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Preface to ”Characterization of Bioactive Compounds
in Foods and Plants Using Advanced Analytical
Techniques”

Dear Colleagues,

Since the 1990s, food chemistry opened a new chapter in foods and plants investigation. An

increasing attention to secondary metabolites and micro-constituents of nutraceutical interest present

in foods has been noticed, supporting previous studies on macronutrient composition. Thanks to

positive scientific opinions on the presence of bioactive molecules in plants and foods, the previous

vision of exploring foods exclusively from a “caloric” point of view has been changed to looking at

foodstuffs as having positive effects on human health.

This book focuses on the optimization and validation of advanced analytical methodologies

dedicated to the characterization and valorization of foods and plants containing bioactive molecules.

Qualitative and quantitative characterization, food security, traceability, and innovation in the field

of nutraceutical and functional nutrition will be of particular interest in order to stimulate a dialogue

on correct nutrition concepts in a constantly changing cultural, technological, and climate context.

Marina Russo, Francesco Cacciola

Editors

vii
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Abstract: Fruits are a valuable source of phytochemicals. However, there is little detailed information
about the compounds contained in fruit wines. In this study, wines from six different berries were
analyzed using HPLC-DAD-ESI-MSn. About 150 compounds were identified, including anthocyanins
(34), hydroxycinnamic acids (12) and flavonols (36). Some of the compounds were identified for the
first time in berry wines. The blackberry wines were found to contain the largest number of bioactive
compounds (59). Elderberry wines where the richest source of polyphenols (over 1000 mg/L) and
contained the largest amounts of all of the analyzed groups of compounds (hydroxycinnamic acids,
anthocyanins and flavonols). The lowest concentration of polyphenols was observed in the wines
made from cranberries and bilberries (less than 500 mg/L). The antioxidant activity was determined
in relation to ABTS+, DPPH, and FRAP. The highest values were observed in the blackberry wines,
and the lowest for the cranberry wines. The wines were analyzed to test their antimicrobial activity.
Five of the six wines (with the exception of elderberry wine) inhibited Bacillus cereus growth and two
(blackberry and cranberry wines) were active against Listeria monocytogenes.

Keywords: berries; fruit wines polyphenols identification; LC–MSn

1. Introduction

Fruits are known to be a valuable source of phytochemicals. However, there is little detailed
information in the literature about the compounds contained in fruit wines [1–9]. Only fruit wines
from strawberries and bilberries (Vaccinium myrtillus L.) have been studied intensively [10–12].
Behrend and Weber [10] analyzed the anthocyanins and tannins in bilberry wines fermented after
different pretreatments and during ageing. Liquid chromatography–mass spectrometry (LC–MS)
of the anthocyanins was performed using an LTQ-XL ion trap mass spectrometer connected to a
UHPLC system via an electrospray ionization (ESI) interface. The anthocyanin profiles of all the wines
were identical at the start of fermentation. During fermentation, considerable changes were noticed.
The wines that had been subjected to prefermentative thermal treatment had an almost juice-like
composition. The other wines displayed lower levels of arabinosides and galactosides. Polymeric
pigments and pyranoanthocyanins were observed in all the wines. Liu et al. [12] analyzed bilberry wines
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by liquid chromatography using a diode array detector and electrospray ionization-quadrapole/time
of flight hybrid mass spectrometry (ESI-QTOF-MS). They identified 42 nonanthocyanin compounds,
including 22 phenolic acids, 15 flavonols and 5 flavan-3-ols. Hornedo-Ortega et al. [11] analyzed the
anthocyanins in strawberry beverages. The anthocyanin fraction of the fermented strawberry wine was
analyzed on an Amberlite XAD7HP column. Four anthocyanin compounds were identified with high
accuracy for the first time in strawberry wines: pelargonidin-3-sambubioside, pelargonidin disaccharide
(hexose + pentose) acylated with acetic acid, cyanidin-3-(6-acetyl)-glucoside, and pelargonidin
3-(6-succinyl)-arabinoside/3-(6-malonyl)-rhamnoside.

Papadopoulou et al. [13] demonstrated the antibacterial activity of the polyphenols in various
white and red wines against strains of Staphylococcus aureus and Escherichia coli. Fruit wines, which are
also a rich source of polyphenolic compounds and other bioactive compounds [2–9], may have similar
antibacterial properties.

Polyphenols can also show antifungal activity, although it is much weaker [13,14]. Moreover,
via various mechanisms, polyphenolic compounds limit the acquisition of resistance by
microorganisms [15].

Red and purple fruits are rich sources of anthocyanins, which show bacteriostatic and bactericidal
activity against many microorganisms (including Staphylococcus sp., Klebsiella sp., Helicobacter and
Bacillus) [16,17]. Raspberries and cloudberries are rich sources of ellagitannins. These compounds are
also found in strawberries, but in smaller amounts [17,18]. Quercetin is another compound found in
fruits. It has been shown to increase the permeability of bacterial cell wall, which may, for example,
increase the sensitivity of bacteria to antibiotics [19]. In many cases, mixtures of these compounds have
been found to have stronger effects than any of their components separately. Of the various berries,
raspberries and cloudberries (Rubus chamaemorus) are recognized as the best inhibitors of bacteria such
as Staphylococcus spp., Salmonella spp., Helicobacter pylori and Bacillus cereus [20,21]. Raspberry juice has
been reported to completely inhibit the growth of Escherichia coli in vitro [22].

Berries are also a rich source of vitamins A, C, and E. Ascorbic acid is found in a wide variety of
fresh fruits [23]. In addition to having redox potential, it is also an excellent electron donor in biological
systems [24]. Epidemiological and experimental evidence suggests that vitamin C can protect against
the development of gastric cancer by several potential mechanisms: it reduces gastric mucosal oxidative
stress, DNA damage, and gastric inflammation by scavenging ROS (reactive oxygen species); it inhibits
gastric nitrosation and the formation of N-nitroso compounds by reducing nitrous acid to nitric oxide
and producing dehydroascorbic acid in the stomach; it enhances host immunologic functions; it has
a direct effect on Helicobacter pylori growth and virulence; it inhibits gastric cell proliferation and
induces apoptosis [25]. The content of vitamin C in berry fruits can be influenced by numerous factors,
including the species, variety, weather conditions, ripeness, and region [23]. Vitamin stability can be
affected by various technological practices used during the processing of food, namely changes in
temperature (e.g., thermal treatments) and oxygen levels [24]. The concentration of vitamins decreases
during winemaking (fermentation and ageing) [26].

In this study, we characterize and quantify the bioactive compounds in wines made from six
different berries, using HPLC-DAD-ESI-MSn. We also investigate whether the fruit wines may be
considered a source of antimicrobial agents against pathogenic microorganisms. The fruit wines
were tested against both pathogenic Gram-negative bacteria (E. coli and Salmonella Enteritidis), which
can cause foodborne and waterborne outbreaks of gastrointestinal tract infections, and pathogenic
Gram-positive bacteria (B. cereus, L. monocytogenes and S. aureus), which can cause food poisoning
and toxic symptoms in humans. Candida albicans ATCC 10231, was used as a reference strain for the
analysis of antifungal action [27]. Some of these microbes can also colonize oral human cavities [28–32].
Studies suggest that between 94% and 100% of healthy adults have oral colonization with Staphylococcus
spp. [30] and oral carriage of S. aureus ranges from 24% to 36% [31].
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2. Materials and Methods

2.1. Reagents and Standards

ABTS+• (2,2′-azinobis 3-ethylbenzothiazoline-6-sulfonic acid), potassium persulphate, FeCl3,
TPTZ (2,4,6-Tris (2-pyridyl-S-triazine), DPPH+• (2,2-diphenyl-1-picrylhydrazyl) and methanol were
purchased from Sigma (Poznań, Poland). Formic acid and HPLC-grade acetonitrile were sourced
from J.T. Baker (Witko, Poland). Anthocyanin standards were produced by Extrasynthese (Genay,
France) and PhytoLab (Vestenbergsgreuth, Germany). Available standards of other polyphenols were
purchased from Sigma (Poznań, Poland) and Extrasynthese (Genay, France). HPLC-grade water was
obtained using an Aquinity E60 Lifescience TI system (membraPure GmbH, Bodenheim, Germany).

2.2. Wine Preparation

Fruit wines were prepared according to the Polish Law of 12 May 2011 ‘On the production and
bottling of wine products, trade and organization of the wine market’. Six wine types were made from
the following berries: bilberry (common bilberry) (Vaccinium myrtillus L.)—BB; blackberry (Rubus L.)—B;
cranberry (Vaccinium macrocarpon Aiton)—C; elderberry (Sambucus nigra L.)—E; raspberry (Rubus idaeus
L.)—R; and strawberry (Fragaria × ananassa)—S (Kent variety).

Fresh blackberry, cranberry, raspberry and strawberry fruits (about 10 kg of each species) were
purchased from local retailers between June and October, depending on the availability. Bilberry
fruits were collected in the region of Belchatow (51◦21′ N, 19◦21′ E) and elderberry fruits in Pabianice
(51◦39′ N, 19◦21′ E). The elderberry stalks were removed. The fruits were then heat treated (85 ◦C,
5 min) to inactivate polyphenol oxidase-type enzymes. The blueberry, elderberry and cranberry pulps
were cooled to 50 ◦C and treated with pectinolytic enzyme (Rohapect 10 L, AB Enzymes GmbH,
Darmstadt Germany, AKE, Pabianice, Poland) at a dose of 0.5 g/kg of fruits. They were then pressed
using a hydraulic press.

Fermentation was performed at 25 ◦C using BCS103 wine yeast (Fermentis, LeMag, Żyrardów,
Poland) at a dose of 0.2 g/L. Once fermentation was complete, the wine was racked and poured
into bottles. All the wines were aged for around 5 months. The wines were then subjected to
basic analysis (alcohol, extract, sugar, acidity). The wines were dealcoholated and tested for their
antimicrobial activity.

2.3. Preparation of Dealcoholated Red Wines (DRW)

To remove the alcohol from the wines, an equal volume of distilled water was added to a given
volume of wine and then concentrated to the original volume (38 mbar, 35 ◦C, 140–180 rev/min).
The solutions were concentrated on a Büchi vacuum evaporator—Rotavapor R-215 (Büchi Labortechnik
AG, Flawil, Switzerland).

2.4. Analysis of Organic Acids, Sugars and Alcohols

Organic acids, glucose, fructose and alcohols (ethanol and glycerol) were analyzed using a
Finnigan Surveyor HPLC system (Thermo Fisher Scientific Inc., Waltham, MA, USA), according to the
method described by Czyżowska et al. [33].

2.5. Total Phenolic Content (TPC) Assay

Total phenolic content (TPC) was determined using the Folin–Ciocalteu reaction with gallic acid
as a standard. To a test tube were added 0.1 mL of the 5-fold diluted sample, 0.2 mL of Folin–Ciocalteu
reagent, 1 mL of 20% sodium carbonate and 2 mL of distilled water. In the control, 0.1 mL of distilled
water was added instead of the test solution. The samples were mixed and incubated for 1 h at room
temperature, in the absence of light. After incubation, the absorbance was measured at a wavelength
of λ = 765 nm (Cecil CE 2041, Cecil Instruments Limited, Cambridge, UK).
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2.6. Analysis of Antioxidant Capacity

2.6.1. ABTS Radical-Scavenging System

Radical scavenging activity against ABTS+• was determined based on the method described by
Rivero-Pérez et al. [34] with slight modifications. The wine solution (0.2 mL) was mixed with 4 mL
of ABTS reagent and incubated for 15 min. The results were expressed as mM of Trolox equivalents,
using linear calibration obtained with different concentrations of Trolox.

2.6.2. DPPH Radical-Scavenging System

The method described by Fogliano et al. [35] was applied with slight modifications. Wine solution
(0.2 mL) was mixed with 4 mL of DPPH+• reagent (65 µM) and incubated for 30 min. Absorbance
was measured at 515 nm. The results were expressed as mM of Trolox equivalents on the relevant
calibration curve.

2.6.3. FRAP Method

The method described by Rivero-Pérez et al. [34] was used with slight modifications. For 30 min,
2.9 mL of the reactive mixture was incubated with 50 µL of the sample. Absorbance was measured at
595 nm. The results were expressed as mM of Trolox equivalents on the relevant calibration curve.

2.7. LC–MSn Identification of Wines Compounds

Qualitative analysis of the bioactive compounds in the berry wines was conducted using an
HPLC coupled on-line with an MS LTQ Velos mass spectrometer (ThermoScientific, Waltham, MA,
USA), following the method described by Efenberger-Szmechtyk et al. [36]. Separation was carried out
using a Hypersil Gold column (150 × 2.1, particle size 1.9 µm) (ThermoScientific, Waltham, MA, USA).
The column was thermostated at 45 ◦C. For the anthocyanins, 2.5% formic acid solution (phase A) and
95% acetonitrile (phase B) were used as eluents with a flow rate of 220 µL/min and an injection volume
of 10 µL. For other compounds, the mobile phase consisted of solvent A (1 mL formic acid in 1 L of
deionized water) and solvent B (95% acetonitryl). The separation was carried out with the following
gradients: in the first 8 min, a linear gradient from 96% to 85% phase A; 8–12 min linear gradient from
85% to 82% phase A; 12–40 min linear gradient from 82% to 60% phase A; 40–44 min linear gradient
from 60% to 50% phase A; 44–47 min linear gradient from 60% to 50% phase A; 47–49 min linear
gradient from 50% to 96% phase A, followed by column recalibration.

Spectrometry was performed with a capillary voltage of 4 kV and collision energy of 20 V.
The desolvation temperature was 280 ◦C and the source temperature was 350 ◦C.

Detection of anthocyanins was carried out in positive ion mode, whereas the other compounds
were detected in the negative ion mode in the range of m/z from 100 to 1200. The compounds were
identified based on a comparison of the maximum absorption spectra of UV radiation. The molecular
weight was determined on the basis of the mass to charge ratio. Retention times and fragmentation
spectra were compared with the available standards and literature data.

2.8. HPLC Analysis of Polyphenols

Prior to analysis, the samples were filtered through a 0.45 mm membrane and injected into
the HPLC system. HPLC-PDA analyses were performed using a Finnigan Surveyor equipped with
an autosampler, a diode array detector Finnigan Surveyor-PDA Plus (Thermo FisherScientific Inc.,
Waltham, MA, USA) and ChromQuest 5.0 chromatography software (Thermo FisherScientific Inc.,
Waltham, MA, USA). The separation conditions were as described by Efenberger-Szmechtyk et al. [36].
The calibration curves were established using standards for chlorogenic acid, quercetin-glucoside and
cyanidin-glucoside to quantify polyphenols at 320, 360 and 520 nm, respectively.
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2.9. Analysis of Antimicrobial Activity in Dealcoholated Red Wines (DRW)

The biological materials used for the antimicrobial tests were strains of bacteria and yeasts:
Bacillus cereus ŁOCK 0807, Escherichia coli ATTC 10536, Listeria monocytogenes ATTC 13932, Salmonella
Enteritidis ATTC 13076, Staphylococcus aureus ATCC 6538 and Candida albicans ATCC 10231.

Antimicrobial Assay

The agar well diffusion method was used to verify whether the DRW affected the growth of
the microorganisms [9]. A TSB (Trypticase soy broth) medium was used to activate cultures of
bacteria following storage in the CRYOBANKTM system and YPD (Yeast Extract–Peptone–Dextrose)
medium was used to activate the yeasts. After 24 h, the cultures were submitted for further analysis.
Standardized inocula of the tested microorganisms were incubated in TSA (Trypticase soy agar)
or YPD, depending on the groups of microorganisms. Next, wells with a diameter of 9 mm were
punched aseptically with a sterile cork borer. To each well was added 120 µL of DRW. The samples
were incubated at 37 ◦C for bacteria and 30 ◦C for yeast. After incubation, the inhibition zones
were measured.

2.10. Statistical Analysis

Mean values, standard deviations and the occurrence of statistically significant differences were
determined using STATISTICA 10 PL software (StatSoft, Krakow, Poland). The ANOVA test was used,
assuming a significance level of 0.05.

3. Results and Discussion

3.1. Sugars, Organic Acids and Alcohols

The alcohol content of the wines ranged from 7.22% to 14.59% (v/v, Table 1). The lowest alcohol
content was detected in the cranberry wines and the highest in the elderberry wines. The wines with
the highest alcohol contents had low or trace amounts of glucose.

Table 1. Organic acids, sugars, glycerol (g/L) and ethanol (v/v in the investigated wines).

BB B C E R S

citric acid 1.17 ± 0.15 a 4.53 ± 0.35 d 1.95 ± 0.09 b 2.45 ± 0.08 c 8.74 ± 0.65 f 5.03 ± 0.15 e

malic acid 0.65 ± 0.05 b 2.03 ± 0.09 f 1.63 ± 0.07 e 1.15 ± 0.06 d 0.44 ± 0.02 a 0.95 ± 0.03 c

succinic acid 0.71 ± 0.05 b 0.99 ± 0.08 c 0.76 ± 0.05 b 0.92 ± 0.06 c 0.62 ± 0.03 a 0.56 ± 0.03 a

lactic acid 0.28 ± 0.02 b 0.02 ± 0.00 a 0.02 ± 0.00 a 0.54 ± 0.02 c 0.02 ± 0.00 a 0.02 ± 0.00 a

acetic acid 0.50 ± 0.03 c 0.24 ± 0.02 b 0.09 ± 0.01 a uLOQ uLOQ uLOQ
ascorbic acid 0.08 ± 0.01 c 0.04 ± 0.00 b 0.03 ± 0.00 a uLOQ 0.07 ± 0.00 c uLOQ

glucose uLOQ uLOQ 43.43 ± 2.01 c 0.04 ± 0.00 a 0.10 ± 0.01 b uLOQ
fructose 0.47 ± 0.03 a 0.68 ± 0.05 b 29.06 ± 1.98 e 0.67 ± 0.05 b 0.85 ± 0.06 c 1.62 ± 0.08 d

glycerol 8.58 ± 0.65 c 10.81 ± 0.77 d 4.95 ± 0.32 a 8.03 ± 0.63 bc 5.41 ± 0.35 a 6.96 ± 0.54 b

ethanol 12.86 ± 1.01 c 14.39 ± 1.06 d 7.22 ± 0.56 a 14.59 ± 0.99 d 8.43 ± 0.65 b 11.32 ± 0.87 c

BB—bilberry wine; B—blackberry wine; C—cranberry wine; E—elderberry wine; R—raspberry wine; S—strawberry
wine. uLOQ—uder limit of quantification; Different letters in rows indicate a significant difference (p < 0.05).

Glycerol was the main by-product in wines obtained in our study. Its content was between 4.95
and 10.81 g/L. It was also the main compound in five of the eight raspberry wines investigated by
Duarte et al. [37], with contents ranging from 4.6 to 10.2 g/L. In subsequent research by Duarte et al. [38],
glycerol was again the main compound in 11 out of the 16 studied raspberry wines. The glycerol
contents were similar to those reported in their previous study, in the range of 4.45–10.11 g/L.

Acidity is one of the most important parameters in wine. In grape wines, it is mainly associated
with organic acids such as tartaric, malic, acetic and lactic acids. Citric acid can have a significant
effect on fruit wines, due to its high concentration in the raw material (for example in raspberries
and blackberries). Malic acid also contributes to the acidity of fruit wine. Lactic and succinic acids
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are produced during fermentation. In our study, these two compounds were produced in amounts
lower than 1 g/L. The predominant volatile acid is acetic acid, often expressed as the wine-quality
parameter and known as volatile acidity. It is always formed during alcoholic fermentation. Higher
concentrations of acetic acid can affect the organoleptic properties of wine. The acetic acid content
was under the limit of quantification in the elderberry, raspberry, and strawberry wines. The highest
content was observed in the bilberry wines.

Duarte et al. found a high content of succinic acid in raspberry wines [37]. In only one sample
was it below 5.0 (2.8 g/L), whereas, in the others, it was from 5.6 to 7.1 g/L [38]. This is almost ten times
higher than the levels of succinic acid found in our raspberry wines. Duarte et al. [38] also reported
higher acetic acid contents, from 0.7 to 2.3 g/L. Most of the wines analyzed had no glucose.

In our elderberry wines, citric acid was the main acid, at concentrations of around 2.40 g/L.
Malic acid was present in the next highest quantities (1.15 g/L). This is consistent with results reported
by Veberic et al. [39] for two cultivars and three selections of black elderberries from Slovenia.
These authors found four acids (citric, malic, shikimic and fumaric) in the fruit.

Citric acid was present in the largest quantity, the content of malic acid was around three times
smaller, and shikimic and fumaric acids composed on average 10% of the total.

Four of the six tested wines showed the presence of ascorbic acid. The concentration ranged
from 0.03 to 0.08 g/L, for cranberry and bilberry wines, respectively. The low levels of vitamins in
grape wines may explain the lack of relevant studies regarding the content of vitamins in fruit wines.
Grape wines are reported to contain some B vitamins and very small amounts of vitamin C and
fat-soluble vitamins [26]. Vitamin C can be destroyed during processing and storage.

3.2. Total Content of Polyphenols and Antioxidant Activity of Fruit Wines

Of the wines investigated in our study, wines made from elderberry fruits showed the highest
content of total polyphenols (1480.47 mg/L) (Table 2). The content of total polyphenols in the remaining
wines ranged from 408.03 to 759.42 mg GAE/L. Low concentrations of polyphenols were observed in
wines from cranberries and bilberries (below 500 mg/L).

Table 2. Total polyphenols (mg/L) and antioxidant activity (mM of Trolox equivalents) of the
investigated wines.

BB B C E R S

TP 466.82 ± 40.03 a 759.42 ± 52.30 c 408.03 ± 38.75 a 1480.47 ± 103.55 d 566.75 ± 43.02 b 525.60 ± 50.74 b

ABTS 4.29 ± 0.34 c 5.84 ± 0.34 d 3.03 ± 0.19 a 4.22 ± 0.28 c 3.49 ± 0.23 b 3.40 ± 0.18 a

DPPH 2.47 ± 0.19 c 2.55 ± 0.16 d 1.12 ± 0.07 a 1.87 ± 0.09 b 1.75 ± 0.07 b 1.66 ± 0.12 b

FRAP 5.07 ± 0.23 c 6.45 ± 0.45 d 3.32 ± 0.25 a 5.07 ± 0.39 c 4.42 ± 0.36 b 3.47 ± 0.22 a

BB—bilberry wine; B—blackberry wine; C—cranberry wine; E—elderberry wine; R—raspberry wine;
S—strawberry wine; tr—traces; TP—total polyphenols; ABTS—2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid;
DPPH—2,2-diphenyl-1-picrylhydrazyl; FRAP—Ferric reducing antioxidant power. Different letters in rows indicate
a significant difference (p < 0.05).

In a study by Rupasinghe and Clegg [6], elderberry wines from Canada were found to contain
1753 mg GAE/L. Aged elderberry wines from Slovenia analyzed by Schmitzer et al. [7] contained
1584.99 mg/L of total polyphenols. The pitchings (musts) were prepared in a similar manner to our
elderberry wines, and the results are similar.

Most studies that have measured the content of total polyphenols in blackberry and bilberry wines
used commercial products, so the methods of preparation are not known. Blackberry and bilberry
wines from Illinois have been reported as having total polyphenol contents ranging from 188 mg
GAE/L to 1115 mg GAE/L [40]. These levels are comparable to those for the blackberry and bilberry
wines in our study. The blackberry and bilberry wines investigated by Kalkan Yildrim [41] had slightly
higher concentrations of polyphenols. The blackberry wines studied by Ortiz et al. [42] contained from
1122 to 1400 mg/L of total polyphenols (depending on the pectinolytic enzyme used). The blackberry
wines analyzed by Ljevar et al. [43] contained from 1055 to 2704 mg/L. The highest contents of total
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polyphenols in blackberry wines have been reported by Mudnic et al. [44] (1697–2789 mg/L) and
Mitic et al. [45] (1608–2836 mg/L).

The total polyphenol contents reported by Mitic et al. [45] and Ljevar et al. [43] for raspberry wines
from Serbia and Croatia, respectively, were up to three-fold higher than those found in the raspberry
wines in our study (1052–1490 and 1199–1840 mg/L, respectively). However, the preparation method
again was different [46]. The raspberry and cranberry wines investigated by Rupasinghe and Clegg [6]
contained 977 and 971 mg/L of total polyphenols, respectively.

The total content of polyphenols in our strawberry wines was almost three times lower than in
wines obtained by Cakar et al. [1].

One method is usually insufficient to evaluate the antioxidant activity of a complex substance.
In our study, three different assays were used to study the antioxidant properties of the wines.
The antioxidant activity was determined in relation to ABTS+, DPPH and FRAP. Significant differences
between ABTS and DPPH radicals were found in the examined wines, but similar trends were observed
in different assays (FRAP, ABTS, and DPPH). The highest values were observed in blackberry wines,
and the lowest for the cranberry wines (Table 2). As in a study by Ljevar et al. [43], the blackberry
wines in our research also showed the highest antioxidant activity. The elderberry wines, despite
having the highest polyphenol content, did not show high antioxidant activity. Heinonen et al. [5]
evaluated the antioxidant activity of over 44 different fruit wines, mainly berry wines. The results
showed that the total phenolic content did not correlate with the antioxidant activity. On the other
hand, some studies have confirmed a strong positive correlation between the total antioxidant activity
in fruit wines and total phenolics [6,46].

A study by Gao et al. [47] investigating the contribution of three different antioxidant fractions
using an ABTS assay showed the total antioxidant capacity of phenolics, ascorbic acid, and lipophilic
compounds to be slightly lower than those of crude extracts. The phenolic fraction made a major
contribution to the total activity (about 75%), followed by ascorbic acid (around 17%). According to
Brand-Williams et al. [48], ascorbic acid is one of the fastest reacting antioxidants. Observing changes
in the phenolic profile during the winemaking process, Lingua et al. [49] noted that anthocyanins were
the most important phenols in the wine samples. Most berry wines are rich in anthocyanins, but they
react poorly in the Folin–Ciocalteu test, giving a poor correlation [50]. In general, different compounds
were selected to correlate with the different in vitro assays. Depending on the chemical structure of the
compounds and the mechanisms involved (hydrogen atom transfer, single electron transfer, reducing
power, and metal chelation, among others), they react differently in various vitro assays [51].

3.3. Polyphenols in Wines

As there is no extensive literature on the subject, qualitative and quantitative analysis of the
composition of polyphenols in the fruit wines was based mainly on the data concerning the juices and
fruits from which the wines originated.

3.3.1. Anthocyanins

Cyanidin 3-glucoside was present in all the samples (Table 3; Figures S1, S4, S7, S10, S13 and S16).
The highest level of cyanidin-glucoside was found in the blackberry wines (30.26 mg/L). Cyanidin
3-galactoside was found in four of investigated wines. Traces of cyanidin 3-rutinoside were found in
the blackberry and raspberry wines.
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Cyanidin-sophoroside and cyanidin 3-(2G-glucosylrutinoside) were found in the raspberry
wines, with Cy-soph as the main compound (Figure S13). Cyanidin 3-sambubioside and cyanidin
3-sambubioside-5-glucoside were present only in the elderberry wines, in quantities of 46.51 mg/L and
23.07 mg/L, respectively (Figure S10).

Delphinidin derivatives were only present in the bilberry wines (Figure S1). Malvidin derivatives
were also detected only in the bilberry wines, whereas pelargonidin derivatives were found in the wines
made from blackberries and strawberries (Figures S4 and S16). Pelargonidin 3-glucoside was the main
anthocyanin found in the strawberry wines. Carboxypyranopelargonidin-glucoside (CP Pg-glc) was
also found in the strawberry wines. This compound had been identified previously in strawberries [52]
and in strawberry-fermented products [11,53].

Peonidins were found in the bilberry, blackberry and cranberry wines. Petunidins were found
only in the bilberry wines.

The highest concentrations of anthocyanins were found in the elderberry wines (76.33 mg/L).
The concentrations of anthocyanins in the blackberry wines were in excess of 50 mg/L.

The main compound present in elderberry wines was cyanidin 3-sambubioside (46.51 mg/L),
and cyanidin 3-sambubioside-5-glucoside was present in the next largest quantities.

Our results differ significantly from those reported by Schmitzer et al. [7]. In their study of
elderberry wines, cyanidin 3-glucoside was present at the highest concentrations in mature wine
(20.88 mg/L), whereas, in our study, the concentration of this compound was 6.19 mg/L. According to
Schmitzer et al., cyanidin 3,5-diglucoside was present at a slightly lower concentration (18.49 mg/L),
whereas, in our study, this compound was not found in the elderberry wines. Cyanidin 3,5-diglucoside
and cyanidin 3-sambubioside-5-glucoside have similar retention times and coelution sometimes
occurs [54]. However, no compound with a mass characteristic of cyanidin 3,5-diglucoside was found
during our investigation. The sum of the concentrations of anthocyanins observed by Schmitzer et al. [7]
based on HPLC analysis was approximately 50% higher than that in our elderberry wines.

The dominant compound in the blackberry wines we studied was cyanidin 3-glucoside, at a
concentration of 30.26 mg/L. In domestic wines obtained by Mitic et al. [45], the content of cyanidin
3-glucoside was around 10 times higher. Cyanidin xyloside was present in the next highest concentration,
which was again much higher than in the blackberry wines in our study. Cyanidin 3-rutinoside was
the main compound in the blackberry wines analyzed by Ljevar et al. [43]. Only small amounts of
this compound were found in the blackberry wines we studied. Relatively large amounts of cyanidin
3-glucoside acylated with malonic acid were detected in our study, at a concentration approximately
two-fold lower than those for cyanidin 3-glucoside. This compound has been identified previously as
occurring in blackberries [54–58] but was identified here for the first time in blackberry wine.

Compared to those analyzed by Hornedo-Ortega et al. [53], the strawberry wines in our study
contained much lower levels of both pelargonidin 3-glucoside and pelargonidin 3-rutinoside. However,
the wines studied by Hornedo-Ortega et al. were analyzed immediately following the fermentation
process, whereas ours were tested after 5 months of aging. Other authors have noted a 63–85%
reduction in these compounds during the fermentation and storage [59,60]. Relatively large amounts
of one acylated derivative and one diglucoside derivative of pelargonidin were found in our wines.
Hornedo-Ortega et al. [53] showed that fermentation significantly increases the levels of diglucoside in
strawberry wines (2.5- and 6.2-fold for 2012 and 2013 vintages, respectively).

All of the wines in our study were prepared using thermal treatment. As observed by Behrends
and Weber [10], pre-fermentative heat treatment influences the characteristics of wine. This was
confirmed in our previous research [2,3]. The bilberry wines investigated by Behrends and Weber [10]
had almost the same anthocyanin profiles as juices when pre-fermentative heat treatment was applied.
With warm treatment (70 ◦C), the ratio of glucosides to galactosides and arabinosides was 47.9:32.1:20.
In the bilberry wines we studied, the ratio was 58.9:32:9.1. Some of the fruits in our study (including
bilberries) were also treated with pectinase. As observed by Buchert et al. [61], enzyme-assisted bilberry
juice production leads to greater losses of galactosides.
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3.3.2. Phenolic Acids

The largest quantities of hydroxycinnamic acids were found in elderberry wines (150.79 mg/L).
The lowest levels were observed in the strawberry wines (13.43 mg/L) (Table 4). None of the acids
were present in all of the wines (Figures S2, S5, S8, S11, S14 and S17).

The main acids found in the elderberry wines were neochlorogenic, chlorogenic and caffeic
acids (Figure S11). Schmitzer et al. [7] analyzed only neochlorogenic and chlorogenic acids.
The neochlorogenic acid content was higher in our samples. It is difficult to compare results for
chlorogenic acid. During chromatographic analysis (HPLC), chlorogenic acid probably coeluted with
caffeic acid and one large peak was observed. Using a mass spectrometer, a mass of 179 (typical for
caffeic acid) proved dominant. Caffeic acid hexoside (341 m/z), p-coumaric acid (163 m/z) and p-coumaric
acid derivative (525 m/z) were also found. Caffeic acid and its derivative, caffeic acid hexoside, were the
main acids in the bilberry wines, accounting for almost 75% of the total acid content (Figure S2). Caffeic
acid was also the main compound in the raspberry wines. The dominant acids in the blackberry wines
(around 85%) and strawberry wines (around 47%) were p-coumaroylhexosides. Cakar et al. [1] found
small amounts (4.16–2.83 µg/mL) of p-coumaric acid in strawberry wines, which was about 10% of
the total phenolic acid content. These authors identified chlorogenic acid chlorogenic acid as a main
compound (290–335 µg/mL) followed by the caffeic acid. No chlorogenic acid was identified in any of
the 90 strawberry varieties investigated by Nowicka et al. [62]. A compound with very similar MS
(m/z 355) was identified as 1-O-trans-cinnamoyl-glucose. This compound had the highest content
in almost all investigated varieties, followed by p-coumaroyl-glucosides. Nowicka et al. [62] also
identified 1-O-feruloylglucose. In our investigated wines, 5-hydroxyferuloylhexoside was identified.
This compound probably formed during fermentation.

3.3.3. Flavonols

Flavonols were present in relatively low concentrations compared to the other groups of studied
compounds, from 0.87 to 9.27 mg/L (Table 5). The lowest concentrations occurred in wines made from
raspberries, strawberries, bilberries and blackberries (0.87–1.81 mg/L), and the highest in wines made
from elderberries (9.27 mg/L).
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In terms of qualitative composition, more than 80% of all identified flavonols in the elderberry
wines were quercetin and its derivatives (Figure S12). Myricetin and its derivatives were found in the
cranberry and bilberry wines (Figures S3 and S9), while trace amounts of myricetin malonylglucoside
were found in strawberry wines. Quercetin 3-rutinoside was the main flavonol in the elderberry wines,
comprising 56% of the total for this group of compounds. Flavonols were found to dominate in the
elderberry wines studied by Schmitzer et al. [7], at concentrations around 10 times higher than in our
wines, with the highest concentrations occurring in young wines. The same authors detected quercetin
rutinoside and glucoside in the highest and second-highest concentrations. Kaempferol-rutinoside
was present in the lowest quantity, at a concentration of 1.1 mg/L, whereas, in our elderberry wines,
the concentration was 0.22 mg/L. The elderberry wines in our study contained more than 1 mg/L of
quercetin. Fruit wines made from cherries, blackberries and raspberries were found by Mitic et al. [45]
to contain derivatives of quercetin and kaempferol. The same authors reported the presence of
kaempferol derivatives in blackberry wines, at levels of 0.30–0.85 mg/L. However, we did not detect
these compounds in our blackberry wines (Figure S6). The content of quercetin derivatives in the
raspberry wines studied by Mitic et al. [45] ranged from 0.98 to 1.80 mg/L, compared with only
0.48 mg/L in our study. We also found kaempferol derivatives in raspberry wines (Figure S15), at a
concentration of 0.39 mg/L. The strawberry wines investigated by Cakar et al. [1] contained three
compounds from the group of flavonols: quercetin, quercetin 3-rutinoside (rutin) and kaempferol.
Only small amounts of quercetin were found in our strawberry wines, less than 10% of the total
Q-derivatives content. We did not identify Q-rut, but we found significant amounts of Q-glucoside
and Q-glucuronide (Figure S18). We were unable to identify kaempferol in the strawberry wines,
but we did find its derivatives, K-glucoside and K-glucuronide, as well as traces of K-pentoside
and dihydroK-glucoside.

3.3.4. Other Bioactive Compounds

Other bioactive compounds were tentatively identified using LC–MSn (Table 6). Sixteen acids
were found, including hydroxybenzoic acids. Cinnamic acid was identified in all the samples. Shikimic
acid was found in all of the wines except cranberry wine. In the blackberry wines, two forms of abscisic
acid were identified: abscisic acid d-glucopyranosyl ester (ABA-GE) and ursolic acid.

Ellagic acid was identified in five of the six wines in our study, but its derivatives were found
mainly in the wines made from blackberries (five compounds), strawberries (three compounds) and
raspberries (two compounds). Of the twelve ellagitannins we identified, as many as ten were found
in the blackberry wines. Five were found in the strawberry wines and four were identified in the
raspberry wines. Three gallic acid derivatives were identified: one in the bilberry wines, one in
the cranberry wines and one in the strawberry wines. Procyanidins are another important group of
polyphenols. In total, 20 compounds from this group were identified. Of these, 14 were found in the
cranberry wines, which were the richest and most diverse source of procyanidins.

Seven compounds from this group were identified in the strawberry wines, including two
afzelechin-catechin derivatives.

Cakar et al. [1] identified hydroxybenzoic acids in strawberry wines. Gallic acid had the
highest concentration, followed consecutively by p-hydroxybenzoic, protocatechuic and vanillic acids.
We identified two of these hydroxybenzoic acids in our strawberry wines (Table 6). We also found
two derivatives of: protocatechuic acid hexoside and 1-O-protocatechuylhexoside. Vanillic acid was
not found.

Cakar et al. also found significant amounts of ellagic acid in their strawberry wines. We identified
this compound in five wines (was not present in cranberry wines) (Table 6).
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3.4. Effect of Dealcoholated Fruit Wines on Microbial Growth

We studied the effects of the compounds present in the dealcoholated fruit wines on the growth of
various microorganisms (Table 7). The berry wines had no inhibitory effect on the growth of Salmonella
Enteritidis, Staphylococcus aureus bacteria and Candida albicans yeast. The only growth inhibitors for
Escherichia coli ATCC 1053 were bioactive compounds found in the strawberry wines. The resulting
zones of inhibition were 2.67 mm. The strain Bacillus cereus ŁOCK O807 was the most susceptible to
the effects of the wines. Its growth was inhibited by the compounds in five of the wines. Only the
elderberry wines had no effect on the growth of this strain. The most extensive inhibition zones
resulted from the impact of raspberry wines.

Table 7. Inhibition zones (mm).

Escherichia
coli

Salmonella
Enteritidis Bacillus cereus Listeria

monocytogenes
Staphylococcus

aureus
Candida
albicans

Bilberry - - 1.73 ± 0.12 A - - -
Blackberry - - 2.00 ± 0.25 bA 1.00 ± 0.00 aA - -
Cranberry - - 1.83 ± 0.23 aA 2.33 ± 0.58 aB - -
Elderberry - - - - - -
Raspberry - - 4.00 ± 0.71 B - - -
Strawberry 2.67 ± 0.58 a - 1.83 ± 0.23 aA - - -

- No inhibitory effect; a,b—Different letters indicate a significant difference in rows (p < 0.05); A,B—Different letters
indicate a significant difference in columns (p < 0.05).

Growth of Listeria monocytogenes ATCC 13932 was inhibited by the bioactive compounds present
in two of the wines. The cranberry and blackberry wines had an inhibitory effect on the growth of
these bacteria, with a zones of 2.33 and 1.00 mm, respectively.

The elderberry wines did not inhibit the growth of any of the microorganism, despite having
the highest total polyphenol concentration and the highest content of anthocyanins, which some
authors consider to be one of the main providers of antimicrobial properties [17,18]. The growth of
Bacillus cereus was inhibited to the greatest extent by the wine made from raspberries. These fruits
are a rich source of ellagitannins, which have strong antimicrobial activity. In the raspberry wines,
we identified Sanguiin H2, H6 and Sanguiin H10 isomers (Table 6). Other compounds from this group
(HHDP glucosides and their derivatives) were identified in the blackberry and strawberry wines.
The cranberry wines did not contain ellagitannins, but a wide range of procyanidins were identified,
including type A. Proanthocyanidin extracts of cranberries investigated by Kylli et al. [63] showed
strong antimicrobial effects against Staphylococcus aureus, whereas they had no effect on other bacterial
strains such as Salmonella Typhimurium and Escherichia coli. Phenolic extracts of lingonberry and
cranberry had an antibacterial effect on Gram-positive pathogens including Staphylococcus, Bacillus and
Clostridium, but only had weak or no antimicrobial activity on Gram-negative strains of Salmonella.
However, Listeria monocytogenes was not inhibited by by either the lingonberry extract or cranberry
extract [21,64].

Based on the results of these preliminary studies on the dealcoholated red berry wines, we see the
possibility of using them as a food additive, improving safety and extending shelf life. As previously
mentioned, some of the microorganisms tested may already be found in the oral cavity, so the
wines could have an impact at this stage. Regarding the upper respiratory tract, oral invasion in
immunosuppressed patients may be more frequent than previously documented, as the oral cavity can
be colonized by B. cereus either by inhaling spores or by eating food contaminated with B. cereus [32].
Foci can occur when bacteria become trapped in the furrows in the oral cavity, where they grow and
release toxins that spread to adjacent tissues and other parts of the body. However, further studies are
necessary to investigate the action of the wines against pathogens in the human gastrointestinal tract.

19



Foods 2020, 9, 1783

4. Conclusions

In this study, about 150 compounds were identified in berry wines, including anthocyanins (34),
hydroxycinnamic acids (12) and flavonols (36). Some of these compounds were identified for the first
time in berry wines. The largest number of bioactive compounds was identified in the blackberry wines
(59 compounds). All of the wines were rich in polyphenols. Elderberry wines were the richest source of
polyphenols (over 1000 mg/L) and contained the largest amounts of all of analyzed groups of compounds
(hydroxycinnamic acids, anthocyanins and flavonols). The lowest concentrations of polyphenols were
found in wines made from cranberries and bilberries (below 500 mg/L). The dealcoholated berry
wines were found to inhibit Bacillus cereus growth. Elderberry wines, despite their high content of
polyphenols, did not show antimicrobial properties against the tested microorganisms. Antimicrobial
properties may be affected by the combination and proportions of active compounds, and not only by
the individual compounds. Our results show that berry fruit wines could provide biologically active
compounds and at the same time protect against pathogens.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/12/1783/s1,
Figure S1: Chromatogram at 520 nm of bilberry wine obtained with HPLC-DAD; 3-Dp-gal; 4-Dp-glc; 5-Cy-gal;
6-Dp-ara; 7-Cy-glc; 8-Pt-gal; 9-Pt-glc; 10-Pn-gal;12-Pt-ara;13-Pn-glc; 14-Mv-gal; 15-Mv-glc; 16-Mv-ara. Figure S2:
Chromatogram at 320 nm of bilberry wine obtained with HPLC-DAD; 7-CAH; 8-CA; 10-p-CoA; 18-p-CoA
der. Figure S3: Chromatogram at 360 nm of bilberry wine obtained with HPLC-DAD; 11-M-glc; 14-Q-glc;
15-Q-metoxyhex; 18-K-gal; 19-K-glc; 21-M; 22-Q. Figure S4: Chromatogram at 520 nm of blackberry wine
obtained with HPLC-DAD; 1-Cy-gal; 2-Cy-glc; 3-Cy-xyl; 5-Pg-glc; 7-Cy-3mal-glc; 8-Cy-6mal-glc; 9-Cy-dioxalyl
glc. Figure S5: Chromatogram at 320 nm of blackberry wine obtained with HPLC-DAD; 11-CAH; 15-neoChA;
18-ChA; 21-pCoH. Figure S6: Chromatogram at 360 nm of blackberry wine obtained with HPLC-DAD; 23-Q-rut;
24-Q-gal; 25-Q-gluc; 26-Q-glc; 28-Qacetylhex; 29-Q-3[6” (3hydroxy-3 methyl-glut)] gal. Figure S7: Chromatogram
at 520 nm of cranberry wine obtained with HPLC-DAD; 10-Cy-gal; 11-Cy-glc; 14-Cy-ara; 15-Pn-gal; 17-Pn-glc;
18-Pn-ara. Figure S8: Chromatogram at 320 nm of cranberry wine obtained with HPLC-DAD; 11-CAH; 12-ChA;
13-CA. Figure S9: Chromatogram at 360 nm of cranberry wine obtained with HPLC-DAD; 7-M-xyl; 9-M-ara;
14-Q-gal; 17-M-dimetoxy-hex; 18-Q-xyl; 19-Q-ara; 20-Q-rha; 21-M; 22-metoxyQ-xyl; 23-Q; 24-Q-benzoyl gal.
Figure S10: Chromatogram at 520 nm of elderberry wine obtained with HPLC-DAD; 3-Cy-sam-5-glc; 4-Cy-sam;
5-Cy-glc. Figure S11: Chromatogram at 320 nm of elderberry wine obtained with HPLC-DAD; 7-neoChA; 13-CAH;
16-CA/ChA -coeluted; 23-p-CoA der; 32-ni (λmax = 323). Figure S12: Chromatogram at 360 nm of elderberry
wine obtained with HPLC-DAD; 17-Q-rut; 18-Q-glc;19-K-rut; 20-3-methylQ; 21-Q. Figure S13: Chromatogram
at 520 nm of raspberry wine obtained with HPLC-DAD; 5-Cy-soph; 6-Cy-3(2glc) rut; 7-Pg-3glc-rut/Cy-glc.
Figure S14: Chromatogram at 320 nm of raspberry wine obtained with HPLC-DAD; 12-CAH; 16, 17-pCoAHs;
18-CA. Figure S15 Chromatogram at 360 nm of raspberry wine obtained with HPLC-DAD; 14-Q-2gal-rha; 20-Q-rut;
21- Q-gluc; 22-K-gal; 23-K-gluc; 25-Q; 26-K. Figure S16: Chromatogram at 520 nm of strawberry wine obtained
with HPLC-DAD; 7-Cy-gal; 12 Cy-glc; 15- Pg-glc; 16-Pg-rut; 17-Pg-3,5diglc; 18-Pg-3mal-glc; 22-Pg-3-acet-glc.
Figure S17: Chromatogram at 320 nm of strawberry wine obtained with HPLC-DAD; 12-malonyloCQA; 19-p-CoH;
31-pCoA; 42-5-hydroxyF hex. Figure S18 Chromatogram at 360 nm of strawberry wine obtained with HPLC-DAD;
39-Q-gluc; 40-Q-glc; 41-K-gluc; 42-Q.
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Abstract: Three food barley genotypes differing in the presence or absence of husks were sequentially
pearled and their fractions analyzed for ash, proteins, bioactive compounds and antioxidant capacity
in order to identify potential functional food ingredients. Husks were high in ash, arabinoxylans,
procyanidin B3, prodelphinidin B4 and p-coumaric, ferulic and diferulic bound acids, resulting in
a high antioxidant capacity. The outermost layers provided a similar content of those bioactive
compounds and antioxidant capacity that were high in husks, and also an elevated content of tocols,
representing the most valuable source of bioactive compounds. Intermediate layers provided high
protein content, β-glucans, tocopherols and such phenolic compounds as catechins and bound
hydroxybenzoic acid. The endosperm had very high β-glucan content and relative high levels of
catechins and hydroxybenzoic acid. Based on the spatial distribution of the bioactive compounds, the
outermost 30% pearling fractions seem the best option to exploit the antioxidant capacity of barley
to the full, whereas pearled grains supply β-glucans enriched flours. Current regulations require
elimination of inedible husks from human foods. However, due to their high content in bioactive
compounds and antioxidant capacity, they should be considered as a valuable material, at least for
animal feeds.

Keywords: whole barley flour; pearling fractions; proteins; β-glucans; arabinoxylans; tocols; phenolic
compounds; antioxidant capacity; functional food

1. Introduction

Barley (Hordeum vulgare L.) is the fourth most cultivated cereal in the world after
maize, wheat and rice [1]. It is widely used for feed and malt, with limited consumption
as human food in some specific regions, such as the Maghreb and the high plateaus of
the Himalayas. However, in recent years, it has attracted growing interest worldwide
due to the health promoting properties of its bioactive compounds. In terms of health,
several reports have demonstrated the positive effect of barley on the glycemic index,
cholesterol and heart diseases [2]. This is mainly due to the presence of β-glucans (2–11%
d.w.), a dietary fiber component for which health claims have been approved by the US
Food and Drug Administration and the European Food Safety Authority [3,4]. Additional
beneficial effects have been described for β-glucans. These include their properties as
enhancers of the immune system against infectious diseases and some types of cancer,
and also as a key modulator of the composition and activity of human microbiota [5–7].
Arabinoxylans are the second major component of barley dietary fiber (2–9% d.w.). Their
proven health benefits include effects on the postprandial glucose response, cholesterol
metabolism and immune response [8,9]. In barley, arabinoxylans are particularly associated
with antioxidant activity due to the presence of phenolic acids linked to their structure [10].
Barley is also a significant source of antioxidant compounds [11,12]. It contains more
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vitamin E than most cereals (17–49 µg/g d.w.), this being in the form of α-tocopherol and
α-tocotrienol. Furthermore, barley contains high levels of phenolic compounds such as
phenolic acids and flavan 3-ols which can be found free or ester-bound to the fiber. Flavan
3-ols like catechins, procyanidins and prodelphinidins are the most abundant free phenols,
while phenolic acids such as ferulic, p-coumaric and vanillic are the major constituents
within the bounds. Anthocyanins are also present in considerable concentrations in some
barley genotypes with colored kernels. All these phenolic compounds are considered
potent antioxidants, free radical scavengers and inhibitors of lipid peroxidation [13,14]. In
addition, preclinical studies and clinical trials have shown that polyphenols could greatly
modulate the gut microbiota, thus favoring the growth of potential beneficial organisms
and simultaneously inhibiting pathogenic bacteria [15].

Barley grains may differ in important morphological characters. These include being
hulled (covered), when the husks adhere to the caryopsis, partially hull-less (skinned),
when a partial loss of the husks occurs, and hull-less (naked), when the husks are freely
threshed at harvest, the latter being what is preferred for human consumption; grains
from two or six rowed spikes or grains with colors such black, blue or purple, alterna-
tive to yellow. Based on the grain composition, barley is further classified as normal,
high amylopectin (waxy) or high amylose starch types, high β-glucan, high lysine, and
proanthocyanidin-free. All these types of grain differ widely in their physical and compo-
sitional characteristics and, accordingly, are processed differently and used for different
commercial purposes.

The bioactive compounds are not uniformly distributed across the barley grains. It
is known that arabinoxylans, tocotrienols and phenolics are mainly located in the outer
layers, tocopherols in the germ, and β-glucans in the endosperm [16]. Thus, physical
processes like pearling, an abrasive technique that gradually removes grain layers to obtain
polished grain and by-products, allow favorable separation of fractions enriched in specific
compounds and these can be used as functional ingredients. Several fold enrichment of
antioxidant compounds has been described in barley pearled fractions [17,18] that have
been used to improve the nutritional value of such wheat-based products as cookies, pasta
and bread [19–22].

In recent years, increased efforts have been carried in a few countries to release new
specific barley varieties for human consumption and for the food industry. In our food bar-
ley breeding program, we aim to produce varieties rich in β-glucans as well as antioxidant
compounds adapted to the Spanish agro-climatic conditions. Three distinct high β-glucan
barley genotypes from our program, differing in the type of grain (Kamalamai, hulled;
Hindukusch, partially hull-less; Annapurna, hull-less) were selected to identify specific
potential ingredients for the functional food industry. Thus, the main objectives of this work
were as follows: (1) to analyze β-glucans, arabinoxylans, tocols, phenolic compounds and
antioxidant capacity in the whole flours and pearling fractions of different types of barley
grains; (2) to identify pearling fractions to be used potentially as functional ingredients.
This research could provide further knowledge about the spatial distribution of a large
number of bioactive compounds in barley pearling fractions, since most published works
have focused on changes in various bioactive compounds separately [16,17,23]. To the
best of our knowledge, this is the first time that such an integrative study of the major
health-promoting components in barley genotypes specifically bred for human food has
been explored.

2. Materials and Methods
2.1. Plant Material

• Kamalamai: registered Spanish variety, hulled, two rowed, normal endosperm (semil-
las Batlle SA).

• Hindukusch: Afghan landrace, naked but often suffering from grain skinning, two
rowed, normal endosperm and purple grain used as parent in our crosses.
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• Annapurna: registered Spanish variety, hull-less, two rowed, waxy endosperm (semil-
las Batlle SA).

The three genotypes were cultivated under similar conditions in Bell-lloc d’Urgell,
Lleida (Spain) during the 2018–2019 growing season.

2.2. Whole Flours and Pearling Fractions

Grain with size above 2.5 mm was screened for this study using a stainless-steel
mesh. Six pearling fractions from each genotype were obtained by sequential processing
of grain using theTM-05C pearling machine (Satake Corporation, Hiroshima, Japan) at
1060 rpm. The grains were initially pearled to remove the 5% of the original grain weight
that resulted in the first fraction F1 (0–5% w/w). The remained grains were pearled to
remove the second fraction F2 (5–10%), and then the process was repeated to get fractions
F3 (10–15%), F4 (15–20%), F5 (20–25%), F6 (25–30%), and the residual 70% pearled grain F7
(30–100% w/w). After each pearling session, the pearling machine was cleaned to avoid
mixtures between fractions. Fractions, pearled grains and whole grains were ground in a
Foss Cyclotec 1093™ mill equipped with a 0.5-mm screen (Foss Iberia, Barcelona, Spain)
prior to chemical analyses.

2.3. Protein and Ash Content

The protein content was done according to the Kjeldahl method in a Kjeltec system I
(Foss Tecator AB, Höganäs, Sweden) using the conversion factor of 5.7. The ash content
was determined in a muffle furnace according to the AOAC Official Method 942.05 [24].

2.4. β-Glucan and Arabinoxylan Content

The β-glucan and arabinoxylan contents were determined by means of the mixed-
linkage β-glucan assay (K-BGLU) and D-xylose assay (K-XYLOSE) kits from Megazyme
(Wicklow, Ireland).

2.5. Tocols Content

Tocopherols and tocotrienols (α-, β-, γ-, and δ-isomers) were quantified by high per-
formance liquid chromatography (HPLC) coupled to a fluorescence detector. One gram
of each barley genotype was extracted three times with 10 mL n-hexane and the extract
collected after centrifuging at 9000× g for 10 min. The supernatants were pooled, reduced
to dryness under a flow of nitrogen, and reconstituted in 1 mL of n-hexane. Normal phase
HPLC with fluorescence detection (excitation 292 nm, emission 325 nm) was used to ana-
lyze tocopherols and tocotrienols. Aliquots of 50 µL were injected into the HPLC system
following the chromatographic conditions described by Martínez-Subirà et al. [12]. Toco-
pherols and tocotrienols isomers were quantified with external standard curves. Results
were expressed as µg/g dry sample.

2.6. Phenolic Compounds (PCs) and Anthocyanin Analysis by UPLC-MS/MS

Free phenolic compounds were extracted three times by adding 1 mL of 79.5%
methanol, 19.5% Milli Q water, and 1% formic acid solution to 150 mg of barley flours.
The samples were sonicated for 30 s and centrifuged at 9000× g for 10 min. The super-
natants from each extraction were pooled and filtered through 0.22 µm polyvinylidene
fluoride (PVDF) filter discs before chromatographic analysis. The residue was subjected
to alkaline hydrolysis by adding 6 mL of 2 mol/L NaOH to obtain bound phenols. The
samples were left over-night at room temperature for complete hydrolysis. Then, they
were sonicated for 1 min and centrifuged at 9000× g for 10 min; the supernatant was
acidified with HCl 37% (w/w) to pH 2. A total of 350 µL of supernatant was mixed with
phosphoric acid 10 min, centrifuged at 9000× g, and subjected to µSPE clean-up according
to Serra et al. [25]. Briefly, the micro-cartridges were pre-conditioned with acidified water
(pH 2) and methanol. The samples were loaded onto the µSPE and subsequently washed
with water and water/methanol 95/5 (v/v). The PCs were eluted with methanol, and 2.5 µL
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of the eluate was directly analyzed by liquid chromatography. The extracts were analyzed
by Ac Quity Ultra-Performance TM liquid chromatography coupled to a tandem mass
spectrometer (UPLC-MS/MS), equipped with the analytical column Ac Quity BEH C18
(100 mm × 2.1 mm i.d., 1.7 µm) and the Van Guard TM Pre-Column Ac Quity BEH C 18
(5 mm × 2.1 mm, 1.7 µm), all from Waters, Milford, MA, USA. The mobile phase was 0.2%
(v/v) acetic acid and acetonitrile for the phenolic compounds (PCs), and 10% acetic acid (v/v)
and acetonitrile for the anthocyanins. The UPLC system was coupled to a triple quadrupole
detector mass spectrometer from Waters equipped with a Z-spray electrospray interface
for ionization, operating in the negative mode [M−H]− for the PCs and the positive mode
[M−H]+ for the anthocyanins. Quantification was based on a 0.02–25 ng calibration curve
of commercially available standards, and the results were expressed as µg/g dry sample.
A linear response was obtained for all standards and tested by linear regression analysis.
The limits of detection (LOD) ranged from 0.007 to 0.09 ng and the limits of quantification
(LOQ) from 0.02 to 0.30 ng.

2.7. Antioxidant Capacity (AC) Analysis

The Oxygen Radical Absorbance Capacity (ORAC) of both the free and bound ex-
tracts was measured as described Huang et al. [26]. The antioxidant capacity (AC) was
determined using the FLUO star OPTIMA fluorescence reader (BMG Labtech, Offenburg,
Germany) in a 96-well polystyrene microplate controlled by the OPTIMA 2.10 R2 software.
Changes in fluorescence were measured under controlled temperature (37 ◦C) in a reader
with fluorescence filters with 485 nm excitation and 520 nm emission wavelengths. Trolox
(6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic acid) was used as control, with one
ORAC unit being equal to the antioxidant protection given by 1 µmol Trolox. The results
were expressed as µmols of Trolox-equivalents per 100 g of dry sample.

2.8. Statistical Analysis

All statistical analyses were conducted using JMP®Pro14 (SAS institute Inc., Cary,
NC, USA). Analytical measurements were carried out in triplicate and the results were
presented as mean values. Data was checked for normality and for homoscedasticity
of variances based on a number of diagnostic tools, such as residual plots, Box-Cox′s
Lambda and Levene’s test of equality of variances, provided by JMP. When needed, a
logarithmic transformation was used and indicated in the text. For multiple comparisons,
Tukey–Kramer’s honestly-significant-difference tests (HSD) (α = 0.05) were conducted once
the corresponding ANOVA F-tests were found significant. Principal Component Analysis
(PCA) was used to graphically represent the association between fractions, genotypes and
bioactive compounds using standardized data.

3. Results and Discussion
3.1. Ash and Protein Contents

The ash and protein contents of the whole flours and pearling fractions are shown in
Table 1. The hulled genotype Kamalamai showed the highest ash content and Hindukush,
the partially hull-less genotype, the highest protein amount. The distribution through the
grain showed a progressive decrease in the ash content from the first pearling fraction F1 of
the three genotypes toward the endosperm. This was because the mineral components are
mainly localized in the outer layers of the kernel. The protein content was the lowest in the
initial surface F1 fraction of the Kamalamai, which mainly correspond to husks, whereas
the highest content was detected in the middle fraction F4 of both genotypes containing
husks, and F3 of the hull-less Annapurna genotype. These results were in accordance to
that observed by other authors on barley fractions obtained by pearling or roller-milling
processes [16,22].
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Table 1. Ash and protein contents in whole barley flours and pearling fractions.

Ash (%) Protein (%)

Kamalamai Hindukush Annapurna Kamalamai Hindukush Annapurna

Whole flour 1.97 a 1.68 a 1.48 b 14.62 b 15.26 a 14.83 ab
Fractions

F1 6.64 a 6.52 a 5.16 a 7.77 g 10.54 e 19.97 e
F2 5.60 b 5.75 b 4.74 b 17.88 e 17.17 d 25.63 c
F3 5.00 c 5.86 b 3.81 c 24.18 d 23.10 c 27.88 a
F4 3.93 d 5.09 c 3.23 d 26.72 a 27.57 a 27.34 b
F5 3.17 e 3.94 d 2.26 e 26.11 b 27.34 a 25.33 c
F6 2.50 f 2.76 e 1.77 f 25.21 c 26.81 b 23.11 d
F7 0.87 g 0.76 f 1.13 g 12.80 f 10.54 f 11.93 f

SED 0.04 0.05 0.03 0.13 0.11 0.14

Results are presented as the mean. Means within a column followed by different letters indicate significant differences; (Tukey-Kramer’s
HSD for α = 0.05) SED: standard error of the difference between means. F1–7: fraction1–7.

3.2. β-Glucans, Arabinoxylans and Tocols Contents

In barley, the β-glucan content depends on genetic and environmental factors as well
as on the interaction between these [8,27]. In our work, the three barley genotypes were
high in β-glucans with amounts ranging from 8.3 to 9.5 g/100 g (Table 2). Annapurna
had the highest β-glucan content while both genotypes containing husks showed similar
values. These results agree with earlier studies which described higher β-glucan levels in
hull-less and waxy genotypes like Annapurna rather than in hulled barley with normal
endosperm [2,28]. The distribution of this fiber component through the grain is shown
in Figure 1. β-glucans increased gradually from the outer to inner layers of the grains in
accordance with previous findings [22,29]. The lowest concentrations were detected in the
outer fraction F1 of the three genotypes and progressively increased until F4 of Annapurna,
F5 of Kamalamai, and F6 of Hindukusch, after wich they remained constant. The net
effect was that removing the 30% outer fractions of Kamalamai and Hindukusch increased
the β-glucan content by 9% and 6%, respectively, while this increase was only 3% in the
hull-less genotype Annapurna.

Table 2. β-glucans, arabinoxylans and tocols contents in whole barley flours.

Kamalamai Hindukusch Annapurna

β-glucans (g/100 g) 8.41 ± 0.09 b 8.26 ± 0.07 b 9.46 ± 0.10 a
Arabinoxylans (g/100 g) 5.52 ± 0.27 b 6.60 ± 0.44 a 5.52 ± 0.19 b
α-Tocopherol (µg/g) 8.32 ± 0.21 a 7.53 ± 0.22 a 6.22 ± 0.19 b
β-Tocopherol (µg/g) 0.03 ± 0.01 a 0.03 ± 0.01 a 0.03 ± 0.01 a
γ-Tocopherol (µg/g) 1.58 ± 0.00 a 1.08 ± 0.01 c 1.21 ± 0.01 b
δ-Tocopherol (µg/g) 0.03 ± 0.00 a 0.02 ± 0.00 c 0.03 ± 0.00 b

Total Tocopherol (µg/g) 9.97 ± 0.05 a 8.66 ± 0.06 b 7.49 ± 0.05 c
α-Tocotrienol (µg/g) 17.03 ± 0.42 b 20.06 ± 0.90 a 18.84 ± 0.23 a,b
β-Tocotrienol (µg/g) 2.05 ± 0.00 b 3.93 ± 0.15 a 3.61 ± 0.04 a
γ-Tocotrienol (µg/g) 9.06 ± 0.20 a 9.05 ± 0.46 a 5.63 ± 0.03 b
δ-Tocotrienol (µg/g) 2.07 ± 0.02 b 2.72 ± 0.07 a 2.19 ± 0.03 b

Total Tocotrienol (µg/g) 30.21 ± 0.16 b 35.77 ± 0.40 a 30.27 ± 0.08 b
Total Tocols (µg/g) 40.18 ± 0.81 a,b 44.43 ± 0.82 a 37.77 ± 0.81 b

Results are presented as the mean ± standard error of the mean. Means within rows followed by different letters
indicate significant differences; (Tukey-Kramer’s HSD for α = 0.05).
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Figure 1. β-Glucan content (g/100 g) in barley pearling fractions. The results are presented as the
mean; different letters indicate significant differences within the pearled fraction of each genotype;
(Tukey-Kramer’s HSD for α = 0.05). F1–7: fraction1–7.

Arabinoxylans in cereals are mainly localized in the husks and cell walls of the outer
layers of the grain including pericarp, testa and aleurone. In barley, aleurone cell walls are
built up mainly of arabinoxylans (60 to 70%) whereas the endosperm cell walls contain
only about 20 to 40% [30]. In our work, the arabinoxylan content of whole barley flours
ranged from 5.5 to 6.6 g/100 g; Hindukusch being the highest (Table 2). These values were
in accordance with those reported for different barley accessions in a previous work [31].
Contrary to the β-glucans, the arabinoxylans decreased progressively from the outer to
the inner layers of the grain (Figure 2). The highest arabinoxylans amounts were observed
in all F1 fractions. These mainly correspond to the hulls, testa and to the pericarp of both
genotypes containing husks, and to pericarp, testa and some aleurone layers of Annapurna.
The arabinoxylan level detected in the outermost layer F1 of the three genotypes was on
average four times higher than that in whole barley flours. This finding may draw attention
to barley husks as a good source of arabinoxylans.

Figure 2. Arabinoxylan contents (g/100 g) in barley pearling fractions. Results are presented as
the mean; different letters indicate significant differences within pearled fraction of each genotype;
(Tukey-Kramer’s HSD for α = 0.05).

Tocols are plant metabolites with interest for their potential benefits for human
health [32]. Tocols, which consist of tocopherol and tocotrienols, are found in cereals
at moderate levels ranging between 17 and 49 µg/g [17,33]. Among cereals, barley is
one of the best sources of tocols due to the high content and favorable distribution of
all eight major tocols, α-, β-, γ- and δ- tocopherols and tocotrienols [34]. While all tocol
forms have similar antioxidant properties, α tocopherol (αT) is the only one that meets the
Recommended Daily Allowance for vitamin E [35,36]. In our study, there were detectable
concentrations of the eight tocol isomers in all whole barley flours (Table 2). Total tocols
ranged from 38 to 44 µg/g in good accordance with values found in other barley culti-
vars [12,16–18]. Tocotrienols accounted for 79% of the total tocols while the tocopherols
were 21%. αT and α tocotrienols (αT3) were the main isomers in each tocol class, and their
concentrations ranged from 6.2 to 8.3 µg/g and 17 to 20 µg/g respectively. Significant dif-
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ferences were identified among genotypes for most tocol forms. Both genotypes containing
husks were the highest in αT, γT3 and total tocols. The tocopherol and tocotrienol contents
in the fractions are shown in Figure 3A,B and Table S1. In line with previous finding, toco-
pherols and tocotrienols are distributed in a tissue specific manner with tocopherols mainly
located in the germ whit tocotrienols in the aleurone and sub-aleurone layers [16,17,35]. In
this study, the highest tocopherol contents were detected between the middle fractions F3
to F6 of genotypes containing husk. This correspond to the highest amount of protein as
described above, whereas the content was uniformly distributed across the grain in the
hull-less genotype Annapurna. Tocotrienols were more abundant in the outer layers F2
and F3 of the genotypes containing husks, and F1 to F3 of the hull-less one. Fractions F2 to
F4 of the genotypes containing husks, and F1 to F3 of Annapurna would provide average
tocol contents of 194 µg/g. These selected fractions contain over five times more tocols
than whole flours and could be used as a valuable source of natural tocols.

Figure 3. (A) α-, β-, γ-, δ- Tocopherol contents (µg/g), and (B) α-, β-, γ-, δ- Tocotrienol contents
(µg/g) in barley pearling fractions. Results are presented as the mean; different letters indicate
significant differences between pearled fractions of each genotype on log-transformed data; (Tukey-
Kramer’s HSD for α = 0.05).

3.3. Phenolic Compounds (PCs) Contents

Phenolic compounds in barley can be found free or bound to the fiber being differen-
tially distributed across the grain [37]. The analysis of PCs in whole barley flours carried out
by ultra-performance liquid chromatography-tandem mass spectrometer (UPLC-MS/MS)
included free and bound forms (Table 3). Total free PCs ranged from 369 to 600 µg/g among
which, flavan-3-ols accounted for 80%, phenolic acids for 16% and flavone glycosides for
4.1%. Total bound PCs ranged from 781 to 1194 µg/g and were comprised of 99.8% of
phenolic acids and 0.2% of flavone glycosides. Bound phenolic acids were predominant in
all whole flours representing 65–76% of the total PCs.
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Table 3. Phenolic compounds contents (µg/g) in whole barley flours.

Kamalamai Hindukusch Annapurna

Flavan-3-ols 500.7 ± 33.2 a 272.3 ± 12.8 b 320.7 ± 14.6 b
Free phenolic acids 81.1 ± 6.1 a 70.6 ± 2.3 a,b 59.6 ± 2.3 b

Free flavones glycosides 18.4 ± 0.5 b 26.0 ± 0.4 a 9.0 ± 0.2 c
Total free 600.2 ± 30.9 a 368.8 ± 14.8 b 389.3 ± 12.2 b

Bound phenolic acids 1092.1 ± 113.4 a,b 1192.6 ± 215.6 a 779.5 ± 32.9 b
Bound flavones glycosides 1.9 ± 0.1 a 1.8 ± 0.0 a 1.8 ± 0.0 a

Total bound 1093.9 ± 113.5 a,b 1194.4 ± 215.6 a 781.3 ± 32.9 b
Total phenols 1694.1 ± 117.4 a 1563.2 ± 211.5 a,b 1038.6 ± 36.7 b

Results are presented as the mean ± standard error of the mean. Means within rows followed by different letters
indicate significant differences; (Tukey-Kramer’s HSD for α = 0.05).

Looking at the pearling fractions, the results showed a wide range of phenolic contents
with differences between fractions and genotypes. Twenty-two different free phenols were
detected. Their distribution within the fractions is detailed in Table 4. Procyanidin B3
and Prodelphinidin B4 were the most abundant flavan-3-ols in all the external fractions.
Fractions F2 and F3 of the genotypes containing husks and F1 and F2 of Annapurna showed
the highest concentrations of most flavan-3-ols which then progressively decreased until
the endosperm except for catechins whose content did not vary as much between fractions.
Fraction F1 was the richest in free phenolic acids in the three genotypes. This excludes gallic
acid (the major free phenolic acid) whose content was similar within the external fractions.
Some free phenolic acids, such as decarboxylated diferulic, hidroxybenzoic, caffeic and
cinnamic, were exclusively detected in F1, F2 and F3 and were absent in the rest of the
grain. Moreover, decarboxylated diferulic, hydroxybenzoic and 2,4-dihydroxybenzoic
were not detected in Annapurna. F1 and F2 had also the highest concentrations of some
free flavone glycosides such as apigenin 6-C-arabinoside 8-C-glucoside and ixovitexin
7-rutinoside, while the concentration of the remained free flavones was homogeneous or
randomly distributed across the grain. Isoorientin was not detected in Annapurna nor was
isovitexin 7-(6”’-sinapoylglucoside) 4’-glucoside in Hindukusch and Annapurna.

With reference to bound phenolic acids, their distribution across the grain was similar
in the three genotypes (Table 5). The highest values were detected in the outermost fraction
(F1) and gradually decreased toward the core of the grain, as did arabinoxylans, with which
they are esterified. In fact, arabinoxylans positively correlated with bound phenolic acids
(r = 0.93, p < 0.001). Ferulic acid was found to be the most abundant bound phenolic acid
found in the three genotypes, accounting for 68–83% of total bound; p-coumaric acid came
second in the genotypes containing husks (12–15%) and the diferulic acid in Annapurna
(6%). Several authors detected high amounts of bound phenolic acids in husks [29,30]. This
might explain the results observed in our study: the genotypes containing husks being the
richest in these compounds. In general, F1 was remarkably high in bound phenolic acids
and might provide an important source of antioxidants. Minor bound phenolic acids, such
as hydroxybenzoic acid, were uniformly distributed across the grain, and the distribution of
others, like isoferulic, hydroxybenzoic, 2,4-dihydroxybenzoic, caffeic, sinapic and cinnamic
acids, was not very marked. Bound diferulic tetrahydrofuran acid seemed to be exclusively
present in the husks and pericarp layers as it was only detected in the F1 and F2 of both
genotypes containing husks. Bound flavone glycosides showed similar distribution pattern
as did the free forms.
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Considering total PCs, similar distribution patterns between pearling fractions were
observed in the three genotypes (Figure 4). F1 to F3 of the genotypes containing husks
were those with the highest total PCs with the average content of 4339 µg/g, being on
average 3 times higher than the contents in whole flours. On the contrary, F1 of the hull-less
genotype was the highest in total PCs.

Figure 4. Total phenols contents (µg/g) in seven pearling fractions of three food barley genotypes.
Results are presented as the mean; different letters indicate significant differences between pearled
fractions of each genotype on log-transformed data; (Tukey-Kramer’s HSD for α = 0.05).

Most studies into the spatial distribution of PCs in barley have focused on either the
total PCs by colorimetric methods [21,22] or just the major phenolic acids [38,39], or have
analyzed representative phenolic acids and free flavan-3-ols in a few fractions of previously
dehulled cultivars [18,40]. The results obtained in the present study show for the first
time the specific distribution of a great variety of phenolic compounds determined by
HPLC-MS/MS. These include phenolic acids, flavan-3-ols and flavone glycosides in seven
pearling fractions in three food barley genotypes differing in the presence of the husk in
the threshed grain.

3.4. Anthocyanins

In this work, the anthocyanin content of Kamalamai and Annapurna was negligible,
whereas a total of 24 anthocyanins were detected in the purple Hidukusch genotype. These
included pelargonidin, cyanidin, peonidin, delphinidin, petunidin and malvinidin conju-
gates of glucose, acetylglucose, malonylglucose, dimalonylglucose, arabinose, rutinose and
dihexose. The total anthocyanin content was 47 µg/g, which was lower than or similar to
those detected in other purple barley cultivars [12,41,42]. This indicates a great diversity,
probably associated with genetic and environmental factors. Cyanidin dimalonyl gluco-
side represented 45% of the total anthocyanins followed by cyaniding glucoside, which
accounted for 35%. Several studies have shown that anthocyanins are mainly concentrated
in the pericarp and some aleurone layers that provide the grain colour [35]. In this study,
the distribution of anthocyanins between the barley fractions showed fractions F1 and F2 as
the highest (Table 6 and Table S2). The total anthocyanin contents detected in F2 was upon
10 times higher than that in whole flour. Like most phenolic compounds, the anthocyanin
concentration decreased progressively from F2 to F7 where minor contents were detected.
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Table 6. Anthocyanins contents (µg/g) in barley pearling fractions.

Pelagonidins Cyanidins Peonidins Delphinidins Petunidins Malvinidins Total Anthocyanins

Hindukusch

F1 41.0 a 285.3 a 5.87 b 17.8 a 3.42 a 1.15 a 354.5 a
F2 50.0 a 366.3 a 21.59 a 20.3 a 2.01 a 1.29 a 461.2 a
F3 25.0 b 188.6 b 0.45 b,c 12.6 b 1.50 a,b 1.06 a 229.2 b
F4 9.6 c 72.5 c 0.25 b,c 6.4 c 0.89 a,b 0.61 a,b 90.2 c
F5 4.6 d 32.8 d 0.17 b,c,d 3.4 d 0.59 b,c 0.40 a,b,c 42.0 d
F6 2.7 e 19.3 e 0.10 c,d 2.1 e 0.20 c 0.30 b,c 24.7 e
F7 1.1 f 7.0 f 0.02 d 0.7 f 0.04 d 0.14 c 9.0 f

SED 0.1 0.1 0.7 0.1 0.3 0.3 0.1

Results are presented as the mean. Means within a column followed by different letters indicate significant differences on log-transformed
data; (Tukey-Kramer’s HSD for α = 0.05). SED: standard error of the difference between means.

3.5. Antioxidant Capacity (AC)

Antioxidant capacity is an important integrative parameter for evaluating the potential
health benefits of foods. The oxygen radical absorbance capacity (ORAC) values of the free,
bound and total phenolic compounds of whole barley flours were in the ranges from 46 to
71, 28 to 58, and 74 to 119 µmol Trolox/g respectively (Table 7).

Table 7. Antioxidant Capacity (µmol Trolox/g) of whole barley flours.

Kamalamai Hindukusch Annapurna

Free AC 70.7 ± 1.3 a 61.9 ± 0.2 b 45.6 ± 0.9 c
Bound AC 39.5 ± 2.4 b 57.4 ± 3.3 a 28.1 ± 0.9 c
Total AC 110.2 ± 1.1 a 119.3 ± 3.5 a 74.0 ± 1.8 b

Results are presented as the mean ± standard error of the mean. Means within a rows followed by different
letters indicate significant differences; (Tukey-Kramer’s HSD for α = 0.05).

The contribution of free PCs to the total AC was higher than that of the bound PCs.
This suggested that free PCs had excellent AC as determined by the ORAC assay, since they
were at much lower concentrations than bound PCs as explained above. The average ORAC
values of genotypes containing husks were significantly higher than that of Annapurna.
The ORAC values detected in the three barley genotypes were similar or relatively higher
than those reported for whole barley flours in previous works [23,43–45].

When the ORAC assay was measured in the pearling fractions, the highest values were
found in the first three fractions of the genotypes containing husks and F1 of Annapurna
(Figure 5). F1 of Kamalamai showed a similar AC to F2 and F3 despite having higher
amounts of total PCs. These results should be attributed to the strong antioxidant capacity
of free PCs in F2 and F3, which matched the ORAC values of F1. In the case of the purple
Hindukusch genotype, the highest AC was detected in F2. This fraction contained the
highest amount of free PCs, including anthocyanins, whose AC exceeded that of the
components in F1 and F3. Finally, F1 of Annapurna (equivalent to F2 of the genotypes
containing husks) showed the highest AC, and this value decreased going toward the inner
part of the grain as did free, bound and total PCs. Based on these results, the 0–15% outer
fractions of the genotypes containing husks and the 0–5% fraction of Annapurna made
significant contributions to the total antioxidant capacity of all whole flours.
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Figure 5. Antioxidant capacity (µmol Trolox/g) detected in seven pearling fractions in three food
barley genotypes. Results are presented as the mean; different letters indicate significant differences
between pearled fractions of each genotype on log-transformed data; (Tukey-Kramer’s HSD for
α = 0.05).

3.6. Association between Variables

Figure 6 shows the PCA biplot of ash, protein, bioactive compounds and antioxidant
capacity in the seven pearling fractions of the three food barley genotypes. The first two
principal component axes explained more than two thirds of the total variability in the
standardized data from Figures 1–3 and and Tables 4 and 5. The first axis, explaining 50%
of the total variation, seemed to be related to the contrast between the bioactive compounds
found in the outer fractions (ash, arabinoxylans, phenolic compounds and tocotrienols) and
the β-glucans present in the endosperm. The second, explaining 17% of the total, seemed
to be related to compounds such as tocopherols, protein and minor phenolic compounds
like catechins (Cat) and bound hydroxybenzoic acid (OHB) found in intermediate layers.

The size of the circles for each pearling fractions was proportional to their total antioxi-
dant capacity and clearly descends from fraction F1 to F7 for all genotypes. The distribution
pattern was similar for all genotypes, with little differences for the outermost fractions.
The size of the blue squares representing the 28 phenolic compounds was proportional to
their content within the fractions. Overall, Hindukusch, with the outermost fractions being
further away from the origin of coordinates, seemed higher in such bioactive compounds
as tocotreinols, prodelphinidin B4 (PdB4) bound ferulic acid (B-F), and anthocyanins (AN)
than the other two genotypes. Highlighted in quadrant II, bound p-coumaric acid (p-
Cm) showed higher content in the fractions that mainly contain husks, and in quadrant
I the bound ferulic (B-F) and diferulic (B-DiF) acids, and the procyanidin B3 (PcB3) and
prodelphinidin B4 (PdB4) present in the outer external fraction.

Whereas PCA is an extremely powerful tool for the visualization of multidimensional
data, it does not allow for statistical inferences about contents across grain sections. These
comparisons are shown in Figure 7, which summarizes the Tukey’s HSD Mean Comparison
groupings for four sequential spatial sections of the barley grain, determined by differential
aggregation of the seven pearling fraction from each of the three, hulled, partially-hull-
less and hull-less food barley genotypes used. The husks had a high content in ash,
arabinoxylans, some specific major phenolic compounds such as bound p-coumaric, ferulic
and diferulic acids, procyanidin B3 and prodelphinidin B4, resulting in a high antioxidant
capacity, similar to that of the outermost layers. Current regulations require removal of
the inedible husks from hulled barley to be used for human food [46]. However, due to its
high content of bioactive compounds, either the whole hulled barley grains or the external
husks of food hulled barley genotypes should be considered as a valuable material for
animal feeds. Apart from providing the same concentration of bioactive compounds as
husks, the outermost layers also had high contents of tocols. Therefore, the outermost
layers of naked barley or previously de-husked barley for human food represent the most
valuable source of bioactive compounds. The intermediate layers, provide high contents
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of protein, β-glucans, tocopherols and some phenolic compounds such as catechins and
hydroxybenzoic acid. Finally, the endosperm has the highest β-glucans contents and
relative high presence of catechins and hydroxybenzoic acid.

Figure 6. Biplot of the Principal Component Analysis of ash, protein, dietary fiber and 60 bioac-
tive compounds in seven sequential pearling fractions in three food barley genotypes. The size
of the squares is proportional to each phenolic compound content; Circle size is proportional to
total antioxidant capacity. F: fraction; AS: Ash; P: Protein; βG: β-glucans; AX: arabinoxylans; T:
tocopherols; T3: tocotrienols. The following eight main phenolic compounds are also labeled: FA:
bound ferulic acid; p-Cm: bound p-coumaric acid; DiF: bound diferulic acid; Cat: catechins; OHB:
m- or o-hydroxybenzoic acid; PcB3: procyanindin B3, PdB4: prodelfinidin B4; Light blue squares:
flavone glycosides; AN: total anthocyanins.

Figure 7. Tukey’s HSD groupings for a number of compounds for the different sections of the grains across three food barley
genotypes. The colored left columns represent the different pearling fractions (F1–F7) of the Kamalamai (K), Hindukusch
(H) and Annapurna (A) used for the aggregation into four grain sections shown in the first column. A: Ash; P: protein; βG:
β-glucans; AX: arabinoxylans; T: tocopherols; T3: tocotrienols; Cat: catechins; PB3: Procyanidin B3; PB4: prodelphinidin B4;
OHB: m- or o-hydroxybenzoic acid; pCm: bound p-coumaric acid, FA: bound ferulic acid; DiF: bound diferulic acid; AC:
total antioxidant capacity. ‡ Analyses carried out on log-transformed data.
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In conclusion, high β-glucan food barley genotypes can be an excellent source of not
just of dietary fiber but a plethora of phenolic compounds with potential health promoting
properties. Whole or lightly pearled grains, as well as their specific pearling fractions,
could be used as a diverse source of valuable functional ingredients.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-815
8/10/3/565/s1, Table S1: Tocopherol and Tocotrienol contents in pearling fractions of three barley
genotypes; Table S2: Anthocyanins contents (µg/g) in the pearling fractions of the partially-hull-less
and purple genotype.
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Abstract: High quality extra virgin olive oils represent an optimal source of nutraceuticals.
The European Union (EU) is the world’s leading olive oil producer, with the Mediterranean region as
the main contributor. This makes the EU the greatest exporter and consumer of olive oil in the world.
However, small olive oil producers also contribute to olive oil production. Beneficial effects on
human health of extra virgin olive oil are well known, and these can be correlated to the presence of
vitamin E and phenols. Together with the origin of the olives, extraction technology can influence
the chemical composition of extra virgin olive oil. The aim of this study was to investigate the
concentration of potentially bioactive compounds in Italian extra virgin olive oils from various sources.
For this purpose, vitamin E and phenolic fractions were characterized using high-performance liquid
chromatography (HPLC) coupled with fluorescence, photodiode array and mass spectrometry
detection in fifty samples of oil pressed at industrial plants and sixty-six samples of oil produced
in low-scale mills. Multivariate statistical data analysis was used to determine the applicability of
selected phenolic compounds as potential quality indicators of extra virgin olive oils.

Keywords: extra-virgin olive oils; oleuropein; phenols; tocopherols; HPLC-MS; multivariate
statistical data

1. Introduction

As reported by the European Commission [1] more than 69% of the world’s olive oil comes from
the Mediterranean region, primarily from Spain. This makes the European Union (EU) the leading
producer, exporter and consumer of olive oil in the world. The EU’s major producer member states
are: Spain, Italy, Greece, France, Portugal, Croatia, Slovenia, Malta and Cyprus. However, between
these nine nations Spain is the biggest producer, with 63% of the EU’s total production. In addition,
a substantial contribution to the total EU olive oil production comes from Italy, Greece and Portugal,
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with a production of 17%, 14% and 5%, respectively. Extra virgin olive oil (EVOO) produced in the EU
is subjected to marketing standards. These requirements ensure that consumers receive a product with
a standardized and satisfactory quality, and on the other hand ensure equal economic conditions to EU
producers [2].

Parallel to the EU industrial EVOO production there is a market of smaller olive oil producers.
This kind of manufacturing respects all the requirements demanded by the EU. However, the smaller
olive oil producers try to distinguish their extra virgin olive oils from the anonymity of industrial
oil production.

Beneficial effects on human health of EVOO are well known, and these can be correlated with
the presence of a well-balanced acidic composition, and especially to the presence of fat-soluble
vitamin and hydrophilic phenolic compounds (vitamin E and phenols) [3–6]. Vitamin E is composed of
eight isomers, and in EVOO is principally represented by α-tocopherol [7], that is the isomer with the
greatest biological activity [8,9]. Hydrophilic phenolic compounds present in EVOO belong to different
classes: secoiridoids, phenolic acids, phenolic alcohols, lignans and flavonoids [10]. Thanks to this
qualitative bioactive molecule composition, EVOO can be considered as a functional food. Moreover,
together with the health promoting qualities these molecules prolong the shelf life of the oil increasing
its stability, and stabilize the oil during frying [11,12].

In literature, several research articles can be found concerning the characterization of bioactive
molecules in EVOOs [13–15], and some of these reported their determination despite being applied to
limited data samples [7,16–23]. Recently our research group published a research article on the content
of bioactive antioxidant molecules among 186 high quality Italian extra virgin olive oils belonging
to eleven regions [24]. Data obtained showed that there were some differences between different
regions even though they were not so marked and significant; this highlighted how the cold extraction
technology employed kept antioxidant content unaltered.

In other cases, olive extraction technology was found as a parameter which could influence the
chemical composition of EVOOs [25]. Anyway, all the stages of the oil production can effect the
bioactive molecule composition. For instance, parameters that influence the quality and quantity of
phenols and vitamin E are olive collection, type of crusher, crushing speed and conditions, type of
decanter and its regulation, and so on [26]. So, differences in antioxidant molecule composition not
only depend on cultivar, quality, territory, climate, storage conditions, olive maturity index, but also on
production techniques [16,26].

The aim of this study was to investigate the nutraceutical properties of Italian extra virgin olive oils
from various sources, namely, small farms and local distribution centers. For this purpose, vitamin E
and phenolic fractions were characterized using HPLC techniques coupled with fluorescence (FLD),
photodiode array (PDA) and mass spectrometry (MS) detection in fifty samples of oil pressed at
industrial plants and sixty-six samples of oil produced in low-scale mills. Multivariate statistical data
analysis was used to determine the applicability of selected phenolic compounds as potential quality
indicators of extra virgin olive oils.

To the best of our knowledge, this is the first research article that reports the bioactive molecule
content and a principal components analysis (PCA) statistical correlation between vitamin E and
phenols in a large array of Italian high quality EVOOs (66) produced in different regions and fifty
commercially available EVOOs.

2. Materials and Methods

2.1. Materials and Reagents

Standards: α-, β-, γ-tocopherol and α-tocotrienol were purchased from Extrasynthese
(Extrasynthese S.A., Genay Cedex, France); gallic acid, tyrosol, hydroxytyrosol, apigenin, luteolin,
oleuropein and verbascoside were purchased from Merck Life Science (Merck KGaA, Darmstadt,
Germany) as was the internal standard (ethyl gallate, IS). Solvents: acetonitrile, ethanol, formic acid,
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isopropanol, methanol and n-hexane used for chromatographic analysis were purchased from Merck
Life Science (Merck KGaA, Darmstadt, Germany). Water (resistivity above 18 MΩcm) was obtained
from a Milli-Q SP Reagent Water System (Merck KGaA, Darmstadt, Germany).

2.2. Samples

Sixty six Italian extra-virgin olive oils (marked as EVOOs) were collected from various Italian
low-scale oil mills sited in: Abruzzo, Apulia, Calabria, Campania, Lazio, Liguria, Garda area (Lombardy,
Trentino, Veneto), Sardinia, Sicily, Tuscany and Umbria. These samples were collected on the basis of
the European extra quality olive oil award called “il Magnifico”. This award is assigned to the best
producers of extra quality olive oil in Europe. Moreover, fifty commercially available extra-virgin
olive oils (marked as COOs) were purchased from local shops and supermarkets labelled as samples
from Italy, EU countries, EU/Italy and Sicily. As reported in commercial olive oil labels, both olive oil
samples from EU countries and EU/Italy were processed by olive mills located in Italy, but olives were
harvested from EU member states or Italy and other EU member states respectively. All information
about the samples are listed in Table 1. The oils were poured into amber glass vials and stored at
−20 ◦C, each sample was thawed and analyzed on the same day.

Table 1. High quality and commercial § extra-virgin olive oils analyzed.

Country Denomination Label Cultivar, Year (n. Samples)

Apulia

PDO Terra di Bari Coratina, 2019 (1)

MV

Peranzana, 2019 (2)

Olivastra, 2019 (1)

Coratina, 2019 (2)

Picholine, 2019 (1)

Blend Coratina-Peranzana, 2019 (1)

Sicily

PDO

Monti Iblei Tonda Iblea-Moresca, 2018 (1)

Valle del Belice Nocellara del Belice, 2018 (1) §

Val di Mazara Biancolilla-Cerasuola-Nocellara del Belice, 2018 (2) §

Valli Trapanesi Biancolilla-Cerasuola-Nocellara del Belice, 2018 (1) §

PGI

Cerasuola, 2018 (1) §

Nocellara-Biancolilla-Cerasuola, 2018 (3) §

Nocellara Etnea, 2018 (1) §

Nocellara del Belice, 2018 (1) §

MV
Nocellara del Belice, 2019 (1)

Nocellara Etnea, 2018 (1) §

Tuscany

PDO
Chianti classico

Moraiolo, 2019 (2)

Leccino-Moraiolo-Frantoio, 2019 (3)

Moraiolo-Frantoio, 2019 (2)

PGI

Frantoio, 2019 (1)

Leccino-Moraiolo-Frantoio, 2019 (5)

Leccino-Moraiolo-Frantoio- Pendolino, 2019 (1)

Bio

Leccino-Moraiolo-Frantoio, 2019 (5)

Moraiolo, 2019 (2)

Frantoio, 2019 (2)

Blend Leccino-Moraiolo-Frantoio-Pendolino, 2019 (2)

MV Frantoio, 2019 (1)

Liguria PDO Riviera Ligure Taggiasca, 2019 (1)

MV Taggiasca, 2019 (1)
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Table 1. Cont.

Country Denomination Label Cultivar, Year (n. Samples)

Campania MV Leccio del Corno, 2019 (2)

Abruzzo

PDO Colline Teatine Gentile di Chieti-Intosso-Leccino, 2018 (1)

Dritta, 2019 (1)

Intosso, 2019 (2)

Blend Gentile di Chieti-Intosso-Leccino, 2019 (2)

Garda area

PDO Garda Trentino Casaliva-Leccino-Frantoio, 2019 (1)

MV Casaliva, 2019 (2)

Blend Casaliva-Frantoio-Leccino, 2019 (1)

Calabria

Bio Carolea, 2019 (1)

MV Ottobratica, 2019 (1)

Blend Ottobratica-Sinopolese, 2019 (1)

Lazio

Bio
Canino, 2019 (1)

Fratoio, 2018 (1)

MV

Itrana, 2018 (1)

Leccino, 2019 (1)

Rosciola, 2018 (1)

Blend Caninese-Frantoio-Maurino-Leccino-Pendolino, 2019 (1)

Sardinia

PDO Sardegna Bosana-Semidana, 2019 (1)

Bosana, 2019 (1)

Blend Bosana-Frantoio-Semidana-Coratina-Leccino, 2019 (2)

MV Bosana, 2019 (2)

Umbria Blend
Leccino-Frantoio-Moraiolo, 2019 (1)

Leccino-Frantoio-Moraiolo-S.Felice,2019 (1)

Italy Blend EVOO Not reported, 2018 (15) §

EU Olives from EU
member states EVOO milled in Italy Not reported, 2018 (19) §

Italy + EU Olives from Italy +
EU member states EVOO milled in Italy Not reported, 2018 (4) §

§: commercial extra virgin olive oil samples; PDO: protected designation of origin; PGI: protected geographical
identification; Bio: organic farming; MV: monovarietal.

2.3. Tocopherols and Tocotrienols Determination by NP-HPLC-FLD

Tocopherols and tocotrienols were determined according to the method previously developed
and validated by Dugo et al. [24]. Briefly, olive oils samples were diluted in n-hexane (1:10, 1:15 or
1:30 v/v). The HPLC analyses were carried out using a Shimadzu Nexera-X2 system (Shimadzu, Milan,
Italy) equipped with an on-line degasser (DGU-20ASR), an autosampler (SIL-30 AC), two dual-plunger
parallel-flow pumps (LC-30 AD), a column oven (CTO-20AC), a communication bus module (CBM-20A)
and a fluorescence detector (RF-20AXS). Phenolic components were separated on a normal-phase
Ascentis Si column (250 × 4.6 mm I.D. with 5 µm particle size, Merck KGaA, Darmstadt, Germany)
under the following conditions: mobile phase n-hexane:isopropanol (99:1; v/v); flow rate (1.7 mg L−1);
column oven temperature (25 ◦C) and injection volume (5 µL). The identification and quantification
were conducted by using a fluorescence detector at an excitation wavelength of 290 nm and emission
wavelength of 330 nm. Data acquisition was performed by the LCMS solution v. 5.85 software
(Shimadzu, Milan, Italy).

To quantify the vitamin E content in the EVOOs sample calibration curves have been constructed
by using each single available standard, according to the method previously developed and validated
by Dugo et al. [24]. Briefly, five different concentrations of each component, in the range between
5 and 0.005 mg L−1, prepared by diluting a stock solution of about 100 mg L−1, were analyzed five
consecutive times by NP-HPLC.
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2.4. Phenols Determination by RP-HPLC-PDA/MS

Phenolic acid, phenolic alcohols, flavonoids and secoiridoids were determined using the method
described by Dugo et al. [24]. Briefly, 1 mL of olive oil was diluted in 1 mL of n-hexane and homogenized.
Next, the sample was extracted with 1 mL of H2O:methanol (2:3, v/v) solution for 2 min in an Elmasonic
P 60H ultrasonic bath (Elma Schmidbaure GmbH, Singen, Germany), and centrifuged for 10 min at
3000 rpm. The polar phase was transferred and washed with 1 mL of n-hexane. To the final extract,
20 µL of ethyl gallate (1 mg mL−1 in methanol) was added. Sample extraction methods validation was
carried out according to Dugo et al. [24] by using a sample of soybean oil added of known amounts of
luteolin, oleuropein, apigenin, tyrosol and hydroxytyrosol.

The HPLC analyses were carried out using a Shimadzu Prominence LC-20A (Shimadzu,
Kyoto, Japan) equipped with a degasser (DGU-20A5), an autosampler (SIL-20 A), two dual-plunger
parallel-flow pumps (LC-20 AD), a communication bus module (CBM-20A), a photodiode array
detector (SPD-M20A) and a single-quadrupole mass spectrometer (LCMS-2020) equipped with an
electrospray ionization (ESI) source, operating in negative ionization mode. The separation was
conducted on a reverse-phase Ascentis Express C18 column (150 × 4.6 mm, 2.7 µm, Merck Life Science,
Merck KGaA, Darmstadt, Germany) under the following conditions: mobile phases A—0.1% acetic
acid and B—acetonitrile with 0.1% formic acid; flow rate (1 mL min−1); column oven temperature
(25 ◦C) and injection volume (5 µL). The gradients used were as follows: 0 min, 10% B; 4 min, 35% B;
12 min, 47% B; 12.5 min, 60% B; 16 min, 75% B; and 21 min, 100% B. Identification was carried out by
both PDA (280 nm) and MS detection under the following conditions: mass spectral range (m/z 100–800);
event time (0.5 s); nebulizing gas flow, N2 (1.5 L min−1); drying gas flow, N2 (5 L min−1); heat block
temperature (300 ◦C); and desolvation line (DL) temperature (280 ◦C). Single ion monitoring (SIM)
was used for quantification: gallic acid (170 m/z), tyrosol (138 m/z), hydroxytyrosol (154 m/z), apigenin
(270 m/z), luteolin (286 m/z), oleocanthal (304 m/z), oleacein (320 m/z), oleuropein aglycone (378 m/z) and
ligstroside aglycone (362 m/z). Data acquisition was performed by the LCMS solution v. 5.85 software
(Shimadzu, Kyoto, Japan).

To quantify the hydrophilic phenols content in the one hundred and eighty-six high quality
extra-virgin olive oil samples, the method previously described by Dugo et al. [24] was used. Briefly,
five different concentrations of each component, in the range between 100 and 0.1 mg L−1, prepared
by diluting a stock solution of about 1000 mg L−1 were analyzed five consecutive times by RP-HPLC.
Before injection, 20 µL of internal standard (IS) ethyl gallate (1 mg mL−1) was added to 1 mL of each
standard solution.

2.5. Multivariate Statistical Analysis

Each sample was analyzed in triplicate. One-way ANOVA using Tukey’s test was applied
to evaluate the significant differences at a level of p < 0.05 among means (Statistica 12, StatSoft,
Inc., Tulsa, OK, USA). The determined phenol concentration values in olive oil samples were used
as input data for multivariate statistical data analysis using the dedicated Python toolset Orange
v. 3.13 (Bioinformatics Lab, University of Ljubljana, Ljubljana, Slovenia). Initial data processing
included standardization (centering by a mean value and scaling by standard deviation). Missing data
(determined concentration below LOQ) was replaced by respective LOD/3 values. Analysis of
variance within variables and feature selection was performed using ANOVA. During the research,
various chemometric approaches were used, namely hierarchical cluster analysis (HCA) and principal
components analysis (PCA) to differentiate samples of olive oil from various sources and k-nearest
neighbors (k-NN) algorithm to classify oils according to their quality. HCA with Ward’s linkage was
performed based on the Mahalanobis distance. To identify relevant clusters, 66% of the maximum
distance between objects was used. Moreover, the concentration of seven phenols, which had the
greatest impact on the result of a statistical analysis based on ANOVA, was used as input data
to PCA. The PCA method made it possible to visualize the distinction between COO and EVOO
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samples. Classification accuracy and precision of supervised classification (k-NN) were validated
using 10-fold cross-validation.

3. Results and Discussion

The results of the bioactive substance determination in extra virgin olive oils samples obtained
from local Italian mills (EVOO) and from local distribution centers (COO) are summarized in Table 2.
The results of EVOOs were divided into 11 Italian regions from which oils originated, while for COOs,
4 regions of origin were distinguished according to the information on the labels (see Table 1).
Quantitative data obtained for Sicilian samples (EVOO and COO) were reported together in Table 2.
In all the types of olive oil, 13 phenols (4 fat-soluble and 9 hydrophilic) were detected. The obtained
results did not show any qualitative changes in the phenolic compound profile for olives of different
geographical origin, as well as the process of their preparation.

According to the health claim for olive oil, authorized by European Union, a minimum of
250 mg kg−1 of selected phenols (hydroxytyrosol and its derivatives) is reported [27]. Figure 1A shows
the content of these phenols in the studied olive oil samples. All the samples analyzed showed
an average hydroxytyrosol, and its derivatives, content in accordance with the EU regulation [27].
As recommended by EFSA guidelines [6] a daily consumption between 10–20 g of EVOOs analyzed in
this work ensures a daily intake of about 4–17 mg of oleuropein complex and hydroxytyrosol. It can
also be seen that the nutraceutical value of COOs was lower than EVOOs, but more stable with smaller
variations between samples, which may be related to technological factors such as the method of olive
pressing or storage conditions. The only exceptions were the samples from Liguria, characterized by
the lowest concentration of bioactive substances. Therefore, it is very important to control the quality
of olive oil samples of both industrial and small-scale production.

During the research, in addition to phenolic alcohols and secoiridoids, phenolic acids and
flavonoids were also determined; although they are not required for EU health claims, a proper
assessment is needed since they contribute to increasing the health-promoting value of olive oil.
Figure 1B shows the relative percentage of four chemical groups in EVOOs and COOs samples. It is
relevant to note that the proportions of phenolic acids and flavonoids are similar in both oil groups.
In the case of vitamin E, COOs, Sicilian and Ligurian oils were characterized by a higher relative
content, while for secoiridoids it was the opposite. In both groups, the greatest fraction is represented
by hydroxytyrosol and its derivatives (72–89%).

Tocochromanols or tocols belong to the group of tocopherols and tocotrienols described as
vitamin E. These chemical compounds are fat-soluble antioxidants which inhibit lipid oxidation
in various plant food products [28,29]. The major tocopherol found in olive oil is α-tocopherol,
representing around 90% all isomers [30]. In this study, four chemical compounds, namely: α-, β-,
γ-tocopherol and α-tocotrienol (their sum presented as vitamin E), were analyzed.

Table 2 summarize the tocopherol isomers and α-tocotrienol contents for EVOO and COO samples
produced in Italy. The average vitamin E content in EVOOs and COOs was 169.0 ± 37.7 mg kg−1 and
151.7 ± 27.4 mg kg−1, respectively. The major quantified isomer was α-tocopherol, representing 90.8%
and 88.0% of total vitamin E respectively, in the range from 70.2 to 232.2 mg kg−1 of oil, followed
by lower amounts of β (1.6–11.5 mg kg−1) and γ isomers (1.3–17.7 mg kg−1) as well as α-tocotrienol
(0.9–5.8 mg kg−1).
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Figure 1. (A) mg kg−1 of hydroxytyrosol and its derivatives in EVOOs and COOs; (B) relative percentage
of four chemical groups in EVOO and COO samples. For sample descriptions see Table 1. For Sicilian
samples, both COO and EVOO were put together.

Comparable levels of tocopherols were mentioned by Saini et al. [28] and in USDA, ARS, FoodData
Central database (https://fdc.nal.usda.gov/, accessed on 25 May 2020) [31]. The average content of α-
and γ-tocopherol in olive oil was 143.5 and 8.3 mg kg−1, respectively. It can be observed that some
olive oil samples from different regions were characterized by lower values of these parameters. In the
case of EVOOs, Liguria and Garda had a lower value of both parameters, while in the case of COOs,
it should be noted that in samples designated as oils extracted from Sicilian and Italy + EU olives
low content of γ-tocopherol was determined. In this study, no significant differences in the content
of α-, β-, γ-tocopherol and α-tocotrienol between EVOO and COO were found (p < 0.05) (Table S1,
Supplementary material). Therefore, tocopherols, tocotrienols and total vitamin E cannot be considered
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as a discriminant marker of olive oil quality, which is in agreement with Fiorini et al. who stated that
the tocopherol concentration did not differ significantly between high- and low-quality Italian extra
virgin olive oil [20].

Phenolic acids are a group of hydrophilic phenols in olive oil. They contribute to the color and
organoleptic properties but also to the antioxidant and health properties of food [3]. Many external
factors can affect the content of this chemical class in extra virgin olive oils, such as harvesting time,
olive fruit ripeness, climatic conditions and oil extraction technologies [32]. For this reason, it was also
decided to study this chemical class in EVOOs and COOs. Gallic acid was chosen as the representative
of this phenolic group. The average phenolic acid content was 1.3 ± 1.7 mg kg−1 and 6.5 ± 3.7 mg kg−1

for EVOOs and COOs respectively. Gallic acid concentration was higher in commercial samples than
in oils purchased from family farms. It should be noted that among EVOOs more than 90% of the
samples contained less than 4 mg kg−1 of phenolic acids, and in the case of COOs, it was less than 20%.
However, as much as 30% of COOs had a result higher than 10 mg kg−1 of gallic acid. The results for
EVOOs were consistent with earlier literature data for monovarietal extra virgin olive oil samples [33].
However, the differences in average concentrations of gallic acid between EVOOs and COOs were not
statistically significant (Table S1, Supplementary material), therefore the concentration of phenolic
acids cannot be a factor differentiating the sample due to the technology of their extraction.

Tyrosol (Tyr) and hydroxytyrosol (HTyr) are the main phenolic alcohols found in olive oil.
It should be mentioned that hydroxytyrosol is the first phytochemical compound approved by EFSA
as exhibiting antioxidant properties and the resulting health benefits [6]. The total concentration
of phenolic alcohols was from 35.3 to 216.9 mg kg−1 for EVOOs and from 70.7 to 296.0 mg kg−1

for COOs. The results showed that the concentrations of the target compounds differed in the range
22.8–199.8 mg kg−1 (Tyr) and 5.4–71.3 mg kg−1 (HTyr) for the studied EVOO samples, as well as in the
range 37.8–208.1 mg kg−1 (Tyr) and 20.7–124.3 mg kg−1 (HTyr) for the COO samples. It should also be
noted that all samples contained more tyrosol than hydroxytyrosol, which is consistent with reports
from other authors [23,34,35]. The phenolic alcohols results obtained in this study for Apulian and
Tuscanian EVOOs were within ranges which were determined in samples of monovarietal olive oils
from Apulia and Tuscany by Bellumori et al. [35]. Furthermore, the results obtained for both EVOOs
and COOs were comparable to those for high-quality Italian extra virgin olive oils [23].

Based on Table 2, it can be seen that tyrosol concentrations fluctuated at similar levels in both types
of oil, obtained from low-scale mills and commercially available. In the case of hydroxytyrosol and
phenolic alcohols, COOs samples were characterized by a higher content of these substances. However,
no significant differences were found between the average values of tyrosol, hydroxytyrosol and the
content of phenolic alcohols (p < 0.05) between EVOOs and COOs (Table S1, Supplementary material),
which eliminates them as indicators enabling distinguishing of these samples. In general, the phenolic
alcohol content in fresh oil is low, but increases during storage due to hydrolysis of secoiridoids [36].
Hence, a higher content of this chemical class in COOs may result, because commercial samples may
have been stored for longer or even stored in inappropriate conditions, whereby the hydrolysis has
been accelerated.

Flavonoids, which are the dominant secondary metabolites of plants, were another hydrophilic
class of phenols found in olive oil. The main flavonoids identified in the olive oil were flavones
present mostly in free form, luteolin and apigenin. Flavonoids are also characterized by many
bioactive properties; therefore, they can have beneficial effects in the case of cardiovascular diseases,
neurodegenerative disorders or cancer [37].

Two flavonoids, luteolin and apigenin, were determined in the tested samples (Table 2). The total
average concentration of this chemical class was 26.6 ± 13.5 mg kg−1 for EVOOs and 18.9 ± 7.6 mg kg−1

for COOs. The most common flavonoid was luteolin, with values ranging from 1.2 mg kg−1 to
53.0 mg kg−1. Apigenin concentration was lower than luteolin and determined values ranged from
lower than LOQ to a maximum of 19.5 mg kg−1 for the EVOO sample from the Lazio region.
According to Dugo et al. the content of luteolin in Italian high-quality extra virgin olive oil ranged
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from 4 to 149 mg kg−1, whereas apigenin from <LOD to 38.8 mg kg−1 [24]. The results obtained
in this study were within this range, however, the average concentrations were lower than those
determined by Dugo et al. [24]. These results confirm that flavonoids as well as phenol concentration
are influenced by cultivars, the geographical variability (like climate and territory) and the different
production techniques.

It can be observed that the oils from Sicily, both marked as high quality and commercially available,
were characterized by low flavonoids content. In the remaining groups, apigenin and luteolin values
remained at similar levels. No significant differences were found in the luteolin, apigenin or flavonoid
content between the EVOO and COO samples (Table S1, Supplementary material). The flavonoid
concentration cannot, therefore, be considered as an indicator discriminating the quality of olive oil.

These results confirm prior reports that flavonoids are a chemical class constituting a small part of
the phenol fraction but characterized by relative concentration stability. This statement is consistent
with de Torres, who proved that flavonoid concentrations depend mainly on the degree of olive
ripeness [37]. Fiorini et al. proved that HEVOO and LEVOO (high-price and low-price extra virgin
olive oils) were characterized by similar values of marked flavonoids [20]. Bakhouche et al., however,
proved that the concentration of luteolin and apigenin did not differ significantly between Spanish
olive oils from different geographical areas [38].

Secoiridoids are phenols which are usually glycosidically bound and formed from secondary
terpene metabolism. They are the most prevailing chemical class in olive oil. Ligstroside and oleuropein
aglycones and their decarboxymethylated forms, namely oleocanthal (DCL) and oleacin (DCO) are the
most common secoiridoids in olive oils. Oleuropein aglycone and oleacin are hydroxytyrosol esters,
while the other two are tyrosol derivatives [39,40]. Following the European Union recommendation,
secoiridoids are important compounds in the health claim for olive oil [27].

All four above secoiridoids were determined in this study (Table 2). The average concentrations of
this chemical class were 1530 ± 548 mg kg−1 and 546 ± 182 mg kg−1, for EVOOs and COOs, respectively.
It should be emphasized that only one sample from the COO group contained more than 1000 mg kg−1

secoiridoids, while in the EVOO group as much as 65% of the samples showed this result. Except for
one COO sample and two EVOO samples, the sum of aglycones was greater than the sum of DCO
and DCL. Besides, hydroxytyrosol derivatives are more abundant than tyrosol derivatives in all cases,
which is advantageous because hydroxytyrosol and its derivatives have higher antioxidant power
than tyrosol [39]. Oleuropein aglycone was the most common secoiridoid in olive oil ranging from
39.5 to 1785.9 mg kg−1 for EVOOs and from 116.7 to 736.8 mg kg−1 for COOs. These results are in
agreement with the outcomes of other authors using Italian and Spanish EVOOs [23,40].

Based on the analysis of variance and Tukey’s test, statistically significant differences were
observed for mean concentrations of oleuropein aglycone and secoiridoids of EVOO and COO samples
(p < 0.05) (Table S1, Supplementary material). In addition to the differences between samples produced
in low-scale mills and industrial plants, it was also achievable to distinguish samples from different
geographical areas. Based on the concentration of secoiridoids, it was possible to find differences
between EVOO samples from 11 regions of Italy and create three groups characterized by different
contents of bioactive compounds. The group with the lowest secoiridoids concentration included
samples from Sicily and Liguria, without significant differences between them (p < 0.05), but significant
differences among other samples, while the samples with the highest concentration of these compounds
came from Abruzzo, Apulia, Campania, Sardinia and Tuscany. On this basis, the content of secoiridoids
can be considered as a potential indicator of the quality or geographical origin of olive oil. This may be
due to the fact that the profile of secoiridoids is influenced not only by climatic but also by technological
factors [39,41].

3.1. Multivariate Statistical Analysis

The main purpose of the chemometric analysis was to reveal specific relationships between oil
samples or between variables to classify extra virgin olive oils by phenolic content and indicate which
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variables were discriminatory chemical indicators for EVOOs and COOs. As chemometric methods,
hierarchical cluster analysis (HCA), principal component analysis (PCA) and k-nearest neighbors
(k-NN) algorithm were used.

3.1.1. HCA (Hierarchical Cluster Analysis)

To understand the role of phenols as the quality indicators of extra virgin olive oils obtained from
different places, HCA was used to group variables. Figure 2 presents a hierarchical dendrogram for
13 chemical substances. Based on the cluster analysis, it can be seen that phenols were grouped into
three separate clusters based on the distance between data points in multidimensional space. In the
case of reducing the number of variables, selecting variables from only one cluster should be avoided,
as this may result in reduced model efficiency.
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3.1.2. PCA (Principal Component Analysis)

The phenolic profile was also used as data for processing by PCA for more comprehensive studies
focusing on the identification of potential quality markers of extra virgin olive oils of various origins.
The input set consisted of the concentrations of seven selected phenols, namely: gallic acid,β-tocopherol,
oleuropein aglycone, ligstroside aglycone, oleacein, hydroxytyrosol and apigenin, which were selected
based on ANOVA. Selected compounds belonged to all three clusters presented in the dendrogram
(Figure 2).

In Figure 3, bi-plot comparing scores along with loadings is depicted. The first two principal
components explaining 63.1% of the total variance (45.2% and 17.9% for PC1 and PC2, respectively)
divided the analyzed olive samples into three separate aggregations. The grouping of various extra
virgin oils indicated that the qualitative and quantitative composition of phenolic compounds varies
depending on both agronomic and technological factors. The division of samples into three subgroups
was based on different contents of phenolic compounds. The first component (PC1) was positively
correlated with chemical compounds from the class of secoiridoids and flavonoids. The other axis
(PC2) was positively correlated with a representative of phenolic alcohols hydroxytyrosol. Interestingly,
PC1 modelled the total polyphenol content with the richest oils on the right and the poorer ones on
the left. This division allowed the separation of the first group containing only high-quality extra
virgin olive oil samples. PC2 explained the difference between the second and third groups, namely,
COO and EVOO, with the lowest content of phenol fraction (samples from Abruzzo, Lazio and
Sicily). It can be observed that in the second group, apart from the COO samples, samples from
Liguria were also grouped. The scatter plot with loadings described the behavior of variables, in other
words, phenolic substances. It can be concluded that the levels of some compounds were positively
correlated, for example, β-tocopherol and gallic acid, or oleuropein aglycone with ligstroside aglycone,
with correlation coefficients higher than 0.5. Other substances were more negatively correlated,
for example, apigenin with hydroxytyrosol or gallic acid.
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The PCA-biplot allows correlation between the selected bioactive compounds and the groups
of objects (olive oil samples). For example, secoiridoids (ligstroside aglycone, oleuropein aglycone,
oleacein) and flavonoids (as apigenin) were positively correlated with high-quality extra virgin olive
oil samples. It was therefore proved, that high-quality oils were characterized by a higher concentration
of secoiridoids and flavonoids. In turn, phenolic alcohols (as hydroxytyrosol), phenolic acids, gallic
acid and β-tocopherol were associated with commercial olive oils and lower quality extra virgin
olive oils.

3.1.3. k-NN (k-Nearest Neighbors)

To verify whether it is possible to assess the origin of extra virgin olive oil from small farms
and supermarkets using concentrations of previously determined compounds as input variables for
statistical analysis, k-NN was used to classify olive oils into two groups, namely EVOO and COO.
EVOOs were the high-quality extra virgin olive oils samples from low-scale mills, while COOs were
the lower-quality extra virgin olive oils which corresponded to commercially available extra virgin
olive oils from industrial plants.

Input data were features previously selected for PCA. The data set was divided into two subsets,
a training set and a test set. The accuracy of the classification model was measured using its
recognition ability, in other words, the ability to classify samples from the training set, and the
prediction ability, in other words, the ability to correctly classify samples from the test set. Through
10-fold cross-validation, it was found that the overall classification accuracy of the k-NN algorithm
was 99%. The k-NN algorithm was then trained using 70% of the data selected at random to avoid bias
and tested on the rest of the data. The use of k-NN resulted in an average of 94% correct classification
with two false-negative results; this means that two samples of oils labelled as high-quality were
classified as samples of lower quality. It should be noted that during multiple sampling, false-negative
results were most common in samples from Liguria, Garda area or Sicily. During the PCA analysis,
these samples were assigned to the second and third groups because they were characterized by a
lower content of polyphenols compared to the samples from the first group (EVOO). It can, therefore,
be concluded that by using the k-NN model, the quality of olive oil can be assessed, since samples
classified as EVOO will have a higher nutraceutical potential compared to COO samples.
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The model was also used to classify oil samples based on other features. According to
Fiorini et al. [20], the classification was made applying the R parameter, in other words, the ratio of
the concentration of tyrosol and hydroxytyrosol to the concentration of the above phenolic alcohols
together with secoiridoid derivatives, the predictive efficiency was 85%. However, using HTyr and its
derivatives, according to EFSA’s health statement [6,26], the classification was 88%. Referring to point
3.2.5., secoiridoids were also used as input, resulting in 91% correct classification.

Based on the results of multivariate statistical analysis, it can be assessed that for the extra
virgin olive oil quality index the most relevant approach was to select the concentrations of seven
selected phenols, namely: gallic acid, β-tocopherol, oleuropein aglycone, ligstroside aglycone, oleacein,
hydroxytyrosol and apigenin.

4. Conclusions

This work aimed to evaluate the concentration of potentially bioactive compounds in both
commercial and locally-produced Italian extra virgin olive oils. Lipophilic and hydrophilic phenolic
compounds were analyzed by HPLC coupled with fluorescence, photodiode array and mass
spectrometry detection. According to the quantitative data attained, for both types of EVOO samples,
the phenolic content exceeded the nutritional claims, reported in the EFSA Journal [5,6]. The results
achieved highlight how the European standards guarantee an EVOO product of high quality; on the
other hand, smaller olive oil producers manage to distinguish themselves in the production of EVOOs
with a higher secoiriodoid and hydrotyrosol content. Extraction technology from olives was found
as a parameter which could influence the chemical composition of EVOOs, and in particular the
bioactive molecule content. So differences in antioxidant molecule composition not only depend
on cultivar, quality, territory, climate, storage conditions and olive maturity index but also from
production techniques.

The present study could pave the way for a future more extensive “comprehensive” work with a
larger array of EVOO samples produced beyond the European community.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/8/1120/s1,
Table S1: Concentration of selected phenols in the extra virgin olive oils.
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Abstract: Kaempferol (KA) is a natural flavonol that can be found in plants and plant-derived foods
with a plethora of different pharmacological properties. In the current study, we developed an
efficient extraction method for the isolation of KA from ultrasonicated basil leaves (Ocimum basilicum).
We successfully employed a Box–Behnken design (BBD) in order to investigate the effect of different
extraction variables including methanol concentration (40–80%), extraction temperature (40–60 ◦C),
and extraction time (5–15 min). The quantification of KA yield was carried out by employing a
validated densitometric high performance thin layer chromatography in connection with ultraviolet
detection (HPTLC-VIS). The obtained data showed that the quadratic polynomial model (R2 = 0.98)
was the most appropriate. The optimized ultrasonic extraction yielded 94.7 ng/spot of KA when using
methanol (79.99%) at 60 ◦C for 5 min. When using toluene-ethyl acetate-formic acid (70:30:1 v/v/v) as
a solvent, KA was detected in basil leaves at an Retention factor (Rf) value of 0.26 at 330 nm. Notably,
the analytical method was successfully validated with a linear regression of R2 = 0.99, which reflected
a good linear relationship. The developed HPTLC-VIS method in this study was precise, accurate, and
robust due to the lower obtained results from both the percent relative standard deviation (%RSD) and
SEM of the O. basilicum. The antioxidant activity of KA (half maximal inhibitory concentration (IC50)
= 0.68 µg/mL) was higher than that of the reference ascorbic acid (IC50 = 0.79 µg/mL) and butylated
hydroxytoluene (BHT) (IC50 = 0.88 µg/mL). The development of economical and efficient techniques
is very important for the extraction and quantification of important pharmaceutical compounds such
as KA.

Keywords: kaempferol; Ocimum basilicum; high performance thin layer chromatography in connection
with ultraviolet detection (HPTLC-VIS); box-Behnken design; optimization; validation
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1. Introduction

Plants are sources of various phytochemicals such as terpenes, phenylpropanoids,
diarylheptanoids, isothiocyanates, and sulfur compounds. These natural compounds are often
explored for their potential use. For example, phytochemicals produced by herbs and spices are
of interest due to their culinary and medicinal uses. Some of the phytochemical functions include
antioxidant activities, the modulation of detoxification enzymes, the enhancement of the immune
system, the reduction of inflammation, the modulation of steroid metabolism, antiviral and antibacterial
effects, and the oxidative retardation of lipids [1,2]. Medicinal herbs can also be an alternative source
of antioxidants outside of vitamin C, vitamin E, and carotenoids [3].

Basil (Ocimum basilicum L.) is an herbaceous annual plant that generally produces white-purple
flowers and is one of the most important cultivated aromatic herbs in the world. The Ocimum genus
belongs to the mint family (Lamiaceae), which contains dozens of medicinal plants that are grown for
their high economic value. This genus is native to tropical and subtropical regions of Asia, Africa,
and South America, and it consists of annual and perennial herbs and shrubs [4,5]. Basil can be
cultivated in fields as well as under greenhouse conditions, which can result in different concentrations
of chlorophylls and secondary metabolites. This herb is utilized for its medicinal values to treat
headaches, coughs, diarrhea, constipation, warts, worms, and kidney malfunction [6]. Moreover, basil
is an essential ingredient used in traditional culinary practices [7,8] and is known as rihan in Arabic [9].
Basil has many health benefits, and it is composed of essential nutrients such as vitamin A, vitamin
C, calcium, phosphorus, and beta carotene [10]. It also contains flavonoids and phenolic compounds
that act as reducing agents that contribute to its antioxidant activities [11]. Basil extract is commonly
used as an herbal drug due to the many pharmacological effects such as anti-hyperglycemic [12],
hypolipidemic, antiatherosclerotic [13], and anticancer activities [14]. Basil leaves contain several
polyphenols, bioactive compounds [15], and phenolic acids (caffeic acid, caftaric acid, and rosmarinic
acid) [16], and they are also rich in flavonoids such as anthocyanins, quercetin, kaempferol (KA),
and luteolin. A very recent study conducted on the natural populations of basil indicated that it may
have different chemical composition and biological activities [17]. Among flavonoids, KA is a natural
flavonol antioxidant found in many fruits and vegetables. Several studies have focused on dietary KA
due to its health benefits. In particular, it has been shown that KA may lower the risk of some chronic
diseases, especially cancer [18]. In addition, KA has been reported to increase the body’s antioxidant
defense against free radicals, the common cause of cancer, resulting in an inverse relationship between
the use of dietary KA and cancer [19,20]. Due to the high pharmacological benefits of basil, researchers
worldwide are currently interested in developing simple, efficient, and reliable techniques to analyze
different plant extracts for pharmaceutical purposes.

Plant extracts can be analyzed with Thin-Layer Chromatography (TLC) [21],
Gas Chromatography-Mass Spectrometry (GC-MS) [22], and High-Performance Liquid Chromatography
(HPLC) [23,24]. In recent years, the high performance TLC (HPTLC) densitometry method has grown
in popularity because it is economic, sensitive, accurate, and reduces the time needed to process large
samples. The increased sensitivity of this method and the ability to process many samples in short
periods of time have led researchers to use TLC-densitometry over the popular HPLC [25]. Therefore,
the aim of the present work was to optimize the ultrasonic-assisted extraction of KA from Ocimum
basilicum by applying a Box–Behnken design (BBD) and to quantify such a flavonol with a simple,
efficient, and validated HPTLC-VIS technique.

2. Materials and Methods

2.1. Sample and Sample Preparation

Samples of basil (Ocimum basilicum) were collected in Basrah, Iraq, and authenticated by the
horticulture faculty at the College of Agriculture University of Basrah, Basrah, Iraq. Basil leaves were
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washed with distilled water, crushed in a blender, and then sealed in plastic bags and stored at −18 ◦C
for two days before freeze-drying. Samples were shielded from light.

2.2. Solvent Mixture Screening

Different solvent mixtures (Table 1) were tested in order to maximize the extraction of total
flavonoids. The higher flavonoid content positively reflected the amount of the desired KA compound.
For each of the five solvent mixtures, 2 g of lyophilized basil were ground with a mortar and pestle
with 20 mL of the appropriate solvent mixture. The mixture was transferred to a flask, and 100 mL
of a different solvent mixture was added. The resulting solution was then transferred to a 200 mL
cylindrical polypropylene container with a screw-on lid before insertion into an ultrasonic bath cleaner
(UBC; Elmasonic P30, Elma Hans Schmidbauer GMBH, Singen, Germany) at a 37 kHz frequency,
35 W/cm2 power, and 60 ◦C for 15 min.

Table 1. Solvent mixtures tested to maximize extraction of total flavonoids.

Solvent Mixture Code Composition of Solvent Mixture

I Methanol/water (50/50, v/v)

II Acetic acid/acetone/water (10/60/30)

III Methanol/acetic acid (90/10, v/v)

IV Methanol/water/acetone (40/40/20, v/v/v)

V Absolute methanol

2.3. Total Flavonoid Content

The total flavonoid content of each sample was quantified with the aluminum chloride colorimetric
method [26]. Quercetin was used to make the standard calibration curve for total flavonoid
content. Quercetin (5 mg) was dissolved in 1 mL of methanol, after which serial dilutions were
prepared with methanol (5–200 mg/mL). Each of the serial dilutions was mixed with 0.6 mL of 2%
aluminum chloride and incubated at room temperature for 60 min. A UV–Vis spectrophotometer
(Sunny UV.7804C, Tokyo, Japan) was used to measure the absorbance of the reaction mixtures at the
420 nm wavelength and compared to a blank slide.

2.4. Ultrasonic-Assisted Extraction of KA

Lyophilized Ocimum basilicum (10 g) was weighed and placed in each one of the 200 mL glass
flasks used. Different percentages of methanol (40%, 60%, and 80%) with 100 mL of solvent each
were added to corresponding flasks and moved to a 120 mL cylindrical polypropylene container
with a screw-on lid before insertion into the UBC. The UBC was operated at a 37 kHz frequency and
50% constant power for all treatments, and an adjustable water bath was used to reach the desired
temperature before initiating ultrasonic treatment. According to the manufacturer’s effective power
rating, an ultrasonic power at a 50% power setting was used at 35 W/cm2. The selected mixture was
investigated at three different temperatures (40, 50, and 60 ◦C) over three ultrasonic treatment periods
of 5, 10, and 15 min. Each UBC setting was repeated in triplicate with samples before changing to the
next setting. After UBC treatment, the upper layer of samples was filtered (Whatman no. 1 paper) and
subjected to rotary evaporation at 40 ◦C with a vacuum in order to remove the solvent [1].

2.5. Column Chromatography

Sequential purification through column chromatography was employed for partial purification
for 14 different experiments with ultrasonicated Ocimum basilicum extracts. For the stationary phase,
activated silica gel (pore size 60–120 mesh) was used, and for the mobile phase, a sequence of n-hexane,
ethyl acetate, and petroleum ether was used. Additional column chromatography was completed after
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the crude methanol residue was partially dissolved in n-hexane and triturated with silica. Fractions
were collected starting with n-hexane followed by ethyl acetate and petroleum ether. The collected
fractions were then condensed. Due to their high fatty acid content, n-hexane and petroleum ether were
discarded. A rotary evaporator was used to dry the collected ethyl acetate fractions before weighing.
The result was yellow crystals of ethyl acetate fractions in test tubes. Each fraction was tested in order
to confirm the presence of a single compound for ethyl acetate fractions using HPTLC.

2.6. Identification and Quantification of KA Using HPTLC-VIS

A Camag microliter syringe with a 0.22 µm syringe filter was used to filter the methanol extracts.
Next, a Linomat 5 (Camag, Muttenz, Switzerland) was used to apply spots (5 µL) of methanol
extracts (5 mg/mL) of Ocimum basilicum on a 20 × 10 cm sheet of silica gel 60 Fluorescent 254
(F254) (E Merck, Darmstadt, Germany). The solvent solution was formed by toluene, ethyl acetate,
and formic acid (70:30:1, v/v/v). The TLC plates were heated at 100 ◦C for 3 min and dipped into a reagent
(2-aminoethyl diphenylborinate) before drying for 2 min in a cool air stream. The plate was subsequently
dipped into a polyethylene glycol 400 reagent and allowed to dry for 5 min in a cool air stream. A Camag
TLC scanner at 366 nm in absorbance mode was used for the densitometric scanning. A regression
equation based on a calibration curve of the KA standard (Sigma Aldrich, St. Louis, MO, USA) was
used to quantify KA concentrations.

2.7. Calibration Curve Preparation

KA in HPLC-grade methanol was prepared as a 1000 µg/mL stock solution. Various concentrations
(i.e., 0.05, 0.1, 0.2, 0.3, and 0.4µL) of the stock solution were spotted in order to achieve KA concentrations
(50, 100, 200, 300, and 400 ng/spot) on three silica gel plates.

2.8. Response Surface Design

The presence of KA in the methanolic extracts of Ocimum basilicum was estimated from 14 fractions
of column chromatography. The extraction process was optimized using a Box–Behnken response
surface design (BBD) with three factors at three levels. The three factors were methanol concentration
(X1, %), extraction temperature (X2, ◦C), and extraction time (X3, min). The factor levels are shown in
Table 2. The extraction yield of KA was the response variable. Design-Expert version 12 software was
implemented using the following second-order polynomial model to describe the effect of the factors
and levels:

Y = b0 +
3∑

i=1

biXi +
3∑

i=1

biiX2
i +

3∑

i,j=1

biiXiXj (1)

where Y is the predicted response b0 is the intercept; b1, b2, and b3 are the linear coefficients of methanol
concentration (X1), extraction temperature (X2), and extraction time (X3), respectively; b11, b22, and b33

are the squared coefficient of methanol concentration, extraction temperature, and extraction time,
respectively; and b12, b13, and b23 are the interaction coefficients of methanol concentration, temperature
of sonication, and extraction time, respectively. The factor settings were represented as Xi–Xj.

Table 2. Extraction variables selected for Ocimum basilicum optimization. KA: kaempferol.

Independent Variable
Ranges of Independent Variable Dependent

Variable
Goal

−1 0 +1

Methanol concentration (%) 40 60 80

KA Yield MaximizedExtraction temperature (◦C) 40 50 60

Extraction time (min) 5 10 15
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2.9. Validation Method

Several steps were implemented in order to validate the HPTLC method. The range of compound
concentrations was measured for linearity, with results expressed as a correlation coefficient from linear
regression. A sample was prepared by adding a known concentration of compounds to a previously
quantified sample. This sample was analyzed at three different times on the same day in order to
assess intra-day precision and daily for 5 consecutive days in order to quantify inter-day precision.
Systemic error was calculated in order to estimate the accuracy of the analytical method. The relative
standard deviation of the linearity data and a calibration curve slope were used to calculate the limit of
detection (LOD) and the limit of quantitation (LOQ) for KA.

2.10. Free Radical Scavenging Activity

Methanol extracts and KA were evaluated for antioxidant activities using the
2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) radical scavenging method described by Mensor
et al. [27], with slight modifications. Dimethyl Sulfoxide DMSO (SIGMA) was used to dissolve test
samples and mixed with 20 mg/mL of a DPPH methanol solution in order to yield concentrations of 10,
50, 100, 500, and 1000 µg/mL. After all samples were allowed to sit at room temperature for 30 min,
absorbance values were measured at 517 nm and converted into the percentage of antioxidant activity
as follows:

% Inhibition = (Absorbance of control − Absorbance of test sample) ×
100/Absorbance of control

Butylated hydroxytoluene (BHT) and L-ascorbic acid were used as reference standards with the
unit of probits for the inhibition ratio. Probit values were plotted against the logarithmic values of
test samples concentrations using a linear regression curve to establish the half maximal inhibitory
concentration (IC50) values (µg/mL). All analyses were repeated in triplicate, with results expressed as
mean ± standard deviation (SD) and compared using the Waller–Duncan test with alpha = 0.05.

2.11. Surface Method Model Response and Validity Testing

Experiment results were analyzed with the Design-Expert™ (version 12) software (alpha =

0.05). The three factors of methanol concentration, extraction temperature, and extraction time were
simultaneously optimized using the response surface method (RSM). A subsequent ultrasonic-assisted
extraction experiment was completed in triplicate using the optimized conditions, and the KA yield
was compared with the predicted values for the validation of the model. A mean comparison using
Tukey’s test was performed with STATISTICA 13 (alpha = 0.05).

3. Results and Discussion

3.1. Screening of Total Flavonoid Content in Basil Leaves

The total flavonoid content from basil leaves was determined in this study. The solvent mixtures
used for the extraction contained different ratios of methanol, water, acetone, and acetic acid (Table 1).
The different solvent mixtures used for the extraction significantly (p < 0.05) affected the total flavonoid
content. The methanol/water (50/50, v/v) solvent extraction provided the highest yield, whereas the
methanol/acetic acid (90/10, v/v) solvent extraction had the lowest flavonoid content when performing
extraction on freeze-dried materials (Figure 1). Solvent polarity played a critical role in the extraction
of total flavonoid content, and the methanol/water mixture led to the best performance acting as a
great solvent system for polar antioxidants [28,29].

Several studies have been conducted to develop efficient procedures for the large-scale industrial
application of natural antioxidants. Due to higher yields, ethanol and methanol are commonly used as
solvents to extract flavonoids [30]. However, in a study conducted by Kobus-Cisowska et al. [31] on
Morus alba fruits, acetone-based mixtures turned out to be more effective than methanol-based mixtures
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for phenolic and flavonoid extractions. In order to optimize and maximize extraction procedures, it is
critical for researchers to take the food matrices and the concentration of the solvent into consideration
when extracting phenolic compounds and flavonoids from herbal plants [32].Foods 2020, 9, x FOR PEER REVIEW 6 of 15 
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Figure 1. Type of solvent mixture used for extraction.

3.2. HPTLC-VIS Analysis of KA

From the screening study, it was shown that the methanol–water solvent exhibited the highest
yield of flavonoids from basil leaves when compared to the other four solvents. As a consequence,
this type of extraction solvent was selected for the KA extraction. The ultrasonication extraction
technique was performed on the extraction of the KA-containing methanol extract. To separate the
bioactive compounds, the ultrasonicated Ocimum basilicum extracts from 15 experiments were partially
purified with sequential purification through column chromatography. The results obtained from
the column chromatography showed that among the hexane, ethyl acetate, and petroleum ether
extractions, only ethyl acetate impacted the presence of KA in the extract. The ethyl acetate extraction
was subsequently selected for TLC analysis. The test tubes were collected and the mobile phase was
evaporated in order to obtain the pure, yellow crystals from the ethyl acetate fractions. The KA band
in the ultrasonicated Ocimum basilicum extracts was verified by being compared with a standard of the
KA sample using TLC (Figure 2). A validated HPTLC-VIS technique was used to quantify the KA for
all of the experimental Box–Behnken design (BBD) runs. A solvent system consisting of toluene-ethyl
acetate-formic acid (70:30:1 v/v/v) was selected, and this system provided a sharp and well-defined KA
peak at an Retention factor (Rf) value of 0.26 (Figure 3). To our knowledge, this is the first report of the
solvent system used for the isolation of KA. The clear resolution exhibited on the chromatography
demonstrates that this solvent system is capable of efficiently separating KA from the methanol extract
of the ultrasonicated Ocimum basilicum (Figure 4).

Sample concentrations within the range of 50–400 ng/spot were selected to study the range of
linearity (Table 3). The obtained data were close to unity and fit a linear model (R2 = 0.99). Validation
parameters such as the LOD and the LOQ were used to confirm the accuracy and precision of the
proposed method with reproducible results. The validation parameters in the current study were large
(LOD = 8.16 ng; LOQ = 18.142 ng), indicating that the method used here was more sensitive than the
HPTLC methods used for previous KA analyses [33]. A recovery exceeding 98% was observed for the
accuracy study (Table 4). For the precision test, a recovery of less than 2% was observed for the relative
standard deviation (RSD) for inter-day and inter-day variations, suggesting that the proposed method
had outstanding precision (Table 5).
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Table 3. Validation parameters for High-Performance Liquid Chromatography (HPLC). LOD: limit of
detection; LOQ: limit of quantitation. Rf, Retention factor.

Validation Parameter Value

Linearity range (50–400) ng/spot

Correlation coefficient 0.99

LOD (ng) 8.16

LOQ (ng) 18.142

Specificity Specific

Rf value 0.261

Table 4. Data of accuracy for KA.

Concentration
(ng/spot) Amount of KA Found (Mean) SD %RSD

%Recovery
(n = 3)

Taken Added

150 0 148.90 0.59 0.401 99.26

150 25 171.88 0.71 0.413 98.21

150 50 197 0.57 0.289 98.50

150 75 222 0.66 0.297 98.66

150 100 247 0.43 0.174 98.80

SD = standard deviation; RSD = relative standard deviation.

Table 5. Data for inter-day and intra-day precision for KA.

Concentration
(µg/spot)

Inter-Day Precision
(n = 5)

Intra-Day Precision
(n = 3)

Peak Area
(Mean) SD %RSD Peak Area

(Mean) SD %RSD

5 875 9.77 1.11 922.11 1.14 0.12

10 1172.23 9.98 0.85 1290.88 0.94 0.07

15 1388.16 1.49 0.10 1465 7.77 0.53

20 1642.99 1.13 0.06 1805.29 3.31 0.18

25 1923.23 1.09 0.05 2218.22 3.03 0.13

SD = standard deviation; RSD = relative standard deviation.

3.3. Model Fitting

HPTLC-VIS was used to quantify the KA yield from each experimental BBD run (Table 6).
A regression analysis was performed, and four proposed models were analyzed. The quadratic model
appeared to be the best fit (adjusted R2 = 0.9138), followed by the cubic model (adjusted R2 = 0.9033),
2 Factor Interaction (FI) model (adjusted R2 = 0.5462), and linear model (adjusted R2 = 0.1986) (Table 7).
The adjusted R2 of the quadratic model was close to 1, implying a certain degree of correlation between
the observed and predicted values. The adequate precision was calculated in order to determine
the signal-to-noise ratio, and in this study, the adequate precision reading was 17.58, which was
larger than the desired value (>4.0). Such a large value would be indicative of an adequate signal
and could be used to navigate through the design space. The analysis of variance (ANOVA) of
the fitted quadratic polynomial model for the KA yield is presented in Table 8. The lack of a fit
F-value test for the model described the deviation in the data around the fitted model. The obtained
value was not significant (p-value = 0.265), indicating that the result might have been due to pure
error, which therefore validated the RSM results. In other words, if the model did not adequately fit

66



Foods 2020, 9, 1379

the data, the resultant lack-of-fit value would be significant. The optimization of a fitted response
surface is likely to provide false results [34]. The model in this study was significant (p-value = 0.082).
The achieved results were in agreement with previous published data on Ocimum sanctum where an
HPTLC method was developed involving a Box–Behnken-supported design for the simultaneous
optimization, validation, and quantification of polyphenols in an aqueous alcoholic extract [35].

Table 6. Box–Behnken design (BBD) matrix for the optimization of extraction of KA yield (ng/spot).

Run Methanol Concentration
(A) (%)

Extraction Temperature
(B) (◦C)

Extraction Time
(C) (min)

KA
(ng/spot)

1 60 50 10 90

2 80 60 10 95

3 80 50 5 91

4 60 60 5 91.1

5 40 40 10 91.2

6 40 60 10 90.2

7 40 50 15 90

8 80 40 10 89

9 60 50 10 90.3

10 40 50 5 90.6

11 60 60 15 90.2

12 60 40 15 89

13 80 50 15 90.5

14 60 40 5 87

Table 7. Regression analysis results.

KA Yield

Model F Value R2 Adjusted R2 Predicted R2

Linear 0.3835 0.1986 −0.3353

2FI 0.7557 0.5462 −0.3151

Cubic 0.8924 0.9033 -

Quadratic 0.9735 0.9138 0.9088

FI (factor interaction).

Table 8. Analysis of variance (ANOVA) results for KA extraction.

Source Sum of Square Degree of Freedom Mean Square F F-Value Prob > F

Model 37.55 9 4.17 16.32 0.0082

Residual 1.02 4 0.2556 - -

Lack of fit 0.9775 3 0.3258 7.24 0.2651

Pure error 0.0450 1 0.0450 - -

3.4. Effect of Extraction Parameters on KA Yield of Ultrasonicated Ocimum Basilicum and RSM Analysis

The ANOVA and the contributions of each independent variable for the extraction of KA from
ultrasonicated Ocimum basilicum were determined. The linear, interaction, and quadratic variables
were significant (p < 0.05), thus indicating that the KA yield was affected by all of the variables,
the interactions between variables, and the square of each variable. The model in the study showed
a high degree of precision (R2 = 0.9735), and the experiment values were reliable (% Coefficient of
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Variation (CV) = 0.55) [36]. Aiming to visualize the relationship between the independent variables
and the KA yield, three-dimensional (3D) plots were constructed based on the generated quadratic
polynomial model equation of coded factors:

KA yield = 90.15 + 0.4375 × A + 1.2875 × B + 1.73543 × 10−15 × C + 1.75 × AB + 0.025 ×
AC + −0.725 × BC + 1.2 × A2 + 1.89196 × 10−14 × B2 + −0.825 × C2

The parameter variables in this study were methanol concentration (A), extraction temperature
(B), and extraction time (C). The effects of the parameter variables and their interactions on the KA
contents in the ultrasonicated Ocimum basilicum were examined. The third variable was assigned
to be constant at the intermediate setting, while the two independent variables were displayed on
three-dimensional surface plots.

Figure 5A shows that the yield of the KA content rapidly increased and reached the maximum
value at 0 level of extraction time when the methanol concentration increased from 40% to 79.99%.
The extraction temperature was fixed at 60.02 ◦C. Figure 5B shows how the KA content was affected
by the interaction between the methanol concentration and the extraction time at a fixed extraction
temperature level of 0. The maximum KA content was obtained when the methanol concentration was
at 80%. The KA yield content decreased slightly when the methanol concentration was increased to
80%. The extraction time was fixed at 5.0 min. Figure 5C shows that the KA yield rapidly increased
and reached the maximum value at 0 level of methanol concentration when the extraction temperature
increased from 40 to 60 ◦C. The extraction time was fixed at 5.0 min. Interestingly, when the extraction
temperature exceeded 60 ◦C, the yield of the extracted KA rapidly decreased. This result confirmed
the fact that the solubility of the solute was enhanced when the temperature increased, resulting in a
higher yield. However, the solvent density could be simultaneously reduced when the temperature
increased, consequently decreasing the total flavonoid yield. This would mean that either a positive or
negative effect could occur when the temperature increased [37]. This finding is in agreement with the
study conducted by Peng et al. [38] in which the thermal degradation of flavonoids and the yield of
KA decreased when the number of acoustic cavitation bubbles decreased.

3.5. Optimization and Verification of the Model for Extraction Parameters

Design-ExpertTM software (version 12) was used to determine the optimized extraction process
parameter. The desirability function was applied to the optimizing stage in order to maximize the
yield of KA. The optimal conditions for the three parameters of the extraction process were estimated:
The methanol concentration was 79.99%, the extraction temperature was 60.02 ◦C, the extraction time
was 5.0 min, and the KA yield was 94.7 ng/spot. The extraction process was repeated, the optimum
extraction conditions, i.e., an 80% methanol concentration at 60 ◦C for 5 min, and the KA yield
was 94.65 ± 0.5. There was no significant difference (p > 0.05) between the predicted value and the
experiment value, which demonstrated that the model proposed in this study can be utilized for
extracting KA from ultrasonicated Ocimum basilicum.

3.6. RSM Validation

The KA yield evaluation results were found to be within the limits of the yield checkpoint.
Further validation was performed on the RSM results, and the percentage prediction error was found
to be 0.789% when comparing the experiment values of the response with the anticipated values.
This provided sufficient evidence to establish the validity of the generated equation and to describe the
domain of applicability of the RSM model. The goodness of fit was excellent for the predicted and
experiment value linear correlation plot (R2 = 0.9905; p < 0.05) (Figure 6). Overall, there was a high
prognostic ability due to the low magnitudes of error and the significant values of R2.
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Figure 5. Response surface model 3D plots showing the effects of independent variables of ultrasonicated
Ocimum basilicum on KA yield. (A) Methanol concentration and extraction temperature, (B) methanol
concentration and extraction time, and (C) extraction temperature and extraction time.
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3.7. Antioxidant Activity

Data on the antioxidant activities of the methanol extract of ultrasonicated basil leaves (Ocimum
basilicum) under the optimized conditions, as well as their isolated compound (KA), are presented in
Table 9. The antioxidant activity of the methanol extract of ultrasonicated Ocimum basilicum was IC50 =

50.10 µg/mL. In contrast, the antioxidant activity of KA (IC50 = 0.68 µg/mL) was higher with respect to
the reference ascorbic acid (IC50 = 0.79 µg/mL) and BHT (IC50 = 0.88 µg/mL). The present study was in
accordance with the work of Shafique et al. [39], who reported that O. basilicum extracts exhibited and
offered higher antioxidant activity compared to synthetic antioxidant BHT.

Table 9. Inhibition concentrations of test samples scavenging 50% of the 2,2-diphenyl-1-picryl-hydrazyl-
hydrate (DPPH) radical.

Test Samples IC50 (µg/mL)

Methanol extract of ultrasonicated Ocimum basilicum 50.10 ± 0.513

Isolated KA 0.68 ± 0.021 c

L-ascorbic acid 0.79 ± 0.015 b

BHT 0.88 ± 0.026 a

Half maximal inhibitory concentration (IC50). a, b, c Means with different superscripts are significantly different at
p ≤ 0.05.

4. Conclusions

The data obtained from the current study showed that the HPTLC-VIS densitometric method
and the BBD were efficient for the identification and quantitative analysis of KA from basil leaves.
The interaction and the quadratic terms of each factor from all three variables had significant effects
on the KA yield. A quadratic model for the KA yield was derived with R2 = 0.99. The current study
revealed that the use of methanol (79.99%) at 60 ◦C for 5 min comprised the optimal conditions for
extracting a high yield of KA from ultrasonicated basil leaf extracts. Under these conditions, the
KA yield was 94.7 (ng/spot), which was consistent with the predicted yield value. The isolated KA
exhibited and offered a higher antioxidant activity compared to the reference of ascorbic acid and BHT.
This study thus demonstrated, for the first time, the utilization of a solvent system that can be used
with higher efficiency during the HPTLC-VIS analysis of KA. The used solvent system provided a
high quality resolution of KA peaks. The LOD and LOQ values were found to be comparatively low,
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thus supporting the high sensitivity of the developed method. In addition, this method was supported
by statistical analysis that highlighted how the proposed method is reproducible and specific for this
type of extraction.
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Abstract: Isolation and identification of novel microalgae strains with high lipid productivity is
one of the most important research topics to have emerged recently. However, practical production
processes will probably require the use of local strains adapted to commanding climatic conditions.
The present manuscript describes the isolation of 96 microalgae strains from seawater located
in Bay M’diq, Morocco. Four strains were identified using the 18S rDNA and morphological
identification through microscopic examination. The biomass and lipid productivity were compared
and showed good results for Nannochloris sp., (15.93 mg/L/day). The lipid content in the four species,
namely Nannochloropsis gaditana, Nannochloris sp., Phaedactylum tricornutum and Tetraselmis suecica,
was carried out by HPLC-MS highlighting the identification of up to 77compounds.

Keywords: microalgae; isolation; identification; lipid productivity; HPLC-MS
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1. Introduction

Aquatic microalgae are photosynthetic microorganisms that live with a variety of other species and
meet different ecological requirements [1]. They represent one of the first forms of life on earth, and they
have been found in oceans for more than 3 billion years since terrestrial environmental components were
installed [2,3]. Fifty thousand microalgae species with diverse groups like Cyanobacteria, prokaryotic
and eukaryotic microalgae have been discovered in oceans and freshwater lakes, ponds, and rivers
around the world, however, only thirty thousand of them have been analyzed [1]. Thanks to their
biological property, microalgae can be used as a new source of compounds in several biotechnological
applications, including wastewater treatment [4], biodiesel production [5], and as supplements for
human and animal dietary [6,7].

A large amount of funding has recently been invested to select the best species of microalgae
with high bioactive metabolites [8]. Microalgae represent several sources of bioactive compounds,
such as polyphenols, carotenoids, polysaccharides, omega-3, fatty acids, and polyunsaturated fatty
acids (PUFA) [9–12]. The lipid concentrations in microalgae are between 20% and 70%, and the fatty
acid composition in algal cells is highly dependent on genetic and phenotypic agents, including
environmental and culture conditions [13]. Large scale lipid production will command the use of
competitive species that are easy to grow and adapt to local environmental conditions. Isolating
strains of microalgae with rapid growth, high intrinsic lipid content, and high biomass productivities
is a primary necessity [14–16]. The quantity of total lipids in the form of glycolipid, phospholipid,
and neutral lipid is varied considerably among and within groups of microalgae [6]. Many prior
studies have identified the percent of omega-3 fatty acids between 30 and 40% of their total fatty
acids in several species of microalgae like Nannochloropsis sp. (EPA), Schizochytrium limacinum (DHA),
and Phaeodactylum tricornutum [17].

As a consequence, microalgae have great potential in the human diet as supplements for
the treatment of physiological aberrations, prevention management, and used as synthetic dietary
supplements to providing sustainable natural resources [18].

The isolation and identification of algal species from a natural environment is a well-established
procedure. Each species has different growing conditions, including several regulations and key
physic-chemical factors controlling growth and development such as temperature, pH, salinity,
and silicate for diatoms [19,20].

The main objective of the present study was to evaluate the effect of the dilution technique and agar
plate to separate and isolate different microalgae from Bay M’diq, Morocco. Biomass productivity, lipid
productivity, and lipids content of some isolated microalgae were evaluated. Moreover, the 18SrDNA
encoding gene of the microalgal isolates was sequenced to confirm the identification of the isolates.
The ultra-high performance liquid chromatography coupled to mass spectrometry (UHPLC-MS) has
been successfully used for the analysis of several lipid classes such as triacylglycerols (TGs), glycolipids,
and phospholipids [21].Ahigh chromatographic resolution was achieved by serially coupling two
narrow-bore partially porous columns [22]. A reversed-phase stationary phase, viz.octadecylsilica
(C18), was used in order to obtain a good separation of lipids, according to their different hydrophobicity.
As for MS detection, a single quadrupole was used as an analyzer and the atmospheric pressure
chemical ionization (APCI) interface was used as an ion source. The APCI, different from the most
common electrospray (ESI), is able to generate some in-source fragmentation, useful for structure
elucidation, especially when a single quadrupole is employed as the MS analyzer and tandem MS
experiments cannot be carried out [23–25].

2. Materials and Methods

2.1. Sampling and Isolation

Different species of microalgae were collected from seawater at Bay of M’diq, which is located in
the north-western part of Morocco, between Sebta (35◦54′ N, 5◦1′10′′W) and Capo Negro (35◦40′ N,
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16′40′′ W). Samples were selected from three collection sites: (i) proximity to a fish farm of the bay;
(ii) off the coast of Martil, and (iii) at Kabila Port (Figure 1). A volume of 1 L of seawater sample
was taken using clean bottles at a depth of 0.5 m and then stored in cool boxes for transportation to
the laboratory.
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Seawater samples were taken from December 2017 to February 2018 in a regular manner with
constant frequencies with nine samples per month.

Once in the laboratory, the samples are purified using two methods; they were inoculated on an
agar plate and in a liquid medium (Guillard F/2) that contained: NaNO3 8.82 × 10−4 M; NaH2PO4·H2O
3.62 × 10−5 M; Na2SiO3·9H2O 1.06 × 10−4 M; FeCl3·6H2O 1.17 × 10−5 M; Na2EDTA·2H2O 1.17 × 10−5 M;
MnCl2·4H2O 9.10 × 10−7 M; ZnSO4·7H2O 7.65 × 10−8 M; CoCl2·6H2O 4.20 × 10−8 M; CuSO4·5H2O 3.93
× 10−8 M; Na2MoO4·2H2O 2.60 × 10−8 M; Thiamin HCl (Vit. B1) 2.96 × 10−7 M; Biotin (Vit. H) 2.05 ×
10−9 M; and Cyanocobalamin (Vit. B12) 3.69 × 10−10 M [26].

For those isolated on an agar plate, the first group of samples was filtered through a series of
membranes of decreasing mesh (33, 20, and 0.45 µm). Each membrane was directly plated on agar
plates containing F/2medium solidified with 1.5% of agar and incubated in a light chamber at two
temperatures (20 and 26 ◦C). After growth, different colonies were transferred to tubes of 8 mL [27].
However, the second group of samples was isolated by successive dilutions, starting with 1 mL of
sample to 10 mL of F/2 medium in order to transfer only one cell into a test tube, thereby establishing a
single-cell isolate [28,29]. This procedure of dilution was repeated with serial dilutions from 10−2 to
10−10 until obtained unicellular tubes medium [30,31] (Figure 2).
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During the isolation process, the F/2 medium using in this experiment was divided into two
groups; one with and the other one without silicate, to select only strains that required this nutrient.
All strains incubated at two temperatures (20 and 26 ◦C) to evaluate the effect of temperature on cell
growth; All cultivations were alimented with atmospheric CO2. The light was provided by warm
white fluorescent bulbs at 25 W/m2 and operated on a light/dark cycle of 12/12 h.

After cell growth, all tubes were inoculated by transferring to 125 mL flasks add by 70 mL of F/2
medium, then incubated with a photoperiod of 18/6 h.

2.2. Strain Identification

The morphological identification of different isolated strains was carried out by microscopic
observation. At the end, for molecular identification, DNA was extracted using 1030 mg of microalgal
dried biomass.

Samples were homogenized using the FastDNA kit for 40 s at speed setting 5 in the Fastprep FG120
instrument (Bio101, Inc., Vista, CA, USA) but using the reagents of the ISOLATE II Genomic DNA Kit
(Bioline) kit following the manufacture’s protocols. DNA was quantified spectrophotometrically using
the Nanodrop ND8000.

PCR amplifications were carried out using the Platinum Multiplex Master Mix (Thermofisher) in
a 25 µL final volume containing 20 ng DNA, 300 nM each of specific forward and reverse primers,
and 12.5 µL of Enzyme Premix (Thermofisher). The amplification protocol used was as follows: initial
11 min denaturation and enzyme activation at 95 ◦C, 30 cycles of 20 s at 95 ◦C, 1 min at 56 ◦C (60 ◦C)
and 2 min at 72 ◦C and final extension step of 10 min at 72 ◦C. The 18S rDNA primers used were 18SF
and euk516R [32,33] and for plastidic gene ribulose-1,5-bisphosphate carboxylase/oxygenase large
subunit (rbcl) TetraRBCL_F and R [34] (Table 1). The PCR products were electrophoresed on a 2%
agarose gel after staining with ethidium bromide and visualized via ultraviolet transillumination.
Following the PCR reaction, free dNTPs and primers were removed using the PCR product purification
kit (Marlingen Bioscience, Ijamsville, MD, USA). The cycle sequencing was performed with the
Bigdye Terminator v3.1 kit (Applied Biosystems, Foster City, CA, USA). All sequencing reactions were
performed according to the manufacturer’s instructions using the ABI3130 Genetic Analyzer (Applied
Biosystems). The 18S rDNA and rbcl sequences were used in a BLAST search in order to retrieve the
most closely related sequences.

Table 1. List of primers used in this study, including the primer sequences, amplicon length, annealing
temperature, and the sequencing success rate for four strains tested.

Primer Molecular Marker Sequence Annealing T◦ Reference

18SF 18S rDNA AACCTGGTTGATYCTGCCAG 56 ◦C, 60 ◦C [32]
Euk516r 18S rDNA ACCAGACTTGCCCTCC 56 ◦C, 60 ◦C [33]

Tetra_rbcL_F rbcl GKACTTGGACAACTGTATGGACKGATGGT 56 ◦C IFAPA
Tetra_rbcL_R rbcL GRTCTTTTTCWACRTAAGCATCACGCATTA 56 ◦C IFAPA
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2.3. Lipid Analysis

Extraction and Measurement of Lipid Contents

The biomass was harvested at a stationary phase growth (after 15 days of cultivation) by
centrifugation (at 4400 rpm for 15 min) and lyophilization for 12 h [30].

The evaluation of lipids fraction from selected microalgae was carried out using the Folch
method [35]: 200 mg of lyophilized biomass was extracted in triplicate for 30 min with a
chloroform/methanol (2:1, v/v) mixture at 25 ◦C under agitation. The procedure was repeated
three times. The organic phase was centrifuged at 3000 RCF for 15 min. The sample was then filtered
using Whatman N◦1 filter paper in a funnel, collected in a flask, and evaporated at 40 ◦C.

The productivity of biomass was calculated from the following equation: PB (mg/L/d) = CB/T;
where CB (mg/L) was the concentration of biomass from the beginning until the end of the cultivation,
and T was the duration of cultivation (15 days).

In addition, the lipid productivity of each sample was determined by Li et al.’s (2008) equation:
PL = LT/(V culture × T) and % lipids = (LT/(CB×V culture))× 100; where PL was the lipid productivity
(mg/L/day), LT was the total lipids (mg), T was the duration of the experiment, and V culture was the
volume [36,37].

2.4. HPLC Analysis

HPLC-MS analyses of the lipid contents from the obtained residue dissolved in chloroform were
performed on a Shimadzu Nexera LC-30A system (Shimadzu, Kyoto, Italy), consisting of a CBM-20A
controller, two LC-30AD dual-plunger parallel flow pumps, a DGU-20A5 degasser, a CTO-20A oven,
and a SIL-30AC autosampler. The HPLC system was coupled with an LCMS-2020 single quadrupole
mass spectrometer equipped with an APCI interface (Shimadzu, Kyoto, Japan). Chromatographic
separation was achieved on two serially coupled Ascentis Express C18 columns 100 × 2.1 mm L × I.D.,
2.7 µm d.p. (Merck Life Science, Merck KGaA, Darmstadt, Germany), and the injection volume was
10 µL. A linear gradient of ACN/water (80:20, v/v) (A) and IPA (B) was run at a mobile phase flow
rate of 500 µL/min: 0–105 min, 0–50% B (hold for 5 min). MS parameters were as follows: m/z range,
150–1200; ion accumulation time, 0.6 s; nebulizing gas (N2) flow rate, during gas flow rate, 2 L/min;
detector voltage, 4.5 kV; interface temperature, 450 ◦C; CDL temperature, 250 ◦C; block temperature,
300 ◦C.

2.5. Statistical Analysis

All statistical tests were performed using SPSS statistical software (SPSS software version 16.0 IBM).
The different medians of results were analyzed by one-way ANOVA with a significance level of p < 0.05
and compared by Tukey’s TSD method [38].

3. Results and Discussion

3.1. Isolation of Native Microalgae

The sampling and isolation procedures used in this experiment were successful in establishing a
culture collection of ninety-six local microalgae. The microscopic analysis showed that the majority
were green algae (Chlorophyta), followed by diatoms and finally cyanobacteria with the lowest number.
Sixty-four microalgae were isolated using successive dilution and thirty-two microalgae by inoculation
on agar plate (Figure 3A). Following the analysis of variance, ANOVA one-way showed that the
difference was insignificant (p > 0.05) between the two isolation processes. The two processes used
in this experiment turned out to be reproducible to purify microalgal cells. The use of agar plate for
isolation was the preferred method for Coccoid and the most soil algae since it represents an axenic
culture for direct established without further treatment [28,31].
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Figure 3. Strains curves for isolated microalgae using successive dilution, (A) inoculating on an agar
plate, (B) in F/2 with or without silicate and (C) incubation at 20 ◦C and 26 ◦C.

Seventy and twenty-six species were isolated using F/2 culture medium with and without
silicate, respectively. The highest number of species were isolated in the culture medium with silicate.
The highest number of isolated species was obtained in December 2017 using F/2 medium added by
silicate (Figure 3B). In addition, the statistical analysis using One-way ANOVA (Table 2) revealed that
the difference between the two groups was highly significant (p < 0.01). Therefore, the silicate nutrient
added to the F/2 medium had a great impact in regulating the cell growth [39].

Table 2. ANOVA-test statistics values of each isolated microalgae.

One-Factor ANOVA

Parameter Source df Sum of Squares F P

Silicate
Inter-group 1 35.85 9.07 0.004 *
Intra-group 52 205.48

Total 53 241.33

* The average difference is significant at the 0.05 level.

Following previous results, the highest number of species, isolated using a culture medium
added by silicate, may be explained by the dominance of diatoms. Moreover, Egge and Aksnes (1992)
confirmed that diatom strains represent 70% of the cell numbers by using a concentration of 2 mM
silicate [40].

Temperature is one of the key criteria for the growth of microalgae and directly acts on the linear
and exponential growth of microalgae species [41,42]. In this experiment, fifty species and forty-six
strains were isolated at 26 ◦C and 22 ◦C, respectively (Figure 3C). Our results were confirmed by
Ahlgren’s study [41], which showed that the range of temperatures between 16–27 ◦C was determined as
optimal for algal growth rates. Consequently, the species of microalgae were flexible and adaptable with
the temperatures tested and able to produce several physiological and biochemical reactions [41–44].
The insignificant difference (p = 0.823) between the temperatures confirmed the possibility of growth
cells at 26 ◦C and 22 ◦C.
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3.2. Molecular Identification of Native Microalgae

Four species of microalgae collected from different seawater habitats were identified by microscopic
morphological examination based on the form of their cells (Figure 4). Subsequently, two molecular
markers were considered to ensure their taxonomic group (Figure 5). The isolated microalgae 1, 4, 5,
and 7 were closely related to Nannochloropsis gaditana Lubián (MN625926), Phaeodactylum tricornutum
Bohlin (MN625939), Nannochloris sp. KMMCC161 Naumann (MN625923) and Tetraselmis suecica
Butcher (MN625941) deposited in the NCBI database under GenBank with mentioned accession
numbers in parentheses.Foods 2020, 9, x FOR PEER REVIEW 7 of 14 
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of 56 ◦C. (c): annealing T◦ of 60 ◦C.

3.3. Biomass and Lipid Productivity

One of the key criteria to select microalgae for lipid applications is high intracellular lipid
content [45]. Growth and biomass productivity are the most studied parameters to determine the
suitable microalgae able to cultivate and using for commercial algal production. In our experiment,
a significant difference in lipid levels was determined. The highest biomass productivity was
reported in N. gaditana then, Nannochloris sp., P. tricornutum, and T. suecica with 97.09, 96.92, 24.47,
and 12.54 mg/L/day, respectively. The highest and the lowest levels of lipid productivity were
respectively obtained for Nannochloris sp., and T. suecica species that were measured to be 15.93 and
0.92 mg/L/day (Table 3). Growth rate and biomass productivity directly affect the lipid content [46];
lower biomass productivity can negatively affect productivity even if the lipid content is high [47].
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Table 3. Biomass and lipid content of selected microalgae species in batch culture (400 mL) after 15 days
of growth in F/2 medium.

Species
Weight of dry

biomass
(mg/400 mL)

Concentration
of biomass

(mg/L)

Productivity
of biomass
(mg/L/day)

Total lipids
(mg/400mL)

Lipids
(%)

Lipid
productivity
(mg/L/day)

P. tricornutum 146.82 ± 1.1 b 367.05 ± 0.15 b 24.47 ± 0.15 b 27.85 ± 0.1 b 47.43 ± 0.68 d 4.64 ± 0.1 b

T. suecica 75.25 ± 0.2 a 188.13 ± 0.9 a 12.54 ± 0.03 a 5.50 ± 0.04 a 18.28 ± 0.7 a 0.92 ± 0.02 a

N. gaditana 582.53 ± 0.15 c 1456.33 ± 1.43 c 97.09 ± 0.68 c 33.29 ± 0.8 c 14.28 ± 0.32 b 5.55 ± 0.01 b

Nannochloris sp., 581.52 ± 1.4 c 1453.8 ± 1.3 c 96.92 ± 0.72 c 95.58 ± 0.81 d 41.08 ± 0.26 c 15.93 ± 0.9 c

Values are medians of three repetitions ± standard deviation. The different letters (a,b,c,d) indicate significant
differences between species (Tukey HSD, p < 0.05).

The total lipid contents of the microalgae cultured under our experimental growth conditions
ranged from 18.28% to 47.43% of their dry weight. P. tricornutum and Nannochloris sp., showed the
highest lipid content at 47.43% and 41.08%, while T. suecica and N. gaditana have the lowest lipid content
at 18.28 and 14.28%, respectively. Dunaliella tertiolecta species isolated from Morocco by El Arroussi et al.
(2017) had a lipid content of 21%, which confirmed that the lipid productivity was greatly affected
by cultivation conditions; salinity, light intensity, temperature, pH of medium, and composition of
culture medium used [21,45]. In addition, many studies have confirmed that the limited concentration
of nitrogen favored the accumulation of lipids in Chlorella species [46–49].

3.4. HPLC Analysis of Lipid Contents

LC-MS analysis was applied to separate and identify the lipid fraction in the four isolated
microalgae. The separation of lipids classes reported in Figure 6 confirmed a good separation of neutral
and polar lipids. Table 4 lists the details of different lipid classes tentatively identified in all algal samples
confirmed by literature data [23,25,50,51]. The identification was carried out with the support of LIPID
MAPS Lipidomics Gateway (https://www.lipidmaps.org/), which allowed the identification of a total of
77 compounds in all the selected microalgae species. The lipid composition was constituted basically
by mono-, di- and triglycerides (MG, DG, and TG), sulfoquinovosyldiacylglicerols (SQDG), mono- and
digalactosyldiacylglycerols (MGDG and DGDG), phospholipids (PLs) and carotenoids (xanthophylls
and chlorophylls) in the four microalgal isolates. The lipid fraction of microalgae can also include
glycolipids, sterols, carotenoids, chlorophylls, and phospholipids. Algae can synthesize fatty acids to
product their membrane lipids in the optimal growth conditions, which constitute phospholipids and
glycolipids. However, in conditions of stress, algae alter their biosynthetic pathways and generate
neutral lipids to store energy in the form of TGs [52–54]. Notably TGs are significantly produced
by the environmental microalgal isolates as demonstrated by the relatively intense peaks of the
chromatograms. In fact, intense peaks were identified in N. gaditana and Nannochloris sp. with TGs
C17:0LAr/C17:0OEp—OOP/SLnP and in T. suecica with TGs (OOP/PPoG/PoOL), while in P. tricornutum,
glycolipids SQDG (34:4) occurred as the highest peaks. However, previous studies have demonstrated
that some Tetraselmis sp., Nannochloris sp., Phaeodactylum tricornutum, and Nannochloropsis gaditana
species can produce more lipids under certain stressed conditions [32,47,49,50].

Table 4. Compounds tentatively identified in the lipid fraction.

Peak Compounds [M+H]+ [M+H]− N.
gaditana

T.
suecica

P.
tricornutum

Nannochloris
sp.,

1 MG 20:0 369.5 + - - -
2 MG 16:0 313.2 + - - -
3 DG (36:4) 599.5 + + - -
4 PG (34:3) 762.3 - - + -
5 DG (34:2) 617.3 + - - -
6 SQDG (32:1) 549.5 791.5 - - + -
7 DG (36:2) 603.4 - + - -
8 DG (32:1) 549.5 - - + -
9 Neoxanthin 601.7 + - - -
10 DG (32:0) 551.4 - - - +
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Table 4. Cont.

Peak Compounds [M+H]+ [M+H]− N.
gaditana

T.
suecica

P.
tricornutum

Nannochloris
sp.,

11 PG (34:4) 741.4 - + - +
12 PG (34:3) 762.3 - + - -
13 MGDG (34:5) 766.5 + - - -
14 DG (32:5) 583.6 - + - -
15 TG (ArArO/SArEp) 928.5 909.7 + - - -
16 PE (34:3) 762.4 + - - -
17 DG (32:4) 585.5 - - - +
18 DGDG (36:6) 954.6 935.4 + - - -
19 SQDG (34:4) 813.6 - - + -
20 DGDG (34:4) 930.6 - - - +
21 DGDG (36:6) 954.6 935.4 - - + -
22 Antheraxanthin 585.9 - + - -
23 PC (36:1) 788.5 812.7 + - + -
24 SQDG (34:0) 821.5 + - - -
25 PI (36:4) 857.5 + - - -
26 trans-Lutein 569.9 - - - +
27 TG (C20:3LL) 907.6 + - - -
28 SQDG (34:3) 815.5 - - + -
29 TG (20:3LL) 907.5 - - + -
30 PG (34:1) 766.3 - + - -
31 PC (36:3) 784.5 + + - -
32 MGDG (36:5) 794.5 + - - -
33 MGDG (34:6) 764.5 + - - -
34 MGDG (36:6) 792.5 - - + -
35 PG (36:5) 786.5 - - - +
36 PG (34:1) 766.3 - - + -
37 TG (SOAr) 908.6 + - - -
38 PE (39:6) 776.5 + - - -
39 PE (38:3) 768.5 + - - -
40 PG (36:4) 788.4 - - - +
41 DGDG (34:2) 934.5 915.6 - + - +
42 PC (38:3) 814.5 + - - -
43 PG (34:0) 768.5 - - + -
44 SQDG (34:1) 819.4 - - + -
45 PC (38:5) 808.8 - + - -
46 DGDG (36:1) 964.7 - + - -
47 hydroxychlorophyllide b 645.1 - + - -
48 PC (33:2) 744.5 + - - -
49 PE (38:5) 764.5 + - - -
50 b-carotene 537.9 + - - -
51 TG (LnLnPo) 849.4 - - - +
52 MGDG (34:2) 772.5 753.6 - - - +
53 TG (LnGG/OGLn/SGAr) 936.8 - + - -
54 PC (33:1)–PC (O-16:0/18:1) 746.5 - - + -
55 TG (GEpD) 981.5 - + - -
56 PI (40:8) 905.5 - + - -
57 TG (GLL) 909.5 - + - -
58 TG (ArArAr) 950.5 - + - -
59 PC (32:2) 730.5 + - - -
60 TG (OLC18:4) 877.5 - - + -

61 TG
(C17:0LAr/C17:0OEp–OOP/SLnP) 893.6–859.8 + - - -

62 TG (EpC18:4C18:4) 893.4 - + - -
63 TG (GLL/LLnA/OLnG) 909.5 - - + -
64 TG (EpEpL) 923.5 - - + -
65 PI (38:1) 892.6 - - + -
66 TG (SSS) 891.4 - - + -
67 Anhydroeschscholtzxanthin 529.3 - + - +
68 TG (C18:4C18:4Ep) 893.6 + - - +
69 TG (OOP/PPoG/PoOL) 925.6 - + - -
70 PC (44:5) 890.3 - - + -
71 TG (EpC18:4C18:4) 893.6 - - + -
72 TG (ArArLn/OEpEp/ArEpL) 925.6 - + - -
73 TG (SOO/SSL/PLA) 887.5 + - - -
74 TG (MMDh) 823.5 - + - -
75 TG (SOO/SSL/PLA) 887.5 - - + -
76 TG (OOMo/LnLn18:4) 871.4 + - - -
77 Pheophytin a (C55H74N405) 871.4 870.6 + - + +

Note: MG, monoglyceride; DG, diglyceride; TG, triglyceride; SQDG, sulfoquinovosyldiacylglicerol; MGDG,
monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; PG, phosphatidylglycerol; PE, phosphatidylethanolamine;
PC, phosphatidylcholine; PI, phosphatidylinositol. M = C14:0; Mo = C14:1; P = C16:0; Po = C16:1; S = C18:0; O = C 18:1;
L = C18:2; Ln = C18:3; A = C20:0;0020G = C20:1; Ar = C20:4; Ep = C20:5; B = C22:0; D = C22:5; Dh = C22:6.

83



Foods 2020, 9, 1601
Foods 2020, 9, x FOR PEER REVIEW 9 of 14 

 

 

Figure 6. Base peak chromatograms of lipids extract of four isolated microalgae. (A) N.gaditana; (B); 
T.suecica; (C) P.tricornutum; (D) Nannochloris sp. For experimental conditions, see the text. For peak 
identification, see Table 4. 

10 20 30 40 50 60 70 80 90 100min
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

(x1.000.000)
2:TIC(-) A

1

2

3
5
9

13
15

16

1
8

23
25

24

27

31

32

33
37
38

39

42 48 49
50

59

61

68

73

76

77

0 10 20 30 40 50 60 70 80 90 100min0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

(x1.000.000)
2:TIC(-)

3

7

1
1

12
14

22
30

31

41

45

46

47

53

55

56

57
58

62
67

69

72

74

B

10 17

20

26
35

40
51

52

59

61

68

76

77

11

13

D

65

0 10 20 30 40 50 60 70 80 90 100 min

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0

(x1.000.000)
2:TIC(-)

4

6
8

19

21
28

29 34

36
43

44 54 60

63

64

65

66

70

71
75

77

23

C

10 20 30 40 50 60 70 80 90 100 min

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

(x1.000.000)
2:TIC(-)

Figure 6. Base peak chromatograms of lipids extract of four isolated microalgae. (A) N. gaditana;
(B); T. suecica; (C) P. tricornutum; (D) Nannochloris sp. For experimental conditions, see the text. For peak
identification, see Table 4.
The comprehensive lipid profiles obtained for the four strains showed their higher potential of

glycolipids, phospholipids, and triacylglycerols to be an ideal source of food additives, ingredient for
functional foods, and nutraceuticals applications [31,51].
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4. Conclusions

This study reports the identification of four strains of microalgae from Moroccan Mediterranean
seawater, which might be suitable for lipid production to be potentially used as supplement aquatic
and animal feed rich in PUFA and other food products with higher omega-3 fatty acids content.
In particular, the data from this study showed that Nannochloris sp., had the highest lipid productivity
of 15.93 mg/L/day. Furthermore, the HPLC-MS analysis showed their highest content of lipidic
molecules (77 in total) and might be useful as dietary supplements or biofuels feedstock.
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Abstract: Various analytical methodologies have been reported for the determination of 6-shogaol
(6-SHO) and 6-gingerol (6-GIN) in ginger extracts and commercial formulations. However, green
analytical methods for the determination of 6-SHO and 6-GIN, either alone or in combination,
have not yet been reported in literature. Hence, the present study was aimed to develop a rapid,
simple, and cheaper green reversed phase high-performance thin-layer chromatography (RP-HPTLC)
densitometry method for the simultaneous determination of 6-SHO and 6-GIN in the traditional and
ultrasonication-assisted extracts of ginger rhizome, commercial ginger powder, commercial capsules,
and commercial ginger teas. The simultaneous analysis of 6-SHO and 6-GIN was carried out via RP-18
silica gel 60 F254S HPTLC plates. The mixture of green solvents, i.e., ethanol:water (6.5:3.5 v/v) was
utilized as a mobile phase for the simultaneous analysis of 6-SHO and 6-GIN. The analysis of 6-SHO
and 6-GIN was performed at λmax = 200 nm for 6-SHO and 6-GIN. The densitograms of 6-SHO and
6-GIN from traditional and ultrasonication-assisted extracts of ginger rhizome, commercial ginger
powder, commercial capsules, and commercial ginger teas were verified by obtaining their single
band at Rf = 0.36 ± 0.01 for 6-SHO and Rf = 0.53 ± 0.01 for 6-GIN, compared to standard 6-SHO and
6-GIN. The green RP-HPTLC method was found to be linear, in the range of 100–700 ng/band with R2

= 0.9988 for 6-SHO and 50–600 ng/band with R2 = 0.9995 for 6-GIN. In addition, the method was
recorded as “accurate, precise, robust and sensitive” for the simultaneous quantification of 6-SHO
and 6-GIN in traditional and ultrasonication-assisted extracts of ginger rhizome, commercial ginger
powder, commercial capsules, and commercial ginger teas. The amount of 6-SHO in traditional
extracts of ginger rhizome, commercial ginger powder, commercial capsules, and commercial ginger
teas was obtained as 12.1, 17.9, 10.5, and 9.6 mg/g of extract, respectively. However, the amount of
6-SHO in ultrasonication-assisted extracts of ginger rhizome, commercial ginger powder, commercial
capsules, and commercial ginger teas were obtained as 14.6, 19.7, 11.6, and 10.7 mg/g of extract,
respectively. The amount of 6-GIN in traditional extracts of ginger rhizome, commercial ginger
powder, commercial capsules, and commercial ginger teas were found as 10.2, 15.1, 7.3, and 6.9 mg/g
of extract, respectively. However, the amount of 6-GIN in ultrasonication-assisted extracts of ginger
rhizome, commercial ginger powder, commercial capsules, and commercial ginger teas were obtained
as 12.7, 17.8, 8.8, and 7.9 mg/g of extract, respectively. Overall, the results of this study indicated that
the proposed analytical technique could be effectively used for the simultaneous quantification of
6-SHO and 6-GIN in a wide range of plant extracts and commercial formulations.
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1. Introduction

The roots or rhizomes of ginger (Zingiber officinale Roscoe; family: Zingeberaceae) have been used
as dietary supplements since ancient times [1]. Although it is cultivated in several countries around
the globe, India and China are the leading producers of ginger [1,2]. In recent years, ginger has gained
attention from researchers around the globe due to its broad range of therapeutic activities, in addition to
its low toxicity [1–3]. The main therapeutic activities of ginger are antioxidant [3], anti-inflammatory [4],
anti-apoptotic [5], analgesic [4], cytotoxic [5], anti-proliferative [5,6], antitumor [6], and anti-platelets [7]
activities. The therapeutic activities of ginger are due to the presence of biomarker compounds, such
as various gingerols and shogaols [6,7]. The most abundant gingerols of ginger rhizome are 6-gingerol
(6-GIN), 8-GIN, and 10-GIN [1,7]. Among shogaols, the most abundant is 6-shogaol (6-SHO) [6].
The chemical structures/formulae of 6-SHO and 6-GIN are presented in Figure 1.
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A single ultra-violet (UV) spectrometry method was reported for the determination of 6-GIN
in ginger extract [8]. Various high-performance liquid chromatography (HPLC) methods were
reported for the determination of 6-GIN in plant extracts, commercial food products, and commercial
formulations [1,2,9–14]. Different liquid chromatography mass-spectrometry (LC-MS) methods were
applied for the analysis of 6-GIN, either alone or in combination with other ginger compounds in plant
extracts and commercial formulations [15–19]. Some high-performance thin layer chromatography
(HPTLC) methods have also been reported for the determination of 6-GIN in ginger extract, commercial
foods, and commercial formulations [20–22]. The HPTLC method had also been utilized for the
simultaneous determination of 6-GIN, 8-GIN, and 10-GIN in ultrasonication-assisted extract of
ginger [23]. The HPTLC technique was also applied for the determination of a similar compound 8-GIN
in plant extracts, commercial foods, and commercial formulations [24]. Some HPLC methods have
been applied for the simultaneous determination of 6-SHO and 6-GIN in ginger extract and commercial
formulations [25–28]. A HPLC method was also proposed for the simultaneous determination of
6-SHO and 6-GIN in human plasma samples [29]. A LC-MS method was applied for the simultaneous
determination of 6-SHO and 6-GIN in ginger extract [30]. Although various analytical methodologies
have been reported for the determination of 6-GIN or the simultaneous determination of 6-SHO
and 6-GIN in ginger extracts, commercial foods, and commercial formulations, none of them used
green analytical methodology. Moreover, reported HPTLC methods have also used toxic solvents
in their mobile phase [20–23]. In addition, most of the reported HPTLC methods are based on
normal phase chromatography [20,24]. Few green HPTLC methods, utilizing the same mobile phase
(ethanol and water), have been reported for the determination of rivaroxaban, delafloxacin, and
diosmin, but the method application and analyzed compounds are different, with respect to the present
method [31–33]. Some HPTLC methods have also been reported for the determination of bioactive
compounds, such as vanillin and flavonoids in plant extracts, but they used toxic mobile phase in
addition to different analyzed compounds [34,35]. Recently, the analytical methods associated with
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green analytical chemistry or environmentally benign analytical chemistry have increased significantly
in literature [31,36,37].

Based on reported literature, it was found that green HPTLC methods have not been reported
for the analysis of 6-SHO or 6-GIN alone or in their combination. Moreover, green reversed phase
HPTLC (RP-HPTLC) methods offer many advantages over conventional HPTLC methods, such as the
avoidance of nonpolar fractions, avoidance of interference of the impurities, formation of compact
spots, detection clarity, and non-toxicity to the environment [36–38]. Hence, the aim of this study was
to develop and validate a green RP-HPTLC method for the simultaneous determination of 6-SHO and
6-GIN in traditional and ultrasonication-assisted extracts of ginger rhizome, commercial ginger powder,
commercial capsules, and commercial ginger teas for the first time. The proposed green RP-HPTLC
method for the simultaneous determination of 6-SHO and 6-GIN was validated for linearity, accuracy,
precision, robustness, sensitivity, and specificity, as per International Conference on Harmonization
(ICH) Q2 (R1) recommendations [39].

2. Materials and Methods

2.1. Materials

Standard 6-SHO, 6-GIN, and commercial ginger powder were obtained from Natural Remedies
(Bangalore, India). HPLC grades of methanol and ethanol were acquired from E-Merck (Darmstadt,
Germany). Ginger commercial capsules and ginger roots containing teas were obtained from the
local market in Riyadh, Saudi Arabia. Ginger rhizomes were purchased from the local market in
Al-Kharj, Saudi Arabia. HPLC grade water was collected from the Milli-Q unit. All the solvents were
of chromatography grades and other reagents were of analytical reagent grades.

2.2. Instrumentation and Analytical Conditions

Simultaneous RP-HPTLC-densitometry analysis of 6-SHO and 6-GIN was carried out using the
following instrumentation and analytical conditions:

HPTLC apparatus: CAMAG TLC system (CAMAG, Muttenz, Switzerland)
Software: WinCAT’s (version 1.4.3.6336, CAMAG, Muttenz, Switzerland)
Syringe for sample application: CAMAG microliter Syringe (Hamilton, Bonaduz, Switzerland)
TLC plate: 10 × 20 cm glass backed plates pre-coated with RP silica gel 60 F254S plates (E-Merck,

Darmstadt, Germany)
Sample applicator: CAMAG Linomat-V (CAMAG, Muttenz, Switzerland)
Gas for sample application: nitrogen
Development chamber: CAMAG automatic developing chamber 2 (ADC2) (CAMAG,

Muttenz, Switzerland)
TLC scanner: CAMAG TLC scanner-III (CAMAG, Muttenz, Switzerland)
Stationary phase: 10 × 20 cm glass backed plates pre-coated with RP silica gel 60 F254S plates

(E-Merck, Darmstadt, Germany)
Mobile phase for 6-SHO and 6-GIN: ethanol:water (6.5:3.5 v/v)
Saturation time: 30 min at 22 ◦C
Development distance on plate: 80 mm
Development mode: linear ascending mode
Sample application rate: 150 nL/s
Densitometry of scanning mode: absorbance/reflectance.
Scanning wavelength for 6-SHO and 6-GIN: 200 nm

2.3. Calibration Curve of 6-SHO and 6-GIN

The stock solution (SS) of 6-SHO and 6-GIN was prepared separately by dissolving an accurately
weighed 10 mg of 6-SHO and 6-GIN in 10 mL of methanol. About 1 mL of SS of 6-SHO and 6-GIN was
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diluted further using mobile phase to obtain the final SS of 100 µg/mL. Serial dilutions of SS of 6-SHO
and 6-GIN were made by taking different volumes of 6-SHO SS or 6-GIN SS and diluting them with
mobile phase to obtain concentrations in the range of 100–700 ng/band for 6-SHO and 50–600 ng/band
for 6-GIN. The SSs of 6-SHO and 6-GIN were prepared in six replicates (n = 6). Around 200 µL of
each concentration of 6-SHO and 6-GIN was applied on TLC plates, and the peak area was recorded.
The calibration curve (CC) of 6-SHO and 6-GIN was obtained by plotting the concentrations against the
measured areas of 6-SHO and 6-GIN. The CCs for 6-SHO and 6-GIN were obtained for six replicates
(n = 6).

2.4. Extraction Procedure for Ginger Rhizomes

Accurately weighed 5 g of the dried whole rhizomes of ginger (Zingiber officinale Roscoe) were
refluxed with methanol (100 mL) for 1 h in a water bath and filtered through Whatman filter paper
(No. 41). The marc left out was refluxed again three times with 70 mL of methanol for 1 h and filtered.
The solvent was evaporated using a rotary vacuum evaporator, and the residue was dissolved in
50 mL methanol in a volumetric flask. This procedure was performed in three replicates (n = 3). This
solution was used as a test solution in the RP-HPTLC-densitometry analysis of 6-SHO and 6-GIN in
the methanolic extract of ginger rhizome.

2.5. Extraction Procedure from Commercial Ginger Powder, Capsules, and Ginger Teas

For the simultaneous determination of 6-SHO and 6-GIN in commercial dietary supplement
capsules, five soft gelatin capsules containing ginger powder were opened, transferred in a beaker, and
mixed to ensure that a homogenous sample was obtained. The ginger root teas and ginger powder were
also transferred in a beaker separately. About 1 g of each of ginger root dietary supplement capsule,
ginger powder, and tea were weighed and transferred to separate beakers. They were then extracted
thrice with 70 mL of methanol separately. Filtrates were combined and concentrated using a rotary
vacuum evaporator to a final volume of 10 mL. Each procedure was performed in three replicates (n = 3).
The obtained solutions were used as test solutions in the RP-HPTLC analysis. The amount of 6-SHO
and 6-GIN was determined in both of the test solutions, using the RP-HPTLC-densitometry method.

2.6. Ultrasonic Extraction Procedure for Whole Rhizomes of Ginger

The ultrasonic extraction of the dried whole rhizomes of ginger was carried out by ultrasonic
vibrations (ultrasound-assisted extraction) using the Bransonic series (Model CPX5800H-E; New Jersey,
NJ, USA). A total of 5 g of dried whole rhizomes of ginger was taken and extracted with 100 mL
of methanol. The solvent was evaporated using a rotary vacuum evaporator and the residue was
dissolved in 50 mL methanol in a volumetric flask. It was ultrasonicated at 50 ◦C for 1 h. This procedure
was performed in three replicates (n = 3). This solution was used as a test solution for the simultaneous
determination of 6-SHO and 6-GIN in an ultrasound-assisted extract of ginger rhizomes.

2.7. Ultrasonic Extraction Procedure from Commercial Ginger Powder, Capsules, and Ginger Teas

For the simultaneous determination of 6-SHO and 6-GIN in commercial dietary supplement
capsules, five capsules containing ginger powder were opened, transferred in a beaker, and mixed
to ensure that a homogenous sample was obtained. The ginger teas and ginger powder were also
transferred in separate beakers. About 1 g each of ginger root dietary supplement capsule, ginger
powder, and tea were weighed and transferred to separate beakers. It was then ultrasonicated thrice at
50 ◦C for 1 h with 70 mL of methanol separately. Filtrates were combined and concentrated using a
rotary vacuum evaporator to a final volume of 10 mL. Each procedure was performed in three replicates
(n = 3). The obtained solutions were used as test solutions in the RP-HPTLC analysis. The amount
of 6-SHO and 6-GIN in ultrasonic-assisted extracts of commercial capsules and ginger root teas was
determined using the RP-HPTLC-densitometry method.
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2.8. Method Validation

The proposed green RP-HPTLC-densitometry method for the simultaneous determination of
6-SHO and 6-GIN was validated for linearity, precision, accuracy, robustness, sensitivity, and specificity,
according to ICH Q2 (R1) recommendations [39]. The linearity of 6-SHO and 6-GIN was obtained by
plotting the concentration of 6-SHO and 6-GIN against their respective HPTLC responses. The linearity
for 6-SHO was studied in the range of 100–700 ng/band in six replicates (n = 6). However, the linearity
for 6-GIN was recorded in the range of 50–600 ng/band in six replicates (n = 6). The method
accuracy for 6-SHO and 6-GIN was determined as the percent of recovery (% recovery) using the
standard addition method. The previously analyzed solutions of 6-SHO (100 ng/band) and 6-GIN
(100 ng/band) were spiked with extra 0, 50, 100, and 150% amounts of 6-SHO and 6-GIN. The resultant
concentrations of 100, 150, 200, and 250 ng/band for 6-SHO and 6-GIN were re-analyzed using a green
RP-HPTLC-densitometry method in six replicates (n = 6). The % recovery was calculated at each
concentration of 6-SHO and 6-GIN.

Method precision for 6-SHO and 6-GIN was determined as repeatability and intermediate precision.
Repeatability (intra-day precision) for 6-SHO and 6-GIN was evaluated by the analysis of samples
on the same day at 100, 150, 200, and 250 ng/band concentrations in six replicates (n = 6). However,
intermediate (inter-day precision) for 6-SHO and 6-GIN was evaluated using the analysis of samples
on three different days at 100, 150, 200, and 250 ng/band concentrations in six replicates (n = 6).

Method robustness for 6-SHO and 6-GIN was determined by introducing some minor modifications
in the composition of green mobile phase during 6-SHO and 6-GIN analysis. The original mobile phase
composition of ethanol:water (6.5:3.5) was changed into ethanol:water (6.7:3.3) and ethanol:water
(6.3:3.7) for the positive and negative level, respectively. The robustness for 6-SHO and 6-GIN was
evaluated in six replicates (n = 6).

Method sensitivity for 6-SHO and 6-GIN was determined as the limit of detection (LOD) and
limit of quantification (LOQ) by adopting the standard deviation (SD) method. The LOD and LOQ
values for 6-SHO and 6-GIN were calculated in six replicates (n = 6) using the following equations:

LOD = 3.3× SD
S

(1)

LOQ = 10× SD
S

(2)

where S is the slope of the CC of 6-SHO or 6-GIN.
Method specificity for 6-SHO and 6-GIN was evaluated by comparing the retardation factor (Rf)

values and UV-absorption spectra of 6-SHO and 6-GIN in the ginger rhizome extract, commercial
capsules, and ginger root teas with that of standard 6-SHO and 6-GIN.

2.9. Application of a Green RP-HPTLC Method in the Simultaneous Analysis of 6-SHO and 6-GIN in Ginger
Rhizome Extract, Commercial Ginger Powder, Capsules, and Ginger Teas

The obtained samples of traditional and ultrasonication-assisted extracts of ginger rhizome,
commercial ginger powder, capsules, and ginger teas were applied on RP-HPTLC plates, and their
chromatograms were obtained under the same experimental conditions and procedures as described
for the simultaneous quantification of standard 6-SHO and 6-GIN. The HPTLC area of 6-SHO and
6-GIN in all studied test samples was recorded in three replicates (n = 3). The amount of 6-SHO and
6-GIN in all studied test samples was computed using the respective CC of 6-SHO and 6-GIN.

2.10. Statistical Analysis

All the values are expressed as the mean ± SD of three or six replicates. The statistical analysis
was carried out by applying Dunnett’s test, using GraphPad Prism software (version 6, GraphPad,
San Diego, CA, USA). This analysis was performed at 5% level of significance.
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3. Results and Discussion

3.1. Method Development

Based on available reports in literature, it was found that no green RP-HPTLC method reported for
the simultaneous determination of 6-SHO and 6-GIN in plant extracts, food products, and formulations.
Hence, this study was carried out to develop and validate a green RP-HPTLC method for the
simultaneous quantification of 6-SHO and 6-GIN. In this study, the green mobile phase was obtained
by the simple mixture of ethanol and water (green solvents) in comparison to the normal HPTLC
method. The application of RP-HPTLC methods offer several advantages over normal phase HPTLC
methods [37,40]. In addition, green RP-HPTLC methods for the simultaneous determination of 6-SHO
and 6-GIN also reduce the toxicity of the proposed method to the environment [35,36].

In the proposed research, different compositions of ethanol and water, such as 5:5 (%, v/v),
6:4 (%, v/v), 7:3 (%, v/v), and 6.5:3.5 (%, v/v), were investigated as the green mobile phases for the
development of a suitable band for the simultaneous RP-HPTLC-densitometry analysis of 6-SHO and
6-GIN. All studied mobile phases were developed using chamber saturation conditions.

From the results, it was found that the mixtures of ethanol and water, such as 5:5 (%, v/v), 6:4 (%,
v/v), and 7:3 (%, v/v), presented poor densitometry peaks of 6-SHO and 6-GIN with poor symmetry.
When the mixture of ethanol and water, such as 6.5:3.5 (%, v/v), was investigated, it was found that
this combination presented well-resolved, symmetrical, and compact densitometry peaks of 6-SHO at
Rf = 0.36 ± 0.01 and of 6-GIN at Rf = 0.53 ± 0.01 (Figure 2).
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Figure 2. High-performance thin layer chromatography (HPTLC)-densitogram of standard 6-SHO
and 6-GIN.

Based on these results, the mixture of ethanol: water 6.5:3.5 (%, v/v) was optimized as
the green mobile phase for the simultaneous analysis of 6-SHO and 6-GIN in traditional and
ultrasonication-assisted extracts of ginger rhizome, commercial ginger powder, capsules, and ginger
teas. The band spectra for 6-SHO and 6-GIN were obtained in the densitometry mode, and the maximum
response under reflectance/absorbance mode was obtained at the wavelength (λmax) = 200 nm for
6-SHO and 6-GIN. Therefore, all simultaneous analyses of 6-SHO and 6-GIN were performed at
λmax = 200.

3.2. Method Validation

Different validation parameters for the simultaneous analysis of 6-SHO and 6-GIN were evaluated
based on ICH guidelines [39]. The results for linear regression analysis of CCs of 6-SHO and 6-GIN are
tabulated in Table 1.
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Table 1. Linear regression analysis data for the calibration curve (CC) of 6-shogaol (6-SHO) and
6-gingerol (6-GIN) for the green reversed phase high-performance thin layer chromatography
(RP-HPTLC) method (mean ± SD; n = 6).

Parameters 6-SHO 6-GIN

Linearity range (ng/band) 100–700 50–600
Regression equation Y = 9.04x + 53.78 Y = 13.22x + 693.37

R2 0.9988 0.9995
Slope ± SD 9.04 ± 0.54 13.22 ± 1.08

Intercept ± SD 53.78 ± 2.86 693.37 ± 15.75
Standard error of slope 0.22 0.44

Standard error of intercept 1.16 6.42
95% confidence interval of slope 8.09–9.99 11.33–15.12

95% confidence interval of intercept 48.76–58.81 665.70–721.03
LOD ± SD (ng/band) 33.65 ± 0.84 16.84 ± 0.36
LOQ ± SD (ng/band) 100.95 ± 2.52 50.52 ± 1.08

LOD: limit of detection and LOQ: limit of quantification.

The CC of 6-SHO and 6-GIN was found to be linear in the range of 100–700 and 50–600 ng/band,
respectively. The results indicated a good linear relationship between the concentration and response
of 6-SHO and 6-GIN. The value of determination coefficient (R2) for 6-SHO and 6-GIN was computed
as 0.9988 and 0.9995, respectively. The obtained R2 values for 6-SHO and 6-GIN were significant
(p < 0.05). Overall, the results of linear regression analysis indicated that a green RP-HPTLC method
was linear for the simultaneous quantification of 6-SHO and 6-GIN.

Method accuracy for 6-SHO and 6-GIN was computed as % recovery, and results are summarized
in Table 2.

Table 2. Accuracy data of 6-SHO and 6-GIN for the green RP-HPTLC method (mean ± SD; n = 6).

Excess Drug Added to
Analyte (%)

Theoretical
Content (ng)

Conc. Found (ng)
± SD Recovery (%) RSD (%)

6-SHO
0 100 98.8 ± 1.4 98.8 1.4
50 150 148.5 ± 2.0 99 1.3

100 200 202.4 ± 2.6 101.2 1.2
150 250 254.1 ± 2.8 101.6 1.1

6-GIN
0 100 101.5 ± 1.4 101.5 1.3

50 150 152.1 ± 1.9 101.4 1.2
100 200 198.3 ± 2.3 99.1 1.1
150 250 247.6 ± 2.6 99 1

RSD: relative standard deviation.

The % recoveries of 6-SHO and 6-GIN after spiking an extra 0–150% were obtained as 98.8–101.6
and 99.0–101.5%, respectively, using a green RP-HPTLC method. The percent of relative standard
deviation (% RSD) values in the recovery of 6-SHO and 6-GIN were obtained as 1.10–1.46 and
1.07–1.39%, respectively. The obtained % recoveries within the limit of 100 ± 2% for 6-SHO and
6-GIN indicated that the green RP-HPTLC-densitometry method was accurate for the simultaneous
quantification of 6-SHO and 6-GIN. Method precision for 6-SHO and 6-GIN was computed as % RSD,
and results are summarized in Table 3.
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Table 3. Precision data of 6-SHO and 6-GIN for the green RP-HPTLC method (mean ± SD; n = 6).

Conc.
(ng/band)

Repeatability (Intraday Precision) Intermediate Precision (Inter-Day)

Area ± SD Standard
Error RSD (%) Area ± SD Standard

Error RSD (%)

6-SHO
100 956 ± 15 6.1 1.5 963 ± 16 6.5 1.6
150 1402 ± 17 7.1 1.2 1428 ± 17 7.2 1.2
200 1912 ± 18 7.5 0.9 1888 ± 16 6.5 0.8
250 2396 ± 20 8.4 0.8 2363 ± 18 7.4 0.7

6-GIN
100 2098 ± 21 8.7 1 2115 ± 21 8.9 1
150 2618 ± 24 9.8 0.9 2686 ± 25 10.2 0.9
200 3412 ± 27 11.3 0.8 3378 ± 25 10.5 0.7
250 4156 ± 32 13.2 0.7 4082 ± 29 12.1 0.7

The % RSD values of 6-SHO and 6-GIN for the intraday precision were calculated as 0.8–1.5 and
0.7–1.0%, respectively. The % RSD values of 6-SHO and 6-GIN for inter-day precision were obtained as
0.7–1.6 and 0.7–1.0%, respectively. The obtained values of % RSD for 6-SHO and 6-GIN within the range
of ±2% showed that the green RP-HPTLC method was precise for the simultaneous quantification of
6-SHO and 6-GIN.

Robustness for 6-SHO and 6-GIN was determined by introducing minor modification in the
composition of mobile phase, and results are summarized in Table 4. The errors (% RSD) for 6-SHO
and 6-GIN after introducing minor modification in the composition of mobile phase were obtained as
0.7–0.8 and 0.6–0.8%, respectively. The small variations in Rf values and lower % RSD values suggested
that the green RP-HPTLC method was robust for the simultaneous determination of 6-SHO and 6-GIN.

Table 4. Robustness data of 6-SHO and 6-GIN for the green RP-HPTLC method (mean ± SD; n = 6).

Conc.
(ng/band)

Mobile Phase Composition (Ethanol:Water) Results
Original Used Area ± SD % RSD Rf

6-SHO
6.7:3.3 0.2 1503 ± 13 0.8 0.35

150 6.5:3.5 6.5:3.5 0 1432 ± 11 0.8 0.36
6.3:3.7 −0.2 1342 ± 9 0.7 0.37

6-GIN
Mobile phase composition (ethanol:water)

6.7:3.3 0.2 2753 ± 22 0.8 0.52
150 6.5:3.5 6.5:3.5 0 2654 ± 19 0.7 0.53

6.3:3.7 −0.2 2513 ± 15 0.6 0.54

The method sensitivity for 6-SHO and 6-GIN was evaluated in terms of LOD and LOQ, and
results are summarized in Table 1. The LOD and LOQ values for 6-SHO were calculated as 33.65 ± 0.84
and 100.95 ± 2.52 ng/band, respectively. However, the LOD and LOQ values for 6-GIN were calculated
as 16.84 ± 0.36 and 50.52 ± 1.08 ng/band, respectively. The obtained values of LOD and LOQ indicated
that the green RP-HPTLC method was sensitive enough for the simultaneous determination of 6-SHO
and 6-GIN.

Method specificity and the peak purity of 6-SHO and 6-GIN were evaluated by comparing the
overlaid UV-absorption spectra of 6-SHO and 6-GIN in ginger rhizome extract, commercial powder,
capsules, and ginger root teas with that of the standard. The overlaid UV spectra of standard 6-SHO
and 6-GIN and 6-SHO and 6-GIN in traditional and ultrasonication-assisted extracts of ginger rhizome,
commercial ginger powder, capsules, and ginger teas are shown in Figure 3. Although the UV spectra
of 6-SHO and 6-GIN in ultrasonication-assisted extract of ginger powder was quite different, their
maximum responses were recorded as λmax = 200 nm. The quite different spectra of 6-SHO and
6-GIN in ultrasonication-assisted extract of ginger powder could be due to the presence of other
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compounds. The maximum densitometry response of 6-SHO and 6-GIN in standards and traditional
and ultrasonication-assisted extracts of ginger rhizome, commercial ginger powder, capsules, and
ginger root teas were found at λmax = 200 nm under the reflectance/absorbance mode. The similar
UV-absorption spectra, Rf values, and λmax of 6-GIN and 6-SHO in standard and traditional and
ultrasonication-assisted extracts of ginger rhizome, commercial ginger powder, capsules, and ginger
root teas suggested the method specificity for the simultaneous determination of 6-SHO and 6-GIN.
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Figure 3. Overlaid ultra-violet (UV) absorption spectra of standards (6-SHO and 6-GIN), ginger
rhizome, ginger powder, commercial capsules, and ginger teas extracted from traditional and
ultrasonication methods.

3.3. Application of the Green RP-HPTLC Method in Simultaneous Analysis of 6-SHO and 6-GIN in Ginger
Rhizome Eextract, Commercial Ginger Powder, Capsules, and Ginger Teas

A green RP-HPTLC method could be an alternative approach of conventional HPTLC techniques
for the simultaneous determination of 6-SHO and 6-GIN in traditional and ultrasonication-assisted
extracts of ginger rhizome, commercial ginger powder, capsules, and ginger teas. The densitometry
peaks of 6-SHO and 6-GIN from traditional and ultrasonication-assisted extracts of ginger rhizome,
commercial ginger powder, capsules, and ginger teas were verified by comparing their single TLC spot
at Rf = 0.36 ± 0.01 for 6-SHO and Rf = 0.53 ± 0.01 for 6-GIN with that of standards 6-SHO and 6-GIN.
The representative HPTLC densitogram of 6-SHO and 6-GIN in traditional ginger rhizome extracts is
shown in Figure 4, which shows similar peaks of 6-SHO and 6-GIN to that of standard 6-SHO and
6-GIN. In addition, seven additional peaks were also recorded in the traditional ginger rhizome extract.
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The representative HPTLC densitogram of 6-SHO and 6-GIN in traditional commercial ginger
powder extract is shown in Figure 5, which also shows similar peaks of 6-SHO and 6-GIN to that of
standard 6-SHO and 6-GIN. In addition, three additional peaks were recorded in traditional commercial
ginger powder extract.
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Figure 5. HPTLC-densitogram of 6-SHO and 6-GIN in traditional commercial ginger powder extract.

The representative HPTLC densitogram of 6-SHO and 6-GIN in traditional commercial capsule
extract is shown in Figure 6, which also suggests similar peaks of 6-SHO and 6-GIN to that of standard
6-SHO and 6-GIN. In addition, three additional peaks were found in the traditional commercial capsule
powder extract.
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The presence of additional peaks in all studied traditional and ultrasonication-assisted extracts
indicated that the green RP-HPTLC method could be successfully utilized for the simultaneous
determination of 6-SHO and 6-GIN in the presence of other compounds or impurities. The amount of
6-SHO and 6-GIN in traditional and ultrasonication-assisted extracts of ginger rhizome, commercial
ginger powder, capsules, and ginger teas was determined by the CCs of 6-SHO and 6-GIN. The amount
of 6-SHO in traditional extracts of ginger rhizome, commercial ginger powder, capsules, and ginger
teas was found as 12.1 ± 0.8, 17.9 ± 0.9, 10.5 ± 0.4, and 9.6 ± 0.3 mg/g of extract, respectively. However,
the amount of 6-SHO in ultrasonication-assisted extracts of ginger rhizome, commercial ginger powder,
capsules, and ginger teas was found as 14.6 ± 0.7, 19.7 ± 1.0, 11.6 ± 0.4, and 10.7 ± 0.4 mg/g of extract,
respectively. The amount of 6-GIN in traditional extracts of ginger rhizome, commercial ginger powder,
capsules, and ginger teas was recorded as 10.2 ± 0.6, 15.1 ± 0.8, 7.3 ± 0.2, and 6.2 ± 0.2 mg/g of
extract, respectively. Meanwhile, the amount of 6-GIN in ultrasonication-assisted extracts of ginger
rhizome, commercial ginger powder, capsules, and ginger teas was found as 12.7 ± 0.7, 17.8 ± 0.8,
8.8 ± 0.3, and 7.9 ± 0.3 mg/g of extract, respectively. In general, the amount of 6-SHO and 6-GIN
was found to be significantly higher in traditional and ultrasonication-assisted extracts of commercial
ginger powder and ginger rhizome compared with traditional and ultrasonication-assisted extracts
of commercial capsules and ginger teas (p < 0.05). In addition, the amount of 6-SHO and 6-GIN
in ultrasonication-assisted extracts was higher than traditional extracts. The amount of 6-SHO and
6-GIN in ultrasonication-assisted extracts of commercial ginger powder and ginger rhizome was
significantly higher than their traditional extracts (p < 0.05). However, the amount of 6-SHO and
6-GIN in ultrasonication-assisted extracts of commercial capsules and ginger teas was not significant
to their traditional extracts (p > 0.05). Based on these results, the ultrasonication method for the
extraction of 6-SHO and 6-GIN in different ginger products was considered superior over the traditional
method of extraction. Overall, these results suggested that the green RP-HPTLC method can be
successfully applied in the simultaneous determination of 6-SHO and 6-GIN in a wide variety of food
and pharmaceutical products containing 6-SHO and 6-GIN as the active constituents.

3.4. Literature Comparison

The green RP-HPTLC method for the simultaneous determination of 6-SHO and 6-GIN was
compared with different analytical methods reported for the simultaneous determination of 6-SHO
and 6-GIN. The results of comparison are tabulated in Table 5.

Different validation parameters, such as linearity range, accuracy, and precision of the green
RP-HPTLC method, were compared with literature methods. The linearity range, accuracy,
and precision of the reported LC-MS method for the simultaneous determination of 6-SHO and
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6-GIN were found to be much inferior to the green RP-HPTLC method [29]. In addition, the linearity
range, accuracy, and precision of various reported HPLC methods for the simultaneous determination
of 6-SHO and 6-GIN were also found to be inferior to the green RP-HPTLC method [24,25,27]. HPTLC
methods have not been reported for the simultaneous determination of 6-SHO and 6-GIN or 6-SHO
alone. However, various HPTLC methods have been reported for the determination of 6-GIN alone
or in combination with other compounds [20–23]. Therefore, the green RP-HPTLC method was also
compared with reported HPTLC methods for the determination of 6-GIN alone. The results of this
comparative analysis are tabulated in Table 6. The accuracy and precision for the determination of
6-GIN of most of the reported HPTLC methods were found within the limit of ICH guidelines [36].
However, the accuracy of the HPTLC method reported by Khan et al. was outside the limit of the
ICH guidelines [23]. The accuracy of the present HPLTLC method was superior to those reported by
Khan et al. [23]. However, there were not many differences found in the accuracy or precision of the
present green RP-HPTLC method with other reported methods [20–22,24].

Table 5. Comparison of the current green RP-HPTLC method with reported analytical methods for the
simultaneous determination of 6-SHO and 6-GIN.

Analytical
Method

Compound

Ref.
6-SHO 6-GIN

Linearity
Range

Accuracy (%
Recovery)

Precision
(% RSD)

Linearity
Range

Accuracy (%
Recovery)

Precision
(% RSD)

LC-MS 1–40 (µg/mL) 83–110 2.0–4.0 5.5–220 (µg/mL) 87–100 2.0–8.0 [29]
HPLC 1–5 (µg/mL) 97.8–100.8 0.4–1.5 1.0–5.4 (µg/mL) 97.8–100.8 0.4–1.5 [24]
HPLC 6–18 (µg/mL) 84.7–92.8 3.0 20–60 (µg/mL) 91.5–102.3 3.4 [25]
HPLC 10–250 (µg/mL) 99.8–101.1 0.2–1.6 10–250 (µg/mL) 99.3–99.7 0.4–1.5 [27]

HPTLC 100–700
(ng/band) 98.8–101.6 0.7–1.6 50–600

(ng/band) 99.0–101.5 0.7–1.0 Present
work

Table 6. Comparison of the current green RP-HPTLC method with reported HPTLC methods for the
determination of 6-GIN.

Analytical
Method

Linearity Range
(ng/Band)

Accuracy (%
Recovery)

Precision
(% RSD) Ref.

HPTLC 50–1000 98.1–98.8 0.6–1.2 [20]
HPTLC 140–840 95.6–101.4 0.7–1.4 [23]
HPTLC 150–900 98.2–99.6 0.0–0.1 [21]
HPTLC 100–1400 99.7–100.1 1.0–1.4 [22]
HPTLC 50–500 98.2–99.2 0.4–1.6 [24]
HPTLC 50–600 99.0–101.5 0.7–1.0 Present work

On the other hand, the linearity range (50–1000 ng/band) of one reported HPTLC method was
wider than the present RP-HPTLC method (50–600 ng/band) with similar lower limit detections [20].
The linearity range (140–840 ng/band) of the other reported HPTLC method was slightly wider than
the present RP-HPTLC method (50–600 ng/band), but its lower limit detections were much higher
than the present HPTLC method [23]. The linearity range (50–500 ng/band) of the other reported
HPTLC method was slightly narrower than the present RP-HPTLC method (50–600 ng/band), with
similar lower limit detections [24]. The lower limit of detections of the other two HPTLC methods
were much lower than the present RP-HPTLC method [21,22]. Overall, both reported methods, as well
as the present HPTLC method, were found to be suitable for the determination of 6-GIN. However,
the reported HPTLC methods were not utilized for the simultaneous determination of 6-SHO and
6-GIN. Overall, the present RP-HPTLC method for the simultaneous determination of 6-SHO and
6-GIN was found to be more simple, accurate, precise, cost-effective, and sensitive than reported
analytical methods.
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4. Conclusions

Due to the lack of green RP-HPTLC methods for the simultaneous determination of 6-SHO and
6-GIN in literature, the objective of this study was to develop and validate a green RP-HPTLC method
for the simultaneous determination of 6-SHO and 6-GIN in traditional and ultrasonication-assisted
extracts of ginger rhizome, commercial ginger powder, capsules, and ginger teas for the first time.
The green RP-HPTLC is simple, accurate, precise, robust, sensitive, and specific for the simultaneous
determination of 6-SHO and 6-GIN. The amount of 6-SHO and 6-GIN was found to be higher in
ultrasonication-assisted extracts of ginger rhizome, commercial ginger powder, capsules, and ginger
teas than their respective traditional extracts. Based on these results, ultrasonication has been proposed
as the preferred method for the extraction of 6-SHO and 6-GIN from ginger rhizome, commercial ginger
powder, capsules, and ginger teas over the traditional method of extraction. Overall, the results of this
study suggested that the green RP-HPTLC method can be successfully utilized in the simultaneous
analysis of 6-SHO and 6-GIN in the real samples of ginger food and pharmaceutical products having
6-SHO and 6-GIN as the active constituents.
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Abstract: Brassicaceae family provides several crops which are worldwide known for their interesting
phytochemical profiles, especially in terms of content of glucosinolates. These secondary metabolites
show several beneficial effects toward consumers’ health, and several studies have been conducted to
identify cultivation factors affecting their content in crops. One of the agronomic practices which is
attracting growing interest is the organic one, which consists in avoiding the use of mineral fertilizers
as well as pesticides. The aim of this study is to define the metabolic profile of Brassica oleracea
(var. italica) and to compare the samples grown using organic and conventional fertilization methods.
The hydroalcoholic and organic extracts of the samples have been analyzed by NMR spectroscopy.
Forty-seven metabolites belonging to the categories of organic acids, amino acids, carbohydrates,
fatty acids, sterols, and other molecules have been identified. Thirty-seven metabolites have been
quantified. Univariate and multivariate PCA analyses allowed to observe that the organic practice
influenced the nitrogen transport, the carbohydrate metabolism, the glucosinolate content and the
phenylpropanoid pathway in B. oleracea (var. italica).

Keywords: NMR; metabolomics; Brassica oleracea (var. italica); organic and conventional
pratices; glucosinolates

1. Introduction

A healthy lifestyle is a combination of behaviors and one of the main aspects is the diet. It is
recommended to eat as a minimum five portions of fruits and vegetables daily, thus reducing the risk
of chronic disease and improve health outcomes [1]. Vegetables are not only a natural source of amino
acids, minerals and vitamins, but they are rich in several secondary plant metabolites that can be
subdivided into different groups depending on their chemical structure and functional properties [2].
Some of the secondary plant metabolites with nutraceutical properties [3–5] can be found ubiquitously
in the entire plant kingdom, and thus, in all types of vegetables. On the other hand, the large and
very diverse group of phenolic compounds or carotenoids as well as other secondary plant produced
metabolites, are restricted to some botanical orders or families e.g., the glucosinolates (GLs), which are
distributed mostly in the order of flowering plants Brassicales.
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Brassicaceous vegetables belong to the order Brassicales and most of them are members of the
Brassicaceae family. About the 12% of the world-grown vegetables are Brassica vegetables [6],
illustrating the great importance of this family. Two very common groups of Brassicaceous vegetables
are the Brassica oleracea (e.g., broccoli, Brussels sprouts, white and red cabbage, cauliflower, collards,
kale, and kohlrabi) and Brassica rapa (Chinese cabbage, pak choi, and turnips).

Brassicaceous vegetables contain vitamins C, E, and K, as well as folate, minerals, and dietary fiber.
Brassica generally contains high amounts of vitamin C and can provide up to the 50% of the daily
recommended dietary intake of this vitamin [7].

In addition to the phytochemicals, such as carotenoids and phenolic compounds, which occur
in considerable amounts in some Brassica species [8–10], Brassicaceous vegetables are rich also of
sulfur-containing compounds e.g., methylcysteinsulfoxide, and glucosinolate [11,12], which are
responsible for the pungent and bitter taste or the spicy flavor of Brassicaceous vegetables [13,14].

One of the most relevant and interest biomolecules in Brassicales vegetables are the glucosinolates,
due to their health-promoting properties in general, and cancer preventive properties in particular as
substantiated by many studies on this topic [15–19].

Glucosinolates are stable secondary metabolite in plants and play a key role in the plant’s defense
system. In case of tissue injury (e.g., insect’s damage), they are enzymatically decomposed by the
endogenous enzyme myrosinase and, as a result, various degradation products, such as nitriles,
epithionitriles, and/or isothiocyanates (ITCs) are released [20]. Isothiocyanates are associated with
the pungency of these vegetables and have been shown to confer several beneficial effects [21–23],
i.e., anti-cancerogenic [2,15,24–30], anti-inflammatory [31], as well as anti-diabetogenic [32,33] properties
and beneficial health effects.

The composition of secondary metabolites strongly depends on factors such as: (i) pedoclimatic
conditions of sampling site; (ii) harvesting time; (iii) plant genotype; (iv) agronomic practices.

Concerning the agronomic practices, the debate about the differences in nutritional properties
between organic and conventional food is currently open, as shown by the consistent number of
papers and reviews published in the last few years. Comparisons between organic and conventional
cultivation methods have shown that organic practices make the plant more susceptible to attacks
by pathogens and insects causing an overproduction of secondary metabolites (i.e., phenolic and
GLs) in response to the biotic stress respect to conventional. Furthermore, soil fertilization is another
factor that can influence the content of plants phytochemicals and the interactive effect depends on
crop varieties, plant tissue considered and soil type. As instance, Jones et al. [34] found that nitrogen
stress increased glucoraphanin, quercetin and kaempferol content in broccoli florets and decreased
glucobrassicin content. The authors hypothesized that the limited nitrogen results in an increased
availability of methionine for aliphatic glucosinolate production, while the opposite occurred with
tryptophan used for the synthesis of indoyl GLs.

However, the metabolic pathways underlying the biosynthesis of secondary metabolites cannot
be analyzed without also studying the whole plant metabolism, which is clearly influenced by soil
nitrogen supply.

In recent years, Nuclear Magnetic Resonance (NMR) has emerged as one of the main analytical
techniques used in metabolomics. NMR allows to analyze at the same time all the metabolites present
in a sample with a single experiment and a minimum of pre-treatment. In fact, the technological
advances have allowed to overcome the most important negative problem represented by the low
intrinsic sensitivity of this spectroscopic technique. Furthermore, the most advanced two-dimensional
techniques allow to identify the compounds present also in extremely complex mixtures, making
possible a qualitative and quantitative analysis. For these reasons, NMR spectroscopy is nowadays
among the main analytical techniques used in the metabolomics research; it has several advantages
including a relatively high degree of reproducibility, easy-to-identify metabolites, high throughput,
and non-destructive sample treatment.
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On the basis of the metabolic profile obtained from NMR experiments, it has been possible
to identify a wide range of metabolites with a single analysis allowing to evaluate various food
characteristics, regarding quality, authentication, geographical origin, as well as secondary metabolites
with potential nutraceutical properties [35–39].

The aim of this work has been to investigate the effects and interactions of cultivation, organic
versus conventional, on the secondary metabolites profile in B. oleracea adding two soil fertilizer with
different rate of utilization of nitrogen. The two broccoli theses were grown in the same pedoclimatic
and soil conditions in order to observe the specific effect of cultivation.

2. Materials and Methods

2.1. Sampling

For this experiment B. oleracea (var. italica) cultivar Natalino plants were grown in the Roma
(Italy) countryside, in the area of Fiano Romano (Lazio Region, Italy). Natalino variety was selected
for its agronomic traits, such as crop robustness, yield stability and an excellent tolerance to freezing
stress of both the plant and corymbs. The two cultivation sites were characterized by high similarity in
terms of sun exposure and pedoclimatic conditions. The soil is classified as sandy loan with standard
mineral dotation of macro and micro elements. The site area is characterized by the Mediterranean
climate, with mean annual temperature of 20 ◦C and annual precipitation of 482 mm concentrated in
the Autumn and Spring seasons.

Seedlings were transplanted 6 weeks after germination. Fertilizer were applied at transplanting.
Plants were regularly irrigated with drip irrigation system.

Seedlings were transplanted in September and harvested 100 days later in December
Broccoli florets were harvested at the standard commercial ripening stage with characteristic

inflorescence consisting of very tight, regular, compact and intense bright green florets with fully
developed corymbs.

Broccoli were grown under organic and conventional agriculture and thirty (30) corymbs from
different plants were sampled, fifteen (15) for each of the two types of cultivation.

No chemicals were used for the control of pests and phytopathological diseases in either
conventional or organic cultivations.

Organic and conventional cultivation provided the same amount of nitrogen to the soil and
fertilizer applied was urea and bovine manure as reported in Table 1.

Table 1. Fertilizer application on conventional and organic fields.

Fertilizer Application (t/ha)

Urea Bovine Manure

Conventional 0.2 15
Organic 0.0 28

After sampling, the samples were put in polyethylene bags at the collection site to avoid water loss,
and sent in a refrigerated container to laboratory, where they were stored at−80 ◦C until further analysis.

2.2. Sample Preparation and Metabolites Extraction

Homogeneous portions of the vegetables (0.5 g of fresh weight) were frozen in liquid nitrogen,
finely powdered and extracted according to the modified Bligh-Dyer protocol [40]. Each sample
aliquot was placed in a mortar, ground in liquid nitrogen and added to a cold mixture composed of
with methanol/chloroform/water in a 2:2:1 proportion. The samples were kept at +4 ◦C for 1 h and
then centrifuged for 25 min at 4 ◦C at 10,000 rpm on an Itettich Zentrifugen centrifuge (Tuttlingen,
Germany). This extraction procedure ensures that the metabolic profile does not change and that it
is as close as possible to the desired analysis time point. This extraction procedure was employed
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also because it allows to separate low weight compounds on the basis of their polarity. The upper
hydroalcoholic phase and the lower organic one were carefully separated, dried under nitrogen flux
and stored at −80 ◦C until NMR analysis.

2.3. NMR Spectroscopy

The hydrophilic phase was resuspended in 0.6 mL of D2O containing 3-(trimethylsilyl)-
propionic-2,2,3,3-D4 acid sodium salt (final concentration of TSP, 2 mM) as an internal chemical
shift and concentration standard. The hydrophobic phase was resuspended in 0.6 CDCl3 with
hexamethyldisiloxane (final concentration of HMDS, 2 mM) as an internal standard. All solvents and
standards were purchased from Sigma Aldrich (St. Louis, MO, USA).

All spectra were recorded at 298 K on a Bruker AVANCE III spectrometer operating at the proton
frequency of 400.13 MHz and equipped with a multinuclear z-gradient inverse probehead (Bruker
BioSpin, GMBH, Rheinstetten, Germany). The 1H 1D spectra and 2D 1H-1H TOCSY, 1H-13C HSQC
and 1H-13C HMBC were acquired employing previously used parameters [41]. The signals that could
be clearly identified and had no overlap with neighboring resonances were integrated for each sample
and quantification was performed by comparison of the signal integral with the reference signal, and
quantities were expressed in mg/g of fresh weight.

2.4. Statistics

Univariate t-test analysis was performed with SigmaPlot 14.0 software (Systat Software Inc.,
San Jose, CA, USA). Multivariate PCA was performed on the data matrix of metabolite concentrations
measured by NMR spectroscopy with the Unscrambler ver. 10.5 software (Camo Software AS, Oslo,
Norway). Data were mean centered, since the variables with the largest response could dominate the
PCA, and then autoscaled to equalize the importance of the variation of each variable.

3. Results and Discussion

Comprehensive metabolic profile analysis of B. oleracea var. italica was carried out by 1H NMR
spectroscopy of hydroalcoholic and chloroform extracts. The extracts of the two cultivation practices
showed only quantitative differences and not qualitative ones (Figures S1 and S2 for hydroalcoholic
and chloroform extracts, respectively). Resonance assignment was carried through bidimensional
TOCSY (Figures S3 and S4), HSQC (Figures S5 and S6) and HMBC (Figures S7 and S8) experiments and
confirmed by literature data [41,42]. A total of 47 metabolites were identified; 37 were quantified, and
the 1H chemical shifts, multiplicity and the 13C chemical shifts are reported in Supplementary Table S1.

The signals that could be clearly identified and had no overlap with neighboring signals were
integrated for each sample and quantification was performed by comparison of the signal integral
with the reference one, and quantities were expressed in mg/g of fresh weight. The resulting data set
was studied by univariate and multivariate statistical analysis tools for the evaluation of statistical
differences between the two fertilization methods. The quantitative analysis is reported in Table 2 with
the statistical significance assessed by student t-test.

Comparing the profile of B. oleracea fertilised with only manure with the one fertilised with
both urea and manure, it is possible to observe an increase of aspartate, glycine, tyrosine, histidine,
malate, sucrose, linolenic fatty acid, total choline, glucoraphanin, and glucobrassicin as well as a
decrease of valine, isoleucine, threonine, glutamine, lysine, arginine, asparagine, phenylalanine, acetate,
and fructose.
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Table 2. Composition of B. Oleracea var. italica determined by NMR spectroscopy.

Molecule
Amount (mg/g)

Change
Conventional Organic

Free Amino acids

Valine 0.248 ± 0.046 0.172 ± 0.016 ** ↓
Isoleucine 0.115 ± 0.023 0.074 ± 0.003 ** ↓
Leucine 0.124 ± 0.028 0.106 ± 0.008

Threonine 0.153 ± 0.021 0.122 ± 0.006 ** ↓
Alanine 0.307 ± 0.055 0.307 ± 0.024

Glutamate 1.349 ± 0.399 1.794 ± 0.245
Glutamine 0.729 ± 0.135 0.521 ± 0.028 ** ↓
Aspartate 0.626 ± 0.197 0.843 ± 0.066 * ↑

Lysine 0.314 ± 0.066 0.254 ± 0.008 * ↓
Arginine 2.852 ± 0.508 2.378 ± 0.113 * ↓

Asparagine 1.151 ± 0.234 0.631 ± 0.056 ** ↓
Glycine 0.528 ± 0.147 0.702 ± 0.128 ** ↑
Tyrosine 0.076 ± 0.010 0.100 ± 0.008 ** ↑
Histidine 0.027 ± 0.007 0.056 ± 0.010 ** ↑

Phenylalanine 0.273 ± 0.067 0.159 ± 0.017 ** ↓

Organic acids

Acetate 0.042 ± 0.009 0.026 ± 0.002 ** ↓
Malate 2.552 ± 0.452 3.186 ± 0.175 * ↑

Pyruvate 0.490 ± 0.209 0.650 ± 0.111
Succinate 0.148 ± 0.085 0.101 ± 0.012
Fumarate 0.148 ± 0.069 0.089 ± 0.020
Formate 0.005 ± 0.001 0.004 ± 0.001

Carbohydrates
Glucose 4.552 ± 1.077 5.451 ± 0.293
Fructose 1.634 ± 0.449 1.041 ± 0.083 ** ↓
Sucrose 2.380 ± 0.752 6.946 ± 0.487 ** ↑

Lipids and sterols

β-Sitosterol 0.381 ± 0.067 0.352 ± 0.042
Campesterol 0.117 ± 0.043 0.112 ± 0.018
Stearic acid 1.849 ± 0.794 1.733 ± 0.271
Oleic acid 1.024 ± 0.474 1.163 ± 0.168

Linoleic acid 0.673 ± 0.156 0.691 ± 0.071
Linolenic acid 1.310 ± 0.252 1.663 ± 0.147 * ↑

Monoacylglycerol 0.356 ± 0.049 0.367 ± 0.029
Triacylglygerol 0.305 ± 0.052 0.362 ± 0.028

Miscellaneous

Choline 0.337 ± 0.058 0.480 ± 0.053 * ↑
Glucoraphanin 0.565 ± 0.087 0.708 ± 0.027 ** ↑
Glucobrassicin 0.160 ± 0.052 0.449 ± 0.105 ** ↑

Trigonelline 0.026 ± 0.004 0.027 ± 0.001
Indole-3-carbinol 0.017 ± 0.007 0.017 ± 0.003

Values are mean ± standard deviation (sample number n = 15). Level of significance: * p < 0.05, ** p < 0.01; ↑ and ↓
indicate a significative increase and decrease respectively compared to conventional fertilization.

To observe correlations among the quantified molecules, a PCA analysis was carried out on the
whole data matrix, providing a model whose first 6 components explained 80% of the overall variance
with the first component (PC1) accounting for 22% and the second one (PC2) for 20% of the overall
variance as shown in Figure 1.

Analyzing the PCA score plot, while there is not a clear grouping of the samples according to the
farming, it has been possible to observe that conventional samples were mainly at positive values of
PC1, while most of the organic ones were at negative values. A t-test performed on the PC1 values of
the samples indicated the observed difference between the samples to be significant (p < 0.01). The
variables important for the discrimination could be determined studying the PC1 loading values (see
Figure 2) and normalized loading values greater than 0.349 and lower than −0.349 were considered
significant (p < 0.05) according to Pearson table for covariance significance.
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The molecules negatively correlating with PC1, and thus important for the definition of organic
samples were sucrose, aspartate, linolenic fatty acid, histidine, glycerol of triglycerides, glycine,
and glutamate, while the ones important for the description of conventional samples were fructose,
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threonine, glutamine, isoleucine, phenylalanine, asparagine, valine, acetate, leucine, formate, lysine,
arginine, fumarate, and succinate.

The results of both univariate and multivariate analysis indicated the same molecules to
be discriminant between conventional and organic farming. First of all, it is important to
remember/underline that for this experimentation no pesticides and other treatments were employed
in any plant, and that the fields were close, meaning that the soil composition and the pedoclimatic
conditions were the same. As such, any observed difference could only be caused by the different
fertilization method.

As expected, one of the differences could be ascribed to the nitrogen metabolism. Indeed,
the decrease found in organic sample of glutamine, asparagine and arginine, coupled with the increase
of glutamate indicated a lowered activity of the nitrogen transport occurring from the roots toward the
stem and the flowers of the plant [43,44]. Moreover, while it is not statistically significant to univariate
analysis, fumarate covariate with conventional grown broccoli in PCA as shown in Figure 2. This
is interesting since one biosynthetic pathway of arginine starts from glutamine and it includes the
fumarate production. Since the correlation values of fumarate and arginine are rather close, this could
be a further indication of the observed trend that brings to reduction change of nitrogen transport
in organic grown broccoli samples. This hypothesis could be explained by the different degree of
absorption of nitrogen from urea compared to manure, as reported in literature [45].

At the same time, the plant responded to this condition bolstering its defences, such as the content
in glucosinolates, glucoraphanin and glucobrassicin, which were higher in organic grown plants. It is
interesting to observe that not only the molecules were more abundant, but so were also many of their
amino acidic precursors. As reported in the literature, the precursors of the core moiety are glucose,
glycine, and methionine [46].

While methionine could not be quantified, both glucose and glycine content increased in organic
samples, even if glucose increase was not statistically significant.

The observed variation in the amount of the aromatic amino acid levels, tyrosine and
histidine which are precursors of several secondary metabolites belonging to the phenylpropanoid
pathway [47,48], their increase in organic broccoli could be interpreted as a bolstering of this pathway.
On the other hand, in the same samples phenylalanine, another precursor of phenylpropanoids, was
present in a lower amount than in conventional plants as shown in Table 1. This apparent inconsistency
could be explained by the fact that phenylalanine is the precursor of both aromatic amino acids as well
as other secondary metabolites.

Another indication of the gearing of substrate reprogramming toward defence metabolites could
be the increase of linolenic fatty acid. This molecule is the precursor of several volatile metabolites
with defensive functions and Brassicaceae family contains several of them [49].

The carbohydrate metabolism was affected also by this adaptation: the increase of sucrose,
which is usually coupled with a reduction of fructose levels, has been reported in literature to be in
indication of the plant to store energy to be utilized for the production of molecules to be used against
pathogens [50].

4. Conclusions

This study has shown that, in the absence of pathologies, there is a strong response of the
metabolism of broccoli grown with organic practice, which stimulates the production of secondary
metabolites, as observed by the increase in the concentration of glucosinolates, glucoraphanin,
and glucobrassicin, as well as their precursor amino acids.

From the literature it is known that the nitrogen supply greatly influences the glucosinolate
content. This is an important aspect for this study, as it allows to hypothesize that the slower release
of nitrogen from manure compared to urea affects the plant growth which responds altering the
metabolism of nitrogen transport.
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Abstract: Beetroot (Beta vulgaris L.) represents a very rich source of bioactive compounds such
as phenolic compounds and carotenoids, among which the most important being betalains,
mainly betacyanins and betaxanthins. The beetroot matrix was used in a fresh or dried form
or as lyophilized powder. A 1012 CFU/g inoculum of Lactobacillus plantarum MIUG BL3 culture was
sprayed on the vegetal tissue. The lactic acid bacteria (LAB) viability for all the products was evaluated
over 21 days, by microbiological culture methods. The antioxidant activity of the obtained food
products was correlated to the betalains content and the viability of LAB. The content of polyphenolic
compounds varied between 225.7 and 1314.7 mg L−1, hence revealing a high content of bioactive
compounds. Through the confocal laser scanning microscopy analysis, a large number of viable
probiotic cells were observed in all the variants but especially in the fresh red beet cubes. After 21 days
of refrigeration, the high content of Lb. plantarum (CFU per gram) of the food products was attributed
to the biocompounds and the nutrients of the vegetal matrix that somehow protected the bacterial
cells, and thus maintained their viability. The obtained food products enriched with probiotic LAB
can be regarded as new functional food products due to the beneficial properties they possessed
throughout the undertaken experiments.

Keywords: beetroot; lactic acid bacteria; betalains; functional food products

1. Introduction

Beetroot (or red beet) is an edible taproot of Beta vulgaris L. subsp. vulgaris (var. conditiva)
species that is phylogenetic framed in the Betoideae subfamily, in the Amaranthaceae family and is
the most important crop of the large order Caryophyllales. The specie has many varieties that are
grown throughout the Americas, Europe, and Asia. Beetroot, through its rich content in betalains,
phenolic compounds, and carotenoids, is an important source of biocompounds with antioxidant
properties and may represent a strong alternative to synthetic dyes. Natural pigments without any
toxic effect are extremely valuable and they have important applications in the field of medicine, food,
cosmetic or pharmaceutical industries. Betalains are a group of secondary plant phenolic metabolites,
being water-soluble vacuolar chromoalkaloids found in many plants with health benefits for humans,
especially regarding their antioxidant, anti-inflammatory, antiviral, even anti-tumoral activities [1–3].
Tesoriere et al. [4] and Reddy et al. [5] also proved the betalains role concerning the inhibition of
lipid peroxidation, a very important process in the cholesterol metabolism. The main betalains that
are found in beetroot are the red-violet betacyanins and yellow-orange betaxanthins [6,7] and, so far,
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several other natural derivatives have been described [8–10]. Among betacyanins, betanin, known
as CI Natural Red 33 or E162, is the only betalain approved to be used in food, being almost totally
extracted from beetroot crops [11] whereas among betaxanthins, indicaxanthin is the most important.
Apart from betalains, other types of phenolic compounds have been identified such as small amounts
of gallic, syringic, and caffeic acids and flavonoids [12]. Therefore, beetroot extract has shown a
strong phytochemicals pattern which resulted in an increased researchers’ interest in the last decades.
For these reasons, red beet represents a rich source of bioactive compounds and could be used to
develop functional foods [1,6].

Lactic acid bacteria (LAB), especially Lactobacilli and their metabolites play a key role in improving
the microbiological quality and also in increasing the shelf life period of many functional, fermented
food products. Lately, the biotechnological studies in the food industry domain have designed
several commercial products that contained a single probiotic starter strain or a bacterial consortium.
Furthermore, during recent years, it was thoroughly proved that the regular consumption of viable
probiotics can determine a number of health benefits such as: a decreasing cholesterol level [13,14],
anti-diabetic effect [15–17], alleviating diarrhea and constipation, improving the lactose intolerance
and the human gut microbiome, in general [18,19], strengthening the immune system [20] or even
antitumoral effects [21,22].

This study followed the design of some new functional food products by combining the red beetroot
under different forms with LAB, with a strong focus on the beneficial effects for health. The main
objectives of the present research were to analyze these original products from the microbiological,
biochemical, textural, ultrastructural point of view in order to highlight their functionality. The CIE
color parameters as well as digestibility were also studied in order to further highlight the nutritional
value of the newly designed products.

2. Materials and Methods

2.1. Lactic Acid Bacteria Strain

The Lactobacillus plantarum BL3 strain was used for this analysis from the Microorganisms
Collection of the Bioaliment Research Platform (acronym MIUG) at −70 ◦C in MRS broth (De Mann,
Rogosa and Sharpe—Sigma Aldrich, Darmstadt, Germany) supplemented with 20% (v/v) glycerol.
The primary culture of lactic acid bacteria (LAB) was obtained after its cultivation on MRS broth
(for 12 h at 37 ◦C) in order to obtain the mid-logarithmic phase cultures that were further used in our
experiments. The cells were harvested by centrifugation at 4800 rpm min–1, at 4 ◦C, for 10 min and were
washed twice with sterile 0.85% saline solution. A 1012 CFU mL−1 inoculum of Lactobacillus plantarum
MIUG BL3 was used to spray the vegetal tissue.

2.2. Sample Preparation

The beetroot that was used for all the experiments was purchased from the local market.
The beetroot was washed, peeled, and cut under aseptic conditions by using a food processor into cubes
(with an edge of 5 mm ± 0.2 length), as slices or as thin chips (with an area of 2–3 cm2). The vegetal
matrix was split into equal amounts of 100 g each, transferred to sterile Petri dishes and exposed at the
UV light, for 30 min, by using a SafeFastElite 215S Microbiological Safety Cabinet (Faster, Cornaredo,
Italy). On the fresh beetroot cubes, the bacterial suspension was sprayed in a 5:1 (w/v) ratio (F variant).
After that, half of these samples (F) were packed into sterile, single use plastic zip-lock bags and
refrigerated at 4 ◦C for the microbiological analysis in order to determine the shelf life. The other half
of samples were frozen at −80 ◦C (Angelantoni Platinum 500+, ALS, Massa Martana, Italy) and then
freeze-dried at 10 mBar and −50 ◦C, for 48 h, using a CHRIST ALPHA 1-4 LD plus equipment (Martin
Christ, GmbH, Osterode am Harz, Germany) until constant weight was obtained (with a 4.25 ± 0.2%
water content). The freeze-dried samples were then ground, portioned, and packed identically in
quantities of 10 g powder (FDP) per sachet and were kept at the room temperature.
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The chips were slowly dried (at 42 ◦C for 12 h) until a 12.55 ± 0.2% moisture content was reached,
by using a cabinet Stericell 111 air dryer (Medcenter GmbH, München, Germany). On the dried chips,
the LAB suspension (Lactobacillus plantarum BL3) was sprayed in a ratio of 3:1 (w/v), hence obtaining the
dried chips (DC) variant. These samples (DC) were transferred into sterile, single use plastic zip-lock
bags that were kept at room temperature in order to perform the microbiological analysis.

Thus, all three variants: fresh (F), dried chips (DC), and freeze-dried powder (FDP) have LAB in
their contents. In the DC variant, LAB were sprayed after drying the chips, in the FDP variant, LAB
were sprayed before lyophilization and grinding, and in the fresh variant (F), LAB were sprayed on
the beetroot cubes and kept in this form at 4 ◦C.

2.3. Lactic Acid Bacteria (LAB) Viability

In order to estimate the shelf life period, the viability of the LAB in all the variants was weekly
evaluated, by cultural methods, for a period of 21 days. The samples were homogenized in a 0.85%
sterile saline solution using a Pulsifier equipment (Microgen Bioproduct, London, UK) at medium speed
and maintained for 5 min. The homogenized samples were serially diluted with 0.85% sterile saline
solution and spread over the MRS agar supplemented with 2% CaCO3. The plates were incubated at
37 ◦C for 48 h and the colonies were counted. The experiment was conducted in triplicate. The viability
of Lb. plantarum BL3 was expressed as the log10 of the mean number of the colony forming units
(that were counted for each dilution in three different plates) (CFU g–1).

2.4. Scanning Electron Microscopy (SEM)

The samples’ ultrastructures enriched with LAB were analyzed by scanning electron microscopy.
The samples were attached on the aluminum stubs with double adhesive carbon conductive tape
(12 mm W × 5 mL) and gold coated with 5 nm as thickness in an argon atmosphere by using SPI
Supplies (USA) sputter coater. The surface micrographs of all the samples were obtained using the FEI
Quanta 200 SEM (Fei Europe B.v. Eindhoven, The Netherlands) with a plasma current intensity of
18 mA, a pressure of 6 mBar, and a spot size of 10mm as working distance. The SEM images were
taken at different magnifications between 100× and 5000×.

2.5. Confocal Laser Scanning Microscopy

The confocal images of the functional food products based on beetroot and LAB, were acquired
with a Zeiss confocal laser scanning system (LSM 710) equipped with a diode laser (405 nm), Ar-laser
(458, 488, 514 nm), DPSS laser (diode pumped solid state—561 nm) and HeNe-laser (633 nm). In order
to observe in detail the vegetal microstructures and the Lb. plantarum BL3 cells, the Live/Dead
Backlight bacterial viability stain kit (Molecular Probes, Eugene, OR, USA) was used according to
the manufacturer’s instructions so that one drop was applied directly to the surface of each sample.
It consisted of a two nucleic acid-binding stains mixture: SYTO9 which stained all the viable bacteria
(shown in green), while the propidium iodide stained the non-viable bacteria (shown in red), after
15 min of dark incubation [23]. The excitation and emission wavelengths were 480 and 500 nm
for SYTO9 and 490 and 635 nm for propidium iodide, respectively. The samples were observed
with a Zeiss Axio Observer Z1 inverted microscope equipped with a 40× apochromat objective
(numerical aperture 1.4). The 3D images were rendered and analyzed by a ZEN 2012 SP1 Black edition
software. A minimum of twenty fields were evaluated, all the viability counts being determined in
two independent experiments, with each assay being performed in triplicate.

2.6. Hardness Measurement

The texture of the beetroot dried chips (including hardness, porosity, crispness, chewiness,
springiness) was determined using a Brookfield CT3-1000 texture analyzer (Ametek Brookfield,
Middleborough, MA, USA), equipped with a 4 mm diameter steel cylinder (TA44). The stress at the
maximum force was evaluated using a puncture test in the center of each dried chips. The samples had
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30 mm length, 20 mm width, and 3 mm depth. The Texture Profile Analysis method (TPA) was used to
determine the hardness and springiness of the samples. The stress at the maximum force was related
to the hardness of the beetroot chips. The test speed was set at 1 mm s–1, with a target distance of 2 mm
and a trigger load of 0.067 N. Before each experiment, a randomly chosen single beetroot chip was
placed on the bottom parallel plate and compressed. The compression experiments were performed in
15 replications. The average force and energy required to cause deformation were determined on the
basis of force-deformation curves. The beetroot chips were analyzed weekly, for a period of 21 days.

2.7. Betalains Quantification

In order to extract the pigments from the plant tissue, a weak acid solution (0.5% citric acid and
0.1% ascorbic acid) was used in accordance to Neagu and Barbu [24] so that the maximum content
was obtained with the minimum pigment degradation. The liquid/solid ratio used in this study
was 5:1 (w/v) and the mixture was homogenized for 30 min by magnetic stirring and afterwards
filtered. The operation was repeated three times and the total extract was evaporated under mild
conditions under vacuum at a temperature that did not exceed 40 ◦C with a Christ RVC 2-18
equipment (Martin Christ, Germany) until the aqueous extract was concentrated. The betalains content
(B) of the extracts were determined spectrophotometrically at a wavelength corresponding to the
maximum absorption of each of the betalains with a JENWAY 6505 UV/Vis equipment, according
to the Lambert Beer’s law: A = log(I10/I) = ε × L × c. The following formula was further used:
B (mg/L) = [(Ai × Fd ×MW× 1000)/(ε× l)], where Ai is the absorption at 538 for betacyanins and 480 nm
for betaxanthins, Fd is the dilution factor and l the path length of the cuvette (1 cm). To quantify the
betacyanins (BC) and betaxanthins (BX), the molecular weights (MW) and molar extinction coefficients
(ε) of the representative compounds were undertaken i.e., betacyanins (ε = 60,000 L mol cm−1 in H2O;
MW = 550 g/mol) and betaxanthins (ε = 48,000 L/mol cm in H2O; MW = 339 g/mol). The betalains
content was assessed with the formula (B) (mg/L) = BC + BX [6,25,26]. Fresh red beet cubes without
LAB were analyzed as the control sample.

2.8. Color Measurement

In order to assess the color difference between the samples and also the Hunter color L*, a*, and b*
parameters a CR-410 Chroma Meter (Konica Minolta Sensing Americas, Ramsey, NJ, USA) was used.
The values were determined after the samples were ground into a fine powder. The information
given by the L*, a* and b* parameters was generally expressed as the total color of the beetroot
samples, the positive L* values representing the brightness and negative values representing lusterless
or dullness, a* for the redness (+) to greenness (−), and b* for the yellowness (+) to blueness (−).
The second method for the browning assessment was assessed by using the following formula:
Browning Index (BI) = (100 (x − 0.31))/0.17, where x = (a* + 1.75L*)/(5.645L* + a* − 0.3012b*), according
to Chandran et al. [27].

2.9. Antioxidant Activity

The antioxidant capacity was determined as described by Yuan et al. [28], by using a
DPPH (2,2-diphenyl-1-picrylhydrazyl, Fluka Chemie, Fluka Chemie GmbH, Buchs, Switzerland)
methanolic solution (0.1 M) with 30 min as the reaction time, and quantified using a
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) calibration curve, under the same
conditions. The antioxidant activity of the beetroot extract was measured by a spectrophotometric
method at 517 nm. The percent inhibition of DPPH was calculated as follows: Antioxidant
activity (%) = ((Absorbance of the blank−Absorbance of the sample)/Absorbance of blank) × 100. Fresh
red beet cubes without LAB were analyzed as the control sample.
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2.10. Total Phenolic Content

The total phenolic content (TPC) was determined using the Folin-Ciocalteu reagent and gallic
acid as a standard after the method of Turturică et al. [29]. The beetroot extracts were totally dissolved
in ddH2O (1 mg/mL). Shortly after, 200 µL aliquots of the resulting solution were mixed with 125 µL of
2 N Folin–Ciocalteau’s phenol reagent, diluted 1:2 (v/v). After 3 min of mixing, 125 µL of 20% Na2CO3

and 550 µL of deionized water were added. The resulting mixture was kept for 30 min in the dark,
at room temperature; after that the mixture was centrifuged at 8200× g for 10 min. The absorbance
was measured at 765 nm. The results were expressed as mg of gallic acid equivalents (GAE) per liter.
Fresh red beet cubes without LAB were analyzed as the control sample. Each sample was measured
in triplicate.

2.11. Digestibility

To achieve the in vitro digestibility of the obtained products, a static method was used as stated by
Croitoru et al. [30], with small modifications. The products were shredded and afterwards mixed with
a 10 mM Tris-HCl, pH 7.7, at a ratio of 1g of product to 10 mL of buffer solution. In order to thoroughly
simulate the digestive conditions, a gastric mixture containing 20 mg of pork pepsin and 20 mL of HCl
0.1 N to reach the pH 2.0. The samples were further incubated at 37 ◦C on an orbital shaker (Optic
Ivymen System, Grupo-Selecta, Barcelona, Spain) at 170 rpm. Regarding the intestinal digestibility,
the mixture contained 40 mg of pancreatic enzymes and 20 mL of sodium bicarbonate 1M, the mixture
having a pH of 7.7. The determination of betalains content was assessed as described previously.

2.12. Statistical Analysis of Data

Unless otherwise stated, the data reported in this study represent the averages of triplicate analysis
and were reported as mean ± standard deviation. The analysis of variance (ANOVA) (p < 0.05) was
carried out to assess the significant differences between values.

3. Results and Discussion

3.1. LAB Viability

Tripathi and Giri [31] stated that many factors were found to influence the viability of probiotic
microorganisms in food products during production, processing, and storage such as fermentation and
storage conditions (temperature, pH, medium, oxygen, etc.) protective agents, microencapsulation
methods, food ingredients, processing operations (drying, freeze-drying etc.) [31].

The comparison survival of LAB between all the obtained products indicated a different viability
behavior which in term depended on the processing method. The initial LAB content in all the
experimental variants was evaluated immediately after the sample’s preparation. The content
presented values between 5.14 × 107 CFU g−1 (in fresh cubes of beetroot) and 7.05 × 107 CFU g−1

(in dried beetroot chips). The higher value in the DC variant was at this rate, due to the fact that LAB
suspension was sprayed, in a ratio of 3:1 (w/v), after the drying process. Although, at the beginning of
the experiment, the LAB content started from a larger value in the DC version, the microbiological
analysis showed that during storage, at room temperature, the number of probiotic lactic bacteria
was slightly reduced, although the content was rather constant being still at a large magnitude order
(107 CFU g−1) even after three weeks (Figure 1). Surprisingly, the evolution of the Lb. plantarum BL3
strain in the fresh variant, registered a 100-fold increase from 5.14 × 107 CFU g−1 to 1.46 × 109 CFU g−1

(p ≤ 0.05), during the storage period at 4 ◦C, value attributed to the biochemical environmental
conditions that were favorable for development and multiplication. Similar results were obtained also
in the case of a patented product based on carrot slices fermented with Lactobacillus strain NCIMB
40,450 in which, after 28 days of fermentation, a concentration of 1–6 × 108 CFU g−1 was reached [32]
(EU patent no: 0536851). Regarding our results, in the fresh vegetal matrix, the tissue nutrients
(carbohydrates and proteins as a source of C and N, respectively) are more accessible for the lactic acid
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bacteria, which explains the increase of the LAB number in the F variant. Because the accessibility of
the nutrients was higher, the lactic fermentation process took place, which contributed to the special
organoleptic impression of this functional product variant. The fresh product had a sourer taste and a
softer texture compared to the other samples. It should be also emphasized that the lactic microbiota
has not dropped below 106 CFU g−1 in any of the proposed functional food products, even after three
weeks, which allowed us to appreciate the shelf life of these products. The maintenance of a sufficiently
large number of CFU per gram of product in the DC and FDP variants could be explained by the
fact that the biocompounds and the nutrients of the vegetal matrix microencapsulated and protected
the bacterial cells, and thus maintained their viability. The freeze-dried supplementary products
better preserved the morphology of the probiotic microcapsules [31]. Additionally, the presence
of yeasts, molds, or other mesophilic aerobic bacteria throughout the entire storage period has not
been reported, probably because the lactic acid bacteria had an antimicrobial effect that inhibited the
alteration microbiota, making these valuable products safe for consumption.
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Figure 1. Viability of Lactobacillus plantarum BL3 in the experimental variants during 21 days of
storage: F—Fresh beetroot cubes, DC—dried chips of red beet, FDP—freeze dried powder (data are the
means ± SD).

3.2. Scanning Electron Microscopy (SEM)

The scanning electron microscopy images showed the vegetal tissue with its isodiametric
parenchymal cells and their whole cell walls (in fresh beetroot cubes—Figure 2A,a). The drying
process at mild temperatures (42 ◦C) resulted in the changing of the cells shape, loss of turgor
(Figure 2B,a), these modifications being more evidenced in the freeze-dried powder (Figure 2C,a)
where the cells were smaller, at the same magnification (200×).

Much more interesting than the microscopic appearance of the plant tissue subjected to mild
processing techniques was the appearance of the Lb. plantarum BL3 bacterial biofilm that adhered to
the large surfaces of the plant cells walls (Figure 2b,c). The main characteristic of the biofilms was the
formation of an extracellular polysaccharide (EPS) matrix, which provided protection of biocompounds
and helped to create a microenvironment for the metabolic interaction of the population [33,34].
These extracellular capsules could be clearly observed for all the experimental variants (Figure 2A–C),
especially at 5000×magnification (Figure 2c).
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intake of 108–109 probiotic microorganisms will ensure the achievement of a probiotic action upon 
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Figure 2. SEM images of the samples’ ultrastructure: (A)—fresh cubes with lactic acid bacteria (LAB);
(B)—dried chips with LAB; (C)—freeze-dried powder with LAB; (a)—200×, (b)—2000×, (c)—5000×.

The biofilm was at its third stage after seven days after the inoculation and was characterized by
the aggregation of cells into microcolonies that resulted from the simultaneous division and growth of
the microorganisms. EPS helped to strengthen the bond between the bacteria and the substratum and
stabilized the colony against any environmental stress. Thus, it could be observed that the amount
of exopolysaccharides was even greater and the microcolonies were becoming more extensive as the
processing technology was stronger (Figure 2c comparing between A, B, C).

3.3. Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy images showed a huge number of viable LAB (colored in
light-green) in all the variants but especially in the fresh red beet cubes (Figure 3A), where a significant
multiplication of Lb. plantarum BL3 cells were observed during the refrigeration period, which was
probably due to the rich environment offered by the beetroot sap. Moreover, the high moisture, high
content of minerals, vitamins, biocompounds, and carbohydrates provided a supportive environment
for the multiplication of Lb plantarum BL3 bacteria. About 80–90% of the Lb plantarum BL3 cells were
viable in the dried chips (B) or in the freeze-dried powder (C), being observable by using the fluorescent
dyes included in the LIVE/DEAD BacLight kit. These results were well correlated to those obtained
by Moreno et al. [23] who assessed the LAB quantitative evaluation by indirect cultural methods.
Additionally, our results are in accordance with the US FDA recommendations that state that the
minimum probiotic count in a probiotic food should be at least 106 CFU mL–1. Depending on the
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ingested amount (100 g in F and DC variants and 10 g in FDP supplement) and by also taking into
account the effect of storage on the probiotic viability, a daily intake of 108–109 probiotic microorganisms
will ensure the achievement of a probiotic action upon the human organism [31].Foods 2020, 9, 786 8 of 13 
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Figure 3. CLSM images of samples microstructure: (A)—fresh cubes with LAB; (B)—dried chips with
LAB; (C)—freeze dried powder with LAB (Lb. plantarum BL3 viable cells—in green and the non-viable
bacteria in red).

3.4. Measurement of Hardness

The results of TPA are presented in Table 1. The data represented the mean of three determinations.
The hardness registered a slight increase during storage, from 0.73 N to 0.77 N, maybe due to the
water loss. However, these values indicated a soft texture of chips, explained by the fact that during
the dehydration process the equilibrum humidity was not achieved. At the same time, springiness
declined from 1.57 mm to 1.52 mm, so that during storage the samples lost their elasticity. The texture
parameters of beetroot chips did not vary significantly, asuring a constant texture quality during storage.
Other characteristics correlated with the springiness were: gumminess index: 0.51 N, chewiness index:
0.41 N, similar to those obtained by Cui et al. [35] on apple chips.

Table 1. Texture Profile Analysis of beetroot dried chips enriched with Lb. plantarum BL3.

Texture Parameter 7 Days 14 Days 21 Days

Hardness, N 0.73 ± 0.008 0.75 ± 0.008 0.77 ± 0.008
Springiness, mm 1.57 ± 0.005 1.56 ± 0.008 1.52 ± 0.005

3.5. Betalains Quantification, Total Polyphenols Content, and Antioxidant Activity

The content of betacyanin (BC) and betaxanthin (BX) in the fresh beetroot cubes without LAB
(control samples) was 147.90 ± 5.204 mg L−1 and 64.68 ± 1.004 mg L−1, respectively (Table 2).
The betacyanins represented 69.5% of the total betalalains. The DC and the FDP variant registered
significantly higher BC and BX content compared to the F variant, respectively. For the DC variant,
the BC and the BX contents were 349.25 ± 1.082 mg L−1 and 298.38 ± 5.854 mg L−1 whereas the
FDP variant had a BC content of 689.79 ± 4.321 mg L−1 and a BX content of 786.69 ± 5.625 mg L−1.
The addition of the selected LAB with probiotic effect caused a significant increase of the betalains
content probably due to the increased extractability of these pigments. Betalains highest content was
recorded in the FDP samples, the increase being more obvious in the betaxanthin case, and as such in
the FDP variant the proportion of the two betalains classes was inverted (Figure 4). It is known that
betaxanthins are more stable than betacyanins under the temperature and freeze-drying conditions [27].
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Table 2. Phytochemical features of the F, DC, and FDP experimental variants—The experimental
variants were compared to the control (fresh beetroot cubes without LAB).

Variants BC (mg L−1) BX (mg L−1) TPC (mg Gallic Acid L−1) Antioxidant Activity (%)

Control 147.90 ± 5.204 64.68 ± 1.004 225.70 ± 0.034 20.19
F 226.18 ± 2.002 185.12 ± 1.229 418.30 ± 0.045 22.13

DC 349.25 ± 1.082 298.38 ± 5.854 635.80 ± 0.005 33.51
FDP 689.79 ± 4.321 786.69 ± 5.625 1314.70 ± 0.025 56.85

Note: F—fresh beetroot cubes; DC—dried beetroot chips; FDP—freeze-dried beetroot powder; BC—betacyanin,
BX—betaxanthin, TPC—total polyphenols content.
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Figure 4. The betacyanin (BC) and betaxanthin (BX) content and their ratio in the experimental variants.

The betalains content varies very much depending on the harvesting time, climatic conditions,
variety, plant parts, maturation stage and extraction, or preservation methods [25,36]. Bucur et al. [25]
showed that spring varieties had a much higher betalains content (almost double) compared to autumn
red beet varieties due to the high temperature of the soil during the summer which in term caused the
degradation by isomerization, decarboxylation, or by hydrolysis of the betalain molecule to betalamic
acid [25,37,38]. The temperature and pH of the extraction medium and solid: liquid ratio are also very
important factors that may modify the betalains values [24,36,39]. Freezing preservation has also been
shown to halve the content of betalains in red beets [25]. Our results were similar to those obtained by
Slavov et al. [40] when the whole beetroot was used as substrate.

When it comes to beetroot, the antioxidant activity was usually correlated with the betalains
content [25]. Moreover, it is known that processed fruits and vegetables have lower antioxidant activity
compared to the raw or fresh due to vitamin C degradation during processing [38]. Extremely variable
values of antioxidant activity were also obtained by Kushwaha et al. [36]. The parameter depends on
many factors related to variety or extraction methods, but the highest antioxidant (86.34%) activity
was obtained at 50 ◦C and pH 3.5 [36]. Our functional food products registered a slight increase of the
antioxidant activity compared to control samples, with the FDP displaying the highest values, 56.85%
(Table 2).

The content of polyphenolic compounds varied from 225.7 to 1214.7 mg L−1 (Table 2), which was
rather similar compared to the findings of Wruss et al. [7]. Kushwaha et al. [36] observed that
with the increase of the extraction temperature from 40 to 55 ◦C, a slight increase of the phenolic
extraction rate was also observed which might be due to the softening of tissue responsible for the
weakening of the phenol–protein and phenol polysaccharide interaction in the plant tissue. The drying
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temperature of 42 ◦C favored the development of the lactic microbiota as well as the extraction of
betalains and polyphenols.

3.6. Measurement of Color

The food quality stability requires a better understanding of the parameters that may influence it.
The color plays an important role in the visual recognition and assessment of the surfaces and it has a
great influence on the appearance and acceptance of food products. The beet root powder enriched
with LAB, besides the intake of probiotics, could be used to improve the red color of dressings, mousses,
jams, soups, jellies, ice creams, sweets, or breakfast cereals [27,41]. There are different modalities,
arrangements, or formulas to appreciate the color of red beet by using L, a, and b CIE color parameters.
Hue value was calculated as the angle that had the b/a tangent, such as the values from 0◦ and 90◦
corresponded to the hue that varied from pure red to pure yellow while the hue values between 90◦
and 180◦ corresponded to the hue that varied from pure yellow to pure green. From this perspective,
the lowest hue value was determined in the case of fresh red beet cubes enriched with LAB (Table 3).
In this variant, the red color was the most stabile probably because of the lactic fermentation produced
by the Lb. plantarum BL3. This also correlated with the increased value of parameter a (Table 3).
The fermentation in the fresh cubes variant (F) determined an increased lightness and red chromaticity,
when compared to dried chips. The long drying, even at gentle temperatures, clearly affected the color
of the functional product in our study. As mentioned by other researchers [27], the Hunter a/b ratio
was found to be the best parameter to express the color degradation as quantitatively and correctly
as possible [27]. Moreover, these authors showed that the color degradation measured as Hunter
‘a/b’ value followed a first order kinetics, where the rate constant increased with the increasing of
temperature [27]. The a/b ratio of the chips obtained after 12 h of drying at 42 ◦C was 2.7 (Table 3),
a result that was similar to those obtained by Chandran et al. [27] after 60 min of drying at 90 ◦C. It was
also reported that the yellow pigments of beet root, betaxanthins, were more stable than the betacyanins
(red pigments), although the degradation of both pigments was proportional [27,42]. The FDP variant
showed intermediate values of all the color parameters compared to the F and DC variants, however
closer to those of the fresh variant. Thus, it can be stated that drying, even at mild temperatures (42 ◦C
for 12 h), affects more the CIE color parameters compared to the freeze-drying method. As a result,
the FDP powder proved to possess ideal properties to be regarded as a food additive.

Table 3. The drying method effect on the color of probiotic enriched beetroot samples.

L a b x BI a/b b/a Hue Value (tg−)

F 35.64 ± 0.34 62.76 ± 0.23 19.58 ± 0.40 0.485 ± 0.18 114.117 ± 0.32 3.20 0.3119 17.32◦
DC 32.83 ± 0.18 45.25 ± 0.50 16.51 ± 0.40 0.455 ± 0.26 85.58 ± 0.31 2.70 0.3907 21.34◦
FDP 34.63 ± 0.32 57.61 ± 0.49 18.73 ± 0.10 0.477 ± 0.17 98.235 ± 0.21 3.07 0.3251 18.00◦

3.7. Digestibility of the Beetroot Products

The in vitro digestibility of the beetroot products has sought to assess the betalains behavior in
both the gastric and intestinal juices. Prior to the absorption, the betalains could be hydrolysed in
the gastrointestinal tract due to the environmental impact or due to some enzymes that are able to
hydrolyze the betacyanins and betaxanthins. Regarding the other phytochemicals, previous studies
have indicated that the conditions in the digestive tract (temperature, pH) and the β-glucosidases of the
microflora could cause the hydrolysis of several important bonds. Another important factor may be the
activity of the cytosolic β-glycosidases in the intestinal mucosal cell on the phytochemicals absorbed by
enterocytes [43]. Betacyanins glycosides may be transferred to the gastrointestinal tract mucosal cells
and subsequently hydrolyzed by cytosolic enzymes. It is also possible that the betalains aglycans reach
the large intestine where they can be hydrolysed by β-glucosidases produced by the bacteria present
in the colon but also by the alkaline environment [44]. The biologically active compounds in vitro
digestibility in the gastrointestinal tract (Figure 5a–d) is a complex process, with a major impact on their
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release, distribution and bioavailability. In the simulated gastric juice, for the FDP variant, a decrease
of the betalains content was observed, with a percentage of 35–40% after 30 min and around 40–45%
after 120 min. In the simulated intestinal juice there was an increase in the release of the biologically
active compounds with values between 3–3.7 times higher after 30 min of intestinal digestion and
about 4–5 times higher after 120 min for all the studied products, thus suggesting a controlled release
of these antioxidant compounds.Foods 2020, 9, 786 11 of 13 
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4. Conclusions

The fresh, dried, or freeze-dried red beet samples, enriched with Lb plantarum BL3, showed a high
antioxidant activity, an increased content of betalains and polyphenols, so their use as nutraceuticals is
clearly justified. The obtained functional food products, based on beetroot enriched with lactic acid
bacteria, were obtained for the daily consumption as dietary bioactive metabolites products that could
provide a high content of bioactive molecules, mainly due to the fact that these antioxidant molecules
showed great potential in scavenging free radicals, compounds that damage the healthy cells hence
causing many diseases. The functional products designed as ready-to-eat single dosage (100 g of fresh
or dried chips variants and 10 g of freeze-dried powder) can ensure a daily intake of 108–109 probiotic
microorganisms, a concentration that is sufficient to achieve a probiotic action on the human organism.
To the best of our knowledge, this is the first time when such food products were achieved, the study
being of special interest both to the scientific community and to the manufacturers from the food or
pharmaceutical industry.
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Abstract: Medicinal plants contain various secondary metabolites. The present study analyzed
the essential oil of buds from clove (Syzygium aromaticum L.; Family: Myrtaceae) using gas
chromatography-mass spectrometry (GC-MS). GC-MS analysis showed the presence of six major
phytoconstituents, such as eugenol (66.01%), caryophyllene (19.88%), caryophyllene oxide (5.80%),
phenol, 2-methoxy-4-(2-propenyl)-acetate (4.55%), and humulene (3.75%). The effect of clove essential
oils (CEO) at 0%, 1%, 2%, and 3% (w/w) on the mechanical and barrier properties of starch films
was evaluated. The tensile strength (TS) and elongation (E) of films with clove essential oil were
6.25 ± 0.03 MPa and 5.67% ± 0.08%, respectively. The antioxidant activity of the films significantly
increased the millet starch film and presented the lowest antioxidant activity (0.3%) at a 30 minute
incubation for the control sample, while increasing CEO fraction in the starch film lead to an increase
in antioxidant activity, and the 3% CEO combined film presented the highest antioxidant activity
(15.96%) at 90 min incubation. This finding could be explained by the incorporation of clove oil
containing antioxidant properties that significantly increased with the incorporation of CEO (p < 0.05).
A zone of inhibition ranging from 16 to 27 mm in diameter was obtained when using a concentration
of CEO ranging from 1% to 3%. We also observed the presence of an antimicrobial activity on several
tested microorganism including Escherichia coli, Pseudomonas aeruginosa, Enterobacter sp, Bacillus cereus,
Staphylococcus aureus, and Trichoderma fungi. Thus, the current study reveals the possibility of using a
millet starch edible film as a preservation method.

Keywords: millet starch; edible film; Clove; GC-MS

1. Introduction

In recent years, several investigations focused on the development of eco-friendly, edible, and
bio-degradable films using natural resources. Materials that are recognized as safe substances were
used, such as lipids, proteins, and polysaccharides, in order to develop edible film and coatings [1].
These materials can be consumed and work effectively as a barrier layer between the food and the
surrounding environment [2].

Worldwide, medicinal plants are used for folk medicine and also are consumed either directly
or indirectly by humans for health benefits. The secondary metabolites are classified into four main
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groups, including the flavonoids, terpenoids, nitrogen-containing alkaloids, and sulfur-containing
compounds. The plant derivatives have been reported to be effective in the treatment of multi-drug
resistance cancer [3,4].

Edible films have several applications, including coloring agents, antimicrobial, and bioactive
properties [5]. Moreover, encapsulating antimicrobial substances with edible films can improve the
quality of food products and delay the growth of microorganisms [6]. Starch is mostly found in
carbohydrates, which play an essential role in people’s diets and exist in granular structures of different
sizes and shapes in plants. Starches are composed of two glucan molecules, such as amylose and
amylopectin. Starch is also known as biopolymer and it is used as edible film since it could be obtained
from wide range of raw materials, in addition to the ability to form films and being produced cheaply.
The main reason for developing films of starch is to prevent the changes of taste, color, flavor, and
appearance in food products [7].

Approximately 33.692 million hectares of millet was cultivated worldwide, and its production
reached 26,702.000 metric tons [8]. Other studies reported that about 33.5 million hectares was used
to cultivate millet and about 35 million tons was produced across the world [9]. People with low
income could use the millet as an alternative source of carbohydrates because it contains higher
amounts of starch [10]. Starch is mainly present in pearl millet and represents 59% to 80% of the
endosperm. Barnyard millet contains 66% starch, 15% protein, and 7% lipids, in addition to various
micronutrients [11,12]. Starch containing high amylose content is considered as a raw material for
edible films presenting good oxygen barrier properties [13]. Some studies reported that starch-based
edible films possess the ability to transfer the water vapor, and for this reason, waxes, lipid additives,
and essential oils were used in order to improve the hydrophobic fraction side of the film [14].

Essential oils play an important role in antimicrobial activities due to their valuable composition
from phenols and terpenes [15]. The synergistic effects between the essential oils and their components
can enhance the functional properties of edible films and thereby increase the shelf-life of food
production, especially the food containing high fat levels. Earlier studies used essential oils as a
potential source to preserve food from deterioration. For instance, using essential oils can cause many
problems related to toxicity, intense aroma, and change in the sensory properties of food products [14].

Gas chromatography (GC) analysis is used to analyze biological material containing volatile
constituents [16]. Mass spectrometry is a powerful analytical technique for the identification and
quantification of known and unknown compounds in order to reveal the structure and chemical
properties of molecules.

The biological activity of clove essential oil (CEO) was studied and was found to have the ability
to work as an antioxidant, insecticidal, antifungal, and antibacterial agent [15]. In particular, it has
been reported that CEO contains enormous amounts of bioactive compounds, such as triterpenoids,
sesquiterpenes, and tannins. In addition, some studies reported that one of the main components, viz.
eugenol (4-allyl-2-methoxyphenol), works effectively as antifungal activity agent [17,18]. Eugenol is
used as a food additive and classified to be a safe substance according to the United States Food and
Drug Administration (FDA) [19].

The aim of the present study was to study the effect of millet starch-based films and characterize
the physical properties as well as antioxidant activity and antimicrobial of the millet starch (MS) films
when incorporated with CEO.

2. Material and Methods

2.1. Materials

Millet, in addition to the source of starch and the clove (Syzygium aromaticum) variety used in this
study, were purchased from the Basrah local market.
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2.2. Starch Extraction

Millet starch was extracted according to the method of Bhupender et al. [20]. Millet grains were
soaked in distilled water/sodium azide (0.01%) at ratio (1:2) for 24 h at 4 ◦C to reduce microbial growth.
The excess water was drainage steeped and the washed grains were ground in a warming blender
with sufficient water. The slurry was sieved on an 85-mesh nylon bolting cloth. The remaining parts
(millet peels, germ, and endosperm) were again slurred with water to float off the germ and peels.
The grinding, sieving, and regrinding processes of the remnant’s endosperm particles were repeated
until they were basically free from starch. The starch–protein slurry was centrifuged at 2000 rpm for
20 min. The supernatant was discarded, and the protein layer on the top of the starch was removed
with a spatula. The starch was washed repeatedly by re-dispersing in distilled water and centrifuging
until it appeared clean. The cleaned starch was air-dried on a glass plate for 12 h, re-dispersed in water,
and wet-sieved through a 100-mesh screen. The starch passing through the screen was recovered by
centrifugation (LMC, 3000) (2000 rpm, 20 min) and dried in a hot air oven at 40 ◦C.

2.3. Extraction of Essential Oil

The fresh buds of cloves were washed, and the wet samples were dried in a 30 ◦C ventilated
drying oven. A total of 2 kg of cloves sample were mixed with 5 L distilled water for hydro-distillation
by Clevenger apparatus (LG-6656-100, Wilmad, Ottaw, ON, Canada). The mixture was heated in a
vertical hydro-distillation unit at 100 ◦C for 24 h. The CEO was separated from condensed vapor
through an auto oil/water separator [21].

2.4. Gas Chromatography-Mass Spectroscopy (GC-MS) Analysis

A GC-MS analysis of essential clove oil was carried out using the GC-MS electron impact
ionization (EI) method on gas chromatography (Shimadzu) coupled with a GC-MS QP2010 plus Mass
Spectrometer (Tokyo, Japan) with an auto-sampler (AOC-20S) and an auto-injector (AOC-20i). A fused
silica capillary column HP5-MS (30 m × 0.32 mm, film thickness 0.25µm) was used. One microliter
of sample was injected into the capillary column. Helium was the carrier gas at constant pressure of
100Kpa. The flow rate was 1 ml/s and the injector’s temperature was 250 ◦C. The column temperature
starts at 50 ◦C, settles for 3 min, and then increases by 15 ◦C every minute until it reaches 250 ◦C and
remains at this temperature for 5 min. The components of the CEO were identified by comparing the
spectra with those of known compounds stored in the National Institute of Standards and Technology
(NIST) library (2005).

2.5. Preparation of the Starch Edible Film

The edible films were prepared according to Resianingrum [22] with a few modifications. Briefly,
5 grams of millet starch were dissolved in 150 mL of distilled water. The starches were melted
using a continuous heated stirrer at 75 ◦C until the solution gelatinized to allow leaching. A total of
2 mL of glycerol was used as plasticizer and then mixed and heated at 60 ◦C for 30 min. After the
heating process was completed, the mixture was cooled down to 30 ◦C. Next, CEO at three different
concentrations (1%, 2%, 3%) was added slowly to the solution with continuous stirring. Approximately
40 mL of the film starch solution was poured onto glass plates, and then fixed to remove the outer rim
in all four outlines. The glass plates were covered with aluminum foil. These plates are left until the
solution was tightened for 5 h of drying at 75 ◦C.

2.6. Film Thickness

The film thickness was measured using a micrometer to the nearest 0.01 mm of accuracy at five
random positions of the films.
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2.7. Mechanical Properties

Mechanical properties, tensile strength, and elongation were measured using a Universal Testing
Machine COM-TEN testing machine 95T series model at the polymer research center/Basrah University.
The tests were carried out according to the American Society for Testing and Materials (ASTM) [23].

2.8. Water Vapor Permeability

The permeability of films for water vapor was determined according to ASTM [24] with some
modifications. The cylindrical cup slot was coated by the circular film samples and was well established
using rubber bands. These sylider contained 50 g CaCl2 (0% relative humidity, RH) to preserve an RH
difference of 75% through the film. The cell was kept in a desiccator at 25 ◦C containing a saturated
NaCl solution (75% RH). The weight of each penetration vessel was recorded after 24 h and the water
vapor permeability (WVP) of the films was calculated using the following Equation (1):

WVP =
∆W × X

t × A × ∆P
(1)

where WAP is the water vapor permeability (g.mm/m2.day.kPa); ∆W is the weight gain by going down
(g).

2.9. Oxygen Transmission Rate

The oxygen transmission rate (OTR) of the millet starch films incorporated with CEO was
determined at 23 ◦C and 50% ± 1% RH according to ASTM [24]. The films were placed on an aluminum
foil mask with an open area of 5 cm2. The transported oxygen through the films was performed by the
carrier gas (N2/H2) and the colometric sensor. Measurements were made on hourly affinity to reach the
stable state of oxygen transport. The permeability coefficients in cc-µm/ (m2day atm) were calculated
on the basis of the oxygen transmission rate in a steady state, taking into consideration the thickness
water solubility of films.

Three discs of the films were cut into pieces with a 2 cm diameter, weighed, and submerged in
50 mL of distilled water; then, they were slowly moved and periodically agitated for 24 h at 25 ◦C.
The dry mass content of the primary and final samples was determined by drying the samples at
105 ◦C for 24 h [25].

2.10. DPPH Radical Scavenging Activity

The radical scavenging activity of the millet starch films enriched with CEO was estimated
according to the method described by Maizura et al. [26]. The antioxidant activity of the films was
determined using the DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scavenging assay. Briefly,
3 mL of the film solution was blended with 1mL of 1 mM methanol solution of DPPH. The mixture was
homogenized by a magnetic stirrer and incubated in the dark at an ambient temperature for 30 min.
The absorbance was measured against Methanol (blank) at 517 nm, and the percentage of DPPH radical
scavenging activity was achieved by the following Equation (2):

DPPH scavenging effect %
Abs DPPH – Abs Extracty

Abs DPPH
× 100 (2)

where Abs DPPH is the blank absorbance value at 517 nm of the methanol solution of DPPH. Abs
extract is the absorbance value at 517 nm for the films sample.

2.11. Antimicrobial Activity Test

Different isolated microorganisms were obtained from Basra University/the College of
Agriculture/the Food Science Department and were used in this study, including Esherichia coli,
Staphylococcus aureus, Pseudomonas aeruginosa, Enterobacter sp., Micrococcus roseus, B. cereus, and the mold
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Trichoderma to detect the antimicrobial activity of edible film incorporated with CEO. The films were
tested for their inhibition against the target microorganisms according to Tooraj et al. [27]. The edible
films were cut into 6-mm diameter discs and then put on nutrient agar plates, which were previously
inoculated with 0.2 mL of inoculums containing approximately 105–106 CFU/ml of the bacteria. Then,
the inoculum was spread in a circular motion until all the liquid was absorbed. The plates were then
incubated at 37 ◦C for 24 h. As for Trichoderma sp, Malt extract agar petri dishes were prepared and
seeded with the mold culture, then incubated at 22–25 ◦C for 2–5 days. Next, the plates were examined
for a zone of inhibition on the film discs.

2.12. Statistical Analysis

The statistical analysis was carried out, employing the Statistical Package for the Social Sciences
(SPSS) program using analysis of variance (ANOVA) to investigate the effect of CEO. The obtained result
indicates a significant difference for the addition of the Cloves’ essential oils and their concentrations.

3. Results and Discussion

3.1. Chemical Composition of Clove Oil

Using the steam distillation method with an average yield of 5.33%, GC-MS analysis (Figure 1)
detected the presence of the chemical components and composition of CEO (Syzygium aromaticum),
which are shown in Table 1. The GC-MS analysis showed the presence of various secondary
metabolite, namely eugenol (66.01%), caryophyllene (19.88%), caryophyllene oxide (5.80%), phenol,
2-methoxy-4-(2-propenyl)-acetate (4.55), and humulene (3.75).Foods 2020, 9, x FOR PEER REVIEW 6 of 14 
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Table 1. Percentage composition of volatile constituents of clove essential oils (CEO).

No. Compound tR (min) Molecular Weight Composition %

1 Eugenol 15.80 164.2 66.01 ± 0.23
2 Caryophyllene 16.59 204.36 19.88 ± 0.11
3 Humulene 16.96 204.35 3.75 ± 0.65

4 Phenol,
2-methoxy-4-(2-propenyl)-acetate 17.74 206.23 4.55 ± 0.17

5 Caryophyllene oxide 18.53 220.35 5.80 ± 0.21
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The obtained results are in agreement with Chaieb et al. [28] who reported eugenol (88.58%) as
the major compound, followed by eugenol acetate (5.62%), and β caryophyllene (1.39%). However,
2-heptanone, ethyl hexanoate, humulenol, α-humulene, calacorene, and calamenene were detected
but with very little amount (<1%). Similar results were also reported by Uddin et al. [29], where
3-Allyl-6-methoxyphenol viz. m-eugenol (69.44%) was detected as the major constituent, followed
by eugenol acetate (10.79%), 4-hydroxy-4-mehtylpentan-2-one viz. Tyranton (7.78%), caryophyllene
(6.80%), and 1,4,7-cycloundecatriene, 1,5,9,9-tetramethyl-,Z,Z,Z.

The variation of physical and chemical properties of CEO depends on several factors, including
the tissue and origin of the plant, growing season, weather, harvest time, and air humidity. Another
important factor is the time between the raw material harvest and oil production. More than 100
ingredients of CEO have been detected worldwide [30].

Eugenol (C10H12O2) (Figure S1) is a volatile phenolic component and is the primary component
found in the extracted clove buds’ essential oil [31]. It has a molecular weight of 164.2 g/mol with a
peculiar spicy aroma [32]. CEO also presents other components of terpenes, e.g., the ester form of
eugenol (Phenol, 2-methoxy-4-(2-propenyl)-acetate) (Figure S2), with documented beneficial properties,
including antibacterial [33], antifungal [34], antioxidant [35], and anti-inflammatory [36].

(−)-β-caryophyllene (Figure S3), is a common ubiquitous bicyclic sesquiterpene in nature, and
is composed of many essential oils including the extracted oil from the stalk and buds of Syzygium
aromaticum (cloves) [37].

(−)-β-caryophyllene and its derivative oxide have a severe woody aroma and are utilized as
cosmetics in food manufacturing. These two natural components are used as flavors by the Food and
Drug Administration (FDA) and by the European Food Safety Authority (EFSA) because of their low
toxicity and low water solubility [38]. These compounds were also known to have antimicrobial and
antioxidant properties [39], an anti-inflammatory activity against carrageenan and prostaglandin [40],
and enhance skin penetration [41].

Humulene (Figure S4), which is known by other designations as α-humulene or α-caryophyllene,
is a ring-opened isomer of β-caryophyllene oxide (Figure S5). It occurs in nature as a monocyclic
sesquiterpene (C15H24), including an 11-membered ring, and it is composed of three isoprene units,
including three not associated C=C double bonds, two of which are being replaced by a triple bonds [42].
The sesquiterpene hydrocarbon plays a very important role as an antimicrobial activity [43]. It also has
a strong anti-inflammatory activity equal to dexamethasone [44].

3.2. Physical, Mechanical, and Barrier Properties of Millet Starch Edible Films Incorporated with Cloves’
Essential Oil.

The importance of the mechanical properties of the edible film is due to its beneficial effects during
trading and storage; therefore, it is one of the standards that specify the firmness of the film and its
ability to promote food safety in food packaging applications, as films need to be strong, durable, and
flexible [45].

In the application of polymer film packaging, thickness is an important aspect that requires
special attention regarding the material design. The biomass thickness significantly affects other
important properties, such as strength, elasticity, and moisture content. The addition of CEOs on
a millet starch-based edible film shows a significant effect on film thickness. Table 2 indicates the
highest oil concentrations that created an increase in thickness. Thus, the edible film containing
3% CEO has the highest rate of thickness 0.150 mm. This increase is due to the ultimate ingredient
component of the edible film composition, as the film will be very thick and has more thickness than
the other formulation [46]. According to Nugroho et al. [47], the increase of material concentration
using different components for edible files will result in an increase in film thickness, which is coherent
with the results obtained in the current study.
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Table 2. Tensile strength (TS), thickness (TH), elongation at break (E), water vapor permeability (WVP),
oxygen permeability coefficient (PO2), and the solubility (S) of millet starch films incorporated with
different contents of CEO.

Film TH (mm) TS(MPa) E (%) WVP PO2 S (%)

Control 0.120 ± 0.003 10.52 ± 0.05 9.3 ± 0.05 6.92 ± 0.088 19.70 ± 0.57 30.40 ± 0.3

MS- films
(1% CEO) 0.130 ± 0.008 8.60 ± 0.08 7.43 ± 0.01 9.67 ± 0.088 24.50 ± 0.1 28.67 ± 0.14

MS- films
(2% CEO) 0.135 ± 0.001 7.16 ± 0.05 6.25 ± 0.05 11.33 ± 0.033 26.25 ± 0.57 27.50 ± 0.8

MS- films
(3% CEO) 0.150 ± 0.008 6.25 ± 0.03 5.67 ± 0.08 12.52 ± 0.08 28.87 ± 0.8 27.13 ± 0.145

As shown in Table 2, the content of the CEO has an effect on the tensile strength of the edible film.
The strength length of the standard edible (without CEO) film was significantly different from the
films that were enriched with the CEO. The TS of starch edible films incorporated with CEO decreased
gradually as the concentration of CEO increased, ranging from 8.60 to 4.40 MPa. The decreasing value
of TS was due to the interactions between the starch molecules [48]. It has been reported that essential
oils plasticizing capability leads to the reduction in TS [49]. This result was in agreement with the
result reported by Maizura et al. [26] who indicated a reduction in the tensile strength of films made
from the starch–alginate film, in which different concentrations of lemon oil were added. Further,
compared to control films, the lower mechanical resistance of films containing CEO can be explained
by the composition of emulsion films. In those structures, the lipid molecules filled the protein matrix
and the interactions between lipid and polar molecules occurred, which seemed to be weaker than the
polar molecules of the control films.

Elongation is defined as the percentage change in the length of the membrane from its original
length. The results show a change in the elongation of edible films when changing the concentration
of clove oil, where the elongation was, in the case of the native starch edible film, 9.3%. However, it
became 5.67% using CEO within a concentration of 3%. The potential cause of this increase is linked
to the fact that the water-resistant surfactant has affected the hydrogen interstitially of the molecules
within starch or starch in water [50]. Increasing the elongation at break is considered a positive affect
regarding the flexibility of films, especially for those materials used as a package. This phenomenon is
due to the presence of oils that play a role as a plasticizer or a lubricant in the hydrocolloid matrix.
The obtained results reveal that the starch millet films enriched with CEO were less resistant with less
extension than the film without CEO. This could be explained by the fact that lipids are incapable of
maintaining a cohesive and uninterrupted matrix [51].

Low tensile and elongation values were the most common results of essential oils incorporation
in bio-polymer matrices. The results of tensile strength and elongation were in agreement with
Souza et al. [52], who found that the (TS) and (E) of films with cinnamon essential oil were
1.05 ± 0.16 MPa and 191.27% ± 22.62%, respectively. A loss of macromolecular mobility was obtained
due to the increase in the cinnamon essential oil, glycerol, and emulsifier contents that impacted the
TS and E of the films. The obtained data show that the control films (without essential oil) presented
higher TS (3.96 ± 0.60) MPa but lower E (123.61% ± 19.57%) [53].

Water vapor permeability is one of the most important factors in the quality of food packaging
materials. The applicable film must be able to avoid, or at least reduce water transfer between
environment and food. As shown in Table 2, the WVP of the edible films increased proportionally with
the concentration of CEO from 1% to 3% (9.67, 12.52 g mm−2 d−1 KPa−1) when compared to the control
film, which was 6.92× (g mm−2 d−1 KPa−1). The water vapor permeability of edible films was reduced
when the hydrophobic component of the edible film was increased. The hydrophobic compounds can
play an important role in reducing the surface tension of the solution. The permeability of membranes
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made of starch regarding water vapor is influenced by several factors, including temperature, the
thickness of the membrane, and the content of the additives [54].

The obtained low WVP rate in starch films on CEO may be due to hydrogen and covalent
interactions between the starch network and the polyphenolics compounds. These reactions probably
minimize the accessibility of hydrogen groups to form a hydrophilic link with water, resulting in a
reduction in the affinity of the film [55].

It is desirable to have a limited exposure of food to oxygen because it can lead to oxidation in
addition to sensory changes (odor, color, flavor, and texture) and the loss of nutrition [56]. The results
of oxygen permeability of the millet starch edible film with and without CEO are shown in the Table 2.
The increased content of CEO caused an increase in the oxygen permeability coefficient (PO2) from
(24.50 to 28.78) g s−1 m−1 Pa−1 × 10−10.

The composition of the matrix affects the proliferation of gas molecules through the polymer,
resulting in significant variations in gas transmission. The primary CEO modifies the performance
of the barrier, which is associated with the compatibility of starch and oil, eventually leading to
the permeation of the effective gas molecule through films [57]. The effect of adding fat on the
microstructure of the edible films is a critical factor in barrier efficiency. The physical state of essential
oils and their distribution in the polymer matrix impacted significantly the microstructure of films.
The liquid state of essential oils can improve molecular movement and promotes the transport of gas
molecules [58]. In fact, the authors investigated properties of starch-based edible films incorporated
with oregano and black cumin essential oil and indicate that water vapor barrier properties decreased
proportionally with essential oils addition [58].

The solubility in water of the prepared starch films with/without CEO is presented in Table 2.
The solubility value of the control film was 30.40%, while solubility of the films with CEO addition
decreased from 28.67% to 27.13% with 1% and 3% CEO, respectively. When EO was added in starch
film, solubility in water decreased. The engagement of EO in the structure of starch and interaction
between the CEO and the hydroxyl groups of starch can increase the hydrophobic nature of the films.
Therefore, the availability of hydroxyl groups and its interaction with water molecules was reduced
and led to less solubility. Perhaps the decrease of starch film with CEO solubility is due to the formation
of amylose-lipid complexes with a tight helical structure due to the formed links with the hydrophobic
hole [59].

3.3. Free Radical Scavenging Activity

A DPPH scavenging assay was employed to elucidate the antioxidant activity of the millet starch
films with and without CEO (Table 3). As the concentration of essential oil increased, the DPPH
scavenging activity of the films was significantly increased in the millet starch film and presented the
lowest antioxidant activity (0.3%) at 30 minute incubation for the control sample, while increasing the
CEO fraction in the starch film lead to an increase of antioxidant activity and 3% CEO combined film
presenting the highest antioxidant activity (15.96%) at 90 min incubation, which may be due to the
presence of eugenol shown as the principal component of buds oil from clove. This was in agreement
with the reported highest antioxidant activity of films containing additional eugenol microcapsules [60].
In fact, it has been shown that the addition of eugenol microcapsules containing oleic acid promoted the
eugenol retention in the starch matrix during film formation and impacted positively the antioxidant
activity. When films were developed with encapsulated eugenol powder containing lecithin and
oleic acid, low and constant values of peroxide index, conjugated dienes, and trienes were observed,
resulting in a high and effective prevention of sunflower oil oxidation even over seven weeks of
storage [60].
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Table 3. Antioxidant activity of millet starch (MS) edible film incorporated with CEO.

Film
% Inhibition of DPPH ± SD

30 Minutes Incubation 90 Minutes Incubation

Control 0.3 ± 0.100 0.7 ± 0.057

MS-films (1% CEO) 13.88 ± 0.075 36.57 ± 0.337

MS-films (2% CEO) 17.50 ± 0.100 57.34 ± 0.020

MS-films (3% CEO) 23.22 ± 0.890 85.96 ± 0.14

The antioxidant activities of these biodegradable films are related to the type and concentration
of essential oils. This significant antioxidant capacity of CEO could be attributed to a higher content
of phenolic components, such as Eugenol, Caryophyllene, Humulene, and Caryophyllene oxide.
Shojaee-Aliabadi et al. [61] reported that phenol compounds are accountable for antioxidant activity in
EO. Fernandes de Oliveira et al. [62] also indicated that phenolic compounds are receptors for free
radicals by breaking the chain oxidation reactions or by metal clawing, which can be an indicator of
the antioxidant capacity of the CEO.

A significant amount of antioxidants in cloves belong to the high content of phenolic compounds,
such as eugenol and eugenyl acetate, and their ability to donate hydrogen (which is an effective radical
scavenger) [63], ISO-eugenol, and caryophyllene [64], but with lower amounts of benzyl alcohol,
chavicol, acetyl salicylate, and humulenes [65].

This finding was in agreement with Dashipour et al. [66], who reported that the antioxidant
activity of the carboxymethylcellulose (CMC) film without EO was 0.32%, while the antioxidant activity
of CMC film with CEO was 71.76%.

The antibacterial activity of Syzygium aromaticum showed maximum activity at different
concentrations. The starch edible film containing different concentrations of oils of Syzygium aromaticum
were screened for antimicrobial activity against five standard bacteria species: one Gram-positive
bacteria Staphylococcus aureus, and four Gram-negative bacterial strains, including Escherichia coli,
Pseudomonas aeruginosa, Enterobacter sp, and B. cereus, as well as one standard fungal strain Trichoderma.

The antibacterial activity of the AgNPs was dependent on the concentration. Elevated levels
of AgNPs exhibited more inhibitory activity, impacting the growth of microbes. Different results of
inhibition were obtained from the millet starch-based film incorporated with different concentrations
of cloves’ essential oils and for each microorganism studied (Table 4 and Figure 2). The statistical
analysis indicated significant differences among the antimicrobial activity of films with different cloves’
essential oil contents (p < 0.05). Certainly, there was no affect against microorganisms for the edible
film without CEO (control). The films exhibited strong antimicrobial effects against all tested bacterial
strains, including Escherichia coli, Pseudomonas aeruginosa, Enterobacter sp, B. cereus, Staphylococcus
aureus, and Trichoderma fungi. Additionally, 3% of clove oils showed a zone of inhibition ranging
from 16–27 mm in diameter. These results show that starch-based edible films incorporated with
different CEO amounts have inhibitory efficiency against both positive and negative bacteria, while the
inhibitory effect increases proportionally with CEO amount. However, the inhibitory activity of clove
oil due to the presence of several constituents was mainly observed in eugenol and eugenyl acetate
and β- caryophyllene. These components can change protein structure and the phospholipids of cell
membranes by affecting their permeability [67]. The hydrophobic criteria of essential oils interact
with the lipid structure, such as Gram-negative bacteria cell membrane, mitochondria, and most
intracellular component, which lead to damaging the cell structure, leaching, ion exchange, breathing
inhibition, and finally causing cell death [68,69]. These reported phenotypes were coherent with our
findings. The positive strain Staphylococcus aureus has the lowest sensitivity toward the films’ cloves oil
components, especially eugenol, which is the main factor inhibiting fungal activity due of the lyses of
spores and micelles [70,71].
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Table 4. Antimicrobial activity of the MS edible film incorporated with CEO.

No. Standard Microorganisms
Zone of Inhibition (mm)

Concentration (%)

Control (0) 1 2 3

Tasted Bacteria

1 Escherichia coli 0 16 ± 0.13 18 ± 0.16 23 ± 0.43

2 Pseudomonas aeruginosa 0 12 ± 0.15 14 ± 0.13 24 ± 0.32

3 Enterobacter sp. 0 14 ± 0.16 16 ± 0.11 27 ± 0.81

4 B.cereus 0 11 ± 0.34 12 ± 0.84 20 ± 0.52

5 Staphylococcus aureus 0 10 ± 0.58 11 ± 0.52 18 ± 0.95

Tasted Fungi

Trichoderma 0 13 ± 0.65 27 ± 0.32 14 ± 0.76
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4. Conclusions

Edible films play an important role in the revelation of packing and keeping the environment
safe. Millet starch edible films with CEOs containing polyphenolic components provide new ways
to enhance antioxidant and microbial safety and extend the shelf life of foods. The present study
showed the presence of significant differences in the mechanical and barrier characteristic since the
concentration of clove oil varied from 1–3%. The active volatile and semi-volatile compounds were
ascertained by GC-MS analysis. The results also showed that the presence of significant amounts of
antioxidants in cloves was due to the high content of phenolic compounds. The current study also
revealed that the engagement of EO in the structure of starch and the interaction between the CEO
and the hydroxyl groups of starch can increase the hydrophobic nature of the films. The decrease in
solubility is most probably due to the availability of hydroxyl groups, which reduces its interaction
with water molecules. The study also demonstrated that the major phytoconstituent of the essential
oil of clove buds was the eugenol (66.01%). The obtained results are coherent with other studies
that showed that encapsulated eugenol modified the film microstructure and yielded less stretchable
films with a reduced water affinity, transparency, and oxygen permeability when compared to films
formulated with non-encapsulated eugenol [60].
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Abstract: High-performance thin-layer chromatography (HPTLC) coupled with negative ion
desorption electrospray ionization high-resolution mass spectrometry (DESI-HRMS) was used for the
analysis of anthraquinones in complex crude extracts of Chilean dermocyboid Cortinarii. For this
proof-of-concept study, the known anthraquinones emodin, physcion, endocrocin, dermolutein,
hypericin, and skyrin were identified by their elemental composition. HRMS also allowed the
differentiation of the investigated anthraquinones from accompanying compounds with the same
nominal mass in the crude extracts. An investigation of the characteristic fragmentation pattern of
skyrin in comparison with a reference compound showed, exemplarily, the feasibility of the method for
the determination of these coloring, bioactive and chemotaxonomically important marker compounds.
Accordingly, we demonstrate that the coupling of HPTLC with DESI-HRMS represents an advanced
and efficient technique for the detection of anthraquinones in complex matrices. This analytical
approach may be applied in the field of anthraquinone-containing food and plants such as Rheum
spp. (rhubarb), Aloe spp., Morinda spp., Cassia spp. and others. Furthermore, the described method
can be suitable for the analysis of anthraquinone-based colorants and dyes, which are used in the
food, cosmetic, and pharmaceutical industry.

Keywords: HPTLC-MS coupling; HPTLC; negative ion DESI-HR-MS/MS; anthraquinones; Chilean
mushrooms; genus Cortinarius

1. Introduction

Anthraquinones represent a large family of naturally occurring pigments, which are produced
by plants, microbes, lichens, insects, and fungi [1]. Besides their coloring properties, these natural
products exhibit a broad range of bioactivities such as antibacterial, antiparasitic, anti-inflammatory,
fungicidal, insecticidal, laxative, antiviral, and anticancer but also DNA intercalating properties [2–7].
The chemical structure of anthraquinones is based on an anthracene skeleton with two keto groups in
position 9 and 10. The basic core unit can be further substituted at various positions and connected
with sugar molecules, forming the corresponding glycosides [8,9].

In the literature, about 700 anthraquinone derivatives are described, in which emodin, physcion,
catenarin, and rhein are the most frequently reported [9–11]. Two hundred of these are described for

143



Foods 2020, 9, 156

flowering plants, which also occur in edible plants and vegetables such as Rheum, Aloe and Cassia
species, while the remaining ones are produced by lichens and fungi [7,8,12].

The genus Cortinarius (including Dermocybe) is one of the most diverse genera of basidiomycetous
fungi containing a great variety of anthraquinones [13–15]. The occurrence and distribution of these
pigments is closely linked to species diversity and allows their use as chemotaxonomic marker
compounds in species delimination [16–22].

The analysis of anthraquinones is of interest due to their wide range of application. A continuous
improvement of the analytical techniques is needed to overcome difficulties with respect to interference
with various types of matrices and low abundance of the analytes within complex mixtures [7].

Thin-layer chromatography is an effective method for the chromatographic separation of
anthraquinones [23–26]. Furthermore, several mass spectrometry-based methods have been developed
for a deep analysis of anthraquinones providing characteristic [M-H]− ions in negative ion mode [27–29].

Desorption electrospray ionization mass spectrometry (DESI-MS) represents a powerful ambient
ionization mass spectrometric technique, which enables a direct ionization of analytes from surfaces with
subsequent mass spectrometric detection [30–32]. The coupling of DESI-MS with high-performance
thin-layer chromatography (HPTLC) provides a robust methodological approach for the separation
and highly sensitive detection of secondary metabolites in plants and fungi [33–35]. Furthermore, this
method is suitable for the fingerprint analysis of crude extracts in natural product research [36,37].
Recently, the detection of excreted polyhydroxyanthraquinones from the surface of fungal culture agar
plates using DESI-MS in negative ion mode was reported [38].

In the present paper, we report the development of a rapid profiling method of anthraquinones,
exemplified with the analysis of different crude extracts from Chilean dermocyboid Cortinarii
concerning their anthraquinone pattern based on the combination of HPTLC with negative ion
DESI-HRMS. For this proof-of-concept study, extracts from fruiting bodies of six dermocyboid
Cortinarii were investigated for the occurrence of the known anthraquinones emodin, physcion,
endocrocin, dermolutein, hypericin, and skyrin. Furthermore, the possibility of performing MS/MS
experiments on the desorbed analytes directly from the HPTLC plate was exemplarily shown for the
bisanthraquinone skyrin in comparison with data obtained from direct-infusion MS experiments.

2. Materials and Methods

2.1. Reagents and Chemicals

The authentic reference compounds endocrocin (3), hypericin (5) and skyrin (6) were available
from the in-house compound library of the Department of Bioorganic Chemistry, Leibniz Institute
of Plant Biochemistry (IPB), Halle (Saale), Germany. Methanol and toluene were used at analytical
grade. Ethyl formate was purchased from Merck (Darmstadt, Germany) and formic acid from Roth
(Karlsruhe, Germany). LC-MS grade methanol was obtained from Merck (Darmstadt, Germany),
and purified water was prepared by Merck Millipore Milli-Q equipment (Darmstadt, Germany).

2.2. Sampling Sites and Extraction

Fruiting bodies of C. (D.) austronanceiensis, C. (D.) icterina, C. (D.) icterinula, C. (D.) obscuro-olivea,
C. (D.) spec., and C. (D.) viridulifolius were collected in Chile (detailed information see Table S1).
Voucher specimens are deposited in the Fungarium of Concepción University (CONC-F). A duplicate
is deposited at the Leibniz Institute of Plant Biochemistry.

Air-dried fruiting bodies (2 g) were homogenized using 15 mL of acetone in a blender followed
by an ultrasonic extraction for 15 min to remove interfering compounds such as fatty acids from the
material. After vacuum-supported filtration, the fungal material residue was further extracted twice
with 15 mL methanol each. The resulting extracts were filtrated and dried under reduced pressure
using a rotary evaporator. The crude methanolic extracts were redissolved in methanol and directly
spotted on the HPTLC plate for chromatographic separation.
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2.3. HPTLC

HPTLC was performed on Glass HPTLC Silica gel 60 F254 plates (10 × 10 cm, layer thickness
150–200 µm, Merck) using a mixture of toluene, ethyl formate, and formic acid (10:5:3; v/v/v) as a
mobile phase. After air drying, the developed plates were parted by a glass cutter and subjected to the
mass spectral analysis. For documentation and Rf-value determination, a CAMAG TLC visualizer
(CAMAG, Muttenz, Switzerland) was used with the software winCATS (version 1.4.9.2001, CAMAG,
Switzerland).

2.4. DESI-Orbitrap-MS and MS2

All experiments were performed using a 2D-DESI source (Omnispray System OS-3201, Prosolia,
Indianapolis, IN, USA) coupled to an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany) operated in the negative ion mode. The DESI source settings were as follows: spray
voltage, 3 kV; solvent flow rate, 2 µL/min; nebulizing gas (nitrogen), pressure, 7 bar; tip-to-surface
distance, 2–2.5 mm; tip-to-inlet distance, 3.5 mm; incident angle (relative to the surface plane),
55◦. The DESI spray solvent was 50:50 (v/v) methanol/water. MS experiments were performed by
continuously scanning every HPTLC band in the y-direction (from Rf 0 to 1.0) at a surface velocity
of 200 µm/s while acquiring mass spectra in full scan mode (m/z 150–1500; resolution 30,000) and
150 µm/s in MS2 mode. Collision-induced dissociation was performed using normalized collision
energies (NCE) of 35 and 50 (arbitrary units) and an isolation width of ± 2 Da. The data were evaluated
using the software Xcalibur 2.2 SP1 (Thermo Fisher Scientific).

3. Results and Discussion

3.1. Method Development

The normal-phase HPTLC plates were developed for 55 mm in one dimension to enable the
separation of anthraquinones according to their polarity (Figure 1). The geometry of the source,
the composition of the spray solvent, the flow rate as well as the scanning rate were optimized for
the analysis. To enhance the ionization and desorption efficiency, different mixtures of methanol and
water (with and without formic acid as additive) were tested as spray solvents. A mixture of methanol
and water of 1:1 (v/v) yielded the best results. During optimization, a flow rate of 2 µL/min showed
good results to obtain adequate signal intensities. On the other hand, higher flow rates led to a partial
detachment of silica gel particles. Additionally, different velocities of the DESI spray head were tested
to obtain an efficient number of precursor ions for the MS2 experiments. Lower scan rates led to better
signal intensities due to the better desorption of the analytes from the surface of the HPTLC plates.
Therefore, we used a lower velocity for the MS2 experiments in the final measurements than in the
full scan runs. Each band was recorded by scanning the surface in the y-direction (Rf 0 to 1.0) with
an automated DESI source coupled to an Orbitrap Elite mass spectrometer within a total run time of
4.6 min. Before starting the experiment, the spray head was positioned on the application line of the
HPTLC followed by the manual start of the MS measurement.
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Figure 1. High-performance thin-layer chromatograph (HPTLC) of (A) methanolic crude extracts of C.
(D.) spec. (1), C. (D.) austronanceiensis (2), C. (D.) icterina (3), C. (D.) icterinula (4), C. obscuro-olivea (5),
C. viridulifolius (6) and (B) reference compound skyrin (6, I), endocrocin (3, II), and hypericin (5, III)
(mobile phase: toluene, ethyl formate, and formic acid (10:5:3; v/v/v) distance from application line to
solvent front: 55 mm).

3.2. Profiling of Anthraquinones in Crude Extracts

The pigment pattern of the methanolic extracts of dermocyboid Cortinarii Cortinarius (Dermocybe)
austronanceiensis, C. (D.) icterina, C. (D.) icterinula, C. (D.) obscuro-olivea, C. (D.) spec., and C. (D.)
viridulifolius (Figure 1) was analyzed by high-performance thin-layer chromatography (HPTLC)
coupled to desorption electrospray ionization (DESI) mass spectrometry in the negative ion mode.
An unspotted HPTLC band was scanned to assign background related peaks (Figure S1) and to
ensure the absence of the target compounds before applying the crude extracts on the HPTLC plate.
No anthraquinone-related peaks could be detected by scanning the empty band on the HPTLC plate
after running with the solvent system. This is demonstrated by the extracted ion chromatograms based
on the theoretical calculated m/z value of the [M-H]− ions using an 25 ppm window (four decimals)
(Figure S2).The established analytical method was applied to identify anthraquinones 1–6 (Figure 2).
These anthraquinones were chosen for this proof-of-concept study because their occurrence in different
Cortinarius and Dermoybe species is described in the literature [15]. The assignment of the structures
is based on their elemental composition determined by high-resolution mass spectrometry (HRMS)
(Table 1 and Table S2).

Figure 2. Structures of investigated anthraquinones 1–6.
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Table 1. Detected anthraquinones (1–6) using HPTLC-desorption electrospray ionization
(DESI)-high-resolution mass spectroscopy (HRMS).

No. Elemental Composition
[M-H]−

Theoretical m/z
[M-H]−

C. (D.)
austronanceiensis

C. (D.)
icterina

C. (D.)
icterinula

C. (D.)
obscuro-olivea

C. (D.)
spec.

C. (D.)
viridulifolius

1 C15H9O5
− 269.0455 + + + + + +

2 C16H11O5
− 283.0612 + + n.d. + + +

3 C16H9O7
− 313.0354 + + + + n.d. +

4 C17H11O7
− 327.0510 + + + + + +

5 C30H15O8
− 503.0772 + n.d. n.d. + n.d. +

6 C30H17O10
− 537.0827 + n.d. n.d. + n.d. +

1 n.d. = not detected; + = detected.

The negative ion DESI mass spectra of the methanolic extract of C. (D.) austronanceiensis afforded
characteristic deprotonated ions of emodin (1, [M-H]− at m/z 269.0450 calcd for C15H9O5

− 269.0455),
physcion (2, [M-H]− at m/z 283.0611 calcd for C16H11O5

− 283.0612), endocrocin (3, [M-H]− at m/z
313.0349 calcd for C16H9O7

− 313.0354), dermolutein (4, [M-H]− at m/z 327.0505 calcd for C17H11O7
−

327.0510), hypericin (5, [M-H]− at m/z 503.0763 calcd for C30H15O8
− 503.0772) and skyrin (6, [M-H]−

at m/z 537.0817 calcd for C30H17O10
− 537.0827) (Figure 3A). For the data evaluation, the target m/z

values were extracted from the total ion chromatogram using a 25 ppm mass window with a mass
accuracy of four decimals to obtain the corresponding extracted ion chromatograms (EICs) for each
analyte. The EICs for the methanolic extracts of C. (D.) icterina, C. (D.) icterinula, C. (D.) obscuro-olivea,
C. (D.) spec., and C. (D.) viridulifolius are shown in Figures S3–S7, and the presences of the different
target analytes within the extracts are visualized in Table 1. Due to the resolving power of the orbitrap
detector, a differentiation of isobaric ions was possible as shown in the EIC of dermolutein (4, Figure 3B).
The anthraquinone peak m/z 327.0505 is clearly separated from other accompanying ions at the same
nominal mass using a resolution of 30,000.

Figure 3. (A) Extracted ion chromatograms (EIC, mass window: 25 ppm) of anthraquinones 1-6 from
crude extract of Cortinarius (D.) austronanceiensis, (B) Extracted ion chromatogram (EIC) of dermolutein
(3, m/z 327) acquired during DESI-HR-MS measurement of methanolic extract from C. (D.) austronanceiensis.

Comparing the pigment patterns of the different fungal extracts (Table 1), all targets could be
detected in the methanolic extracts of Cortinarius (D.) austronanceiensis, C. (D.) obscuro-olivea and C.
(D.) viridulifolius. The naphthodianthrone hypericin (5) and the bisanthraquinone skyrin (6) were not
detectable along the HPTLC bands of C. (D.) icterina, C. (D.) icterinula and C. (D.) spec.

Based on the retention time and the velocity of scanning the HPTLC bands (see Equation (1)),
Rf values can be calculated and compared with the Rf values determined directly from the HPTLC
plate (Table 2). The results of the developed HPTLC plates of the extracts and the reference compounds
(see Figures S7–S10) were reproducible and comparable, exemplified based on the extracted ion
chromatograms of endocrocin (Figure S11). Therefore, the determination of Rf values based on the
retention time of the HPTLC-DESI-MS measurements of UV/VIS inactive analytes could be possible.

Rf = tR (min) × velocity (mm/s) × 60 × 1/distance from application line to solvent front (mm)
Rf = tR × 0.200 mm/s × 60 × 1/55 mm

(1)
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Table 2. Rf value and calculation from crude extract of C. (D.) austronanciensis (Figure 1, band 2).

Compound Rf
(experimental)

tR DESI
(min)

Rf
(calculated)

Spot Color
Visible Light

Spot Color
UV Light (254 nm)

Spot Color
UV Light (366 nm)

1 0.58 2.57 0.56 yellow dark orange
2 0.54 2.40 0.52 yellow dark orange

3 * 0.5 2.34 0.51 yellow dark orange
4 0.49 2.42 0.53 yellow dark red

5 * 0.5 2.34 0.51 black dark red
6 * 0.53 2.45 0.53 yellow-orange dark red brown

* Confirmed with reference compound.

3.3. Structural Characterization Using MS2 Experiments

As an example, the fragmentation behavior of the bisanthraquinone skyrin (6) was investigated by
a MS2 measurement compared with the results obtained directly from the extract, data of a reference
compound measured by HPTLC-DESI-HRMS and with direct infusion DESI-HRMS (Figure 4A–C,
Table S3). Skyrin (6), in its MS2 spectrum, shows a base peak ion at m/z 493.0923 ([M-H-CO2]−, calcd for
C29H17O8

− 493.0929, Figure 4A, Table S3). Furthermore, a loss of carbon suboxide (C3O2) is observed
at m/z 469.0926 (calcd for C27H17O8

− 469.0929), indicating a 1,3-dihydroxybenzene feature, which is
also described for flavones and other polyphenols [39,40]. The obtained data are in good agreement
with the reported MS2 data of skyrin [41].

Figure 4. HPTLC-DESI-HR-MS2 data of skyrin (6); (A) from fungal extract of Cortinarius (D.)
austronanceiensis (NCE: 50%); (B) skyrin standard (NCE 35%); (C) direct infusion ESI-HR-MS2 (NCE 30%).

4. Conclusions

Crude extracts of six Chilean dermocyboid Cortinarii were investigated by HPTLC-negative ion
DESI-HRMS concerning the occurrence of the anthraquinones physcion (1), emodin (2), endocrocin
(3), dermolutein (4), hypericin (5), and skyrin (6). The compounds were identified by their elemental
composition. It should be pointed out that the high-resolution mass spectrometry (HRMS) approach
also allows a mass spectral distinction of isobaric ions as demonstrated for the detection of dermolutein
(4) whose nominal mass is accompanied by other compounds in the crude extract. Furthermore,
the implementation of fragmentation experiments (MS2) for anthraquinones on HPTLC surfaces is
possible, as exemplarily shown for the detection of skyrin (6) in the extract of C. (D) austronanceiensis,
and could be a valuable tool for the presence of these compound classes. The corresponding results are
in good agreement with the data obtained by direct infusion and in comparison with the LC-MS data
reported in literature.

HPTLC provides good separation efficiencies and can be performed in an automated and controlled
way with respect to the sample application and the development of the plate. In classical approaches,
a derivatization of the HPTLC plate is needed; however, combined with DESI-MS, this step is not
required. Although the separation power of HPTLC is lower than in (U)HPLC, several analyses can
performed with one plate and within a short analysis time. In case of the presented approach a HPTLC
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plate (total length 100 mm) with a developing length of 55 mm, and a total scanning time of only
4.6 min was necessary to obtain the presented results. After the extraction of the material, no further
sample preparation steps are necessary, and the crude extracts can be directly applied to the plate,
representing an advantage compared with other analytical techniques.

In summary, the obtained results illustrate the feasibility and capacity of HPTLC-DESI-HRMS
to provide a rapid first screening method for the analysis of anthraquinones in complex mixtures,
which may be used in the analysis of anthraquinones in food, plants, fungi, dyes, and cosmetic and
pharmaceutical products.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/2/156/s1,
Figure S1: (A) Total ion chromatogram of an empty HPTLC band after development with an eluent system
(toluene, ethyl formate, and formic acid (10:5:3; v/v/v)), (B) Corresponding full MS spectrum to A (averaged
over Rt 0–4.6 min) showing background related peaks. Figure S2: Total ion (A), base peak (B) and extracted ion
chromatograms of an unspotted HPTLC band showing no anthraquinone related peaks (C–H)., Figure S3: Base
peak chromatogram (A) and extracted ion chromatograms (EICs, B–G) based on the theoretical masses of the
investigated anthraquinones (1–6) obtained from the methanolic crude extract of Cortinarius (D.) icterina., Figure S4:
Base peak chromatogram (A) and extracted ion chromatograms (EICs, B–G) based on the theoretical masses of
the investigated anthraquinones (1–6) obtained from the methanolic crude extract of Cortinarius (D.) icterinula.,
Figure S5: Base peak chromatogram (A) and extracted ion chromatograms (EICs, B–G) based on the theoretical
masses of the investigated anthraquinones (1–6) obtained from the methanolic crude extract of Cortinarius (D.)
obscuro-olivea., Figure S6: Base peak chromatogram (A) and extracted ion chromatograms (EICs, B–G) based on
the theoretical masses of the investigated anthraquinones (1–6) obtained from the methanolic crude extract of
Cortinarius (D.) spec., Figure S7: Base peak chromatogram (A) and extracted ion chromatograms (EICs, B–G) based
on the theoretical masses of the investigated anthraquinones (1–6) obtained from the methanolic crude extract of
of Cortinarius (D.) viridulifolius., Figure S8: Total ion and extracted ion chromatogram (EIC) of reference compound
skyrin (6) and the corresponding HRMS spectrum., Figure S9: Total ion and extracted ion chromatogram EIC) of
reference compound endocrocin (3) and the corresponding HRMS spectrum., Figure S10: Total ion and extracted
ion chromatogram (EIC) of reference compound hypericin (5) and the corresponding HRMS spectrum., Figure S11:
Comparison of extracted ion chromatograms (EICs) of endocrocin (3, m/z 313) acquired during DESI-HR-MS
measurement of methanolic extract from C. (D.) species and the reference compound., Table S1: Origin of fungal
material. Table S2: Detected anthraquinones (1–6), their elemental composition and exact masses., Table S3: Key
ions in the negative ion ESI-MSn spectra of skyrin (6). The spectroscopic data are available at RADAR [42].
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