,k 0.87 ± 0.04 h

Pomegranate peel 3.89 ± 0.21 g–i 0.97 ± 0.10 e,f 0.99 ± 0.02 f–g 4.60 ± 0.08 b,c 3.34 ± 0.09 e 1.25 ± 0.13 f–h 2.40 ± 0.18 e,f

All values are expressed as mg/g mean ± standard deviation (n = 3). Alphabetic letters indicate the significant difference (p < 0.05) in a row using a one-way analysis of variance (ANOVA)
and Tukey’s test. TPC, Total phenolic content; TFC, total flavonoid content; TTC, total tannins content; FRAP, ferric reducing antioxidant power assay; DPPH, 2,2′-diphenyl-1-picrylhydrazyl
assay; ABTS, 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid assay; TAC, total antioxidant capacity; GAE, gallic acid equivalents; CE, catechin equivalents; QE, quercetin equivalents;
AAE, ascorbic acid equivalents.
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Flavonoids are the predominant class of phenolic substances found in almost all plants, which
was determined via the aluminium chloride colorimetric method in this study. Aluminium chloride
reacts with carbonyl group present in flavonoids, forming a stable complex [30]. The highest amount
of flavonoid was found in the mango peel (1.75 ± 0.08 mg QE/g), followed by pineapple and banana
peels (1.47 ± 0.07 and 1.32 ± 0.12 mg QE/g, respectively). Marina and Noriham [31] also reported
higher flavonoid contents in mango peel than other tropical fruit peels such as papaya and guava
peels, which is consistent with our study. Previously, Morais, et al. [32] determined the TFC in different
parts of the avocado (Persea americana), and found that avocado peels had more flavonoids than seeds
and pulp. Ayala-Zavala, et al. [33] also reported that the peels of tropical exotic fruits like avocado,
pineapple, banana, papaya, passion fruit, and melon contain more phenolic acids and flavonoids than
pulp. Overall, TFC values of our twenty different fruit peels were slightly higher than previously
reported values, which may be due to the difference in the growing area, climatic conditions, varietal
differences, and extraction. Fruits growing under different climatic regions have different flavonoid
content in their peels, the peels being the outer part of fruit bodies exposed to more to sunlight as
compared to pulp, leading to the synthesis of the abundant and diverse nature of flavonoids. Nogata,
et al. [34] reported that the flavonoid contents in the outer layer of citrus fruits are higher than the inner
layers and pulps. The flavonoid profile differs among species and cultivars of the same fruits grown in
different regions under different climatic conditions, soil characteristics, and cultivation techniques [35].
Moreover, the efficiency of the extraction of flavonoids also varies under different extraction conditions,
such as the type of solvents, solvent concentration, extraction time and temperature, solvent-to-solid
ratio, etc. [36,37].

Tannins are also one of the important groups of phenolic compounds which can be classified
into hydrolysable tannins and condensed tannins. Avocado peels exhibited the highest TTC values
of 9.01 ± 0.20 mg CE/g, followed by mango (8.99 ± 0.13 mg CE/g), lime, and custard apple peels
(8.42 ± 0.63 and 8.32 ± 0.56 mg CE/g, respectively), while few tannins were detected in dragon fruit,
melon, nectarine, passion fruit, peach and pear peels. Overall, most of our TTC values are in accordance
with previously published work, while we also had high values of tannins in mango peel as compared
to the previously published literature. Previously, the mango fruit peel has already been reported to be
a rich source of hydrolysable tannins, while hydrolysable tannins can decrease significantly during
the ripening process [38]. One of the possible reasons might be the difference in sample preparations,
storage conditions, and extraction techniques. In our study, all the fruit peels were freeze-dried prior to
the extraction of polyphenols; it has been reported that freeze-drying facilitates the overall polyphenol
extraction. Freeze-drying can also preserve the highest percentage of condensed tannins as compared
to other conventional drying methods. Freeze-drying also helps to accelerate the release of bounded
phenolic compound [39], deactivating oxidative and hydrolytic enzymes, improving the extraction
and protecting the phenolic compounds [40].

3.2. Antioxidant Potential (DPPH, ABTS, FRAP and TAC)

To further investigate the antioxidant potential of the twenty different fruit peels, different
antioxidant assays based on different mechanisms were applied in this study. Antioxidant assays
including DPPH and ABTS were used to measure the radical scavenging ability, while FRAP and TAC
assays were used to determine the reducing power of samples. The results shown in Table 1 were
reported in mg ascorbic acid equivalents (AAE) per g of samples (mg AAE/g).

The DPPH assay is widely used to determine the free radical scavenging activity, which is mainly
attributed to polyphenols [15]. Grapefruit, mango, and avocado peels exhibit higher DPPH radical
scavenging ability (9.17 ± 0.19, 8.67 ± 0.49 and 8.67 ± 0.44 mg AAE/g, respectively). Previously,
different varieties of mango peel extracts have shown concentration-dependent DPPH free radical
scavenging activity [41]. Most of our DDPH values are in accordance with the previously published
literature. Moreover, the DPPH assay showed significantly higher levels of antioxidant capacity
in freeze-dried fruit peels as compared to fresh fruit peels. The freeze-drying process generates
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redox-active metabolites that can scavenge and neutralize free radicals [42]. The DPPH assay is one of
the non-specific free radical scavenging assays since it measures scavenged free radicals from both
phenolic and non-phenolic compounds, including ascorbic acid. Therefore, the antioxidant potential
of plant polyphenols cannot be properly assessed only through DPPH assays. For this reason, a set
of different in vitro reagent-based assays can be applied to estimate antioxidant potential, while the
confirmation of these antioxidant compounds can be achieved through the LC-MS characterization.

The ABTS assay is another widely used method for determining the antiradical scavenging
abilities based on the hydrogen atom donating tendency of phenolic compounds. The scavenged ABTS
free radicals were measured using a colorimetric assay where antioxidants in samples reduce ABTS+

and form a stable free radical [15]. The ABTS assay exhibits high similarity with that of the DPPH
assay with the highest ABTS value from the grapefruit peel with 10.79 ± 0.56 mg AAE/g, followed
by the mango peel (9.32 ± 0.24 mg AAE/g), kiwi fruit peel (8.95 ± 0.18 mg AAE/g), and avocado peel
(7.19 ± 0.72 mg AAE/g) samples. In comparison, banana, dragon fruit, melon, nectarine, passion fruit,
peach, pear, and plum peels exhibited relatively low ABTS radical scavenging ability. Previously,
a similar ABTS·+scavenging tendency was found in white and pink freeze-dried grapefruit peel
extracts [42]. Pal, et al. [43] also found the ABTS radical scavenging ability in kiwi fruit at different
ripening stages. Tremocoldi, et al. [44] reported slightly higher ABTS radical scavenging activities
in different avocado varieties, including Hass and Fuerte peel samples, as compared to our results.
Ortega-Arellano, et al. [45] also reported the ABTS antioxidant activity for both Hass and Reed peels,
which is consistent with our results.

The FRAP assay evaluates the ability of samples to donate electrons to reduce a Fe+3-TPTZ
complex to a blue Fe+2-TPTZ complex. Grapefruit peel exhibited the highest FRAP reducing
power with 9.22 ± 0.25 mg AAE/g, followed by mango peel (6.19 ± 0.26 mg AAE/g), avocado peel
(3.65 ± 0.07 mg AAE/g) and apple peel samples (3.20 ± 0.04 mg AAE/g), while the FRAP reducing
power from dragon fruit, melon, passion fruit, pear, and plum peels were relatively low as compared
to other fruit peels. Previously, Oboh and Ademosun [46] also reported high FRAP activity in orange
and apple peels that was attributed to their bound phenolics compounds and flavonoids. Furthermore,
FRAP activities previously reported in other fruit peels including kiwifruit, lime, pineapple, banana,
and mango was also in accordance with our study [47].

The total antioxidant capacity (TAC) assay is based on an electron transfer mechanism. This assay
is very similar to FRAP, where molybdenum (VI) will be reduced to molybdenum (V) through
antioxidant compounds or phenolic compounds. Similar to the results of FRAP assay, the highest TAC
values were reported in the grapefruit peel (8.77 ± 0.34 mg AAE/g), followed by mango, avocado,
and apple peels (6.19 ± 0.23, 4.50 ± 0.16 and 2.97 ± 0.16 mg AAE/g, respectively). In comparison,
dragon fruit, kiwi fruit, melon, nectarine, papaya, peach, pear, and plum peels had relatively low TAC
values. The strong antioxidant activities including DPPH, ABTS, and FRAP of different citrus fruits
have already been reported, while grapefruit had the strongest antioxidant potential [48]. Antioxidant
assays involved multiple reactions and mechanisms to estimate the antioxidant potential of any plant
material, and unfortunately, there is no single method that can accurately reflect the overall antioxidant
potential due to the complex nature of phytochemicals. For this reason, the MS/MS characterization is
one of the key areas in phytochemical research to used compute overall phenolic compounds and their
antioxidant potential.

In general, grapefruit, mango, and avocado peels exhibit distinctive antioxidant activity in four
different types of antioxidant assays. Our polyphenolic and antioxidant results indicated that further
research is needed to determine the actual contribution of polyphenols toward the antioxidant potential
by minimizing other distracting factors of in vitro reagent-based assays, including the contribution of
non-phenolic compounds toward the antioxidant potential.
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3.3. LC-ESI-QTOF-MS/MS Characterization

LC-MS/MS has been widely used for the identification and characterization of bioactive
compounds, including phenolics from different fruits, vegetable, and medicinal plants. An untargeted
qualitative analysis of phenolics from twenty different fruit peel samples was achieved via
LC-ESI-QTOF-MS/MS analysis in both negative and positive modes of ionization (Table S1,
Figures S1 and S2—Supplementary Data). Phenolics present in different fruit peel samples were
tentatively identified and characterized from their m/z value and MS spectra in both negative and
positive modes of ionization ([M − H]−/[M + H]+) using Agilent LC-MS Qualitative Software and
Personal Compound Database and Library (PCDL). Compounds with mass error < ± 5 ppm and PCDL
library score more than 80 were selected for further MS/MS identification and m/z characterization and
verification purposes. In our study, LC-MS/MS enabled the tentative identification and characterization
of 176 phenolics in twenty different fruit peel samples, including phenolic acids (49), flavonoids (86),
lignans (11), stilbene (5) and other polyphenols (25) listed in Table S1 (Supplementary data).

3.3.1. Phenolic Acids

Phenolic acids are the most abundant bioactive compounds present in different fruits [5]. In our
study, a total of 49 phenolic acids were tentatively characterized, including hydroxybenzoic acids (12),
hydroxycinnamic acids (31), hydroxyphenylacetic acids (2), and hydroxyphenylpropanoic acids (4).

Hydroxybenzoic acids are widely present in different fruits such as mango, apple, custard apple,
citrus, strawberries, and raspberries with significant antioxidant potential. Compound 1 presenting
in mango, pear and kiwifruit was proposed as vanillic acid 4-sulfate based on the observed m/z

at 246.9911 in negative ionization mode and further confirmed by the MS/MS experiment which
displayed a characteristic loss of SO3 (80 Da) at m/z 167 [49]. Most of the phenolic acids showed the
loss of CO2 (44 Da) and hexosyl moiety (162 Da) [50]. Compound 3 (m/z 169.0146), compound 6 (m/z
137.0244) and compound 8 (m/z 153.0193) were identified as gallic acid, 2-hydroxybenzoic acid and
2,3-dihydroxybenzoic acid, showing product ions at m/z 125, at m/z 93 and at m/z 109, represented the
loss of CO2 from the precursor ions [50,51]. Previously, Kim, et al. [52] had also tentatively identified
gallic acid from white and red dragon fruit peel and pulp samples.

Hydroxycinnamic acids contained collectively a larger number of detected compounds than in
any other subclass in this study. In our study, a total of 31 hydroxycinnamic acids were identified
with remarkable antioxidant potential. Six caffeic acid derivatives were successfully identified in our
work. Compound 15 (m/z 341.0861) and compound 26 (m/z 355.0686) exhibited a product ion at m/z

179 (caffeic acid ion) by losing glucoside (162 Da) and glucuronide (176 Da) in negative mode and
identified as caffeoyl glucose and caffeic acid 3-O-glucuronide [53].

Ferulic acid (Compound 23) was also observed in eight different peel samples. In an MS2

experiment, ferulic acid displayed the product ions at m/z 178, m/z 149, and m/z 134, indicating the loss
of CH3, CO2, and CH3 with CO2 from the precursor, respectively [54]. Compound 25 (RT = 19.319 min)
was tentatively identified as m-coumaric acid with the precursor [M − H]− m/z at 163.0406 and
confirmed by the MS/MS spectra (Figure 2), which exhibited the fragments at m/z 119 due to the loss
of CO2 [54]. Compound 47 (dihydroferulic acid 4-O-glucuronide, m/z at 371.0986) and compound
49 (dihydrocaffeic acid 3-O-glucuronide, m/z at 357.0811) were both detected only in the negative
ionization mode, and the characteristic loss of the glucuronide (176 Da) moiety was observed in both
compounds, which produced the fragment ions at m/z 195 and at m/z 181, respectively [55].
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Figure 2. The LC-ESI-QTOF-MS/MS characterization of m-coumaric acid. (A) A chromatograph of
m-coumaric acid (Compound 25, Table S1—Supplementary Data) in the negative mode [M − H]−

which was tentatively identified and characterized in fifteen different fruit peel samples; (B) a mass
spectrum of m-coumaric acid with a precursor of m/z 163.0406 in the apple peel; (C) MS/MS spectrum of
m-coumaric acid with the product ion of m/z 119 (confirmed from online LC-MS library and database);
(D) a fragmentation pattern of the m-coumaric acid in negative mode [M − H]−, with precursor of m/z

163 and a product ion of m/z 119 due to the loss of CO2.
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3.3.2. Flavonoids

Flavonoids (in total 86) are the most abundant class with antioxidant potential found in the fruit
peels. Flavonoids were divided into eight subclasses, including flavanols (11), flavones (12), flavanones
(8), flavonols (19), dihydrochalcones (3), dihydroflavonols (2), anthocyanins (12) and Isoflavonoids (19).

A total of eight flavanones was discovered in the peels. Quercetin 3’-O-glucuronide (Compound 82)
and myricetin 3-O-arabinoside (Compound 83) were found in both modes and tentatively identified
by the precursor ions [M −H]− m/z at 477.067 and [M −H]− m/z at 449.0716. The product ion at m/z 301
in the MS2 spectrum of quercetin 3’-O-glucuronide was produced by the loss of glucuronide (176 Da)
from the precursor [56], and the peaks at m/z 317 (loss of pentose moiety, 132 Da) confirmed the identity
of myricetin 3-O-arabinoside [57].

3.3.3. Other Polyphenols

A total of 25 other polyphenols were identified from the peels, which were further divided into
hydroxycoumarins (5), hydroxybenzaldehydes (2), hydroxybenzoketones (2), hydroxyphenylpropenes
(1), curcuminoids (3), furanocoumarins (1), phenolic terpenes (2), tyrosols (5) and other polyphenols (4).

Coumarin (Compound 138) and scopoletin (Compound 139) were found in both negative and
positive modes and tentatively identified according to the precursors [M + H]+ at m/z 147.0448 and
[M − H]− at m/z 191.0345. In the MS2 experiment of 147.0448, peaks at m/z 103 [M + H − CO2] and m/z

91 [M + H − 2CO] achieved the identification of coumarin, and in the MS/MS spectra of m/z 191.0345,
peaks at 176 [M − H − 15, loss of CH3] are characteristic for scopoletin [58,59].

3.3.4. Lignans

A total of eleven lignans were identified in most of the fruit peels. Compounds 161 and 163

presenting in the positive mode were identified as enterolactone and schisandrin C according to the
m/z 299.1283 and m/z 385.1652, respectively. The MS/MS experiment achieved the identification of these
lignans. Enterolactone exhibited the fragment ions at m/z 281, 187, and 165, representing the loss of
H2O, C6H8O2 and C9H8O2, respectively [60]. The presence of schisantherin C was verified by the
product ions at m/z 370 (loss of CH3, 15 Da), m/z 315 (loss of C5H10, 70 Da) and m/z 300 (loss of CH3 and
C5H10, 85 Da) [61].

3.3.5. Stilbenes

A total of five stilbenes were identified in different fruit peel samples. Resveratrol (Compound 173,

[M −H]− m/z at 227.0709 presenting in custard apple and avocado peels) and resveratrol 5-O-glucoside
(Compound 174, [M−H]− m/z at 389.1245 appearing in passion fruit, pomegranate, and kiwi fruit peels)
were detected in both ionization modes. In the MS2 spectra, Resveratrol showed the characteristic m/z

at 212 (loss of CH3), 185 (loss of CHCOH), 157 (loss of CHCOH and CO), and 143 (loss of CHCOH
and C2H2O) [62]. The excepted loss of glucoside (162 Da) was observed in the MS2 fragmentation of
resveratrol 5-O-glucoside, which allowed the identification of this compound [63].

The LC-MS/MS characterizations of phenolic compounds presented in different fruit peels have
remarkable antioxidant capacities. Most of the hydroxycinnamic hydroxybenzoic acids and their
derivatives and flavonoid and their derivatives have strong free radical scavenging ability. The presence
of these phenolics in different fruit peel samples indicates that these food wastes could be valuable
sources of natural antioxidant compounds. In short, these fruit peels could be utilized in different food,
feed, nutraceutical, and pharmaceutical industries.

3.4. Distribution of Phenolic Compounds—Venn Diagram

To further investigate the distribution of phenolic compounds in different fruit peels, Venn diagrams
were generated among fruits grown in different climate zones including tropical, sub-tropical,
and temperate (Figure 3). Although the aim of this study was not to explore the relationship between
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growing regions and phenolic contents in different fruit peel samples, we tentatively characterized
their phenolic profiling through Venn diagrams. This preliminary analysis indicates that it is worth
further exploring the relationship between growing regions and phenolic contents in different fruit
peel samples. The comparison showed that there are differences in the phenolic compositions of fruits
grown in different climate zones, and so it may be possible to optimize phenolic levels in these fruits
and their peels through the targeted selection of the growing location.

 

 

Figure 3. Venn diagram of phenolic compounds presented in different fruit peel samples grown
in different regions. (A) shows the relations of total phenolic compounds present in different fruit
peel samples grown in three different zones. (B) shows the relations of phenolic acids present in
different fruit peel samples. (C) shows the relations of flavonoids present in different fruit peel samples.
(D) shows the relations of other phenolic compounds present in different fruit peel samples.
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Fruit peel samples were divided into three groups according to their growing regions, which were
tropical (banana, custard apple, dragon fruit, mango, papaya, and pineapple peels), sub-tropical
(pomegranate, passion fruit, orange, grapefruit, avocado, lime peels), and temperate (apple, apricot,
kiwi fruit, peach, pear, melon, plum, nectarine peels).

From Figure 3A, a total of 375 phenolics were tentatively identified in all twenty selected fruit peels.
Among “total phenolic compounds”, 69.9% of them were commonly identified in all three zones, including
tropical, sub-tropical, and temperate regions. From Figure 3B,C, a total of 72.8% of the “phenolic acids”
and 68.3% of the “flavonoids” were commonly identified in all three zones. The proportions of common
phenolic acids and flavonoids shared by all the fruit peels were almost similar to that of total phenolic
compounds, which indicated the compositions of these compounds were similar in tropical, sub-tropical,
and temperate fruits, despite different growing regions. However, Figure 3D shows that “other phenolic

compounds” had only 56.5% of commonly identified compounds in the three groups, the proportions
of which were much lower than those in the total phenolic compounds. The lower proportion of
shared compounds of “other phenolic compound” indicated that they might be the main contributors
responsible for the differences in overall phenolic concentrations and antioxidant activities of different
fruit peels collected from three different climatic zones. Additionally, tropical and sub-tropical fruits
were more similar in the compositions of other phenolic compounds, while temperate fruits had a
quite different composition. The difference may be explained by a previous study, which indicated that
tropical fruits often had richer phenolic contents and stronger antioxidant capabilities than temperate
fruits due to the presence of some phenolic compounds in tropical fruits that functioned as lipid
peroxidation inhibitors and decreased deleterious effects in plants caused by the strong ultraviolet
radiation in tropical regions [64]. For example, stilbenes possess an antioxidant ability that can decrease
oxidative stress caused by UV irradiation, as well as for the defense system of plants against fungi and
bacteria [65]. Also, other phenolic compounds with anti-insect functions might exist exclusively in
tropical fruits, as a warmer climate usually favors pest threats [66,67].

In this work we found that there is a strong relationship between growing regions and phenolic
contents in different fruit peel samples, and we elucidate the differences in the compositions of phenolic
compounds, particularly “other phenolic compounds”. Further work is required to explore the impacts of
individual phenolics.

3.5. HPLC-PDA Quantitative Analysis

HPLC has been widely used as an effective tool for the identification and quantification of phenolic
compounds in different fruit and vegetable samples. The twenty most abundant phenolic compounds
present in the different fruit peels, including 10 phenolic acids and 10 flavonoids, were selected for
quantification. Tables 2 and 3 show the quantified phenolic acids and flavonoids by comparing
retention time with reference standards, and results were calculated using standard curves.

3.5.1. Phenolic Acids

In our study, ten targeted phenolic acids were quantified in the twenty fruit peels. Table 2 showed
that the mango peel was most abundant in terms of the overall phenolic acids (72.2 ± 4.5 mg/g) and
most of the individual phenolic acid, while melon peels significantly had the lowest overall phenolic
acid content. Mango peels significantly had the highest phenolic content for seven out of ten targeted
phenolic acids, including gallic acid (14.5 ± 0.4 mg/g), chlorogenic acid (13.8 ± 0.9 mg/g), caffeic acid
(4.5 ± 0.4 mg/g), p-hydroxybenzoic acid (10.5 ± 0.4 mg/g), syringic acid (11.5 ± 0.7 mg/g), ferulic acid
(6.3 ± 0.4 mg/g), and coumaric acid (5.1 ± 0.2 mg/g), respectively. Previously, Palafox-Carlos, et al. [68]
detected gallic acid, chlorogenic acid, and protocatechuic acids in different mango varieties, including
in both pulp and peels. Chlorogenic acid was the most abundant in their study, while gallic acid was
the most abundant in our study. However, Kim, et al. [69] reported that gallic acid was the predominant
phenolic acid in mango peels, which is in agreement with our results. In another study, Hu, et al. [70],
reported a gallic acid concentration of 0.08–0.59 mg/g among mango peel samples, which is much
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lower than our results. These variations can be explained by the variability of phenolic content with
cultivar type and maturity, growing regions, and climatic conditions.

Another study of Marina and Noriham [31] indicated that mango peels had higher phenolic
content than papaya peels, which also agrees with our quantification results for the ten targeted phenolic
acids. Moreover, Gorinstein, et al. [71] also reported a similar trend that mango had significantly higher
phenolic contents than avocado peel samples. However, they also reported a higher phenolic content
in kiwifruit than in mango, which is in contrast with our results. The difference might be caused by
the difference in varieties and growing conditions as they, used grown fruits from Singapore, while
our study was conducted on grown fruits from Australia. Apart from mango, other tropical fruits,
including banana, custard apple, dragon fruit, papaya, passion fruit, and pineapple peels, did not
show significantly higher phenolic contents than other temperate or subtropical fruits, although some
of these fruits, such as the banana, were reported to have high phenolic contents and antioxidant
ability [72].

Pomegranate was another fruit other than mango which had a significantly higher content for
most of the phenolic acids. Previously, Li, et al. [73] detected 249.4 ± 17.2 mg/g phenolic contents in
pomegranate peels, which indicated that this fruit was an excellent source of phenolics. Moreover,
the study of Marina and Noriham [31] also indicated that pomegranates possessed high phenolic
contents. From our results, similar conclusions can be postulated, as pomegranate has a significantly
higher phenolic acid content compared with other fruit peels. Additionally, Pal, et al. [74] reported
approximately a three-fold higher phenolic content in the pomegranate peel than in the orange peel,
which is consistent with our study. Apart from pomegranate, grapefruit and lime peels were also
quantified in our study and significantly showed the highest contents for several phenolic acids.
Previously, Sir Elkhatim, et al. [75] compared the phenolic contents between peels of citrus fruits
including orange, grapefruit, and lime, and reported that grapefruit peels had the highest phenolic
content, followed by lime and orange peels, which showed a similar pattern with our results for the
targeted phenolic acids. Li, et al. [76] also reported similar results that the grapefruit peel had the
highest phenolic contents compared with other citrus fruit peels.

As for temperate fruits, apple peels had significantly higher contents of protocatechuic acid
(7.4 ± 0.4 mg/g) than all other fruits. While the apple peel did not have higher overall phenolic acid
contents among all the 20 fruits, it is one of the most widely consumed fruits known for its antioxidant
ability [77], and importantly, the peel is often consumed. Previously, Russell, et al. [78] reported a
higher content of phenolic acids, including gallic acid, protocatechuic acid, p-hydroxybenzoic acid,
syringic acid, and sinapinic acid, in apple peels than in the peel of pears of Scottish varieties, which is
consistent with our results. The study of Mihailović, et al. [79] indicated that chlorogenic acid was
the most dominant phenolic acid presented in the apple peel, which is in agreement with our study,
which detected the highest chlorogenic acid content of 11.2 ± 0.1 mg/g for apple peels. Moreover,
Veberic, et al. [80] also reported that chlorogenic acid was the most abundant phenolic acid in the apple
peel with the content range of 4.1–79.5 mg/100 g. The variation can be attributed to a difference in apple
varieties. Previous studies have suggested that most tropical fruits have higher phenolic contents than
temperate fruits, as phenolic compounds are essential for inhibiting lipid peroxidation and deleterious
effects in plant tissues caused by strong ultraviolet radiation in tropical areas [64]. It can also be
concluded from previous studies that, although some temperate fruits were already potential phenolic
sources, topical fruits had richer phenolic contents, which makes them better sources of phenolic
acids [64]. In our study, the tropical fruit mango showed significantly higher phenolic acid content in
the peel than all the sub-tropical and temperate fruits, which is consistent with previous studies.
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Table 2. Phenolic acids quantified in different fruit peel samples using HPLC-PDA.

Fruit Peels Gallic Acid
Protocatechuic

Acid
Caftaric

Acid
Chlorogenic

Acid
p-hydroxybenzoic

Acid
Caffeic Acid

Syringic
Acid

Coumaric
Acid

Ferulic Acid
Sinapinic

Acid
Sum of

Phenolic Acids

APL-P 4.2 ± 0.9 d 7.4 ± 0.4 a - 11.2 ± 0.1 b 6.5 ± 0.8 c 2.1 ± 0.9 c 1.1 ± 0.7 g - 1.2 ± 0.3 h - 33.7 ± 1.5 C

APR-P 2.1 ± 0.6 g - 2.4 ± 0.4 e 5.9 ± 0.2 e 3.1 ± 0.3 f 3.5 ± 0.1 b - - 4.5 ± 0.1 c 1.3 ± 0.1 e 22.8 ± 1.7 D

AVO-P 3.2 ± 0.5 e 4.2 ± 0.2 b 1.2 ± 0.1 g 9.5 ± 0.1 c 4.5 ± 0.6 d - 3.5 ± 0.3 d 4.1 ± 0.1 b - 2.7 ± 0.6 c 32.9 ± 2.5 C

BNA-P 1.2 ± 0.2 i - - 4.5 ± 0.5 f 2.8 ± 0.1 g - 4.1 ± 0.5 c - 3.7 ± 0.2 d - 16.3 ± 1.9 G

CTA-P 1.4 ± 0.2 h - 4.7 ± 0.9 c 7.5 ± 0.3 d 4.5 ± 0.9 d - - 1.8 ± 0.4 f 1.8 ± 0.3 g 3.9 ± 0.8 b 25.6 ± 1.6 D

DGF-P 1.1 ± 0.5 i - 3.5 ± 0.5 d 4.1 ± 0.9 g 1.2 ± 0.7 i - 3.1 ± 0.9 d 2.8 ± 0.1 d 2.7 ± 0.8 e - 18.5 ± 2.1 F

GRF-P 5.4 ± 0.9 c 3.4 ± 0.4 c 7.8 ± 0.5 a - 3.5 ± 0.9 e 4.2 ± 0.5 a - 3.1 ± 0.8 c 2.1 ± 0.4 f 1.7 ± 0.7 d 31.2 ± 1.9 C

KWF-P 1.1 ± 0.9 i - 4.2 ± 0.4 c 3.2 ± 0.5 i 2.8 ± 0.1 g - 2.1 ± 0.1 e 4.1 ± 0.8 b 1.2 ± 0.7 h - 18.7 ± 1.7 F

LMN-P - 1.2 ± 0.8 e 2.4 ± 0.5 e - 4.2 ± 0.4 d 1.2 ± 0.6 e - 2.1 ± 0.4 e 4.5 ± 0.9 c 4.9 ± 0.7 a 20.5 ± 2.1 E

MNG-P 14.5 ± 0.4 a - 2.1 ± 0.1 f 13.8 ± 0.9 a 10.5 ± 0.4 a 4.5 ± 0.4 a 11.5 ± 0.7 a 5.1 ± 0.2 a 6.3 ± 0.4 a 3.9 ± 0.9 b 72.2 ± 4.5 A

MEL-P - 1.1 ± 0.7 e - 1.6 ± 0.3 j - - 2.3 ± 0.1 e - 1.2 ± 0.2 h - 6.2 ± 1.2 M

NEC-P 1.5 ± 0.7 h 1.2 ± 0.2 e - 4.5 ± 0.4 f 2.8 ± 0.1 g 1.7 ± 0.9 d - - 1.1 ± 0.1 h - 12.8 ± 1.9 I

ORN-P 5.4 ± 0.9 c - 3.1 ± 0.4 d 5.6 ± 0.3 e 3.6 ± 0.1 e - 1.8 ± 0.2 f - 2.1 ± 0.7 f 1.8 ± 0.2 d 23.4 ± 2.3 D

PAP-P 2.4 ± 0.7 f - 5.6 ± 0.1 b - 2.9 ± 0.2 g - 2.4 ± 0.9 e - 1.8 ± 0.4 g - 15.1 ± 1.1 H

PSN-P - - 5.2 ± 0.8 b - 2.1 ± 0.4 h - 3.5 ± 0.3 d - 1.1 ± 0.1 h - 11.9 ± 1.9 J

PEC-P 1.5 ± 0.4 h 1.2 ± 0.1 e - 3.7 ± 0.9 h - 1.8 ± 0.2 d - - 2.7 ± 0.1 e 1.4 ± 0.9 e 12.3 ± 1.3 I

PER-P 1.1 ± 0.7 i - 2.1 ± 0.8 f - 3.2 ± 0.3 f - 1.5 ± 0.4 f - 1.2 ± 0.1 h - 9.1 ± 1.7 L

PIN-P 1.5 ± 0.9 h 2.1 ± 0.2 d - - 1.2 ± 0.1 i 1.1 ± 0.5 e - 2.8 ± 0.3 d - 1.9 ± 0.7 d 10.6 ± 1.9 K

PLM-P 1.4 ± 0.3 h - - - 3.8 ± 0.1 e - 1.7 ± 0.7 f - 4.2 ± 0.4 c - 11.1 ± 2.1 J

POM-P 6.7 ± 0.1 b 7.4 ± 0.6 a - 11.8 ± 0.7 b 9.8 ± 0.1 b 4.5 ± 0.7 a 6.7 ± 0.9 b - 5.8 ± 0.2 b - 52.7 ± 3.9 B

All values are expressed as “mg/g”, mean ± standard deviation (n = 3). Alphabetic letters indicate significant difference (p < 0.05) in a row using a one-way analysis of variance (ANOVA)
and Tukey’s test. Fruit peel samples were mentioned in abbreviations. Apple peel “APL-P”, Apricot peel “APR-P”, Avocado peel “AVO-P”, Banana peel “BNA-P”, Custard apple peel
“CTA-P”, Dragon fruit peel “DGF-P”, Grapefruit peel “GRF-P”, Kiwifruit peel “KWF-P”, Lime peel “LMN-P”, Mango peel “MNG-P”, Melon peel “MEL-P”, Nectarine peel “NEC-P”,
Orange peel “ORN-P”, Papaya peel “PAP-P”, Passionfruit peel “PSN-P”, Peach peel “PEC-P”, Pear peel “PER-P”, Pineapple peel “PIN-P”, Plum peel “PLM-P”, and Pomegranate peel
“POM-P”.
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3.5.2. Flavonoids

Flavonoids are the largest group of phenolics and are present in most of the fruits. Among the
fruit peels investigated, the mango peel has the highest content for overall flavonoids (57.1 ± 2.4 mg/g),
while passion fruit had the lowest (10.4 ± 1.4 mg/g) listed in Table 3.

Mango peels showed similarly high contents for flavonoids as for phenolic acids, significantly with
the highest contents of epicatechin gallate (3.2 ± 0.9 mg/g), quercetin-3-galactoside (10.9 ± 0.1 mg/g),
quercetin-3-glucuronide (11.5 ± 0.7 mg/g), quercetin (11.9 ± 0.4 mg/g), and kaempferol (9.8 ± 0.7 mg/g).
Previously, catechin and quercetin-3-galactoside were quantified by López-Cobo, et al. [81] in different
mango peel samples. Compared with other fruits, Marina and Noriham [31] reported higher catechin
and epicatechin contents in mango peels than other tropical fruit peels, such as papaya peel and guava
peel, which is consistent with our study. However, a few studies reported lower flavonoids in mango
pulp as compared to kiwifruit and avocado pulp, which did not agree with our fruit peel extracts [71].
The contradictory results might be explained by previous literature indicating that peels contained
more flavonoids as compared to pulp [68].

Apart from mango peel, dragon fruit peel was also found to be abundant with flavonoids while
catechin was dominantly detected in it with a concentration of 7.5 ± 0.9 mg/g. Previously, flavonoids
including kaempferol and quercetin derivatives were detected and quantified in dragon fruit peels [82].
The pineapple peel sample had a relatively low flavonoid content among all the twenty fruits which
showed a different pattern from mango and dragon fruit peels, but these results agree with the previous
study of Silva, et al. [83], who reported significantly higher flavonoid contents in mango, papaya,
and passion fruit than in pineapple, in which only a few flavonoids were detected in the pineapple
peel sample. The pomegranate peel sample also had higher flavonoids (35.7 ± 4.7 mg/g) similar to
phenolic contents. For individual flavonoids, pomegranate peel had the highest epicatechin content
(4.1 ± 0.3 mg/g). Previously, Li, Guo, Yang, Wei, Xu and Cheng [73] reported higher flavonoids in
pomegranate peel than our results, which may be because we only quantified the ten most abundant
flavonoids across the fruit samples observed, and there is a chance that individual fruits may have
high concentrations of a flavonoid outside this group. Another study showed that flavonoid contents
in pomegranate and mango juices were significantly lower than the phenolic acid contents, which is
consistent with our results [68]. Our results indicated that both mango and pomegranate peels are
excellent sources of phenolic compounds.

For citrus fruit peels, the kaempferol-3-glucoside content was highest in lime peel (3.7 ± 0.4 mg/g),
which is higher than those in orange, grapefruit, and pomegranate. Previously, Singh and Immanuel [84]
reported similar results that lime peel had a higher total flavonoid content compared with other citrus
species, such as orange. However, a more recent study of Sir Elkhatim, Elagib, and Hassan [75] showed
that orange peel contained higher amounts of flavonoids than lime and grapefruit peels, which is in
contrast with our results. The variation can be attributed to the difference in fruit varieties and extraction
methods. In temperate fruits, quercetin-3-glucoside was the most abundant in apple peel, with a
concentration of 4.5 ± 0.9 mg/g. Previously, Schieber, et al. [85] also reported quercetin-3-glucoside
was present in apple pomace at a low concentration. Another study of Mihailović, Mihailovic, Kreft,
Ciric, Joksović and Djurdjevic [79] reported flavonoids including catechin (0.187 ± 0.007 mg/g) and
quercitrin (0.256 ± 0.002 mg/g) from peels of wild apple varieties, which were also detected in our
study. In summary, all twenty fruit peel samples have a considerable quantity of phenolic compounds,
including both phenolic acids & flavonoids, and these fruit peels are potential commercial sources of
these phenolics.
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Table 3. Flavonoids quantified in different fruit peel samples using HPLC-PDA.

Fruit Peels Catechin Epicatechin
Epicatechin

Gallate
Quercetin-3-
Galactoside

Quercetin-3-
Glucuronide

Quercetin-3-
Glucoside

Kaempferol-3-
Glucoside

Diosmin Quercetin Kaempferol
Sum of

Flavonoids

APL-P 3.2 ± 0.8 b - 1.5 ± 0.1 d 5.7 ± 0.6 b - 4.5 ± 0.9 a - 2.1 ± 0.4 b 9.6 ± 0.9 b - 26.6 ± 1.9 C

APR-P - 2.1 ± 0.8 b 2.3 ± 0.1 b - 3.8 ± 0.7 d 3.5 ± 0.2 b 3.2 ± 0.4 b - 6.9 ± 0.7 c 4.5 ± 0.1 d 26.3 ± 2.1 C

AVO-P 2.1 ± 0.9 d 1.8 ± 0.4 c - 4.9 ± 0.7 c 1.7 ± 0.8 f 2.8 ± 0.1 c 1.9 ± 0.5 e 1.7 ± 0.1 c 3.9 ± 0.9 g 2.9 ± 0.4 f 23.7 ± 2.7 D

BNA-P 1.5 ± 0.7 e - - 3.8 ± 0.9 d - 1.7 ± 0.1 e - - 4.8 ± 0.8 e - 11.8 ± 2.1 H

CTA-P 2.1 ± 0.4 d - 1.9 ± 0.7 c - 1.4 ± 0.1 f - 1.7 ± 0.5 e - 3.2 ± 0.9 h 3.9 ± 0.4 d 14.2 ± 1.9 G

DGF-P 7.5 ± 0.9 a - 1.5 ± 0.1 d 4.5 ± 0.7 c 1.7 ± 0.4 f - 2.4 ± 0.7 d - 4.9 ± 0.3 e 3.5 ± 0.7 e 26.0 ± 1.1 C

GRF-P - - 2.1 ± 0.7 b 2.9 ± 0.1 e - 1.7 ± 0.7 e 1.9 ± 0.3 e 1.1 ± 0.7 d 5.9 ± 0.1 d 4.2 ± 0.9 d 19.8 ± 1.9 E

KWF-P 1.5 ± 0.2 e - 1.1 ± 0.9 e - 4.5 ± 0.3 c - 1.2 ± 0.8 f 1.7 ± 0.1 c 5.4 ± 0.2 d 7.1 ± 0.7 b 22.5 ± 2.7 D

LMN-P 2.7 ± 0.1 c - - 4.8 ± 0.7 c 8.7 ± 0.2 b - 3.7 ± 0.4 a 1.9 ± 0.6 b - 1.2 ± 0.1 h 23.0 ± 1.3 D

MNG-P 7.1 ± 0.3 a - 3.2 ± 0.9 a 10.9 ± 0.1 a 11.5 ± 0.7 a - 2.7 ± 0.4 c - 11.9 ± 0.4 a 9.8 ± 0.7 a 57.1 ± 2.4 A

MEL-P - 1.9 ± 0.3 c - 2.8 ± 0.9 e - 1.7 ± 0.1 e - - 4.5 ± 0.3 f - 10.9 ± 1.2 I

NEC-P 2.1 ± 0.8 d - 1.7 ± 0.1 d 1.8 ± 0.7 g - - 2.9 ± 0.7 c - 2.9 ± 0.9 i 3.1 ± 0.1 e 14.5 ± 2.1 G

ORN-P 3.5 ± 0.1 b 2.4 ± 0.4 b - 3.8 ± 0.2 d - - 3.9 ± 0.1 a - - 1.9 ± 0.8 g 15.5 ± 1.7 F

PAP-P - 1.7 ± 0.3 c 1.9 ± 0.9 c - 4.7 ± 0.1 c - 1.7 ± 0.9 e - 4.9 ± 0.4 e 2.9 ± 0.2 f 17.8 ± 2.1 F

PSN-P 1.8 ± 0.7 e - - 1.7 ± 0.1 f - 2.1 ± 0.9 d - 1.7 ± 0.1 c - 3.1 ± 0.8 e 10.4 ± 1.4 I

PEC-P 1.2 ± 0.5 f - 1.9 ± 0.3 c 2.1 ± 0.4 f - 1.8 ± 0.2 e - 1.1 ± 0.1 d - 4.1 ± 0.7 d 12.2 ± 1.7 H

PER-P 1.8 ± 0.7 e 1.9 ± 0.9 c - - 1.7 ± 0.4 f - 1.1 ± 0.1 f - - 7.4 ± 0.7 b 13.9 ± 2.1 G

PIN-P - - 1.5 ± 0.1 d - - 3.7 ± 0.1 b - 3.1 ± 0.6 a - 6.5 ± 0.7 c 14.8 ± 1.9 G

PLM-P 3.1 ± 0.1 b - 1.4 ± 0.9 d 2.7 ± 0.3 e - 3.1 ± 0.5 c - 1.9 ± 0.7 b - 4.1 ± 0.2 d 16.3 ± 2.1 F

POM-P 2.1 ± 0.1 d 4.1 ± 0.3 a - 5.7 ± 0.1 b 2.1 ± 0.7 e - 3.6 ± 0.2 a 1.1 ± 0.3 d 9.4 ± 0.9 b 7.6 ± 0.7 b 35.7 ± 4.7 B

All values are expressed as “mg/g”, mean ± standard deviation (n = 3). Alphabetic letters indicate the significant difference (p < 0.05) in a row using ANOVA and Tukey’s test. Fruit peel
samples were mentioned in abbreviations. Apple peel “APL-P”, Apricot peel “APR-P”, Avocado peel “AVO-P”, Banana peel “BNA-P”, Custard apple peel “CTA-P”, Dragon fruit peel
“DGF-P”, Grapefruit peel “GRF-P”, Kiwifruit peel “KWF-P”, Lime peel “LMN-P”, Mango peel “MNG-P”, Melon peel “MEL-P”, Nectarine peel “NEC-P”, Orange peel “ORN-P”, Papaya
peel “PAP-P”, Passionfruit peel “PSN-P”, Peach peel “PEC-P”, Pear peel “PER-P”, Pineapple peel “PIN-P”, Plum peel “PLM-P” and Pomegranate peel “POM-P”.
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3.6. Heat Map and Hierarchical Clustering Phenolic Compound Analysis

For further analyzing the hierarchical clustering of targeted phenolic compounds in the twenty
selected fruit peels, a heat map was constructed (Figure 4). The distance measure used for determining
the similarity between fruits and compounds was the correlation, while the clustering method used for
rows and columns was based on average concentration. For tree ordering, the tightest clusters were
clustered first.

 

 

Figure 4. Heatmap showing phenolic compounds’ distribution and concentration among twenty fruit
peel samples. Red boxes mean concentrations are higher among different fruit peel samples. Blue boxes
mean lower concentrations. PA: phenolic acids; FL: flavonoids; FP 1-5: fruit peel clusters 1; PC 1-5:
phenolic compound clusters. Fruit peel samples were mentioned in abbreviations. Apple peel “APL-P”,
Apricot peel “APR-P”, Avocado peel “AVO-P”, Banana peel “BNA-P”, Custard apple peel “CTA-P”,
Dragon fruit peel “DGF-P”, Grapefruit peel “GRF-P”, kiwifruit peel “KWF-P”, Lime peel “LMN-P”,
Mango peel “MNG-P”, Melon peel “MEL-P”, Nectarine peel “NEC-P”, Orange peel xORN-P”, Papaya
peel “PAP-P”, Passionfruit peel “PSN-P”, Peach peel “PEC-P”, Pear peel “PER-P”, Pineapple peel
“PIN-P”, Plum peel “PLM-P” and Pomegranate peel “POM-P”.
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In the heat map, five clusters in rows and columns were generated and highlighted by the
hierarchical clustering; different clusters of samples indicate significant differences in phenolic profiles.
The color difference showed the abundance of phenolic acids and flavonoids in different fruit peels.
From the results, it can be observed that MGN-P, DGF-P, NEC-P, LMN-P, and CTA-P were clustered
together in the group (FP-3), which shared similar patterns of phenolic contents. Within this cluster,
MGN-P had red color areas for gallic acid and syringic acid, representing higher contents. Previously,
Pereira-Netto [64] reported that tropical fruits shared similarly higher contents of phenolics than
temperate fruits, which agrees with the clustering, where tropical fruits MGN-P, DGF-P, LMN-P, and
CTA-P were grouped together.

Phenolic compounds were also grouped into five main clusters (PC-1, PC-2, PC-3, PC-4, and PC-5)
in the dendrogram and were further grouped into different sub-clusters according to the similarity of
their concentration patterns in the twenty fruit peel samples. Overall, PC-1 to PC-5 clusters indicated
that several phenolic acids (caffeic acid, ferulic acid, coumaric acid, sinapinic acid) and flavonoids
(quercectin-3-glucournoide, epicatechin gallate and kaempferol) had greater similarity in terms of
the concentration among different fruit peel samples. However, some phenolic acids (caftaric acid,
protocatechuic acid) and flavonoids (epicatechin and kaempferol-3-glucoside) showed variability with
respect to other phenolic compound clusters.

3.7. Correlation between Phenolic Compounds, Targeted Phenolics Quantified through HPLC-PDA and
Antioxidant Assays

The correlation between phenolic content (TPC, TFC, TTC, phenolic acids and flavonoids—quantified
through HPLC-PDA) and antioxidant activities (DPPH, FRAP, ABTS, and TAC) was performed with
a Pearson’s correlation test (Table 4). In addition, principal components analysis (PCA, Figure 5)
was performed to investigate the overall similarities and differences between the phenolic content,
targeted phenolic acid, and flavonoids quantified through HPLC in different peels of fruit samples,
and the relationship between the various methods used in the evaluation of the antioxidant potential.
The targeted (10) phenolic acids and (10) flavonoids were calculated by summarizing the content of the
proposed compounds in the HPLC-PDA table to investigate the correlations between overall phenolics
and their antioxidant activities.

Table 4. Pearson’s correlation coefficients (r) between phenolic content (TPC, TFC, TTC, phenolic acids,
and flavonoids) and antioxidant activities (DPPH, FRAP, ABTS, and TAC).

Variables TPC TFC TTC DPPH ABTS FRAP TAC Phenolic Acids

TFC 0.488 *
TTC 0.932 ** 0.457 *

DPPH 0.718 ** 0.396 0.720 **
ABTS 0.591 ** 0.270 0.622 ** 0.904 **
FRAP 0.722 ** 0.314 0.603 ** 0.868 ** 0.835 **
TAC 0.780 ** 0.397 0.668 ** 0.850 ** 0.779 ** 0.967 **

Phenolic acids 0.496 * 0.343 0.515 * 0.761 ** 0.628 * 0.614 ** 0.640 **
Flavonoids 0.349 0.232 0.355 0.633 * 0.535 * 0.473 * 0.452 * 0.911 **

* Significant correlation with p ≤ 0.05; ** Significant correlation with p ≤ 0.01. Phenolic acids and flavonoids are
quantified through HPLC-PDA.
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Figure 5. Principal component analysis (PCA) of the phenolic content (TPC, TFC, TTC, phenolic
acids and flavonoids—quantified through HPLC-PDA) and antioxidant activities (DPPH, ABTS, FRAP,
and TAC) of twenty different fruit peel samples.

A total of 79.57% variability of the initial data can be explained by the first two factors (F1 and F2)
in Figure 5. Regarding antioxidant assays, DPPH, FRAP, ABTS, and TAC were strongly correlated
with each other (p ≤ 0.01). This significantly positive correlation was previously reported by
Floegel, et al. [86]. They found that both DPPH and ABTS assays evaluate the free radical scavenging
ability, and the ABTS assay can better reflect the hydrophilic, lipophilic, and high-pigmented
antioxidants in fruits compared to the DPPH assay. The high correlation between DPPH, ABTS, FRAP,
and TAC indicated that phenolic compounds present in twenty different fruit peel extracts exhibit the
strong scavenging ability of DPPH, ABTS-reducing ability, and ferric ion- and phosphomolybdate
ion-reducing abilities, respectively. The significantly positive correlations between FRAP and other
antioxidant assays were in agreement with a previous study [87].

The TPC was highly significantly correlated with four antioxidant assays (DPPH, ABTS, FRAP,
and TAC), which suggested that phenolic compounds are primary contributors to the antioxidant
activities of the twenty different fruit peel samples. These results are in agreement with our previously
published studies on phenolic compounds in different fruits and vegetable pulp samples and their
antioxidant potential [19]. In addition, TPC were strongly correlated with TTC with r = 0.932, p ≤ 0.01.
However, a non-significant correlation between TFC and antioxidant assays was found, indicating
that the contribution from flavonoids to the antioxidant potential of some peel samples was limited.
The TFC method used in this study only targeted specific flavonoids, because the aluminum chloride
selectively reacts with flavonols and the flavone luteolin [88], which may explain the non-significant
correlations. In addition, strong correlations between TTC and four antioxidant assays were found,
indicating that tannin present in selected fruit peel samples had a significant contribution to the
antioxidant activities.

The phenolic acids content detected in HPLC was highly significantly correlated with most of
the antioxidant assays (DPPH, ABTS, FRAP, and TAC) with r = 0.761, 0.628, 0.614, 0.640, respectively
(p ≤ 0.05), indicating that phenolic acids were one of the significant contributors to the antioxidant
activities. Flavonoids detected by HPLC were also significantly correlated with most of the antioxidant
assays, which was not consistent with the correlation results between the TFC value and antioxidant
assays discussed before. One of the reasons might be that we selected only 10 of the most abundant
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flavonoids across all the fruit peels for quantification purposes, while TFC assays specifically react
with all types of flavonoids. In addition, the overall flavonoids detected by HPLC were not correlated
with the TFC value (r = 0.232), which might be due to the high proportion of other subclasses of
flavonoids rather than our targeted (10) flavonoids. Overall, both phenolic acids and flavonoids were
strongly correlated with antioxidant assays, which indicated that both phenolic classes have strong
antioxidant activities.

4. Conclusions

In conclusion, most of the selected fruit peels were found to have considerable amounts of phenolic
content with very high in vitro antioxidant potential. The TPC, TFC, DPPH, FRAP, TAC and ABTS
scavenging activity was higher in mango peel as compared to other fruit peels. The mango peel
sample also showed significantly higher phenolic compounds, including gallic acid and quercetin,
as compared to other fruit peel samples. The LC-ESI-QTOF-MS/MS technique was successfully
applied for characterization of the phenolic compounds in different fruit peels; a total of 176 phenolic
compounds were tentatively characterized. Quantification by HPLC-PDA also verified that fruit
peels are rich in phenolic compounds. The obtained results supported the idea that fruit peels are a
potential food waste source of phenolic compounds, with high antioxidant potential that has potential
utility in food, feed, and nutritional supplements. In the future, in vitro digestibility, bioavailability,
bioaccessibility, toxicological, and animal studies are required for developing these different fruit peels
as commercial ingredients.
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Abstract: The functional properties of β-glucans derived from oats and barley are confirmed by
numerous in vitro and in vivo studies. This study aimed to assess the effect of adding 0, 5, 10, 15,
and 20% oat (1,3)(1,4)-β-D-glucans to physicochemical properties, as well as the cooking and sensory
qualities of durum wheat pasta. Additionally, to improve the cooking and sensory qualities of
pasta, we added 5% of xanthan gum and vital gluten. The present study showed that the addition
of β-glucans led to an increase of the water absorption index (WAI), water solubility index (WSI),
and viscosity of products. At the same time, an increase in the content of fat, ash, and dietary fiber was
observed. The addition of (1,3)(1,4)-β-D-glucans influenced the cooking quality of the pasta, extending
the minimum cooking time and increasing the loss of dry matter. At the same time, the color of the
product changed. In the case of cooked pasta, the addition of β-glucans decreased the brightness and
increased the yellowness and redness. It was found that the products enriched with 10–15% of β-glucans,
as well as 5% of xanthan gum and vital gluten would yield functional pasta that may offer health benefits
beyond its nutritional value. Further, this could influence high cooking and sensory quality.

Keywords: functional food; fortified pasta; β-glucans; nutritional properties; sensory analysis

1. Introduction

Functional food is part of the fastest growing sector of the global food market and is a response
to the growing consumer demand for health products [1]. According to the European Commission,
the term “functional food” denotes food that not only has nutritional effects but also exerts a beneficial
effect on the physical functions of the body and, in some cases, reduces the risk of specific diseases.
These beneficial effects must be confirmed by scientific research. Functional food must have a form
easily accessible to the consumer in order to be part of the daily diet [2]. On an industrial scale, these are
usually products to which a health-promoting component has been added, its bioavailability has been
increased, or an adverse component has been removed [3–5].

A poorly balanced diet has a great impact on the development of chronic non-communicable
diseases (NCD). There is still an upward trend in the incidence of type 2 diabetes and cardiovascular
diseases [6,7]. An integral part of preventing these diseases is to increase dietary fiber intake [8–10].
Several studies have emphasized that high consumption of cereal-derived fiber is associated with
a reduction in the risk of development of type 2 diabetes [11–13]. Dietary fiber has been used
for fortification for many years. Its soluble fractions (SDF) are thought to be extremely functional.
They increase viscosity in the stomach and delay its emptying. In the intestines, they create a barrier
to enzymes and consistently slow down the hydrolysis of nutrients and absorption of glucose and
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cholesterol from food [14–17]. What is more, soluble fiber is easily fermented by bacteria living in
the colon, resulting in the production of short-chain fatty acids (SCFAs), which lower the pH of the
environment and stimulate the development of beneficial microflora [13]. The soluble fiber fraction
includes (1,3)(1,4)-β-D-glucans, which are polymers of glucose present in the cell walls of cereal grains,
especially barley and oats [18]. These ingredients have been documented to exert pro-health effects and
may be used as a functional component in food [19]. As reported by Jenkins et al. [20], a 1-g increase
in the content of β-glucans in a product reduces a food’s glycemic index (GI) by 4 units. A number
of scientific studies confirmed that a 4–6-week diet based on products with a low glycemic index
significantly reduces the fasting blood glucose level and insulin secretion, in addition to increasing
insulin sensitivity. Concurrently, it reduces the level of glycated hemoglobin (HbA1c); hence, it is an
effective method to prevent and treat diabetes [21–23]. The consumption of β-D-glucans at the level of
4 g/30 g of digestible carbohydrates present in a meal helps reduce postprandial glucose, while the
consumption at a level of 3 g/day helps maintain normal blood cholesterol levels [24].

Pasta produced from semolina durum or common wheat flour is one of the most popular cereal
products and can be a suitable food matrix for fortification with functional ingredients. Many studies
focus on the possibility of enriching pasta with high-fiber raw materials, including oat flour, β-glucan
concentrates [25–31], legume components [32], or pomaces [33,34]. It should be noted that the addition
of both insoluble and soluble fractions of dietary fiber can weaken the protein-starch matrix and has
a negative effect on the cooking and textural qualities of pasta [17,34,35]. However, some high-fiber
materials such as xanthan gum or high-protein material (e.g., vital gluten) can improve dough strength
and the cooking and sensory qualities of pasta [36–41]. At the same time, these components may
improve the health-promoting value of a product. The effects of adding β-glucans to pasta have been
examined by other authors, but there is no research on the possibility of reducing the negative effect of
this component addition on pasta sensory and cooking qualities. For this reason, the aim of the study
was to determine the possibility of using oat β-glucans and additionally xanthan gum and vital gluten
to obtain functional pasta with high quality properties and health benefits.

2. Material and Methods

2.1. Characteristics of Raw Materials

The raw material used in the study was semolina durum (Julia Malom, Kunszállás, Hungary),
from which the control sample was produced (i.e., pasta without additives (CON)). Subsequent samples
were supplemented with the same level of xanthan gum (5%) (Agnex, Białystok, Poland) and vital
wheat gluten (5%) (Polmarkus, Pyskowice, Poland) to the semolina. The oat β-glucans supplement
(Brenntag Polska Sp.z o.o., Kędzierzyn-Koźle, Poland) was variable and amounted to 0, 5, 10, 15,
and 20% (samples BG0, BG5, BG10, BG15, BG20, respectively). Samples of raw materials weighing
5 kg were moistened to 33% humidity. The detailed model of the experiment is presented in Table 1.

2.2. Pasta Preparation

Fusilli pasta was produced in a semi-technical laboratory scale using a MAC-30S Lab pasta
extruder (ItalPast, Parma, Italy). The ingredients of the dough were premixed for 15 min under
atmospheric pressure and, subsequently, the dough was mixed and extruded under a vacuum
(0.086 MPa). The rotational speed of the screw of the pasta extruder was 48 rpm. The pasta samples
were dried at a controlled temperature and humidity in a pasta dryer EAC30-LAB (ItalPast, Parma, Italy)
in conditions described previously by Sobota et al. [42].
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Table 1. The experimental model.

Samples

Raw Materials (%)
Water Addition

(g kg−1)
Pressure

(MPa)
Barrel Temp.

(◦C)

Extruder
Output
(kg h−1)

Semolina
Durum

Oat β-Glucans
Vital Wheat

Gluten
Xanthan Gum

CON 100 - - - 305.2 8.5 28.9 34.68

BG0 90 0 5 5 305.6 13 29.6 29.88
BG5 85 5 5 5 309 13 29.8 31.56

BG10 80 10 5 5 312.4 13 29.8 32.40
BG15 75 15 5 5 315.8 13.5 29.8 32.40
BG20 70 20 5 5 319.4 13.5 29.8 32.38

CON—control sample; BG—β-glucans.
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2.3. Chemical Analysis

The analysis of the chemical composition was performed using American Association of Cereal
Chemists Approved Methods (AACC) and Association of Official Analytical Chemists International
(AOAC) methods [43,44]. The moisture content was determined with the air-oven method (Method
AACC 44-15A). The samples (3 g) were placed in a laboratory dryer and dried at 103 ◦C ± 1◦ C
to constant weight. After cooling in an exsiccator, the samples were weighed and the moisture
contents were calculated. The ash content was determined using AACC method 08–01. The samples
were measured into ash dishes at 3 g. Then, the samples were placed in a muffle furnace at 550 ◦C.
They were incinerated until light gray ash or constant weight was obtained (7 h). After cooling, the
samples were weighed and the ash contents were calculated. To determine the total protein content,
the Kjeldahl method (Method AACC 46-08) and the Kjeltec 2300 (FOSS, Höganäs, Sweden) apparatus
were used. The protein content was calculated from the total nitrogen content using converted factor
5.7. The crude fat content was determined via continuous extraction. The SoxtecTM8000 on application
AN 310 (FOSS, Höganäs, Sweden) and hexane as a solvent were used. The total dietary fiber (TDF)
content, including insoluble dietary fiber (IDF) and soluble dietary fiber (SDF), according to the
enzymatic methods (AACC 32-05, AACC 32-21, AOAC 991.43, and AOAC 985.29) was analyzed.
Next, 1 g dried samples were subjected to sequential enzymatic digestion using heat-stable α-amylase,
protease, and amyloglucosidase. Megazyme enzymes and analytical procedures were used (Megazyme
International Ireland Ltd., Wicklow, Ireland). The digestible carbohydrate content was determined by
calculating the difference (weight in grams (protein + fat + TDF + ash) in 100 g of dry matter of pasta
or raw material).

2.4. Physical Properties

The quality parameters of semolina (i.e., wet gluten content, gluten elasticity, and
gluten spreadability) were tested in accordance with the Polish Standard (PN-92/A-74021) [45].
The granulometric composition of durum semolina was determined with the sieve method using a
laboratory sieve shaker (Sadkiewicz Instruments—Bydgoszcz) and a set of sieves with the following
mesh sizes: 400, 315, 250, 160, 125, and 80 µm. Next, 100 g of samples was sieved for 10 min.
The percentage share of each fraction in the semolina and the equivalent diameter (weighted average
grain diameter in the sample) were calculated. The details of the method were described by Sobota
et al. [35]. In the case of fine-grained raw materials (i.e., vital wheat gluten, xanthan gum, and oat
β-glucans), the particle size was examined with microscopic image analysis using an optical microscope
(×40 magnification) and DLT CAMViewer 3.7.4043 software. Raw material samples were prepared
and the diameters of 70 randomly selected raw material particles were measured, and their average
diameter was calculated. The water solubility index (WSI) and the water absorption index (WAI) were
investigated according to the centrifuge method (AACC 56-20), with slight modification described by
Sobota et al. [35]. Further, 2 g of samples were placed in centrifuge tubes and mixed with 30 mL of
distilled water. The suspension was left to rest for 5 min then was centrifuged for 15 min at 2200× g.
Next, 10 mL of supernatant was dried to the solid mass and the WSI was calculated using the Formula (1):

WSI (%) = (Weight of dried supernatant ×
30 mL
10 mL

/Dry weight of sample) × 100%. (1)

After 10 mL of the supernatant was downloaded to determine the WSI, the remaining supernatant
was carefully decanted. The wet samples were weighed and WAI was calculated using the Formula (2):

WAI (%) = ((Weight of wet sample −Weight of dry sample)/Dry weight of sample) × 100%. (2)

Apparent viscosity was tested in accordance with the method developed by Zarzycki and
Sobota [46]. A rotary rheometer RM 180 (Mettler-Toledo AG, Switzerland, software RSI Orchestrator,
ver. V6.5.8.) with coaxial cylinders without the bottom cylinder guard (shear rate of 1000 s−1) was used.

134



Foods 2020, 9, 1412

A 5% suspension in distilled water at 30 ◦C was prepared from ground pasta samples. The suspensions
were held for 30 min at 30 ◦C with constant stirring. The suspensions (300 mL) were heated in a
laboratory shaker (Elpin type 357, Elpin Plus s.c., Lubawa, Poland). The viscosity was measured at
a temperature ranging from 65 to 95 ◦C; next, they were kept at 95 ◦C for 20 min, cooled to 50 ◦C,
and kept for 30 min at this temperature. A constant temperature gradient of 1 ◦C min−1 was maintained
during the heating and cooling processes. When the viscosity measuring agitation was stopped,
the cylinders were immersed in the suspension, and five consecutive readings were taken every 10 s.
The measurements were made in 3 replications for each sample.

2.5. Cooking Quality of Pasta Samples

The optimal cooking time (OCT, min) was measured according to Method AACC 16–50 [43].
Next, 50 g of pasta was boiled in 500 mL of distilled water. Every 30 s, the pasta was removed and
squeezed between two glass plates until the mealy core disappeared. The time needed for this process
was assumed as the optimal cooking time (OCT). The weight increase index (WI) was calculated by
dividing the weight of the pasta sample after cooking by the weight of the uncooked pasta sample
(50 g) [47]. In order to determine the volume increase index (VII), the volume of the pasta was tested
by dipping a 50 g sample of an uncooked product in a measuring cylinder filled with 400 mL of
vegetable oil. The volume increase was equal to the volume of the tested pasta sample. A sample of
pasta (50 g) was then cooked and the volume of the cooked product was determined in an analogous
manner. VII was calculated by dividing the volume of cooked pasta by the volume of an uncooked
product. Cooking loss (CL, g/100 g d.m.) was determined by testing the dry matter content in water
after cooking a 50 g pasta sample. The dry matter content in water was determined according to the
AACC 44-15A method [43].

2.6. Color of Pasta

The color of the cooked and uncooked pasta samples was measured using a colorimeter
(X-Rite 8200, Inc., Grand Rapids, MI, USA) with a standard light source (D65), a standard colorimetric
observer (10◦), and a 12.3 mm diameter hole. White and black calibration references were applied to
standardize the instrument before analysis. The following CIE parameters were recorded: L* (lightness,
indicates the level of light 100 or dark 0), a* (−a* = indicates greenness, +a* = indicates redness),
and b* values (−b* = blue, +b* = yellow). The measurements were performed repeatedly 10 times per
each sample.

2.7. Sensory Analysis

The sensory analysis was carried out in accordance with the method described by Sozer et al. [48].
The analysis involved 12 people (8-females and 4-males, 23–48 years old), who had adequate taste
sensitivity. The panelists had been previously trained how to evaluate the sensory parameters of pasta:
appearance (regularity of shape, lack of deformation, cracks and scratches), color (should be regular
and light-yellow), odor and taste (should be characteristic and similar to that of durum semolina
pasta), hardness (evaluated as a resistance of cooked pasta to compression by the teeth), adhesiveness
(evaluated by placing in the mouth, pressing it against the palate, and determining the force required
to remove it with the tongue), springiness (was measured as the degree to which the product returns to
its original shape after partial compression). Properly coded samples were cooked for OCT in random
order and evaluated within a time no longer than 5 min after cooking.

A 5-point rating scale was used, in which 5 was the maximum score. Assuming that all evaluated
parameters had equal weight, the average sensory rating was calculated for each pasta sample.

2.8. Statistical Analysis

The obtained results were subjected to statistical analysis using the statistical program STATISTICA
13.1 (StatSoft ©, Inc. Tulsa, USA). All experimental results were means (± S.D) from at least three
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assays. One-way analysis of variance (ANOVA) and Tukey’s post-hoc test were used to compare the
groups. The results were statistically different for p-values < 0.05.

3. Results and Discussion

3.1. Pasta Processing

The addition of β-glucans, vital gluten, and xanthan gum affected the extrusion process of the
pasta. The increasing content of β-glucans in the enriched pasta resulted in higher pressure values,
compared to the control sample (Table 1). The dough was pushed through a dye under diminished
pressure from 8.5 MPa for the control pasta to 13 MPa (BG0, BG5, BG10) and 13.5 MPa (BG15, BG20).
The addition of gluten and xanthan gum caused a significant reduction in the efficiency of the pasta
extruder. The formation of a strong gluten matrix caused by the addition of vital gluten and xanthan
gum limited the flow rate of the dough through the forming holes in the die and thus reduced the
extruder’s efficiency. Additionally, the high water absorption of xanthan gum and gluten changed
the consistency of the dough. It became harder and less plastic. The increase in the β-glucan content
increased the plasticity of the dough. The relatively high content of soluble fiber and fat in this
raw material made it difficult to build a strong protein-starch matrix in the dough. The flow rate of
the dough through the holes in the matrix increased and, consequently, the extruder’s performance
increased. Pasta samples (uncooked and cooked) obtained in this study are shown in Figure 1.

Figure 1. Uncooked and cooked pasta samples. CON—control sample; BG—β-glucans.

3.2. Chemical Analysis

The chemical composition of the raw materials and pasta samples is reported in Table 2. The high
content of protein in semolina was responsible for the creation of the strong protein-starch matrix
in pasta, which determined the cooking and product quality parameters [22]. In the case of pasta
fortified with high-fiber raw materials, weakening of the gluten network and deterioration of cooking
quality parameters were most often noted [17,49]. Therefore, vital wheat gluten was used in the
β-glucan-fortified pasta samples. The addition of vital wheat gluten, which contained up to 71%
protein, caused an increase in the protein content in the sample BG0 and in all samples with β-glucans,
compared to the control sample. The addition of β-glucans significantly (p ≤ 0.05) affected the
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chemical composition of the pasta. This raw material contained less protein than durum semolina;
therefore, increasing the share of β-glucans from 0 to 20% at the expense of semolina led to a
decrease in protein content. In addition, xanthan gum was added, which next to β-glucans was
a good source of soluble dietary fiber [50]. At the same time, many studies have shown that a
small addition of this component had a positive effect on the texture and sensory quality of cooked
pasta [36–38,40,41]. As demonstrated by results presented by other authors, the addition of soluble
dietary fiber (e.g., xanthan gum, guar gum) meant that, after hydration, non-starch polysaccharides
surrounded the protein-starch network, reducing the loss of dry matter [38]. Along with the increase
in β-glucans, the ash and fat content increased proportionally. The increase in the ash content resulted
from the inclusion of the high-fiber raw materials (e.g., xanthan gum, β-glucans) in the product.
The fat content was already high in the β-glucan preparation (Table 2). Both lipids and minerals
had a positive effect on the cooking quality of pasta, increasing the stability of the starch-protein
matrix [27]. Along with the increase in the share of β-glucans in the pasta, a significant (p ≤ 0.05)
increase in the content of total fiber (TDF) and its soluble fraction (SDF) was noted. The values of
TDF and SDF in the BG20 sample were more than four times and six times higher than the control
sample, respectively. It should be emphasized that the addition of xanthan gum and gluten also
caused a significant (p ≤ 0.05) increase in dietary fiber content in pasta. Enrichment of the product
with β-glucans reinforced these trends. The addition of β-glucans caused a decrease in the share of
digestible carbohydrates, which combined with a simultaneous increase in the content of the soluble
fiber fraction, which could probably have an impact on reducing the glycemic index of pasta. Soluble
fiber (β-glucans) competed with starch granules for water availability and reduced swelling and
gelation of starch. As a result, its digestibility and availability decreased [28]. The glycemic index of
the product was mainly influenced by the soluble fraction of dietary fiber. It increased the viscosity
of the chyme, hindered the access of amylolytic enzymes to starch, reduced the dynamics of starch
digestion, and created a sticky film on the intestinal surface impeding glucose absorption into the
bloodstream. What is more, fiber stimulated the production of short-chain fatty acids (SCFA) that
formed as a result of bacterial fermentation in the large intestine. These acids absorbed by colonocytes
through the portal vein entered the liver, where they regulated the metabolism of fatty acids and
cholesterol. Propionic acid was of particular importance, as it inhibited the synthesis of fatty acids
that reached the bloodstream and regulated adipocytokines (adipokines), i.e., proteins responsible for
inter alia, glycemic homeostasis, and lipidemia [10].

3.3. Physical Properties

The wet gluten content in the semolina was determined at 28.5%. The spreadability of gluten
was 8 mm and the elasticity was estimated at I◦. Strong gluten in durum wheat pasta determined its
high cooking quality [51]. According to the quality requirements presented in the Polish Standard for
Durum Wheat milling products, the minimum content of gluten in semolina durum should be 30% [45].
The raw material did not meet this requirement. Additionally, bearing in mind that the addition of
high-fiber raw materials may additionally weaken the gluten network, the addition of vital gluten was
used in the mixtures. The particle size of the individual raw materials varied within a wide range,
which meant that their mean diameters did not differ significantly, except for the durum semolina
(Table 3). The addition of β-glucans affected the water absorption index (WAI), water solubility index
(WSI), and viscosity of pasta products (Table 3). The WAI of pasta with added β-glucans was over three
times higher, compared to the control sample (CON); however, there were no significant (p ≤ 0.05)
differences between the samples with β-glucans and the BG0 sample.
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Table 2. Chemical composition of raw material and pasta samples.

Samples Moisture Protein Fat Ash TDF IDF SDF β-Glucans
Digestible

Carbohydrate

(%) (g/100 g d.m.)

Raw materials

Semolina
durum

9.50 e ± 0.04 13.24 c ± 0.71 1.1 a ± 0.04 0.76 b ± 0.01 3.89 abc ± 0.15 2.07 b ± 0.09 1.83 ab ± 0.06 0.18 a ± 0.05 81.01 e ± 1.14

Vital wheat
gluten 7.31 b ± 0.05 70.99 g ± 3.89 1.48 b ± 0.03 0.57 a ± 0.01 23.81 e ± 0.74 22.69 g ± 0.96 1.12 a ± 0.22 nd 3.15 b ± 0.55

Xanthan gum 11.17 h ± 0.13 5.97 a ± 0.38 2.03 de ± 0.16 8.36 g ± 0.09 83.36 k ± 4.9 3.17 b ± 0.28 80.19 f ± 1.86 nd 0.28 a ± 0.25
Oat β-glucans 4.19 a ± 0.07 8.45 b ± 0.06 3.56 g ± 0.08 1.99 f ± 0.02 33.48 f ± 1.35 0.64 a ± 0.2 32.85 e ± 1.15 27.58 f ± 0.03 52.52 c ± 1.51

Pasta samples

CON 8.83 c ± 0.16 13.57 cd ± 0.1 1.67 bc ± 0.05 1.17 c ± 0.03 4.45 b ± 0.27 2.34 a ± 0.19 2.11 b ± 0.46 0.19 a ± 0.07 79.14 e ± 0.37
BG0 9.05 cd ± 0.10 17.17 f ± 0.43 1.84 cd ± 0.07 1.38 d ± 0.02 15.16 c ± 0.27 5.97 d ± 0.19 9.19 c ± 0.46 0.16 a ± 0.01 64.45 d ± 1.47
BG5 10.33 g ± 0.06 15.7 ef ± 0.6 2.23 e ± 0.08 1.39 d ± 0.02 15.37 c ± 0.25 5.41 cd ± 1.59 9.96 cd ± 0.26 2.03 b ± 0.23 65.31 d ± 2.84

BG10 9.93 f ± 0.18 15.9 ef ± 0.78 2.55 f ± 0.09 1.38 d ± 0.05 14.87 c ± 0.39 3.9 abc ± 0.34 10.97 d ± 0.04 3.31 c ± 0.44 65.30 d ± 1.54
BG15 9.32 de ± 0.15 15.2 de ± 0.86 2.7 f ± 0.09 1.49 de ± 0.05 15.96 cd ± 0.12 3.5 ab ± 0.29 12.47 e ± 0.17 5.44 d ± 0.32 64.65 d ± 1.49
BG20 9.17 d ± 0.03 15.33 de ± 0.76 2.74 f ± 0.09 1.55 e ± 0.05 18.06 d ± 0.35 4.23 bcd ± 0.09 13.83 f ± 0.44 6.22 e ± 0.25 62.32 d ± 1.27

Explanation: d.m.—dry matter; IDF—insoluble dietary fiber; SDF—soluble dietary fiber; TDF—total dietary fiber; nd—not detected; CON—control sample; BG—β-glucans. Data are
presented as mean (n = 3) ± standard deviation. Data value of each parameter with different superscript letter in the columns are significantly different (Tukey test, p ≤ 0.05).
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Table 3. Physical properties of raw material and pasta samples.

Samples
Equivalent Diameter

(µm)

WAI WSI

(%)

Raw materials

Semolina durum 286.37 b ± 34 84.7 a ± 3.7 5.18 a ± 0.23
Vital wheat gluten 52 a ± 32 150.3 a ± 2.9 8.18 bc ± 0.13

Xanthan gum 25 a ± 16 2319.3 d ± 94.7 24.69 f ± 2.28
Oat β-glucans 83 a ± 20 900.9 c ± 17.2 66.26 g ± 1.9

Pasta samples

CON - 100.4 a ± 2.3 9.5 bcd ± 0.1
BG0 - 361 b ± 14.0 7.0 ab ± 0.1
BG5 - 371.7 b ± 23.6 9.5 bcd ± 0.3

BG10 - 376.9 b ± 4.7 10.9 cde ± 0.1
BG15 - 377.6 b ± 4.5 12.2 de ± 0.1
BG20 - 393.3 b ± 15.4 12.3 e ± 0.2

Explanation: WAI—water absorption index; WSI—water solubility index; CON—control sample; BG—β-glucans;
Data are presented as mean (n = 3) ± standard deviation. Data value of each parameter with different superscript
letter in the columns are significantly different (Tukey test, p ≤ 0.05).

The high content of dietary fiber (xanthan gum, β-glucans) present in these samples (Table 2) was
associated with greater water absorption. As shown in literature reports, distortion of the protein
network by the addition of dietary fiber can induce increased water absorption [26]. Foschia et al. [26]
observed an increase in water absorption in pasta products when trying to replace semolina with dietary
fiber raw materials. High-WAI products quickly satisfy hunger and maintain longer satiety [52]. In the
present research, relatively low WSI values were observed for the products enriched with β-glucans.
The values obtained may indicate a favorable low level of complex carbohydrate degradation during
the production process. This assumption seems to be confirmed by the significantly (p ≤ 0.05)
lower dynamics of digestible carbohydrates in the β-glucan enriched pasta samples (Table 2).
Brennan et al. [53] found a positive correlation between WSI values of extruded cereal products
enriched with high fiber fungal powder and glycemic response (glycemic index values). Low-WSI
cereal products should not generate as high glycemic response as partially degraded starch polymers.

The viscosity of pasta with the addition of β-glucans differed significantly (p ≤ 0.05) from that in
the control sample (CON) (Table 4). The addition of β-glucans into the products meant that, during the
suspension heating process, the maximum viscosity was obtained at 75 ◦C, while the maximum value
of this parameter in the case of the control test was only reached at 95 ◦C. This relationship may
be related to the limited swelling of starch granules and the hampered starch pasting in samples
containing β-glucans. A significant decrease in viscosity during suspension heating (75–95 ◦C) may
result from partial depolymerization of β-glucans in the process and a decrease in their molecular
weight. A significant (p ≤ 0.05) increase in the viscosity of the BG15 and BG20 products was observed
after cooling to 50 ◦C, which seems to be important in terms of the functional properties of enriched
pasta. Increased viscosity in the intestine delays glucose and cholesterol absorption and inhibits bile
acid reabsorption [54]. The physicochemical properties of β-glucans can affect the digestibility of
starch [17,55]. The increase in the viscosity of oat β-glucans caused a decrease in the digestibility of
starch [56]. The functionality of β-glucans as conditioned among others by the molecular weight of
β-glucan, which needed to be sufficiently high to be capable to increase the viscosity in intestines [54].
The molecular weight of β-glucan was related to acid degradation [57]. To assess the effect of
β-glucan-supplemented pasta on intestinal viscosity, the viscosity of the gastrointestinal content should
be examined in simulated in vitro digestion studies.
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Table 4. The results of the tests of the apparent viscosity of pasta (Pa s) using the shear rate gradient of 1000 s−1.

Samples
Heating Cooling

Temp. 65 ◦C Temp. 75 ◦C Temp. 85 ◦C Temp. 95 ◦C Temp. 95 ◦C * Temp. 50 ◦C Temp. 50 ◦C **

Con 0.006 aA ± 0 0.007 aB ± 0 0.010 aC ± 0 0.012 aD ± 0.001 0.014 aF ± 0.001 0.015 aG ± 0 0.013 aE ± 0
BG0 0.012 bA ± 0 0.023 bB ± 0 0.028 bC ± 0 0.031 cE ± 0 0.030 cD ± 0 0.039 bG ± 0 0.035 bF ± 0
BG5 0.013 cA ± 0 0.034 dE ± 0.001 0.031 cC ± 0 0.032 dD ± 0 0.030 cB ± 0 0.040 cG ± 0 0.036 cF ± 0

BG10 0.014 dA ± 0 0.029 cB ± 0 0.032 dC ± 0.001 0.029 bB ± 0 0.029 bB ± 0.001 0.039 bE ± 0 0.035 bD ± 0
BG15 0.017 eA ± 0 0.039 eD ± 0 0.038 eC ± 0 0.038 fC ± 0 0.036 dB ± 0 0.045 eF ± 0.001 0.044 dE ± 0
BG20 0.025 fA ± 0.001 0.045 fE ± 0.001 0.041 fC ± 0.001 0.037 eB ± 0 0.037 eB ± 0 0.048 dE ± 0 0.044 dD ± 0

Explanation: *—measurement after 20 min, **—measurement after 30 min; CON—control sample; BG—β-glucans; Data are presented as mean ± standard deviation. Data value of each
parameter with different uppercase superscript letter in the rows are significantly different (Tuckey test, p ≤ 0.05). Data value of each parameter with different lowercase superscript letter in
the columns are significantly different (Tukey test, p ≤ 0.05).
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3.4. Cooking Quality

Studies conducted by other authors [25–31] have indicated that the addition of β-glucans reduced
the cooking quality of pasta. Our study focused on the impact of adding β-glucans, xanthan gum,
and vital gluten simultaneously. The results demonstrated that the amount of β-glucans addition
also significantly (p ≤ 0.05) affected the cooking quality of pasta samples (Table 5). An increase in
the optimal cooking time (OCT) was observed for products enriched with 15% and 20% of β-glucans.
The effect of adding soluble fiber (β-glucans/inulin) to extend cooking time has been confirmed by
other authors [28,31]. The observed OCT changes may be caused by high water absorption of high-fiber
components in products, which compete for water with starch, thereby hindering its swelling and
pasting [34,58]. Different results were obtained by Chillo et al. [29], who studied the impact of two
commercially available barley β-glucan preparations on the cooking quality of durum wheat spaghetti.
They did not notice differences in OCT relative to the control (0% β-glucans) and samples with the variable
share of the addition of Glucagel®. In contrast, the OCT of the examined samples with the addition of
a Bilans™ preparation increased with the increase in the share of the preparation. In the 10% β-glucans
Bilans™ assay, the OCT was 1.5 min longer than the control. In the present research, the extension of OCT
for samples with the addition of β-glucans may have been the cause of the greater losses of dry matter,
compared to the control and BG0, as a result of the passage of part of soluble fiber into the solution during
cooking [59].

Table 5. Cooking quality of pasta samples.

Pasta Samples
Optimum

Cooking Time
(min)

Cooking Loss
(% d.m.)

Cooking Weight
Increase

Cooking Volume
Increase

CON 9 a ± 0.0 4.52 c ± 0.42 2.54 a ± 0.04 3.16 a ± 0.12
BG0 9 a ± 0.0 2.95 a ± 0.17 2.73 b ± 0.02 4.29 d ± 0.18
BG5 9 a ± 0.5 3.58 b ± 0.13 2.77 b ± 0.04 3.88 c ± 0.13
BG10 9 a ± 0.5 3.82 b ± 0.11 2.74 b ± 0.02 3.46 b ± 0.16
BG15 10 b ± 0.0 5.03 d ± 0.09 2.88 c ± 0.01 3.46 b ± 0
BG20 11.5 c ± 0.5 5.14 d ± 0.09 3.09 d ± 0 3.38 b ± 0.18

Explanation: d.m—dry matter; CON—control sample; BG—β-glucans; Data are presented as mean ± standard
deviation. Data value of each parameter with different superscript letter in the columns are significantly different
(Tukey test, p ≤ 0.05).

It is worth emphasizing that the almost twice lower dry matter loss in the BG0 sample (compared
to BG20) may be related to the highest protein content in this sample (Table 2). Protein has a major
impact on maintaining a stable product structure and reducing dry matter loss. The protein-starch
matrix is associated with maintenance of better integrity during cooking and improvement of the
quality parameters of pasta [51]. Increasing dry matter loss accompanying an increase in the proportion
of soluble fiber (guar gum/β-glucans) has been observed [26,27]. The weight values for the BG15
and BG20 samples increased significantly (p ≤ 0.05) compared to samples with the 0–10% share of
β-glucans and the control sample. No statistical differences were observed between the BG0, BG5,
and BG10 samples. The increase of the weight of the BG15 and BG20 samples is adequate to the WAI
values obtained for these samples (Table 3). Undoubtedly, the ability to absorb water during cooking
was related to the extension of the optimal cooking time and the high water capacity of soluble fiber.
The reduction of the amount of water available to starch may contribute to its lower pasting capacity
and digestibility [26]. In the case of the value increase index, a significant (p ≤ 0.05) increase was noted
in the BG0 pasta (90% semolina, 5% xanthan gum, and 5% gluten) compared to the control sample.
Due to its high value of WAI, xanthan gum contributed to a significant (p ≤ 0.05) increase in the volume
of the product during cooking. The increase in the β-glucan content (from 0 to 20%) caused a decrease
in this parameter.
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3.5. Color of Pasta

The addition of xanthan gum and vital gluten was responsible for the darker color of uncooked pasta
(Table 6). An opposite effect was noted with the addition of β-glucans. The product became brighter
(higher values of the L* parameter) as the share of this oat component increased. Pasta samples with
xanthan gum and vital gluten additionally enriched with 20% of β-glucans (BG20) were characterized
by similar brightness as the control sample (CON) (L = 51.10 and 51.52, respectively, for BG20
and CON). Similar results were obtained by Hajji et al. [60] in their analyses of durum wheat
pasta enriched with barley β-glucans (at a level of 1–7%). In the case of the uncooked products,
no statistical differences (p ≤ 0.05) were observed between the pasta with β-glucans and the control
without β-glucans. The addition of xanthan gum and vital gluten negatively affected the intensity
of yellowness (b parameter) and redness (a parameter) of the pasta. The fortification of the pasta
with β-glucans reduced the negative changes in the color caused by the addition of vital gluten and
xanthan gum, but even samples enriched with 20% of beta-glucan were less yellow and less red than
the control sample (CON). The analysis of the color of the cooked pasta demonstrated a different
effect of the addition of xanthan gum and vital gluten on product brightness (Table 6). Cooked pasta
enriched with xanthan gum, vital gluten, and a small addition of β-glucans (5–10%) had a brighter
color compared to the control sample (CON). This was probably due to the intense absorption of
water by these products during cooking and the significant (p ≤ 0.05) increase in the volume index.
Consequently, the lower concentration of pigments in the products may have caused the color changes.
The increase in the β-glucan addition to the level of 15–20% resulted in a darker color of the cooked
pasta; however, it should be emphasized that the values of parameter L for BG15 and BG20 were
comparable with those recorded for the control sample (CON). The addition of β-glucans intensify the
yellowness of the product; however, pasta samples with up to 20% β-glucans (BG20) were less yellow
than the control sample (CON). As reported by Hajji et al. [60], reduction of the intensity of yellowness
(b parameter) may be caused by lower protein content in β-glucan compared to that of semolina durum.
At the same time, as a function of the increasing proportion of beta-glucans, the volume increase factor
declines, which may contribute to a greater concentration of carotenoids in the product - therefore the
value of the b parameter and the parameter increases in the case of cooked pasta.

Table 6. Color parameters of cooked and uncooked pasta samples.

Pasta
Samples

Uncooked Cooked

L * a * b * L * a * b *

CON 51.52 c ± 1.41 2.11 d ± 0.15 16.22 c ± 0.96 76.67 a ± 0.80 −0.43 b ± 0.11 17.95 c ± 1.07
BG0 48.44 a ± 1.90 1.4 a ± 0.15 14.49 b ± 1.36 79.14 b ± 1.42 −0.66 a ± 0.09 13.93 a ± 0.61
BG5 49.78 ab ± 0.94 1.45 a ± 0.16 13.84 ab ± 0.56 79.11 b ± 1.18 −0.73 a ± 0.10 13.82 a ± 0.91

BG10 48.98 a ± 2.13 1.62 b ± 0.20 13.58 a ± 0.88 79.11 b ± 1.40 −0.43 b ± 0.12 14.52 ab ± 0.96
BG15 50.24 b ± 0.73 1.8 c ± 0.16 13.81 ab ± 0.84 76.14 a ± 1.07 −0.30 b ± 0.09 14.11 ab ± 0.59
BG20 51.10 bc ± 0.70 1.84 c ± 0.10 13.7 ab ± 0.34 75.95 a ± 1.59 −0.31 b ± 0.08 14.92 b ± 0.92

Explanation: CON—control sample; BG—β-glucans; * - concern CIE-lab color scale. Data are presented
as mean ± standard deviation. Data value of each parameter with different superscript letter in the columns
are significantly different (Tukey test, p ≤ 0.05).

3.6. Sensory Quality

The results of the sensory assessment confirmed that even the 20% addition of β-glucans did not
deteriorate the sensory quality of the uncooked products (Table 7). All pasta samples with added
β-glucans (5–20%) were approved by the study participants. No significant differences were found
between uncooked products enriched with β-glucans, BG0, and the control sample (CON). In the
case of cooked pasta, there was a risk that the increase in viscosity in samples with the addition
of β-glucans would reduce the tastiness of the product [61]. Although there were no significant
differences (p ≤ 0.05) in the appearance and hardness between the β-glucan-supplemented samples,
the BG0 sample, the controls (CON), and the samples supplemented with 20% beta-glucan received
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significantly lower marks for color, taste, adhesiveness, and springiness, compared to CON and BG0
(Table 7). It should be noted, therefore, that the highest additive of β-glucans that would be acceptable
to consumers on a par with the control (CON) is 15% (BG15). Jaworska et al. [62] examined the sensory
preferences of consumers of pasta with the addition of oat-β-glucans and reported that pasta with 16%
addition of this ingredient turned out to be most often desired among samples with different levels of
enrichment (the share of β-glucans was 0, 4, 8, 12, and 16%). The authors revealed that the choice of
pasta with the 16% share of β-glucans was determined by the respondents’ interest in the inclusion of
dietary fiber in the diet and the need to consume functional products.
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Table 7. Organoleptic quality of pasta samples.

Pasta
Samples

Uncooked Cooked

Apparance Color Odor Apparance Color Taste Odor Hardness Adhesiveness Springness

CON 4.6 a ± 0.55 4.2 a ± 0.45 4.8 a ± 0.45 3.6 a ± 0.45 4.2 b ± 0.45 5 b ± 0 4.8 a ± 0.45 4.6 a ± 0.55 5 c ± 0 4.8 b ± 0.45
BG0 4.8 a ± 0.45 4.4 a ± 0.45 4.8 a ± 0.45 5 c ± 0 4.8 c ± 0 5 b ± 0 5 a ± 0 5 a ± 0 5 c ± 0 5 b ± 0
BG5 5 a ± 0 4.6 a ± 0 5 a ± 0 4.6 bc ± 0.35 4.6 bc ± 0.55 4.6 ab ± 0.55 4.8 a ± 0.45 4.4 a ± 0.55 4.8 bc ± 0.45 4.6 b ± 0.55

BG10 5 a ± 0 4.8 a ± 0.45 4.8 a ± 0.45 4.6 bc ± 0.35 4.6 bc ± 0.55 4.6 ab ± 0.55 4.8 a ± 0.45 4.8 a ± 0.45 5 c ± 0 4.6 b ± 0.55
BG15 5 a ± 0 4.83 a ± 0.45 4.8 a ± 0.45 4.0 ab ± 0.45 4.2 b ± 0.45 4.2 ab ± 0.45 4.4 a ± 0.55 4.8 a ± 0.45 4.4 b ± 0.15 4.2 ab ± 0.45
BG20 4.83 a ± 0 4.75 a ± 0.45 4.83 a ± 0.45 3.8 a ± 0.35 3.2 a ± 0.45 4 a ± 1 4.6 a ± 0.55 4.4 a ± 0.55 3.8 a ± 0.35 3.6 a ± 1

Explanation: CON—control sample; BG—β-glucans; Data are presented as mean ± standard deviation. Data value of each parameter with different superscript letter in the columns are
significantly different (Tukey test, p ≤ 0.05).
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4. Conclusions

The obtained results have proved that, by using the appropriate additive β-glucans and
simultaneously adding vital wheat gluten and xanthan gum, it is possible to obtain a functional
product with high quality properties. The inclusion of xanthan gum and vital wheat gluten improved
the cooking quality of the pasta. The addition of β-glucans reduced the negative color changes caused
by the addition of xanthan gum and vital wheat gluten in the uncooked products. In contrast, the
higher levels of β-glucans (15–20%) in the cooked products contributed to the darkening of the pasta
and increased the yellowness, but the pasta was still less yellow than the control. The addition of
β-glucans significantly increased the viscosity of the pasta. The highest 20% addition of β-glucans did
not cause deterioration of the sensory quality of the uncooked products. In the case of the cooked pasta,
the large addition of β-glucans (20%) produced a negative increase in adhesiveness and deteriorated
the springiness, color, and taste of the product. In summary, the use of a 10–15% additive of β-glucans
and 5% additive of vital wheat gluten and xanthan gum yielded functional pasta containing 3.3–5.5 g
β-glucans/100g with high cooking quality and sensory attributes.
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Abstract: Hazelnuts are rarely cultivated in Germany, although they are a valuable source for macro-
and micronutrients and can thus contribute to a healthy diet. Near the present, 15 varieties were
cultivated in Thuringia, Germany, as a pilot study for further research. The aim of our study was to
evaluate the micro- and macronutrient composition of representative, randomly mixed samples of
the 15 different hazelnut cultivars. Protein, fat, and fiber contents were determined using established
methods. Fatty acids, tocopherols, minerals, trace elements, and ultra-trace elements were analyzed
using gas chromatography, high-performance liquid chromatography, and inductively coupled plasma
triple quadrupole mass-spectrometry, respectively. We found that the different hazelnut varieties
contained valuable amounts of fat, protein, dietary fiber, minerals, trace elements, and α-tocopherol,
however, in different quantities. The variations in nutrient composition were independent of growth
conditions, which were identical for all hazelnut varieties. Therefore, each hazelnut cultivar has its
specific nutrient profile.

Keywords: Corylus avellana L.; nutrient composition; hazelnut cultivars; minerals; tocopherols

1. Introduction

Hazelnuts (Corylus avellana L., cobnut, including Corylus maxima Mill., Lambert Filbert) are popular
tree nuts used in the human diet, which are mainly produced in Turkey followed by Italy and Spain [1].
Commercial hazelnut cultivation in Germany is rare, although hazelnuts are getting more popular and
are often an essential ingredient in food production, e.g., in confectionery industry [2]. There are several
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reasons for the rare production, such as uncertain profitability forecasts for this region, long yield
times, and missing organizational structures or practical experience. However, climatic conditions
are changing.

Nut consumption is regularly recommended worldwide due to the beneficial health effects of nuts,
and nuts are an essential part of the Mediterranean diet [3]. The prevention of cardiovascular diseases
by consuming tree nuts, in particular hazelnuts, were investigated widely and indicate positive effects
most notably based on improved blood lipid profiles [4]. Hazelnuts contain appreciable amounts of
macronutrients, such as fat, protein, and fiber, but also micronutrients, such as minerals and vitamins.
Hazelnuts have a high content of monounsaturated fatty acids (MUFA) and contain relatively small
amounts of saturated fatty acids (SFA). Hazelnuts are characterized by a particularly high concentration
of oleic acid with contents up to 70% of all fatty acids (FA), followed by linolic acid and palmitic acid.
Schlörmann et al. measured fiber levels of 8.7% for hazelnuts, which indicate that tree nuts are a good
natural source of dietary fiber [5]. This high fiber content is discussed to be partly responsible for
the inverse association of nut consumption and gaining weight [6]. Other important components
are vitamin E, with α-tocopherol (αTOH) as the most abundant form with up to 40.6 mg/100 g [7],
and minerals such as magnesium, calcium, potassium, copper, and iron [5,8]. However, not all nuts
have the same contents of these ingredients, so the recommendation is to consume a mixture with a
variety of different nuts and intake amounts up to 42.5 g per day [9].

The aim of this pilot study was therefore to evaluate 15 European cultivars grown in Thuringia
in Germany regarding their nutritional value and to identify the most useful cultivar for large-scale
hazelnut plantings, because we expected variety-dependent nutrient differences. Hence, the protein,
fiber, and fat contents of these different hazelnut cultivars were determined. In addition, the FA
distribution, ash and mineral content, and data on αTOH amounts are presented.

2. Materials and Methods

2.1. Samples

In this study, varieties from different areas of origin were tested for cultivation. The varieties
came from Germany, England, Spain, or Italy. The investigated 15 hazelnut (Corylus avellana L.)
cultivars (Tonda di Giffoni, Juningia, Ennis, Cosford, Rote Lambert (Red Lambert), Englische Riesen,
Webbs Preisnuss (Webb’s Prize Cob), Gustav Zeller (Gustav’s Zellernuss), Pauetet, Corabel, Hallesche
Riesen (Hall’s Giant), Wunder aus Bollweiler (Merveille de Bollwiller), Gunslebert (Gunslebener
Zellernuss), Emoa-1, Eckige Barceloner (Barcelloner Zellernuss)) were grown in experimental orchards
in the region of Thuringia in Germany in 2005 (Figure 1). There is an ongoing debate about the
status of Corylus maxima Mill. Lambert Filbert, which is either classified as an individual species
or is considered as Corylus avellana. Since there is no concluding evidence which would favor the
separation as an individual species and because of reported hybridization between both taxa, we do not
discriminate between both species here. For a recent critical evaluation on Corylus taxonomy, we refer
to Holstein et al. [10]. For synonymous names of cultivars, the reader is referred to Mehlenbacher [11],
NCGR-Corvallis Corylus catalogue [12], and information provided by the Food and Agriculture
Organization of the United Nations (FAO) [13]. The technical basis for the successful cultivation of
hazelnuts in Germany was laid by many years of attempts by the Bavarian Department of Food,
Agriculture, and Forestry in Fürth, Germany. To allow for reliable evaluations of the different hazelnut
varieties, agronomical conditions were identical for the different cultivars: five trees of each cultivar
were grown by the Department of Fruit Growing, Education, and Research Institute of Horticulture
(Erfurt, Germany) for 12 years on a single testing ground in Thuringia, Germany. All cultivars were
grown on their own roots except for the cultivar Ennis, which was grafted on Corylus colurna L.
All cultivars were grown under identical treatment with drip irrigation and fertigation. Cultivation
took place on comparable soil covered with loess. The mean planting distance between the five trees of
a cultivar was about 4.5 m between the rows and about 2.5 m between the trees. Nuts were harvested
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in the same season of the same year but depending on differences in maturing times of each cultivar as
assessed by independent qualified experts. The crop was carried out in 2016 and varied from 0.9 kg
(average amount of Ennis) to 7.6 kg (average amount of Barcelloner Zellernuss) per tree (data not
shown). Selected data and observations on growth and yield of the hazelnut varieties evaluated here
are presented in Supplemental Table S1. After harvesting, nuts were dried at 30 to 35 ◦C in the dark for
at least 7 days and were stored in their shell until use. For all analyses, representative samples of 100
randomly selected and freshly grounded nuts of a cultivar were used with skin.

 

 

Figure 1. Representative exemplary pictures of the hazelnut cultivars studied.

2.2. Quantification of Main Constituents of Hazelnuts

All chemical analyses of the samples were done in accordance with the official methods of the
Association of Official Agricultural Chemists (AOAC) [14]. Hazelnut fat content was examined using
a Soxhlet extractor with petroleum ether and crude protein (Nx6.25) content was determined using
a Kjeldahl apparatus. The total dietary fiber content of the different fat-free hazelnut varieties was
measured according to the AOAC-certified protocol [15], using the Merck total fiber assay kit (Merck,
Darmstadt, Germany). To determine the ash content, defined amounts of hazelnuts were dried and
then completely incinerated in a muffle furnace at 525 ◦C.

2.3. Fatty Acid Composition

Fatty acid analysis of nuts was performed using gas chromatography (GC-17 V3; Shimadzu
Corporation, Kyoto, Japan) equipped with a flame ionization detector and an autosampler (AOC-5000),
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as described [16]. Fatty acid concentrations were expressed as percentage of the total area of all FA methyl
esters (% of total fatty acid methyl esters, FAME) using GC solution software version 2.3 (Shimadzu).

2.4. Tocopherol Determination

All high-performance liquid chromatography grade solvents and TOH standards were purchased
from Merck, (Darmstadt, Germany) and LGC (Wesel, Germany), respectively. According to DIN EN
12822, HPLC (LC-20 AT; Shimadzu) was used to measure TOH concentrations of the grounded and
homogenized nuts. After saponification with potassium hydroxide and extraction with n-hexane,
TOH were separated on an Eurospher 100-5 Diol Vertex Plus Column 250 × 4 mm (Knauer, Berlin,
Germany) with a mixture of n-hexane/methyl t-butylether (98/2 v/m) as mobile phase at a flow rate of
1.5 mL/min. Isomers of TOH were determined using a fluorescence detector (λex 295 nm, λem 330 nm;
RF-10A XL; Shimadzu) and quantified using external standard calibration curves.

2.5. Quantification of Minerals, Trace and Ultra-Trace Elements

Hazelnut samples were digested with nitric acid in a closed microwave digestion system (Mars 6,
CEM, Kamp-Lintfort, Germany) and multi-element quantification was carried out with an ICP-QQQ-MS
8800 mass spectrometer (Agilent, Waldbronn, Germany) [17]. Calcium, magnesium, manganese, iron,
copper, zinc, and cadmium were measured on mass, and arsenic and molybdenum were analyzed
in the mass-shift mode using oxygen as a reaction gas to eliminate interferences. Rhodium (1 µg/L)
was used as internal standard and helium (3 mL/min) as collision gas. For selenium isotope dilution,
the analysis was applied as described [18]. The nebulizer gas flow and parameters of lenses, Q1,
collision cell, and Q2 were tuned daily for maximum sensitivity (oxide ratio<1.0% (140Ce16O+/140Ce+),
double charged ratio <1.5% (140Ce++/140Ce+), background counts <0.1 cps). For quality assurance,
the measurement blanks and recalibration check points were determined periodically every 20 samples.
For the verification of the applied method, the certified fish muscle reference material ERM-BB422
(Joint Research Centre, European Commission, Geel, Belgium) was successfully analyzed.

2.6. Statistics

Replicates were measured as indicated in Tables 1–4. The results were expressed as means with
standard deviation (SD) or indicated otherwise in Tables 1–4.

3. Results and Discussion

The aim of the present study was to comprehensively evaluate the nutrient profile of 15 hazelnut
varieties cultivated in Germany by analyzing their protein, ash, fiber, and fat content. In addition,
the FA distribution was measured and data on TOH, minerals, and trace elements were collected.
The present data are in accordance with previously published data of nutrient profiles in hazelnuts.
Though, most of these investigations were carried out in hazelnuts from Turkey. Local variances can
be explained by differences in soil composition and weather conditions. For the nuts analyzed in the
present study, agricultural conditions did not differ as they were grown on the same ground. Thus,
the observed alterations in the nutrient profiles of the hazelnuts studied here likely depend on the
cultivar. The data presented here indicate also a high nutritional value of the hazelnuts grown in
Germany. Thus, harvesting hazelnuts in Germany, even on commercial scale, could be an interesting
option for improving nutrient supply.

3.1. Fat, Crude Protein, Dietary Fiber, Moisture and Ash

Results for the nutritional properties of 15 hazelnut cultivars grown in Germany are shown in
Table 1. Fat is the predominant component and the total fat content varied between the 15 cultivars.
While the cultivar Red Lambert contained 64.8 g/100 g fat in relation to the fresh weight, the Corabel
variety had a fat content of 47.9 g/100 g. This range is comparable with data published previously.
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Savage and McNeil compared six varieties grown in New Zealand and described a fat content of 54.6
to 63.2% [19]. Later reports on varietal differences in the fat content of hazelnuts in Turkey and other
regions revealed similar results [2,20–23]. Taş and Gökmen reported comparable fat contents in a range
of 58.1 to 68.9% for hazelnuts harvested in Turkey in 2014 [24], while another group found somewhat
lower total fat contents of 53.4 to 63.5% in six hazelnut cultivars grown in Iran in 2010 [25].

Table 1. Composition [g/100 g] of 15 hazelnut cultivars grown under identical conditions in
Thuringia, Germany.

Fat Protein Dietary Fiber Ash Moisture

Tonda di Giffoni 62.7 ± 1.0 16.5 ± 0.2 13.8 ± 0.4 2.1 ± 0.0 3.9 ± 0.0
Juningia 62.3 ± 0.7 11.7 ± 0.1 15.3 ± 0.1 1.9 ± 0.0 3.8 ± 0.0

Ennis 59.8 ± 0.6 12.4 ± 0.1 18.9 ± 1.1 2.2 ± 0.1 3.5 ± 0.0
Cosford 52.6 ± 0.8 10.2 ± 0.2 14.9 ± 0.4 2.8 ± 0.1 4.0 ± 0.4

Red Lambert 64.8 ± 0.8 10.6 ± 0.2 16.4 ± 0.8 1.9 ± 0.0 3.3 ± 0.0
Englische Riesen 51.9 ± 0.0 19.7 ± 0.2 14.9 ± 1.2 2.8 ± 0.1 4.5 ± 0.1
Webb’s Prize Cob 50.9 ± 0.1 15.9 ± 0.0 22.2 ± 0.8 2.7 ± 0.0 4.5 ± 0.1

Gustav’s Zellernuss 60.6 ± 1.3 14.3 ± 0.1 18.1 ± 1.8 2.6 ± 0.1 4.0 ± 0.1
Pauetet 57.7 ± 0.2 16.0 ± 0.0 14.4 ± 0.1 2.2 ± 0.0 3.9 ± 0.1
Corabel 47.9 ± 0.8 22.1 ± 0.1 14.7 ± 0.2 3.1 ± 0.0 4.4 ± 0.0

Hall’s Giant 54.1 ± 1.3 18.4 ± 0.1 19.7 ± 0.7 2.5 ± 0.0 4.0 ± 0.0
Merveille de Bollweiler 54.1 ± 1.4 14.2 ± 0.2 19.5 ± 0.2 2.7 ± 0.0 4.3 ± 0.0
Gunslebener Zellernuss 50.3 ± 0.3 17.4 ± 0.2 16.7 ± 0.8 3.2 ± 0.1 4.4 ± 0.0

Emoa-1 56.9 ± 0.3 15.1 ± 0.1 13.9 ± 0.6 2.6 ± 0.0 3.9 ± 0.0
Barcelloner Zellernuss 60.2 ± 0.2 16.1 ± 0.1 13.4 ± 0.5 2.2 ± 0.0 3.9 ± 0.1

Data refer to fresh weight; values are expressed as means ± SD (n = 2).

Variations were also found for other macronutrients. The crude protein content was the highest
in the Corabel variety (22.1 g/100 g), whereas the Cosford variety contained the lowest (10.2 g/100 g).
These results are in line with that obtained in other studies, where protein contents of 12 to 22% have
been found [2,19,21,23,26]. Amaral et al. investigated 19 cultivars grown in Portugal and reported
lower protein contents ranging from 9.3 to 12.7% [20].

Compared to published values, we found higher contents of dietary fiber. The Webb’s Prize
Cob variety had an outstanding content of 22.2 g/100 g, whereas the Barcelloner Zellernuss variety
contained only 13.4 g/100 g. Other studies reported values in the range of 9.5 to 13.2% [19,27,28].
With an average of 16.6% for the hazelnuts studied here, and especially for the varieties Webb’s Prize
Cob, Hall’s Giant (19.7 g/100 g), and Merveille de Bollweiler (19.5 g/100 g), we found remarkably higher
dietary fiber contents.

The content of ash, which allows an estimation about the mineral content, was in the range of
1.9 g/100 g (Red Lambert) to 3.2 g/100 g (Gunslebener Zellernuss). Previous reports have shown similar
results [2,19]. Locatelli et al. reported slightly lower ash contents in a range of 1.30 to 2.75% [23].

3.2. Fatty Acid Composition

The tested varieties showed both differences as well as similarities regarding their FA distribution
(Table 2). Palmitic acid (C16:0) accounted for only around 5% in all studied hazelnut varieties.
Furthermore, proportions of palmitoleic acid (C16:1c9; data not shown), stearic acid (C18:0),
and α-linolenic acid (C18:3c9,c12,c15) did not exceed 2.1%. However, there were noticeable differences
in the content of the major FA. Oleic acid (C18:1c9) content varied in the range of 65.1 to 81.7%.
The variety Tonda di Giffoni had the highest content (81.7%), while the variety Corabel showed the
lowest value (65.1%). Next, linoleic acid (C18:3c9,c12) content differed from 10.3% in the Tonda di
Giffoni variety to 26.8% in Corabel. The differences in these FA account for a cultivar-specific pattern
of MUFA (66.9 to 83.0%) and polyunsaturated FA (PUFA; 10.4 to 27.0%). The total SFA content did not
exceed 7.2%. The total n-3 (omega-3) PUFA content was very low for all hazelnuts (<0.2%). The total
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n-6 (omega-6) PUFA value varied from 10.3 (Tonda di Giffoni) to 26.8% (Corabel), depending on
the cultivar.

The FA distribution of the analyzed hazelnuts were in good agreement with data previously
reported [23,25]. Specific characteristics are the slightly lower levels of stearic acid in our varieties,
with the highest value of 2.1% for Pauetet, while Locatelli et al. reported contents up to 4.9% [23].
In addition, five varieties (Cosford, Englische Riesen, Webb’s Prize Cob, Corabel, and Gunslebener
Zellernuss) have oleic acid contents of less than 70%, which are low compared to literature data.
This results in an inversely related high content of linoleic acid in these varieties of >20%, which
exceeds the values reported in previous publications [20–24,29]. In previous studies, mostly Turkish
varieties or nuts cultivated in southern regions were examined. However, an earlier report on the
FA distribution of hazelnut cultivars grown in Iran revealed values comparable to ours [25]. In this
study, oleic acid content varied from 64.2 to 81.3% and linoleic acid from 10.0 to 21.1%. Bacchetta et al.
reported significant differences between two crop years regarding the FA content of 75 hazelnut
cultivars from different countries [30]. This indicates that multiple determinants can influence the
nutrient composition and especially the proportions of FA.

Table 2. Fatty acid composition (% of total FAME 1) of 15 hazelnut cultivars grown under identical
conditions in Thuringia, Germany.

C16:0 C18:0 C18:1 n-9
C18:2 n-6

(LA) 2
C-18:3 n-3
(ALA) 3 Σ SFA 4

Σ MUFA 5
Σ PUFA 6

Σ n-3 Σ n-6

Tonda di Giffoni 4.5 1.8 81.7 10.3 0.1 6.5 83.0 10.7 0.1 10.3
Juningia 4.7 1.8 81.0 10.5 0.1 6.8 82.6 10.7 0.1 10.5

Ennis 5.2 1.8 77.1 13.9 0.1 7.2 78.8 14.0 0.1 13.9
Cosford 4.7 1.2 68.1 24.1 0.2 6.0 69.7 24.3 0.2 24.1

Red Lambert 4.9 1.9 80.3 11.0 0.1 7.0 81.8 11.2 0.1 11.0
Englische Riesen 4.1 1.0 69.0 24.0 0.2 5.2 70.5 24.3 0.2 24.0
Webb’s Prize Cob 4.9 0.8 65.8 26.2 0.2 5.9 67.6 26.5 0.2 26.2

Gustav’s Zellernuss 4.4 1.7 76.4 15.6 0.1 6.3 77.9 15.8 0.1 15.6
Pauetet 4.7 2.1 80.8 10.6 0.1 7.0 82.2 10.8 0.1 10.6
Corabel 4.9 1.0 65.1 26.8 0.2 6.1 66.9 27.0 0.2 26.8

Hall’s Giant 4.3 1.7 75.2 16.9 0.1 6.3 76.6 17.1 0.1 16.9
Merveille de Bollweiler 4.4 1.4 77.0 15.3 0.1 6.0 78.6 15.5 0.1 15.3
Gunslebener Zellernuss 4.6 1.1 66.2 25.9 0.2 5.9 67.9 26.1 0.2 25.9

Emoa-1 4.6 1.8 72.1 19.5 0.1 6.6 73.6 19.8 0.1 19.5
Barcelloner Zellernuss 4.3 1.8 79.4 12.8 0.1 6.3 80.7 13.0 0.1 12.8

1 FAME, fatty acid methyl esters. 2 LA, linoleic acid. 3 ALA, α-linolenic acid. 4 SFA, saturated fatty acids. 5 MUFA,
monounsaturated fatty acids. 6 PUFA, polyunsaturated fatty acids.

3.3. Tocopherols

Table 3 shows thatαTOH is the major form of vitamin E in hazelnuts. Only traces of the vitamersβ-,
γ-, and δTOH were detected with contents of less than 2 mg/100 g. The variety Juningia contained the
highest concentration of αTOH (28.9 mg/100 g), while only 9.9 mg/100 g were found in the variety Hall’s
Giant. Tocopherol levels found here are in accordance with data from the literature. With a mean of
17.5 mg/100 g, the results herein are comparable to data on hazelnuts from Turkey and Portugal [27,31].
Taş and Gökmen reported the differences between two crop years and described notable decreases
in the concentration of TOH for the second year for 14 varieties grown in Turkey [24]. However,
another group measured TOH contents in hazelnuts grown in Poland and reported 73.90 mg/100 g
αTOH for unroasted hazelnuts [32]. A study comparing nutritional values of hazelnuts mainly
collected in Turkey determined total TOH contents in the range from 25.8 to 69.8 mg/100 g in hazelnut
kernel oils [33]. Environmental, local, and analytical conditions are possible explanations for these
remarkable differences.
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Table 3. Vitamin E content [mg/100 g] of 15 hazelnut cultivars grown under identical conditions in
Thuringia, Germany.

α-Tocopherol β-Tocopherol γ-Tocopherol δ-Tocopherol

Tonda di Giffoni 13.5 <0.6 <1.0 <0.6
Juningia 28.9 0.80 <1.0 <0.6

Ennis 21.2 0.60 <1.0 <0.6
Cosford 20.7 <0.6 <1.0 <0.6

Red Lambert 24.8 <0.6 2.00 <0.6
Englische Riesen 16.6 0.60 <1.0 <0.6
Webb’s Prize Cob 16.3 <0.6 <1.0 <0.6

Gustav’s Zellernuss 13.3 <0.6 <1.0 <0.6
Pauetet 19.2 <0.6 <1.0 <0.6
Corabel 10.9 <0.6 <1.0 <0.6

Hall’s Giant 9.9 <0.6 <1.0 <0.6
Merveille de Bollweiler 11.8 <0.6 <1.0 <0.6
Gunslebener Zellernuss 18.6 <0.6 <1.0 <0.6

Emoa-1 15.6 <0.6 <1.0 <0.6
Barcelloner Zellernuss 16.1 <0.6 <1.0 <0.6

Data refer to fresh weight.

3.4. Micronutrients

Nuts are known as a good source for minerals, which can contribute to a healthy diet [8].
We measured the amount of magnesium, calcium, manganese, iron, copper, zinc, cadmium, selenium,
and arsenic in the 15 hazelnut cultivars. There are considerable differences between the examined
hazelnuts regarding mineral, trace, and ultra-trace element compositions (Table 4). Magnesium
contents ranged from 148 ± 3 mg/100 g (Tonda di Giffoni) to 213 ± 5 mg/100 g (Merveille de Bollweiler).
Köksal et al. determined 15 cultivars of hazelnuts grown in Turkey and measured similar magnesium
levels of 144 to 224 mg/100 g [21]. Data from other studies confirm these results [27,34]. In addition,
the nuts contained high amounts of calcium. Calcium contents ranged from 140 ± 2 (Ennis) to
247 ± 2 mg/100 g (Cosford) and fit well into the picture previously published for hazelnuts grown in
Turkey [27,34]. The lowest manganese content was found in Red Lambert (0.682 ± 0.001 mg/100 g),
and the highest was determined for Gunslebener Zellernuss (3.92 ± 0.02 mg/100 g). Özdemir et al.
reported comparable results with a range from 1.4 to 2.6 mg/100 g for commercial Turkish hazelnuts [34].
Juningia had the lowest level of iron with a content of 2.88 ± 0.07 mg/100 g, while the highest amount
was found in Gunslebener Zellernuss with 4.67 ± 0.03 mg/100 g. These values are comparable
with data provided in the literature [2,21,34–36]. Contents of copper ranged from 0.764 ± 0.011 to
2.17 ± 0.03 mg/100 g with highest amounts in the variety Corabel and lowest in the variety Ennis
and are similar to those reported by others [33]. Corabel contained also the highest levels of zinc
(3.93 ± 0.06 mg/100 g), while the variety Juningia contained only 2.12 ± 0.003 mg/100 g; both values are
comparable with those reported in the literature [21,36]. Until now, less is known about the content
of the trace element molybdenum in hazelnuts. The recommended value for an adequate intake is
65 µg/day [37]. Özkutlu et al. measured between 0.09 to 0.31 mg/kg molybdenum in hazelnuts grown
in Turkey [38]. Our hazelnut varieties can contribute to a sufficient intake with contents ranging from
0.109 ± 0.003 mg/100 g (Tonda die Giffoni) to 0.515 ± 0.008 mg/100 g (Merveille de Bollweiler). Levels of
selenium are low in the examined samples with highest contents in Tonda di Giffoni and Pauetet
with 5.10 ± 0.20 µg/100 g and 6.25 ± 0.51 µg/100 g, respectively. Hazelnuts grown in Turkey showed
higher amounts of selenium [27,36], but it is important to note that the soil content for selenium is very
low in Germany [39]. Cadmium was only detected at very low amounts in Gunslebener Zellernuss
(0.91 ± 0.06 µg/100 g), all other samples were under the limit of quantitation (data not shown). Arsenic
levels remained lower than 4 µg/100 g in all varieties, which complies with data for foods of terrestrial
origin [40].
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Table 4. Composition of minerals, trace, and ultra-trace elements of 15 hazelnut cultivars grown under identical conditions in Thuringia, Germany.

Mg (mg/100 g) Ca (mg/100 g) Mn (mg/100 g) Fe (mg/100 g) Cu (mg/100 g) Zn (mg/100 g) Mo (mg/100 g) Se (µg/100 g) As (µg/100 g)

Tonda di Giffoni 148 ± 3 177 ± 4 2.78 ± 0.09 3.02 ± 0.04 1.14 ± 0.02 2.48 ± 0.03 0.109 ± 0.003 5.10 ± 0.20 1.57 ± 0.14
Juningia 155 ± 3 155 ± 1 1.22 ± 0.02 2.88 ± 0.07 0.948 ± 0.013 2.12 ± 0.003 0.310 ± 0.004 4.33 ± 0.28 0.95 ± 0.04

Ennis 162 ± 3 140 ± 2 1.17 ± 0.02 3.21 ± 0.02 0.764 ± 0.011 2.36 ± 0.05 0.414 ± 0.004 3.11 ± 0.11 2.01 ± 0.06
Cosford 178 ± 3 247 ± 2 2.94 ± 0.01 3.42 ± 0.03 1.26 ± 0.01 2.91 ± 0.03 0.256 ± 0.003 4.55 ± 0.45 2.53 ± 0.09

Red Lambert 151 ± 1 176 ± 1 0.682 ± 0.001 3.34 ± 0.03 1.21 ± 0.004 2.48 ± 0.01 0.231 ± 0.002 2.73 ± 0.21 2.57 ± 0.07
Englische Riesen 211 ± 1 241 ± 3 2.71 ± 0.02 3.09 ± 0.04 1.36 ± 0.01 2.87 ± 0.01 0.309 ± 0.002 4.49 ± 0.47 3.58 ± 0.04
Webb’s Prize Cob 173 ± 3 235 ± 3 1.40 ± 0.01 3.71 ± 0.05 1.06 ± 0.02 2.92 ± 0.01 0.331 ± 0.006 3.69 ± 0.23 3.47 ± 0.12

Gustav’s Zellernuss 206 ± 2 224 ± 1 2.10 ± 0.01 3.90 ± 0.004 1.84 ± 0.06 3.01 ± 0.01 0.479 ± 0.010 3.29 ± 0.27 3.81 ± 0.07
Pauetet 162 ± 2 175 ± 0.4 1.87 ± 0.02 3.73 ± 0.06 1.52 ± 0.02 3.02 ± 0.04 0.117 ± 0.001 6.25 ± 0.51 2.35 ± 0.06
Corabel 188 ± 5 212 ± 5 2.91 ± 0.05 4.26 ± 0.11 2.17 ± 0.03 3.93 ± 0.06 0.280 ± 0.005 4.79 ± 0.45 2.38 ± 0.07

Hall’s Giant 182 ± 1 211 ± 14 1.67 ± 0.10 3.67 ± 0.04 1.71 ± 0.05 3.40 ± 0.03 0.297 ± 0.005 2.94 ± 0.23 2.91 ± 0.07
Merveille de Bollweiler 213 ± 5 201 ± 6 1.77 ± 0.04 3.74 ± 0.12 1.85 ± 0.05 2.88 ± 0.05 0.515 ± 0.008 3.68 ± 0.05 2.13 ± 0.05
Gunslebener Zellernuss 209 ± 3 207 ± 1 3.92 ± 0.02 4.67 ± 0.03 1.79 ± 0.04 3.43 ± 0.03 0.351 ± 0.001 4.11 ± 0.56 2.69 ± 0.03

Emoa-1 180 ± 3 225 ± 1 1.94 ± 0.04 3.49 ± 0.05 0.972 ± 0.010 2.81 ± 0.02 0.279 ± 0.004 4.23 ± 0.11 1.99 ± 0.07
Barcelloner Zellernuss 171 ± 6 232 ± 11 2.33 ± 0.10 3.99 ± 0.29 0.779 ± 0.027 2.68 ± 0.11 0.204 ± 0.003 3.83 ± 0.26 2.61 ± 0.16

Data refer to fresh weight; values are expressed as means ± SD (n = 3).
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4. Conclusions

The data from this pilot study show differences in nutrient profiles depending on the varieties.
The observed variations in nutrient composition were independent of growth conditions and climate,
which were identical for all hazelnut varieties, as well as year-to-year changes. Just as growth conditions,
technical processability, and resistance to pests, the nutrient content is only one of several parameters for
assessing the suitability of a variety for commercial cultivation. Based on these parameters and nutrient
profiles, Emoa-1, Corabel, Webb’s Prize Cob, Barcelloner Zellernuss, and Merveille de Bollweiler were
selected for long-term studies which are ongoing. While Corabel was the variety with the highest
protein content, Webb’s Prize Cob variety showed a high content of dietary fiber and Merveille de
Bollweiler had the highest content of magnesium. On the other hand, Emoa-1 conceded reliably
good harvests and aromatic nuts and Barcelloner Zellernuss distinguished due to a very high yield.
Assessing nutrient profiles, growing behavior, and resistance to pests of these cultivars over time will
allow for recommending suitable varieties, rootstocks, and cultivation systems for regional cultivation
as well as changes in nutrient profiles from year to year.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/11/1596/s1,
Table S1: Agronomic data of and observations for the 15 varieties cultivated in Germany.
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Abstract: The experiment addressed the effects of two storage temperatures, namely 10 (T10) and 20 ◦C
(T20), on main quality and functional traits of three cherry tomato cultivars (‘Eletta’, ‘Sugarland’ and
‘Ottymo’), after 0 (S0), 7 (S7) and 14 (S14) days of storage. At T10 both fruit weight and firmness were
better retained during storage. At S14, T10 promoted fruit Chroma and overall fruit color deviation
(∆E*ab). Total polyphenols content (TPC) of fruits peaked at S7 (4660 mg GAE kg−1 DW) then declined
at S14 (by 16%), with the highest values recorded at T10. Lycopene showed a similar trend, but with a
higher average concentration recorded at T20 (488 mg kg−1 DW). β-carotene content peaked at S14,
irrespective of the storage temperature. At S14, the concentrations of phytoene and phytofluene were
higher at T20 (48.3 and 40.9 mg kg−1 DW, respectively), but the opposite was found at S7. ‘Sugarland’
and ‘Ottymo’ showed the highest ∆E*ab along storage, with the former cultivar proving the highest
TPC and lycopene content, whereas ‘Eletta’ did so for phytoene and phytofluene. Our results suggest
that unravelling the possible functional interactions among these three carotenoids would allow for a
better orientation of breeding programs, targeting the phytochemical evolution of tomatoes during
refrigerated storage.

Keywords: Solanum lycopersicum L.; refrigerated storage; fruit quality; carotenoids;
total polyphenols content

1. Introduction

Tomato (Solanum lycopersicum L.) is one of most important vegetable crops throughout the world,
with an estimated production of 182 Mt from more than 4.8 Mha cropland [1]. In the Mediterranean
basin it is the primary field and greenhouse vegetable crop [2], since tomato strongly characterizes the
Mediterranean diet, hence its consumption is widely spread around this macroarea [3]. Fresh tomatoes
commercialization is often characterized by significant temporal gaps among production and consumption.
This implies the optimization of quality maintenance of the product along the distribution chain, in order
to match the consumers’ sensorial and nutritional demands [4]. Indeed, fresh vegetables are perishable
commodities, whose postharvest decay represents a primary matter of social concern in terms of economic
(loss of capital, fuel and manpower) and environmental costs (due to landfilling), associated to losses
of valuable phytonutrients [5]. In this context, temperature is a key factor to extend quality of fresh
horticultural products along the distribution chain [6]. Because of its sensitivity to chilling injuries [7],
the optimization of tomatoes cold storage implies a compromise between temperatures low enough
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to slow down the ripening process but high enough to generate either no or tolerable side effects on
the main organoleptic and nutritional traits [8]. Similarly to other plant foods [9], tomato is a source
of many valuable phytonutrients having potential health benefits, including minerals, vitamins C and
E, organic acids, polyphenols and carotenoids [10]. Carotenoids represent by far the most studied
phytochemical fraction of tomatoes [11], which are considered the main dietary source of lycopene [12],
i.e., the prevailing constituent conferring the typical pigmentation to red-ripe fruits. From a nutritional
viewpoint, lycopene is a powerful antioxidant, whose intake has been linked to reduced frequency and
severity of several types of cancer and heart diseases [13]. Moreover, it has been indicated as the most
effective singlet oxygen quencher among all known carotenoids [14]. β-carotene is the second main
carotenoid constituent of tomato fruits [15]. It is a red-orange pigment having strong chemoprotective
functions and the highest provitamin A activity in the human metabolism, and its deficiency can result in
xerophthalmia, blindness, and even premature death [16]. Although both carotenoids can be specifically
ingested through dietary supplements, scientific evidences seem to point out stronger health benefits
associated to their direct assumption from tomato matrices, likely as a consequence of synergistic effects
involving other naturally occurring compounds [17]. Among these, the colorless carotenoids phytoene
and phytofluene have been supposed to have biological activity, as in the case of skin protection from
UV-induced erythema or in the protection of human lipoproteins from oxidation [18].

Over the last decades, cherry tomato has been intensively targeted in breeding programs of many
seed companies, in order to match the evolving standards in tomato production, commercialization
and consumption [19]. Consequently, the currently available cultivars are characterized by better
functional profile than the past [20], wide compositional variability [21] and rapid temporal turnovers.
Such diversification and dynamism represent a challenging task to optimize the product management
along the distribution chain, since postharvest quality modifications are strongly affected by both
storage conditions and genotype [22]. Hence, to address the growing demands for tomatoes with high
quality and functional profiles, it is appropriate to in-depth the knowledge about whole patterns of
change in these properties, as a function of the storage conditions applied to the emerging germplasm.

Due to this, the aim of the present work was to investigate the postharvest modifications on main
quality variables of three recently widespread cherry tomato cultivars in a Mediterranean environment
induced by different thermal regimes (10 and 20 ◦C) and storage time (up to 14 days).

2. Materials and Methods

2.1. Experimental Site and Plant Material

A greenhouse experiment was carried out from February to June 2019, at the experimental farm
of the University of Catania (Sicily, South Italy: 37◦24′27” N, 15◦03′36” E, 6 m a.s.l.). The climate of the
area is semi-arid Mediterranean, with mild winters and hot, dry summers. An 800 m2, multi-aisle
cold greenhouse was used, having a steel tubular structure with adjustable windows on the roof
and along the sides, and covered with polycarbonate slabs. Three cherry tomato cultivars, namely
‘Eletta’, ‘Ottymo’ and ‘Sugarland’, recently diffused in the reference area, were grown in the experiment,
chosen on the basis of their different main carpometric traits (Table 1). To this end, data were previously
acquired from different local farms operating in comparable growth conditions.

Table 1. Main information and fruit characteristics related to the cultivars selected for the study.

‘Eletta’ ‘Ottymo’ ‘Sugarland’

Seed company TSI Italia srl, Foggia (FG), Italy
Vilmorin Italia srl, Funo

(BO), Italy
Rijk Zwaan Italia srl,
Bologna (BO), Italy

Fruit color Deep red Red Deep red
Average fruit diameter (mm) 15 ± 2 18 ± 2 12 ± 1

Average fruit weight (g) 15.0 ± 1.5 20.5 ± 2.5 12.0 ± 1.0
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2.2. Growth Conditions, Fruit Sampling and Storage

Plants were transplanted on 11th February 2019 within the greenhouse at the stage of two true
leaves, in an open soilless cultivation system using 5 L plastic pots (20 cm height, 19 cm width),
with perlite as growing medium (particle size 2–6 mm). Before transplanting, plantlets were selected
for uniform size and health appearance, whereas pots were arranged in simple rows, adopting a
0.40 × 1.00 m rectangular format (center to center) and 1 plant per pot (2.5 plants m−2). Plants were
grown at single stem up to the 8th cluster, whereas all clusters were pruned leaving 12 fruits,
whose setting was allowed by using bumblebee hives. Each net experimental unit contained 12 plants.
During the cycle, the crop was uniformly fertigated with a standard nutrient solution [23], adopting a
leaching fraction of at least 75%, to avoid root zone salinization [24].

From 14 to 16 May, tomatoes belonging to the 4th cluster were harvested by hand at the red
stage (stage F) according to Gautier et al. [25]. This was done to allow tomatoes to reach stage G
(deep red) during postharvest, as it is usual among local growers. Soon after harvest, fruits were
transported to the laboratory and processed for further analysis. Overall, 72 clusters were collected
(8 clusters × 3 cultivars × 3 replicates) and divided in 3 batches for the characterization of fruits after 0
(harvest date), 7 and 14 days of storage (hereafter S0, S7 and S14, respectively), either at 10 ± 0.5 (T10)
or 20 ± 0.5 ◦C (T20) and 85% relative humidity (RH). The lowest thermal regime was chosen since it
represents a mild stressing conditions frequently adopted during transportation and storage of cherry
tomatoes, whereas T20 was comparatively chosen as it simulates storage at room temperature [26].
Before storage, fruits were detached from rachis, selected for absence of defeats and uniform appearance
within each genotype, washed with deionized water and dried with paper for further analysis. Fifteen to
twenty-two fruits per replicate were placed in common commercial trays, i.e., transparent PET trays
Mod. C500/41p (190 × 115 × 41 mm) covered with a perforated PET LC32 lid (Carton Pack s.p.a.,
Rutigliano, Italy) for a final net weight of 250 ± 8 g, then stored at the abovementioned conditions.

2.3. Carpometric Determinations

At each time point, fruit fresh weight was determined on 10 fruits per tray, then their firmness
was determined through a Digital Texture Analyser mod. TA-XT2 (Stable Micro Systems, Godalming,
UK) and defined as the force (N) needed to impress a 2 mm fruit deformation along the polar axis,
between two steel plates.

2.4. Cherry Tomato Quality Variables

For each sample, ~50 g of cherry tomato were homogenized up to a puree in a home blender
(La Moulinette, Groupe SEB, Écully, France) and immediately analyzed for: soluble solids content,
dry matter, pH, total acidity (TA), reducing sugars, total polyphenols and carotenoids profile
and content.

The soluble solids content (SSC) was estimated with an Abbe refractometer 16531 (Carl Zeiss,
Oberkochen, Germany) at 20 ◦C and the results were expressed as ◦Brix. The dry matter was determined
by gravimetric analysis. An aliquot of cherry tomato puree were placed in an oven at 70 ◦C (Thermo
Fisher Scientific, Waltham, MA, USA) until the constant weight [27]. The pH was measured using a
pHmeter (Mettler Toledo, MP 220), and tritatable acidity (TA) was determined by titrating an aliquot
of the puree sample with 0.05 N NaOH to pH 8.1. TA was expressed as g kg−1 of cherry tomato fresh
weight (FW), as citric acid.

Reducing sugars (fructose and glucose), were estimated using Fehling’s method according to the
official Italian method of analysis (D.M. 3.2.1989, GU n.168/1989). An aliquot of the puree sample (20 g)
were transferred into a volumetric flask (50 mL) and neutralized with 1 N NaOH. Subsequently sample
was cleared by the addition of 10 mL saturated sodium sulphate decahydrate and 5 mL saturated basic
lead acetate. The samples were diluted up to 50 g with distilled water, mixed and centrifuged for
10 min at 10,000 rpm. The supernatant was filtered through a filter paper (Whatman No 1, Whatman
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International, Maidstone, UK) and used to completely reduce in hot condition a mixed of the Fehling’s
solution using methylene blue solution as indicator. The Fehling solution was prepared as follow:
5 mL of each stock Fehling solution A and B were mixed with 40 mL of distilled water immediately
before the determination. Results were expressed as g of reducing sugars kg−1 of dry weight (DW)
and all analysis were conducted in triplicate.

2.5. Fruit Chromatic Coordinates

The fruit chromatic coordinates were measured as described by McGuire [28] on the equatorial
axis of whole fruits (two measurements per fruits), through a tristimulus Minolta Chroma meter (model
CR-200, Minolta Corp.) calibrated with a standard white tile (UE certificated) with illuminant D65/10◦,
measuring color in terms of lightness (L*), green-red axis (a*) and blue-yellow axis (b*). Fruit color was
described as (a*/b*)2, Chroma [as (a*2 + b*2)1/2], tomato color index [TCI = 2000 a*/L*(a*2 + b*2)1/2] and
total color difference [∆E*ab = (∆L*2 + ∆a*2 + ∆b*2)1/2], this last describing the color deviation recoded
at S7 and S14.

2.6. Total Polyphenols Content

The extraction of polyphenol compounds was performed according to Atanasova et al. [29] with
some modifications. An aliquot of cherry tomato puree sample (1 g) was mixed and shacked with
40 mL of acetone (80% solution in distilled water) and left in the dark, overnight at room temperature.
After that, each sample was filtered (0.45 µm Albet) and the supernatant was collected for determination
of total polyphenols content (TPC). This was determined according to Gahler et al. [30] using the
Folin-Ciocâlteu reagent and measuring spectrophotometrically the absorbance at 725 nm using a Perkin
Elmer lambda 25 Uv-Vis spectrometer. Gallic acid was used as standard (standard curve, 0.29–8.18 mg
kg−1; R2 = 1.00) and TPC was expressed as mg gallic acid equivalents (GAE) kg−1 on a dry weight
(DW) basis. All analyses were carried out in triplicate.

2.7. Carotenoids Extraction and HPLC Analysis

Tomato carotenoids were extracted using the method of Siracusa et al. [31]. An aliquot of the
cherry tomato puree sample (0.5 g) was transferred into a vial and 5 mL of a n-hexane/acetone/ethanol
(2:1:1) solution were added. The vial was left shaking for 40 min. in the dark at room temperature.
Subsequently 1 mL of H2O (HPLC grade) was added and a further 2 min. agitation was applied.
The resulting heterogeneous mixtures were left decanting until phases separation. The apolar coloured
layers were transferred into an amber vial and analysed.

Quantitative analyses were carried out on an HPLC (Shimadzu USA Manufacturing Company Inc.,
Class VPLC-10 Dvp, Canby, OR, USA) equipped with a DAD (Shimadzu SPD-M10Avp). The column
was a Gemini NX C18 (150 × 4.6 mm; 3 µm particle size; Phenomenex, Italy), fitted with a guard
cartridge packed with the same stationary phase. The flow rate was 0.7 mL/min. and the injector
volume was 20 µL. Carotenoids were eluted with the following gradient of A (Methanol: H2O 75:25)
and B (Ethyl acetate): T0 30% B; T15 82% B; T25 30% B. All reagents used were HPLC purity grade:
water, methanol and Ethyl acetate were obtained from Merck. The wavelength range was 220–660 nm,
and the chromatograms were monitored at 473 nm for lycopene; at 453 nm for β-carotene; at 348 nm
for phytofluene and at 288 nm for phytoene. Carotenoids were identified by splitting the peak of the
carotenoids from the tomato-solution sample with a standard of β-carotene and lycopene; (p ≥ 95% and
p ≥ 98%, Sigma-Aldrich, St. Louis, MO, USA) and by comparing retention times and UV spectra with
those of standards. Quantification of β-carotene and lycopene was performed using external calibration
curves; for phytofluene and phytoene the calibration curve of β-carotene was used. Linearity was
checked for β-carotene between 3.36 and 21 mg kg−1 (R2 = 1.00) and lycopene between 2.56 and
40.0 mg kg−1 (R2 = 1.00). All analyses were performer in triplicate, including the extraction procedure,
and the results were expressed as mg kg−1 DW.
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2.8. Statistical Procedures

All data were subjected to Shapiro-Wilk and Levene’s test, in order to check for normality and
homoscedasticity, respectively, then to a factorial ‘storage temperature × genotype × storage time’
(T × G × S) analysis of variance (ANOVA), according to the experimental layout adopted in the
experiment. Percentage data were Bliss transformed before the ANOVA (untransformed data are
reported and discussed), whereas multiple means comparisons were performed through Tukey’s
honestly significant difference (HSD) test (p ≤ 0.05). All calculations were performed using Excel
version 2016 (Microsoft Corporation, Redmond, WA, USA) and Minitab version 16.1.1 (Minitab Inc.,
State College, PA, USA).

3. Results

In the present study, the significance resulting from the ANOVA related to storage temperature (T),
genotype (G) and storage time (S) and their first order interactions is reported in Table 2 (Fisher-Snedecor
F-test), whereas their effects on variable means are reported in Tables 3–6 and Figures 1–3.

Table 2. F-test values of the main factors and their first order interactions related to observed variables,
with the significance resulting from the analysis of variance.

Variable
Source of Variation

Storage Temperature Genotype Storage Time (T) × (G) (T) × (S) (G) × (S)

Average fruit weight 13.6 *** 140.8 *** 65.6 *** 3.8 * NS 8.1 ***
Fruit dry matter 10.6 ** 88.4 *** 29.7 *** 3.5 * NS 8.7 ***
Fruit firmness 8.7 ** 29.4 *** 11.5 *** 3.9 * NS NS

Reducing sugars content NS 50.2 *** 10.2 *** NS NS 3.8 *
SSC/TA NS 265.2 *** 4.7 * NS NS 12.4 ***
Fruit pH NS 19.6 *** NS NS NS NS
(a*/b*)2 NS 38.0 *** 6.3 ** NS NS NS

Chroma 39.4 *** 544.7 *** 30.9 *** NS 13.2 *** NS
Tomato color index NS 39.9 *** 4.9 * NS NS NS

∆E*ab 8.1 ** 15.1 *** 5.7 * 6.0 ** NS 5.0 *
Total polyphenols content 20.9 *** 9.5 *** 56.4 *** 17.2 *** 4.7* 32.5 ***

Phytoene content NS 82.8 *** 7.5 ** NS 3.6 * 15.1 ***
Phytofluene content NS 44.3 *** 6.5 ** 6.3 ** 3.9 * 6.8 ***

Lycopene content 33.8 *** 1462.3 *** 138.5 *** 3.6 * 9.8 *** 121.4 ***
β-carotene content NS 17.4 *** 23.1 *** NS NS 11.7 ***

SSC: soluble solids content; TA: tritatable acidity. (T): storage temperature; (G): genotype; (S): storage time.
NS: not significant; *, ** and ***: significant at p ≤ 0.05, 0.01 and 0.001, respectively.

3.1. Carpometric Traits

Average fruit weight showed a significant ‘T × G’ interaction since, passing from T10 to T20,
‘Ottymo’ and ‘Sugarland’ showed the highest reduction (−9%, on average) (Table 3). Moreover,
both cultivars proved the highest decline of fruit weight at the end of the storage period, as this variable
was reduced by 28%, on the average of both cultivars (Figure 1A).

Fruit dry matter, proved a higher value at T20 than at T10, reaching the highest rise among the
thermal regimes in ‘Ottymo’ (+15%) and ‘Sugarland’ (+12%) (Table 3). Both genotypes highlighted the
highest rise during the storage period, as their fruit dry matter increased by 44% on average, passing
from S0 to S14 (Figure 1B). Differently, at T20 fruit firmness was significantly reduced, with ‘Ottymo’
showing the strongest decline passing from T10 to T20 (−19%) (Table 3). For this variable, a decreasing
trend was recorded along the storage period, since, by comparison with the initial value, fruit firmness
was reduced by 22% at S14 (Table 3).
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Figure 1. Average fruit weight (A), fruit dry matter (B), reducing sugars content (C), SSC/TA (D) and
∆E*ab (E) as affected by ‘genotype × storage time’ interaction. Black bars: S0; grey bars: S7; white bars S14.

Table 3. Carpometric variables of cherry tomato as affected by the main factors.

Variable
Genotype Storage Time Storage Temperature

Mean‘Eletta’ ‘Ottymo’ ‘Sugarland’ S0 S7 S14

Average fruit weight (g)
T10 13.3 17.2 12.0 15.3 14.1 12.9 14.1 a

T20 13.0 15.5 11.1 15.5 13.6 12.0 13.2 b

Mean 13.2 b 16.4 a 11.6 c 15.4 a 13.9 b 12.5 c

HSDinteraction 0.8 0.8

Fruit dry matter content
(%)

T10 8.2 12.1 9.1 9.1 9.4 10.9 9.8 b

T20 8.2 13.9 10.2 9.2 10.3 12.9 10.8 a

Mean 8.2 c 13.0 a 9.7 b 9.2 b 9.8 b 11.9 a

HSDinteraction 1.1 NS

Fruit firmness
(N)

T10 14.1 19.7 12.8 16.5 16.1 14.1 15.6 a

T20 13.6 16.0 11.6 16.6 12.9 11.7 13.7 b

Mean 13.8 b 17.9 a 12.2 c 16.6 a 14.5 b 12.9 c

HSDinteraction 2.2 NS

Different letters among factor means indicate significance at Tukey’s HSD test (p ≤ 0.05). Interaction values
(p = 0.05) related to ‘storage temperature × genotype’ and ‘storage temperature × storage time’ are reported.
NS: not significant.
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3.2. Cherry Tomato Quality Variables

On the average of the other factors, ‘Ottymo’ and ‘Sugarland’ proved the highest reducing sugars
content (581 g kg−1 DW, on average), whereas the former cultivar proved the lowest pH; differently,
‘Sugarland’ minimized the SSC/TA ratio (Table 4). Both reducing sugars content and SSC/TA declined
passing from S0 to S14 (by 14 and 4%, respectively). For the former variable, the strongest reduction
along the storage period was noticed in ‘Ottymo’ and ‘Sugarland’ (−19%, on average) (Figure 1C),
whereas for SSC/TA the only significant reduction within the S0–S14 period was found in ‘Ottymo’
(−17%) (Figure 1D).

Table 4. Compositional variables related to fruit taste of cherry tomato as affected by the main factors.

Variable
Genotype Storage Time Storage Temperature

Mean‘Eletta’ ‘Ottymo’ ‘Sugarland’ S0 S7 S14

Reducing sugars content
(g kg−1 DW)

T10 434 595 552 557 555 463 527 a

T20 420 597 579 565 536 499 529 a

Mean 427 b 596 a 565 a 561 a 545 a 481 b

HSDinteraction NS NS

SSC/TA
(adimensional)

T10 2.15 1.65 1.52 1.80 1.77 1.71 1.77 a

T20 2.18 1.66 1.54 1.86 1.74 1.80 1.79 a

Mean 2.16 a 1.65 b 1.53 c 1.83 a 1.76 b 1.76 b

HSDinteraction NS NS

Fruit pH
T10 4.59 4.21 4.33 4.37 4.35 4.42 4.38 a

T20 4.61 4.22 4.38 4.38 4.42 4.42 4.40 a

Mean 4.60 a 4.21 b 4.36 ab 4.37 a 4.38 a 4.42 a

HSDinteraction NS NS

Different letters among factor means indicate significance at Tukey’s HSD test (p ≤ 0.05). Interaction values
(p = 0.05) related to ‘storage temperature × genotype’ and ‘storage temperature × storage time’ are reported.
NS: not significant.

3.3. Chromatic Variables

Among the chromatic variables, Chroma and ∆E*ab showed a similar response to storage
temperature, as they were both increased at T10 (by 4% and 27%, respectively) (Table 5). For Chroma,
the increase under cold storage was particularly evident passing from S7 (24.1) to S14 (26.0, +8%)
(Table 5). Among the studied genotypes, ‘Eletta’ showed the highest (a*/b*)2 and Chroma (0.81 and
26.4, respectively) and the lowest ∆E*ab (1.43), whereas the lowest TCI was found in ‘Sugarland’ (31.3)
(Table 5). All the chromatic variables significantly increased between S7 and S14, but for ∆E*ab such
temporal rise was more prominent in ‘Ottymo’ (by 61%) (Figure 1E).

Table 5. Chromatic variables of the epicarp of cherry tomato as affected by the main factors.

Variable
Genotype Storage Time

Storage Temperature Mean
‘Eletta’ ‘Ottymo’ ‘Sugarland’ S0 S7 S14

(a*/b*)2
T10 0.79 0.74 0.59 0.72 0.67 0.73 0.71 a

T20 0.84 0.71 0.63 0.72 0.67 0.78 0.73 a

Mean 0.81 a 0.73 b 0.61 c 0.72 a 0.67 b 0.75 a

HSDinteraction NS NS

Chroma
T10 26.8 26.5 21.1 24.5 24.1 26.0 24.8 a

T20 26.1 25.2 20.3 24.3 23.1 24.1 23.8 b

Mean 26.4 a 25.9 b 20.7 c 24.4 b 23.6 c 25.1 a

HSDinteraction NS 0.7

TCI
T10 33.9 34.9 31.1 33.1 32.9 33.8 33.3 a

T20 34.1 34.2 31.6 33.1 32.6 34.0 33.3 a

Mean 34.0 a 34.5 a 31.3 b 33.1
ab 32.7 b 33.9 a

HSDinteraction NS NS

∆E*ab

T10 1.37 2.65 3.11 - 2.18 2.57 2.38 a

T20 1.49 2.36 1.77 - 1.64 2.10 1.87 b

Mean 1.43 b 2.50 a 2.44 a - 1.91 b 2.34 a

HSDinteraction 0.6 NS

Different letters among factor means indicate significance at Tukey’s HSD test (p ≤ 0.05). Interaction values
(p = 0.05) related to ‘storage temperature × genotype’ and ‘storage temperature × storage time’ are reported.
NS: not significant; -: no data.
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3.4. Total Polyphenols Content

Total polyphenols content (TPC) was significantly higher at T10 (4327 mg GAE kg−1 DW) that at
T20 (4034 mg GAE kg−1 DW) (Table 6), but with strong interactive effects with genotype and storage
time. Indeed, while ‘Eletta’ showed no differences among the 2 thermal regimes, TPC was strongly
promoted by the lowest thermal regime in ‘Sugarland’ (+20%), followed by ‘Ottymo’ (+9%) (Table 6).
As regards its temporal trend, TPC significantly increased passing from S0 to S7 (+17%) then sharply
declined at S14 (−16%), with a steeper rise in the S0–S7 period recorded at T10 (+22%) than at T20 (+12%)
(Table 6). Moreover, the studied genotypes displayed different time-courses of TPC along the storage
period, since ‘Sugarland’ proved the highest TPC rise passing from S0 to S7 (+37%) followed by the
strongest decline at S14 (−33%) (Figure 3A).

3.5. Carotenoids Content

Figure 2 shows the HPLC carotenoids profile extracted from cherry tomato ‘Sugarland’. At harvest
date, the level of lycopene ranged from 68.1 to 582.5 mg kg−1 DW in ‘Ottymo’ and ‘Sugarland’,
respectively, followed by β-carotene, which varied from 72.8 to 82.17 mg kg−1 DW, in ‘Ottymo and
‘Eletta’, respectively. Among the genotype tested, ‘Eletta’ proved the highest levels of both phytoene
and phytofluene (54.2 and 50.7 mg kg−1 DW, respectively). The levels determined in ‘Sugarland’
and ‘Ottymo’ varied from 31.0 to 38.2 mg kg−1 DW, for phytoene and from 36.1 to 39.9 mg kg−1 DW,
for phytofluene, respectively.

The phytoene content of the studied genotypes proved different time courses among the 2 thermal
regimes, as it significantly increased passing from S7 to S14 when the T20 storage was considered
(from 41.2 to 48.3 mg kg−1 DW, +14%) (Table 6). Among the genotypes, ‘Sugarland’ proved the highest
phytoene rise passing from S0 to S7 (from 36.2 to 46.1 mg kg−1 DW, +28%), whereas in ‘Ottymo’ a
significant increase was recorded between S7 (35.1 mg kg−1 DW) and S14 (45.3 mg kg−1 DW, +29%)
(Figure 3B).

Table 6. Nutraceutical variables of cherry tomato as affected by the main factors.

Variable
Genotype Storage Time Storage Temperature

Mean‘Eletta’ ‘Ottymo’ ‘Sugarland’ S0 S7 S14

TPC
(mg GAE kg−1 FW)

T10 4087 4531 4364 3997 4869 4116 4327 a

T20 4287 4167 3647 3982 4452 3668 4034 b

Mean 4187 b 4349 a 4006 c 3989
b

4660
a

3892
b

HSDinteraction 303 303

Phytoene content
(mg kg−1 FW)

T10 50.4 41.5 41.2 43.3 45.5 45.1 44.3 a

T20 53.5 38.5 41.3 43.1 41.2 48.3 44.5 a

Mean 51.9 a 40.0 b 41.2 b 43.2 b 43.3 b 46.7 a

HSDinteraction NS 3.2

Phytofluene content
(mg kg−1 FW)

T10 42.1 38.7 32.3 39.6 37.7 35.6 37.7 a

T20 46.5 34.6 33.9 39.8 33.4 41.9 38.3 a

Mean 44.3 a 36.6 b 33.1 c 39.7 a 35.5 c 38.8 b

HSDinteraction 3.5 3.5

Lycopene content
(mg kg−1 FW)

T10 488 185 662 392 526 404 445 b

T20 556 207 701 416 577 484 488 a

Mean 552 b 196 c 682 a 404 c 552 a 444 b

HSDinteraction 35 35

β-carotene content
(mg kg−1 DW)

T10 92.0 85.2 83.4 77.0 89.7 94.0 86.9 a

T20 96.0 81.7 77.1 76.7 85.9 92.3 84.9 a

Mean 94.0 a 83.5 b 80.3 b 76.8 c 87.8 b 93.1 a

HSDinteraction NS NS

Different letters among factor means indicate significance at Tukey’s HSD test (p ≤ 0.05). Interaction values
(p = 0.05) related to ‘storage temperature × genotype’ and ‘storage temperature × storage time’ are reported.
NS: not significant.
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                             Figure 2. HPLC profile of carotenoids extracted from cherry tomato ‘Sugarland’ at harvest date (S0).
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Figure 3. Total polyphenols (A), phytoene (B), phytofluene (C), lycopene (D) and β-carotene (E) content
as affected by ‘genotype × storage time’ interaction. Black bars: S0; grey bars: S7; white bars S14.
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Regarding phytofluene, the lowest storage temperature showed a depressive effect in ‘Eletta’
(in which it was reduced by 9%) and the opposite in ‘Ottymo’ (in which it increased by 10%) (Table 6).
Phytofluene content proved also wider temporal oscillations at T20, as the initial value was reduced by
6.4 mg kg−1 DW at S7 (−9%), then increased by 6.4 mg kg−1 DW at S14 (+19%) (Table 6). Such temporal
oscillations proved to be genotype-dependent too, since ‘Eletta’ showed the highest reduction passing
from S0 (50 mg kg−1 DW) to S7 (38.4 mg kg−1 DW, −23%), then the sharpest rise at S14 (44.5 mg kg−1

DW, +16%) (Figure 3C).
Lycopene was significantly affected by the storage temperature, as it was lower at T10 than at T20

(445 vs. 488 mg kg−1 DW), and this reduction was more marked for ‘Eletta’ (−12%) and ‘Sugarland’
(−6%) (Table 6). Moreover, T20 promoted a sharper lycopene rise than T10 passing from S0 to S7

(from 416 to 577 mg kg−1 DW, +39%) followed by a milder decrease at S14 (484 mg kg−1 DW, −16%)
(Table 6). All the studied cultivars showed a significant decrease in lycopene content between S7

and S14 (ranging from 119 to 221 mg kg−1 DW in ‘Ottymo and ‘Eletta’, respectively), with ‘Ottymo’
and ‘Sugarland’ proving also a higher lycopene increase between S0 and S7 (by 252 mg kg−1 DW,
on average) (Figure 3D).

β-carotene concentration proved to be not sensitive to the storage temperature, and was higher in
‘Eletta’ (94.0 mg kg−1 DW) than in the other genotypes (81.9 mg kg−1 DW, on average) and, over the
storage period, increased up to 93.1 mg kg−1 DW at S14 (Table 6). However, such temporal increase
was more marked in ‘Eletta’ within the S0–S7 period (from 82.1 to 100.0 mg kg−1 DW) and in ‘Ottymo’
in the S7–S14 one (from 75.9 to 102.3 mg kg−1 DW) (Figure 3E).

4. Discussion

The fruits stored at 10 ◦C showed a higher fruit weight and a lower dry matter content as
compared to those stored at 20 ◦C, indicating that fruit transpiration and water loss were the main
processes affected by storage temperature. As a consequence, at 20 ◦C tomatoes proved a higher
loss of fruit firmness over time. The transpiration-driven softening of tomatoes during postharvest
is a major problem, as it increases their susceptibility to damages along the distribution chain [32].
Moreover, fruit firmness is considered a key indicator of tomato freshness, able to influence the
purchasing behavior of consumers [33]. However, despite cold storage is commonly practiced for
reducing postharvest softening of tomatoes, the opposite effect can be found when too low storage
temperatures are used, because of the tropical origin of the plant [8]. For this reason, storage
temperature over 11–12 ◦C are advised for storing tomatoes, depending on fruit typology and
ripening stage [32–35]. Nonetheless, the differences in terms of fruit weight and firmness we found
among the 2 thermal regimes showed that storage at 10 ◦C was a suitable way to extend these main
characteristics of tomato fruits. Among the studied cultivars, both ‘Sugarland’ (small-fruited) and
‘Ottymo’ (large-fruited) showed the highest fruit weight reduction during storage, consistent with
their steeper rise in dry matter content. Differently, ‘Eletta’ (medium-fruited) proved the highest
temporal stability in relation to both variables. Hence our results suggest that the genotypic
attitude of cherry tomato to retain fruit weight and firmness during postharvest, is dependent
from factors other than simply the fruit size (i.e., the ratio among berry volume and its external
transpiring surface) [36], and likely due to the functional traits of the epicarp. Indeed, it has been
reported that the dynamics of fruit water loss and consequent tissue collapse are influenced by
genotypic differences in structural characteristics of the cuticle, whose alteration over time is an
intrinsic feature of the genetically-programmed ripening process [37].

In tomato, the ethylene-driven ripening and senescence lead to the alteration of the carbon
substrates content [38], as they are energy-requiring processes whose kinetic is influenced by the
ambient temperature [24]. In our experiment, reducing sugars content, the ratio SSC/TA and fruit pH
were not affected by the storage temperature, proving instead to be genotype-dependent. Despite their
higher increase in dry matter, ‘Sugarland’ and ‘Ottymo’ highlighted the steepest drop in reducing
sugars content at the end of storage period (by 19%, on average), denoting within the 10–20 ◦C range
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a temperature-insensitive acceleration of their autocatalytic metabolism. This demonstrates that no
chilling disturbance in reducing sugars metabolism occurred in the experiment [34]. To this end,
while the cultivars did not show appreciable pH variations during storage, ‘Ottymo’ proved the highest
SSC/TA reduction over time, denoting its lowest suitability to keep unchanged the taste peculiarities.
Indeed, the SSC/TA ratio is a pivotal organoleptic descriptor, as it is related to the overall balance in the
perceived sweetness (SSC) and sourness (TA) of tomatoes [39].

Color is one of most important and widely used parameters to define the quality of tomato and
tomato products [40]. When fresh tomato fruits are concerned, it is linked to fruit ripeness and firmness
and is generally associated by consumers to tomatoes eating quality. In the present experiment,
we used an array of chromatic variables summarizing the main color modifications occurring in tomato
epicarp. Chroma, (a*/b*)2 and tomato color index have been related to quality traits of tomato [41,42],
whereas ∆E*ab has been successfully used to monitor the quality maintenance of potato sticks during
refrigerated storage [43]. All these variables showed a certain variability among the studied cultivars,
with two of them, namely Chroma and ∆E*ab, increasing at T10, overall indicating a higher deviation
toward more vivid fruit colors. In particular, after 14 days of storage, a higher reduction of Chroma
was recorded at 20 ◦C, a condition which matched the strongest decrease in fruit weight and firmness
experienced by the studied cultivars. ‘Sugarland’ and ‘Ottymo’ proved higher ∆E*ab variations during
storage. According to Dattner and Bohn [44], independently from the deviation formula, two colors
can be optically distinguished if ∆E > 1. The ∆E*ab differences attained by ‘Sugarland’ and ‘Ottymo’
(2.47 units, on average) and ‘Eletta’ (1.43) indicate for the former cultivars a higher perceivable color
deviation along the storage period, consistent with their higher qualitative decline in terms of fruit
weight and turgor.

When phytochemical composition was concerned, total polyphenols, lycopene and β-carotene
contents found in our experiment were substantially in line with those reported by Fernandes et al. [45]
for cherry tomato ‘Moscatel RZ’ grown in hydroponic or semi-hydroponic systems. On the other
hand, phytoene and phytofluene contents were very similar to those found in cherry tomato by
Mapelli-Brahm et al. [46]. Plant polyphenols are a large group of phytochemicals involved in the
regulation of plant growth, reproduction and response to the environmental stressors [47]. From a
nutraceutical viewpoint, they have strong antioxidant properties probably implicated in the decreased
incidence of cardiovascular diseases and certain forms of cancer [48]. Both thermal regimes promoted
a bell-shaped postharvest trend of TPC, consisting in their sharp rise at S7, followed by a decrease at
S14, this last indicating the onset of metabolic senescence processes [49]. However, such increase was
more marked at 10 ◦C, suggesting the occurrence of a cold-adaptive response in up-regulating the
polyphenols expression during postharvest storage. Indeed, several phenolic compounds typically
accumulate in plant cells subjected to cold stress, as they contribute to the homeostasis of cold-induced
reactive oxygen species (ROS) and to enhance the thickness of the cell wall, so preventing lipid
peroxidation and cell collapse [47]. This would explain the best retention of fruit firmness recorded at
10 ◦C, indicating at the same time, the improvement of tomato phenolic profile as a benefit induced by
a mild cold stress. Thus, although polyphenols have not been considered a priority target in tomato
breeding programs, our results suggest that they could represent a sensitive target for improving the
functional profile of the tomato, mostly during postharvest cold storage.

Regarding the carotenoid fraction, we recorded variable effects, resulting from different time-course
response to storage temperature and duration. Lycopene displayed a bell-shaped temporal trend
too since, under both storage temperatures, this carotenoid sharply increased at S7 then declined
at S14. This trend substantially differed from that of β-carotene which continuously increased until
S14, so confirming the higher stability of its postharvest accumulation in tomato [50]. According to
Rodriguez-Amaya [51], carotenoids accumulation can continue during postharvest transport or storage,
provided that the integrity of the fruit is maintained, so preserving the enzymatic activity responsible
for carotenogenesis. Lycopene plays a paramount function in protecting the photosynthetic apparatus
and plant lipid membranes, as its acyclic polyene structure (11 conjugated double bonds) increases its
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affinity for singlet oxygen and radical scavenging activity beyond the other carotenoids [52]. For this
reason, it has been reported that oxidation is the main cause for lycopene degradation [14]. This could
partly explain the depressive effect on lycopene content we recorded upon storing tomatoes in a
stressing, ROS-inducing environment (10 ◦C). In this view, it is interesting to note the contrasting effect
of cold storage on tomato compositional traits, resulting in a higher polyphenols accumulation in case
of a lower lycopene content. This suggests the existence of a fine tuning among different classes of
compounds in response to cold stress. However, by comparing the temporal trend of lycopene with
that of its colorless precursors phytoene and phytofluene, clear time-dependent temperature effects
on carotenogenesis where noticeable. Indeed, at S7, the highest lycopene content recorded at 20 ◦C
matched the strongest reduction of both phytoene and phytofluene. In other words, the lowest the
lycopene concentration the highest the accumulation of its precursors and vice versa. This implies that
reduced transformation kinetics of both phytoene and phytofluene represented the earliest metabolic
constraints recorded in response to the imposed cold stress. According to Dumas et al. [53] the
over-expression of phytoene desaturase (leading to lycopene synthesis by desaturating both phytoene
and phytofluene) is the most important upstream metabolic step in increasing the lycopene content
of tomato fruits at harvest. Our results bear this out in postharvest conditions too, as they indicate
that, under mild cold stress storage conditions, desaturation of phytoene and phytofluene represents
the earliest metabolic bottleneck in lycopene synthesis of cherry tomatoes, hence a possible priority
target to modulate the postharvest evolution of their nutraceutical profile. On the other hand, to which
extent this implies a mid-term modification of the overall nutraceutical profile of tomato represents
an interesting topic, taking into account that, despite they are not effective antiradicals as lycopene,
phytoene and phytofluene are among the prevailing carotenoids found in human plasma and tissues,
and their bioaccessibility following gastro-intestinal digestion of tomato juice has been found ~3–4 fold
higher than that of lycopene [54,55].

Among the studied cultivars ‘Sugarland’ proved the highest lycopene and total polyphenols
content, whereas ‘Eletta’ overcame the other cultivars for phytoene and phytofluene. Excepting
β-carotene, which over time increased more sharply in ‘Eletta’ and ‘Ottymo’, these differences were
still noticeable at the end of the storage period, regardless of the storage temperature. This highlights,
beyond the environmental influence, the existence of a strong genetic component determining the
stoichiometric relationships among lycopene and its precursors. Unravelling the possible interactive
effects among these three carotenoids in generating the antioxidative health benefits [16,49] will allow
for a better orientation of breeding programs toward the most convenient phytochemical evolution of
tomatoes during refrigerated storage.

5. Conclusions

The results of the present experiment highlighted complex postharvest modifications of cherry
tomatoes in response to the studied factors. By storing them under mild stressing conditions (10 ◦C) it
was possible to improve the stability over time of carpometric traits (mainly fruit weight, firmness
and Chroma) having commercial relevance, without alterations of compositional traits related to
taste perception (reducing sugars content, SSC/TA and pH). Moreover, when compared to 20 ◦C,
storing at 10 ◦C boosted the accumulation of total polyphenol and, at least in the short term (within
7 days of storage), the concentration of both phytoene and phytofluene, probably inhibiting their
enzymatic desaturation leading to lycopene. This suggests their possible usefulness in modulating
the nutraceutical evolution of cold stored cherry tomatoes during postharvest. This idea is reinforced
by the stable varietal differences we found in terms of stoichiometric relationships among lycopene,
phytoene and phytofluene. Regarding the varietal attitude to postharvest storage, the stability over
time of fruit weight, dry matter content, SSC/TA and ∆E*ab proved to be highly discriminant among
cultivars, indicating the lowest ability of ‘Ottymo’ and ‘Eletta’ to maintain their fruit peculiarities over
time. Thus, our results suggest the use of these variables to screen for cherry tomato germplasm suited
to periods of postharvest storage.
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Abstract: New technology development and globalisation have led to extreme changes in the agri-food
sector in recent years that need an important food supply chain characterisation from plant materials
to commercial productions. Many analytical strategies are commonly utilised in the agri-food
industry, often using complementary technologies with different purposes. Chromatography on-line
coupled to mass spectrometry (MS) is one of the most selective and sensitive analytical methodologies.
The purpose of this overview is to present the most recent MS-based techniques applied to food
analysis. An entire section is dedicated to the recent applications of high-resolution MS. Covered
topics include liquid (LC)– and gas chromatography (GC)–MS analysis of natural bioactive substances,
including carbohydrates, flavonoids and related compounds, lipids, phenolic compounds, vitamins,
and other different molecules in foodstuffs from the perspectives of food composition, food authenticity
and food adulteration. The results represent an important contribution to the utilisation of GC–MS
and LC–MS in the field of natural bioactive compound identification and quantification.

Keywords: food analysis; High Performance Liquid Chromatography–Mass Spectrometry
(HPLC–MS) techniques; Orbitrap; High Resolution Mass Spectrometry (HRMS); natural substances;
antioxidant molecules

1. Introduction

New technology advancement and globalisation have led to extreme changes in the agri-food
sector in recent years that need an important food supply chain characterisation from plant materials
to commercial productions. Moreover, consumers call for more food assurances and information on
geographical origin, safety, and quality of the used final products [1]. Testing should also be performed
to gather additional information that regulatory agencies periodically require not only for a general
evaluation of chemical composition but also to accurately identify and quantify all the compounds of
interest. Given its importance, the characterisation of complex food matrices is becoming more and
more essential [2].

Many analytical strategies are utilised in the agri-food industry, often using complementary
technologies with different purposes. Chromatography on-line coupled to mass spectrometry (MS) or
diode array detector (DAD) is one of the most selective and sensitive techniques in chemical analysis.
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Agri-food products are multicompound matrices; for this reason, sensitivity and selectivity are very
important for the identification of components in trace [3]. Among the combinatorial approaches, high
performance liquid chromatography–mass spectrometry (HPLC–MS) and gas chromatography–mass
spectrometry (GC–MS) are the fastest-growing analytical strategies, already widely used in food
analysis (Figure 1). In the last decade, the manuscripts describing GC–MS food analysis doubled,
while papers that applied an HPLC–MS approach quadrupled.

Figure 1. Evaluation of the manuscripts linked to food analysis, and those using GC–MS (20-fold)
or HPLC–MS methods (50-fold). The x-axis represents the year of publications, while the y-axis
represents the number of publications. Data derived from the Scopus database using the search
term “food analysis” coupled (using “AND” as relationship term) with “HPLC–MS” and “GC–MS”,
respectively. HPLC–MS = high performance liquid chromatography–mass spectrometry; GC–MS = gas
chromatography–mass spectrometry.

In the last period (about 20 years), several important step-changes were developed in MS analysis.
In LC–MS, the advances in ionisation interfaces (e.g., atmospheric pressure chemical ionisation—APCI
and electrospray ionisation—ESI), coupled to the developments in MS instruments, allowed to apply
LC–MS to the wider scientific area [4]. LC–MS techniques were surpassed by LC–tandem MS (MS/MS
or MS2) ones, currently the standard approach, both for more sophisticated configurations and simple
lab instruments. An important improvement has been also the improvement of high-resolution LC–MS
technology (e.g., Orbitrap can reach resolutions of 10,000–200,000) and time-of-flight (ToF) instruments
(as LC–ToF–MS in different configurations) [5–7] as shown in Figure 2.
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Figure 2. Evaluation of the manuscripts linked to food analysis together to (i) MS, (ii) MS/MS, (iii) MS
Orbitrap, and (iv) MS/MS Orbitrap methods. The x-axis represents the year of publications, while the
y-axis represents the number of publications. Data derived from the Scopus database using the search
term “food analysis” coupled (using “AND” as relationship term) with “mass spectrometry”, “tandem
mass spectrometry”, “mass spectrometry + Orbitrap”, and “tandem mass spectrometry + Orbitrap”,
respectively. MS =mass spectrometry; MS/MS = tandem mass spectrometry.

The purpose of this overview is to present the most recent MS-based techniques applied in food
analysis. An entire section is dedicated to the recent applications of high-resolution mass spectrometry
(HRMS). Covered topics include liquid (LC)– and gas chromatography (GC)–MS analysis of natural
bioactive substances. The applications of the GC/LC–MS techniques and relative interface systems
in food analysis were described in this overview. The results represent an important contribution to
the utilisation of GC–MS and LC–MS in the field of natural bioactive compound identification and
quantification. The present review includes MS analysis of natural bioactive substances, including
carbohydrates, flavonoids and related compounds, lipids, phenolic compounds, vitamins, and other
different molecules in foodstuffs.

2. Analysis of Various Molecular Classes

Foods provide nutritional substances and phytochemicals useful for humans and their well-being
and health conditions. Moreover, since the past, it was also known that specific foods ensure additional
health-promoting benefits to people as prevention and/or treatment of several diseases [8]. For this
reason, people achieved a better life quality by eating specific foods (e.g., meat, dairy products, fruits,
vegetables, etc.) and relative derived-products (e.g., juices, jams, etc.) or taking dietary supplements or
nutraceuticals. Moreover, regional, national, and international regulatory institutions have promoted
intense research to identify and characterise new biologically active molecules to be used to formulate,
develop, and improve new nutraceuticals and functional foods [9]. In the last years, companies, licensed
professionals, marketers, and manufacturers have matured due to the increasing demands for bioactive
substances, phytonutrients, nutraceuticals, and their therapeutic services [10]. These substances and
compounds are secondary metabolites, namely molecules produced by the plants but not directly
involved in the normal development, growth, or reproduction of a natural organism. They may act as
“defence” molecules against biotic and abiotic stresses (e.g., parasites, diseases, ultraviolet radiation and
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oxidants, predators, etc.) for interspecies competition and to facilitate and improve the reproductive
processes (e.g., they may also serve as colouring agents and attractive smells) [11]. These same
compounds possess important health-promoting effects in animals and man; indeed, scientific evidence
from clinical trials, epidemiological studies, and in vitro/in vivo tests has demonstrated that a diet rich
in specific foods may reduce the risk of many diseases (e.g., cancer, obesity and diabetes, cardiovascular
and inflammatory complications) [12].

Foodstuffs are represented by several substances with different nutritional value, biological
properties, and structural traits. Some are main or bulk components (e.g., triglycerides or starch),
some trace or minor components (e.g., phenolic compounds), and some are pesticides, mycotoxins,
or undesirable impurities. The same compound could be a main or minor substance, in relation to the
type of considered food [1].

The quantitative and qualitative studies on the characterisation of biomolecules are firstly focused
on the selection of good extraction methods [13]. Extraction is the first stage in the study of chemical
composition, and it is very important for the outcomes and final results. The main aims of extraction in
foods are (i) to extract targeted bioactive or nutritional substances from a complex matrix, (ii) to increase
the selectivity of the analytical method, (iii) to increase the sensitivity of the selected test or assay by
increasing the quantity of targeted molecules, (iv) to convert the nutritive o active substances into more
suitable compounds to be detected and separated, and (v) to allow a more reproducible and strong
method that should be not related to variability in the original sample [14]. For this reason, extraction
should be carefully performed and optimised. Polarities of different molecules and substances, that may
significantly vary because of their relationship with the matrix and their conjugation status, influence
the extraction solvents to be selected and used [15]. The selection of solvents for compound extraction
should also involve other factors as use of cosolvent, environmental safety, financial feasibility, human
toxicity, mass transfer, and molecular affinity between solute and solvent [14]. The optimisation of
parameters for compound extraction may improve the extraction efficiency of the molecule of interest
and it may also reduce the solvent consumption and waste production in order to allow a more
environmentally friendly extraction process [16,17]. Sometimes, specific pretreatment processes are
necessary to not modify the raw materials and better extract the substances (e.g., pasteurisation, use of
depolymerising enzymes, chemical and microbial acidification storage under specifically modified
atmospheres); moreover, additional secondary procedures (e.g., sonication, stirring, rotary shaking,
etc.) can be applied to improve the extraction [18]. The main traditional extraction methods are
reported in Table 1.

Table 1. Analytical methods for the extraction of the main molecules in foodstuffs [15,19–23].

Method Used Solvents Time
The Volume of

Requested Solvent (mL)

Accelerated solvent
extraction, static (ASE)

Methanol 20–40 min 20–40

Microwave assisted
extraction (MAE)

Ethanol, methanol, or a mixture of
water and alcohol

10–40 min 20–50

Pressurised hot water
extraction (PHWE)

Water with/without 10–30% ethanol 40–50 min 40–45

Pressurised liquid extraction,
dynamic (PLE)

Methanol 20–40 min 20–30

Sonication
Ethanol, methanol, or a mixture of

water and alcohol
1 h 50–100

Soxhlet extraction
Ethanol, methanol, or a mixture of

water and alcohol
3–18 h 150–200

Supercritical fluid
extraction (SFE)

Carbon dioxide with/without modifiers
(e.g., methanol)

30–100 min Not applicable

Surfactant assisted PHWE
Water with surfactants (e.g., SDS or

Triton X100)
40–50 min 40–45
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For characterisation (identification and quantification) of nutritional and bioactive molecules,
the most important step is the selection of the right analytical strategies to be applied. Spectroscopic
protocols usually allow a total identification and quantification of the substances in the food, but in
most examples, the specific phytochemical composition may remain not fully observed. In any case,
spectrophotometry is usually used for the evaluation of antioxidant capacity [24]. For this reason,
more detailed information on the chemical composition requires additional analytical techniques,
as chromatography and mass spectrometry, to fully describe the structures of the compounds in the
food matrices [14]. Technological improvement and innovation in the analytical instrumentation have
allowed more and more sophisticated evaluations (quantitative and qualitative) of the nutritional
and health-promoting chemical composition in food [25]. Chromatography is mainly utilised to
analyse natural food and relative derived-products. Chromatographic techniques offer very high
separation ability because chemical ingredients in a complex extract can be divided into many relatively
simple parts (subfractions). Moreover, the last analytical approaches, as the application of hyphenated
spectrometry and chromatography (e.g., capillary electrophoresis-diode array detection (CE-DAD), high
performance liquid chromatography–diode array detection (HPLC–DAD), gas chromatography/high
performance liquid chromatography–mass spectroscopy (GC/HPLC–MS), and high performance liquid
chromatography–nuclear magnetic resonance (HPLC–NMR)), may allow to obtain additional spectral
information. These techniques are very important for on-line structural elucidation and qualitative
analysis [26,27]. In particular, high performance liquid chromatography is now the most widely
utilised analytical technique, hyphenated with different detectors (mass spectrometry, fluorescence,
and diode arrays) [28]. It is referred as the most important standard strategy in the characterisation and
authentication of foodstuffs thanks to its reproducibility, sensitivity, and precision despite large organic
solvents consumption, relatively long analytical time, and high instrumental cost [29]. Quality control
and product authentication of the food can be carried out by the application of a specific approach
based on marker compounds; a marker substance is a chemical ingredient of raw material, preparation,
beverage, or food product that is used for characterisation and/or quality control aims, in particular if
the nutritive or active constituents are not known or previously identified [30].

Due to this high number of variables, a specific analytical technique is not able to cover all the
food analysis aspects. If an analytical method is developed (e.g., for flavonoid analysis), it may be
applied for several foods (e.g., soft drinks, fruits, wines, or vegetables). Examples of MS coupled to
different chromatographic techniques are shown in the following sections in order to characterise
different classes of substances. Some molecules present a closely similar structure (e.g., carbohydrates),
while other compounds are defined by their similar biological properties (e.g., vitamins), despite
potentially large differences in structure and polarity; for this reason, analytical conditions and sample
preparations could be very different depending on the considered molecules.

2.1. Proteins

Proteins are a very important dietary ingredient for the survival of humans and animals. They are
essential in nutrition to supply enough amounts of specific amino acids, that may be divided
into different categories according to their rates of protein in vivo synthesis: (i) indispensable
(e.g., valine, tryptophan, threonine, phenylalanine, methionine, lysine, leucine, isoleucine, and
histidine); (ii) conditionally indispensable (e.g., tyrosine, cysteine, arginine); (iii) dispensable (e.g., serine,
proline, glycine, glutamic acid, glutamine, aspartic acid, asparagine, alanine) [31]. The main studies
are focused on physico-chemical traits and structural characteristics of food proteins to elucidate their
molecular structure responsible for their actions and functionalities and consequently their relative
structure–property relationships. The total nitrogen analysis by Kjeldahl system is the main reference
method for the evaluation of proteins in food products and now it is used for validation and/or
calibration of alternative methods for protein analysis [32]. Molecules that easily ionise in aqueous
solutions (e.g., nitrogen compounds mostly as proteins and single peptides) are potentially suitable
for LC–MS techniques. Consequently, LC–MS is fundamental in proteomics and peptidomics, which
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are branches of biology that assess the full set of peptides or proteins in a single sample. MS-based
proteomics and peptidomics are increasingly used for food analysis [33,34].

2.2. Lipids

Food derived from plants and animals contain lipids, an essential substance involved in
maintaining many life activities. A high number of fat molecules with different functional traits
and chemical proprieties are provided by nature. Lipidic molecules significantly contribute to the
sensory and nutritional traits of food. Some lipids are structurally simple compounds (e.g., fatty acids),
while others show a variable and complex structure (e.g., steroids, sphingomyelins, phospholipids,
glycosphingolipids, acylglycerols) [35]. Extract preparation is a crucial step, for analysing lipids and
lipid trace substances in lipid-rich systems (e.g., fats derived from animal matrices). HPLC–MS is
the main tool used for the characterisation of lipid substances in foods. Two-dimensional HPLC is
commonly on-line coupled to MS to improve selectivity for the analysis of single compound structure
because of the complexity of these molecules (triacylglycerols, fatty acids, and phospholipids) [36].
In the past, GC–MS techniques were used to analyse triacylglycerols, but this approach required
complex derivatisation and extraction procedures. HPLC–MS analysis has been implemented in recent
years to simplify sample preparation. The use of MS/MS has enabled MS structural elucidation of
individual triacylglycerols [37,38].

2.3. Carbohydrates

Carbohydrates are among the most common nutrients in foods and they show many nutritional
and physiological roles. For example, celluloses are structural elements in the plant kingdom, and they
are defined as an excellent dietary fibre source. Starch and simple sugars (e.g., fructose and glucose)
are the main sources of energy in humans and animals. Other carbohydrates are conjugated to several
macromolecules, as flavonoids or proteins, and they present several health-promoting and functional
roles [39]. It is often very difficult to analyse structural carbohydrates by MS, but these compounds
may be targeted by HPLC–MS analysis. Glycoproteins are specialised components of many foodstuffs
(e.g., cereals, milk, and colostrum) and possess high functional and nutritional value [40–42]. GC–MS,
after derivatisation, is traditionally used to analyse small oligosaccharides and monosaccharides.
A less common technique for oligosaccharide analysis is MALDI-TOF/TOF; in particular, it is very
useful for oligosaccharide structure elucidation, as previously reported by Hotchkiss et al. (2015) [43].
Molecular conjugates and oligosaccharides can be identified and quantified by HPLC–MS, that also
allows the analysis of small oligosaccharides and unknown carbohydrates without time-consuming
derivatisation, purification, and fractionation. ESI, rather than APCI, is usually preferred as ionisation
mode due to the carbohydrate low volatility and high polarity. However, carbohydrates might have
low sensitivity in ESI, even if a cationisation may avoid this problem [44].

2.4. Vitamins

Health-promoting capacities and nutritional properties of foods were not only associated with
the presence of bioactive compounds, as phenolic acids, terpenes, or flavonoids, but they were also
attributed to other molecules, such as vitamins. They are very important trace components with several
structural features. Today, research in food composition is also involved in the characterisation of
antioxidant vitamins (quantity and quality evaluation) and the percentage of their daily requirements.
Indeed, thanks to the high vitamin content and the ease of consumption compared to other foods with
similar biological properties, consumption of some specific functional foods may be targeted to specific
people sectors (e.g., the elderly, sportsmen, pregnant women, and children) [45].

Most of the vitamins are easy to oxidise and thermally-labile [46–48] as vitamin C, vitamin B
complex, vitamin E, and carotenoids; for this reason, HPLC, in particular if hyphenated to MS techniques,
is often used for their identification and quantification. Typically, ESI or, sometimes, APCI ionisation is
used when HPLC–MS is employed. Many examples were reported in previous literature for vitamin
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identification and quantitation in food products by HPLC–MS [49,50] or HPLC-DAD [51,52]. In the
last years, HPLC–MS has largely been replaced by ultra-(U)HPLC–MS, providing higher throughput
and better chromatographic resolution. Due to their several structural isomeric forms, carotenoids
are preferentially analysed by (U)HPLC–MS. APCI (or also atmospheric pressure photoionisation
(APPI)) may be more useful than ESI (now commonly used) because most of the carotenoids are apolar
compounds [53].

2.5. Phenolic Compounds

Phenolics are secondary plant metabolites with many potential health-promoting properties that
present a large structural variety. There are many active studies aimed at identifying new chemical
molecules and characterising the polyphenolic content of several vegetables, plants, and fruits. Quality
and quantity of phenolics in natural foods may significantly vary in accordance with several extrinsic
and intrinsic factors (e.g., growing conditions and soil composition, maturity stage, genetics, and
post-harvest conditions) [54]. Dietary intake of polyphenolic compounds is greatly influenced by the
preferences of single people and eating habits [55]. Simple phenolics (e.g., flavonoids and phenolic
acid conjugates) are important ingredients of vegetables, fruits, and relative derived-products as juices,
beverages, and jams. These molecules present a wide range of health-promoting properties as the
antioxidant capacity and anti-inflammatory activity [56]; for example, they may exert protective effects
against cancer, cardiovascular problems, and other major diseases [57].

Polyphenolic compounds may be divided into many several classes [58]; cinnamic acid, benzoic
acids, catechins, and flavonols are the most abundant in foods [59,60]. Low quantities of polyphenols are
usually observed in complex plant systems and it is very difficult to isolate them in high amounts [61,62].
HPLC–MS is the main techniques for flavonoid analysis with good sensitivity in ESI systems [27].
In particular, MS/MS (or MS2) is often utilised in HPLC–MS flavonoids analysis to allow high structural
information and mass resolution and increase selectivity after an HPLC-DAD screening [63–65].

Regarding structure analysis, the common phenolic fragmentation pathways do not depend on
the ionisation mode (APCI, ESI, or matrix-assisted laser desorption ionisation) and the applied analyser.
However, the used different instrumentation may significantly influence and change relative fragment
abundances [66]. For this reason, it is preferred to detect the presence/absence of specific MS fragments
rather than to use relative intensity changes [67].

Information on the glycan part stereochemistry in flavonoid glycosides are not usually provided
by HPLC–MS analysis. The sugar part may still be easily identified because glycosidic fragments,
commonly present in flavonoid glycosides, show different m/z ions for hexosides (e.g., glucose,
galactose), deoxyhexosides (e.g., rhamnose), and pentosides (e.g., xylose, arabinose). Specific MS/MS
analysis (MSn spectra) may be used to identify the aglycone in a flavonoid O-glycoside; this result
may be also obtained by the comparison with literature data or the corresponding spectra of reference
compounds [68]. Enough information for C-glycoside identification may be provided by a specific MS3

spectra analysis. Alternatively, the MS/MS aglycone fragments, produced by higher fragmentation
energy, may be utilised. Structural characterisation and identification of many flavonoids in different
foodstuffs can be achieved by specific mass spectrometric scanning techniques [69].

2.6. Allergens

Allergies derived from food are one of the most emergent issues in food science and technology
studies. The mainly considered allergens are peanuts, wheat, egg, milk, tree nuts, soybeans, shellfish
and fish. In any case, several suspected food allergens have not yet been characterised despite the
recent advances in biomedical sciences and immunopathology [1]. The determination of allergens in
foods can be carried out by many methods based on the biological immune response, often studied
by screening-based strategies, such as enzyme-linked immunosorbent assays (ELISA). However,
proteomic techniques and HPLC–MS offer different and unique strengths. The MS high sensitivity and
selectivity in protein analysis could overcome some problems associated with appropriate allergen
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identification [70]. For example, the main peanut allergens in food matrices were successfully identified
and quantified at a low ppm level by HPLC–MS/MS [71,72].

2.7. Food Additives

Additives in foods are very limited because they should be explicitly authorised before using in
foodstuffs. Foodstuffs are monitored for additives and analytical controls are, therefore, an area of
increasing importance and concern. Indeed, it is very important to check foodstuffs for additives and
HPLC–MS is often the preferred method. Some additives are small compounds (as benzoic acid used
for conservation), while other additives are macromolecules; moreover, some additives are synthetic
products (composed by a ‘single’ substance), while others are natural extracts (with many and variable
components) [1]. Food additives are molecules with different chemical structure grouped according to
their application; for this reason, it is difficult to select the best method to be used for their identification
and quantification. Most of these analytical strategies are molecule-specific (without an estimation
of the total amount of the considered chemical class), while other protocols can be utilised for the
characterisation of groups of compounds. Many techniques for the real-time extraction of different
agri-food additives and residues in several matrices are used [73].

3. Quality and Authentication of Food

Food quality, perceived by consumers, is a critical factor for their final economic value [74].
The consumer often links quality with (i) a specific production system; (ii) the utilisation of particular
ingredients; (iii) the food origin (also a particular region); (iv) the product authenticity. The European
Union has defined different brands as Protected Geographical Indication (PGI), Traditional Speciality
Guaranteed (TSG), and Protected Designation of Origin (PDO) to ensure quality and valorise authentic
labelling of food and agricultural products.

Quality is a multifunctional data pattern including physical, chemical, microbiological,
technological, and sensorial food traits [75]. Food quality may be defined as “the totality of features and
traits of a service or product that bear on its ability to satisfy stated or implied needs” (ISO 9000) [76].
Therefore, quality should not be only addressed by HPLC–MS-based techniques. However, HPLC–MS
methods can provide important information on nutritional value, origin, safety, sensory attributes,
molecular composition, and unique traits. In the last years, these analytical techniques have become
the preferred methods when specific and sensitive molecular characterisation of complex systems is
required [77].

The identification of selected molecular markers can be used to assess food quality
parameters [78,79]. The utilisation of these biomarker compounds should be defined in terms of
quantity or absence/presence, together with their organoleptic, biochemical, and chemical role [80,81].
Moreover, their main metabolic pathway should also be known. Increasing consumer awareness
is linked to the development of increasingly sophisticated techniques. Numerous cases of food
adulteration have been detected using MS-based techniques [82], as shown in Table 2.

Table 2. Cases of food adulterations solved by the application of mass spectrometry coupled to
chromatographic techniques.

Food Adulteration Analytical Technique Reference

Meat, milk
Melamine and its metabolites (cyanuric acid, ammelide, and

ammeline) in animal feed, meat, milk and infant formulations, and
other processed productions

HPLC–MS/MS [83]

Food colourants
Harmful colourants as Sudan I–IV dyes (lipophilic azo dyes, used in

scientific and industrial applications, even if banned as food
colourants because of their carcinogenicity)

HPLC–MS [84–86]

Wine

(i) Addition of sugar even if forbidden;
(ii) illegal mixing of different cultivars;

(iii) origin falsification;
(iv) flavouring or colouring wines by fruit extracts (e.g., elderberry);

HPLC–MS
(anthocyanin profiles)

[87–89]

HPLC–MS, high performance liquid chromatography–mass spectrometry; HPLC–MS/MS, high performance liquid
chromatography–tandem mass spectrometry.
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When the aim is to characterise the quality of a specific agri-food production (i.e., cheese, ham,
or fruit), several issues should be considered, and many analytical strategies are required. Safety
problems to be addressed may include the identification of mycotoxins or agrochemicals, while
nutritional traits may require the determination of bulk components (e.g., carbohydrates, proteins,
and lipids) plus other minor compounds in trace amounts (e.g., vitamins) [1]. The identification and
quantification of compounds with functional or health-promoting properties, as anti-hypertensive
peptides or conjugated linoleic acid, is also increasingly required as well as the characterisation
of molecular markers for food quality evaluation. The utilisation of chromatographic techniques
and relative high separation ability hyphenated to MS molecular identification capability could
solve the main analytical problems in food characterisation [67]. Moreover, portable and micro
gas-chromatography (Micro GC) is a fast-developing and, in the last years, more mature technologies
have been well developed and successfully commercialised with great potential in food and
environmental applications [90–92]. Multiple Mini MS instruments were also recently developed to be
used in food analysis [93].

4. Considerations on Statistical Data Analysis

In food analysis, a consistent method should be developed, then optimised, and finally validated
by a multivariate statistical experimental design, the Design of Experiments (DoE) [26,94]. In the
multivariate statistics, several trials are selected and carried out following a well-designed experimental
approach to simultaneously evaluate several factors. The elements that present a specific influence
on a chromatographic analytical strategy are defined by a screening design; in food HPLC analysis,
these factors may include sample concentration, buffer concentration and relative pH, column
temperature and type, mobile phase composition, injection volume, and detection wavelength [95,96].

Moreover, to evaluate the large number of data derived from the hyphenation between
chromatographic techniques, as HPLC and GC, and mass spectrometry (e.g., MS, MS2, HRMS,
etc.), a large range of analytical strategies showed to be versatile and useful tools for the visualisation,
extraction, and interpretation of the chemical information. In particular, pattern recognition methods,
as cluster analysis (CA) and principal component analysis (PCA), proved to allow a better representation
of the information included in the HPLC/GC–MS fingerprints. The original variables are converted into
new variables summarising the systemic patterns of the variability among the food samples; indeed,
an exploratory data analysis is easier to study if it is shown as a multivariate data table rather than a
low-dimensional plane [97].

5. HRMS in Food Analysis

For a long time, HRMS techniques have traditionally been limited to the most important
applications due to their high instrumental complexity. This situation is now changed thanks to
modern HRMS instruments, such as Orbitrap, Fourier-transform ion cyclotron resonance (FT–ICR),
and ToF. FT–ICR and Orbitrap MS are high-resolution instruments applied in quality and safety food
analysis thanks to their high mass precision (1–2 ppm, high discrimination between ions of interest
and isobaric interferences) and high resolution (typically 100,000–1,000,000 FWHM) [98]. In particular,
Orbitrap instruments have a resolution higher than 200,000. A recent hybrid mass spectrometer
combines a state-of-the-art segmented quadrupole for high-performance precursor ion selection with
a high-resolution (HR) and accurate-mass (AM) ultra-high-field Orbitrap mass analyser with a final
resolution value of 240,000 [99]. The resolution for these instruments is usually reported at 200 Da and
it decreases with the increase of the square root of the m/z value and it is proportional to the acquisition
time. Instead, TOF instruments have a resolving power that changes very little with the mass [100].
Low-resolution mass analysers show a resolving power of <10,000 (mass accuracy > 5 ppm), while
high-resolution ones present a resolving power of 10,000–100,000 (mass accuracy < 5 ppm). In target
analysis, specificity may be improved by changing from low to high resolution, but it cannot be
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clearly defined by comparing LC–HRMS and LC–MS/MS performance [5] and the choice may be more
influenced by additional tests, such as retrospective data analysis by LC–HRMS [4].

For many years HRMS coupled to GC has been the main technology used for food analysis.
Currently, LC–MS/MS and LC–MS are extensively accepted, and the switch from GC–MS to LC–MS
was encouraged by many analysts [101]. Moreover, many commercially available HRMS detectors can
be easily hyphenated to LC systems rather than GC systems. LC–MS is preferred to GC–MS thanks to
its additional selectivity (due to lower detection limits and less use of an extensive sample clean-up)
and its familiarity with LC–MS/MS [102,103].

In the last few years, LC–HRMS has become the most used technique in food analysis, as shown in
Table 3, due to a very high number of bioactive compounds and relative derived-degradation products
to be analytically monitored by a single protocol [104].

Table 3. Use of high-resolution MS in several agri-food analyses.

Analyte Other Used Methods Analytical Problems
Mass Spectrometry

Methods 1 Reference

Marine biotoxins Mice assay
A high number of
false-negative and

false-positive findings

LC–MS
LC–MS/MS

[105,106]

Mycotoxins

LC 1-based detection (e.g.,
electrochemical Kobra® cell

or fluorescence) or
immunoassay tests

Need for a good clean-up
and high-sensitivity
detection and use of

expensive and
time-consuming but very

specific immunoassay

LC–ESI/MS,
LC–MS/MS

[107–109]

Veterinary drug residues
Immunoassay tests or

GC 1-fluorescence detection

Need for derivatisation
before injection into the GC

due to high molecular
weight and polarity of

these compounds

LC–MS/MS
UHPLC–MS/MS

[110,111]

Organic contaminants GC 1-electron capture
detection

Low limits of detection and
complexity of the matrix

GC–MS/MS
LC–MS/MS

UHPLC–QToF–MS
[112,113]

Bioactive compounds
(e.g., proteins with

allergenic potential)

Bioassays (e.g.,
enzyme-linked

immunosorbent assay)

Expensive and
time-consuming tests

LC–MS/MS [114]

1 LC–MS, liquid chromatography–mass spectrometry; LC–MS/MS, liquid chromatography–tandem mass
spectrometry; LC, liquid chromatography; LC–ESI/MS, liquid chromatography–electrospray ionisation/mass
spectrometry; GC, gas chromatography; UHPLC–MS/MS, ultra-high performance liquid chromatography–tandem
mass spectrometry; GC–MS/MS, gas chromatography–tandem mass spectrometry; UHPLC–QToF–MS, ultra-high
performance liquid chromatography–quadrupole-time of flight–mass spectrometry.

HRMS is a tool for nontargeted or semitargeted screening, that allows to detect suspected peaks
and identify and confirm the relative chemical structure. Screening is useful for a no–yes answer in
relation to the detection of a set of several molecules or a single compound in many samples. Speed
and cost-effectiveness are the main considered parameters. Although quantification may be required,
screening analysis is focused on the absence of false-negative data and the number of false-positive
findings at specific concentrations [102]. MS techniques (if compared to GC–flame ionisation detection
or LC–UV detection) provide a high selectivity that allows verifying lower analyte concentrations
in complex matrices without too many false-positive findings. MS/MS-based targeted multiresidue
screening techniques allow an even higher selectivity [111,115]. Modern MS/MS instruments are
capable of selected reaction monitoring (SRM) at trace concentrations with shorter dwell times
(5–10 ms). Therefore, many molecules can be monitored (up to 1000) by the application of retention
time-window-based SRM traces and high-end instruments [116]. HRMS is now used as the main
screening tool to distinguish between potential target molecules, but without reference standards
(unlike LC–MS/MS) [4].
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6. HRMS Related to Adulteration and Authenticity

Adulteration is the voluntary addition of one or more nonauthorised substances to food products
for economic gain. Adulteration is often related to food quality, with significant differences in the price
between lower and higher grade food products [117].

Adulteration is closely linked to authenticity [118,119], although authenticity is commonly related
to the voluntary mislabelling as economic deception [120]. Rice, honey, olive oil, wine, and fruit-derived
products (as jams or juices) are the main products that relate their authenticity to botanical species,
floral type, and geographical origin [121–124]. Table 4 reports data on 137 identified single incidents of
economically motivated adulteration in several food categories, based on media reports journal and
articles from 1980 to 2013 [120]:

Table 4. Incidents of economically motivated adulteration in 11 food categories from 1980 to 2013.

Food Category Number of Incidents

Seafood and fish 24
Dairy products 15

Fruit juices 12
Fats and oils 12

Grain products 11
Natural sweeteners and honey 10

Herbal extracts and spices 8
Alcoholic beverages and wine 7

Infant products 5
Proteins by plant material 5

Other food products 28

Targeted analyses (i.e., adulterant is known) and untargeted ones (i.e., adulteration involves
not known substances) are related to the detection of adulteration of beverages and foods [125].
For example, in dietary supplement analysis, the matrix is already under suspicion because the new
adulterant is often structurally linked to an already known molecule or his chemical analogue [126].
Authenticity confirmation is more demanding than adulteration one; for this reason, LC–HRMS can be
used as an effective fingerprinting tool, that, coupled to chemometrics, allows to obtain a probability
(sometimes a percentage) of authenticity for a foodstuff [4].

In the last years, the use of MS-Orbitrap interfaced with an ion trap mass analyser has continuously
increased for fingerprint applications. The developments in chromatography and relative interface
techniques and the advances in MS technologies (e.g., hybrid MS instruments composed by two or
more mass analysers) will further increase the potential of analytical technologies in food analysis [127].

7. Conclusions

In the last years, the agri-food industry started to apply innovative analytical strategies for
a full characterisation of food productions because a molecular characterisation was required by
regulatory agencies and consumers. These requests shifted the food sector to the pharmaceutical one.
Therefore, validated analytical strategies using high-performance systems were improved to ensure food
authenticity, safety, and quality. Chromatographic techniques coupled to suitable detection strategies
produce an effective tool to separate the single molecules and develop a specific profile of the food sample,
called “fingerprint”; the combination of a chromatographic separation system with a spectroscopic
detector (mass spectrometry) has become the most used approach for the characterisation and/or
confirmation of the identity of selected and/or unknown phytochemical substances. If chromatography,
hyphenated with mass spectrometry or other detection systems, is further combined with chemometric
techniques, clearer patterns might be developed for analytical fingerprints.

The literature related to MS in the analysis of food quality and safety has recently increased. In this
review, a brief overview of the main MS and HRMS application to the food analysis was provided.
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Indeed, accurate, reliable, and rapid MS techniques for analyte characterisation in food products
are indispensable for food quality and safety control. New (U)HPLC–MS(MS) systems allowed to
characterise many food products at the molecular level routinely identifying and quantifying desirable
and undesirable molecules in different foods. HPLC–MS is often the analytical technique with the
highest performance level because it provides a simultaneous assessment of several substances in
complex systems (e.g., food products). For this reason, it is now an effective tool for the certification of
food authenticity, quality, and safety.

The potential of HPLC–MS is due to the hyphenation of the HPLC separation power and the
molecular structure identification provided by MS. The sample-preparation procedures have been
minimised and the selectivity for quali-quantitative analyses of complex matrices (e.g., food samples)
increased using coupled MS techniques (LC–MS and GC–MS) and MS/MS. Moreover, the developments
of HRMS for FT–ICR–MS, Orbitrap, and quadrupole-ToF allowed higher specificity and sensitivity for
detection of potential unknown compounds in food (e.g., biomolecules, toxins, and pollutants) and
routine food analysis. The analysis of substances with different polarity ranges was allowed by the
availability of different ionisation techniques (ESI, APCI, APPI).

Another challenge for food quality and safety control is to promptly provide (often within 1 day)
accurate results avoiding damage to food samples. The recently developed ionisation techniques
have shown potential, thanks to the ease of automation, fast acquisition, and no-sample treatment.
For this reason, the development of reliable, robust, and simple portable MS instruments for accurate,
rapid, and in situ characterisation of molecules in food samples remains one of the main future
targets. The growing interest in LC-Orbitrap applications for food analysis is associated with
important improvements in the data handling software and to reductions in the instrumentation
costs. These advances will stimulate high interest in Foodomics for (i) verification of authenticity,
(ii) detection of adulteration, (iii) fingerprinting of foods, and (iv) detection of illegal veterinary drugs.

Finally, three main trends could become increasingly important for food analysis: (i) HPLC–MS
methods will be further improved and used to solve new issues in the agri-food industry; (ii) analytical
protocols will be developed to reduce detection limits for harmful molecules or to improve the
multi-compound analysis; (iii) HPLC–MS will be applied in regulatory agencies and food industry,
mainly in routine quality control at the production and commercialisation steps.
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of leaf extracts of raspberry and blackberry cultivars grown in Serbia. Ind. Crop. Prod. 2016, 87, 304–314.
[CrossRef]
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