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Research has devoted great attention to the study of the biological properties of plants,
animal products, microorganisms, marine species, and fungi, among others, often driven by
the need to discover new medicines. Many times, in order to enhance biological activities,
extracts are prepared. One of the most well-studied biological activities is antioxidant
capacity related to anticancer and antiaging properties, improvement of immune function,
and protection against cardiovascular diseases and neurological disorders. Moreover, in
foods, antioxidants allow for delayed oxidation onset and enhancing food shelf life.

Changes in lifestyle patterns and world population growth demand safe, nutritious,
flavourful, colourful, affordable, and convenient food, and high-quality standards have
increased the use of food additives, especially antioxidants. The effects of some food addi-
tives on human health are controversial, and synthetic food additives are often associated
with potential public health risk. Therefore, there is a tendency to substitute synthetic food
additives with natural compounds.

We have organized a Special Issue titled “Natural Antioxidants: Innovative Extraction
and Application in Foods” in the Foods (ISSN 2304-8158; CODEN: FOODBV; https://www.
mdpi.com/journal/foods, accessed on 24 April 2021). This thematic issue focused on the
application of innovative extraction techniques for the recovery of natural antioxidants
from foods and their possible application in food industries. This Special Issue, now
converted into a book, includes 11 chapters, which are important contributions to this topic
made by distinguished experts in this area. Ten of these chapters are research papers, and
one is a review paper.

Chapter 1 is titled “The Effect of Blanching on Phytochemical Content and Bioactivity
of Hypochaeris and Hyoseris Species (Asteraceae), Vegetables Traditionally Used in Southern
Italy” [1]. This chapter regards the effect of blanching on the bioactivity and phytochemical
content of Hypochaeris and Hyoseris species, traditionally used in Southern Italy. The results
of this study indicated that these wild plants are a good source of bioactive compounds;
however, their antioxidant capacity decreased after blanching. In fact, blanching water
presented higher antioxidant capacity than the blanched samples. Therefore, the reuse
of blanching water is recommended in food preparation because it is a good source of
bioactives, and its consumption can increase the uptake of micronutrients.

Chapter 2 (“Effect of Microwave Pretreatment of Seeds on the Quality and Antioxidant
Capacity of Pomegranate Seed Oil”) [2] is a very interesting study on the consequences
of microwave pretreatment on pomegranate seeds and on the antioxidant capacity of
pomegranate seed oil.

A considerable number of quality attributes were evaluated in three different pomegranate
cultivars, including yellowness index, refractive index, oil yield, p-anisidine value, total
oxidation value, conjugated dienes, total phenolic content, peroxide value, total carotenoid
content, phytosterol composition, fatty acid composition, and antioxidant capacity through

Foods 2021, 10, 937. https://doi.org/10.3390/foods10050937 https://www.mdpi.com/journal/foods
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ferric reducing antioxidant power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging capacity. Most of the parameters were increased after microwave
pretreatment; however, punicic acid and beta-sitosterol were decreased.

Pomegranate seed oil may be enhanced if microwave pretreated seeds are used,
although oil quality varies with cultivar.

Chapter 3 (“Chemical Composition and Antioxidant Activity of Thyme, Hemp, and
Coriander Extracts: A Comparison Study of Maceration, Soxhlet, UAE, and RSLDE Tech-
niques”) [3] is a valuable chapter comparing different extraction techniques for the obtain-
ment of thyme, hemp, and coriander extracts. The selected techniques were maceration,
Soxhlet, ultrasound-assisted extraction, and rapid solid–liquid dynamic extraction (RSLDE).
Several parameters were measured in order to compare the extraction techniques. ABTS˙+,
FRAP, and DPPH˙ assays were used to evaluate the antioxidant capacity. The total phenolic
content by Folin–Ciocalteu method was also evaluated. The results revealed that all the
evaluated techniques are valid extraction methods to extract bioactives and preserve their
activity. However, extracts obtained by RSLDE showed to have slightly higher antioxidant
capacity, and the technique is easy to use besides allowing the standardization of the
extraction process.

Chapter 4 regards the paper “Organic Selenium as Antioxidant Additive in Mitigating
Acrylamide in Coffee Beans Roasted via Conventional and Superheated Steam” [4]. In this
chapter, the effect of coffee beans pretreated with selenium in the formation of acrylamide
was evaluated in coffee beans roasted using two different methods (conventional versus
superheated steam). The results showed that the antioxidant capacity of the organic sele-
nium suppressed the formation of acrylamide during coffee roasting by 73%. Superheated
steam roasting increased antioxidant activity and significantly reduced acrylamide (up to
32%), which was only noticed in the untreated coffee beans.

Chapter 5 is titled “Antioxidant Compounds for the Inhibition of Enzymatic Browning
by Polyphenol Oxidases in the Fruiting Body Extract of the Edible Mushroom Hericium eri-
naceus” [5]. This noteworthy chapter focused on the identification of the cause of the dark
brown pigmentation via the enzymatic reaction of the polyphenol oxidase (PPO) family
with oxidation activity, and the reduction of the occurrence of this pigmentation. The
mushroom contained relatively high amounts of natural antioxidant compounds for the
inhibition of tyrosinase and the scavenging of free radicals. These antioxidants could
diminish the browning reaction via PPO inhibitory mechanisms in the fruiting body of the
H. erinaceus mushroom.

These results of this chapter allow for understanding the metabolites and PPO en-
zymes responsible for the enzymatic browning reaction of H. erinaceus.

Chapter 6 comprises the paper “Impact of Stability of Enriched Oil with Phenolic Ex-
tract from Olive Mill Wastewaters” [6]. This notable chapter evaluated the effect of phenolic
extract addition in the oxidative deterioration of sunflower oil. XAD-7-HP resin was used
to recover phenolic compounds from olive mill wastewaters. The extract was evaluated
in terms of single phenol concentration by ultra-high-performance liquid chromatogra-
phy. The highest amount was found for hydroxytyrosol. The oxidation state of fortified
sunflower oil was evaluated during 90 days for different physicochemical parameters
(refractive index, peroxide value, and oxidative resistance to degradation) and antioxidant
assays (DPPH, ABTS, and ORAC). The study revealed that there was an increase of 50% in
the oxidative stability of fortified oil compared with control. This indicates that olive mill
wastewaters can be valorized through an efficient extraction method.

Chapter 7 concerns the paper “A Novel and Simpler Alkaline Hydrolysis Methodology
for Extraction of Ferulic Acid from Brewer’s Spent Grain and Its (Partial) Purification
through Adsorption in a Synthetic Resin” [7].

This chapter interestingly developed a simple method to extract ferulic acid (FA)
from brewer’s spent grain (BSG), produced by brewing companies. The method includes
an autoclave step to perform the alkaline hydrolysis, which allows for simplifying the
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postextraction process and increasing the ferulic acid yield. Finally, the extracted ferulic
acid carries out a partial purification in a synthetic resin.

Chapter 8 is titled “Radical Scavenging and Antimicrobial Properties of Polyphenol
Rich Waste Wood Extracts” [8]. This chapter evaluated the radical scavenging and an-
timicrobial capacities of wood waste extracts from black locust (Robinia pseudoacacia L.),
mulberry (Morus alba L.), myrobalan plum (Prunus cerasifera Ehrh.), wild cherry (Prunus
avium L.), and different species of oaks (Quercus petraea (Matt.) Liebl., Q. robur L., and Q.
cerris L.) in order to conclude about their potential use in the food and pharmaceutical
industries. Phenolic compounds were separated by using high-performance thin-layer
chromatography (HPTLC), while radical scavenging activity was determined using DPPH-
HPTLC. DPPH-HPTLC identified gallic, ferulic, and/or caffeic acids as the compounds
with the highest contribution to antioxidant capacity. Regarding antimicrobial capacity,
mulberry extract showed the lowest minimum inhibitory concentration (MIC) and mini-
mum bactericidal concentration (MBC) values against methicillin-resistant Staphylococcus
aureus. The growth rate of Listeria monocytogenes was significantly inhibited by extracts of
myrobalan plum, wild cherry, and mulberry. Candida albicans showed poor sensitivity to
the action of all extracts, with the exception of the wild cherry extract. Escherichia coli was
less sensitive to the tested extracts.

The study concluded that due to their antimicrobial activities, cherry and mulberry
wood extracts can be useful in preserving short-shelf-life foods.

Chapter 9 comprises the paper “Extract from Broccoli Byproducts to Increase Fresh
Filled Pasta Shelf Life” [9]. This is a very interesting chapter that aims to find an alternative
to chemical/conventional preservation strategies for fresh filled pasta. The idea was to
evaluate the suitability of an extract from broccoli by-products for this purpose. The
study monitored microbiological and sensory qualities besides phenolic compound content
before and after in vitro digestion of pasta samples.

Results revealed that the shelf life of the natural extract increased by 18 days in
comparison with control. The addition of the by-products’ extract to pasta increased
phenolic content after in vitro digestion. Consequently, it was concluded that broccoli by-
products could be valorized for obtaining extracts able to enhance shelf life and improve
the nutritional content of fresh filled pasta.

Chapter 10 is titled “Bioactive Compounds from Norway Spruce Bark: Comparison
among Sustainable Extraction Techniques for Potential Food Applications” [10]. This
is a great chapter comparing different techniques to extract antioxidants from Norway
spruce bark (Picea abies (L.) Karst), a wood industry waste. Supercritical fluid extraction
(SFE), pressurized liquid extraction (PLE), and ultrasound-assisted extraction (UAE) were
compared, and results showed that PLE, using ethanol as solvent, was the most effective
method for extracting total flavonoid compounds, with the highest antioxidant capacity
according to ABTS˙+. On the other hand, UAE extract contained the maximum phenolic
concentration and the highest antioxidant capacity by FRAP. UAE revealed the greatest
efficiency in the extraction of trans-resveratrol with ethanol 70% (v/v), therefore suggest-
ing its potential to be used to record antioxidants to be further applied in the food and
pharmaceutical industries.

Chapter 11 comprises the review titled “A New Insight on Cardoon: Exploring New
Uses besides Cheese Making with a View to Zero Waste” [11]. This chapter is the only
review of this Special Issue/book. It regards cardoon (Cynara cardunculus L.), which is a
plant native to the Mediterranean area whose flowers are used in cheese making, as vegetal
rennet. The aim of the review was to address the properties of cardoon leaves, considered
a by-product of this crop, and discuss their potential uses. The findings indicated that
cardoon leaves are recognized for their potential health benefits, (e.g., diuretic, hepato-
protective, choleretic, hypocholesterolemic, anticarcinogenic, and antibacterial properties),
and they can have new potential uses. In particular, they can be used for the preparation of
extracts to be incorporated into active food packaging. In sum, the chapter concluded that
the new uses of cardoon leaves will contribute to zero waste of this crop.
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The chapters of this book address the unequivocal importance of natural antioxidants.
There is a plethora of matrices that can be used to obtain natural antioxidants, including dif-
ferent parts of plants (e.g., leaves, bark, seeds), food by-products, and fungi. In conclusion,
the choice of extraction technique is critical in order to improve the biological properties,
especially the antioxidant and antimicrobial capacities, of the extracts and is strictly related
to their potential application in the food industry. Nowadays, the food industry is looking
for environmentally friendly extraction procedures as well as extraction procedures that
allow for upscaling from lab to industry. Finally, the choice of pretreatment and processing
methods can also have a great influence on the antioxidant capacity of the extracts.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ABTS˙+ 2:20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid
DPPH˙ 2,2-diphenyl-1-picrylhydrazyl
FRAP ferric reducing antioxidant power
HPTLC high-performance thin-layer chromatography
MBC minimum bactericidal concentration
MIC minimum inhibitory concentration
PLE pressurized liquid extraction
PPO polyphenol oxidase
SFE supercritical fluid extraction
UAE ultrasound-assisted extraction
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Abstract: The impact of blanching on the phytochemical content and bioactivity of Hypochaeris
laevigata (HL), Hypochaeris radicata (HR), Hyoseris radiata (HRA), and Hyoseris lucida subsp. tau-
rina (HT) leaves was studied and compared to fresh plant materials and residual blanching water.
For this purpose, total phenols, flavonoids, carotenoids, and chlorophyll contents were quanti-
fied. The antioxidant effect was investigated by using different in vitro tests (β-carotene, ferric
reducing ability power (FRAP), 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and
2,2-diphenyl-1-picrylhydrazyl (DPPH), whereas the potential inhibitory activity of key enzymes
linked to obesity was screened against lipase, α-amylase, and α-glucosidase. Generally, the phy-
tochemical content followed the trend: fresh > blanching water > blanched samples. The same
trend was observed in the antioxidant activity independently of the applied test as well as in the
inhibition of lipase and carbohydrates-hydrolysing enzymes. In particular, fresh Hypochaeris laevigata
(HL1) showed the lowest inhibitory concentration 50% (IC50) values of 31.3 and 42.7 μg/mL, against
α-glucosidase and α-amylase, respectively, whereas fresh Hyoseris radiata (HRA1) showed the most
promising hypolipidemic activity (IC50 value of 39.8 μg/mL). Collectively, these results support
the health effect of these wild plants and demonstrated that blanching water should be reused in
food preparation since it is a good source of bioactive compounds and its consumption should be
recommended in order to increase the uptake of micronutrients.

Keywords: Hyoseris radiata; Hyoseris taurina; Hypochaeris laevigata; Hypochaeris radicata; phytochemi-
cals; antioxidants; obesity; diabetes type 2

1. Introduction

Hyoseris L. and Hypochaeris L. species are largely used in Italy not only to prepare
salads, omelettes or boiled in soups, but also for medicinal use through the use of infusions
using blanching water. Hyoseris radiata L. and Hypochaeris radicata L. are the most studied
species and have several ethnobotanical uses in Italy [1–8]. Hyoseris lucida L. subsp. taurina
(Pamp.) Peruzzi & Vangelisti and Hypochaeris laevigata (L.) Ces., Pass. & Gibelli have not
been much studied, probably due to their relatively narrow geographical distribution [9,10].
Guarrera and Savo [11,12] reported the use of leaves from H. radicata and H. radiata as
boiled vegetables or salad in Piedmont, Liguria, Marche, Latium, Sardinia, Sicily, and
Calabria. In this last region, these species are preserved in olive oil to be consumed as
vegetable side dish.

Foods 2021, 10, 32. https://dx.doi.org/10.3390/foods10010032 https://www.mdpi.com/journal/foods
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Metabolic syndrome is a cluster of conditions that occur together. These conditions
include increased blood pressure, high blood sugar levels, excess body fat around the
waist, and abnormal cholesterol or triglyceride levels. [13]. The World Health Organization
(WHO) Global Health Observatory estimated through Prophet models that the prevalence
of diabetes and obesity in 2030 is likely to increase by 10.1% [14].

Oxidative stress plays a key role in the development of Diabetes Mellitus Type 2
(DMT2) complications [15]. In fact, the metabolic irregularities of diabetes cause an over-
production of superoxide in endothelial cells of both large and small vessels, and, also in
the myocardium. Moreover, Găman et al. [16] demonstrated that these irregularities impair
tissue glucose uptake and reduces β cell insulin secretion.

The consumption of wild plants represents a key part of the Mediterranean diet,
recently recognized by United Nations Educational, Scientific and Cultural Organiza-
tion UNESCO (UNESCO) as an Intangible Cultural Heritage of Humanity (UNESCO).
Although several plants of Hyoseris and Hypochaeris species have been consumed daily
for centuries, there is still no in-depth study on their micronutrient content and health
properties after preparation prior to consumption. In the food industry and at a domestic
level, blanching is a pretreatment largely used to inactivate enzyme activity, which can
affect micronutrient content and preserve vegetables [17]. However, if it is effective in
reducing degradation during shelf-life, on the other hand it produces modifications in cell
structure and composition with a consequent significant loss of micronutrients in the food
matrix [18].

In this context, the evaluation of the impact of blanching on Calabrian traditional
vegetables, namely H. laevigata, H. radicata, H. radiata, and H. lucida subsp. taurina, was
investigated. For this purpose, basal leaves were screened for their Total Phenols Content
(TPC), Total Flavonoids Content (TFC), chlorophylls and Total Carotenoids Content (TCC)
before and after blanching process. β-Carotene bleaching, FRAP, ABTS, and DPPH tests
were applied to test the antioxidant activity. The inhibitory effects of enzymes linked to
obesity and DMT2 such as lipase, α-glucosidase, and α-amylase were assessed. In order to
evaluate the possible loss of bioactive compounds after blanching, the residual blanching
water was also investigated.

2. Materials and Methods

2.1. Chemicals and Reagents

Chemicals and reagents used in this research were purchased from Sigma-Aldrich
Chemical Co. Ltd. (Milan, Italy) and VWR International (Milan, Italy). Acarbose from
Actinoplanes spp. was obtained from Serva (Heidelberg, Germany) whereas β-carotene was
from Extrasynthese (Genay-France).

2.2. Plant Materials

The collection (Table 1) of the basal rosettes of H. radicata and H. radiata was carried
out at 1157 m a.s.l. in the area of the Aspromonte Massif known as “Cucullaro” (38.171987◦
N–15.815650◦ E), a mountain resort in the municipality of Santo Stefano in Aspromonte.
The collection of the basal rosettes of H. lucida subsp. taurina was carried out in the
municipality of Scilla (40 m a.s.l., 38.253987◦ N–15.716493◦ E), while those of H. laevigata at
the mountain resort of Trepitò, located at 952 m a.s.l. (38.284906◦ N–16.046640◦ E) in the
municipality of Molochio. The collection of the basal rosettes was carried out before flower
stem development, as traditionally these and similar plants are collected by local people
in this way [8,19]. All the collection sites are located in the province of Reggio Calabria
(South Italy)
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Table 1. Sampling locations.

Sampling Locations Latitude Longitude Altitude m a.s.l.

Cucullaro 38.166667◦ 15.850000◦ 1300
Scilla 38.250000◦ 15.733333◦ 73

Trepitò 38.316667◦ 16.150000◦ 880

For each of the 4 taxa examined, a minimum quantity of 1000 g of basal rosettes was
collected and, afterwards, in the laboratory, a cleaning and separation of the edible leaves
was performed manually to obtain a minimum quantity of 200 g of leaves. These were
washed several times with distilled water in order to ensure the elimination of any type of
residue. Finally, they were placed on absorbent paper and gently dabbed several times, so
as to eliminate as much water as possible and thus avoid problems of contamination.

2.3. Blanching

To blanche, leaves were placed on a low heat in 1000 mL of hot water (90 ◦C) for
10 min. The ratio of sample to water was 1:5 (w/w). After blanching, the samples were
cooled to room temperature under running tap water. Finally, the edible parts were drained
and the blanching water collected.

2.4. Extraction Procedure

Extracts were prepared by mixing 10 g of each sample (fresh and blanched, both
ground) with 50 mL of water. The mixture was shaken using a Ultraturrax T-25 (Ika
Labortechnik, Janche & Kunkel, Milan, Italy). It was subsequently centrifuged by re-
frigerated centrifuge N ve NF 1200R (Saracalar Kümeevleri, Ankara, Turkey), 10 min at
5000 rpm. Then, the supernatant was filtered through a 0.45 mm Millipore filter (GMF
Whatman, Carlo Erba, Milan, Italy) before analysis.

2.5. Determination of pH, Titratable Acidity and Total Soluble Solid Content

The pH was determined by direct measurement in a digital potentiometer (Crison
Instruments S.A., Milan, Italy). The Total soluble solids (TSS) were measured at 20 ◦C using
a digital Atago Model PR-101 α refractometer (Atago Co. Ltd., Milan, Italy), results were
reported as Brix degrees (◦Brix). The titratable acidity (TA) was determined using 0.1 N
NaOH to pH 8.1. Results were expressed as percentage of monohydrate citric acid.

2.6. Total Phenol Content (TPC) and Total Flavonoid Content (TFC)

TPC was determined as described by Sicari et al. [20]. An aliquot of 350 μL of aqueous
extract was mixed with Folin-Ciocalteu reagent (1 mL) and 20% Na2CO3 solution (10 mL).
The absorbance was measured at 760 nm in a spectrophotometer (UV-VIS-Agilent 8453) and
the results were expressed in mg of gallic acid equivalent (GAE)/100 g fresh weight (FW).

A spectrophotometric method was used to measure the total flavonoid content. TFC
was determined using a method based on the formation of a flavonoid-aluminium com-
plex [21]. The extract was mixed with 2% aluminium chloride solution. The samples were
incubated at room temperature for 15 min and then measured against a blank at 510 nm.
TFC was calculated based on a standard curve and expressed as mg quercetin equivalents
(QE)/100 g FW.

2.7. Spectrophotometric Determination of Carotenoids

For the carotenoid determination, the spectrophotometric analysis was carried out
after extraction [22]. The analyses were carried out in darkness to prevent carotenoid
degradation and isomerisation. Before chemical extraction, leaves were homogenised in a
blender and an aliquot of 5 g of the sample was weighed into a 50 mL amber coloured flask
wrapped with aluminium foil. Then, 100 mL of the solvent mix (hexane/acetone/methanol
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2:1:1 v/v/v) was added to the flask and sonicated continuously for 10 min (Misonix
Ultrasonic Liquid Processor, Misonix, Inc. 1938, New Highway, Farmingdale, NY, USA).

The extraction was repeated until the sample became colorless. The combined extract
was transferred to a separating funnel and 5 mL of distilled water was added to separate
polar and nonpolar phases. The nonpolar hexane layer containing carotenoids was col-
lected and concentrated in a rotary evaporator (Heidolph, Schwabach, Germany) until
dry. The residue was dissolved in 10 mL of hexane. The total carotenoid content was deter-
mined by a spectrophotometric method using a UV-Vis spectrophotometer (Agilent 8453
Technologies, Agilent, Milan, Italy). The absorbance was read at 450 nm. All analyses were
performed in triplicate and the results were expressed as mean ± standard deviation (SD).

The results were expressed as g β-carotene/100 g fresh weight of sample.

2.8. Chlorophyll Determination

The chlorophyll content was determined spectrophotometrically. The leaves were
placed into a mortar and then ground in the dark until the green colour disappeared.

Ground leaf material was extracted with ethanol, filled to 10 mL, centrifuged at
5000 rpm for 3 min and the absorbance of the supernatant solution in a 1 cm cell was
read at 440, 649 and 665 nm. Chlorophyll was calculated using the equations previously
reported by Lichtenthaler and Buschmann [23].

2.9. Radical Scavenging Activity Assays

In ABTS radical scavenging ability test, potassium persulphate solution and ABTS so-
lution were mixed to obtain ABTS radical cation solution [21]. After 12 h, this solution was
stabilized (absorbance of 0.70) at 734 nm employing a UV-Vis spectrophotometer (Jenway
6003, Carlo Erba, Milan, Italy). ABTS+ solution was mixed with different concentrations
of aqueous extracts (from 1 to 400 μg/mL) and the absorbance was read at 734 nm after
6 min.

Another test used to evaluate the radical scavenging activity of our samples is the
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay [21]. The DPPH radical solution was mixed
with aqueous extracts (at concentrations in the range from 1 to 1000 μg/mL) and after
30 min the absorbance was read at 517 nm.

2.10. Ferric Reducing Ability Power (FRAP) Assay

In the ferric reducing ability power (FRAP) assay, FRAP reagent, tripyridyltriazine
(TPTZ), HCl, FeCl3, acetate buffer (pH 3.6) were mixed and added to the sample
(2.5 mg/mL) [24]. The absorption reaction was read at 595 nm after 30 min of incubation.

2.11. β-Carotene Bleaching Test

The ability of samples to inhibit lipid peroxidation was evaluated by using the β-
carotene bleaching test [21]. The aqueous extracts (from 2.5 to 100 μg/mL) were mixed
with linoleic, Tween 20 acid and β-carotene solution. The absorbance was read at t = 0, and
after 30 and 60 min of incubation at 470 nm.

2.12. Pancreatic Lipase Inhibitory Activity

The hypolipidemic potential of aqueous extracts was studied by the inhibition of
pancreatic lipase [25]. A mixture of lipase (1 mg/mL), 4-nitrophenyl octanoate (substrate),
and samples (from 25 to 4000 μg/mL) was prepared. After 30 min of incubation at 37 ◦C,
the Tris-HCl buffer (pH 8.5) was added and the absorbance was measured at 405 nm.

2.13. Carbohydrate-Hydrolysing Enzyme Inhibitory Activity

The hypoglycaemic activity of samples was evaluated through inhibition of α-amylase
and α-glucosidase enzymes [21]. For α-amylase assay, aqueous extracts (from 25 to
1000 μg/mL) and starch solution were added to the enzyme at room temperature for
5 min, and the absorbance at 540 nm was measured. For α-glucosidase inhibitory activ-
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ity test, samples extracts (from 25 to 1000 μg/mL) were mixed with enzyme solution, a
maltose solution, peroxidase/glucose oxidase (PGO) system-colour reagent solution and
o-dianisidine (DIAN) solution. This mixture was incubated for 30 min and the absorbance
was measured.

2.14. Statistical Analysis

All the investigations were performed in triplicate and results were expressed as
means of three different experiments ± standard deviation (S.D.). They were processed by
analysis of variance (ANOVA). Differences among the samples were analyzed by Turkey’s
test using SPSS statistics software (version 17.0, SPSS Inc., Chicago, IL, USA). All the p
values at < 0.05 were observed as significant.

Principal Component Analysis (PCA) was applied using SPSS software for Windows,
version 17.0 (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

In this work the phytochemical content and bioactivity of traditionally consumed
wild plants namely H. laevigata, H. radicata, H. radiata, and H. lucida subsp. taurina were
investigated. The edible portions (leaves) were studied, both fresh and after blanching, to
assess the impact of processing on these food matrices. Among bioactive phytochemicals,
TPC, TFC, lycopene, β-carotene, and chlorophylls were quantified. Samples were studied
for their antioxidant potential using different approaches and as inhibitors of enzymes
linked to obesity and hyperglycaemia.

3.1. Phytochemical Content

Used in the experiment procedures had a significant effect on changes of total soluble
solids (TSS), titratable acidity (TA), and pH. The blanching effect of leaves is shown in
Table 2. Fresh Hypochaeris radicata (HR) and H. laevigata (HL) leaves showed a higher TSS
contents than the values obtained in the leaves after blanching and in the blanching water.
The same trend was observed in the titratable acidity values.

Table 2. Total soluble solid content (TSS), Titratable acidity (TA), and pH of Hypochaeris and Hyoseris
extracts.

Sample TSS TA pH

Hypochaeris leavigata (HL)

HL1 0.6 ± 0.05 a 5.2 ± 2.0 a 6.0 ± 2.6 b

HL2 0.1 ± 0.01 c 0.8 ± 0.07 c 6.6 ± 2.7 a

HL3 0.4 ± 0.04 b 1.9 ± 1.3 b 6.2 ± 2.4 b

Sign. ** ** **

Hypochaeris radicata (HR)

HR1 0.6 ± 0.07 a 4.5 ± 1.9 a 6.0 ± 2.6 b

HR2 0.2 ± 0.02 b 0.7 ± 0.06 c 6.4 ± 2.3 a

HR3 0.7 ± 0.08 a 2.1 ± 1.4 b 6.5 ± 2.5 a

Sign. ** ** **

Hyoseris radiata (HRA)

HRA1 0.4 ± 0.03 a 6.8 ± 2.9 a 5.8 ± 2.2 b

HRA2 0.3 ± 0.02 b 1.4 ± 1.1 c 6.4 ± 2.4 a

HRA3 0.4 ± 0.04 a 1.7 ± 1.2 b 6.2 ± 2.3 a

Sign. ** ** **
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Table 2. Cont.

Sample TSS TA pH

Hyoseris lucida subsp. taurina (HT)

HT1 0.9 ± 0.1 a 6.3 ± 2.7 a 5.9 ± 2.2 b

HT2 0.7 ± 0.09 b 2.3 ± 1.5 c 6.2 ± 2.4 a

HT3 0.5 ± 0.06 a 2.1 ± 1.2 b 6.4 ± 2.5 a

Sign. ** ** **

Data are reported to mean ± Standard Deviation (SD) (n = 3). 1: Extract fresh plant materials; 2: Extract plant
materials after blanching; 3: Blanching water extract. ** Significance at p < 0.01. Results followed by different
letters in a same column are significantly different (p < 0.05) by Tukey’s multiple. range test.

Carotenoid content in raw and cooked leaf samples are shown in Table 3. The reported
values show a greater concentration of total carotenoids (expressed in β-Carotene equiv.) in
the fresh leaves than in the blanched ones. The blanching water had a significantly higher
(p < 0.05) carotenoid content than the blanched leaves, but lower than the fresh leaves. A
similar trend was found in leaves of both Hypochaeris (leavigata and radicata) and Hyoseris
(radiata and lucida subsp. taurina). Compared to the initial concentration in the fresh leaves
(HL1, HR1, HRA1 and HT1), the lowest carotenoid concentration in blanching water was
found in sample HT3, with a value of 205.2 g/100 g, whereas the highest value was found
in sample HRA3 (298.1 g/100 g). The presence of carotenoids in blanching water was
reported by Parmar et Rupasinghe [26], who observed that an infusion of wild berry stems
in hot water had a carotenoid content in the range of 275–417 mg/L. They further showed a
high carotenoid content in commercial green tea with average values of 410 and 1332 mg/L
for extraction in methanol and hot water respectively. In a study carried out by Loranty
et al. [27] on 25 infused fruit and herbal teas, only lutein was present in the infusions, other
carotenoids not being found. The highest level of lutein (24.3 mg/200 mL) was found in a
Tilias infusion (Edward Tea). Suzuki et Shioii [28] found chlorophyll and carotenoids in
seven teas infused from Camellia sinensis leaves.

Table 3. Phytochemical content of Hypochaeris and Hyoseris extracts.

Sample
TCC

(mg βC/100 g FW)
Chlorophylls
(mg/kg FW)

TPC
(mg GAE/100 g FW)

TFC
(mg QE/100 g FW)

Hypochaeris leavigata (HL)

HL1 351.8 ± 5.1 a 170.2 ± 3.2 a 946.5 ± 6.2 a 732.7 ± 6.0 a

HL2 215.9 ± 4.7 c 106.8 ± 3.1 c 378.1 ± 5.1 c 179.4 ± 3.2 b

HL3 298.1 ± 4.9 b 163.0 ± 3.2 b 623.0 ± 5.9 b 569.6 ± 5.7 c

Sign ** ** ** **

Hypochaeris radicata (HR)

HR1 449.5 ± 5.5 a 191.7 ± 3.6 a 1103.6 ± 6.5 a 769.2 ± 6.1 a

HR2 236.9 ± 4.5 c 118.4 ± 3.3 c 434.3 ± 5.4 c 322.5 ± 4.2 c

HR3 266.0 ± 4.6 b 143.2 ± 3.4 b 550.8 ± 5.6 b 375.0 ± 4.3 b

Sign ** ** ** **

Hyoseris radiata (HRA)

HRA1 386.7 ± 5.2 a 212.3 ± 4.0 a 975.3 ± 6.2 a 855.6 ± 5.9 a

HRA2 181.3 ± 3.5 c 89.3 ± 2.9 c 380.1 ± 4.2 c 277.1 ± 3.8 c

HRA3 240.6 ± 4.5 b 136.7 ± 3.2 b 550.7 ± 5.2 b 370.4 ± 4.0 b

Sign ** ** ** **
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Table 3. Phytochemical content of Hypochaeris and Hyoseris extracts.

Sample
TCC

(mg βC/100 g FW)
Chlorophylls
(mg/kg FW)

TPC
(mg GAE/100 g FW)

TFC
(mg QE/100 g FW)

Hyoseris lucida subsp. taurina (HT)

HT1 532.4 ± 5.8 a 187.4 ± 3.4 a 997.6 ± 6.3 a 796.8 ± 6.0 a

HT2 202.6 ± 3.5 b 106.4 ± 3.1 c 416.1 ± 5.3 c 436.2 ± 5.3 b

HT3 205.2 ± 3.6 b 109.4 ± 3.2 b 627.5 ± 5.8 b 447.3 ± 5.4 b

Sign. ** ** ** **

Data are reported to mean ± Standard Deviation (SD) (n = 3). Data are expressed as mean ± S.D. (n = 3). 1: Extract
fresh plant materials; 2: Extract plant materials after blanching; 3: Blanching water extract. ** Significance at
p < 0.01. Results followed by different letters in a same column are significantly different (p < 0.05) by Tukey’s
multiple range test.

A drastic reduction in chlorophyll was also observed between fresh and blanched
samples (from 170.2 to 212.3 for HL1 and HRA1, vs. from 89.3 to 118.4 for HRA2 and HR2,
respectively). Blanching reduced the chlorophyll content independently of the species
(Table 3).

The concentration of total polyphenols and flavonoids was shown in Table 3. Phenolic
compounds are known to be responsible for the antioxidant activity of the food matrix. All
fresh samples were characterized by a high TPC content. Leaves of hypochaeris (leavigata
e radicata) and hyoseris (radiata e lucida subsp. taurina), showed a significantly higher
(p < 0.05) total polyphenol content in their raw samples compared with their cooked
samples [29,30]. The aqueous extract of fresh H. radicata showed the highest TPC value of
1103.6 mg GAE/100 g FW followed by H. lucida subsp. taurina (997.6 mg GAE/100 g FW)
(Table 3). Fresh H. radiata leaves (HRA1) showed the highest TFC with a value of 855.6 mg
QE/100 g FW. It is interesting to note that the blanching process significantly affects both
TPC and TFC and that the water in which the leaves are cooked retained a great amount of
these bioactive phytochemicals.

The total polyphenol content decreased significantly (p < 0.05) after blanching as
reported by [31–34]. In addition, Gawlik-Dziki [35] demonstrated that boiling significantly
reduced the polyphenol content of fresh broccoli. Similarly, Sikora et al. [36] reported a
significant decrease in total polyphenol and antioxidant components in boiled broccoli.
Abu-Ghannam and Jaiswal [37] described a reduction in the total phenolic content of up to
45% at lower blanching temperatures (80–90 ◦C) within 2 min of blanching and reduction
of the total polyphenol content continued within 6 min at high blanching temperatures.
Furthermore, as some authors have observed, the degree of leaf fragmentation may be a
factor in a greater diffusion of the bioactive compounds from the leaves to the water.

Medina et al. [38] compared infusions obtained from samples at various degrees of
fragmentation. Levels of oleuropein were found to be 103 mg/kg in an infusion from a
whole sample used as control, and 466 mg/kg in another sample passed through a blender
and subsequently an Ultra-Turrax. The greater the degree of leaf fragmentation, the greater
the quantities of phenols in the infusions. The total flavonoid content dropped significantly
(p < 0.05) after boiling. Interestingly, despite heating, the concentration of flavonoids in the
blanching water remained high. This may be due to the fact that after boiling there was
a greater availability of flavonoids, and a more efficient extraction from the softened cell
walls [39].

Moreover, several studies have reported that the increase in bioactive compounds
in boiled vegetables may be partly due to the breakdown of cell walls and subcellular
structures by boiling, which allows the release of antioxidants [40]. Thus, it is probable that
the structural matrix of the cell walls is the factor that determines the cell’s ability to hold
onto or breakdown phytochemical compounds.
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3.2. Antioxidant Activity

The antioxidant activities of H. laevigata (HL), H. radicata (HR), H. radiata (HRA),
and H. lucida subsp. taurina (HT) fresh and blanched leaves were assessed employing
in vitro methods: β-carotene bleaching, FRAP, ABTS, and DPPH tests. The resulting
blanching water was also screened. To our knowledge this is the first report to evaluate
the antioxidant potential of H. laevigata, and H. lucida subsp. taurina leaves, both fresh
and processed. Generally, the following antioxidant trend was observed fresh samples >
blanching water > blanched samples (Table 4).

Table 4. Antioxidant activity of Hypochaeris and Hyoseris extracts.

Samples
β-Carotene Bleaching Test

IC50 (μg/mL)
FRAP

μMFe (II)/g
ABTS

IC50 (μg/mL)
DPPH

IC50 (μg/mL)

t = 30 min t = 60 min

Hypochaeris leavigata (HL)

HL1 46.7 ± 3.0 b 48.5 ± 3.1 b 84.4 ± 3.8 b 4.7 ± 0.8 c 24.7 ± 2.2 c

HL2 39.6 ± 2.3 c 30.1 ± 1.9 c 39.1 ± 3.4 c 7.9 ± 1.2 a 43.6 ± 3.5 a

HL3 48.7 ± 3.1 a 59.0 ± 3.6 a 92.6 ± 4.0 a 5.9 ± 0.9 b 37.6 ± 3.1 b

Sign. ** ** ** ** **

Hypochaeris radicata (HR)

HR1 54.6 ± 3.3 b 58.5 ± 3.4 b 41.6 ± 3.2 c 7.8 ± 1.2 c 18.7 ± 1.5 c

HR2 48.1 ± 2.8 c 35.7 ± 1.4 c 53.8 ± 3.5 a 12.3 ± 1.5 a 41.6 ± 3.0 a

HR3 60.5 ± 3.8 a 63.9 ± 3.8 a 49.2 ± 3.5 b 13.7 ± 1.6 b 23.7 ± 1.9 b

Sign. ** ** ** ** **

Hyoseris radiata (HRA)

HRA1 51.7 ± 3.5 a 41.7 ± 2.4 a 73.5 ± 4.1 a 8.8 ± 0.9 c 37.6 ± 2.2 b

HRA2 18.7 ± 1.3 c 14.1 ± 0.8 c 38.9 ± 3.1 c 11.8 ± 1.1 a 51.5 ± 3.2 a

HRA3 26.4 ± 1.6 b 29.2 ± 1.1 b 41.1 ± 2.9 b 10.1 ± 1.0 b 29.7 ± 2.0 c

Sign. ** ** ** ** **

Hyoseris lucida subsp. taurina (HT)

HT1 84.7 ± 3.9 a 99.1 ± 4.2 a 54.7 ± 3.6 a 1.8 ± 0.3 c 33.6 ± 2.0 c

HT2 41.4 ± 2.1 b 23.8 ± 1.8 c 41.0 ± 3.1 c 4.1 ± 0.9 a 54.5 ± 3.2 a

HT3 39.1 ± 2.5 c 31.1 ± 2.1 b 53.2 ± 3.5 b 2.9 ± 0.5 b 42.6 ± 2.5 b

Sign. ** ** ** ** **
Data are expressed as mean ± Standard Deviation (SD) (n = 3). 1: Extract fresh plant materials; 2: Extract plant
materials after blanching; 3: Blanching water extract. Ferric Reducing Antioxidant Power (FRAP); Antioxidant
Capacity Determined by Radical Cation (ABTS+); DPPH Radical Scavenging Activity Assay. a: [100 μg/mL].
Propyl gallate (IC50 = 0.09 ± 0.04 μg/mL after t = 30 min and t= 60 min of incubation) was used as control
positive in β-carotene bleaching test, BHT (IC50 = 63.2 ± 2.3 μMFe (II)/g) in FRAP assay and ascorbic acid in
ABTS and DPPH radical scavenging test (IC50 = 5.0 ± 0.8 and 1.7 ± 0.1 μg/mL, respectively). One-way ANOVA
followed by Tukey’s multiple range test was applied for statistical analysis. Different letters in the same column
are significantly different ** at p < 0.01.

A great variability of results was observed in the β-carotene bleaching test. In this
assay, the presence of antioxidant compounds minimized the oxidation of β-carotene by
hydro-peroxides, which were counteracted by bioactive compounds in the extract. In the
present study, both H. radicata and H. laevigata fresh leaves exerted a greater activity than
the other investigated species (IC50 = of 46.7 and 54.6 μg/mL after 30 min of incubation,
respectively). Blanched samples were less active with a percentage of inhibition of 39.6%
and 48.1% at maximum concentration tested (100 μg/mL). A low activity was observed,
also with HT1 sample (IC50 = 84.7 and 99.1 μg/mL after 30 and 60 min of incubation,
respectively).
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In FRAP assay, a great ferric reducing power higher than that found for BHT (Butylated
Hydroxytoluene) was observed with both HL3 and HL1 samples with values of 92.6 and
84.4 μM Fe(II)/g, respectively (Table 4). A promising ability was observed also with HRA1
(73.5 μM Fe(II)/g).

A different result was observed using ABTS radical cation. In fact, in this test fresh
H. lucida subsp. taurina leaves (HT1) showed a comparable radical scavenging activity to
that reported for ascorbic acid (IC50 = 1.8 and 1.7 μg/mL, respectively). A promising ABTS
radical scavenging potential was noted with the blanching water from the blanching of the
leaves of the same species (HT3, IC50 = 2.9 μg/mL).

The DPPH free radical scavenging method is based on electron-transfer reaction that
produces a violet solution. The DPPH radical is stable at 25 ◦C. Among the investigated
species, aqueous extract of fresh leaves of HR and HL exerted a higher radical scavenging
potential (IC50 = 18.7 and 24.7 μg/mL, respectively) (Table 4). In addition, interest activity
was found for HR3 and HRA3 (IC50 = 23.7 and 29.7 μg/mL, respectively).

Previously, Senguttuvan et al. [41] studied the radical scavenging potential of an
infusion from the dried leaves of H. radicata and found IC50 values of 595.23 μg/mL and
2143.1 μmol of Trolox equivalent (TE)/dried weight (DW). Dried leaves are also able to
exert their antioxidant activities through other mechanisms, including the protection of
lipid peroxidation and ferric reducing power.

Values of 97.99% at 250 mg/mL and 38.69% at 5 mg/mL were recorded by Sengut-
tuvan et al. [41] for Indian H. radicata dried leaves in DPPH and ABTS test, respectively.
Successively the same research group showed that the oral administration of H. radicata
methanolic leaf and root extracts and isolated compounds proved to be significant, promis-
ing candidates able to quench free radicals. The antioxidant effect was more pronounced in
the animals treated with root extract, probably due its high content in alkaloids, flavonoids,
saponins and terpenoids that could act as antioxidant compounds [41]. Lower antioxidant
activity was recorded for H. radicata collected in Latium [42] where IC50 average values of
2.02 and 2.33 mg/mL were found for fresh and boiled leaves, respectively in DPPH assay.
Average values of 6.2 and 2.3 mmol/kg FW were found for fresh and boiled leaves in ABTS
test, respectively.

Compared to the Calabria sample HRA1, a lower ferric reducing power was recorded
for H. radiata fresh leaves collected in Liguria that showed FRAP value of 31.1 mM Fe
(II) /Kg. More recently, Souilah et al. [43] investigated the antioxidant effect of n-butanol,
dichloromethane and ethyl acetate fractions of the aerial parts of Hypochaeris laevigata var.
hipponensis. The highest DPPH radical scavenging activity was exhibited by n-Butanol
extract (IC50 = 8.12 μg/mL) followed by ethyl acetate extract (IC50 = 8.70 μg/mL). This last
extract was also able to exert a potent ABTS radical cation inactivation (IC50 = 4.32 μg/mL).
The following rank dichloromethane, n-butanol and ethyl acetate in protection of lipid
peroxidation was found.

3.3. Inhibition of Enzymes linked to Obesity

The study of bioactive foods useful in the prevention and management of metabolic
diseases including obesity and diabetes is a topic of great interest for researchers in the
area of food science. To our knowledge, no previous studies have investigated the species
Hypochaeris and Hyoseris for their ability to inhibit carbohydrate-hydrolyzing and lipase
enzymes. All investigated samples exerted inhibitory activity on enzymes linked to obesity
and DMT2 in a concentration dependent manner (Table 5).
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Table 5. Lipase, α-amylase, and α-glucosidase inhibitory activity [IC50 (μg/mL)] of Hypochaeris and
Hyoseris extracts.

Sample Lipase α-Amylase α-Glucosidase

Hypochaeris leavigata (HL)

HL1 58.2 ± 1.5 c 42.7 ± 1.3 c 31.3 ± 1.3 c

HL2 85.0 ± 1.8 a 94.9 ± 2.0 a 81.6 ± 1.8 a

HL3 66.4 ± 1.7 b 56.8 ± 1.5 b 62.3 ± 1.6 b

Sign. ** ** **

Hypochaeris radicata (HR)

HR1 52.4 ± 1.5 c 56.9 ± 1.4 c 37.6 ± 1.3 c

HR2 81.4 ± 1.7 a 112.9 ± 2.1 a 118.8 ± 2.3 a

HR3 62.8 ± 1.7 b 90.1 ± 2.0 b 43.9 ± 1.4 b

Sign. ** ** **

Hyoseris radiata (HRA)

HRA1 39.8 ± 1.4 c 79.4 ± 1.7 c 41.9 ± 1.4 c

HRA2 85.7 ± 1.8 a 99.1 ± 1.9 a 84.5 ± 1.8 a

HRA3 65.7 ± 1.7 b 83.4 ± 1.8 b 51.9 ± 1.5 b

Sign. ** ** **

Hyoseris lucida subsp. taurina (HT)

HT1 73.5 ± 1.7 c 74.0 ± 1.7 c 63.1 ± 1.6 c

HT2 89.6 ± 1.9 a 94.2 ± 1.9 a 94.9 ± 1.9 a

HT3 78.8 ± 1.8 b 82.8 ± 1.6 b 74.4 ± 1.7 b

Sign. ** ** **
Data are expressed to mean ± Standard Deviation (SD) (n = 3). 1: Extract fresh plant materials; 2: Extract plant
materials after blanching; 3: Blanching water extract. Orlistat used as positive control in lipase test (IC50 = 37.4
± 1.0). Acarbose used as positive control in α-amylase and α-glucosidase tests (IC50 = 50.1 ± 1.3 and 35.5 ±
0.9 respectively for α-amylase α-glucosidase). One-way ANOVA followed by Tukey’s multiple range test was
applied for statistical analysis. Different letters in the same column are significantly different ** at p < 0.01.

Fresh H. laevigata leaves (HL1) exerted a promising α-amylase inhibitory activity
with IC50 value of 42.7 μg/mL which is lower compared to positive control acarbose
(IC50 = 50.1 μg/mL). A notable activity was observed, also in the blanching water (HL5,
IC50 = 56.8 μg/mL). The HL1 sample showed the greatest α-glucosidase inhibitory activity
followed by H. radicata (HR1) with IC50 values of 31.3 and 37.6 μg/mL, respectively. Both
results are comparable with those found for acarbose (IC50 = 35.5 μg/mL). Also, in this
case, blanching significantly affected the bioactivity of the samples. Fresh H. radiata leaves
(HRA1) showed the highest lipase inhibitory activity (IC50 = 39.8 μg/mL) whereas, values
of 52.4 and 58.2 μg/mL were found for HR1 and HL1, respectively. Unlike what hap-
pened for the carbohydrate hydrolysing enzymes, the blanching water has only a minimal
inhibitory activity (IC50 values ranged from 62.8 to 78.8 for HR3 and HT3, respectively)
testifying that compounds able to inhibit lipase enzyme are retained in the matrix also
after blanching.

Among our investigated samples, only H. radicata had been previously investigated
for its hypoglycaemic activity. However, our data disagree with Ko et al. [44], who did not
find α-glucosidase inhibitory activity at the maximum concentration tested of 1000 μg/mL.
Probably, this lack of activity was due the relatively low content of TPC and TFC found by
the authors.

3.4. Principal Component Analysis (PCA)

PCA was performed to identify accession groups and to determine the axes and the
characters significantly contributing to the variation. In this procedure, the similarity
matrix was used to generate eigenvalues and scores for the accessions. The first two
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principal components, which accounted for the highest variation, were then used to plot
two-dimensional scatter plots [45].

PCA was applied to differentiate the four different taxa of Hypochaeris and Hyoseris.
By choosing eigenvalues greater than one (>1), the dimensionality was reduced from
16 variables to two principal components (PC). PCA results revealed that the first two
principal components explained total variance completely 78.4%. The loadings of first
and second principal components (PC1 and PC2) accounted for 45.25 and 33.15% of the
variance, respectively (Figure 1). The first component (PC1) is highly positively correlated
with Chlorophylls, and FRAP. The second component (PC2) is positively correlated with
TSS, β-carotene bleaching test t = 30 min, β-carotene bleaching test t = 60 min, while
citric acid, β-Carotene, TPC, and TFC) are positively correlated with component 1 and
component 2. pH, DPPH, α-glucosidase, and α-amylase show a negative correlation for
PC1 and PC2.

Figure 1. Factor loadings for principal components (PC) PC1 and PC2 and scatter plot of all. samples
for principal component analysis.

The bi-dimensional PCA analysis clearly classifies the similarities or differences of the
botanic species and the treatments performed. The score plot analysis clearly classifies the
species HL1, HR1, HRA1, and HR3, HL3, HRA3 in the lower right region of the PCA score
plot. This shows that fresh plants and blanching water maintain a higher bioactivity than
blanched leaves.

4. Conclusions

The present study assessed for the first time the impact of the blanching process on
the phytochemical content and bioactivity of the spontaneous plants namely Hypochaeris
laevigata, H. radicata, Hyoseris radiata, and H. lucida subsp. taurina. Traditionally, these
species are widely consumed in Central and South Italy, both fresh and after blanching.
For this purpose, fresh and blanched samples as well as residual blanching water were
studied. The blanching process determined a reduction in the content of all investigated
phytochemical classes. At the same time, the analysis of the data showed that the blanching
water retains most of the bioactive compounds and for this reason it is characterized by
a good antioxidant and inhibitory activity against enzymes linked to obesity and related
diseases such as diabetes type 2. For this reason, the consumption of the fresh spontaneous
plant and the reutilization of residual blanching water should be promoted in order to
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ensure the right amounts of healthy micronutrients able to counteract oxidative stress and
related diseases.
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Abstract: Microwave pretreatment of oilseeds is a novel technique used to enhance oil nutraceutical
properties. In this study, the effect of microwave pretreatment of seeds was investigated on
pomegranate seed oil quality attributes including oil yield, yellowness index, refractive index,
peroxide value, ρ-anisidine value, total oxidation value, conjugated dienes, total phenolic content, total
carotenoids content, phytosterol composition, fatty acid composition, 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging capacity, and ferric reducing antioxidant power (FRAP). The seeds of three
different pomegranate cultivars (‘Acco’, ‘Herskawitz’, and ‘Wonderful’) were microwave heated at
261 W for 102 s. Pomegranate seeds microwave pretreatment enhanced oil yield, yellowness
index, total carotenoids content, total phenolic content, FRAP and DPPH radical scavenging
capacity, despite an increase in conjugated dienes, and peroxide value. Palmitic acid, oleic
acid, linoleic acid, saturated, and monosaturated fatty acids were increased after pomegranate
seeds microwave pretreatment, whilst the levels of punicic acid and β-sitosterol were reduced.
Nevertheless, the refractive index, the ratio of unsaturated to saturated fatty acid of the extracted oil
were not significantly (p > 0.05) affected by pomegranate seeds microwave pretreatment. Principal
component analysis and agglomerative hierarchical clustering established that ‘Acco’ and ‘Wonderful’
oil extracts from microwave pretreated PS exhibited better oil yield, whilst ‘Herskawitz’ oil extracts
showed higher total carotenoids content, total phenolic content, and antioxidant capacity.

Keywords: pomegranate seeds; oil; microwave pretreatment; total phenolic content; antioxidant
capacity

1. Introduction

The demand for the use of natural products in preventing chronic and degenerative diseases has
increased in recent decades, driven by increased consumer health awareness [1]. Attention has been
given to functional foods that provide both nutritional functions and health benefits. Pomegranate
fruit is rich in both nutritional and biological properties [2]. The fruit has been cultivated since ancient
times throughout the Mediterranean region, mainly for its nutritional and pharmacological value [3].
Pomegranates have been used in the treatment of sore throats, coughs, ulcers, urinary infections,
intestinal worms, digestive disorders, skin disorders, and arthritis for centuries [4]. Apart from being
consumed as fresh fruits, pomegranates may be processed into various products such as juice, jam,
wine, syrup, among other products. The fruit contains seeds that range between 37 and 143 g/kg
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of the total fruit weight depending on factors such as cultivar, growing region, growing conditions,
and maturity stages [5,6]. Pomegranate seeds (PS) have oil that range between 12% to 20% (dry weight
basis) and is a good source of bioactive compounds such as punicic acid, tocopherols, phenols, sterols,
and carotenoids [3,7].

Epidemiological studies have revealed that pomegranate seed oil (PSO) has biological properties
related to the prevention of microbial growth, lipoperoxidation, skin photoaging, cancer, diabetes,
and obesity that are linked to the bioactive compounds [7,8]. In line with the biological activities,
the oil can be used as a functional ingredient in nutraceutical, pharmaceutical, and functional foods
preparations [9]. Despite the wealth of health benefits in PSO, the seeds are still regarded as waste
after processing the fruits into juice and other products, thereby increasing the total pomegranate fruit
postharvest losses. In some instances, the seeds are used as stock feed [10]. From an industrial and
health perspective, valorization of the PS into oil presents a more valuable alternative utilization of the
postharvest waste.

Among other conventional seed oil extraction techniques, such as cold pressing and supercritical
carbon dioxide, extraction using organic solvents is the best technique with regards to oil extraction
efficiency [11]. Needless to say, the use of organic solvents such as hexane has become unpopular
due to its hazardous effects on humans and the environment [11,12]. Consequently, the avoidance
or reduction in the use of hexane as an extraction solvent has become a requirement for the food
industry [13]. Alternatively, short-chain alcohols such as ethanol are promising solvents in seed oil
extraction. Ethanol is a less hazardous, bio-renewable, and cheaper organic solvent [14]. The high
polarity of ethanol provides it with the ability to extract polar bioactive compounds, such as the
phenolic compounds, and therefore oil extracted with ethanol has better biological activities [15].
The main drawback in using ethanol is that it produces low oil yield [16,17]. Therefore, treatment of
the oilseeds before oil extraction is important for improving the oil extraction efficacy of ethanol.

The treatment of seeds with microwaves before oil extraction has received great interests due to
obvious advantages including uniform energy delivery, high thermal conductivity to the interior of the
material, energy saving, and precise process control [18]. The application of microwave radiation to
seeds result in direct interaction of the electromagnetic waves with the polar oxygen group from the
seeds moisture [19]. This results in rapid heating and evaporation of the moisture in the seeds, thereby
creating an internal pressure that causes the rapture of seed matrices [20]. The seeds microstructure
alterations facilitated by microwave heating increases the interaction of the extraction solvent with
the intracellular materials and enhances the lipids and bioactive compounds mass transfer into the
extraction solvent [21]. Zhang and Jin [22], Li et al. [23], Porto et al. [24], and Güneşer and Yilmaz [25]
have reported an improvement in oil yield and bioactive compounds recovery after microwave
pretreatment of the camellia oleifera, yellow horn, moringa, and orange seed, respectively.

In order to establish whether microwave pretreatment adds value or not to pomegranate seed oil,
it is important to investigate different cultivars. Cultivar significantly influences the quality of seed
oil from the perspective of genetic characteristics variation [26]. Therefore, the effect of microwave
pretreatment on the quality of the extracted oil may also vary with cultivar. To optimize the economic
benefits, cultivars with better oil quality after seeds microwave pretreatment are valuable to food
processors. However, information about the application of microwave irradiation on seed from
different cultivars to establish variation in the quality of the extracted oil is limited.

Therefore, this study aimed to investigate the effect of microwave pretreatment of seeds on the
quality and antioxidant capacity of PS oil extracted from three pomegranate cultivars.

2. Materials and Methods

2.1. Experimental Material

Pomegranate fruits (cv. Wonderful, Herskawitz, Acco) free of quality defects were harvested at
commercial maturity stage from a farm (33◦48′0′′ S, 19◦53′0′′ E) in Western Cape Province, South
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Africa between February and April during the 2019 season. Pomegranate seeds (PS) extracted from the
fruits were thoroughly cleaned before drying in an oven at 55 ± 2 ◦C for 24 h [27]. The dried seeds
were stored at 4 ± 2 ◦C before use [28].

2.2. Sample Moisturizing

The moisture content of PS was measured in a moisture analyzer at 100 ◦C (DBS60-3, KERN,
Balingen, Germany). The procedure of PS moisturizing was done following the method described by
Rekas et al. [29]. PS (200 g) was sprayed with the pre-calculated amount of water, thoroughly mixed,
sealed in zipped polyethylene bags, and equilibrated at 4 ± 2 ◦C for 48 h. This procedure was applied
to moisturize the seeds to obtain a moisture content of 6% before microwave pretreatment. Water is a
polar molecule and an important heat transfer medium during seeds microwave pretreatment and
therefore PS moisturizing was vital [30]. A mass balance was used to calculate the amount of water to
be added to the PS to obtain 6% moisture content. After 48 h of equilibration, the PS moisture content
was checked in order to verify moisture homogeneity in the samples.

2.3. Microwave Pretreatment

2.3.1. Equipment Calibration

A 2450 MHz domestic microwave oven (Model: DMO 351, Defy Appliances, Cape Town,
South Africa) with a nominal power of 900 W was used in the present study. The microwave power
calibration was performed following the procedure described by Rekas et al. [29]. Briefly, 500 g of
water was heated in a glass beaker (80 mm diameter) and the time of 10 ± 2 ◦C elevation of water
temperature was measured. The procedure was done in triplicate. The microwave power absorbed by
the water during the heating was calculated as:

W = mwCpw
ΔT
Δt

(1)

where W is the power absorbed by the water (W), mw is the mass of water (kg), Cpw is the specific heat
(J/C kg), ΔT is the difference in temperature (◦C), and Δt is the time (s). The absorbed power by the
water was 261 W for the applied 40% microwave power.

2.3.2. Pretreatment

Ground PS (30 g) of uniform particle size (<1 mm) were evenly spread in a glass petri dish (190 mm
in diameter) inside the calibrated microwave. The seed powder was exposed to microwave irradiation
at 2450 MHz and 261 W for 102 s. This condition was established in preliminary experiments
using response surface methodology (RSM), which confirmed 261 W and 102 s as the optimum
microwave conditions for higher oil yield and antioxidant activity (unpublished). The microwave
treated PS powder was allowed to cool to ambient temperature and thoroughly mixed to ensure sample
homogeneity. Each experiment was performed in triplicate.

2.4. Oil Extraction

An ultrasonic bath (Separation Scientific, Cape Town, South Africa) (700 W, 40 kHz and 25 L
capacity) was used to extract the oil. The PS powder (20 g) was mixed with 100 mL ethanol in 500 mL
plastic capped glass bottles. The samples were sonicated at 700 W, 40 ± 5 ◦C for 40 min before filtration
through Whatman No. 1 filter paper and vacuum evaporation to recover the solvent (G3 Heidolph,
Schwabach, Germany). Unmicrowaved PS powder was used as the control samples. Oil extractions
were done twice on triplicated samples (n = 3). The yield of pomegranate seed oil (PSO) was calculated
using Equation (2).

PSO yield (%) =
M1

M2
× 100 (2)
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where M1 and M2 are the mass of PSO and dry weight (dw) of the pomegranate seed powder,
respectively. The extracted PSO samples were packed in brown bottles and stored at 4 ± 2 ◦C to
minimize oxidation during analyses [31].

2.5. Pomegranate Seeds Microstructures Analysis

Scanning electron microscopy (SEM) studies assess changes in the PS morphology due to
microwave treatment and were conducted using the field emission scanning electron microscope
(FESEM) (Thermo Fisher Apreo, Hillsboro, OR, USA). The samples were mounted on aluminum stubs
using a double-sided carbon tape before sputter-coating with a thin layer of gold (10 nm thick) using a
gold sputter coater (EM ACE200, Leica, Wetzlar, Germany) to induce conductivity within the sample.
A voltage of 2 kV was used to collect the images, which were recorded digitally.

2.6. Determination of PSO Quality Indices

2.6.1. Refractive and Yellowness Index

A calibrated Abbe 5 refractometer (Bellingham + Stanley, Kent, United Kingdom) was used
to measure refractive index (RI) at ambient condition (25 ◦C). PSO colour properties including L*
(lightness) and b* (yellowness) measured using a calibrated Chromameter CR-410 (Konica Minolta,
INC, Tokyo, Japan) were used to calculate yellowness index (YI).

YI =
142.86b∗

L∗ (3)

2.6.2. Peroxide Value, Conjugated Dienes, ρ-Anisidine Value and Total Oxidation Value

PSO peroxide value (PV) was determined using the modified ferrous oxidation-xylenol orange
(FOX) method [32]. Conjugated dienes (K232) and trienes (K270) were analyzed according to the
standard [33]. The ρ-anisidine value (AV) was measured in accordance with [34]. Total oxidation
(TOTOX) value was calculated from the PV and AV using the equation [35].

TOTOX = 2PV + AV (4)

2.7. Determination of Bioactive Compounds and Antioxidant Capacity

2.7.1. Total Carotenoids Content and Total Phenolic Content

Total carotenoids content (TCC) was measured following the method described by Ranjith et al. [36].
Briefly, PSO (0.2 g) was dissolved in hexane (5 mL) and 0.5 mL of 0.5% (w/v) sodium chloride (NaCl)
was added. The mixture was vortexed and centrifuged (Centrifuge 5810R, Eppendorf, Germany)
at 4000 rpm for 5 min. The absorbance of the supernatant was measured at 460 nm using a
UV spectrophotometer (Helios Omega, Thermo Scientific, Waltham, MA, USA). The results were
reported as mg β-carotene/100 g of PSO. Total phenolic content (TPC) was determined using the
Folin–Ciocalteu method [37]. The reaction mixture contained 200 μL of PSO methanol extracts, 250 μL
of the Folin–Ciocalteau reagent and 750 μL of 2% (w/v) sodium carbonate, and 3 mL of distilled water.
The reaction mixtures were incubated in the dark for 40 min after which their absorbances were measured
at 760 nm using a UV spectrophotometer (Helios Omega, Thermo Scientific, Waltham, MA, USA), and
the final results were expressed as milligram gallic acid equivalent per g PSO (mg GAE/g PSO).

2.7.2. Phytosterol Composition

The phytosterol composition was determined following the method described by
Fernandes et al. [6] with some modifications. PSO (100 mg) samples weighed in 15 mL glass vials were
mixed with 2.5 mL of saponification reagent (94 mL of absolute ethanol, 6 mL of 33% (w/v) potassium
hydroxide, 500 μL of 20% (w/v) ascorbic acid). A hundred microliters of 5α-Cholestane (1000 mg/L)
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in chloroform (internal standard) was added and the mixture vortexed before saponification in an
oven at 60 ◦C for 1 h. After saponification, the samples were cooled in ice for 10 min, followed by
the addition of 5 mL of distilled of water and 2 mL of chloroform. The mixture was vortexed before
centrifugation at 3000 rpm for 4 min. The chloroform extracts (500 μL) were concentrated with a
gentle stream of nitrogen to ± 200 μL. To 100 μL of the concentrated chloroform extracts, pyridine
(100 μL), and N,O-Bis (trimethylsilyl) trifluoroacetamide (30 μL) were added, and the mixture was
vortexed before derivatization at 100 ◦C for 1 h in an oven. The derivatized sterol fractions were
analyzed using gas chromatography connected to mass spectrometry (GC-MS) (Thermo Scientific Co.
Ltd., Milan, Italy). The samples were injected 100 ◦C and held for 2 min before they were heated to
250 ◦C at the speed of 7 ◦C/min. The temperature was maintained for 2 min. A split ratio of 5:1, and
an injection volume of 1.0 μL were used. The flow rate of helium, the carrier gas was maintained
at 1 mL/min. The detector was operated under electron impact mode at ionization energy of 70 eV,
scanning between 40 and 650 m/z. For peak identification, a standard containing a mixture of sterols
(β-sitosterol, stigmasterol and ergosterol) was used. Phytosterol compounds identification was done
by comparing the retention times. The results were reported as mg/100 g of PSO.

2.7.3. Radical Scavenging Ability

PSO antiradical activity was evaluated using 2,2-Diphenyl-1-picryl hydrazyl (DPPH) assay [38].
Briefly, PSO methanol extracts (100 μL) were added to 2.5 mL of 0.0004% (w/v) freshly prepared
DPPH in 80% (v/v) methanol. The mixture was vortexed before incubation in the dark for 60 min.
The absorbance of the remaining DPPH was measured using a UV spectrophotometer (Helios Omega,
Thermo Scientific, Waltham, MA, USA) at 517 nm. The absorbance of DPPH in 80% methanol was
measured as the negative control. The final result was expressed as mmol Trolox/g of PSO.

2.7.4. Ferric Reducing Antioxidant Power

The ferric reducing antioxidant power (FRAP) of PSO methanol extracts was determined following
the method described by Benzie and Strain [39]. Freshly prepared FRAP reagent consisting of 2.5 mL
of 10 mM 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ) solution in 40 mM HCl, 2.5 mL of 20 mM FeCl3 and
25 mL of 0.3 M acetate buffer, pH 3.6 was warmed at 37 ◦C for 10 min. In total, 40 microliters of PSO
methanol extracts were mixed with 200 μL distilled water and 1.8 mL FRAP reagent. The samples
were incubated at 37 ◦C for 30 min before the absorbances were measured at 593 nm using a UV
spectrophotometer (Helios Omega, Thermo Scientific, Waltham, MA, USA). Trolox was used to prepare
the standard curve (5-100 mM), and the final results were expressed as mmol Trolox/g of PSO.

2.8. Fatty Acid Composition

Gas chromatography–mass spectrometry (GC–MS) was used to determine the fatty acid
composition of PSO following a procedure described in a previous study [40]. PSO (100 mg)
was weighed into 15 mL glass vials after which 2.0 mL hexane, 50 μL heptadecanoic acid (1000 mg/L,
internal standard), and 1.0 mL of 20% (v/v) H2SO4 in methanol were successively added. The samples
were thoroughly vortexed before incubation at 80 ◦C for 1 h in an oven. To the cooled the samples,
3 mL of saturated NaCl was added, and the mixture vortexed and centrifuged at 3000 rpm for 3 min.
The hexane extracts were transferred into vials for analysis with GC-MS (6890N, Agilent technologies
network, Palo Alto, CA, USA) coupled to an Agilent technologies inert XL EI/CI Mass Selective Detector
(MSD) (5975B, Agilent Technologies Inc., Palo Alto, CA, USA). Separation of the FAMEs was performed
on a polar RT-2560 (100 m, 0.25 mm ID, 0.20 μm film thickness) (Restek, Bellefonte, Pennsylvania, USA)
capillary column. Helium was used as the carrier gas at a flow rate of 0.017 mL/s. One microliter (1 μL)
of the sample was injected in a split ratio of 10:1. The oven temperature was run as: 100 ◦C/min, 180 ◦C
at 25 ◦C/min, and held for 3 min; 200 ◦C at 4 ◦C/min and held for 5 min; 280 ◦C at 8 ◦C/min, 310 ◦C
at 10 ◦C/min, and held for 5 min. The PSO fatty acids profiles were identified using the NIST library.
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Results were expressed as a percentage of the total and calculated by dividing the area peak of each
fatty acid by the total area peaks of all the fatty acids.

2.9. Statistical Analysis

The results of all the studied variables are presented as mean ± SD (standard deviation). One-way
analysis of variance (ANOVA) was performed to compare the means using Statistica software (Statistical
v13, TIBC, Palo Alto, CA, USA) after which the means were separated using Duncan’s multiple range
test. Graphs were prepared using Microsoft Excel (Version: 16.0.13029.20344, Microsoft Cooperation,
Washington, USA). The relationship between the PSO quality attributes and cultivars was determined
by performing the principal component analysis (PCA) and agglomerative hierarchical clustering
(AHC) and using Microsoft Excel software (XLSTAT 2019.4.1.63305, Addinsoft, New York, NY, USA).

3. Results and Discussion

3.1. Oil Yield and Seeds Microstructures

The results in Figure 1 shows that pretreating pomegranate seeds (PS) with microwaves significantly
enhanced the oil yield between 10% and 14%. ‘Acco’ exhibited significantly higher oil yield (17.10%)
(dw) than ‘Wonderful’ (15.77%) (dw) and ‘Herskawitz’ (13.10%) (dw) after PS microwave pretreatment,
a phenomenon that can be explained by the differences in their genetic material [41]. Previously,
Durdevic et al. [19] reported that microwave (100, 250 and 600 W for 2 and 6 min) pretreatment of PS
could enhance oil yield between 23% and 32%. Compared to the current study, the difference in oil
yield could be explained by variation in cultivar, seeds pretreatment conditions, oil extraction methods,
and fruit growing region, among other factors. Depending on the concentration of cellulose and lignin,
PS rheological properties such as hardness and toughness may vary with cultivar [42]. This could
have affected the cultivars’ response to microwave pretreatment and oil extraction. The scanning
electron microscopy (SEM) images in Figure 2 confirmed that PS microwave pretreatment significantly
deformed the cell walls. As shown in Figure 2b microwave pretreated PS were characterized by
conspicuous perforations on the cell walls. Microwaves generate heat by interacting with polar
substances and, therefore, water as a polar molecule is an essential heat transfer medium during seeds
microwave pretreatment [30]. The heat energy causes a rapid increase in the seed temperature and
vaporization of the water in the seeds creating an intracellular pressure that ruptures the oilseeds cell
walls and membranes [20]. Figure 2c shows parenchymal cells from unmicrowaved PS with intact cell
walls, which could have created a major resistance to solvent penetration into the seeds cells and could
be the reason for the low oil yield observed from unmicrowaved PS [43]. On the other hand, Figure 2d
shows extensively damaged PS parenchymal cells due to microwave treatment. Similar findings have
been reported from microwave pretreatment of hazelnuts [44]. In addition to damaging the cell walls,
microwave pretreatment could have deformed the lipoprotein membranes surrounding the individual
lipid bodies [45]. These microstructural changes could have enhanced porosity of the PS cell walls and
membranes that led to the improved efficiency of oil extraction with ethanol.

3.2. Refractive and Yellowness Index

Thermal treatment of the oilseeds could result in fatty acids conjugation and an increase in the oil
refractive index [46]. Therefore, RI could be used as an indirect quality measure of oil. Neither cultivar
nor PS microwave pretreatment significantly (p > 0.05) affected the RI of the oil extracts, despite the
significant cell walls and membranes deformation (Table 1). The pomegranate seed oil RI values
(1.5180–1.5181) in the current study were comparable to those reported by Costa et al. [47] (1.5091–1.5177)
from cold pressed PSO further demonstrating that PS microwave pretreatment did not cause significant
negative effect on the oil quality.
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Figure 1. Oil yield from unmicrowaved and microwaved (261 W for 102 s) pomegranate seeds of
three pomegranate cultivars. Within the same cultivar (unmicrowaved and microwave), columns
followed by different letters are significantly different (p < 0.05) according to Duncan’s multiple range
test. Vertical bars indicate the standard deviation of the mean.

(a) (b) 

(c) (d) 

Figure 2. Representative scanning electron microscopy (SEM) micrographs show the effect of microwave
pretreatment (261 W/102 s) on the pomegranate seeds microstructures. (a) Unmicrowaved pomegranate
seeds, (b) microwaved pomegranate seeds, (c) parenchymal cells from unmicrowaved pomegranate
seeds, and (d) parenchymal cells from microwaved pomegranate seed.
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Table 1. Physicochemical characteristics of oil from unmicrowaved and microwave pretreated
(261 W/102 s) pomegranate seeds of three pomegranate cultivars.

Cultivar Treatment RI K232 K270 PV AV TOTOX

Wonderful
Unmicrowaved 1.5181 ± 0.00 a 0.22 ± 0.01 b 0.28 ± 0.005 b 0.04 ± 0.001 d 14.22 ± 0.58 a 14.30 ± 0.58 a

Microwaved 1.5180 ± 0.00 a 0.28 ± 0.01 a 0.29 ± 0.009 ab 0.05 ± 0.005 d 12.50 ± 0.59 a 12.59 ± 0.59 a

Herskawitz
Unmicrowaved 1.5180 ± 0.00 a 0.30 ± 0.01 a 0.31 ± 0.008 a 0.17 ± 0.008 e 13.06 ± 0.34 a 13.40 ± 0.35 a

Microwaved 1.5180 ± 0.00 a 0.19 ± 0.02 b 0.29 ± 0.016 ab 0.22 ± 0.011 c 12.90 ± 1.20 a 13.33 ± 1.19 a

Acco
Unmicrowaved 1.5180 ± 0.00 a 0.20 ± 0.01 b 0.31 ± 0.005 a 0.27 ± 0.005 a 2.00 ± 0.66 c 2.53 ± 0.65 c

Microwaved 1.5180 ± 0.00 a 0.29 ± 0.01 a 0.31 ± 0.009 ab 0.35 ± 0.007 b 5.90 ± 1.15 b 6.60 ± 1.16 b

Values represent mean ± SD of triplicate determinations. Different superscript letters in the same column indicate
statistical significance (p < 0.05) according to Duncan’s multiple range test. RI= index (25 ◦C), PV = Peroxide value
(meqO2/kg PSO), meqO2/kg =milli-equivalents of active oxygen per kg), AV = Anisidine value, TOTOX = Total
oxidation value, RI = Refractive, K232 = Conjugated dienes, K270 = Conjugated triene.

Color is a valuable parameter that influences the consumer’s preference and decision to purchase
a food product. Yellowness index can be used to measure the influence of processing, including seeds
microwave pretreatment on oil color [48]. The results in Figure 3 show that PS microwave pretreatment
significantly improved the YI of ‘Herskawitz’ and ‘Acco’ oil extracts by 1.5 and 1.7 fold, respectively.
The significant increase in the YI after PS microwave pretreatment could be ascribed to the improved
extraction of the oil color pigments such as carotenoids as facilitated by the extensively damaged cell
walls and membranes (Figure 2). In the study of Rekas et al. [49], YI significantly increased by 13% and
63% when dehulled rape seeds were microwaved at 800 W for 2 and 4 min, respectively. However, PS
microwave pretreatment insignificantly (p > 0.05) changed the YI of ‘Wonderful’ oil extracts suggesting
that the effect of pretreating PS with microwaves on oil color compounds differed among the cultivars.

 

Figure 3. Yellowness index (YI) of pomegranate seed oil from unmicrowaved and microwave pretreated
(261 W/102 s) seeds of three pomegranate cultivars. Within the same cultivar (unmicrowaved and
microwaved), columns followed by different letters are significantly different (p < 0.05) according to
Duncan’s multiple range test. Vertical bars indicate the standard deviation of the mean.

3.3. Peroxide Value, Conjugated Dienes and Trienes, ρ-Anisidine Value and Total Oxidation Value

Peroxide value indicates the extent of fats and oils oxidation and therefore is one of the most
widely used quality indicators in the food industry. As shown in Table 1, PS microwave pretreatment
significantly increased the PV from ‘Herskawitz’ and ‘Acco’ oil extracts by 29% and 30%, respectively.
The significant increase in PV could be explained by significant heat penetration into the seeds
matrices during microwave pretreatment that could have induced lipid oxidation and hydroperoxides
formation. Despite the significant increase in PV of ‘Herskawitz’ and ‘Acco’ oil extracts after seeds
microwave pretreatment, the values (0.17–0.35 meqO2/kg PSO) conformed to the Codex Alimentarius
Commission standard for seed oil that permits a maximum of 15 meqO2/kg in unrefined seed oils [50].
Microwave pretreatment of PS did not significantly oxidize ‘Wonderful’ oil extracts. Our PV results
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were lower than those reported by Basiri [51] (0.79 meqO2/kg PSO) from petroleum ether extracted PSO,
further demonstrating that microwave pretreatment of PS may not cause significant oil degradation.

During hydroperoxides formation, the non-conjugated double bonds of fatty acids may be
converted to conjugated double bonds through isomerization [52]. Therefore, fatty acids conjugation
can also be used as a quick indirect quality measure of oil. Conjugated dienes are part of fatty acid
oxidation initial products. The results in Table 1, demonstrate that the level of K232 significantly
increased in ‘Wonderful’ (27%) and ‘Acco’ (45%) oil extracts, whilst it significantly decreased in
‘Herskawitz’ (37%) oil extracts after PS microwave pretreatment. Although there was a significant
increase in conjugated dienes in ‘Wonderful’ and ‘Acco’ oil extracts due to PS microwave pretreatment,
the K232 values (0.19–0.30) were lower than the K232 values (4.15) reported by Amri et al. [53] from
‘Tounsi’ hexane PSO extracts, indicating that the oil from the present study was of higher quality.

A low PV is not the only marker for good oil quality because hydroperoxides are unstable and
quickly decompose into secondary oxidation products. For this reason, the analysis of secondary
products of seed oil oxidation is equally important. Unlike the K232 values, PS microwave pretreatment
did not significantly influence the levels of K270 values in the oil from all the cultivars. ρ-Anisidine
value measures the secondary products of fatty acids oxidation, such as aldehydes formed due to
further hydroperoxides decomposition [52]. Despite the AV of oil extracted from ‘Acco’ significantly
increasing by 3 fold after PS microwave pretreatment, the values (2.00–5.90) were lower than those from
‘Wonderful’ (14.22–12.50) and ‘Herskawitz’ (13.06–12.90) oil extracts that insignificantly changed after
PS microwave pretreatment (Table 1). The observation that AV from ‘Wonderful’ and ‘Herskawitz’ oil
extracts did not significantly change after PS microwave pretreatment suggests that there was minimum
decomposition of hydroperoxides to form carbonyl compounds. In a previous study, Costa et al. [47]
reported AV ranging from 13.8 to 18.6 from cold pressed PSO that were higher than the AV (5.90–14.22)
results in the present study. High AV in freshly processed seed oil could indicate interference by other
substances, leading to false positive overestimation of AV values.

Total oxidation value is a summation of the primary and secondary oxidation products and
provides a better indication of fats and oils overall oxidative deterioration. As can be seen in Table 1, PS
microwave pretreatment significantly increased the TOTOX value of ‘Acco’ oil extracts by 2.6 fold and
this could be linked to either increased heat penetration into the seed matrices or increased lipolytic
enzyme activity in the microwave damaged cells [54]. The result that the level of TOTOX value from
‘Wonderful’ and ‘Herskawitz’ oil extracts did not significantly change after PS microwave pretreatment
suggests resistance to oxidation by the oil from the two cultivars, which could be attributed to enhanced
total phenolic compounds [43].

3.4. Total Carotenoids Content, Total Phenolic Content, and Antioxidant Capacity

Epidemiological studies suggest that the consumption of carotenoid-rich foods such as seed oil is
associated with the prevention of cancers, cardiovascular diseases, age-related cataracts, and immune
system function improvement [55]. Therefore, the maximum extraction of these antioxidative
compounds from plant materials such as seeds is important. The results in Table 2 indicate that PS
microwave pretreatment significantly increased the total carotenoids content of ‘Herskawitz’ and ‘Acco’
oil extracts by 11% and 19%, respectively. Previously, Mazaheri et al. [56] also observed a significant
improvement in carotenoids after microwave pretreatment of black cumin seeds. The extensive damage
of the PS cell walls and membranes by microwave pretreatment could have increased the dissociation
of carotenoids from the carotenoprotein complexes enhancing their mass transfer into the extraction
solvent (Figure 2) [57]. On the other hand, the finding that TCC of oil extracted from ‘Wonderful’ did
not significantly change after PS microwave pretreatment, whilst that of ‘Herskawitz’ and ‘Acco’ oil
extracts significantly changed after seeds microwave pretreatment, indicating that the response of
carotenoids compounds to PS microwave pretreatment was cultivar dependent.
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Table 2. TCC, TPC and antioxidant capacity (DPPH, FRAP) of oil extracted from unmicrowaved and
microwave pretreated (261 W/102 s) seeds of three pomegranate cultivars.

Cultivar Treatment TCC TPC DPPH FRAP

Wonderful
Unmicrowaved 22.65 ± 0.96 d 1.67 ± 0.01 c 1.70 ± 0.05 bc 6.09 ± 1.44 b

Microwaved 21.19 ± 1.81 d 2.09 ± 0.17 b 1.72 ± 0.02 bc 8.98 ± 0.41 a

Herskawitz
Unmicrowaved 30.27 ± 0.36 b 2.91 ± 0.11 a 1.66 ± 0.01 c 3.00 ± 0.17 c

Microwaved 33.47 ± 0.43 a 3.12 ± 0.07 a 1.78 ± 0.01 ab 5.46 ± 0.90 b

Acco
Unmicrowaved 27.00 ± 0.96 c 2.05 ± 0.06 c 1.69 ± 0.03 c 1.95 ± 0.02 c

Microwaved 32.08 ± 0.73 ab 2.39 ± 0.13 b 1.76 ± 0.02 a 1.80 ± 0.13 c

Values represent mean ± SD of triplicate determinations. Different superscript letters in the same column
indicate statistical significance (p < 0.05) according to Duncan’s multiple range test. TPC = Total phenolic
content (mg GAE/g PSO, TCC = Total carotenoids content (mg β-carotene/100 g PSO), FRAP = Ferric
reducing antioxidant power (mmol Trolox/g PSO), DPPH = 2,2-Diphenyl-1-picryl hydrazyl (mmol Trolox/g
PSO), Trolox = 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, PSO = Pomegranate seed oil, GAE = Gallic
acid equivalence.

Phenolic compounds have been implicated in the anti-inflammatory and antioxidant properties
of potential functional foods [26]. In this respect, polyphenol-rich foods intake may be associated
with decreased risk of chronic diseases. PS microwave pretreatment significantly enhanced the total
phenolic compounds of oil extracted from ‘Wonderful’ and ‘Acco’ by 25% and 17%, respectively,
but did not significantly change the TPC of ‘Herskawitz’ oil extracts (Table 2). The results demonstrate
that cultivar is an invaluable factor in PSO value addition. In addition, it has been reported that in
plant materials phenolic compounds exist as either glycosylated, non-glycosylated, esterified, or free
compounds, which could vary with cultivar and significantly influence their extraction [58]. The TPC
(1.67–3.12 mg GAE/g PSO) results from the current study were higher than those reported by Pande
and Akoh [59] (0.85–0.91 mg/g PSO) and Costa et al. [47] (0.00–0.17 mg/g PSO) from solvent extracted,
and cold pressed PSO an indication that pomegranate cultivars from the current study could be
valuable sources of phenolic compounds. Besides, factors such as cultivar, oil extraction technique,
and fruit growing region could also be sources of variation in the TPC results among the studies.

Phytochemicals are complex; no single assay accurately reflects all antioxidants in a complex
system such as seed oil. In this study, the antioxidant capacity of PSO was assessed using the DPPH and
FRAP assays. PS microwave pretreatment significantly enhanced the DPPH radical scavenging capacity
of ‘Herskawitz’ (7%) and ‘Acco’ (4%) oil extracts but did not significantly change the DPPH radical
scavenging capacity of oil extracted from ‘Wonderful’. FRAP significantly increased in the oil extracted
from ‘Wonderful’ and ‘Herskawitz’ by 47 and 82%, respectively, after PS microwave pretreatment.
In contrast to this finding, the reducing potential of ‘Acco’ oil extracts did not significantly change after
PS microwave pretreatment. The finding that cultivar significantly influenced the antioxidant capacity
of oil from microwave pretreated PS agrees with the results from Xi et al. [60], who reported significant
variation in DPPH radical scavenging capacity and FRAP of seed oil from different lemon cultivars.
The significant increase in the oil antioxidant capacity after PS microwave pretreatment, particularly
from ‘Herskawitz’ could be related to the improved TCC and TPC. However, it is worth mentioning
that PSO is also a good source of tocopherols, which have been reported to be associated with the oil
antioxidant capacity in previous studies [61].

3.5. Phytosterol Composition

The ability of phytosterols to lower blood cholesterol may reduce the risk of coronary heart
disease. Optimum extraction of these valuable compounds during seed oil processing is therefore
essential to enhance the extracted oil health benefits. The effect of PS microwave pretreatment on
phytosterol composition is presented in Figure 4. Three different phytosterols, including β-sitosterol
(455.91–683.37 mg/100g PSO), stigmasterol (9.04–45.74 mg/100g PSO), and ergosterol (2.06–2.53 mg/100g
PSO) were quantified in PSO from the studied cultivars. The levels of β-sitosterol and stigmasterol
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were consistent with the findings of Pande and Akoh [59] and Caligiani et al. [62] from PSO extracted
using hexane and ethyl ether, respectively. In addition, the concentration of phytosterols was higher
than those reported from other fruit seed oils such as apple, strawberry, and raspberry but comparable
to those from sour cherry [63,64]. The level of β-sitosterol significantly decreased in ‘Acco’ and
‘Wonderful’ oil extracts by 26% and 29%, respectively, after PS microwave pretreatment, whilst it did
not significantly change in ‘Herskawitz’ oil extracts, regardless of the PS cell walls and membranes
extensive damage by microwave pretreatment (Figure 2). The finding that β-sitosterol significantly
decreased in ‘Wonderful’ and ‘Acco’ oil extracts after PS microwave pretreatment suggests that the
applied microwave pretreatment conditions thermally degraded this low-density lipoprotein (LDL)
reducing phytosterol. Likewise, the levels of stigmasterol and ergosterol significantly decreased between
8 and 13% in ‘Wonderful’ and ‘Herskawitz’ oil extracts after treating the seeds with microwaves. Unlike
in the present study, Azadmard-Damirchi et al. [21] and Fathi-Achachlouei et al. [43] reported significant
improvement in phytosterols from microwave pretreated rape and milk thistle seed, respectively. The
dissimilarity of our results with previous studies indicates that microwave pretreatment conditions are
seed specific.

 

Figure 4. Phytosterol composition of oil extracted from unmicrowaved and microwave pretreated
(261 W/102 s) seeds of three pomegranate cultivars. Within the same cultivar (unmicrowaved
and microwaved), columns representing the same phytosterol and followed by different letters are
significantly different (p < 0.05) according to Duncan’s multiple range test. Vertical bars indicate the
standard deviation of the mean.

On the other hand, microwave pretreatment of PS significantly improved the concentration of
ergosterol and stigmasterol (9 and 111%, respectively) in ‘Acco’ oil extracts. Naturally, phytosterols
exist as free compounds or conjugates in which they are either esterified to fatty acids or glycosylated
with sugars [65]. The form in which they exist may therefore influence their dissociation and isolation
from the seed matrix.

3.6. Fatty Acid Composition

The GC chromatogram shows that the primary fatty acids identified in PSO from the studied
cultivars were palmitic acid, stearic acid, oleic acid, linoleic acid and punicic acid (Figure 5),
which accounted for 5.64–7.74%, 2.34–3.08%, 7.43–9.62%, 11.59–16.54%, and 62.75–70.51%, respectively.
The fatty acid composition was comparable to the findings of Tian et al. [66] and Aruna et al. [67].
However, the values of punicic acid were lower when compared with the findings of Khoddami et al. [5]
and Fernandes et al. [4], which could be attributed to differences in fruit ripening index, seed oil
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extraction method, cultivar, and geographical location, among other factors. As can be seen in
Table 3, PS microwave pretreatment significantly increased palmitic acid between 6% and 20%.
Moreover, treatment of PS with microwaves significantly increased the stearic acid from ‘Acco’ oil
extracts by 7%. Among the saturated fatty acids, stearic acid has unique properties, as it has been
associated with a decrease in LDL cholesterol, cancer, and atherosclerosis risk [68]. The levels of stearic
acid did not significantly change in ‘Wonderful’ and ‘Herskawitz’ oil extracts after PS microwave
irradiation, which was comparable with the results reported by Durdevic et al. [69]. Oleic acid, the main
monosaturated fatty acid in PSO significantly improved in ‘Herskawitz’ and ‘Acco’ oil extracts by 9%
and 10%, respectively, after seeds microwave pretreatment. Improvement in oleic acid after seeds
microwave pretreatment is desirable in oil oxidative stability as monosaturated fatty acids are less
susceptible to oxidation. More so, PS microwave pretreatment significantly increased linoleic acid
from ‘Herskawitz’ (37%) and ‘Acco’ (12%) oil extracts. The finding that PS microwave pretreatment
enhanced the oil oleic acid and linoleic acid is essential to human health since oleic acid is associated
with lowering low density lipoprotein (LDL) blood cholesterol, and linoleic acid has an important
role in balancing fatty acid content proportions in body cells [20]. However, the concentration of
punicic acid, the primary bioactive lipid with several biological properties significantly decreased in
‘Herskawitz’ and ‘Acco’ by 10% and 5%, respectively (Table 3). PSO health benefits potential is mostly
attributed to punicic acid and therefore, its decrease after PS microwave pretreatment was not desirable.
Arachidic acid significantly increased in ‘Herskawitz’ (13%) oil extracts, whilst it significantly decreased
in ‘Acco’ (14%) oil extracts. Saturated fatty acids (SFA) significantly increased in ‘Acco’ (11%) and
‘Herskawitz’ (15%) oil extracts after PS microwave pretreatment. However, the polyunsaturated fatty
acids (PUFA) and the ratio of unsaturated to saturated fatty acid (UFA: SFA) in ‘Herskawitz’ oil extracts
decreased by 3% and 4%, respectively, after PS microwave pretreatment, indicating a loss in nutritional
quality despite the significant increase in the antioxidant capacity (Tables 1 and 2). The decrease in
the ratio of UFA: SFA could be attributed to the decline in punicic acid, the main polyunsaturated
fatty acid in PSO. The amount of monosaturated fatty acids (MUFA) was insignificantly changed
after microwave pretreatment of PS from all the cultivars. The levels of PUFA and UFA: SFA ratio in
oil extracted from ‘Acco’ were not significantly affected by PS microwave pretreatment. Except for
palmitic acid, PS microwave pretreatment had no significant effect (p > 0.05) on the fatty acid content
of oil extracted from ‘Wonderful’. Insignificant effect of seeds microwave pretreatment on the oil fatty
acids content has also been reported in prior researches. For example, Wroniak et al. [20] and Guneser
and Yilmaz [25] observed no significant change in the fatty acids content of oil extracted from orange
and rape seeds, respectively, after microwave pretreatment.

3.7. Principal Component Analysis and Agglomerative Hierarchical Clustering Analysis

Principal component analysis (PCA) and agglomerative hierarchical clustering (AHC) were
performed in order to provide an overview of the relationship between pomegranate cultivars, seeds
microwave pretreatment, and the oil quality attributes. According to Kaiser’s rule, only eigenvalues
greater than 1 are considered significant descriptors of data variance [70]. The first two factors with the
highest eigenvalues (F1 = 5.0, F2 = 3.1) accounted for 62.27% (F1: 38.10% and F2: 24.10, respectively) of
the total variance in the original data and were considered more important (Figure 6). The first factor
(F1), which was contributed by ‘Acco’ and ‘Wonderful’ oil extracts, was positively correlated with oil
yield and PV, but negatively correlated with RI, AV, TOTOX, punicic acid, and FRAP. This points out
that cultivars, which exhibited higher oil yield after seeds microwave pretreatment such as ‘Acco’,
were associated with low FRAP. Although extensive damage of the PS cell walls and membranes
by microwave pretreatment facilitated increased extraction of lipids, it could have exposed the oil
to thermal degradation (Figure 2). The second factor (F2) that was contributed by ‘Herskawitz’ oil
extracts from microwave pretreated seeds and ‘Acco’ oil extracts from unmicrowaved seeds was
positively correlated with TCC, TPC, and DPPH radical scavenging capacity, but negatively correlated
with β-sitosterol and YI. As shown in Table 2. microwave pretreatment of ‘Herskawitz’ PS improved
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the extraction of TCC and TPC that could have enhanced the oil DPPH radical scavenging capacity.
The agglomerative hierarchical clustering (AHC) of PSO extracts from the different cultivars clustered
the ‘Acco’ and ‘Wonderful’ oil extracts from microwaved seeds together that were correlated with
higher oil yield and YI (Figure 7). These results concurred with the PCA analysis results. Like the
PCA results, AHC separated ‘Herskawitz’ oil extracts from ‘Acco’ and ‘Wonderful’, illustrating that
‘Herskawitz’ was higher in oil quality attributes that were lower in ‘Acco’ and ‘Wonderful’, such
as TCC, TPC, and DPPH radical scavenging capacity. Although microwave pretreatment of ‘Acco’
and ‘Wonderful’ PS may enhance oil yield, It was established that it also increases the oil oxidative
degradation. On the other hand, microwave pretreatment of ‘Herskawitz’ PS may not produce oil
yield results comparable to ‘Wonderful’ and ‘Acco’, but the oil has better bioactive compounds and
antioxidant capacity.

 
Figure 5. A typical gas chromatography-mass spectrometry (GC-MS) chromatograph of the major
fatty acids identified in pomegranate seed oil and their retention times. C16:0 = palmitic acid, C17:0 =
heptadecanoic acid (internal standard), C18:0 = stearic acid, C18:1 = oleic acid, C18:2 = linoleic acid,
C18:3 = punicic acid, C20:0 = arachidic acid.

Table 3. Fatty acid composition (% relative area) of pomegranate seed oil from unmicrowaved and
microwave pretreated (261 W/102 s) seeds of three pomegranate cultivars.

Cultivar/Treatment

Fatty Acid
Wonderful Herskawitz Acco

Unmicrowaved Microwaved Unmicrowaved Microwaved Unmicrowaved Microwaved

Palmitic acid (C16:0) 5.64 ± 0.14 c 5.98 ± 0.17 bc 5.66 ± 0.35 c 6.82 ± 0.53 ab 6.72 ± 0.16 b 7.74 ± 0.27 a

Stearic acid (C18:0) 2.50 ± 0.08 c 2.49 ± 0.09 bc 2.34 ± 0.11 ab 2.35 ± 0.08 ab 2.87 ± 0.03 b 3.08 ± 0.02 a

Oleic acid (C18:1) 8.04 ± 0.47 c 8.59 ± 0.16 bc 7.43 ± 0.30 c 8.11 ± 0.40 ab 8.75 ± 0.12 b 9.62 ± 0.17 a

Linoleic acid (C18:2) 11.59 ± 0.23 c 11.62 ± 0.53 bc 12.09 ± 1.25 c 16.54 ± 1.53 ab 12.86 ± 0.42 b 14.35 ± 0.95 a

Punicic acid (C18:3) 68.95 ± 0.63 c 68.99 ± 0.71 bc 70.51 ± 1.96 c 63.55 ± 2.84 ab 66.30 ± 0.58 b 62.75 ± 1.84 a

Arachidic acid (C20:0) 0.45 ± 0.03 c 0.54 ± 0.01 bc 0.53 ± 0.02 c 0.60 ± 0.04 ab 0.88 ± 0.19 b 0.76 ± 0.02 a

SFA 8.59 ± 0.24 cd 9.01 ± 0.27 cd 8.53 ± 0.30 d 9.77 ± 0.63 bc 10.47 ± 0.36 ab 11.58 ± 0.30 a

MUFA 8.04 ± 0.47 bc 8.59 ± 0.16 b 7.43 ± 0.30 c 8.11 ± 0.40 bc 8.75 ± 0.12 ab 9.62 ± 0.17 a

PUFA 80.53 ± 0.43 ab 80.61 ± 0.19 ab 82.60 ± 0.70 a 80.09 ± 1.31 b 79.16 ± 0.17 bc 77.09 ± 0.90 c

UFA/SFA ratio 17.43 ± 0.25 a 17.55 ± 0.14 a 17.15 ± 0.15 a 16.40 ± 0.27 b 16.33 ± 0.14 b 16.29 ± 0.08 b

Values represent mean ± SD of triplicate determinations. Different superscript letters in the same row indicate
statistical significance (p < 0.05) according to Duncan’s multiple range test. SFA = Saturated fatty acid, MUFA =
Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid, UFA = Unsaturated fatty acid.
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Figure 6. Principal component analysis data of pomegranate seed oil (PSO) quality attributes from
unmicrowaved and microwaved (261 W/102 s) pomegranate seeds of three pomegranate cultivars.
A = ‘Acco’, H = ‘Herskawitz’, W = ‘Wonderful’, AV = ρ-anisidine value, TOTOX = Total oxidation
value, K232 = Conjugated dienes, RI = Refractive index, TPC = Total phenolic content, TCC =
Total carotenoids content, PA = punicic acid, FRAP = Ferric reducing antioxidant power, DPPH =
2,2-diphenyl-1-picryl hydrazyl.

 

Figure 7. Agglomerative hierarchical clustering (AHC) of PSO extracts from unmicrowaved and
microwaved (261 W/102 s) seeds. A = ‘Acco’, H = ‘Herskawitz’, W = ‘Wonderful’, TOTOX =
Total oxidation value, TPC = Total phenolic content, TCC = Total carotenoids content, DPPH =
2,2-diphenyl-1-picryl hydrazyl, FRAP = Ferric reducing antioxidant power.

4. Conclusions

The present study established that PSO quality may be enhanced by seeds during microwave
pretreatment, although oil quality varies with cultivar. Microwave pretreatment of PS improved oil
yield, YI, TCC, TPC, DPPH radical scavenging capacity, and FRAP. This is a desirable development
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to the food industry given the increasing consumers’ demand for natural and healthier foods.
Moreover, the enhancement of bioactive compounds and antioxidant capacity after PS microwave
pretreatment is valuable for the oil oxidative stability and storability. Despite an increase in K232 and
PV, PS microwave pretreatment slightly decreased the oil TOTOX value.

Regarding fatty acid composition, PS microwave pretreatment increased palmitic acid, oleic acid,
linoleic acid, SFA, and MUFA, but reduced the level of punicic acid. Pretreating PS with microwaves
did not significantly affect the RI, PUFA, ratio of UFA: SFA, and phytosterol composition of the extracted
oils. According to the PCA and AHC, ‘Acco’ and ‘Wonderful’ oil extracts from microwave pretreated
PS exhibited better oil yield, whilst ‘Herskawitz’ oil extracts showed higher TCC, TPC, and DPPH
radical scavenging valuable in functional foods formulation. In conclusion, ‘Herskawitz’ is a desirable
cultivar for exploitation in nutraceutical and functional foods formulations.
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supercritical CO2 and n-hexane extraction of wild growing pomegranate seed oil by microwave pretreatment.
Ind. Crop. Prod. 2017, 104, 21–27. [CrossRef]

70. Shin, E.; Craft, B.D.; Pegg, R.B.; Phillips, R.D.; Etenmiller, R.R. Chemometric approach of fatty acids and
profiles in Runneer-type peanut cultivar by principal component analysi (PCA). Food Chem. 2010, 119,
1262–1270. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

36



foods

Article

Chemical Composition and Antioxidant Activity of
Thyme, Hemp and Coriander Extracts: A Comparison
Study of Maceration, Soxhlet, UAE and
RSLDE Techniques

Sara Palmieri, Marika Pellegrini †, Antonella Ricci *, Dario Compagnone and Claudio Lo Sterzo

Faculty of Bioscience and Technology for Food, Agriculture and Environment, University of Teramo,
Via R. Balzarini 1, 64100 Teramo, Italy; spalmieri@unite.it (S.P.); mpellegrini@unite.it (M.P.);
dcompagnone@unite.it (D.C.); closterzo@unite.it (C.L.S.)
* Correspondence: aricci@unite.it; Tel.: +39-0861-266-904
† Present address: Department of Life, Health and Environmental Sciences, University of L’Aquila, Via Vetoio 9,

67010 Coppito, L’Aquila, Italy.

Received: 1 August 2020; Accepted: 27 August 2020; Published: 2 September 2020

Abstract: Appropriate and standardized techniques for the extraction of secondary metabolites
with interesting biological activity from plants are required. In this work, a comparison of different
conventional and unconventional extraction techniques (maceration—M, Soxhlet—S, ultrasound
assisted extraction—UAE, and rapid solid-liquid dynamic extraction—RSLDE) was investigated.
Bioactive compounds were extracted from Thymus vulgaris L. (thyme), Cannabis sativa L. (industrial
hemp) and Coriandrum sativum L. (coriander) and chemically characterized for their volatile fraction
and polyphenolic content by means of gas chromatography-mass spectrometry (GC-MS) and high
performance liquid chromatography-ultraviolet (HPLC-UV). Linalool (48.19%, RSLDE) and carvacrol
(21.30%, M) for thyme, caryophyllene (54.78%, S) and humulene (14.13%, S) for hemp, and linalool
(84.16%, RSLDE) for coriander seeds were the main compounds among terpenes, while thyme
was the richest source of polyphenols with rosmarinic acid (51.7 mg/g dry extract-S), apigenin
(7.6 mg/g dry extract-S), and luteolin (4.1 mg/g dry extract-UAE) being the most abundant. In order
to shed light on their potential as natural food preservatives, the biological activity of the extracts
was assessed in terms of antioxidant activity (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid—ABTS˙+, ferric reducing antioxidant power—FRAP, 2,2-diphenyl-1-picrylhydrazyl—DPPH˙
assays) and phenolic content (Folin–Ciocâlteu method). For thyme, Soxhlet extracts showed best
performances in FRAP and ABTS˙+ assays (74 mg TE/g dry extract and 134 mg TE/g dry extract,
respectively), while Soxhlet and RSLDE extracts recorded similar activity in DPPH˙ (107–109 mg
TE/g dry extract). For hemp and coriander, indeed, RSLDE extracts accounted for higher antioxidant
activity as evidenced by FRAP (80 mg TE/g dry extract and 18 mg TE/g dry extract, respectively)
and ABTS˙+ (557 mg TE/g dry extract and 48 mg TE/g dry extract, respectively) assays. With respect
to DPPH ,̇ the best results were observed for UAE extracts (45 mg TE/g dry extract and 220 mg
TE/g dry extract, respectively). Our findings suggest that all the investigated techniques are valid
extraction methods to retain bioactive compounds and preserve their activity for application in food
and pharmaceutical formulations. Among them, the innovative RSLDE stands out for the slightly
higher antioxidant performances of the extracts, coupled with the facility of use and standardization
of the extraction process.

Keywords: ultrasound assisted extraction—UAE; rapid solid-liquid dynamic extraction—RSLDE;
gas chromatography-mass spectrometry—GC-MS; antioxidants; C. sativa; T. vulgaris; C. sativum
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1. Introduction

Plant bioactive compounds are defined as secondary plant metabolites capable of exerting a
positive effect on animal or human health. Secondary metabolites are produced within the plants
beyond the primary biosynthetic and metabolic routes of compounds [1]. These components are not
needed for plant basic metabolism, can be regarded as products of biochemical “sidetracks” in the
plant cells, and can cover important functions in living plants. Polyphenols, for example, can protect
plants against free radicals generated during photosynthesis. Terpenoids may attract pollinators or
seed dispersers or inhibit competing plants, whereas alkaloids usually ward off herbivore animals or
insect attacks.

Among the best-known bioactive compounds, polyphenols and terpenes can delay or inhibit
the oxidation of lipids or other biomolecules, and, thus, prevent or repair the damage of human cells
caused by oxygen [2,3]. The importance of these components has been emphasized in the last years.
The ever-increasing consumer sensibility to the consumption of food with lower content of synthetic
chemical products and the loss of efficacy of common preservatives, due to the development and
diffusion of resistant bacteria, have led to increasing research activities regarding the extraction and
the evaluation of the efficacy of natural antioxidants [4,5].

The use of plant bioactive compounds as antioxidants in different commercial sectors, such as
the pharmaceutical, food, and chemical industries, needs an appropriate and standardized extraction
technique [6]. Extraction is the first step of any plant chemical component study and plays a significant
and crucial role. The efficiency of conventional and non-conventional extraction methods strongly
depends on the input parameters, the nature of the plant matrix, the chemistry of bioactive compounds,
and the operator expertise [7,8].

Traditional methods, like maceration, percolation, and Soxhlet, are known to have some limits
such as time and solvent consumption, and decomposition of heat sensitivity bioactive compounds [8].
However, Soxhlet technique is still common in laboratories and industries being involved in a wide
variety of official methods [9]. Recently, the need of enhancing the biological activity of plant extracts
has led to the development of unconventional extraction methods. Among the latter, microwave
assisted extraction (MAE), supercritical fluid extraction (SFE), ultrasound assisted extraction (UAE),
and rapid solid–liquid dynamic extraction (RSLDE) are the most interesting [10–12].

In UAE, the propagation of ultrasonic waves through a liquid medium damages plant wall,
resulting in an improvement in solvent penetration; thus, bioactive components can be extracted in
minutes. Therefore, with respect to conventional methods, UAE has the advantage of reducing the
extraction process time and energy consumption retaining high efficiency [13,14].

The RSLDE, performed by Naviglio Extractor®, can be considered among the “greenest” strategies,
operating at room temperature, with a minimum waste of energy and solvents. Naviglio’s principle is
based on generating, with a suitable solvent, a negative pressure gradient between the internal and
external sides of a solid matrix containing extractable material, followed by a sudden restoration of
the initial equilibrium conditions. This process induces the forced extraction of the compounds not
chemically linked to the main structure of the solid [15].

Scientific literature presents several works about RSLDE comparison with other extraction
techniques. However, few records of this comparison are aimed at food preservation [16–19].
The present work focuses on the comparison of different conventional and unconventional extraction
techniques (maceration, Soxhlet, UAE, and RSLDE), to obtain extracts suitable for food preservation.
Three aromatic species were investigated: Thymus vulgaris L., Cannabis sativa L., and Coriandrum sativum
L. The obtained extracts were chemically characterized, and their biological activity was assessed in
terms of antioxidant activity.
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2. Materials and Methods

2.1. Plant Material

Plants were open field cultivated in Abruzzo’s territory starting from certified seeds.
Dry inflorescences of Cannabis sativa ‘Futura 75’ (hemp), dry apical stems and leaves of Thymus
vulgaris (thyme) and seeds of Coriandrum sativum (coriander) were obtained from a local farmer
(Hemp Farm Italia, Tortoreto (TE), Azienda Agricola Luigi Barlafante, Roseto degli Abruzzi (TE), and
Mediterranea Sementi, Sant’Atto (TE), respectively).

Inflorescences of hemp were collected during the flowering period (September), let dry in a dark
room at room temperature (20–25 ◦C), with controlled relative humidity (45–55%), and stored in the
same conditions until processing. Little branches of T. vulgaris were collected during the balsamic
period (June), dried on the field, and stored in a dry and darkroom until processing. Seed heads of
C. sativum were cut off when the plant began to turn brown, put in a paper bag, and hanged. After
drying, seeds were collected and stored in sealed bags.

2.2. Chemicals

Ethanol absolute was obtained from Carlo Erba (Milan, Italy). Acetic acid, acetonitrile, methanol,
and water (high performance liquid chromatography—HPLC grade) were purchased from VWR
(Milan, Italy).

α-pinene, β-pinene, linalool, β-myrcene, terpinolene, caryophyllene, humulene, and β-bisabolene,
gallic acid, p-OH benzoic acid, chlorogenic acid, vanillic acid, caffeic acid, syringic acid, ferulic acid,
and rosmarinic acid (from Sigma-Aldrich, Darmstadt, Germany) standards were employed. Working
standard mixtures were prepared by appropriate dilution of the standards in methanol. All solutions
were stored at −20 ◦C in the dark.

Folin–Ciocâlteu’s reagent, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox),
2,2-diphenyl-1-picrylhydrazyl (DPPH˙), and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
diammonium salt (ABTS˙+) were purchased from Sigma-Aldrich (Darmstadt, Germany). Sodium
carbonate, potassium persulfate, potassium hexacyanoferrate(III), trichloroacetic acid, ferric chloride,
and potassium phosphate monobasic were obtained from Carlo Erba (Milan, Italy).

2.3. Extractions

Before extraction, the samples were homogenized by trituration with a chopper (Kenwood Quad
Blade CH580 Chopper, Kenwood Limited, Havant, UK) 3 times and then crushed with a mortar.
Trituration time was as follows: hemp inflorescences, 10 s; thyme leaves and little stems, 20 s; coriander
seeds, 15 s.

Extracts were obtained both with conventional methods, as maceration and Soxhlet, and using
the unconventional UAE and RSLDE. RSLDE and Soxhlet extracts were produced with two commonly
utilized total time extraction processes: 2 and 6 h.

The extracts were all collected in flasks, filtered, and brought to dry by Rotavapor Steroglass S.r.l.
(Perugia, Italy).

The extraction yields were calculated according to the equation:

Yield (% w/w) =
mass dried extract(g)
mass dried matrix(g)

× 100

The results were expressed as the average of two replicates of the extraction.

2.3.1. RSLDE Extraction

RSLDE technique was performed using Naviglio Extractor® (Atlas Filtri, Padua, Italy), using the
same quantitative for both extraction processes (at 2 and 6 h): 50 g of inflorescences for C. sativa, 20 g
of leaves and stems for T. vulgaris and 106 g of seeds for C. sativum. 250 mL of ethanol were used as
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extraction solvent. The 2 hours process (N2h) was carried out by processing plant matrix for 30 cycles
(with a maximum pressure of 8 bar); each cycle was composed by 12 hits in the dynamic phase (2 min
duration) and a duration of the static phase of 2 min. The 6 h extracts (N6h) were obtained with the
same conditions, but with a major number of cycles (i.e., 90).

2.3.2. Soxhlet Extraction

Soxhlet extracts were produced starting from the same quantitative for both extraction processes
(at 2 and 6 h, S2h and S6h, respectively): 50 g of inflorescences for C. sativa, 20 g of leaves and stems for
T. vulgaris and 106 g of seeds for C. sativum were used. The extractions were performed with 250 mL of
ethanol at 100 ◦C.

2.3.3. Maceration

Macerations were performed using 9 g of inflorescences for C. sativa, 4 g of leaves and stems for
T. vulgaris, and 21 g of seeds for C. sativum. The macerates (M) were obtained with 50 mL of ethanol as
solvent for 30 days at room temperature without light exposure.

2.3.4. UAE Extraction

The UAE extractions were performed using 19 g of inflorescences for C. sativa, 8 g of leaves and
little stems for T. vulgaris and 42 g of seeds for C. sativum. Plant matrices were extracted with 100 mL of
ethanol in 250 mL flasks, sealed and immersed in an ultrasonic water bath (Argo Lab DU-45, Milan,
Italy) for 15 min (40 kHz, 180 W).

2.4. SPME/GC–MS Characterization of Extracts Volatile Fraction

Chemical characterizations of extracts volatile fraction were performed by solid-phase
microextraction/gas chromatography coupled to mass spectrometry (SPME/GC-MS). SPMEs were obtained
by a Supelco-57299-U SPME DVB/CAR/PDMS (Divinylbenzene/Carboxen/Polydimethylsiloxane) fiber
(Sigma Aldrich-Saint Louis, MO, USA). All extracts were processed as follows: 0.50 g of dry extract
were put into a 20 mL capacity glass vial and sealed with a rubber septum and an aluminum. The vial
was placed on a heated plate (50 ◦C) and the SPME needle was inserted into the vial. The grey fiber
was exposed to the headspace for 20 min. After exposure, the fiber was retracted into a needle and
loaded into the injection port of the gas chromatographer for fiber desorption at 250 ◦C for 15 min.

A Clarus 580 GC apparatus (PerkinElmer-Waltham, MA, USA) coupled to a Clarus SQ 8 S GC/MS
(PerkinElmer-Waltham, MA, USA) was used for GC-MS analysis. Separations were achieved on a
fused silica Zebron-ZB-SemiVolatile column (30 m × 250 μm × 0.25 μm—Phenomenex, Torrance, CA,
USA). Analyses were carried following a different temperature gradient depending on samples.

The temperature gradient for hemp extracts was as follows: starting temperature 50 ◦C (hold
1 min), up to 145 ◦C at 7 ◦C/min (hold 5 min), up to 175 ◦C at 4 ◦C/min and up to 250 ◦C at 7 ◦C/min
(hold 5 min). The carrier gas was Helium (flow rate 1 mL/min). The split of the injector was set to 1:50,
while the injector and the transfer line temperature were set at 250 ◦C.

The temperature gradient for thyme and coriander extracts was as follows: starting temperature
45 ◦C (hold 10 min), up to 180 ◦C at 2.5 ◦C/min (hold 5 min). The carrier gas was Helium (flow
1 mL/min), while the injector and the transfer line temperature were set at 250 ◦C.

The semi-quantitative characterization was carried out through Turbomass 6.1.0.1963 software
(PerkinElmer-Waltham, MA, USA). The unknown compounds were identified by matching the obtained
spectra with the NIST Mass Spectral Library 2.0 (NIST-Gaithersburg, MD, USA) and confirmed by
comparison of the retention index (RI) with those retrieved from http://webbook.nist.gov/chemistry/.
A mix of n-alkanes, ranging from octane (C8) to triacontane (C30) was obtained from Supelco (Bellefonte,
CA, USA) and injected using the analytical conditions above reported to determine the retention index
(RI) as proposed by Lee et al. [20].
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Semi-quantitative analysis was made by peak area normalization without response factors.
Relative abundances (%) were the mean of two replicates.

2.5. HPLC-UV Characterization of the Phenolic Fraction

Phenolic compounds were determined by HPLC (Perkin-Elmer series 200, Monza, Italy) equipped
with an autosampler and a UV-Vis detector (Perkin Elmer LC 240, Monza, Italy) set at 280 nm.
For separation, a Phenomenex Kinetex C18 column was used (dimensions: 250 × 4.6 mm, particle size:
5 μm, pore size: 110 Å; Phenomenex, Bologna, Italy). The mobile phases used were: (A) 1% acetic acid
in water and (B) acetonitrile. For analyte separation, the mobile phase gradient was programmed as
follows: from 10% to 100% solvent B for 30 min and subsequent return to initial composition in 4 min,
achieving mobile phase stabilization for 10 min.

40 mg of dry extracts sample was dissolved in 1 mL of water/methanol (50:50), vortexed for 3 min,
centrifugated for 15 min, filtered with 0.2 μm PTFE filter and analyzed.

Quantification of polyphenols was carried out by the external standard method. Linear regression
curves based on peak area were calculated for each phenolics compound after injection of mix phenolic
standard solutions covering the sample range of concentrations (6-12-25-50-100 ppm).

For quantitative analysis, a calibration curve for each available phenolic standard were constructed
based on the UV signal: gallic acid (y = 36,255x − 26,062; R2 = 0.9983), p-OH-benzoic (y = 31,711x −
16,966); R2 = 0.9992), vanillic acid (y = 33,123x − 52,417; R2 = 0.9974), rosmarinic acid (y = 34,344x −
40,066; R2 = 0.9992), ferulic acid (y = 61,245x + 74,735; R2 = 0.9912), caffeic acid (y = 44,841x − 416,813;
0.9952), syringic acid (y = 39,490x − 106,101; R2 = 0.9987), luteolin (y = 7593,1x − 19,075; R2 = 0.9991),
apigenin (y = 83,755x − 7443,3; R2 = 0.9979), and chlorogenic acid (y = 29,136x − 63,864; R2 = 0.9971).

2.6. Total Phenolic Content (TPC) and Antioxidant Capacity (AOC)

Total Phenolic Content (TPC) estimation was carried out by means of Folin-Ciocâlteu’s reagent,
following the Singelton and Rossi method [21]. The reference standard was gallic acid (GA). Results
are expressed as mg GA equivalents (GAE)/g dry extract, mean value of two replicates.

The antioxidant activity (AOC) was investigated employing:

• DPPH˙ assay, following the method proposed Brand-Williams et al. [22];
• ABTS˙+ assay, with the Gullon et al. method [23],
• FRAP assay, assessed by means of potassium ferricyanide-ferric chloride method described by

Oyaizu [24].

For FRAP, DPPH ,̇ and ABTS˙+ assays, Trolox was used as a reference standard. Results are
expressed as mg Trolox equivalents (TE)/g dry extract, mean value of two replicates.

2.7. Statistical Analysis

Results were expressed as means ± standard deviations. Yields, chemical, and biological
characterization data were subjected to ANOVA (analysis of variance), followed by Tukey’s HSD
post-hoc test at a significance level of 5% (p < 0.05). Terpenes classes composition obtained by
SPME/GC-MS were processed through principal component analysis (PCA) to observe the possible
correlations within the extracts of the different matrices. Before applying the PCA algorithm, the data
were linearized and automatically scaled (zero mean and unit variance) to eliminate the differences in
the concentration range. The data set consisted of 18 × 4, in which rows represented the 18 extracts
and columns the 4 terpenes classes. Data on terpenes classes were also treated using a hierarchical
clustering method. Dendrograms were constructed using Euclidean distance measure and Ward’s
method of dissimilarity between clusters. Both statistical tests were performed with Microsoft Xlstat
2016 statistical software (Addinsoft, Paris, France).
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3. Results and Discussion

3.1. Yields

The extracts yields obtained for the three plant matrices are reported in Table 1. The highest yield
for thyme was obtained for 2 h Soxhlet extraction (S2h), while the lowest for maceration (M) and
ultrasound assisted extraction (UAE) (p < 0.05). The best yield for hemp was achieved, indeed, for
6 h Soxhlet extraction (S6h), while the lowest for M and UAE extracts (p < 0.05). For this matrix, no
significant differences were recorded among RSLDE extraction times (N2h and N6h) and S2h (p > 0.05).
A totally different behavior was observed for coriander seeds extracts: the best yield was found for
UAE and, then M; the lowest was N2h.

According to these data, Soxhlet seems to be the most suitable technique for the extraction of
plants aerial parts in terms of yield. However, it should be pointed out that this extraction technique
carried out at high temperature allows the co-extraction of the fibers [25–29]. These contribute to the
dry extract weight. On the other hand, ultrasound assisted method seems to be the best extraction
technique to process plant seeds.

Lower yields were obtained for coriander seeds with respect to hemp and thyme. This is common
to other plant species. In fact, the best yields of extraction are usually recovered from stems and
leaves [30,31]. In any case, our findings are in line with literature data, falling within the intervals
normally reported in several works for the same species for some of these techniques [28,32].

Table 1. Yields of extracts (% w/w). N2h, RSLDE 2 h; N6h, RSLDE 6 h; S2h, Soxhlet 2 h; S6h, Soxhlet 6 h;
UAE, ultrasound assisted extraction; M, maceration.

N2h N6h S2h S6h UAE M

Thyme 2.30 ± 0.06 d 2.45 ± 0.09 c 9.25 ± 0.02 a 8.65 ± 0.05 b 1.62 ± 0.02 e 1.78 ± 0.04 e
Hemp 6.00 ± 0.03 b 5.81 ± 0.05 b 5.70 ± 0.01 b 10.00 ± 0.07 a 0.71 ± 0.09 c 0.95 ± 0.04 c

Coriander seeds 0.57 ± 0.09 f 0.73 ± 0.08 e 1.18 ± 0.06 d 1.63 ± 0.09 c 2.36 ± 0.07 a 2.17 ± 0.08 b

Results followed by the same case-letter are not different according to Tukey’s HSD post-hoc test (p > 0.05).

3.2. Chemical Composition of Extracts Volatile Fraction

The SPME/GC–MS characterization data of the volatile fraction of the extracts of the three plants
are shown in Table 2.

In thyme extracts 22 compounds were found, 21 monoterpenes, and one sesquiterpene. Thymol
has generally been reported to be the main component of T. vulgaris. However, this cultivar contains
carvacrol, the isomer of thymol, that has the same biological activity. Linalool was the most abundant
volatile compound in all the extracts, but using Soxhlet for two hours, a much lower quantity was
found. Both carvacrol and linalool are natural effective antimicrobials used to control the growth of
spoilage microorganisms in food as demonstrated in some studies in literature [33,34]. They have been
reported to have also therapeutic properties (e.g., vs. Alzheimer’s disease) [35].

A total of 25 compounds were identified in hemp extracts, 13 monoterpenes, and 12 sesquiterpenes.
The predominant compounds were: β-myrcene and caryophyllene within the monoterpenes
and sesquiterpenes, respectively. β-myrcene is known to possess anti-inflammatory, analgesic,
and anxiolytic properties [36,37]. Caryophyllene has been reported as anti-inflammatory compound in
some cannabis preparations because of the interaction with the cannabinoid receptors and a gastric
cytoprotective activity has been also found [38–40]. Interestingly, caryophyllene oxide seems to be a
multi-target molecule, known for its anticancer and analgesic properties [37].
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Furthermore, 18 terpenoids were identified in coriander seeds extracts, all belonging to the
monoterpenes class. The most abundant compound was linalool, which has antibacterial activity [33,34]
and anti-tumorigenic potential [41]. Canfora and cis-geraniol were also present in smaller amounts;
however, they have been reported to contribute to biological and antioxidant activity [37,42].
In literature, there are few studies of the chemical composition of extracts from coriander fruits;
the terpenes profile found is similar to coriander seeds essential oils previously reported by
Pellegrini et al. [43] and found in literature [44–46].

For each matrix, the SPME/GC-MS identified compounds were associated with four main classes
of terpenes (class assignment of each compound is in Table 2). To explore potential correlations among
the whole data set the PCA algorithm was used.

Figure 1 reports the PCA biplot obtained for the different terpenes classes (loadings), determined
in extracts of thyme, hemp, and coriander (scores). The total variance explained was 70.51%, with the
first component accounting for 42.94% and the second for 27.57%.

Figure 1. Biplot (scores and loadings) obtained from the PCA on data set of different extracts (rows)
and terpenes classes analyzed (columns). In the Figure: T, thyme; H, hemp; C, coriander seeds; N2h,
RSLDE 2 h; N6h, RSLDE 6 h; S2h, Soxhlet 2 h; S6h, Soxhlet 6 h; UAE, ultrasound assisted extraction;
M, maceration.

From the biplot, it is evident that thyme extract obtained from Soxhlet at 2 h of extraction (T S2h)
is separated from all extracts based on the major content of monocyclic and bicyclic monoterpenes.
These two classes of terpenes are strongly correlated. Sesquiterpenes were the most abundant
compounds in hemp 6 h RSLDE extract (H N6h), while acyclic monoterpenes represented mainly the
volatile fractions of coriander ultrasounds-assisted (C UAE) and 6 h RSLDE (C N6h) extracts. Based on
the studied variables, from PCA is also evident the presence of different clusters; in particular, on PC1
the extracts C M, T N6h, T S6h, and T N2h are well grouped (positive correlation with PC1). The same
applies for C S6h, C S2h, C N2h, H S2h, and H S6h (negative correlation with PC1).

To evaluate the influence of the extraction techniques on each matrix, the dataset was also
processed through cluster analysis. Cluster analysis is a valid tool of multivariate analysis that has been
already used and is useful to underline the differences among extraction techniques and conditions
for the isolation of compounds from plant matrices [47,48]. Clusters were formed to contain four
components (acyclic monoterpenes, monocyclic monoterpenes, bicyclic monoterpenes, sesquiterpenes).
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The dendrograms obtained from a cluster analysis of coriander, hemp, and thyme data are illustrated
in Figures 2–4, respectively.

From the coriander dendrogram (Figure 2) is evident that the diagram is divided into three classes:
one class comprising only M extract, and the other 2 constituted by N2h and Soxhlet at 2 and 6 h
(S2h and S6h) extracts, and N6h and UAE extracts, respectively. A similar classification was achieved
for hemp (Figure 3). In both dendrograms, the N6h/UAE class has large distance from the M class,
meaning that these extraction techniques allowed for the isolation of different classes of terpenes.
Indeed, N2h and Soxhlet at both 2 and 6 h of distillation time, have similar extraction patterns.

For thyme (Figure 4), a different distribution is obtained; one class consists of M, N2h, S6h,
and UAE, the second and third consisting of only N6h and S2h, respectively. In this case, a larger
distance of S2h from the first group was observed, because of the ability of this technique to extract
more monocyclic and bicyclic monoterpenes, as already evidenced by PCA (Figure 1).

Figure 2. Dendrogram obtained from the cluster analysis based on terpenes classes data for coriander
seeds extracts.

Figure 3. Dendrogram obtained from the cluster analysis based on terpenes classes data for
hemp extracts.
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Figure 4. Dendrogram obtained from the cluster analysis based on terpenes classes data for
thyme extracts.

The cluster analyses of terpenes allowed to underline that there were not clear patterns of extraction
that can help in selecting a particular technique for the extraction of a certain class of terpenes. This is
mainly related to the variables that occur before, during and after the extraction process and that
influence the outcomes [8]. Anyhow, for all matrices the RSLDE at 2 h of extraction is always clustered
with Soxhlet at 6 hours, indicating that, regardless of matrix nature, the extraction patterns are very
similar for the two approaches.

3.3. Polyphenolic Composition

The HPLC-UV qualitative and quantitative analysis results of the extracts are presented in Table 3.
Eight phenolic acids, (i.e., gallic acid, p-OH-benzoic acid, chlorogenic acid, vanillic acid, caffeic

acid, syringic acid, ferulic acid, and rosmarinic acid), one phenolic monoterpene (carvacrol) and
two flavonoids (i.e., luteolin and apigenin) were identified in thyme. Rosmarinic acid was the
compound with the highest concentration in all extracts. Rosmarinic acid is known as one of the
main constituents of thyme and it has been recognized for antioxidant, antiviral, anti-inflammatory,
antibacterial, and immunostimulant activities [49,50]. UAE and M extracts were significantly poorer
of polyphenols, except for the highest UAE luteolin content; however, they were the only extracts
containing some phenolic acids (i.e., vanillic and caffeic acids in UAE, syringic acid in M). RSLDE
exhibited improved extraction of p-OH-benzoic and chlorogenic acids. A non-univocal effect of the
increase of the extraction time was observed, as some components have increased and others decreased.
In line with our findings, the decrease in content of rosmarinic acid and luteolin at prolonged extraction
time has been reported by other authors [51,52]. Besides the extraction operative conditions like
solvent, temperature, and time, the stability of natural products in certain conditions is a variable that
may influence the chemical composition of the extract. The bioactive compound, during the extraction
procedure, are exposed to chemical reactions with solvent and/or other components in the solution
that rearrange chemical structures. Chemical alterations occur also after the extraction process, due to
manipulation (e.g., solvent removal) and/or conservation conditions (e.g., compounds breakdown by
oxidation or light) [53,54].
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Table 3. Contents of phenolic compounds (μg/g dry extract).

Thyme

N2h N6h S2h S6h UAE M

Gallic acid 42.74 ± 0.50 d 58.73 ± 0.90 b 678.67 ± 0.40 a 48.78 ± 0.32 c - 40.23 ± 0.89 e
p-OH-benzoic acid 190.47 ± 1.02 b 197.15 ± 0.89 a - 148.68 ± 0.98 c 55.04 ± 0.95 d 17.97 ± 1.02 e
Chlorogenic acid 66.54 ± 0.96 c 120.44 ± 0.75 a 30.07 ± 0.89 d 97.21 ± 0.98 b - -

Vanillic acid - - - - 376.27 ± 0.56 a -
Caffeic acid - - - - 145.92 ± 0.85 a -

Syringic acid - - - - - 159.69 ± 1.02 a
Ferulic acid - 139.24 ± 0.96b - 516.02 ± 0.84 a - -

Rosmarinic acid 34201.41 ± 1.05 b 33955.20 ± 1.02 c 51686.96 ± 0.95 a 31549.93 ± 1.25 d 15049.48 ± 1.09 e 261.55 ± 0.82 f
Luteolin 2671.96 ± 1.10 c 1554.86 ± 1.05 f 1931.34 ± 0.95 d 1704.21 ± 1.32 e 4143.43 ± 0.65 b 2099.47 ± 0.84 a
Apigenin 6608.97 ± 1.15 b 5309.40 ± 1.03 c 2909.13 ± 1.01 e 7618.77 ± 0.98 a 4416.70 ± 0.87 d -
Carvacrol 3499.84 ± 1.15 b 885.03 ± 1.02 d 2873.81 ± 0.99 c 5595.41 ± 1.05 a - 220.49 ± 0.98 e

Hemp

Gallic acid - 52.29 ± 0.98 c 118.07 ± 0.32 b 408.92 ± 0.63 a 35.10 ± 0.98 d 36.02 ± 0.65 d
p-OH-benzoic acid - 47.70 ± 0.75 c 95.18 ± 0.95 a 36.42 ± 0.35 d - 52.41 ± 0.96 b
Chlorogenic acid - - - - - -

Vanillic acid - - - - - -
Caffeic acid - - 36.98 ± 0.48 b - 81.81 ± 0.91 a -

Syringic acid - - - - 57.28 ± 0.64 a -
Ferulic acid - 247.77 ± 0.64 a - - - 96.70 ± 0.93 b

Rosmarinic acid 259.56 ± 0.97 c 27.09 ± 0.85 f 206.30 ± 0.94 d 152.06 ± 0.65 e 514.33 ± 1.01 a 328.21 ± 1.10 b
Luteolin 1572.05 ± 1.04 a 304.37 ± 1.10 e 502.83 ± 0.95 d 753.01 ± 0.84 c 1384.09 ± 1.09 b 127.67 ± 1.03 f
Apigenin 72.99 ± 1.02 a 51.43 ± 0.48 c 35.77 ± 0.95 d 54.22 ± 1.06 b - -
Carvacrol - - - - - -

Coriander Seeds

Gallic acid 42.37 ± 0.98 b 49.05 ± 0.65 a 22.45 ± 0.35 d 22.73 ± 0.36 d - 31.02 ± 0.39 c
p-OH-benzoic acid 274.83 ± 0.95 a 31.80 ± 0.98 d - 89.22 ± 0.84 b - 46.61 ± 0.91 c
Chlorogenic acid 74.80 ± 0.67 e 480.49 ± 0.92 b 149.47 ± 0.41 c 490.56 ± 0.35 a 146.90 ± 0.83 d 27.82 ± 0.94 f

Vanillic acid 120.27 ± 0.87 e 208.65 ± 0.80 c 440.90 ± 1.25 a 273.23 ± 1.65 b 205.46 ± 0.96 d -
Caffeic acid - 208.66 ± 0.85 b 440.17 ± 0.75 a 54.21 ± 0.65 c 27.88 ± 0.35 d -

Syringic acid - - 24.09 ± 0.35 b 65.20 ± 0.92 a - 23.56 ± 0.24 b
Ferulic acid 188.92 ± 0.95 b 78.81 ± 0.85 c 20.64 ± 0.77 e 239.21 ± 0.8 7a 22.75 ± 0.64 d 23.37 ± 0.81 d

Rosmarinic acid 81.05 ± 1.05a 82.13 ± 0.97a 34.78 ± 0.91b 31.00 ± 0.85c 21.97 ± 0.98c -
Luteolin 324.50 ± 0.94a 295.82 ± 1.12b 172.40 ± 1.18c 86.90 ± 0.98e 152.01 ± 1.32d -
Apigenin 182.67 ± 1.20a 182.04 ± 1.15a 30.09 ± 1.06d 35.81 ± 1.14b 101.07 ± 1.23e 87.31 ± 0.98c
Carvacrol - - - - - -

Results followed by the same case-letter are not different according to Tukey’s HSD post-hoc test (p > 0.05).

Three phenolic acids (i.e., gallic acid, p-OH-benzoic acid, and rosmarinic acid) and two flavonoids
(i.e., luteolin and apigenin) were mainly found in hemp. The most abundant component was luteolin,
a flavonoid with antioxidant [55], anti-inflammatory and antiallergic [56] activity. Among the few
literature studies on the identification of polyphenols in hemp extracts, the presence in hemp essential
oil of gallic acid and p-OH benzoic acid has been already reported [57]. Considering the different
extraction techniques, N2h was the extract richest in the three main compounds: rosmarinic acid,
luteolin, and apigenin. N6h indicated that the increase in extraction time allowed the recovery of gallic
acid, p-OH-benzoic acid, and ferulic acid, with a loss in the main components. Indeed, the increase
in Soxhlet extraction time from 2 h to 6 h led to an increase in the concentration of gallic acid and of
the two flavonoids luteolin and apigenin, accompanied by the decrease of p-OH-benzoic acid and
rosmarinic acid. M was the poorest extract compared to other techniques.

Similarly to thyme, eight phenolic acids (i.e., gallic acid, p-OH-benzoic acid, chlorogenic acid,
vanillic acid, caffeic acid, syringic acid, ferulic acid, and rosmarinic acid) and two flavonoids (i.e.,
luteolin and apigenin) were detected in coriander seeds. Barros and collaborators [58] reported a similar
profile in the analysis of polyphenols of coriander seeds. However, gallic acid, luteolin, and apigenin
were not detected. Msaada and collaborators [59] described a similar composition, with a higher
number of flavonoids components (quercetin, rutin, luteolin, apigenin, and kaempferol). Among the
different extraction techniques, RSLDE extracts were richer in gallic, p-OH-benzoic, and rosmarinic
phenolic acids and in luteolin and apigenin, with a positive effect of longer extraction time on their
concentration, except for p-OH-benzoic acid and luteolin. On the contrary, Soxhlet extracts showed
higher concentrations of chlorogenic, vanillic, and caffeic acids, in addition to the presence of syringic
acid, that was not detected in N2h and N6h.
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3.4. Total Phenolic Content and Antioxidant Activity

Total phenolic content (TPC) and antioxidant activity (AOC-FRAP, DPPH ,̇ ABTS˙+) data are
reported in Table 4. The different extraction techniques were compared using an analysis of
variance (ANOVA).

Table 4. Total phenolic content (TPC) and antioxidant activity. Ferric Reducing Antioxidant Power
(FRAP), and Trolox Equivalent Antioxidant Capacity with 2,2-diphenyl-1-picrylhydrazyl (DPPH˙), and
2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid (ABTS˙+) of extracts of different techniques.

TPC
(mg GAE/g Dry Extract)

FRAP
(mg TE/g Dry Extract)

DPPH˙
(mg TE/g Dry Extract)

ABTS˙+

(mg TE/g Dry Extract)

Thyme

N2h 141.86 ± 7.85 b 63.86 ± 0.29 b 108.17 ± 0.08 a 23.62 ± 8.20 d
N6h 179.67 ± 12.71 a 66.95 ± 5.74 b 108.52 ± 0.16 a 52.12 ± 0.11 bc
S2h 157.86 ± 1.71 b 68.48 ± 1.23 ab 108.57 ± 0.08 a 49.07 ± 0.11 c
S6h 154.26 ± 11.23 b 73.53 ± 1.29 a 107.19 ± 1.22 a 134.46 ± 0.22 a

UAE 107.91 ± 9.01 c 40.60 ± 1.04 c 98.50 ± 1.71 b 53.72 ± 0.34 bc
M 142.08 ± 1.69 b 40.25 ± 2.93 c 92.60 ± 4.33 c 57.56 ± 0.34 b

Hemp

N2h 140.25 ± 2.56 a 81.073 ± 2.31ab 34.02 ± 1.86 b 557.16 ± 6.57 a
N6h 139.52 ± 2.49 a 80.21 ± 1.76 abc 33.76 ± 0.89 b 485.10 ± 4.16 b
S2h 120.55 ± 5.42 b 74.66 ± 0.81 d 29.92 ± 0.32 d 394.39 ± 3.41 c
S6h 124.25 ± 3.61 b 78.69 ± 1.88 bc 31.54 ± 0.08 cd 433.22 ± 19.81 bc

UAE 110.30 ± 3.71 c 77.22 ± 0.92 cd 45.04 ± 1.23 a 381.26 ± 9.05 c d
M 125.12 ± 3.54 b 83.14 ± 1.63 a 32.43 ± 0.32 bc 502.16 ± 5.62 ab

Coriander Seeds

N2h 19.87 ± 1.52 b 18.43 ± 0.15 a 147.60 ± 3.97 b 48.05 ± 1.60 a
N6h 17.67 ± 0.47 c 12.69 ± 0.39 d 163.55 ± 2.94 b 46.48 ± 1.78 a
S2h 15.54 ± 0.57 d 15.22 ± 0.39 bc 128.84 ± 3.94 b 21.90 ± 2.00 b
S6h 24.36 ± 1.01 a 16.91 ± 2.34 ab 150.61± 4.92 b 23.85 ± 1.60 b

UAE 3.01 ± 0.61 e 13.45 ± 1.26 cd 219.95 ± 2.44 a 1.12 ± 0.14 d
M 18.95 ± 0.11 bc 14.40 ± 0.09 cd 177.23 ± 1.46 ab 5.64 ± 1.04 c

Results followed by the same case-letter are not different according to Tukey’s HSD post-hoc test (p > 0.05).

The comparison with literature indicates that our data are in accordance with those reported by
different authors [60–64].

The influence of the extraction time on TPC was more evident for thyme RSLDE extracts and
coriander Soxhlet extracts, with improved extraction for longer times (6 h with respect to 2 h). In the
comparison of the different techniques, the highest values were registered for RSLDE extracts for
thyme and hemp, at 6 h and 2 h, respectively. Indeed, in the case of coriander seeds, Soxhlet extraction
at 6 h was more efficient. For all plant matrices, UAE extracts had the lowest TPC values.

Concerning AOC (Table 4) of hemp and coriander seeds, a higher activity for the 2 h RSLDE
extracts in all spectrophotometric assays was achieved, except for the DPPH .̇ The highest antiradical
activity was obtained for UAE extracts. Moreover, in the case of hemp, M demonstrated good activity,
similarly to RSLDE extracts.

It is known that the differences in the antioxidant activity might be related to the different
availability of extractable components, resulting from the varied chemical composition of plants [65].
The amount of the antioxidant components that can be extracted from a plant material is mainly
affected by the strength of the extraction procedure and may vary from sample to sample. Usually,
the TPC and AOC of extracts obtained by reflux extraction technique (e.g., Soxhlet) are lower than
other methods [27], in contrast to the trends noted for extraction yields. This decrease can be attributed
to the thermal decomposition of some antioxidants at the temperatures used in the process. Several
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studies reported that thermal processing conditions might result in the loss of natural antioxidants
because heat may accelerate oxidation and other degradation reactions [27,66,67].

In this work, a different behavior was observed; for thyme, in fact, Soxhlet at 6 h was the best
extract in terms of antioxidant activity. This indicates that for this aromatic plant, hot solvent systems
under reflux state are more efficient for the recovery of antioxidant components. Dutra et al. [68]
reported that among different extraction techniques (i.e., reflux, maceration, ultrasound, heating plate),
extraction made under reflux using ethanol/water (70:30, v/v) offered the highest polyphenol levels in
Pterodon emarginatus vogel seeds. This was attributed to the effective extraction under reflux conditions,
leading to a higher release of some bound phenolics and with an increase of antioxidant activity [69].

To highlight the comparison of the different extraction techniques, for each plant matrix, the best
performing extracts in TPC and antioxidant activity assays are collected in Table 5.

Table 5. Extracts with the highest value of total phenolic content and antioxidant activity

TPC FRAP DPPH˙ ABTS˙+

Thyme N6h S6h N2h/N6h/S2h/S6h S6h
Hemp N2h/N6h M UAE N2h

Coriander seeds S6h N2h UAE N2h/N6h

Table 5 clearly shows that all the extraction techniques are very efficient methods for the recovery of
bioactive compounds from plant matrices, particularly to produce extracts retaining good antioxidant
capacity. It is worth to notice, however, that more than half of the cases are carried out using
unconventional techniques, (N2h/N6h and UAE), thus reducing solvent and energy consumption.

4. Conclusions

In this study, extracts have been obtained from three plant species T. vulgaris, C. sativa,
and C. sativum cultivated in the Abruzzo region. Four different extraction methods were applied
to recover the plants’ bioactive components, two conventional, namely the maceration and Soxhlet
technique, and two unconventional, namely the ultrasound assisted extraction and the rapid solid–liquid
dynamic extraction, performed by Naviglio Extractor®. Moreover, for the Soxhlet and RSLDE
techniques, the effect of the extraction time was also investigated.

All the obtained extracts are rich in bioactive compounds and display good antioxidant properties.
Although the results do not show univocal trends, slightly higher performances are observed for the
extracts obtained by the unconventional RSLDE and UAE techniques.

Given the limited effect of the increase in extraction time, the RSLDE technique performed by
Naviglio Extractor® at 2 h of extraction time can be considered a good standardized method to obtain
extracts with interesting in vitro antioxidant activity and potential candidates as natural preservatives
in food.
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Abstract: Selenium is an essential micronutrient with significant antioxidant activity promising in
mitigating the formation of acrylamide during high-temperature roasting. In this study, green coffee
beans pretreated with selenium (Se-coffee) were investigated on their selenium uptake, selenium
retention in green and roasted beans, antioxidant activities, and formation of acrylamide during
conventional and superheated steam roasting. Comparisons were made with positive (pretreated
without selenium) and negative (untreated) controls. The acrylamide formation was significantly
inhibited in Se-coffee (108.9–165.3 μg/kg) compared to the positive and negative controls by 73.9% and
52.8%, respectively. The reduction of acrylamide by superheated steam roasting only observed in the
untreated coffee beans (negative control) by 32.4% parallel to the increase in its antioxidant activity.
Selenium pretreatment significantly increased antioxidant activity of the roasted Se-coffee beans after
roasting although soaking pretreatment significantly reduced antioxidant activity in the green beans.
Acrylamide reduction in the roasted coffee beans strongly correlated with the change in antioxidant
capacities after roasting (ΔFRAP, 0.858; ΔDPPH, 0.836). The results indicate that the antioxidant
properties of the organic selenium suppressed acrylamide formation during coffee roasting.

Keywords: selenomethionine; green coffee; acrylamide; Arabica; Robusta; Maillard reaction; selenium
uptake; pretreatment

1. Introduction

Coffee is consumed widely around the world, mainly due to its refreshing and stimulating effects.
Arabica (Coffea arabica) and Robusta (Coffea canephora) are two coffee species most widely cultivated
with the former known for better organoleptic characteristics, while Robusta coffee possesses higher
antioxidant activity but less favorable flavor. The potential benefits of coffee consumption have been
well studied to associate with its rich phytochemicals and antioxidant properties originating from the
green beans and complex bioactive compounds formed during coffee roasting [1]. Main bioactive
compounds in coffee brew are chlorogenic acids, caffeine, pentacyclic diterpenes (cafestol and kahweol),
trigonelline, and melanoidins which have been associated with reduced incidences of developing
neurodegenerative diseases, several types of cancer, cardiovascular diseases, and type 2 diabetes [2,3].
Antioxidative properties of coffee brews are attributed to phenolic compounds predominantly from
melanoidins, chlorogenic acids, and caffeine [4–6]. The contribution of coffee to the daily intake
of dietary antioxidants for many people is more than other food sources such as fruit, vegetables,
and herbs [7,8].

Roasting of coffee beans at high temperatures involves a series of reactions including caramelization,
Maillard reaction, Strecker degradation, and pyrolytic reaction responsible for the development of
desirable organoleptic characteristics and antioxidant capacity of coffee [9,10]. Maillard reaction
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products (MRP) formed during roasting are important flavor and color components in roasted coffee,
chiefly Melanoidins, strong antioxidants that account for ~29% of coffee brew dry matter [6]. However,
the Maillard reaction also contributes to the formation of undesired toxic components that may
counteract the health benefits of coffee, such as acrylamide. Acrylamide is classified as carcinogenic
compounds for human health (Group 2A) due to neural, reproductive, and genetic toxicities [11].
Roasted coffee contributes to significant levels of dietary exposure of acrylamide, leading to the recent
establishment of the benchmark level of acrylamide in roasted ground coffee at 400 μg/kg by the
European Commission [12].

Acrylamide forms in coffee during roasting via reaction of carbonyl group mainly from degradation
products of sugars and polysaccharides with amino group of asparagine in Maillard reaction. Mitigation
of acrylamide during coffee roasting should target for limiting the source of carbonyl and asparagine
content of the coffee beans. Several studies have demonstrated the ability of antioxidants to inhibit the
formation of acrylamide in several food matrixes by limiting the source of carbonyl pool, reacting with
key Maillard reaction intermediates (e.g., 3-aminopropionamide), and with the acrylamide itself [13].
However, some antioxidants showed contradictory observations by increasing acrylamide levels.
Different structures and functional groups of antioxidants can induce the formation of reactive carbonyl
pool at high temperatures and low moisture conditions [13]. In particular, antioxidants that contain
carbonyl groups such as chlorogenic acids and caffeine were shown to accelerate the formation of
acrylamide [14–16]. Studies using several model-systems simulating coffee showed that chlorogenic
acid triggered the decomposition of sugars to form 3,4-dideoxyosone and 5-hydroxymethylfurfural
(HMF), which then able to react with asparagine via Maillard reaction and promote the formation
of acrylamide [14–16]. Alternatively, organic selenium, such as L(+)-selenomethionine, has a high
melting properties above 250 ◦C and remains stable at high temperatures [17]. Therefore, it can be
utilized as an antioxidant additive and supplemented to green beans for reducing the formation of
acrylamide during coffee roasting.

Selenium is essential to human health with a recommended daily allowance (RDA) value of
55 μg/day and a tolerable upper intake of 400 μg/day for adults [18]. Selenium plays a role in several
major metabolic pathways such as immune functions, antioxidants defense systems, and thyroid
hormone metabolism [19]. Simultaneously, the deficiency of selenium is associated with cardiovascular
and inflammatory diseases, cancer, cirrhosis, diabetes, asthma, and other free radical related problems
such as premature aging. Recently, there has been intense interest in selenium supplementation due to
its role in protecting the immune system, improve cardiovascular functions, and protection against
cancer [20,21]. Coffee contains a trace amount of selenium in the organic form, which is not significant
for selenium supplementation [22]. The infusion of selenium via raw material pretreatment has been
shown to contribute to aroma profile of roasted coffee and enrichment of its natural selenium level [23]
but no impact on the fate of acrylamide is available.

The mitigation strategies of acrylamide in coffee have taken multiple approaches from the
modification of raw material to remove potential precursors (e.g., steam and enzyme pretreatments of
green beans) and modification of roasting process (e.g., vacuum and steam roasting) to the addition
of external additives (e.g., adding amino acid) [24–27]. However, the impact on the sensorial and
nutritional properties of coffee are among the limitations of the intervention studies. Superheated steam
roasting demonstrated improvement in sensorial quality, increase antioxidant capacity, and reduce
lipid oxidation of roasted coffee beans due to the generation of oxygen absent environment at higher
bed temperature [9,28,29]. Nevertheless, no information is available on the effect of superheated steam
roasting on the fate of acrylamide in coffee. The present study aimed to investigate the effects of
selenium pretreatment on the acrylamide formation in Arabica and Robusta coffee during roasting in
relation to their antioxidant activities, comparing the conventional and superheated steam roasting.
The positive and negative controls were employed to evaluate the true effects of organic selenium on
acrylamide formation in the coffee beans during roasting.
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2. Materials and Methods

2.1. Materials

Single-origin green Arabica (Santos, Brazil) and Robusta (Laos) coffees beans were obtained from
Rasta Brew Ent. (Penang, Malaysia). Selenomethionine, acrylamide (99.3% purity), and 2,2-diphenyl
-1-picrylhydrazyl (DPPH) were supplied by Sigma Aldrich (St. Louis, MO, USA).

2.2. Selenium Pretreatment

The green beans were cut using laboratory mills (ZM 200, Retsch GmbH, Haan, Germany) to one
third in size to increase surface area for selenium uptake. The crushed green beans (100 g) were soaked
overnight in different concentrations of selenomethionine solutions (0, 200, 400 μg/L) at the ratio of
1:5 (w/v) at 25 ◦C. The Se-coffee beans were then subjected to drying using the hot air dryer at 45 ◦C
until moisture content reached ~10% prior to roasting. The selenium pretreatment was investigated
by comparing it with a positive and negative control sample. The positive control was the sample
pretreated with similar procedures in the absence of selenium, while the negative control sample was
the untreated green coffee beans.

2.3. Coffee Roasting

The coffee roasting was done in a laboratory drum roaster hosted in a superheated steam oven
(Healsio, AV-1500V, Sharp, Japan). The perforated metal drum is equipped with a motor (Buiacs,
JWD Motor Co., Ltd., Zhejiang, China) to spin the drum, short fins at the sides of the drums to allow
the beans to fall to the center of the drum, and thermocouple at the center of the drum for actual
temperature monitoring. The oven is functional for both conventional roasting and roasting with
superheated steam at a pressure of approximately 1 bar, steam generation capacity of 16 cm3/min,
and steam engine heater of 900 W. The oven was preheated to 240 ◦C before roasting 100 g green beans
for 20 min. The roasted coffee beans were then cooled to room temperature and stored in the air-tight
container for subsequent analyses.

2.4. Determination of Acrylamide in Coffee

The acrylamide determination was conducted according to PerkinElmer (2004) and Ku Madihah
et al. (2013) [30,31]. Ground roasted coffee beans (5 g) was mixed with 50 mL distilled water and
heated at 50 ◦C under continuous stirring for 10 min. The mixture was filtered using filter paper (No. 4,
Whatman, Darmstadt, Germany) and loaded to SPE Bond Elut C18 (Agilent, Santa Clara, CA, USA)
under gravity flow. The SPE cartridge (500 mg) was conditioned with 3 mL acetone followed by 3 mL
0.1% formic acid. After extraction, the SPE cartridge was washed with 2 mL deionized water and
applied vacuum to remove excess water. The acrylamide was eluted using 3 mL of acetone and passed
through a nylon syringe filter (0.45 μm, Whatman, Darmstadt, Germany). The sample was kept at 4 ◦C
until further GC-FID analysis.

Acrylamide was determined using a gas chromatograph with a flame ionization detector
(Shimadzu Corp, Kyoto, Japan) using the Elite-Wax ETR column (15 m, 0.53 ID, 0.50 μm film
thickness) (PerkinElmer Inc., Waltham, MA, USA). Working conditions were as follows: Carrier gas
helium (1 mL/min at constant flow); injector, 260 ◦C; oven temperature: From 100 ◦C (0.5 min) to 200 ◦C
at 15 ◦C/min.

Quantification of acrylamide was carried out by preparing a standard curve (r2 = 0.996) with
eight different concentration levels of acrylamide (0.02–2000 μg). Data are mean values of at least two
experiments with coefficients of variation at the different concentrations lower than 10%.
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2.5. Determination of Selenium

The selenium determination was conducted according to Choi et al. (2009) with slight
modifications [32]. An amount of 5 g of finely ground coffee samples was weighed accurately
and digested with 40 mL of nitric acid in a digestion tube for 4 h at 150 ◦C until the darkness of
the solution disappeared. After cooling, the digested solution was diluted with deionized water
and transferred to a 50 mL volumetric flask. The diluted solution was filtered through filter paper
(No. 4, Whatman, Darmstadt, Germany) into a plastic tube designed for the autosampler analysis.
Total selenium levels were measured in the aqueous selenium solutions before and after the beans
were removed. The difference in selenium levels correspond to the selenium uptake by the coffee
beans (μg/kg) [23].

Selenium was determined using NexION™ 300Q Perkin Elmer ICP–MS (PerkinElmer Inc.,
Waltham, MA, USA) with analysis conditions as follows: Forward power, 1000 W; plasma gas flow
rate (Ar), 17.0 L/min; auxiliary gas flow rate (Ar), 1.20 L/min; nebulizer gas flow rate (Ar), 0.93 L/min;
Baffled Cycronic Spray Chamber; Ni/Ni sampling cone/skimmer cone; dwell time, 0.50 s per isotope;
isotope monitored, Se82. Selenium concentrations of the samples were quantified using the selenium
standard curve (r2 = 0.999).

2.6. Determination of Antioxidants Activity

The ground green and roasted coffee beans (1 g) were extracted with 40 mL of methanol for two
hours and the extract was filtered using filter paper (No. 1, Whatman, Darmstadt, Germany).

2.6.1. FRAP Assay

The FRAP values were determined according to Moreira et al. (2005) with slight modification [33].
The FRAP reagent was prepared by adding a 10 mM tripyridyl triazine (TPTZ) solution in 40 mM
HCl and 20 mM of FeCl3. 6H2O to 300 mM sodium acetate buffer (pH 3.6) in a ratio 1:1:10 (v/v/v) and
incubated in a water bath at 37 ◦C for 30 min. An amount of 100 μL of each sample extract was mixed
with 900 μL FRAP reagent. The mixture was incubated for 30 min at 37 ◦C and the absorbance at
593 nm was recorded using an ultraviolet-visible spectrophotometer (UV-1650PC, Shimadzu Corp.,
Kyoto, Japan). The FRAP values were obtained compared to the calibration curve for Fe+2 (r2 = 0.998),
expressed as mmol of Fe2+ equivalents per gram of soluble solids.

2.6.2. DPPH Assay

The DPPH assay for antioxidant activity was conducted according to Kwak et al. (2017) [34].
A methanol solution of DPPH (2,2-diphenyl-1-picrylhydrazyl) (50 mg/100 mL) at 0.2 mL was mixed
with the extract, and the mixture was brought to a total volume of 4.0 mL. The mixture was mixed
and kept in the dark for 45 min. Absorbance reading was taken at 515 nm (AS), along with a blank
prepared by substituting the coffee extract with methanol (Ac). DPPH radical scavenging activity was
calculated using the following equation:

DPPH radical scavenging ratio (%) = ((Ac − AS)/Ac) × 100 (1)

The concentration of samples required to reduce the absorbance of DPPH by 50% (EC50) expressed
as mg/mL was determined from the regression of the curve of the methanolic solution of the coffee
extract in five different concentrations.

2.7. Color Evaluation

Color measurements of ground roasted coffee were carried out using the CIE Lab-scale
spectrophotometer (CM-3500D, Minolta Co., Ltd., Osaka, Japan). The measurement time was set at
2.5 s, the reflectance used was d/8 (diffuse illumination/viewing angle) geometry, and pulsed xenon arc
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lamp was used the light source. The color values of the ground roasted coffee were expressed as L*
(luminosity component), a* (redness/greenness), and b* (blueness/yellowness). The browning index
(BI) was calculated using Equations (2) and (3) to estimate the purity of brown color as an indicator
of the extend of non-enzymatic browning reaction according to Virgen-Navarro et al. (2016) and
Buera et al. (1986) [35,36].

Browning index, BI = (z − 0.31)/(0.172 × 100), (2)

where
Chromaticity coordinate of a color, z = (a* + 1.75L*)/(5.645L* + a* − 3.012b*) (3)

2.8. Statistical and Data Analysis

All data expressed as means ± standard deviation were analyzed using MINITAB statistical
software version 19 (Minitab, Inc., State College, PA, USA) for the one-way analysis of variance
(ANOVA) with post-hoc Tukey’s tests and Pearson correlation at a 0.05 significance level. Furthermore,
two-way ANOVA was applied to determine the significant effects of linear as well as interaction of
independent variables. A significance level of p < 0.05 was used throughout the study. All measures
were taken in triplicate.

3. Results and Discussion

3.1. Selenium Uptake by Green Coffee Beans and Retention in Se-Coffee Beans

Figure 1 shows the selenium retention in the green and roasted Se-coffee beans pretreated at high
and low selenium concentrations. The selenium uptake by the crushed Arabica green beans after
overnight soaking was at ~71% and 77% from the 200 and 400 μg/L selenium solutions, respectively.
An increase in selenium concentration significantly increased selenium uptake by the green beans as
a higher concentration gradient is expected to increase the rate of selenium diffusion into the beans.
The actual selenium content in the green Se-coffee beans was determined after the drying process found
at 774.0 and 1446.0 μg/kg for low and high selenium concentrations, respectively. The loss of selenium
after drying process was at ~46 and 53% for low and high selenium concentrations, respectively.

Roasting of the Arabica and Robusta Se-coffee beans showed no significant loss of selenium at
lower selenium concentration with a final selenium content of 770 μg/kg in Arabica Se-coffee bean.
For higher selenium concentration, ~30% selenium loss was observed after roasting with final selenium
content at 1012.0 μg/kg. The loss of selenium was higher since the rate of chemical reactions depends
on the concentration of reactants. Volatile selenium species have been reported in roasted coffee beans
pretreated with selenomethionine and selenocysteine at a higher concentration (10 mg/L) that may
suggest the loss of selenium during coffee roasting [23]. Between different coffee varieties, Robusta
coffee showed significantly lower final selenium content after roasting at 638.0 and 855.8 μg/kg for
both low and high selenium concentrations, respectively.

The Se-coffee pretreated with high selenium concentration can contribute to selenium content
at about 13.6 and 11.5 μg per serving from “double shot” espresso (20 g ground beans) of Arabica
and Robusta varieties assuming 67% recovery which equivalent to 24.7 and 20.8% of selenium RDA,
respectively [37]. The possibility of exceeding the UL of selenium (400 μg/day) at 30 cups of “double
shot” espresso is very unlikely. Thus, the higher selenium concentration was selected for the acrylamide
mitigation study.
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Figure 1. Selenium content of green Arabica, and roasted Arabica and Robusta Se-coffee beans (μg/kg)
pretreated at different selenium concentrations and roasted via conventional roasting. Lowercase and
uppercase letters represent significant differences (p < 0.05) between samples at low and high selenium
concentrations, respectively.

3.2. Effects of Selenium Pretreatment on Acrylamide Formation

Figure 2 shows the acrylamide levels in Se-coffee compared to the positive control (pretreated
without selenium) and negative control (untreated) roasted via conventional and superheated steam
roasting for Arabica and Robusta. The two-way ANOVA of the data showed stronger influence of
the selenium pretreatment on the acrylamide formation (F-value = 54.61; p-value = 0.000, Figure 2)
compared to the roasting method (F-value= 7.31; p-value= 0.011, Figure 2) with insignificant interaction
effect between them. The selenium pretreatment significantly (p < 0.05) reduced the acrylamide levels
in Se-coffee (108.9–134.4 μg/kg) compared to the negative control (306.2–359.2 μg/kg) by ~64% in
Arabica coffee. Robusta coffee showed higher acrylamide levels at 118.4–165.3 μg/kg and significantly
(p < 0.05) larger acrylamide reduction compared to the negative control (427.3–632.4 μg/kg) at ~73%.

The pretreatment alone without selenium (positive control) significantly (p < 0.05) reduced
acrylamide levels to 187.7–217.9 μg/kg and 250.8–276.3 μg/kg for Arabica and Robusta coffee,
respectively with ~39 and 40% reduction compared to the negative controls. The pretreatment involving
overnight soaking of coffee beans in water could facilitate the leaching of water-soluble precursors of
Maillard reaction. Soaking green coffee beans in the wet processing method of coffee production has
reported the loss of sugars (sucrose, glucose, fructose, mannitol), amino acids (asparagine, arginine,
and aspartic acid), chlorogenic acids, and alkaloids (trigonelline and caffeine) through leaching [38].
The concentrations of sucrose, raffinose, and stachyose reduced to half after 40 h soaking, with a
higher final concentration of sugars reported in Robusta coffee [39], which may elucidate the higher
acrylamide levels of Robusta compared to Arabica coffee in the positive and negative controls.

Selenium supplementation resulted in about two-fold acrylamide reduction (~40–52.8%) compared
to the pretreatment alone. These results suggest the role of selenium as an antioxidant additive in
suppressing acrylamide formation during coffee roasting by reacting further with the precursors
of Maillard reaction and Maillard reaction intermediates. Organic selenium can participate in
Maillard reaction to form organoselenium of mono-, di-, and triselenium compounds such as methyl
selenoacetate, 2- and 3-methylfuranyl methyl selenide, dimethyl diselenide, and 1,2,4-selenotrithiolane
studied in a selenomethionine-glucose model system [40]. Large part of the volatile organoselenium
generated is dimethyl diselenide, demonstrating a higher reactivity towards the Maillard reaction than
selenomethionine [41].
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Figure 2. Acrylamide levels in Arabica and Robusta Se-coffee (pretreated with selenium), positive
control (pretreated without selenium), and negative control (untreated) roasted via conventional
(CON) and superheated steam (SHS) roasting. Lowercase letter, uppercase letter, and star symbol
represent significant differences (p < 0.05) between different treatments for Arabica, Robusta coffees,
and significant differences (p < 0.05) between the coffee varieties, respectively.

Roasting methods showed significant influence on the acrylamide formation only in the untreated
coffee beans (negative control). The superheated steam roasting significantly (p < 0.05) reduced
acrylamide formation by 14.8% from 359.2 to 306.2 μg/kg for Arabica coffee and at 32.4% from 632.4
to 427.3 μg/kg for Robusta coffee, respectively. These results suggest that chemical pretreatment is
more effective than physical treatment in mitigating acrylamide in coffee, attributing to the removal
of associated precursors. The lack of oxygen condition is the most important characteristic of the
superheated steam roaster, because the air in the system is replaced by superheated steam, thus,
the sample heated under environment lack of oxygen is not oxidized [9,28]. It has been reported
that the coffee beans roasted under superheated steam had lower pH and higher sugar content [9,29].
The superior thermal properties of superheated steam to hot air have been reported to result in the
lower formation of sugar degradation products in coffee which can limit the formation of Maillard
reaction intermediates and formation of acrylamide [9].

Furthermore, the superheated steam roasting has been shown to reduce lipid oxidation under the
environment of very small amount of oxygen (~2–3%) during roasting of high lipid products [42,43].
Roasting coffee under superheated steam has been reported to decrease the unsaturated aldehydes
content generated during roasting from lipid oxidation reaction [29]. Several researchers suggested the
role of lipid oxidation products contributing to carbonyls pool at a significant amount during coffee
roasting as an alternative route for acrylamide formation [14,44,45]. Linoleic acid as predominant
lipid in coffee beans is likely to oxidize under roasting conditions into corresponding esters containing
reactive α,β,γ,δ-diunsaturated carbonyl group which shown increased reactivity by 1.6 fold towards
asparagine in the presence of sugar in a binary system [14,45,46]. In the untreated green coffee beans,
lipid (8–18%) and soluble carbohydrates (6–12%) of mainly sucrose occur at almost equal concentration,
thus the synergistic effect is highly likely to result in high acrylamide formation in the conventional
roasting setting in which the lipid oxidation is the preliminary step [45,46]. The significant acrylamide
reduction in the superheated steam roasted coffee may be attributed to the lower Maillard reaction
precursors from sugar and lipid oxidation products due to lack of oxygen under superheated steam
conditions [47]. Results in this study suggest that superheated steam roasting can be an effective
physical method to mitigate acrylamide.
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3.3. Effects of Selenium Pretreatment on Antioxidant Activity of Green and Roasted Coffee Beans

3.3.1. Green Beans

The antioxidant activity of green coffee beans is attributed to their complex bioactive constituents
mainly caffeine and chlorogenic acid of hydrophilic nature and trigonelline, cafestol, and kahweol
of hydrophobic nature [4,5]. Because of different chemical and physical characteristics of different
antioxidants and radical sources, no single assay will accurately reflect antioxidant activity in a complex
matrix like coffee [48]. The antioxidant activity of green coffee beans is widely measured by means of
ferric reducing antioxidant power (FRAP) assay based on the reduction of transition metal ions by
hydrophilic antioxidants and 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay of stable lipophilic radical
based on radical quenching which also permits the determination of hydrophobic antioxidants [5,49].
The DPPH radical scavenging activity of the coffee extract is represented as an effective concentration
necessary to reduce 50% of the DPPH radicals (EC50) [5]. Two major reaction mechanisms of antioxidant
with free radicals are hydrogen atom transfer (HAT) or single electron transfer (SET), or the combination
of both mechanisms [48]. FRAP is a SET based assay that evaluate the participation of single electron
transfer from nucleophile to substrate to produce radical cation that has the ability to stops radical
chains [48]. However, FRAP cannot detect compounds with free radical scavenging activity. Thus,
DPPH that represents both HAT and SET reaction mechanisms, can be used in combination with FRAP
to distinguish different reaction mechanisms of antioxidants in coffee. The antioxidant activities of
different organic and inorganic selenium species have been reported by Sentkowska and Pyrzyńska
(2019) with selenomethionine showing highest antioxidant activities measured using DPPH, cupric
reducing antioxidant capacity (CUPRAC) and Folin–Ciocalteu (FC) assays [50]. However, the author
reported reduction in their radical scavenging activities when mixed with tea extracts due to alteration
in antioxidant reaction mechanism in the presence of active components such as phenolic compounds.
Therefore, in this study the comparison of antioxidant activities of the Se-coffee was not made with the
pure selenomethionine, rather with coffee samples of different pretreatments.

The antioxidant activities of green Se-coffee, positive, and negative controls measured by FRAP
and DPPH EC50 values are shown in Table 1. The FRAP values for untreated green coffee beans
(negative control) were at 1.86 and 2.07 mmol Fe2+ eq/g for Arabica and Robusta coffees, respectively.
The pretreatments involving soaking significantly (p < 0.05) reduced FRAP values of the green Se-coffee
(0.58 mmol Fe2+ eq/g) and the positive control (0.47 mmol Fe2+ eq/g) by ~74 and 69%, respectively
compared to the untreated Arabica beans. For the Robusta beans, the pretreatments resulted in a lower
reduction of FRAP value with Se-coffee (1.00 mmol Fe2+ eq/g) significantly higher than the positive
control (0.84 mmol Fe2+ eq/g).

Table 1. Ferric reducing antioxidant power (FRAP) reducing activity and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) scavenging activity expressed as EC50 for green Se-coffee (pretreated with selenium), positive
control (pretreated without selenium), and negative control (untreated).

Pretreatments

Arabica Coffee Robusta Coffee

FRAP 1 (mmol
Fe2+ eq/g)

DPPH EC50
1

(mg/mL)
FRAP 1 (mmol

Fe2+ eq/g)
DPPH EC50

1

(mg/mL)

Se-Coffee 0.58 ± 0.02 a 3.19 ± 0.02 b 1.00 ± 0.03 b 3.20 ± 0.02 b

Positive Control 0.74 ± 0.01 a 3.38 ± 0.02 c 0.84 ± 0.02 a 3.15 ± 0.05 b

Negative Control 1.86 ± 0.07 b 1.93 ± 0.01 a 2.07 ± 0.02 c 1.92 ± 0.03 a

1 Values are mean (n = 3) ± s.d. Mean values within pretreatment followed by different uppercase letter are
significantly different at p < 0.05.

The radical scavenging activity of the green beans was at 1.93 and 1.92 mg/mL for Arabica
and Robusta coffees, respectively. The lower amount required to give EC50 indicates higher radical
scavenging activity. The pretreatments resulted in an increment of EC50 values of the Se-coffee
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(3.19 mg/mL) and the positive control (3.38 mg/mL) by 65 and 75%, respectively. Robusta coffee
with higher antioxidant capacity also showed comparable trends at 67 and 64% increment for the
Se-coffee (3.20 mg/mL) and the positive control (3.15 mg/mL). The selenium supplementation showed
no significant decrease in the EC50 values of Se-coffee compared to the positive control samples.
These observations are in agreement with the previous finding, which observed no significant effects of
selenium infusion on the radical scavenging activity of black and green tea extracts [50]. This observation
may suggest the formation of complex interactions between selenomethionine and other antioxidant
and phenolic compounds in the green coffee beans with different antioxidant activity.

Polyphenols compounds of predominantly chlorogenic, ferulic, and caffeic acids account for
6–10% of green coffee bean’s dry weight may largely contribute to the total antioxidant activity of
untreated green beans. However, soaking of the crushed green coffee beans overnight is expected to
result in leaching of water-soluble constituents with antioxidant properties into the soaking mediums.
Several studies on extra soaking step in wet processing method of coffee beans reported leaching of
soluble portion of the green beans, including diterpenes, polyphenols, and tannins with antioxidant
properties such as caffeine, trigonelline and chlorogenic acids from the green coffee beans [38,51].
The loss of chlorogenic acids from green coffee beans was reported up to 50% of caffeoylquinic
acids (CQAs) notably the 3,4-diCQA and 3,5-diCQA isomers due to soaking and degradation during
drying [38]. In this study, further breaking of the beans and drying can expect a higher loss of these
antioxidants from the pretreated samples. The selenium pretreatment significantly increased the
antioxidant activity of Se-coffee by means of FRAP values but not EC50 because the FRAP assay
measures the total antioxidant activity of the sample, representing the combined single-electron
transfer reductive ability of all redox-active antioxidants present in the samples compared to the DPPH
assay [52].

3.3.2. Roasted Beans

Roasting coffee at high temperatures results in changes in coffee compositions mainly on the
degradation of polyphenol components and the formation of Millard reaction products that contributes
to changes in its final antioxidant activities [53]. The FRAP and DPPH EC50 values of roasted coffee
beans as affected by the selenium pretreatment and roasting methods are shown in Table 2. It is
expected that the antioxidant activity of the negative control (untreated samples) significantly (p < 0.05)
reduced after roasting. This is especially true for dark roasting degree as the thermal degradation
of polyphenols is not counterbalanced by the formation of non-phenolic Millard reaction products
such as melanoidins [54,55]. Interestingly, the antioxidant activities of the roasted Se-coffee and
positive control were comparable to the negative control with the Se-coffee showed higher values for
both antioxidant assays. Roasting of the Se-coffee significantly (p < 0.05) increased the antioxidant
activity of the roasted Se-coffee, although lower initial antioxidant capacity was observed in the green
Se-coffee. The participation of selenomethionine in the Maillard reaction during roasting enhances the
formation of organoselenium of different structures and reactivity which can contribute to the increase
in antioxidant activity of the Se-coffee [40,41].

The change of antioxidant capacity of coffee beans after roasting measured from the difference of
FRAP values (ΔFRAP) and DPPH EC50 values (ΔDPPH) between green and roasted coffees showed a
strong correlation with acrylamide levels of the roasted coffee as shown in Figure 3. The acrylamide
reduction increased with increase in positive values of the ΔFRAP and ΔDPPH with significant
Pearson’s correlation of −0.858 (p < 0.05) and −0.836 (p < 0.05), respectively. These results suggest that
high antioxidant capacity of Se-coffee attributed to the presence of organoselenium may acted as an
inhibitor to the formation of acrylamide. Cheng et al. (2015) reported similar observations that the
reduction of acrylamide levels in a Maillard reaction model strongly correlated with the addition of
flavonoids at a moderate level without significantly contributing to the final antioxidant capacity of the
Millard reaction products [56]. Moreover, the reduction in the selenium content of the roasted Se-coffee
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in comparison to the green Se-coffee beans (Figure 1) suggests the participation of selenomethionine in
the Maillard in mitigating acrylamide in the Se-coffee.

Table 2. FRAP reducing activity and DPPH scavenging activity (expressed as EC50) of Se-coffee, positive
control and negative control roasted via conventional (CON) and superheated steam (SHS) roasting.

Arabica Coffee Robusta Coffee

FRAP 1 (mmol
Fe2+ eq/g)

DPPH EC50
1

(mg/mL)
FRAP 1 (mmol

Fe2+ eq/g)
DPPH EC50

1

(mg/mL)

Se-coffee
CON 1.42 ± 0.01 Ba 2.59 ± 0.03 Aa 1.45 ± 0.05 Ba 2.33 ± 0.08 Aa

SHS 1.49 ± 0.01 Bb 2.57 ± 0.03 Aa 1.71 ±0.03 Bb 2.30 ± 0.05 Aa

Positive control
CON 1.23 ± 0.03 Aa 3.03 ± 0.02 Ca 1.36 ± 0.04 Aa 2.96 ± 0.05 Ca

SHS 1.40 ± 0.04 Ab 3.18 ± 0.04 Bb 1.45 ±0.07 Ab 2.93 ± 0.01 Ba

Negative control
CON 1.37 ± 0.02 Ba 2.80 ± 0.04 Bb 1.39 ± 0.01 Aa 2.69 ± 0.04 Bb

SHS 1.46 ± 0.02 Bb 2.64 ± 0.03 Aa 1.65 ±0.03 Bb 2.45 ± 0.04 Aa

Two-way ANOVA analysis (F-value)
Pretreatment 34.8 *** 295.5 *** 15.8 *** 215.5 ***
Roasting 59.4 *** NS 62.4 *** 8.6 ***
Pretreatment × Roasting 4.6 *** 24.9 *** 4.8 *** 14.2 ***

1 Values are mean (n = 3) ± s.d. Mean values within pretreatment followed by different uppercase letter are
significantly different at p < 0.05. Mean values within roasting methods followed by different lowercase letter are
significantly different at p < 0.05. *** Significance at p < 0.05; NS, non-significant.

 

Figure 3. Correlation between acrylamide level and change of antioxidant capacities of Se-coffee
(pretreated with selenium), positive control (pretreated without selenium), and negative control
(untreated) measured from the difference of FRAP values (ΔFRAP) and DPPH EC50 values (ΔDPPH)
between green and roasted coffees.

On the other hand, the negative values of the ΔFRAP and ΔDPPH represented by the negative
control samples (untreated coffee beans) strongly correlated with the increase in acrylamide levels.
High concentration of antioxidants with carbonyl compounds (predominantly chlorogenic acids) in
the green negative control can trigger the decomposition of sugars and further reaction with Maillard
reaction intermediates such as 3-aminopropionamide to promote the formation of acrylamide [14,56,57].
Pretreatment of the green beans may suggest lower contribution of phenolic compounds in the formation
of α-dicarbonyl compounds from sugars and carbohydrates present in the green coffee beans that lead
to lower acrylamide formation compared to the negative control.
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Two-way ANOVA analysis showed that roasting method has a larger contribution to the reducing
activity of the roasted coffee compared to the selenium pretreatment with significant interaction effect
(Table 2). However, their radical scavenging activity was greatly influenced by selenium pretreatment
with significant interaction effect. Compared to the conventional roasting, the superheated steam
roasting significantly increased antioxidant activity of the negative control samples. The thermal
degradation of phenolic antioxidants, predominantly chlorogenic acids and their degradation products
(caffeic, ferulic, and coumaric acids) during roasting were reported at a lower degree under oxygen-free
condition of superheated steam roasting compared to the conventional roasting [42,55].

3.4. Effects of Selenium Pretreatment on Color of Roasted coffee

Color of roasted coffee develops from Maillard reaction, caramelization, and polyphenols oxidation,
also determines degree of roasting of the coffee beans. The roasting degree of coffee has been proposed
by Sacchetti et al. (2009) from the L* value as follow: Light roasted (L* > 35), medium roasted
(25 < L* < 35), and dark roasted (L* < 25) [54]. The effects of pretreatment and different roasting
methods on the formation of browning pigments during coffee roasting were assessed using browning
index (BI) and color parameters (L*, a*, and b*), as shown in Figure 4. All samples were categorized as
dark roast with L* values lower than 25. The L* values of Se-coffee (23.6–24.2) and positive control
(23.7–24.2) were higher compared to the negative control (22.1–23.6) inferring formation of lighter
coffee beans in the pretreated beans. The formation of brown color pigments from sugar caramelization
and Maillard reaction can be impacted by the pretreatments due to the removal of soluble sugar
components during soaking. The two-way ANOVA analysis of color and BI obtained significant main
effects of both pretreatment and roasting methods and significant interaction effect with stronger
influence of pretreatment on L* and roasting method on BI.

 

 

Figure 4. Cont.
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Figure 4. Chromatic parameters (a) L*, (b) a*, (c) b*, and (d) browning index (BI) of Arabica and
Robusta ground Se-coffee (pretreated with selenium), positive control (pretreated without selenium),
and negative control (untreated) roasted via conventional (CON) and superheated steam (SHS) roasting.

The Se-coffee showed lower a* value compared to the positive and negative controls, in agreement
with the correlation between acrylamide and a* value in roasted coffee beans [58]. The pretreatments
also reduced b* value and BI which can be associated with lower Maillard reaction products. Although
Se-coffee showed lower L*, a*, and b* values compared to the positive control, it has higher BI signifying
preferred overall characteristic of the brown color of roasted coffee beans. On the other hand, the
superheated steam roasting increased L*, b*, BI, and decreased a* value of the SHS samples compared
to the conventional roasted samples which associated with the ability of superheated steam to maintain
the melanoidin and phenolic compounds from thermal degradation [9].

4. Conclusions

Organic selenium as antioxidant additive supplemented via pretreatment of green coffee beans
was effective in reducing acrylamide formation by 73% to a level 70% below the benchmark levels
established by the European Commission for roasted coffee (400 μg/kg). Although pretreatments
of green coffee reduced the antioxidant activity of green beans, roasting resulted in a comparable
antioxidant activity between samples of different pretreatments. The increase in antioxidation capacity
from selenium fortification and removal of water-soluble precursors of the Maillard reaction may explain
the acrylamide reduction mechanism of Se-coffee. Superheated steam roasting significantly reduced
acrylamide levels up to 32% and increased antioxidant activity which was only noticed in the untreated
coffee beans. This study suggests that the superheated steam roasting is an effective physical method
in mitigating acrylamide in coffee. However, the chemical pretreatment of selenium supplementation
is more effective attributing to the removal of associated precursors and an increase in antioxidation
activity which also provides supplementation of selenium to coffee beverages. Besides costing, sensory
properties of the Se-coffee remain the most important consumer parameter warrants study.
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Abstract: Mushrooms are attractive resources for novel enzymes and bioactive compounds.
Nevertheless, mushrooms spontaneously form brown pigments during food processing as well as
extraction procedures for functional compounds. In this study, the dark browning pigment in the
extract derived from the edible mushroom Hericium erinaceus was determined to be caused by the
oxidation of endogenous polyphenol compounds by the polyphenol oxidase (PPO) enzyme family.
These oxidized pigment compounds were measured quantitatively using a fluorospectrophotometer
and, through chelation deactivation and heat inactivation, were confirmed to be enzymatic browning
products of reactions by a metalloprotein tyrosinase in the PPO family. Furthermore, a transcript
analysis of the identified putative PPO-coding genes in the different growth phases showed that
tyrosinase and laccase isoenzymes were highly expressed in the mushroom fruiting body, and these
could be potential PPOs involved in the enzymatic browning reaction. A metabolite profiling analysis
of two different growth phases also revealed a number of potential enzymatic browning substances
that were grouped into amino acids and their derivatives, phenolic compounds, and purine and
pyrimidine nucleobases. In addition, these analyses also demonstrated that the mushroom contained
a relatively high amount of natural antioxidant compounds that can effectively decrease the browning
reaction via PPO-inhibitory mechanisms that inhibit tyrosinase and scavenge free radicals in the
fruiting body. Altogether, these results contribute to an understanding of the metabolites and PPO
enzymes responsible for the enzymatic browning reaction of H. erinaceus.

Keywords: enzymatic browning; antioxidant compounds; Hericium erinaceus; mushroom metabolites;
polyphenol oxidase; tyrosinase; laccase; natural inhibitor

1. Introduction

Fungi, including yeasts, molds, and mushrooms, are attractive resources for biotechnological
applications. Of these organisms, many mushroom species have historically been used for food or
medicinal purposes. Approximately 140,000 mushroom species belonging to the phyla Ascomycetes
and Basidomycetes have been identified [1]. Over 2000 mushroom species are edible, and at least 10%
of these species have been used traditionally for food or medicine [1]. Moreover, mushrooms produce
small bioactive molecules such as secondary metabolites and polysaccharides that can be used for their
medicinal properties in antitumor, immunomodulatory, antibacterial, and antiviral treatments [1–4].

Hericium erinaceus (also called lion’s mane mushroom, bearded tooth mushroom, satyr’s beard,
bearded hedgehog mushroom, pom pom mushroom, or bearded tooth fungus) is an edible and
medicinal mushroom found in East Asia (China, Korea, and Japan) that belongs to the tooth fungus
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group [5]. This mushroom species has a non-typical mushroom shape, with no cap and no stem. It is
found on hardwoods and identifiable as a single clump within long dangling spines. The mushroom
fruiting body is mainly white, although it becomes brown or yellow with age. In East Asia, Hericium
species mushrooms are highly valued for their medicinal properties and have been used in traditional
Chinese medicine [4]. In the past few decades, there has been considerable research interest in the
bioactive properties of this species [5]. Several compounds isolated from H. erinaceus have been
found to have biological activities, including antitumor, antimicrobial, antioxidant, and cytotoxic
activities [5–8].

The mushroom fruiting body is usually white initially, but, when processed for food, the
mushroom sometimes develops brown to black pigments. Indeed, in the initial purification process
for both proteins and bioactive compounds, the solution extracted from the mushroom lysate is
pale yellow, and the extract darkens over time during these processes [9]. The oxidation reaction of
polyphenols and other oxidizable substances can potentially be prevented by antioxidant compounds
in the mushroom fruiting body. However, oxidizable and aromatic-ring-containing substances in
the mushroom fruiting-body extract can be exposed, resulting in their oxidization under aerobic
conditions. Similarly to well-known plant substances [10], a number of aromatic compounds, including
hericines, erinacines, alkalonides, lactones, and their derivatives [5], can presumably be converted to
pigment-forming molecules. These mushroom metabolite substances are possibly oxidized products
that are formed by polyphenol oxidases (PPOs) in the mushroom fruiting body. However, there are no
reports on these pigment-forming compounds or the potential enzymes in H. erinaceus.

PPOs, including tyrosinase and laccase, are enzymes well-known for their activities related to
post-harvest browning pigments in agricultural products [11]. Although these pigment compounds,
such as certain secondary metabolites, might be useful for enhancing bioactive compounds in
fermentation processes or for helping to preserve protein in forage crops, the browning reactions are
generally viewed negatively in food processing or in fresh products [10–12]. The dark color reaction
occurs via PPOs, which can be induced by wounding or pathogen attacks as part of the defense
response in plants and fungi [10,12]. Indeed, it has been shown that PPOs play such a role in the white
button mushroom (Agaricus bisporus) [13]. Nonetheless, the exact kinds of substances in the mushroom
that are converted to brown products by some PPOs are unknown in mushroom species.

In our previous study, products of the dark browning reaction were observed as interfering
substances during the purification process for a lectin protein from the fruiting-body lysate of H.
erinaceus [9]; the chromatography fractions were dark brown with a gradient in the upper part. However,
there is a lack of information available about this coloration event in the mushroom fruiting-body
extract. Therefore, the aim of this study was to identify the cause of the dark brown pigmentation
via the endogenous enzymatic reaction of the PPO family with oxidation activity, and to reduce the
occurrence of this pigmentation. Furthermore, the putative PPO-coding genes and their transcripts in
both the fruiting body and the mycelium were analyzed as putative proteins involved in the enzymatic
browning reaction in the mushroom. In addition, a mushroom metabolite analysis was performed
to identify natural compound families in the fruiting body and mycelium of H. erinaceus as potential
antioxidant substances, or as the browning-reaction substrates of the PPOs.

2. Results and Discussion

2.1. Observation of Dark Brown Pigment in the Fruiting-Body Lysate

The fruiting body of the edible mushroom H. erinaceus is normally white. Its color becomes
yellow or brown over time. In the preparation of the fruiting-body lysate for protein purification, the
color of the mushroom crude lysate was initially pale yellow. However, over time, the color of the
DEAE-sepharose column flow-through fractions collected during protein purification became dark
brown (Figure 1). The dark brown color was observed in Fractions 3 (F3) and 4 (F4). Interestingly,
the color pigments localized to the upper part of the test tubes, where the surface was exposed to air,
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which created a gradient from top to bottom. The yellow color remained at the bottom of the F3 and F4
tubes, but the dark pigmentation progressed over time. This dark brown pigmentation pattern implied
that the pigmentation process involves oxygen and certain enzymes or proteins found in F3 and F4.

Figure 1. The fruiting body extract fractions (F1–F12) eluted from an ion-exchange column,
DEAE-Sepharose, in the edible mushroom Hericium erinaceus, with dark brown pigments in F3
and F4.

2.2. Measurement of Dark Brown Pigment

To measure the relative amount of the brown pigment, the absorbance of the fractions was scanned
by ultraviolet-visible (UV-vis) spectroscopy in the wavelength range of 210–750 nm. However, the
detection wavelength for the pigment was less than 210 nm (data not shown). Therefore, UV-vis
spectrophotometry was not useful for measuring the pigmentation, because a mixture of proteins as
well as pigment products were present in the fraction (data not shown). The proteins were interfering
substances to detect the pigment in the mushroom extract at 210 nm.

An alternative method, fluorescence spectroscopy, was used to detect the brown pigmentation.
The fractions with dark brown pigment were scanned. To determine the optimum emission and
excitation wavelength for the pigment, the emission wavelength (Em) was fixed at 460 nm and the
excitation (Ex) spectra ranged from 250 to 420 nm was scanned. The highest fluorescence was obtained
at 380 nm as the optimal emission wavelength. The excitation wavelength was then fixed at 380 nm,
and the emission spectra were scanned from 420 to 700 nm. The maximum intensity signal was
detected at the emission wavelength at 444 nm (Figure 2a) setting the excitation wavelength at 380 nm.
The emission intensity of each sample corresponded to the relative amount of brown pigmentation,
which formed in a time-dependent manner (Figure 2b).

The fluorescence intensity of fraction pools collected was measured at Ex380nm~Em444nm. All
fractions exhibited positive fluorescence intensity readings. The visible intensity of the dark brown
pigmentation seemed to correlate with the measured fluorescence intensity for all fractions (Figure 3a).
The maximum fluorescence intensity was observed in the pooled crude (CL) fraction (Figure 3b). The
fluorescence intensity in the CL fraction was 1.4-fold higher than that in the pooled flow-through
(FT) fraction; the CL fraction showed higher fluorescence intensity than the other fractions eluted
from the DEAE-sepharose column. The fluorescence intensities of both the CL and FT fractions were
2.7–3.6 times higher than those in the NaCl elution fractions. Although the elution fraction (E250) with
250 mM NaCl was a light yellow color (Figure 3a), the fluorescence intensity of this fraction was lower
than that of the CL or FT fractions. However, the E250 fraction showed an approximately 1.2–1.3-fold
higher intensity than the other NaCl elution fractions (E50, E500, E1000, and E5000). All of the NaCl
elution fractions, except for the E250 fraction, appeared clear, but a fluorescence signal from the dark
pigmented compounds was still detected.
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(a) 

 
(b) 

Figure 2. Fluorescence emission spectra of the dark brown pigment in the protein fraction. (a) Emission
spectrum of the dark pigment fraction scanned by a fluorospectrophotometer with an excitation
wavelength of 380 nm. (b) Fluorescence spectra of the pigment fractions for relative quantification of
the brown pigment, which increased in a time-dependent manner under the same conditions. The
fluorescence intensity of every fraction was measured with the following time points: initial 0 h, purple;
48 h, blue; 72 h, green; 96 h, yellow; 120 h, orange; 144 h, red.
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Figure 3. Measurement of the browning pigment substances and tyrosinase activities in the fraction
pools collected in the DEAE-Sepharose column. (a) The protein fraction pools eluted from the
DEAE-Sepharose column: 1, crude extract fraction pool (CL); 2, flow-through fraction pool (FT); 2,
wash fraction pool (W); 4–8, elution fraction pools with 50 mM (E50), 250 mM (E250), 500 mM (E500),
1000 mM (E1000), and 5000 mM NaCl (E5000), respectively, in 50 mM Tris-HCl buffer. (b) Fluorescence
intensities (Arbitrary Unit, A.U.) of these fraction pools for the measurement of brown pigment under
the optimum conditions with λEx380 nm~λEm460nm. (c) Tyrosinase-specific activities of these fraction
pools under the enzyme assay conditions described in the material and method section.

75



Foods 2020, 9, 951

The fluorescence spectra of the dark brown pigment suggested that the compounds responsible
for the pigmentation might be aromatic or heterocyclic aromatic compounds [14]. Mushrooms contain
a considerable number of phenolic compounds, such as flavonoids [5,7,8]. These compounds are
antioxidant substances in mushrooms, but are also good substrates for polyphenol oxidases (PPOs) [15].
The mechanisms by which the dark pigment is formed in H. erinaceus are not clearly understood, but
browning in cultivated button mushrooms (Agaricus bisporus), an extensively cultivated mushroom,
is induced by bacterial infection and oxidation after harvesting [16]. It has reported that the brown
pigments form as a defense mechanism when mushroom tissue becomes damaged or infected [16].
This pigmentation is mainly caused by the oxidation of endogenous phenolic substances, which are
enzymatically catalyzed by PPOs, including tyrosinases and laccases.

2.3. Measurement of Tyrosinase Activity and its Deactivation in the Mushroom Extract

To test whether PPOs were responsible for the pigmentation occurring in H. erinaceus, the
enzymatic activity of the tyrosinase belonging to the PPO family was measured in the fractions eluted
from the DEAE-sepharose column (Figure 3c). The CL fraction showed the highest tyrosinase activity
per unit protein in all of the fractions tested. In addition, the FT fraction had higher enzyme activity
than other fractions. However, tyrosinase activities in the NaCl elution fractions were much lower
than those in the CL or FT fractions. The tyrosinase activity values correlated with the fluorescence
intensity values in each fraction described above (Figure 3b). These results could suggest that the
dark brown pigmentation that occurs in H. erinaceus could be due to enzymatic reactions catalyzed by
tyrosinases. It seems the CL and FT fractions could contains tyrosinases with natural substrates such
as phenolic compounds to convert the brown pigment. However, the NaCl eluted fractions contained
low amount of the enzyme as well as less amount of the low molecule substances, which were already
pass through the column. Therefore, the intensity of the brown pigment in the elution fractions would
lower than the CL and FT fractions.

In addition, to confirm that the dark brown pigment was an enzymatic reaction product, the
endogenous tyrosinase in the mushroom lysate was immediately deactivated or inactivated. The
chelating agent ethylenediaminetetraacetic acid (EDTA) can eliminate metal ions in a copper-containing
metalloprotein to deactivate tyrosinase [15,16]. EDTA was added in concentrations ranging from 1 to
25 mM into the mushroom lysate. At the initial time-point, the fluorescence intensities in EDTA-treated
samples (black circles) and untreated samples were slightly different (Figure 4a). There was a slight
trend towards decreasing fluorescence intensity, depending on the concentration of EDTA. After 14
days, the fluorescence intensity (white circles) did not increase significantly (less than 10%). With the
chelation agent added to the lysate, tyrosinase activity was strongly inhibited (Figure 4b). Even low
concentrations (1 mM) of EDTA abolished the tyrosinase activity by up to 90%.

For the inactivation of tyrosinase activity, the mushroom lysate was treated at 100 ◦C for 1 to
30 min. The fluorescence intensity and the tyrosinase activity in the heat-treated lysates were monitored.
The fluorescence intensity (black squares) gradually increased in the heat-treated samples, depending
on the incubation time (Figure 4c). The fluorescence intensity of the lysate heated for 30 min increased
1.3-fold compared with that of non-heated samples. The heat treatment may have acted to enhance
the browning pigment responsible for the fluorescence intensity in these samples. Heat treatment
reportedly changed the composition of polyphenolic compounds in shiitake mushroom extracts [17].
The polyphenolic content of shiitake extracts was enhanced with heating temperature and treatment
time. However, after 14 days, the fluorescence intensity (white squares) of the heat-treated lysates had
decreased by less than 10–13%. Moreover, heat treatment was effective with respect to tyrosinase activity,
which decreased by 58.0% after 1 min, 75.2% after 5 min, and 76.8% after 10 min at 100 ◦C (Figure 4d).
The enzymes in the samples treated for 30 min at 100 ◦C were almost completely deactivated, and
the residual enzyme activity was 5.5%. However, the enzyme activity in the heat-treated samples
was higher than that in EDTA-treated samples. The heat treatment did not completely inactivate the
enzyme. In addition, the heat treatment could have influence on increasing spontaneously brown
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coloring by the chemical reactions such as sugar-amine reactions in the endogenous substance of the
mushroom extract. These results indicate that the brown coloring pigmentation in H. erinaceus extracts
could be the product of an enzymatic reaction by a tyrosinase belonging to the PPO family of enzymes.

 
(a) (b) 

 
(c) (d) 

Figure 4. Measurement of fluorescence intensities and tyrosinase activities in the mushroom lysate
treated with EDTA or heat. (a) Fluorescence intensities of the EDTA-treated lysates at the initial time
(black circles) and 14 days later (white circles). (b) Total tyrosinase activities of EDTA-treated lysates.
(c) Fluorescence intensities of the heat-treated lysates at the initial time (black squares) and 14 days
later (white squares). (d) Total enzyme activities of the heat-treated lysates. Fluorescence intensities
(Arbitrary Unit, A.U.) and tyrosinase activities of all fractions were measured under the optimum
conditions with λE × 380 nm~λEm 460 nm and the enzyme assay conditions described, respectively.

2.4. Analysis of the Transcription Levels of PPO-Coding Genes in the Different Growth Phases of the Mushroom

To identify the correlation of the PPO-coding cDNAs with the dark browning event, the expression
levels of the tyrosinase and the laccase genes in the RNA-seq data of the fruiting body and the
mycelia were analyzed (Figure 5). The isotranscript genes for tyrosinase and laccase were differentially
expressed in the growth phases; among seven putative tyrosinase-coding genes identified from
expressed transcripts in the mushroom genome, three of them, ustQ, tyr1, and asqI, were observed
in both the fruiting body and mycelium. Interestingly, the expression of ustQ was approximately
20-fold higher in the fruiting body than in the mycelium, whereas the expression of the tyr1 gene was
about 1.1-fold higher. However, the expression of another tyrosinase gene (asqI) was 1.4-fold lower in
the fruiting body than in the mycelium. The ustQ-encoded tyrosinase could be a major PPO enzyme
involved in the enzymatic browning reaction in the H. erinaceus fruiting body.
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(a) 

(b) 

Figure 5. Transcription levels of tyrosinase- and laccase-coding genes involved in the enzymatic
browning reaction in the fruiting body (dark gray) and the mycelium (gray-white) of H. erinaceus. (a)
Log scale for transcription levels expressed as fragments per kilobase of transcript per million (FPKM).
The log (FPKM) values of lac2c and lac2d were less than −0.1. (b) Normalized FPKM values relative to a
suite of endogenous actin genes in each growth phase.
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Thirteen putative laccase-coding genes were identified in the genome, but only 10 transcripts
were expressed in the fruiting body and mycelium. These transcripts were differentially regulated
in different growth phases (Figure 5). In the fruiting body, five laccase transcripts were upregulated,
and four other genes were downregulated. Interestingly, the lac1, lac2a, and lac2b transcripts had
significantly higher isotranscript expression in the fruiting body; the transcription levels of lac1, lac2a,
and lac2b genes were upregulated 59-, 55-, and 38-fold in the fruiting body compared with the mycelium.
Among these more highly expressed transcripts, lac2 genes were expressed as four isotranscripts (lac2a,
lac3b, lac2c, and lac2d), and the expression levels of all of these transcripts were higher in the fruiting
body. On the other hand, five other laccase-coding transcript isoform genes were downregulated in
the fruiting body, while these transcripts were highly expressed in the mycelium. Two transcripts,
lac4 and lac5a, among the five genes that were upregulated in the mycelium, had about 10-fold higher
expression in the mycelium growth stage. The transcripts of lac3, lac5b, and lac6 had 1.4-, 2.1-, and
7.7-fold higher expression in the mycelium.

These transcriptional analyses showed that the laccase transcripts were also highly expressed and
regulated in the growth stages. Moreover, the laccase isoenzymes translated from the upregulated
transcripts could be potential PPOs involved in the enzymatic browning reaction in the fruiting body.

2.5. Analysis of the Main Metabolites in the Mushroom Fruiting Body and Mycelium

To analyze the potential substances involved in the enzymatic browning reaction or compounds
with protective roles in the mushroom fruiting body and mycelium, a metabolomic analysis was
performed in two different growth phases using CE-TOF-MS and LC-TOF in two modes for cationic
and anionic metabolites with molecular weights ranging from 50 to 1000 m/z. In the fruiting body,
CE-TOF-MS detected 198 metabolites (138 metabolites in cation mode and 60 metabolites in anion
mode), and LC-TOF-MS identified 63 metabolites (26 metabolites in positive mode and 37 metabolites
in negative mode). On the other hand, in the mycelium, CE-TOF-MS detected 171 metabolites (107
metabolites in cation mode and 64 metabolites in anion mode), and LC-TOF-MS revealed 38 metabolites
(12 metabolites in positive mode and 26 metabolites in negative mode).

Among these metabolites, well-known natural compounds with tyrosinase-inhibitory activity
and antioxidant activity (Table 1) and low-molecular-weight substances potentially involved in the
enzymatic browning reaction (Table 2) were identified, respectively, in the mushroom fruiting body
and the mycelium. Interestingly, the antioxidant and enzymatic browning substances presented in a
growth-stage-dependent manner. For protection against the endogenous browning reaction in the
mushroom, 18 putative antioxidants substances were detected and categorized into tyrosinase inhibitors,
antioxidants/free-radical scavengers, and polyamines (Table 1). A large number of metabolites with
antioxidant activity were found in the fruiting body compared with in the mycelium (17 vs. 9),
with an overlap of eight compounds. Of these antioxidant substances, ascorbic acid, caffeic acid,
chlorogenic acid, curcumin, apyridoxal, and quinic acid—natural compounds with tyrosinase-inhibitor
activity—were detected in the mushroom fruiting body, while vallinic acid was only found in the
mycelium. However, terephalic acid was detected in both mushroom development stages. As tyrosinase
inhibitors, the levels of ascorbic acid and quinic acid were significantly higher than those of other
compounds in the fruiting body.
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Table 1. Putative metabolites for the natural polyphenol oxidase inhibitors in H. erinaceus fruiting body
and mycelium.

Compound
Relative Peak Area 1

m/z2 MT/RT 3

Fruiting Body Mycelium

Antioxidant
Tyrosinase inhibitor

Ascorbic acid 640 - 175.025 8.34
Caffeic acid 88 - 179.035 8.88
Chlorogenic acid 92 - 355.107 5.51
Cucumin 45 - 269.134 10.32
Pyridoxal 6 - 166.066 8.52
Quinic acid 6400 - 191.058 8.07
Terephtalic acid 110 7.4 165.020 16.38
Vanillic acid - 4.0 167.035 8.71

Antioxidant, free radical scavenger
Adenosine 510 560 268.105 9.60
Ergosterol 1300 1300 379.339 15.63
Ergothioneine 2900 100 230.096 17.29
Glutathione (GSH) 12 240 308.092 12.98
5-Hydroxytryptophan 20 3.7 221.094 11.20
Hypotaurine 33 - 110.027 18.06
Tartaric acid 180 - 149.011 22.05

Polyamine
1,3-Diaminopropane 19 - 75.091 4.31
Putrescine 16 1.3 89.107 4.58
Spermidine 190 2.4 146.165 4.40

1 Peak area × 100,000 divided by the internal standard peak area of metabolic compounds in the two growth
stages (the mushroom fruiting body and mycelium) 2 MS scan range: m/z 50~1000 3 MT (migration time) in CE/RT
(retention time) in LC.

Table 2. Potential substrates in the enzymatic browning reaction in the H. erinaceus fruiting body
and mycelium.

Compound
Relative Peak Area

m/z2 MT/RT 3

Fruiting Body 1 Mycelium 1

Enzymatic browning substrates
Amino acid and its derivative

Indole-3-carboxyaldehyde - 170 146.062 6.91
Kynurenine 100 5.5 209.093 9.32
Phenylalanine 9400 1500 166.086 10.44
Quinolinic acid 160 - 166.016 15.47
Tryptamine 6.9 - 161.107 8.15
Tryptophan 520 110 205.097 10.69
Tyrosine 4900 280 182.081 11.09

Phenolic compounds
o-Aminophenol - 2.7 110.060 7.4
o-Hydroxybenzoic acid - 2.1 137.025 10.10
2-Phenylethylamine 19 - 122.097 7.52
3-Phenylpropionic acid - 5.6 149.062 8.60
p-, m-, o-Toluic acid - 33 135.046 8.91

Purine and pyrimidine nucleobases
Purine base

1-Methyladenosine 4.8 3.0 282.119 9.39
2′-, 5′-Deoxyadenosine - 2.1 252.111 9.09
3′-AMP - 2.9 346.059 9.42
5′-Deoxy-5′-methylthioadenosine - 2.2 298.097 9.49
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Table 2. Cont.

Compound
Relative Peak Area

m/z2 MT/RT 3

Fruiting Body 1 Mycelium 1

AMP 290 11 346.058 9.02
ADP 260 33 426.024 10.52
ATP 270 33 505.991 11.36
Adenine - 9.5 136.062 7.20
GMP 33 - 362.051 8.97
GDP - 3.3 442.020 10.40
GTP 41 - 521.986 11.24
Guanosine 100 380 284.100 12.27
Hypoxanthine 23 14 137.046 10.45
IMP - 1.8 347.038 9.28
Inosine - 25 269.090 18.37
Xanthine - 13 153.042 18.35
Pyrimidine base
Cytidine 32 33 244.093 9.12
UMP 35 3.6 323.032 9.51
UDP - 6.7 402.998 11.22
UTP - 7.5 482.962 12.10
Uracil - 17 113.036 20.08
Uridine 29 210 245.078 20.08

1 Peak area × 100,000 divided by the internal standard peak area of metabolic compounds in the two growth
stages (the mushroom fruiting body and mycelium) 2 MS scan range: m/z 50~1000 3 MT (migration time) in CE/RT
(retention time) in LC.

Moreover, adenosine, ergosterol, erothioneine, glutathione, and 5-hydroxytryptophan were
commonly observed as other antioxidants/free-radical scavengers in both the fruiting body and the
mycelium (Table 1). In terms of the differences among these compounds, the amount of erothioneine
was 29 times higher, whereas the content of glutathione was 20 times lower in the fruiting body than
in the mycelium. These data may indicate that different compounds in different mushroom growth
stages are synthesized as antioxidant substances for the inhibition of the enzymatic browning reaction
or for the scavenging of free radicals.

On the other hand, for the enzymatic browning products, free amino acids and their derivatives,
phenolic compounds, and purine and pyrimidine nucleobases were identified as potential substrates
(Table 2); these compounds were less abundant in the fruiting body than in the mycelium (18 vs. 29),
with an overlap of 12 compounds. Interestingly, the compounds that were grouped as free amino acids
and their derivatives were predominantly found in the fruiting body, while phenolic compounds and
purine/pyrimidine nucleobases were mainly detected in the mycelium. Phenylalanine and tyrosine
were the main substances in terms of the relative amounts of these compounds. These amino acids
could be used as substrates for the enzymatic browning reaction by PPOs, including tyrosinase and
laccase. Both phenylalanine and tyrosine are favorable substrates and initial precursors for the dark
pigment in the melanin synthesis pathway [18–20]. In addition, purine and pyrimidine compounds
that contain a pentose sugar—ribose or deoxyribose—with an amine group in their backbone structures
are also known to be potential substrates for browning reactions via the Maillard reaction under high
temperatures [21]. Adenosine nucleoside phosphate derivatives—AMP, ADP, and ATP—were the
main compounds in the nucleobase family. They could be putative browning substances, since their
levels were approximately 10 times higher in the fruiting body than in the mycelium. These metabolite
analysis results showed that the fruiting body and the mycelium can biosynthesize endogenous
antioxidant compounds to reduce the browning reaction, whereas synthesized metabolites such as
aromatic amino acids, nucleobases, and their derivatives might be prospective substrates of PPOs for
the enzymatic browning reaction.
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In this study, to identify the browning reaction in the mushroom extract through the endogenous
enzymatic reaction of the PPO-family enzymes with oxidation, a method was established to
quantitatively measure dark brown pigmentation in mushroom fruiting-body lysate using a
fluorospectrophotometer. Excitation and emission wavelengths of 380 nm and 444 nm, respectively,
were found to be the most efficient for measuring this pigmentation. Compounds that fluoresce between
these wavelengths generally have aromatic functional groups, aliphatic or alicyclic carbonyl structures,
or highly conjugated double-bond structures with low energy-transition levels [22]. Although both
the pH and solvent affected the fluorescence readings in these samples, the wavelengths used in this
study quantitatively detected the dark brown pigments. Interestingly, the wavelengths used (λEx380nm

~ λEm460nm) were close to those used to detect cyclized o-quinone oxidation products (aminochrome,
dopachrome, and furanoquinone), generated from the tyrosinase-catalyzed oxidation of dopamine,
L-DOPA, and 3,4-dihydroxyphenylacetic acid [23]. These cyclized o-quinone oxidation products are
eventually polymerized to melanin [23].

The pigment products were estimated to be oxidized polyphenol compounds similar to melanin,
derived from PPOs in the mushroom lysate [24]. PPOs catalyze enzymatic browning by oxidizing
phenolic compounds to their respective o-quinones, which subsequently undergo nonenzymatic
oxidation to brown melanin pigments or participate in addition–polymerization reactions with protein
functional groups to form cross-linked polymers [25]. This phenomenon is a major problem in the
processing of both fruits and vegetables [26]. Moreover, both tyrosinase and laccase are well-known
oxidase enzymes that cause brown pigmentation in mushroom species [15,16].

Tyrosinases (monophenol, o-diphenol:oxygen oxidoreductase, EC 1.14.18.1) are type-3 copper
proteins that are involved in the initial step of melanin synthesis [15]. These enzymes catalyze both the
o-hydroxylation of monophenols and the subsequent oxidation of the resulting o-diphenols into reactive
o-quinones, which evolve spontaneously to produce intermediates that are associated with dark brown
pigments [15]. In mushrooms, tyrosinases are endogenous biological factors that are associated with
the formation and stability of spores in defense and virulence mechanisms, and in browning and
pigmentations [27–29]. Although the catalytic mechanisms of these enzymes are still unknown, the
deactivation and inactivation of the metalloprotein tyrosinases in the mushroom lysate seen in this
study may be a way to prevent browning, because neither the EDTA-treated nor heat-treated lysate
became pigmented.

The other enzyme type, laccase (EC 1.10.3.2), is a multicopper oxidase that is capable of oxidizing
a wide range of aromatic compounds [30]. These enzymes also catalyze the oxidation of o- and
p-diphenols into their corresponding quinones for the enzymatic browning reaction. Although
the roles of plant laccase in the radical coupling of monolignols to form lignin and flavonoid
polymerization in the cell wall [31] and in the protection of plants against environmental stresses [32,33]
are well-understood, the in vivo biological functions of mushroom enzymes belonging to the PPO
family are still unclear. Nevertheless, the broad substrate specificities of laccases make them enzymes
with potential involvement in the pigment formation via oxidation of endogenous aromatic compounds
in mushrooms [34].

According to the expression pattern in the fruiting body and mycelium growth phases, a
transcription analysis was performed using RNA-seq sequencing, which showed that the number
of laccase transcripts was more diverse than tyrosinase transcripts, and the expression levels of
certain laccase genes, namely lac1, lac2a, and lac2b, were significantly increased in the fruiting body
compared with levels in the mycelium (Figure 5). As PPOs, these laccases would be abundant in
the tissue of the mushroom; furthermore, these enzymes could be the predominant enzymes that
form the dark pigments in the fruiting-body lysate. Nevertheless, the color of the fresh mushroom
fruiting body did not change in spite of these highly expressed proteins. The enzyme activities of
PPOs, including tyrosinases and laccases, could be strongly inhibited by the endogenous antioxidant
inhibitory compounds in the mushroom metabolites. However, in chromatography, PPO enzymes with
high molecular weights in the mushroom lysate were separated into low-molecular-weight inhibitors
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of metabolites when spontaneously exposed to oxygen; thus, these enzymes could be activated for the
dark browning reaction.

The profile analysis of the mushroom metabolites in the different development phases revealed
putative antioxidant compounds (Table 1) as well as enzymatic browning substrates (Table 2).
Interestingly, some phenolic compounds, such as caffeic acid and chlorogenic acid, could be
potential antioxidants as well as substrates of PPOs in the browning reaction in the mushroom
fruiting-body extract. Adenine, a purine nucleobase, was also found to be a bilateral substrate in the
mushroom. However, there were few data about how these compounds function as antioxidants or
browning-reaction substances under certain conditions. Interestingly, contents of the endogenous
tyrosinase inhibitors ascorbic acid and quinic acid were high only in the fruiting body (Table 1).
Of these substances, ascorbic acid is already a well-known compound and additive that effectively
prevents browning due to tyrosinase in A. bisporus [35]. Quinic acid is known to be an inducer of
the antioxidant mechanism that increases urinary excretion of tryptophan and nicotinamide in the
mammalian system [36], but it is also unknown whether this compound might play a similar role in
mammals. Other antioxidant substances, such as ergosterol and ergothioneine, with the ability to
scavenge free radicals and reactive oxygen species [37] as well as to chelate divalent metal ions [38],
could inhibit the enzymatic browning reaction of PPOs in the mushroom fruiting body [39,40].

Indeed, these antioxidant compounds from mushrooms are already known for their significant
bioactivity [19,20,41,42]. Antioxidant metabolites, mainly ascorbic acid, ergosterol, and ergothioneine,
in the H. erinaceus fruiting body could prevent the oxidation of polyphenolic compounds and serve
as anti-browning substances. Moreover, these functional compounds are potentially useful nutrient
components themselves, as a food source to help the organism decrease oxidative stress [5,43]. Other
potential applications of these active mushroom compounds include acting as natural ingredients
for cosmetics because of their antioxidant, anti-tyrosinase, and anti-collagenase activities, among
others [42,44]. Mushroom-based ingredients for skincare or anti-aging to fight against UV radiation
and free radicals are already commercially available in cosmetic markets [42]. Mushroom metabolites
identified as tyrosinase inhibitors, antioxidants/free-radical-scavenging compounds, and polyamines
could be potential nutrient substances as well as cosmetic ingredients for nutricosmetics, combining
foods, cosmetics, and pharmaceuticals [42–44].

3. Material and Methods

3.1. Mushroom Strains and Culture Conditions

Hericium erinaceus mushrooms were obtained from a local mushroom farm (Seojong, Korea). H.
erinaceus mycelia isolated from the mushroom fruiting body were molecularly identified as NEU-2L
and cultivated in potato dextrose broth (Difco, Detroid, MI, USA) at 20 ◦C for 20 days. The fruiting
bodies and mycelia were collected, frozen immediately in liquid nitrogen, and then stored at −80 ◦C
for total RNA extraction and preparation of the mushroom lysate.

3.2. Preparation of the Mushroom Fruiting-Body Lysates

The fruiting bodies were ground into a fine powder with a mortar and pestle while being cooled by
liquid nitrogen. The powder was then suspended in 10 mM Tris-HCl buffer (pH 8.0), which contained
1 mM phenylmethylsulfonyl fluoride (PMSF) and a cOmplete™ EDTA-free protease inhibitor cocktail
(Roche, Basel, Switzerland), overnight for extraction. The homogenate was centrifuged at 10,000×g for
30 min, and the resultant supernatant was centrifuged again at 20,000× g for 60 min. The clarified
solution was used for ion-exchange chromatography.

3.3. Fractionation of the Mushroom Fruiting-Body Lysate Using Ion-Exchange Chromatography

The clarified crude lysate was applied to the purification columns. The crude protein solution was
applied to a diethylaminoethanol (DEAE)-sepharose column (2.6 × 20 cm) (GE Healthcare, Chocago, IL,
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USA) equilibrated with 10 mM Tris-HCl buffer (pH 8.0) containing 1 mM PMSF and a protease-inhibitor
cocktail. After the unbound proteins were washed with five column volumes of buffer, the protein
fractions were eluted with three bed volumes of the buffer, followed by either a linear gradient of
0.0–1.0 M NaCl or a step gradient of 0.25 M, 0.5 M, 1.0 M, and 2.5 M NaCl. Fractions (7 mL) were
collected at a flow rate of 1 mL/min. The fractions were stored at 4 ◦C.

3.4. Browning Pigment Analysis

For ultraviolet-visible (UV-vis) spectroscopy analysis, the protein purification fractions (100 μL)
collected in the DEAE-sepharose column were transferred to a 96 well polystyrene microtiter plate
(Greiner Bio-one, Monroe, LA, USA). The microtiter plate was scanned at room temperature by a
SynergyTM H1 Multi-Mode Reader (BioTek, Winooski, VT, USA) microplate reader, using wavelengths
ranging from 210 to 750 nm.

For the fluorescence spectroscopy analysis, the protein purification fractions (100 μL) were
transferred to a 96 well black microtiter plate (Greiner Bio-one, Monroe, LA, USA). The microtiter
plate was also scanned by a SynergyTM H1 Multi-Mode Reader microplate reader. For identification of
the optimum excitation wavelength, the emission wavelength (Em) was fixed at 460 nm, and then
excitation wavelengths (Ex) ranging from 250 to 420 nm were scanned by the microplate reader. For
identification of the optimum Em wavelength, the Ex wavelength was fixed at 380 nm, and then Em
wavelengths ranging from 450 to 650 nm were scanned by the microplate reader. Finally, all of the
fractions with dark color pigment were measured at the optimum Ex and Em wavelength conditions
(Ex380nm~Em444nm).

3.5. RNA Sequencing of the Mushroom Fruiting Body

RNA sequencing with total RNA extracted from the fruiting bodies and mycelia was performed
as described previously [45]. The procedure is described here briefly. Total RNA were extracted
from the mushroom mycelia and fruiting bodies using the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol, and then the extracted RNAs were further treated
with DNase I. The DNase-I-treated RNA samples were purified using an RNeasy column (Qiagen,
Hilden, Germany). The RNA quality and quantity were analyzed by UV spectrophotometry and gel
electrophoresis. The cDNA library was constructed using a TruSeq RNA sample prep kit v2 (Illumina,
San Diego, CA, USA), and RNA sequencing with an Illumine HiSeq 4000 sequencing system (Illumina,
San Diego, CA, USA) was performed by MACROGEN (Seoul, Korea).

3.6. Tyrosinase Activity Assay

Among polyphenol oxidases, tyrosinase activity with 4-tert-butylphenol (Sigma-Aldrich, St. Louis,
MI, USA) as a substrate was determined by measuring the amount of t-butyl-quinone oxidized by
the enzyme. The enzyme activity was assayed in a total volume of 100 μL with 1 mM substrate in a
96 well microtiter plate at 30 ◦C for 30 min. After the enzymatic reaction, the oxidized monophenol
product was measured on a SynergyTM H1 Multi-Mode Reader microplate reader at 400 nm. One unit
of tyrosinase was defined as the amount of the enzyme required to produce 1 μmol of t-butyl-quinone
(ε400 nm = 1150 M−1cm−1) per min under the reaction conditions. The background oxidation of the
substrate was deduced by using a reference sample with an identical composition to the reaction
mixture without the enzyme.

3.7. Deactivation or Inactivation of the Polyphenol Oxidases’ Activities in the Mushroom Lysate

For deactivation of the tyrosinase activities, the mushroom lysate was treated by heating at
100 ◦C. After heat treatment, residual enzyme activities were assayed under standard conditions after
incubating the mushroom lysate for the appropriate time.

For the inactivation of enzyme activities, the lysate was treated with a chelating agent,
ethylenediaminetetraacetic acid (EDTA), at concentrations ranging from 1 to 25 mM. The appropriate
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concentration of EDTA was added to the lysate, and then the sample was incubated at room temperature
for 1 h. After incubation, residual enzyme activities were measured using the standard assay described
above. All enzyme activities were determined in triplicate.

3.8. Metabolite Extracts and Analysis in the Mushroom Fruiting Body and Mycelium

Metabolome measurements were carried out by Human Metabolome Technology (HMT) Inc.
(Tsuruoka, Japan). For capillary electrophoresis time-of-flight mass spectrometry (CE-TOF-MS) analysis,
the frozen hydrate sample (approximately 30 mg of each sample) was mixed with 500 μL of methanol
containing internal standards (50 μM) and homogenized using a homogenizer (1500 rpm, 120 s × 2
times). Subsequently, 500 μL of ultrapure water was added to the homogenates, mixed thoroughly,
and centrifuged at 2300× g for 5 min at 4 ◦C. The clarified solution was filtrated through a 5 kDa cut-off
filter (ULTRAFREE-MC-PLHCC, HMT Inc., Yamagata, Japan) to remove macromolecules. The filtrate
was centrifugally concentrated and resuspended in Milli-Q ultrapure water for CE-TOF-MS analysis
at HMT. CE-TOF-MS was carried out using an Agilent CE Capillary Electrophoresis system (Agilent
Technologies, Waldbronn, Germany) equipped with an pump an Agilent 6210 time of flight mass
spectrometry, an Agilent 1100 isocratic HPLC pump, an Agilent G1603A CE-MS adapter kit, and an
Agilent G1607A CE-ESI-MS spray kit. System were controlled using Agilent G2201AA ChemStation
software version B.03.01 for CE. Metabolites were analyzed by using a fused silica capillary (50 μm ×
80 cm), with commercial electrophoresis buffer (Solution ID: H3301-1001 for cation and I3302-1023
for anion analysis; HMT. Inc.) as the electrolyte. Samples were injected at 50 mbar for 10 s for cation
analysis and 22 s for anion analysis. The spectra were scanned from m/z 50 to 1000.

For liquid chromatography time-of-flight/mass spectrometry (LC-TOF-MS) analysis, the frozen
hydrate sample was mixed with 500 μL of 1% formic acid in acetonitrile (v/v) containing internal
standards (10 μM) and homogenized using a homogenizer. The mixture was homogenized once more
after adding 167 μL of Milli-Q ultrapure water, and then centrifuged at 2300× g for 5 min at 4 ◦C. After
the supernatant was collected, an additional 500 μL of 1% (v/v) formic acid in acetonitrile and 167 μL
of ultrapure water were added to the precipitation. The homogenization and centrifugation were
performed as described above to extract the residual compounds in the precipitant. The supernatant
was combined with the previously collected sample. The mixed supernatant was filtrated through a
3 kDa cut-off filter to remove proteins and filtrated through a solid-phase extraction column (Hybrid
SPE phospholipid 55261-U Supeleo, Bellefonte, PA, USA) to remove phospholipids. The filtrate was
desiccated and resuspended in 20 μL of 50% (v/v) isopropanol in ultrapure water for LC-TOF-MS at
HMT, as described above. LC-TOF-MS was carried out using an Agilent 1200 series RRLc systems SL
(Agilent Technologies, Waldbronn, Germany) coupled with an Agilent-6224 TOF mass spectrometer
equipped with an electrospray interface. Chromatographic analysis was performed on an Agilent
Zorbax ODS column (2 mm × 50 mm, 2 μm). The autosampler and column were maintained at 4 and
40 ◦C, respectively. The mobile phase was water with 0.1% acetic acid (A) and water/ isopropanol/
acetonitrile (5/65/30) with 0.1% acetic acid and 2 mM ammonium acetate (B). The elution gradient was
optimized as follows: 0–0.5 min, 1% B; 0.5–13.5 min, 100% B; 13.5–20 min, 100%, which was delivered
at 0.3 mL min−1. Re-equilibration duration was 7.5 min between individual runs. The optimized
conditions of TOF/MS were: capillary voltage, 4.0 kV/−3.5 kV; drying gas (N2) temperature, 350 ◦C;
drying gas (N2) flow rate, 10.0 L min−1; Oct RFV, 750 V; skimmer voltage, 65 V; fragmentor voltage,
175 V; nebulizer pressure, 40 psi; scan range, m/z 100–1700.

For analysis of scanned metabolites, peaks detected in CE-TOF-MS and LC-TOF-MS were extracted
using the automatic integration software MasterHands software version 2.17.1.11 (Keio University,
Tsuruoka, Japan). Signal peaks corresponding to isotopomers, adduct ions, and other product ions of
known metabolites were excluded, and the remaining peaks were annotated with putative metabolites
from the HMT metabolite database on the basis of their migration times (MTs) in CE-TOF-MS or
retention times (RTs) in LC-TOF-MS and m/z values determined by TOF-MS. In addition, peak areas
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were normalized against those of the internal standards, and the resultant relative area values were
further normalized by the sample amount.

4. Conclusions

The dark browning pigment in the extract of the edible mushroom H. erinaceus was identified as
potential byproducts of oxidization by endogenous polyphenol oxidases, including tyrosinases and
laccases, measurable by fluorescence spectroscopy with 380 nm and 444 nm excitation and emission
wavelengths, respectively.

Moreover, chelation deactivation and heat inactivation clearly showed that a tyrosinase—a
metalloprotein as well as a PPO-family enzyme—affected the enzymatic browning reaction in the
mushroom lysate. Furthermore, the identification of the putative PPO-coding genes and the analysis
of their transcripts in the different growth phases suggested that the highly expressed tyrosinase and
laccase isoenzymes in the mushroom fruiting body could be potential PPOs involved in the enzymatic
browning reaction. The metabolite analysis of these growth statuses of the mushroom presented a
number of prospective compounds as enzymatic browning substances, and they were grouped into
amino acids and their derivatives, phenolic compounds, and purine and pyrimidine nucleobases.
Nevertheless, the mushroom contained relatively high amounts of natural antioxidant compounds
for the inhibition of tyrosinase and the scavenging of free radicals. These endogenous antioxidant
substances could effectively decrease the browning reaction via PPO-inhibitory mechanisms in the
mushroom fruiting body. With further evaluation of their health-promoting effects, these antioxidant
metabolites and related compounds in H. erinaceus could be used to develop nutrient substances for
healthcare and cosmetic ingredients for nutricosmetics.
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Abstract: The disposal of olive mill wastewaters is a considerable subject for the development of a
sustainable olive oil industry considering their high content of pollutants. Nevertheless, the selective
extraction of phenolic compounds from olive mill wastewaters represents a promising approach
to obtain phenolics suitable for food enrichment. This work aimed to evaluate the efficiency of
phenolic extract addition (50 mg L−1), used as natural antioxidant, in sunflower oil against oxidative
deterioration; to this aim, XAD-7-HP resin was tested in the recovery of phenolic compounds from
olive mill wastewaters. Ultra-high performance liquid chromatography was used to evaluate the
single phenols contained in the extract; the most consistent amount was detected for hydroxytyrosol
(834 mg 100 mL−1). The change in the oxidation state of fortified sunflower oil was studied by
measuring physicochemical (refractive index, peroxide value and oxidative resistance to degradation)
and antioxidant parameters (DPPH, ABTS and ORAC assays) during 90 days of storage. Results
showed an enhancement of oxidative stability of 50% in the fortified oil compared to control.

Keywords: macroporous resin XAD-7HP; olive mill wastewaters; oxidative stability; polyphenols;
sunflower oil

1. Introduction

Olive oil production represents a very important sector for Mediterranean countries. Despite
its economic importance, olive oil production is associated with some negative implications on the
environment as contamination of soil, water body pollution, underground seepage and air emissions
due to the large amount of waste generated [1,2]. Olive mass is composed of about 80% of olive pulp
and stones, whereas the liquid and solid waste yield is greater than the oil after the production steps [3].
Specifically, the amount of produced olive mill wastewaters (OMWWs) varies from 0.3 to 1.1 m3 for
tons of processed olives, depending on the olive oil extraction system [4,5]. OMWW disposal is a
serious problem for the development of a sustainable olive oil industry owing to the high content
of pollutants as heavy metals, a considerable amount of suspended solid and organic compounds.
As a result of their high water solubility, the polyphenol concentration in OMWW ranged from 5 to
25 g L−1 [6,7]. These compounds show strong antioxidant activity, principally based on their ability to
transfer the hydrogen atom of phenolic hydroxyl group to the free radicals. Phenolic compounds have
potential beneficial effects with their anti-inflammatory and antimicrobial properties [8–10].

However, the selective recovery of phenolic substances from industrial wastes, such as
OMWW, represents a valid approach for the reduction of their environmental toxicity and an
opportunity to obtain high added value molecules [11,12]. Several methods for the recovery of
OMWW polyphenols have been investigated, such as solvent extraction, ultrasound treatment,
supercritical fluid extractions, membrane, chromatographic separations and Amberlite XAD resins,
with the final aim to maximize the phenolic yield without impurities and toxic substances, and
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after to use these in the food industry [8,13–15]. Literature is available on the application of
solid extraction and purification methods with the use of polymeric resin. A variety of synthetic
polymer adsorbents are nowadays available for OMWW treatment, such as polystyrenedivinylbenzene
copolymers and divinylbenzeneethylvinylbenzene as acrylic ester-based Amberlite XAD7 and the
styrenedivinylbenzene-based XAD16 resin copolymers [16–19]. The adsorption process is characterized
by a simple design and operation, low operating costs, reduction of the amount of used solvent,
reduction of the operation time and separation of large amounts of bioactive compounds [14,20,21].
Moreover, the relatively inexpensive resins are durable, chemically stable and safe. In this work,
Amberlite-XAD7HP was used as mean for the obtainment of a natural phenolic extract (WE) suitable
for oil enrichment. XAD7HP resin exhibits a suitable pore diameter, polarity and surface area to
recovery low molecular weight phenols using solvents with low toxicity and safe for human use. In
addition, the potential to be reused with a low loss of absorbing capacity over time makes it useful for
industrial application.

Considering the OMWW dotation of phenols with recognised antioxidant activity and health
benefits, in the last few years there was an increasing interest in their recovery to re-use these as natural
antioxidants. The enrichment with natural phenolic extracts of foods, beverages, edible oils, etc. (that
contain a low concentration of phenolic compounds), could be a viable alternative to obtain a healthy
added-value product. Sunflower oil with higher amounts of unsaturated fatty acids, in particular
polyunsaturated ones, is more exposed to oxidative rancidity or autoxidation. This process reduces the
nutritional and sensorial qualities and also gives undesirable chemical products, such as organic acids,
aldehydes and ketones, which are harmful for human health [22]. Chemical stability depends on the
chemical constituents of the oil, like antioxidants and oxidizable components [23]. Sunflower oil is
usually subjected to a refining process that involves the complete loss of valuable active components
with interesting nutritional-, health- and antioxidant-related characteristics [24]. Although synthetic
antioxidants initially have been used with the purpose of retarding the oxidative deterioration, their
implications in some diseases, such as cancer and carcinogenesis, are still controversial [25]. Thus,
the tendency to use natural antioxidants has been increasing in order to increase the food quality and
satisfy the demand of consumers for healthy products [26].

The aim of this study was to evaluate the efficiency of the phenolic extract obtained from OMWW
with a solid extraction method against sunflower oil oxidative deterioration.

2. Materials and Methods

2.1. Chemicals and Reagents

Standards of phenolic compounds gallic acid (99%), vanillic acid (97%), tyrosol (97%), ferulic
acid (99%), p-coumaric acid (98%) and o-cumaric acid (98%) were purchased from Fluka (Steinheim,
Germany). Caffeic acid (98%), Apigenin (99%), luteolin (99%), and oleuropein (99%) were purchased
from Extrasynthèse (Z. I. Lyon Nord, France). Hydroxytyrosol ((3,4-dihydroxyphenyl) ethanol)
was acquired from TCI (Saitama, Japan). Verbascoside (99%) was procured from Sigma-Aldrich
(St. Louis, MO, USA). The solvents used for chromatographic analysis (methanol, water, and
acetonitrile) were ultra-high performance liquid chromatography (UHPLC)-MS grade (Carlo Erba,
Milan, Italy). 2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS),
2,2-diphenyl-1-picrylhydrazyl (DPPH), Folin–Ciocalteu’s phenol reagent and Trolox were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). AAPH (2,2′-azobis (2-amidino-propane)
dihydrochloride) and fluorescein sodium were purchased from Acros Organics (New Jersey, USA)
and Panreac (Barcelona, Spain), respectively. The reagents used for chemical investigation (ethanol
absolute anhydrous, chloroform, isooctane, acetic acid, Diethyl ether, n-Hexane, sodium hydroxide
solution, sodium thiosulfate solution, acetic acid glacial) were purchased from Carlo Erba (Milan, Italy);
potassium iodide was acquired from Honeywell Fluka (Steinheim, Germany), Amberlite® XAD-7HP
20-60 mesh from Sigma-Aldrich (St. Louis, MO, USA) and Lecithin from Carlo Erba (Milan, Italy).
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2.2. Sample Collection

Olive Mill Wastewater (OMWW) is a secondary product of the olive oil extraction process
containing soft tissues of the olive fruit and the water used in the various stages of the oil extraction
treatment together with the water contained in the fruit. OMWW were obtained by mean of a
three-phase centrifugation process from Ottobratica olive cultivar during the crop seasons 2019 and
supplied by an olive oil mill located in the Calabrian region (Italy). Sunflower oil used for phenolic
enrichment was purchased in a local market.

2.3. OMWW Extraction

In order to obtain an extract enriched of phenolic compounds, OMWW were processed with
Amberlite XAD-7-HP resin following the literature [27] with some modifications. Amberlite XAD-7-HP
resin have a large surface with a macroreticular structure that allows to recover a mixture of different
sizes of polyphenols. Moreover its design and operation are simple, operating costs low and the resin
regeneration is easy. Before performing the extraction procedure, the adsorbent was pre-conditioned
with NaOH 0.1 N for 2 h, rinsed with distilled water, immersed in HCl 0.1 N for 2 h and finally washed
with distilled water.

For the extraction, 50 g of OMWW sample were mixed with 10 g of resin under stirring for 20 min.
The adsorbent was washed three times with water; successively, it was eluted by a mean of three
volumes of 50 mL of EtOH. The combined ethanol extract (WE) was desolvented in a rotary vacuum
at 25 °C, then the dried residue was recovered with 100 mL of water, filtered using a 0.45-μm PTFE
(Ø 15 mm) syringe filter and stored at 4 °C for the successive analytical determinations.

2.4. Production of Enriched Sunflower Oil

Enriched sunflower oil (MBoil) was produced in a Food Technologies laboratory of the
Mediterranean University of Reggio Calabria (Italy) following the literature [28] with some
modifications. An aliquot of WE and lecithin were added to sunflower oil and mixed for five
hours until complete homogenization, in order to obtain oil samples enriched with a final concentration
of 50 mg L−1 of hydroxytyrosol. Sunflower oil samples were used as control. Oil samples were kept in
dark glass bottles (150 mL) at 10 and at 25 ◦C (three independent replicates for each thesis and time)
and periodically analysed at different times (0, 15, 45 and 90 days of storage).

Extraction of Antioxidant Compounds

Phenols of MBoil were obtained by liquid–liquid extraction using methanol and according to
the method [29] opportunely modified. Five grams of oil were added with 2 mL of methanol:water
(70:30) and 2 mL of hexane and mixed with a Vortex for 10 min. The hydro-alcoholic phase was
separated from the oil phase in a refrigerated (NF 1200R) centrifuge apparatus (Nǜve, Ankara, Turkey)
at 5000 rpm, 4 ◦C for 10 min. Hydro-alcoholic extracts (WE) were recovered with a syringe, filtered
through a 0.45-μm nylon filter, diameter 15 mm (Thermo Fischer Scientific, Waltham, MA, USA) and
utilised for the phenolic compounds quantification and antioxidant activity.

2.5. Determination of Total Phenol Content and Evaluation of Antioxidant Activity

Total Phenol content (TPC) of WE was determined in accordance to referred method [12] with
minor modifications. Briefly, an aliquot of diluted WE was placed in a volumetric flask and mixed
with deionized water (20 mL) and Folin–Ciocalteau reagent (0.625 mL). Then, 2.5 mL of saturated
solution of Na2CO3 (20%) were then added after 3 min and made up to the 25 mL with deionized
water. Thereafter, the mixture was left to react for 12 h in the dark and at room temperature. Sample
absorbance was measured at 725 nm using a double-beam ultraviolet-visible spectrophotometer (8453
UV–Vis, Agilent, Waldbronn, Germany).
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For the determination of TPC of MBoil, 0.05 mL of WE were mixed with 0.300 mL of Folin reagent
and 0.25 mL of deionised water and, after 4 min, with 2.4 mL of an aqueous solution of Na2CO3 (5%).
The mixture was maintained in a 40 ◦C water bath for 20 min and TPC was determined at 750 nm.
Quantification was performed by mean of a calibration curve obtained at gallic acid concentrations
from 1 to 10 mg L−1. The results were expressed as mg of gallic acid equivalent 100 mL−1 of WE and
mg gallic acid 100 g−1 of oil.

The evaluation of antioxidant capacity of WE and MBoil was performed by DPPH and ABTS
assays [30,31]. An aliquot of diluted WE (1:50) was mixed with DPPH solution (6 × 10−5 mM) to
the final volume of 3 mL and left in the dark for 30 min. The absorbance decrement was measured
against methanol at 515 nm using a spectrophotometer (8453 UV–Vis, Agilent, Waldbronn, Germany)
at 20 ◦C. The radical scavenging activity was expressed as mmol Trolox 100 mL−1 of WE and μmol
Trolox 100 g−1 sample of oil. Then, 7 mM ABTS and 2.4 mM potassium persulphate (K2S2O8) solutions
were mixed for the ABTS assay and placed at room temperature for 12 h in the dark for stabilization.
The resulting ABTS·+ solution was diluted with ethanol to obtain a blue-green chromogen with an
absorbance of 0.70 (±0.02) at 734 nm. Then, 10 μL of diluted sample were added to the radical solution
up to 3 mL and after 6 min the absorbance was measured. The quenching of initial absorbance was
plotted against Trolox concentration (from 1.5 to 24 μM) and the results were expressed as TEAC values
(mmol Trolox 100 mL−1 of WE and μmol Trolox 100 g−1 of oil).

In addition, the antioxidant activity of MBoil samples was also analysed by ORAC assay according
to our previous study [32]. The ORAC assay was carried out on VICTOR X2 2030 Multilabel Plate
Readers (PerkinElmer, Boston, Massachusetts, USA) in 96-well black microplate (PerkinElmer, Boston,
Massachusetts, USA) using a fluorescence filter with an excitation wavelength of 485 nm and emission
wavelength of 520 nm. The mix for reaction consisted of 130 μL of fluorescein solution, 50 μL of AAPH
solution and 20 μL of phenolic extract. The fluorescence was measured at 37 ◦C immediately after the
addition of fluorescein (time 0) and measurements of fluorescence kinetic were taken every minute for
30 times until the relative fluorescence intensity was less than 5% of the initial value. Results were
expressed as μmol Trolox 100g−1 of oil.

Identification and Quantification of Phenolic Compounds

Identification and determination of the principal bioactive phenolic compounds of WE and MBoil
were performed by UHPLC in accordance with [32]. The UHPLC system consisted of an UHPLC
PLATINblue (Knauer, Berlin, Germany) equipped with a binary pump system using a Knauer blue
orchid column C18 (1.8 μm, 100 × 2 mm) coupled with a PDA–1 (Photo Diode Array Detector)
PLATINblue (Knauer, Berlin, Germany). The Clarity 6.2 software was used. Before the injection,
phenolic compounds of MBoil were extracted using a variation of method [33]. One millilitre of oil
was extracted with 1 mL of a methanol:water (80:20, v:v) in 2 mL Eppendorf reaction tubes. The
mixture was shaken vigorously for 1 min using a vortex and then centrifuged (Micro Centrifuge
Model 1K15 SIGMA, Laborzentrifugen, Osterode am Harz, Germany) at 13,000 rpm for 10 min at
10 ◦C. The methanolic phase was filtered with 0.22-μm nylon syringe filters, diameter 13 mm (Thermo
Fischer Scientific, Waltham, MA, USA). The flow rate was 0.4 mL min−1 and the injection volume 5 μL.
Acidified water (pH 3.10) (A) and acetonitrile (B) were the mobile phases and the applied gradient was
the following: 95% A and 5% B (0–3 min), 95–60% A and 5–40% B (3–15 min); 60–0% A and 40–100%
B (15–15.5 min). Quantification was performed by external standards (1–100 mg L−1) and results
expressed as mg kg−1 of sample.

2.6. Measurement of Chemical and Physical Properties of Oils

Free acidity (% oleic acid), peroxide value (mEq O2 kg−1) analyses and extinctions parameters
K232 and K270 were performed according to Official and standard methods [34–36].
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The moisture of samples was tested in an Electronic Moisture Analyser MA37 (Sartorius,
Goettingen, Germany). The analysis was performed using 5 g of sample at 105 ◦C. The results
were expressed as percentages.

Sunflower Oil Oxidative Stability in Accelerated Storage Test

OXITEST Oxidation Test Reactor (VELP Scientifica, Usmate Velate, MB, Italy) was used in order
to evaluate the opposition to fat oxidation. This method is recognized by AOCS International Standard
Procedure (Cd 12c–16) for the determination of oxidation stability of food, fats and oils [37]. The
analysis consists of monitoring the oxygen uptake of the reactive constituent of food samples to
determine the oxidative stability under conditions of accelerated oxidation. Briefly, 5 g of oil sample
were distributed homogenously in a hermetically sealed titanium chamber; oxygen was purged into
chamber up to a pressure of 6 bar. The reactor temperature was set at 90 °C. These reaction working
conditions allow obtaining the sample Induction Period (IP) within a short time. The OXITEST allows
to measure the modification of absolute pressure inside the two chambers and, through the OXISoft™
Software (Version 10002948 Usmate Velate, MB, Italy), automatically generates the IP expressed as
hours by the graphical method.

2.7. Statistical Analysis

Results of the present study were expressed as mean ± SD of three measurements (n = 3).
Multivariate and One-way analysis of variance with Tukey’s post hoc test at p < 0.05 were performed by
SPSS Software (Version 15.0, SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. Water Extract Characterization

As is well known, OMWW represent a complex medium in which more than 50% of the total
phenolic components of the olive drupes are present [38]. UHPLC analysis provided identification
of individual phenols in WE, as illustrated in Figure 1, but only the principal compounds were
quantified (Table 1). The principal constituents of the Amberlite-desorption fraction were phenyl acids
(caffeic, chlorogenic, p-coumaric and vanillic acids), phenyl alcohols (hydroxytyrosol and tyrosol),
secoridoids (oleuropein), flavonoids (apigenin and luteolin), derivatives of hydroxycinnamic acid
(verbascoside). WE showed a high content of hydroxytyrosol (834.51 mg 100 mL−1 of sample) and
tyrosol (147.55 mg 100 mL−1 of sample) in agreement with other authors [39]. The TPC of WE was
instead about 788.96 mg 100 mL−1 of sample. The amount of recovered phenolic compounds is related
to interactions between the adsorbates and adsorbent as well as chemical structure of the compounds
themselves. Non-polar resins, or weakly polar, such as XAD7HP, allow the recovery of low molecular
weight phenols, especially when ethanol is used as desorbing solvent [15]. On the other hand, a
high concentration of ethanol promotes the solubilisation of alcohol-soluble impurities resulting in a
drop-in desorption capacity [40]. Considering the high initial phenolic concentration and the amount
of soluble impurities in OMWW, an increased amount of adsorbed molecules could occur per unit
mass of absorbent, leading to saturation and reduction of desorption yield. This could explain why the
TPC value results lower than the sum of individual compounds quantified by UHPLC.

The antioxidant activity of WE was measured by mean of DPPH and ABTS•+ assays. Results
obtained with the ABTS assay were higher as mmol TE 100 mL−1 than those obtained by DPPH,
according to our previous study [32]. As reported in the literature, antioxidant activity is due to
the synergism between the various phenolic compounds and the assay responses are affected by
the functional group’s reactivity and characteristics, reaction time and complexity of the reaction
kinetics [41,42].
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Table 1. Phenolic characterisation and antioxidant activity of wastewaters extract (WE). Data are
expressed as mg 100 mL−1 for phenols and mmol TE 100 mL−1 for ABTS and DPPH assays.

Hydroxytyrosol 834.51 ± 0.71
Tyrosol 147.55 ± 0.70
Chlorogenic Acid 16.06 ± 0.70
Vanillic Acid 40.25 ± 0.17
Caffeic Acid 20.53 ± 0.47
P-Cumaric Acid 61.06 ± 0.71
Oleuropein 65.09 ± 0.67
Apigenin 74.62 ± 0.71
Verbascoside 876.91 ± 0.91
Luteolin 14.11 ± 0.89
Total Polyphenol
Content 788.96 ± 1.41

ABTS 2569.19 ± 399.90
DPPH 114.37 ± 151.87

3.2. Evaluation of Effect of WE on Sunflower Oil Stability

3.2.1. Qualitative Parameters

In sunflower oil enrichment, lecithin was used in order to promote the dispersion of WE
into the lipid matrix. Lecithin stabilizes the added phenolic compounds in the oil matrix due to
its amphiphilic behaviour, producing reverse micelles that include the extract [28]. Firstly, the
effectiveness of enrichment was evaluated in terms of qualitative parameters and oxidative stability.
The characteristics of sunflower oil used in this work are shown in Table 2. The oil showed a low free
acidity (0.05%) while 6.1 mEq O2 kg−1 of PV, according to the data about the commercial sunflower
oil [43]. Spectrophotometric indices at 232 and 270 nm evidence the presence of dienes and trienes and
the detected values (2.45 and 1.24) were characteristic of refined oils. Regarding enriched sunflower
oil (Mboil), it is important to observe as the addition of extract involved the inclusion of water in
the oil, as result of an increase in moisture content from 0.3% to 1% (Table 3). Free acidity of Mboil
showed a rising trend during the storage: from 0.28 after enrichment to 0.32 at 10 ◦C and 0.35 at
25 ◦C after 90 days of storage, the formation of peroxides was reduced to about 49% in sunflower oil
enriched with WE comparing with control sample at the beginning of storage. It could be linked to
the phospholipids (the main constituents of soy lecithin) conferring to the oil oxidative stability [44].
According to the data in the literature [45–47], enriched samples, stored at different temperatures,
showed a significant change (p < 0.01) of PV during storage. It can be noticed that the value of the PV
was fluctuating progressively in time, reaching its maximum value on the 45th day (5.51 ± 0.21 at 10 ◦C
and 5.47 ± 0.18 at 25 ◦C). The assessment of conjugated diene (K232) and conjugated triene (K270) is a
reliable parameter for the measurement of oxidative deterioration of oils and, thus, the effectiveness of
antioxidants in oils. The enriched samples had a little higher K270 values than the control; moreover,
the conjugated triene content in the oil samples could be linked to the secondary oxidation compounds
and conjugated trienes in the used commercial lecithin [48]. ANOVA data elaboration showed that no
significant variations (p > 0.05) were observed during the storage at different temperatures. Likewise,
other authors [46] have investigated the antioxidant efficacy of OMWW for the stabilization of lipid
matrix obtaining the same our results.
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Table 2. Qualitative parameters of sunflower oil.

Free acidity (Oleic acid %) 0.05 ± 0.00
Peroxide value (mEq O2 kg−1) 6.10 ± 0.15

Moisture (%) 0.31 ± 0.01
Induction Period (minutes) 576 ± 0.01

K232 2.45 ± 0.09
K270 1.24 ± 0.08

Table 3. Qualitative parameters of Mboil during storage at 10 and 25 ◦C.

Temperature Time (days)
Free Acidity

(Oleic acid %)
Peroxide Value
(mEq O2 kg−1)

Moisture
(%)

K232 K270

0 0.28 ± 0.02 b 3.07 ± 0.03 c 1.08 ± 0.14 2.49 ± 0.13 1.40 ± 0.01
15 0.28 ± 0.03 b 2.95 ± 0.13 c 0.95 ± 0.03 2.57 ± 0.35 1.33 ± 0.20

10 ◦C 45 0.23 ± 0.03 c 5.51 ± 0.21 a 1.0 ± 0.9 2.55 ± 0.21 1.50 ± 0.04
90 0.32 ±0.02 a 3.85 ± 0.16 b 1.0 ± 0.09 2.55 ± 0.21 1.50 ± 0.04

Significance ** ** ns ns ns

0 0.28 ± 0.02 b 3.07 ± 0.03 d 1.08 ± 0.14 2.49 ± 0.13 1.40 ± 0.01
15 0.28 ± 0.00 b 4.32 ± 0.01 b 1.04 ± 0.16 2.84 ± 0.17 1.42 ± 0.03

25 ◦C 45 0.23 ± 0.00 c 5.47 ± 0.18 a 1.80 ± 0.53 2.86 ± 0.39 1.40 ± 0.03
90 0.35 ± 0.03 a 3.78 ± 0.10 c 0.77 ± 0.54 2.55 ± 0.21 1.37 ± 0.05

Significance ** ** ns ns ns

Different letters show significant differences among mean values by Tukey’s post hoc test. ** Significance at p < 0 01;
ns: not significant.

3.2.2. Oxidative Stability

To evaluate the resistance of fat oxidation, the oil samples were subjected to a high-oxidative stress
environment using OXITEST reactor that shows a curve of oxidation characterized by an Induction
Period (IP). It is the time necessary to reach an end point of oxidation that corresponds to a detectable
rancidity or a rapid change in the oxidation rate. Oil stability was measured on control and Mboil
just after the addition of WE and during storage, to evaluate the effect in protection from oxidation.
In Figure 2, two examples of oxidation curves of oils stored at different temperatures were reported.
The addition of the WE significantly involved an increase of the oxidative stability of the oils: Mboil
samples had an average rise of oxidative stability of 50% (IP of 1022 min) with respect to the control that
showed an Induction Period of about 540 min. The resistance of oxidation did not show a significant
variation over time regardless of the storage temperature, from 0 to 90 days as reported in the tables
included in Figure 2. The higher value of oxidative stability observed in enriched oils can be linked
to the incorporation of phenolic compounds that are able to donate a hydrogen atom to the radical
formed during the propagation phase of lipid oxidation [49]. Moreover, sunflower oil added with
only lecithin was also analysed in order to evaluate the effect of the addition of lecithin on the sample
stability against oxidation. From the Rancimat analysis of oil plus lecithin, a high Induction Period
was observed compared with oil without emulsifier [50]. In our investigation, sunflower oil added
with lecithin showed a lower value than control (420 min, Figure S1, Supplementary Materials). This
confirms that the oxidative stability of enriched sample was related to the added phenolic extract.
Previous studies also showed that the antioxidant protection of lecithin, attributed to phospholipids,
was not effective for sunflower oil [51].
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3.2.3. Phenolic Composition and Antioxidant Activity

The evolution of individual phenolic compounds added to oil was analysed during storage
by UHPLC and the determination was repeated at different times (0, 45 and 90 days of storage).
The analysis of the samples stored at different temperatures showed a similar phenolic composition
(Table 4). According to the literature [52], samples were preferentially enriched with 50 mg L−1 of
hydroxytyrosol. After the enrichment process, the chromatographic analysis of the samples showed
(at time 0) a higher content of hydroxytyrosol and tyrosol, and a lower amount of caffeic acid, luteolin,
oleuropein and verbascoside was also detected. In general, a significant decrease (p < 0.01) of phenolic
compounds was observed during the storage, particularly after 45 days: about 59% of hydroxytyrosol
and 32% of tyrosol were lost. Not significant variations were detected at the 90th day compared to the
loss detected at 45th day, except for tyrosol, which showed another loss of 40% at the end of storage. In
this regard, it is important to point out that authors ascribe to the amphiphilic character of lecithin
the reduction of extraction yield of phenolic compounds due to the development of stable emulsion
between lecithin and phenols [48]. This also could explain the low amount of phenolic compounds
quantified compared to those added. In addition, we speculated that the formation of small drops of
WE affected the reaction with Folin-Ciocalteau, underestimating results (Table 5).

Table 4. Phenolic compounds (mg kg−1 of sample) in Mboil during the storage (days) at 10 and 25 ◦C.
letters and ** see Table 3.

10 ◦C 0 45 90 Significance

Hydroxytyrosol 39.65 ± 0.6 a 16.25 ± 0.47 b 15.06 ± 1.95 b **
Tyrosol 36.15 ± 0.16 a 24.78 ± 0.5 b 14.44 ± 1.23 c **
Vanillic acid 1.25 ± 0.01 a 0.70 ± 0.02 c 0.70 ± 0.01 b **
Caffeic acid 20.79 ± 0.59 a 13.66 ± 0.02 b 13.66 ± 0.00 b **
Verbascoside 9.11 ± 0.12 a 8.74 ± 0.04 b 8.92 ± 0.06 b **
Luteolin 18.19 ± 0.17 a 12.19 ± 0.00 b 12.24 ± 0.04 b **
Apigenin 11.05 ± 0.23 a 4.59 ± 0.03 b 4.69 ± 0.03 b **

25 ◦C 0 45 90 Significance

Hydroxytyrosol 39.65 ± 0.6 a 15.77 ± 0.35 b 15.88 ± 1.24 b **
Tyrosol 36.15 ± 0.16 a 25.54 ± 0.32 b 15.47 ± 1.29 c **
Vanillic acid 1.25 ± 0.01 a 0.79 ± 0.04 c 0.98 ± 0.04 b **
Caffeic acid 20.79 ± 0.59 a 13.72 ± 0.02 b 13.79 ± 0.00 b **
Verbascoside 9.11 ± 0.12 a 8.73 ± 0.00 b 8.87 ± 0.02 b **
Luteolin 18.19 ± 0.17 a 12.19 ± 0.00 b 12.18 ± 0.02 b **
Apigenin 11.06 ± 0.23 a 4.61 ± 0.04 b 4.74 ± 0.03 b **

The antioxidant activity of Mboil samples was analysed during storage using three different
methods: ABTS, DPPH and ORAC assays. No single method is enough to determine the food
antioxidant property, since different methods can give widely different results [53]. Moreover, the
application of a single method can yield only a limited suggestion of the antioxidant activity of the
samples under investigation [54]. The antioxidant activity of sample assays showed a significant
variation (p < 0.01) over the time of storage of the enriched oils. A decrease of antioxidant activity
was detected by ABTS assay according to the trend observed for TPC (r > 0.9). In contrast, a negative
correlation was detected between TPC, DPPH and ORAC values. In addition, a non-linear trend was
observed for DPPH and ORAC results with a minimum value detected at the 45th day. It should be
considered that the added compounds have hydrophilic nature, thus their distribution in lipid phase is
linked to their partition coefficient that may determinate also the distribution speed. It is conceivable
that these compounds could be at first aggregated and only afterwards a suitable period distributed to
the matrix. Multivariate analysis revealed that different temperatures did not significantly influence
the total phenol content and the antioxidant activity measured by different assays while time seemed
to affect them. Considering the oxidative stability of samples over time, the decrease of antioxidant
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activity is probably linked to the use of lecithin that led to the formation of lamellar structures in which
hydrophilic antioxidants may be entrapped [48]. Despite this, from the start to the end of storage,
at both temperatures, only about 3% of reduction was observed for the ORAC test: this is in line with
the slow decrease of TPC in enriched oils and the observed oxidative stability of samples, so it confirms
the robustness and the validity of ORAC method for the determination of the radical scavenging
activity of the lipid matrix [50].

Table 5. TPC (mgGA 100 g−1) and total antioxidant activity by ABTS, DPPH and ORAC assays (μmol
TE 100 g−1) of the samples stored at different temperatures.

Temperature Time (days) TPC ABTS DPPH ORAC

0 37 ± 1 a 1536.18 ± 1.55 a 74.67 ± 2.79 b 157.39 ± 0.86 a

15 26 ± 5 b 1283.06 ± 4.93 b 80.82 ± 2.50 a 143.82 ± 0.88 c

10 ◦C 45 23 ± 2 b 1203.61 ± 7.69 c 56.63 ± 1.66 d 127.17 ± 0.91 d

90 23 ± 3 b 1111.41 ± 9.78 d 68.29 ± 0.88 c 151.58 ± 1.22 b

Significance ** ** ** **

0 37 ± 1 a 1536.18 ± 1.55 a 74.67 ± 2.79 a 157.39 ± 0.86 a

15 25 ± 3 b 1285.05 ± 5.09 b 68.29 ± 3.45 a 153.21 ± 0.85 b

25 ◦C 45 25 ± 2 b 1240.37 ± 11.13 b 55.19 ± 2.76 b 128.90 ± 0.80 c

90 24 ± 2 b 1204.21 ± 83.51 b 69.58 ± 1.27 b 152.15 ± 1.53 b

Significance ** ** ** **

Means within a row with different letters are significantly different by Tukey’s post hoc test. ** Significance at
p < 0.01.

The obtained results confirm that the use of a low concentration of WE improve the nutritional
quality of refined oil, whereas in previous studies the effectiveness of retarding lipid oxidation of oil is
correlated to addition of high concentration of phenolic extract [9]. It is possible to hypothesize the use
of WE for the fortification of different kinds of food products.

4. Conclusions

In conclusion, the addition of a phenolic extract obtained by OMWW in sunflower oil permitted
the production of an enriched oil with a higher content of polyphenols and antioxidant properties for
up to 90 days of storage. The two tested temperatures did not affect these results, so it can be considered
an initial step to the enriched sunflower oil production, with increased antioxidant characteristics for
a more prolonged time. The successful results are also linked to the valorisation of olive industry
by-product, such as OMWW, converted from waste to resource, through an efficient methodology
of extraction.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/7/856/s1.
Figure S1. Oxidation curves: red (sunflower oil), blue (sunflower oil plus lecithin), yellow, violet, orange and
green (Mboil during the storage).
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Abstract: This work aims to develop simpler methodologies of extracting ferulic acid (FA) from
brewer’s spent grain (BSG). BSG is produced by brewing companies at high amounts all over the
year and does not possess a direct application. Thus, its use as raw material for extraction of
bioactive compounds has gained attention in the last years. FA has different interesting applications
in cosmetics, food industry, and pharmaceutics. Several studies aim for its extraction from BSG by
various methods, namely alkaline hydrolysis. In the present work, we suggest the use of autoclave
to process higher amounts of BSG in a lab scale. A simplification of the regular post-hydrolysis
procedures is also proposed to decrease the number of experimental steps and energy costs and to
simultaneously increase the extraction yield (up to 470 mg of FA per 100 g of BSG). The adsorption of
extracted FA in a synthetic resin is suggested as a partial purification method.

Keywords: ferulic acid; brewer’s spent grain; alkaline hydrolysis; adsorption; synthetic resin

1. Introduction

Due to the great political and social pressure in reducing pollution arising from industrial
activities, large companies no longer consider residues as a waste but as valuable raw materials for
other processes [1].

Brewer’s spent grain (BSG) is the main solid by-product of brewing industry, produced during
the wort elaboration step of beer production [1]. BSG is produced in a ratio of 20 kg per 100 L of
beer [2], and the worldwide production is around 38.6 × 106 tons/year [3]. Despite being commonly
used for animal and even human feed [4–7], excessive BSG availability is gaining attention for other
applications, among which are the production or the extraction of high value added compounds,
namely oligosaccharides [8], xylitol [9,10], and ferulic acid (FA) [11–13], a phenolic compound belonging
to the hydroxycinnamic acids family.

Due to its physiological functions—anti-oxidant, anti-inflammatory, anti-thrombosis anti-microbial,
and anti-cancer—as well as its protective effect against coronary disease, FA is considered one of the most
important phenolic compounds [14]. Several applications are described, such as vanillin production [15],
as preservatives [16,17], and as an ingredient for dermatologic lotions [14], among others. Because FA
is covalently linked to the structure of lignocellulosic biomass by ether and ester bonds, conventional
extraction techniques (e.g., solid–liquid extraction) are not effective in its separation from the matrix.
Other techniques, such as alkaline hydrolysis, are needed in order to cleave these bonds and release FA.
In fact, alkaline hydrolysis is able to cleave the lignin/phenolic-carbohydrate complexes structure, resulting
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in a phenolic portion, soluble sugars, insoluble lignin, and carbohydrates [18]. Other methods such as
enzymatic hydrolysis were developed to recover ferulic acid from lignocellulosic biomass, namely wheat
bran [19,20]. The main disadvantages of enzymatic hydrolysis are the cost of enzymes and/or the reaction
time. Additionally, for the process to be efficient, control of reaction temperature and pH is required.

Different procedures for alkaline hydrolysis reactions are described in literature, namely those
reported by Mussatto et al. (2007) [11] and McCarthy et al. (2013) [6]. The most common is to perform
the reaction into auto-pressurized tubes or cylindrical stainless steel reactors at high temperatures and
high pressures. Moreia and co-workers [13,21] suggested using microwave assisted extraction (MAE)
to promote FA release from lignocellulosic materials, such as BSG. Despite the short time required
for extraction, MAE’s main limitation is the small amount of BSG the system is able to process in
each batch. The present work aimed to optimize FA extraction from BSG by the simplification of the
methods described in literature, which resulted in reducing the time and the resources required for
extraction. Additionally, extraction in an autoclave allows one to scale-up the FA extraction, bridging
the limitations of other processes already described.

Currently, adsorption technology is widely used for the removal of organic compounds from
aqueous solutions and heterogeneous mixtures. The main disadvantage associated with the most
used adsorbents is the high regeneration cost. This has stimulated the research on new adsorbents
such as macrobead synthetic resins, which may provide a cheap and effective chemical regeneration
process [22].

Several authors refer to the adsorption of ferulic acid in resins such as Amberlite XAD-16 [23]
or Lewatit-type resins [24], aiming at its purification. These last authors studied three different
polystirene-based macroporous resins, Lewatit S6328 A (an anionic, strongly alkaline exchange resin),
Lewatit S2328 (food grade cationic exchange, strongly acidic), and Lewatit S7968, a resin without
functional groups, which gave the best performance on the adsorption of chlorogenic acids from
artichoke residues with little sugar co-adsorption. A similar resin Lewatit VPOC1064 was chosen for
purification of the extracted FA in the present work.

Our goal in this work was to use the principles of methods already reported and simplify the
processes for cleaning as well as partially purify the FA extracted from BSG.

2. Materials and Methods

2.1. Chemicals and Reagents

All reagents and standards were of analytical reagent (AR) grade. Folin–Ciocalteu reagent, gallic
acid (99%), and sodium hydroxide (98%) were purchased from Panreac (Madrid, Spain). Ferulic acid
(99%) and sodium carbonate (99.8%) were from Sigma-Aldrich (St. Louis, MO, USA). Absolute ethanol
was obtained from Riedel-de Haën, acetonitrile (99.9%) from Fisher Scientific, and formic acid (≥98%)
from Sigma-Aldrich. Synthetic resin (Lewatit VPOC1064 MD PH®) was purchased from LANXESS
(Köln, Germany).

Dimethylsulfoxid-d6 (DMSO-d6) (≥99%) was purchased from Merck (Darmstadt, Germany).

2.2. Raw Material

Brewer’s spent grain (BSG) was provided by a local brewing company (ECM, Empresa de
Cervejas da Madeira). The samples were freeze-dried immediately after delivery to our laboratory
(NatLab—CQM). Dry BSG was stored at −20 ◦C until use. These samples were used throughout the
work with the simple designation of “BSG”. A sample of fresh BSG was used for moisture and ash
content determinations.

2.3. Physicochemical Characterization

The moisture content determination was carried out on a KERN DBS 60-3 moisture balance
running a semi-automatic program, which heats the sample at 120 ◦C until the moisture content is

104



Foods 2020, 9, 600 3 of 13

stable for 30 s. Ash content (%) was determined after incineration of BSG samples in a muffle furnace
at (500 ◦C for 24 h). Particle size distribution was studied by passing three freeze-dried BSG portions
though a set of sieves with decreasing mesh size (1.0, 0.5, 0.25 and 0.125 mm).

2.4. Alkaline Hydrolysis—Basic Procedure

Alkaline hydrolysis was performed according to the procedure outlined in Figure 1A and described
in literature. Reactions were performed in Ace pressure tubes using BSG and NaOH solution in a
solid:liquid ratio of 1:20 (w/v). Experimental conditions were optimized and set as 120 ◦C for 1.5 h with
20 mL of NaOH (2%) for 1 g of BSG. Optimization was performed by individual variation of each of
the extraction parameters.

Figure 1. Proceeding to the alkaline hydrolysis reaction. (A) classic procedure; (B) simplified methodology.

The tubes were placed into an oil bath and heated. After alkaline hydrolysis reaction, the mixture
was cooled to room temperature, and the solid residue, containing mainly cellulose and lignin, was
separated by centrifugation. Precipitation of the hemicellulose fraction was triggered by addition
of ethanol to a final concentration of 30% (v/v), and its separation was performed by centrifuging.
The supernatant, which contained the ferulic acid, was neutralized with HCl (6M) and concentrated on
a rotary evaporator. The aqueous phase was freeze-dried and stored at −20 ◦C until analysis.

2.5. Pretreatment by Solid–Liquid Extraction with Acetone

A portion of BSG was extracted with acetone (60%) in a solid/liquid ratio of 50 mL/g in an ultrasound
bath for 1 h. After solid–liquid extraction, the mixture was allowed to cool to room temperature,
and the solid residue was separated from the supernatant by centrifugation followed by filtration.
The solid residue was washed with distilled water and freeze-dried. Alkaline hydrolysis was carried
out in Ace tubes at 120 ◦C for 1.5 h with 20 mL of NaOH (2%) for 1 g of BSG. For comparison, a portion
of BSG not subjected to pretreatment was extracted by alkaline hydrolysis in the same conditions.

2.6. Extraction by Alkaline Hydrolysis in Autoclave

An alkaline hydrolysis assay was carried under the same conditions (120 ◦C for 1.5 h with 20 mL
of NaOH (2%) for 1 g of BSG) in autoclave. The subsequent procedure was similar to that described for
Ace tubes. The resultant extracts were stored at −20 ◦C until analysis.
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2.7. Simplification of the Procedure

A modification of the process described in the literature was introduced in order to diminish
the number of separation steps and thus improve the yield in the desired product; after alkaline
hydrolysis, the mixture was cooled, and ethanol was added (Figure 1B). Precipitated hemicellulose
was separated by centrifugation together with lignin and cellulose fraction. The supernatant was
neutralized, concentrated, and the aqueous phase was freeze-dried and stored at −20 ◦C until analysis.

2.8. Analysis of Extracts

The extracts obtained after the procedures described in the previous sections were analyzed in
terms of their total soluble solids (TSS), total phenolic content (TPC), and quantification of ferulic acid
by HPLC-diode-array detector (DAD).

2.8.1. Total Soluble Solids (TSS) Determination

For TSS determinations [25], extracts were resuspended in water (10 mg/mL) and filtered through
membrane filters (0.45 μm). Using an ATAGO RX-1000 refractometer, the TSS was measured based on
a calibration curve of sucrose (5–50 mg/L). The results are expressed in milligrams of sucrose equivalent
(SE) per 100 g of dry BSG.

2.8.2. Total Phenolic Content (TPC) Determination

TPC was determined by Folin–Ciocalteu method [26]; fifty microliters of the sample in methanol
(5 mg/mL) was mixed with 1.25 mL of Folin–Ciocalteu solution (1:10) and 1 mL of Na2CO3 (7.5%).
The absorbance at 765 nm was measured after 30 min, and results were expressed as milligrams of
gallic acid equivalent (GAE) per 100 g of BSG (dry weight).

2.8.3. Quantification of Ferulic Acid

Ferulic acid concentrations were determined by high performance liquid chromatography (HPLC)
using a UV detector (at 320 nm) and a Phenomenex Gemini C18 (5 μm, 250 × 0.3 mm i.d.) column.
The HPLC analysis, adapted from Gouveia and Castilho (2011) [26], was performed on a Dionex
ultimate 3000 series instrument (Dionex, Sunnyvale, CA, USA) coupled to a binary pump, a diode-array
detector (DAD), an autosampler and a column compartment. Samples (5 mg/mL) were prepared
in the mobile phase and filtered through 0.45 μm membranes (Millipore, Burlington, MA, USA).
Then, samples were injected into the equipment under the following conditions: column at 30 ◦C,
acetonitrile/0.1% formic acid as mobile phase (isocratic elution, 75:25), a flow rate of 400 μL/min, and
injection volume of 10 μL. Results are expressed as mg of FA per 100 g of BSG (dry weight).

Identification was performed comparing retention times with those obtained from commercial
ferulic acid standard. Quantification was based on the UV signal response at 320 nm, and the
resultant peak areas in the chromatograms were plotted against concentrations obtained from standard.
Calibration curve (5–100 mg/L) was prepared by diluting the stock solutions (1000 mg/L in methanol)
with the initial mobile phase. Quantification was carried out by plotting peak area versus concentration
(R2 = 0.9994).

2.8.4. Statistical Analysis

All samples were assayed in triplicate (n = 3), and results are given as means ± standard deviations.
Differences between means were tested by ANOVA using SPSS Statistics 22 software.

2.9. Purification by Adsorption on a Synthetic Resin

Synthetic resin (Lewatit VPOC1064 MD PH®) was used to promote adsorption of FA from the
extract obtained after alkaline hydrolysis using the simplified method previously described (Figure 1B).
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2.9.1. Kinetic Studies with FA Standard

Before purification of alkaline hydrolysis extract, adsorption kinetic studies with FA standard
were performed. During these studies, several conditions were tested in three different assays. In the
first assay, a proportional variation of FA concentration and the amount of adsorbent were carried
up within three different tests. A second assay was achieved in two tests, where different initial
concentrations of FA were studied. Finally, in the third assay, the effect of temperature in the adsorption
was evaluated. Two tests were performed at room temperature (22–25 ◦C) and 6 ◦C (controlled ice
bath), respectively. Table 1 resumes the conditions of the different assays.

Table 1. Conditions of the adsorption mixtures during in adsorption kinetic studies. The volume of
ferulic acid (FA) solution used in each teste was constant (50 mL).

Assay Test [FA] (g/L) Resin wt. (g) Temperature

1
AdsA 1 0.5

Room temp.AdsB 0.5 0.25
AdsC 0.25 0.125

2
AdsHC 1 0.5 Room temp.
AdsLC 0.25 0.5

3
AdsRT 0.25 0.5 Room temp.
AdsT6 0.25 0.5 6 ◦C

A supernatant sample was collected every 2 min in the first 10 min, every 10 min during the next
90 min, and every 20 min until 180 min of adsorption. After filtration of supernatants, FA concentration
was determined. Adsorption percentage, the amount of FA adsorbed per gram of resin, and C/C0 were
used to evaluate the adsorption process.

The equation below was applied to the experimental data, and the parameters α, β, γ, δ and θ
were determined using the Solver Microsoft Excel add-in program.

C
C0

= α+ β·e− t
γ + δ·e− t

θ

where C0 is the initial concentration of the absorbate (g/L), and C is the concentration at the time t (g/L).

2.9.2. Purification of an Alkaline Hydrolysis Extract

As outlined in Figure 2, a portion of 2 g of alkaline hydrolysis freeze dried extract was dissolved
in 40 mL of water at 40 ◦C with vigorous stirring. After cooling the mixture to room temperature,
a portion of 10 g of pre-activated resin (according to the supplier, treatment with 6% HCl and 4%
NaOH and washing with distilled water) was added to the flask. The mixture was magnetically stirred
for 2 h and filtered under reduced pressure. The filtrate was used to determine the FA adsorption
yield, and the loaded resin was further stirred with 50 mL of ethanol:water (70%) in order to promote
desorption. A new filtration allowed us to separate the resin from the liquid phase containing the FA.
The determination of desorbed FA was possible through analysis of the filtrate.
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Figure 2. Procedure for the partial purification of FA by adsorption on a synthetic resin.

The extracts were analyzed in terms of FA quantification by HPLC-DAD according to the conditions
mentioned before. 1H NMR was performed to verify the partial purification of the extract obtained by
alkaline hydrolysis of BSG and treated with the Lewatit resin. For NMR analysis, 10 mg of each extract
were dissolved in 1 mL of DMSO-d6 and transferred to 5 mm NMR tubes. 1H spectra were recorded
on a Bruker UltraShield 400 Plus NMR (Bruker, Billerica, MA, USA) at 10,061 MHz and 400 MHz.
Acquisition parameters for 1H were: size of fit 65 k; spectral width 4401 Hz; acquisition time 64 k;
relaxation delay 1 s; number of scans 512.

3. Results and Discussion

3.1. Physicochemical Characterization of BSG

The moisture content of supplied BSG was 68.44 ± 0.93%, and the ash content was 4.18 ± 0.03%.
Sifting of freeze-dried material revealed that BSG was provided as a fine powder with particle size
between 1 and 0.25 mm (Table 2), and it was further used without any separation.

Table 2. Particle size distribution.

Particle Size (mm) Percentage (%)

>1 3.83 ± 0.37
1–0.5 36.00 ± 1.48

0.5–0.25 41.06 ± 2.44
0.25–0.125 12.57 ± 2.65
≤0.125 6.76 ± 1.12

3.2. Optimization of Alkaline Hydrolysis Conditions

Table 3 summarizes the results for optimization of alkaline hydrolysis reaction in Ace pressure
tubes. Different reaction temperatures (60, 80, 100, and 120 ◦C) were tested for 1 h with NaOH (2%).
Reaction time (1 to 3 h) was tested at 100 ◦C using NaOH (2%). Optimization of alkali solution
concentration was performed in reactions at 100 ◦C for 1 h. Optimal conditions were set as 120 ◦C for
1.5 h with 20 mL of NaOH (2%) for 1 g of BSG.
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Table 3. Conditions and results obtained for optimization of the parameters for alkaline hydrolysis
reaction in Ace pressure tubes. FA yield is expressed as mg of FA per 100 g of brewer’s spent grain
(BSG).

Temp. (◦C) Time (Hours) NaOH (%) FA Yield (mg FA/100 g)

60 1 2 46.95 ± 9.72
80 1 2 81.52 ± 17.89

100 1 2 214.18 ± 30.43
120 1 2 234.98 ± 8.03

100 1 2 214.67 ± 4.70
100 1.5 2 223.97 ± 6.82
100 2 2 223.05 ± 1.47
100 2.5 2 202.62 ± 19.65
100 3 2 223.09 ± 17.85

100 1 0.5 174.76 ± 23.64
100 1 1 199.63 ± 11.21
100 1 1.5 214.53 ± 23.26
100 1 2 204.44 ± 9.64
100 1 2.5 200.10 ± 22.07

3.3. Pretreatment by Solid–Liquid Extraction with Acetone

The results compiled in Table 4 reveal that extraction with acetone is effective in removing free
sugars from the matrix, resulting in a significant decrease in TSS for pretreated BSG compared with the
untreated portion. FA concentration in the extracts obtained by alkaline hydrolysis of both untreated
and pretreated BSG portions did not show a statistically significant difference. Results obtained in
previous works [27] showed that solid–liquid extraction with 60% acetone is efficient in the extraction
of free form compounds from BSG. The present data show that solid–liquid extraction is not efficient
in the extraction of FA from lignocellulosic materials, since it is covalently bonded to their structure,
but soluble solids such as mono and disaccharides are partially removed.

Table 4. Comparison of the results obtained for alkaline hydrolysis of not pretreated and treated BSG
(1 h). Total soluble solids (TSS) is expressed as mg of sucrose equivalent per 100 g of BSG, total phenolic
content (TPC) is expressed as gram of gallic acid equivalent per 100 g of BSG, and FA yield is expressed
as mg of FA per 100 g of BSG.

Not Pretreated Pretreated

TSS
mg SE/100 g 94.50 ± 8.39 a 69.39 ± 3.28 b

TPC
g GAE/100 g 1010.44 ± 1.58 a 1323.24 ± 143.30 b

FA yield
mg FA/100 g 259.21 ± 35.95 a 270.32 ± 65.86 a

a indicates not significant differences and b indicates significant differences. SE: sucrose equivalent; GAE: gallic
acid equivalent.

3.4. Extraction by Alkaline Hydrolysis in Autoclave

The characterization of the extracts (Table 5) showed that differences on TSS were not significant.
However, there was a statistically significant increase of TPC and FA yield for those obtained by
alkaline hydrolysis in autoclave compared to those obtained in Ace pressure tubes. This might have
been due to a higher contact exchange between BSG and alkali solution in autoclave, resulting from
the greater volume of the reaction vessels in which hydrolysis was performed. Taking into account the
aspects mentioned above, alkaline hydrolysis of BSG in an autoclave might be an interesting process
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for a possible scale-up of the extraction process, since even everyday laboratory equipment is capable
of processing large amounts of BSG.

Table 5. Comparison of the results obtained for alkaline hydrolysis on Ace pressure tubes and in an
autoclave (1.5 h). TSS is expressed as mg of sucrose equivalent per 100 g of BSG, TPC is expressed as
gram of gallic acid equivalent per 100 g of BSG, and FA yield is expressed as mg of FA per 100 g of BSG.

Ace Pressure Tubes Autoclave

TSS
mg SE/100 g 81.45 ± 2.59 a 82.44 ± 9.17 a

TPC
g GAE/100 g 1194.20 ± 21.34 a 1439.73 ± 102.02 b

FA yield
mg FA/100 g 203.41 ± 5.37 a 280.61 ± 5.77 b

a indicates not significant differences and b indicates significant differences.

3.5. Simplification of the Procedure

Table 6 shows the results for the simplification of the procedure after alkaline hydrolysis in
comparison with the normal procedure (schematized in Figure 1). Both TSS and TPC showed a large
increase (of about 30.9% for TSS and 122.97% for TPC). FA yield was increased in about 80% with the
change of procedure, up to 476.99 ± 25.94 mg (FA)/100 g (BSG, dry weight). The increase was probably
due to the solvent washing during the addition of the ethanol to the alkaline liquor, which resulted
in reduction of losses associated with the process. Thus, in addition to reducing the experimental
steps and the energetic resources required for extraction, simplification of the procedure also permits
obtaining a greater amount of FA. TSS increase may be an indication that larger carbohydrates are
degraded into smaller, soluble sugar molecules.

Table 6. Comparison of the results obtained for normal and simplified procedures applied after alkaline
hydrolysis. TSS is expressed as mg of sucrose equivalent per 100 g of BSG, TPC is expressed as gram of
gallic acid equivalent per 100 g of BSG, and FA yield is expressed as mg of FA per 100 g of BSG.

Normal Procedure Simplified Procedure

TSS
mg SE/100 g 94.50 ± 8.39 a 123.70 ± 1.47 b

TPC
g GAE/100 g 1483.72 ± 90.03 a 3342.86 ± 71.21 b

FA yield
mg FA/100 g 259.21 ± 35.95 a 476.99 ± 25.94 b

a indicates not significant differences and b indicates significant differences.

3.6. Purification by Adsorption on a Synthetic Resin

3.6.1. Kinetic Studies with FA Standard

Three assays were performed to study the adsorption kinetics under different experimental
conditions, according to Table 1.

After determination of FA concentration in the various supernatant samples, C/C0 was calculated
for each time t, and parameters α, β, γ, δ and θwere determined.

Figure 3 resumes the evolution of C/C0 along the 180 min of adsorption in the different assays.
Figure 3a is related to assay 1, where dispersion of both FA and resin increased in proportion within
the tests AdsA, AdsB, and AdsC. Adsorption isotherms show that the variation in the concentration of
adsorbed FA during the equilibrium was proportional to the dispersion of both adsorbate and adsorbent
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in the mixture. Assay 2 (Figure 3b) was performed to study the effect of the initial concentration of
FA in the adsorption process. The FA concentration in test AdsHC was four times higher than that in
test AdsLC. Because the amount of resin was similar in both tests, isotherms indicated a more efficient
adsorption process for AdsLC. Regarding the study of the effect of temperature in the adsorption
process, Figure 3c resumes the results obtained under room temperature (AdsRT) and 6 ◦C (AdsT6).
Results showed that, at room temperature, the equilibrium was achieved faster than at 6 ◦C. In all tests,
it was possible to establish that 100–120 min is enough to reach equilibrium.

Figure 3. Adsorption kinetic isotherms for the assays performed to study the effect of (a) dispersion of
FA and resin, (b) the initial concentration of FA, and (c) the temperature in the adsorption mixture.

Parameters for adsorption isotherms equations were determined and compiled in Table 7. Based on
kinetic studies results, the best conditions for adsorption of FA standard may be an intermediate
between the conditions of assays AdsA, AdsLC, and AdsRT. For real samples, where the goal is to purify
FA from a variety of compounds of different chemical nature, the ideal conditions might be different,
namely because of the competition for adsorption in the resin.
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Table 7. Determination of parameter estimates and sum of squared differences (SSD) by MS Solver for
adjustment of adsorption kinetic curves.

Assay Test
Parameter

SSD
α β γ δ θ

1

AdsA 0.2144 0.4721 18.1123 0.3122 1.6490 0.0006
AdsB 0.3169 0.3620 24.1647 0.3031 7.9226 0.0014
AdsC 0.4262 0.4271 27.1620 0.1391 4.1121 0.0022

2
AdsHC 0.2144 0.4721 18.1123 0.3122 1.6490 0.0006
AdsLC 0.1343 0.3759 15.7397 0.4861 2.2909 0.0014

3
AdsRT 0.1343 0.3759 15.7401 0.4861 2.2910 0.0014
AdsT6 0.1335 0.3992 24.5310 0.4604 3.4751 0.0013

3.6.2. Purification of an Alkaline Hydrolysis Extract

Adsorption of FA from the alkaline hydrolysis extract showed to be effective (90.83%), where
around 4.6 milligrams of compound were adsorbed into the resin. The desorption was achieved by
adding two portions of 25 mL of 70% ethanol followed by continuous stirring for 30 min and filtration.
The filtrates were combined, concentrated, and the concentration of FA was determined by HPLC-DAD.
Results showed that 68.70% of the adsorbed FA was desorbed under these conditions, indicating that
about 1.4 milligrams of FA remained adsorbed.

1H NMR spectra (Figure 4) suggests a partial purification of the extract obtained by alkaline
hydrolysis of BSG in an autoclave and a simplified procedure. Figure 4A corresponds to FA standard
spectrum. FA peaks were identified in both Figures 4B and 4C for initial and partially purified extracts,
respectively. Because FA concentration increased after purification, the peaks between 6.3 and 7.5 ppm
and the peak at 3.8 ppm slightly increased in the final extract when compared to the original extract.
On the contrary, peaks at 8.4 and 5.3 ppm as well as regions 3.5 to 3.7, 3.0 to 3.4, 2.6 to 2.8, 1.5 to 2.3,
and 1.0 to 1.3 ppm decreased in the final extract compared with the initial extract. This suggests a
decrease in the concentration of these compounds after partial purification with synthetic resin.
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4. Conclusions

Because of its high availability and potential, several works are being developed around BSG. One
of the interesting compounds present in the lignocellulosic structure of BSG is ferulic acid. Since FA
is not extracted from the BSG matrix by conventional solid–liquid extraction methods, alternative
techniques such as alkaline hydrolysis are often applied. The methods described in literature usually
comprise a pretreatment step to remove compounds resulting from the brewing process. Alkaline
hydrolysis is commonly followed by centrifugation, precipitation of hemicellulose fraction in the
alkaline liquor, and neutralization. In the present work, the use of autoclave to perform the alkaline
hydrolysis and a simplification of the post-extraction process were suggested and were shown to
increase FA yield. The extraction in an autoclave resulted in an increase of FA extraction yield of
around 38% when compared with the extraction in pressure tubes. An increase of about 84% in the
extraction yield was achieved in a small scale extraction in pressure tubes when a simplification of the
post-extraction process was applied. A partial purification by adsorption on a synthetic resin was also
suggested, constituting a potential approach to obtain ferulic acid in a higher degree of purity.

During the studies, p-coumaric acid was co-extracted in molar proportion (p-CA:FA) between 1:4
and 1:8, depending on the extraction conditions.
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Abstract: The main focus of this study is to assess radical scavenging and antimicrobial activities
of the 11 wood extracts: oak (Quercus petraea (Matt.) Liebl., Q. robur L., and Q. cerris L.), mulberry
(Morus alba L.), myrobalan plum (Prunus cerasifera Ehrh.), black locust (Robinia pseudoacacia L.), and
wild cherry (Prunus avium L.). High-performance thin-layer chromatography (HPTLC) provided
initial phenolic screening and revealed different chemical patterns among investigated wood extracts.
To identify individual compounds with radical scavenging activity DPPH-HPTLC, assay was applied.
Gallic acid, ferulic and/or caffeic acids were identified as the compounds with the highest contribution
of total radical scavenging activity. Principal component analysis was applied on the data set
obtained from HPTLC chromatogram to classify samples based on chemical fingerprints: Quercus spp.
formed separate clusters from the other wood samples. The wood extracts were evaluated for their
antimicrobial activity against eight representative human and opportunistic pathogens. The lowest
minimum inhibitory concentration (MIC) was recorded against Staphylococcus aureus for black locust,
cherry and mulberry wood extracts. This work provided simple, low-cost and high-throughput
screening of phenolic compounds and assessments of the radical scavenging properties of selected
individual metabolites from natural matrix that contributed to scavenge free radicals.

Keywords: wood waste; phenolic profile; planar chromatography; DPPH-HPTLC assay;
antimicrobial activity

1. Introduction

Ageing processes of some alcoholic beverages are one of the most important practices during
their production. This contributes to improved sensory characteristics such as aroma, color, taste and
astringency. The most commonly used material in cooperage is oak heartwood barrels. Alternative
wood species such as chestnut, cherry and mulberry are also used in Balkan cooperages, in different
forms such as wood chips and staves [1]. Nowadays, notable studies have showed that agri-food
wastes and by-products, including waste from barrel production, represent an inexhaustible source of
valuable biologically active compounds. Additionally, this waste represents a low-cost material, which
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can be used as material for the production of the extracts. Recently, various extraction techniques
were reviewed and compared with classical extraction procedures used for recovery of the antioxidant
compounds from wastes [2]. Using simple, fast and inexpensive eco-friendly extraction methods for
phenolic compounds represents an efficient method and advantage for further implementation in the
food, pharmaceutical and cosmetic industries [3–5].

From the production of wood barrels, it is estimated that more than 200 tons of wood waste is
available annually in Serbia [6]. Forests and other wooded land occupy ~2.5 million hectares, which is
about one third of the territory of the Republic of Serbia. These natural populations of Serbia contain
a large number of economically important forest tree species (oak, beech, black locust, spruce, pine
and fir) together with autochthonous and introduced wild fruit trees species (wild cherry, cherry
plum, mulberry, wild pear, wild apple, cornelian cherry, hazel and walnut) which are used for timber
production, afforestation and erosion prevention, for grafting, in human diet, in medicine, in industrial
processing and in landscape architecture [7,8].

In Serbia, barrels are mostly made of oak (pedunculate oak, Quercus robur, or sessile oak, Quercus
petraea (Matt.) Liebl. L.) and Turkey oak (Quercus cerris L.) but sometimes black locust (Robinia
pseudoacacia L.), myrobalan plum (Prunus cerasifera Ehrh.), mulberry (Morus alba L.) and even wild cherry
(Prunus avium L.) are used as a cheaper substitute. Oak is the most widespread deciduous tree in Serbia,
a national tree with strong historical and religious importance. Myrobalan plum is a native tree in
Southeast Europe, has great genetic importance for horticultural breeding, and has spread throughout
the whole country in all kinds of micro-climatic and pedologic conditions. Mulberries are very common,
since ex-Yugoslavia used to be the fifth largest silk producer in the world with more than 2.5 million
white mulberry trees [9]. Wild cherry, a noble tree, is widely distributed by birds; its seeds are used
for generative rootstock production and its fruits are suitable for table consumption and as a local
medicine [10,11]. Black locust is mostly used in construction works, as technical or ornamental wood,
and is most commonly used as firewood. It has special value as a honey species for beekeeping [12].

Wood waste has a potential to be reused in the food and pharmaceutical industry due to its
richness in potentially bioactive phenolic compounds with high antioxidant and antimicrobial activity.
In our previous research [6], ellagic acid was abundant in sessile and pedunculate oak wood. It was
also found in Turkey oak, black locust and myrobalan plum, but in much lower quantities. Mulberry
contained the largest concentration of p-hydroxybenzoic acid and stilbenoids in comparison with
other wood species, while myrobalan plum showed the highest content of protocatechuic acid and
5-O-caffeoylquinic acid. Wild cherry was characterized by richness in flavonols, flavanones, flavones,
isoflavones and flavanonols [6,13,14], with taxifolin as the most abundant phenolic compound [6].
Extracts from sessile and pedunculate oak, black locust, myrobalan plum, wild cherry and mulberry
showed notable antioxidant capacity, with the highest radical scavenging activity in the latter extract.
Turkey oak showed the lowest radical scavenging activity [6]. According to the literature, phenolic
acids were identified as the major contributors to the antioxidant capacity in wood samples, including
gallic, protocatechuic, p-coumaric and ellagic acid and all the ellagitannins, due to their characteristic
structure [15]. The following phenolic acids: ferulic acid, caffeic acid, protocatechuic acid, gallic acid,
p-coumaric acid and chlorogenic acid, also present in some wood species, exhibit strong free radical
scavenging properties on silica plates [16].

It is proposed that phenolic compounds can damage the bacteria cell membrane by interacting
with the proteins of the cell membrane, or can be involved in interaction with cellular enzymes [17],
which may directly or indirectly cause metabolic dysfunction and finally bacterial death [18]. Phenolic
compounds are able to inhibit bacterial quorum sensing signal receptors, enzymes and secretion of
toxins [19]. The type, structure and concentration of phenolic compounds, as well as the microorganism
used, will influence the bacterial growth. Large doses of phenolic compounds may be toxic for bacteria,
but lower doses can be used as substrates [17].

Some phenolic compounds present in several wood species showed antimicrobial activity.
Taxifolin exhibited antibacterial activity against six known clinical pathogens: Escherichia coli, Listeria
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sp., Pseudomonas aeruginosa, Bacillus sp., and S. aureus [20]. Oxyresveratrol, the most abundant stilbene
in mulberry, was active against the methicillin-resistant S. aureus [21].

Among flavonoids present in wild cherry wood, flavonols were distinguished by effective
antimicrobial activity against resistant bacteria [22]. Methanolic extract (80%, v/v) from oak bark
(Q. robur L.) showed moderate bactericidal, fungicidal, bacteriostatic and fungistatic activity on S. aureus,
Enterobacter aerogenes (today known as Klebsiella aerogenes) and C. albicans [23]. Q. robur bark showed
strong antibacterial activities against Pseudomonas aeruginosa, M. flavus and E. coli, and moderate
effects against other bacterial species [24]. Heartwood and resin of cherry wood exhibited cytochrome
inhibition and antifungal activity [25], while cherry wood extracts possessed noticeable antimicrobial
activity against 9 out of the 11 wine organisms tested [17]. Oak wood has abundant ellagitannins,
which are toxic to microorganisms, and provides good resistance to fungal degradations [26].

Antimicrobial resistance presents a global problem since resistant pathogens can cause life-threatening
conditions that become incurable with one or more known drugs. The mechanisms of the antibacterial
activities of many plant-derived flavonoids are different than those of conventional drugs, which open
new possibilities in enhancement of antibacterial therapy [27]. In addition, many synthetized drugs
have side-effects, which are small in the case of plant-derived compounds [27]. Due to all these reasons,
the development of alternative drugs derived from natural resources is an attractive option.

Radical scavenging activity using DPPH-HPTLC (high performance still layer chromatography)
assay and antimicrobial activity on wood waste extracts are not investigated so far. Thus, the main aim
of this research was to assess radical scavenging and antimicrobial activities of the wood waste extracts
from mulberry (M. alba L.), myrobalan plum (P. cerasifera Ehrh.), black locust (R. pseudoacacia L.), wild
cherry (P. avium L.), and different species of oaks (Q. petraea (Matt.) Liebl., Q. robur L. and Q. cerris
L.) and consider their usage in the pharmaceutical and food industries. Phenolic compounds were
separated by using HPTLC, while radical scavenging activity was determined using DPPH-HPTLC.

2. Materials and Methods

2.1. Chemicals

Ethyl acetate was purchased from Merck (KGaA, Darmstadt, Germany); formic acid, hexan
2,2-diphenyl-1-picrylhydrazyl (DPPH) and phenolic standards from Sigma-Aldrich (Steinheim,
Germany); and 2-aminoethyl diphenylborinate (NTS) from Fluka (Steinheim, Germany). Gallic
acid, ferulic acid and caffeic acid were supplied by Sigma Aldrich (Steinheim, Germany).

2.2. Samples and Preparation of Wood Extracts

Eleven different wood staves of different geographical origins were analyzed (Table 1). In total
three samples of Pedunculate oaks (Quercus robur L.), three of sessile oaks (Quercus petraea (Matt.) Liebl),
and one sample of Turkey oak (Quercus cerris L.), black locust (Robinia pseudoacacia L.), myrobalan plum
(Prunus cerasifera Ehrh.), wild cherry (Prunus avium L.), and mulberry (Morus alba L.) were included.
Nine staves were stored for the whole year in the open air at cooperage industry VBX-SRL. D.O.O. in
Kraljevo, Central Serbia., while two samples (sessile oak from Kuršumlija and Turkey oak) were not
seasoned [6]. The wood age of the oak wood staves was over 60 years, while the wood age of non-oak
wood staves was more than 40 years.

Firstly, the staves were grinded in a mill for wood and sieved until granulation of 0.5–1.5 mm was
obtained. The sawdust (2.5 g) was extracted with 25 mL of ethanol (60%, v/v), in Erlenmeyer flasks,
with constant stirring in a magnetic stirrer for seven days in darkness and room temperature (20 ±
2 ◦C) [6]. The extracts were centrifuged twice (5 min at 8000 rpm). For investigation of antimicrobial
activity, the extracts were evaporated with a rotary evaporator and diluted in methanol until the
concentration of 50 mg mL−1 was reached. The extraction yield of each extract was calculated from the
weight of the extract residue obtained after solvent removal and the weight of waste wood employed
in the extraction procedure.
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Table 1. Selected wood waste extracts of different forest trees for DPPH-HPTLC (high-performance
thin-layer chromatography) and antimicrobial testing assay.

Sample No. Tree Geographical Origin Extraction Yield (%)

1
Pedunculate oak—Quercus

robur L.

Slavonija (Croatia) 4.44
2 Gornji Radan (Serbia) 4.40
3 Olovo (Bosnia and Herzegovina) 4.12

4
Sessile oak—Quercus petraea

(Matt.) Liebl.

Kučaj (Serbia) 5.06
5 Kuršumlija (Serbia) 3.05
6 Ravna Gora (Serbia) 4.58

7 Turkey oak—Quercus cerris L. Kuršumlija (Serbia) 1.63

8 Black locust—Robinia
pseudoacacia L. Kraljevo (Serbia) 6.37

9 Myrobalan plum—Prunus
cerasifera Ehrh Vrnjačka Banja (Serbia) 5.80

10 Wild cherry—Prunus avium L. Ravna Gora (Serbia) 3.15

11 Mulberry—Morus alba L. Vrnjačka Banja (Serbia) 7.29

2.3. High-Performance Thin-Layer Chromatography and Image Analysis

HPTLC Silica gel 60F254 plates were used for both HPTLC fingerprint and DPPH-HPTLC assay
(Merck, Germany). The oak and wild cherry samples (5 μL), black locust, myrobalan plum and
mulberry (2 μL), and four standard compounds: gallic acid, ferulic acid, caffeic acid and p-coumaric
acid (2 μL, c = 1000 ppm), were applied as bands (8 mm) using Linomat 5 system (Camag, Muttenz,
Switzerland).

The mobile phase consisted of a mixture of ethyl acetate:hexan:formic acid:water (11:2:1:0.5 v/v/v/v).
The plates were developed at room temperature (20 ◦C) in a twin-trough-chamber (CAMAG) saturated
with the vapors of mobile phase for 15 min, at a developing distance of 70 mm. The obtained HPTLC
chromatograms were derivatized with 2-aminoethyldiphenylborate solution (NTS - 0.2% in ethanol) in
order to intensify the fluorescence of compounds.

For DPPH-HPTLC assay, a developed HPTLC chromatogram was immersed manually for
3 seconds (s) in DPPH·methanol solution (0.2%) and then photographed every 30 s for 15 min. Images
of the plates were captured with mobile phone (Huawei P Smart) equipped with a 13-pixels camera.
All developed plates were photographed both before and after derivatization and saved as TIF files.

Images of the HPTLC chromatograms were analyzed using free available Image J software.
The obtained results for each sample were cropped and denoised by using median filter with three
pixels width filter. Further, images were transformed and the tracks were outlined with a rectangular
selection tool. The line profile plots were generated with Plot Profile option for each sample. Profile
plot displays a 2-D graph of the intensities of pixels along a line.

2.4. Principal Component Analysis

The line profiles were obtained using ImageJ software [28]. Principal Component Analysis (PCA)
was applied using PLS ToolBox, v.6.2.1 (Eigenvector Research, Inc. 196 Hyacinth Road Manson, WA
98831, USA), for MATLAB (7.12.0(R2011a) (http://www.eigenvector.com/software/pls_toolbox.htm,
Eigenvector Research, Inc., Wenatchee, WA). The data were pre-processed using correlated optimized
warping (COW), standard normal variate (SNV) and mean centering to improve multivariate models.

2.5. Bacterial Strains and Growth Conditions

Antibacterial activity was tested using eight indicator strains in line with their growth requirements
(Table 2). Suspensions were adjusted to McFarland standard turbidity (0.5) (BioMérieux, Marcy-l’Étoile,
France), which corresponds approximately to 1 × 108 CFU mL−1.
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Table 2. Indicator strains used in testing antimicrobial activity of selected extracts from forest trees.

Indicator Strains Isolate Code Growth Medium
Growth

Temperature
The Origin of
The Isolates

Streptococcus mutans IBR S0001 LA

37 ◦C

Oral cavity *
Streptococcus pyogenes IBR S0004
Methicillin-resistant

Staphylococcus aureus (MRSA) ATCC33591

Reference
strains

Staphylococcus aureus ATCC25923
Escherichia coli ATCC25922

Enterococcus faecalis ATCC29212
Listeria monocytogenes ATCC19111 BHA

Candida albicans ATCC10231 TSA

* Strains isolated from the human oral cavity [29]. All reference strains belong to Department of Microbiology,
Faculty of Biology, University of Belgrade.

2.6. Well-Diffusion Method

A modified well-diffusion method [30] was performed for initial screening of the antimicrobial
potential of the selected 11 wood waste extracts. Wells were made of sterile bottom parts of pipette tips
(200 μL) and placed on the LA/BHA/TSA solid medium (Table 2). According to growth requirements
of used strains, 6 mL of LA/BHA/TSA soft agar was inoculated with 60 μL of the appropriate strain and
poured into Petri dishes over the solid medium. Molds (5 mm in diameter) were removed after soft
agars solidification and 20 μL of each extract (1 mg/well) was added. Vancomycin and nystatin were
used as a positive control (antibiotic/mycotic, viz., 0.2 mg/well), for bacterial strains and C. albicans,
respectively. As a negative control, 20 μL of methanol was used. The Petri dishes were incubated at
37 ◦C, for 24 h. After the incubation, bacterial susceptibility and zones of inhibition were measured
and expressed in mm.

2.7. MIC Assay

A broth microdilution method was used to determine the minimum inhibitory concentration
(MIC) and minimum bactericidal concentrations (MBC) of the selected 11 wood waste extracts. Extracts
were tested in the concentration range from 0.02 to 2 mg mL−1 by performing two-fold serial dilutions
with the appropriate medium in 96-well microtiter plates. Negative control (control of bacterial and
yeast growth) and sterility control (blank, only appropriate medium) were also tested. The final
concentration of the solvent control (methanol) in the first wells was 10%. Vancomycin, streptomycin
and nystatin were tested as positive controls in concentration range from 0.001 to 0.4 mg mL−1. Beside
negative and sterility controls, each well was inoculated with 20 μL of bacterial/yeast culture (approx.
1 × 106 CFU mL−1), reaching a final volume of 200 μL. In addition, 22 μL of resazurin indicator was
added to each well. Microtiter plates were incubated for 24 h at 37 ◦C. In the presence of living bacterial
cells, blue colored resazurin was being irreversibly reduced to pink colored and highly red fluorescent
resorufin [31]. The lowest concentration of each extract which showed no change in color of resazurin
was defined as MIC value. MBC/MFC values were determined by sub-culturing the dilutions from
wells without color changes on agar plates. Plates were incubated 24 h at 37 ◦C and bacterial/yeast
growth was monitored. The lowest concentration without growth was defined as MBC/MFC value.
The results were expressed in mg mL−1.

3. Results and Discussion

3.1. Line Profiles of Investigated Extracts

Investigated wood samples contained several characteristic phenolic compounds at RF values of:
0.28, 0.35, 0.43, 0.74, 0.86 (gallic acid), 0.91 (ferulic acid), 0.88 (caffeic acid) and 0.91 (p-coumaric acid)
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(Figure 1). Based on HPTLC profiles, wood extracts contained bands with RF values from 0.28 to 0.91.
There are five different patterns in the investigated samples: Quercus samples showed one band of
weak intensity with RF value at 0.85, while sample 1 (Pedunculate oak—Q. robur L.) had the highest
intensity peak of this compound. Further, black locust (sample 8) showed greenish bands with RF at
0.75, 0.82 and 0.87, clearly different from standard phenolic acids (Figure 2a).

Figure 1. Line profiles of investigated wood extracts based on HPTLC analysis: (A) oak samples (no.
1–7); (B) non-oak samples (no. 8–11): black locust (Robinia pseudoacacia L.) (no. 8), myrobalan plum
(Prunus cerasifera Ehrh.) (no. 9), wild cherry (Prunus avium L.) (no. 10) and mulberry (Morus alba L.)
(no 11).

Figure 2. HPTLC chromatograms of samples: Q. robur (no. 1–3), Q. petraea (no. 4–6), Q. cerris
(no. 7), Robinia pseudoacacia (no. 8), Prunus cerasifera (no. 9), Prunus avium (no. 10), mulberry
(no. 11) and four standard compounds (gallic acid (no. 12), ferulic acid (no. 13), caffeic acid (no.
14) and p-coumaric acid(no. 15)); (a) under UV light at 366 nm; (b) under UV light at 254 nm;
(c) DPPH-HPTLC chromatogram.

122



Foods 2020, 9, 319

Wild cherry contained one characteristic peak at 0.36, whereas myrobalan plum had a different
pattern from other wood samples with three characteristic peaks at RF values of 0.28, 0.35 and caffeic
acid (Figure 1). A different profile of myrobalan plum in comparison with other wood samples could
be seen also by HPLC [6], where it contained significantly larger amounts of protocatechuic acid and
5-O-caffeoylquinic acid than other wood samples. The peak profiles for mulberry showed it contained
peaks at 0.43, 0.84, gallic, ferulic and/or p-coumaric acids.

Mulberry sample showed hardly visible blue band with RF at 0.86, recognized as gallic acid, while
black locust and oak wood samples contained gallic acid in higher amounts. In addition, wild cherry
contained p-coumaric and ferulic acid in greater quantities than mulberry, and caffeic acid in greater
quantities than myrobalan plum, which was observed neither on HPTLC plates nor line profiles.

3.2. DPPH-HPTLC Assay

It was previously shown that the total antioxidant activity of each extract through the DPPH assay,
mulberry and myrobalan plum wood extracts had significantly higher DPPH values in comparison to
the other samples [6]. The single compounds with radical scavenging activity and their contribution to
the total radical scavenging activity were investigated by DPPH.-HPTLC assay. Substances exhibiting
radical scavenging properties (yellow bands against a purple background) were located between RF
values at 75 and 92 (Figure 2c). The most dominant zones in the HPTLC-DPPH. fingerprints were
compounds with RF values at 0.87, 0.91 and 0.92, which could be recognized as gallic, ferulic and/or
caffeic acids (zone 4). Extracts no. 8–11 showed strong radical scavenging activities, mainly due to the
previously detected phenolic compounds, while Quercus samples revealed one weak band with RF at
75 against the purple background. P. cerasifera contained two bands at 0.84 and caffeic acid, and were
recognized as radical scavengers. The, M. alba sample showed radical scavengers with RF values at
0.84, gallic, ferulic and/or p-coumaric acids. These compounds have been recognized before as strong
radical scavengers on silica plates [16].

3.3. Principal Component Analysis

Visual inspection of HPTLC chromatograms is a subjective method and mainly depends on the
analyst’s perception. On the other hand, multivariate chemometrics analysis applied on the HPTLC
chromatogram provides an objective classification of the investigated samples for identification of
phenols most responsible for classification, as well as identification of outliers. The HPTLC system
was optimized to separate and identify all phenols from different wood extracts.

Principal component analysis (PCA) is a commonly used multivariate technique. It accounts
for most of the variation of total variability, visualizes the structure of data by grouping objects into
two or three dimensions, and identifies important variables responsible for discrimination between
wood samples. PCA as an initial multivariate technique was applied on the data matrix (11 samples
× 389 variables) obtained from HPTLC chromatograms, where variables represent the intensities of
pixels along the 389 length lines. The first two Principal Components (PCs) accounted for 33.35% and
20.09% of the total variability, respectively. The first five principal components describe 87.85% of total
variability. From the PC score plot (Figure 3a), six Quercus samples were positioned on left side of
PC score plot, while other four wood samples were misclassified and positioned on right side of PCs
score plot. The loading plots (Figure 3b,c) demonstrated the significant contribution of polyphenolic
compounds to the total variability. The most influential phenolic compounds discriminating between
Quercus and the other wood samples were compounds with RF values at 0.35, 0.43, 0.86 and 0.91.
In contrast to other types of wood samples Quercus samples contained low amounts of phenolic
compounds with RF values at 0.35, 0.43, 0.86 and 0.91. Polar compounds with low RF values could be
some phenolic acids and/or glycosides. These phenolic compounds may be identified as characteristic
taxonomical markers between wood species.
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Figure 3. Principal component analysis (PCA) of HPTLC chromatogram: (A) The PC score plot; (B) and
(C) The loading plots. 1–3 Pedunculate oaks (Quercus robur L.), 4–6—sessile oaks (Quercus petraea (Matt.)
Liebl), 7—Turkey oak (Quercus cerris L.).

3.4. Well-Diffusion Method

Antimicrobial potential of the extracts was tested against eight representative human and
opportunistic pathogens. Besides clear zones of inhibition, bacteriostatic/fungistatic effect of tested
extracts was also observed. Wood waste extracts in general showed the highest antimicrobial potential
against S. mutans, S. pyogenes and L. monocytogenes strains in tested concentration of 1 mg/well (Figure 4).
The wild cherry extract (10) inhibited the growth of S. mutans and S. aureus yielding the largest zones
of inhibition (21.7 and 19.8, respectively), compared to other extracts, towards to the mentioned
pathogens. Additionally, only wild cherry and mulberry extracts (10,11) showed moderate bactericidal
effect against E. faecalis. This indicator strain due to its higher resistance was excluded for further MIC
testing. Mentioned extracts also showed high bacteriostatic effect against MRSA. Additionally, the wild
cherry extract showed clear bactericidal effect only against C. albicans and L. monocytogenes, while other
extracts acted more bacteriostatically. On the other hand, other wood extracts showed overwhelmingly
bacteriostatic/fungistatic effect against almost all pathogens, including E. coli. All pathogens were
susceptible to tested vancomycin and nystatin mycotic.
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Figure 4. Antimicrobial potential of wood waste extracts in well-diffusion method. *V/N—Vancomycin/
Nystatin. Values within columns represent a mean of inhibition zones and expressed in mm. Q. robur
(no. 1–3), Q. petraea (no. 4–6), Q. cerris (no. 7), Robinia pseudoacacia (no. 8), Prunus cerasifera (no. 9),
Prunus avium (no. 10), mulberry (no. 11).

3.5. MIC Assay

For evaluation of new antimicrobials, the assessment of minimum inhibitory concentration (MIC)
is usually the first step [27]. The MIC is the minimum concentration that causes visible inhibition
of bacterial growth. Plant extracts with MIC < 100 μg mL−1 and purified compounds with MIC <
10 μg mL−1 are considered promising [27]. However, bactericidal activity, determined by MBC value in
time-kill assays, is also an important parameter in assessing the antimicrobial activity. MBC and MIC
parameters complement each other, and MBC below four times MIC value suggests the bactericidal
action of a tested compound [27].

The obtained MIC values were in range from 0.02 mg mL−1 of extract 11, to MRSA to 2 mg mL−1

in the case of activity of extract 9 (myrobalan plum) against C. albicans (Table 3).
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The lowest MIC values (viz., 0.03 mg mL−1) were recorded against MRSA (extracts 5, 7 and 8),
S. aureus (extracts 4–7) and S. pyogenes (extracts 1, 3, 5, 9–11). S. mutans also showed high sensitivity
to some of the tested extracts with MICs below 0.2 mg mL−1. MIC values for L. monocytogenes were
in range from 0.03–0.75 mg mL−1, while extracts 9–11 significantly inhibited the growth rate of this
pathogen. Compared to Gram-positive isolates, E. coli was less sensitive to the tested extracts. Candida
albicans showed poor sensitivity to the action of all extracts, with the exception of extract 10 with
obtained MIC value of 0.25 mg mL−1. Alañón et al. [17] also concluded that yeasts had a stronger
resistance to wood extracts than bacteria, since only toasted American oak wood and wild cherry
wood extracts inhibited their growth. MICs for vancomycin, streptomycin and nystatin were lower
compared to the tested extracts (0.001–0.4 mg mL−1). Additionally, MRSA showed resistance to all
antibiotics on the highest concentration tested (0.4 mg mL−1). Interestingly, non-seasoned sessile oak
(sample 5) showed lower MIC against MRSA and L. monocytogenes than seasoned oaks (samples 1, 2, 3,
4, 6).Comparing the results for Q. robur with the results for oak bark (Q. robur) [24], higher values for
MIC were found against L. monocytogenes and E. coli, but lower values against S. aureus. In addition,
the values of MIC for streptomycin were significantly lower than Elansary et al. [24] obtained. MBC
and MFC values of tested extracts varied from 0.03–2 mg mL−1. The lowest MBC was recorded against
S. aureus for extracts 2, 5, 8, 10 and 11.

There was a strong simultaneous activity against all pathogens tested of extract 10 from the wild
cherry wood. This could be explained by its richness of phenolic compounds which was observed in
previous research [6]. For example, kaempferol is a potential candidate against different pathogenic
microbes, and effective against fluconazole-resistant Candida albicans and Methicillin-resistant S. aureus
(MRSA) [22]. In addition, galangin exhibited selective anti-cytochrome and antifungal activity [25], and
showed antimicrobial activity against S. aureus [25,32], and methicillin-sensitive and methicillin-resistant
S. aureus, Enterococcus spp., and P. aeruginosa [33]. Flavone apigenin showed strong activity against
Gram-negative bacteria [34], while quercetin and apigenin derivatives showed strong antibacterial
properties against Gram-negative and Gram-positive bacteria [35]. Some phenolic acids (gallic, caffeic and
ferulic acids) showed antibacterial activity against Gram-positive (S. aureus and Listeria monocytogenes) and
Gram-negative bacteria (E. coli and P. aeruginosa) with a greater efficiency than conventional antibiotics
such as gentamicin and streptomycin [36]. Contrarily, chlorogenic acid, which was not abundant in wood
species, showed no activity against Gram-positive bacteria [36]. Interestingly, noticeable antimicrobial
activity of cherry wood against wine organisms was observed before [17], but, to our knowledge,
its antimicrobial activity against human and opportunistic pathogens has not been investigated so far.

However, MIC values for extracts 1–7 against S. aureus, L. monocytogenes and E. coli were similar
to MICs obtained from some other Quercus spp. bark extracts (Table 4), but MICs recorded towards
C. albicans were lower compared to the results of this study.

Table 4. Summarized MICs values for other waste extracts obtained from literature data.

Bark Extracts Origin MIC (mg mL−1) Sa Mr Lm Sm Sp Ec Ca References

Picea abies 0.13 - 0.16 - - 0.08 0.97 [37]Larix decidua 0.21 - 0.15 - - 0.33 0.60
Quercus acutissima 0.23 - 0.27 - - 0.17 0.40

[24]Quercus macrocarpa 0.22 - 0.29 - - 0.13 0.34
Quercus robur 0.23 - 0.25 - - 0.10 0.31
Quercus robur 0.08 - - - - 0.08 - [38]
Quercus ilex 0.13 - - - 0.51 0.26 - [39]

Quercus infectoria - 1.25 - - - - - [40]
Maclura tinctoria - - - 0.08 - - - [41]
Prunus africana 0.07 0.16 - - - - - [42]
Prunus avium 6.25 - - - - 12.50 - [43]

Prunus cerasoides 5.00 1.00 - - - - 1.00 [44]
Morus mesozygia 0.16 - - - - 0.04 0.16 [45]

Sa—S. aureus; Mr—MRSA; Lm—L. monocytogenes; Sm—S. mutans; Sp—S. pyogenes; Ec—E. coli; Ca—C. albicans;
(-)—not tested.
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On the other hand, P. avium stem bark extracts from Nigeria showed lower antimicrobial activity
against S. aureus and E coli, with MICs 6.25 mg mL−1 and 12.5 mg mL−1, respectively [43]. Compared
to extracts 9 and 10, Prunus cerasoides showed similar antibacterial activity towards MRSA [44].
Unlike extract 11, originating from M. alba, bark extracts originating from Morus mesozygia showed
significant antimicrobial activity against C. albicans, with obtained MIC of 0.16 mg mL−1 (Table 4).
Interestingly, higher susceptibility of C. albicans was also observed for Picea abies and Larix decidua
bark extracts [37]. In the literature, no significant correlation was found between antimicrobial activity
and total phenolic content [17,46], as well as between antimicrobial activities and antioxidant capacity.
However, structure-function of the phenolic extracts have more influence on the antimicrobial activity
than the total phenol content [17]. Finally, according to Cowan [47], a wide variety of specialized
metabolites show antimicrobial activity in vitro, such as tannins, terpenoids and alkaloids, also found
in wood.

4. Conclusions

Wood waste from forest trees is a source of different bioactive metabolites which could find
application in the food and pharmaceutical industries. Radical scavenging and antimicrobial activities
of the wood waste extracts appeared to be a valuable bio-functional source. In general, HPTLC
fingerprint identify the main phenolic acids present in investigated samples and revealed chemical
patterns among investigated wood extracts. DPPH-HPTLC assay identified gallic, ferulic and/or caffeic
acids as compounds with the highest contribution to total radical scavenging activity. Based on PCA plot,
six Quercus samples were separated from other extracts showing strong radical scavenging activities.

Wood samples were the most active against MRSA, S. aureus and S. pyogenes. The lowest MIC
and MBC values were detected in mulberry extract against MRSA. Activities were also distinguished
against MRSA (extracts of non-seasoned sessile oak (5), Turkey oak, black locust and mulberry) and
S. aureus (Turkey oak and all sessile oak extracts). The largest zones of inhibition of the growth of
S. mutans and S. aureus were observed for wild cherry extract. Among sessile and pedunculate oak
extracts, non-seasoned sessile oak extract (5) was distinguished by lower MIC against MRSA and
L. monocytogenes. Extracts of myrobalan plum, wild cherry and mulberry significantly inhibited the
growth rate of L. monocytogenes. E. coli was less sensitive to the tested extracts. C. albicans showed poor
sensitivity to the action of all extracts, with the exception of the wild cherry extract.

Wild cherry wood extract can be commercially important due to good simultaneous activity
against all pathogens, and is a valuable source for various formulations: Wild cherry and mulberry
wood extracts with given antimicrobial activities can be especially useful in preserving perishable
foods with short shelf life.
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Acknowledgments: Authors would like to thank Ivanka Ćirić for technical assistance during the course of analysis.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Fernández de Simón, B.; Sanz, M.; Cadahía, E.; Martínez, J.; Esteruelas, E.; Muñoz, A.M. Polyphenolic
compounds as chemical markers of wine ageing in contact with cherry, chestnut, false acacia, ash and oak
wood. Food Chem. 2014, 143, 66–76. [CrossRef]

128



Foods 2020, 9, 319

2. Fierascu, R.C.; Fierascu, I.; Avramescu, S.M.; Sieniawska, E. Recovery of Natural Antioxidants from
Agro-Industrial Side Streams through Advanced Extraction Techniques. Molecules 2019, 24, 4212. [CrossRef]

3. Squillaci, G.; Apone, F.; Sena, L.M.; Carola, A.; Tito, A.; Bimonte, M.; De Lucia, A.; Colucci, G.; La Cara, f.;
Morana, A. Chestnut (Castanea sativa Mill.) industrial wastes as a valued bioresource for the production of
active ingredients. Process Biochem. 2018, 64, 228–236. [CrossRef]

4. Matos, M.S.; Romero-Díez, R.; Álvarez, A.; Bronze, R.; Rodríguez-Rojo, S.; Mato, R.B.; Cocero, R.M.;
Matias, A.A. Polyphenol-rich extracts obtained from winemaking waste streams as natural ingredients with
cosmeceutical potential. Antioxidants 2019, 8, 355. [CrossRef]

5. Licursi, D.; Antonetti, C.; Fulignati, S.; Corsini, A.; Boschi, N.; Rasplolli Galletti, A.M. Smart valorization of
waste biomass: Exhausted lemon peels, coffee silverskins and paper wastes for the production of levulinic
acid. Chem. Eng. Trans. 2018, 65, 637–642. [CrossRef]
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chromatic parameters and fluorescence of different woods used in Balkan cooperage. Ind. Crop Prod. 2019,
132, 156–167. [CrossRef]
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Main Important Forest Tree Species in Serbia from the Climate Change Perspective. South East Eur For. 2014,
5, 117–124. [CrossRef]
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Abstract: The aim of the study was to evaluate the efficacy of extract from broccoli byproducts,
as a green alternative to chemical preservation strategies for fresh filled pasta. In order to prove
its effectiveness, three different percentages (10%, 15%, and 20% v/w) of extract were added to the
filling of pasta. A shelf life test was carried out by monitoring microbiological and sensory quality.
The content of phenolic compounds before and after in vitro digestion of pasta samples was also
recorded. Results underlined that the addition of the natural extract helped to record a final shelf
life of about 24 days, that was 18 days longer in respect to the control sample. Furthermore, results
highlighted that the addition of byproducts extract to pasta also increased its phenolic content after
in vitro digestion. Therefore, broccoli byproducts could be valorized for recording extracts that are
able to prolong shelf life and increase the nutritional content of fresh filled pasta.

Keywords: shelf life; byproducts; fresh pasta; vegetable extracts; antimicrobial activity

1. Introduction

Pasta is one of the main constituents of the Mediterranean diet as it contains significant amounts
of complex carbohydrates, proteins, B-vitamins, and iron [1]. Pasta can be made with different kinds of
flours (semolina, farina, wheat flour, etc.) mixed with water. Fresh pasta has more than 24% moisture
and its water activity ranges from 0.92 to 0.99, thus it requires refrigeration [2]. It can be prepared
with eggs in the dough or by filling a sheeted dough with a spiced mixture of ground meat, cheese or
vegetables as for tortellini and ravioli. In the last decade, fresh filled pasta gained great national and
international popularity, even though distribution beyond the Italian borders still represents a real
problem due to the rapid microbial proliferation. In fact, this product is very susceptible to spoilage
microorganisms and therefore, addition of preservatives or reduced oxygen packaging are necessary
to prolong the shelf life that, even under refrigerated temperatures, lasts only two or three days [3].
Specifically, the pH of pasta without any preservatives may drop, thus indicating spoilage and increased
coliforms [4]. Italian law [5] prescribes a pasteurization treatment before final packaging in order to
reduce the growth of vegetative microbial forms and also to improve cooking behaviors. Generally,
the thermal treatment is carried out in an injected steam belt pasteurizer and in addition to reducing
water activity, it helps to increase starch gelatinization with consequently less water absorption during
cooking [6]. For shelf life prolongation different methods have been applied to fresh pasta; the most
common approach is based on chemical preservatives, as organic acids, and modified atmospheres
(MAP) with low O2 concentrations (below atmospheric levels) and high CO2 concentrations (20%
or higher), proper coupled with N2 as an inert gas filler [7–10]. Castelvetri et al. [11] demonstrated
that packaging atmospheres with more than 30% CO2 were capable of extending fresh filled pasta
shelf life, even if low residual O2 in the package headspace may cause mold growth. The search for
more natural technologies of food preservation greatly promoted the exploration of antimicrobial
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compounds of vegetable or animal origin, as essential oils, enzymes or chitosan [12]. Among natural
antimicrobial compounds, substances recordable from leaves, flowers, seeds, and peels are becoming
very interesting [13]. Many components with useful properties can be found in food byproducts [14].
The possibility to recycle food byproducts may also represent a mean to face their environmental and
economic impact. Among plants, Brassica oleracea, that belongs to the Brassicaceae family, represents
one of the most abundant byproducts producers. It comprises 3500 species such as cauliflower, broccoli,
kale, cabbage, and Brussels sprouts. Byproducts from Brassica oleracea are rich in phenols, as flavonoids,
phenolic acids, and tannins, usually extracted by solvent extraction [15]. This extraction method has
low selectivity and utilizes high energy cost, elevated solvents, and high temperatures [16]. For this
reason, alternative methods of extraction have been investigated. Among them, the supercritical fluid
extraction (SFE) with improved selectivity, automation, and environmental safety, represents a valid
alternative [17].

According to the above-reported considerations, the aim of the study was to evaluate the efficacy
of broccoli byproducts extract, obtained by SFE, to improve fresh filled pasta shelf life. To this aim,
bioactive substances were first extracted from broccoli byproducts and subsequently added to fresh
filled pasta to verify their effects on microbial and sensory quality. The evaluation of the consequent
polyphenols content in pasta samples was also assessed.

2. Material and Methods

2.1. Raw Materials

Broccoli stems and leaves (Brassica oleracea) were provided by a local company in Foggia, Southern
Italy. The samples were dried at 30–35 ◦C in a dryer (SG600, Namad, Rome, Italy) for 48 h. The dried
samples were reduced to fine powder (≤250 μm) by a hammer mill (16/BV-Beccaria s.r.l., Cuneo, Italy)
and then stored at 4 ◦C until further utilization.

2.2. SFE

Supercritical fluid extraction was carried out to collect active compounds from byproducts, above
all polyphenolic compounds. It was performed using process conditions (150 bars, 35 ◦C, 20% ethanol
and 10 min of dynamic extraction time) previously described by Arnáiz et al. [18], by the supercritical
fluid extractor Speed SFE-2 (Applied Separation, Allentown, USA). The extract was placed overnight
in vacuum oven at 30 ◦C to remove ethanol. The solid residue was collected in 25 mL of water.

2.3. Fresh Filled Pasta Production

Fresh pasta samples were produced with durum semolina (provided by Agostini mill Montefiore
dell’Aso, Ascoli Piceno, Italy). Semolina and distilled water (30% v⁄w) were mixed for about 20 min
to prepare the pasta dough. The samples were prepared using a pilot scale extruder (60VR; Namad,
Rome, Italy) equipped with a roller sheeter (Raff, Minipan, Massa Lombarda, Italy) and a compressor
(mod. Rondostar, Rondo Doge, Burgdorf, Switzerland) in order to obtain a 6 mm sheeted dough.
The filling was prepared by mixing 65% (w/w) ricotta cheese, 19% (w/w) grated cheese, 16% (w/w)
fresh spinach, 0.30% (w/w) potato flour, and 0.01% (w/w) salt. The sheeted dough and filling were
combined in a modified double sheet ravioli machine (mod. PRP 300, Genoa, Italy) to prepare 12 cm
diameter fresh pasta samples in the form of ravioli. Each sample consisted of two square dough
sheets containing the filling. Four different formulations were prepared: fresh filled pasta without
any addition (CNT), and the other three samples with increasing concentrations of broccoli extract in
the filling: 10% (v/w) (10-BE); 15% (v/w) (15-BE), and 20% (v/w) (20-BE). The product was conveyed
through a 3-m chamber equipped with a perforated steel conveyor belt (Custom, Italgi, Genoa, Italy).
By steam injection at 91 ± 1 ◦C for 9 min, the pasteurization was carried out. After pasteurization the
product passed through two fans to eliminate the condensed vapor on the surface and then was cooled
to 4 ◦C and packaged in bags with anti-fog high-barrier multilayer film made up of polyethylene
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terephthalate, ethylene-vinyl alcohol, and polyethylene. The film oxygen transmission rate (OTR) was
6.19 cc/m2/day, the water vapor transmission rate (WVTR) was 1.208 g/m2/day, and the thickness was
50 μm (Di Mauro Officine Grafiche spa, Salerno, Italy). All the samples were stored for about 2 months
at 4 ◦C, without light.

2.4. Microbiological Analyses

For microbiological analyses, about 10 g of sample were aseptically removed from each package,
placed in a stomacher bag, diluted with 90 mL of sterile NaCl solution, and homogenized with a
stomacher LAB Blender 400 (Pbi International, Milan, Italy). Serial dilutions in sterile saline solution
were plated onto appropriate media. The media and conditions were the following: plate count
agar (PCA) incubated at 30 ◦C for 48 h for aerobic mesophilic bacteria and at 7 ◦C for 10 days for
psychrotrophic bacteria; Violet Red Bile Glucose Agar (VRBGA) incubated at 37 ◦C for 24 h for
Enterobacteriaceae; Baird-Parker Agar, supplemented with egg yolk tellurite emulsion, incubated at
37 ◦C for 48 h for Staphylococcus spp.; Sabouraud Dextrose Agar, added with 0.1 g/L chloramphenicol
(C. Erba, Milan, Italy), incubated at 25 ◦C for 48 h for yeasts and 25 ◦C for 5 days for molds. Reinforced
Clostridial Medium (Oxoid, Milan, Italy) was used for the sulfite-reducing clostridia; after heat
treatment of samples at 80 ◦C for 10 min to destroy the vegetative cells, the plates were incubated
at 37 ◦C for 48 h in anaerobic conditions, thus avoiding contact with air. The count was carried out
with the most probable number (MPN) method. Aerobic spore-forming bacteria were detected and
counted on Nutrient Agar (Oxoid, Milan, Italy) after 48 h at 30 ◦C; all vegetative forms were previously
destroyed by heat treatment of samples at 80 ◦C for 10 min. All media and supplements were from
Oxoid (Milan, Italy). All microbiological analyses were performed twice on two different samples
(one sample from two different trays). In order to quantitatively determine the microbial acceptability
limit (MAL), a modified version of the Gompertz equation was fitted to the experimental data, as
reported in previous studies [19,20]. The Italian law [5] fixes the threshold for total microbial count
(TMC), staphylococci, and clostridia at maximum values of 106, 5 × 103, and 103 Colony Forming Unit
(CFU)/g, respectively.

2.5. Sensory Analysis

During the entire storage period, at selected times, both uncooked and cooked fresh pasta samples
were subjected to a time intensity evaluation. Towards the aim, eight trained tasters were involved
in the panel test. The panelists were asked to evaluate color, odor, and overall quality of uncooked
samples and color, odor, taste, consistency, and overall quality of pasta cooked in food grade tap
water at 100 ◦C. A nine-point rating scale, where 1 corresponded to ‘extremely unpleasant’ and 9
to ‘extremely pleasant’, was used to perform the panel test. [21]. The panelists were selected on the
basis of their sensory skills (ability to accurately determine and communicate the sensory attributes,
the appearance, odor, flavor, and texture). Prior to testing pasta, the panelists were trained in the
sensory vocabulary and identification of particular attributes, by using commercial pasta. The analyses
were performed in isolated booths, located in a standard taste panel kitchen. In order to determine
the sensory acceptability limit (SAL), intended as the storage time to reach the sensory threshold,
a modified version of the Gompertz equation was fitted to the sensory data [19,20]. The sensory
threshold was set equal to 5.

2.6. Chemical Analyses

2.6.1. Extraction of Polyphenols from Cooked Pasta Samples

The extraction of polyphenols from both control and enriched pasta samples was based on the
method also described by Rashidinejad et al. [22]. Briefly, 1 g of each cooked sample was homogenized
and extracted in a water bath with 50 mL of 95% methanol containing 1% HCl at 50 ◦C and 200 rpm.
The mixture was cooled, filtered, and washed with 2 mL of the same solvent.
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2.6.2. In Vitro Digestion of Cooked Pasta Samples

Simulated gastric and intestinal digestions were carried out on both control and enriched pasta
samples using the method of Rashidinejad et al. [22]. In brief, 1 g of each cooked sample was added
with 10 mL of simulated filtered gastric fluid (SGF) at 37 ◦C and incubated in an orbital shaker at 37 ◦C
at 235 rpm for 10 min. After adjusting the pH of the solution to 2.0, the treatment continued for a
further 2 h at 95 rpm. Then, 36 mL at 37 ◦C of simulated intestinal fluid (SIF) were added to each
gastric digestion sample and stirred at 37 ◦C at 95 rpm for 4 h. After 30 min from the beginning, the pH
was adjusted to 6.8. In order to prepare the SGF sample, 2 g of NaCl, 7 mL of HCl (36%), and 3.2 g of
purified porcine pepsin (in 1 L of deionized water, pH 1.2) were used, while to prepare the SIF sample
a monobasic potassium phosphate solution (6.8 g in 250 mL of deionized water) with 77 mL of sodium
hydroxide (0.2 M) and 500 mL of deionized water was mixed. Finally, 10 g of pancreatin and 0.05 g of
porcine bile extract were added to the mixture and the pH was adjusted again to 6.8. For each sample,
the digestion was carried out in triplicate.

2.6.3. Total Phenolic Content

To measure the total phenolic content (TPC) in all the undigested and digested samples, the
Folin–Ciocalteu assay was used. TPC was determined as described by da Silva et al. [23] with slight
modifications. Briefly, 0.5 mL of sample (that obtained in Section 2.6.1 and that recorded in Section 2.6.2)
and 2.5 mL of Folin–Ciocalteu reagent diluted in water (1:10 ratio) were left to rest for 5 min. An amount
of 2 mL of Na2CO3 (4 g/100 mL) was then added. The mixture was allowed to rest again for 2 h in
darkness. The absorbance was read by a spectrophotometer (UV1800, Shimadzu Italia s.r.l.) at 740 nm.
Total phenols content was expressed as mg of gallic acid equivalents (GAEs) per g of pasta, according
to a previously recorded calibration curve. For each sample, the analyses were carried out in triplicate.

2.7. Statistical Analysis

Experimental data were compared by one-way ANOVA analysis. A Duncan’s multiple range
test, with the option of homogeneous groups (p < 0.05), was used to determine significance among
differences. To this aim, Statistica 7.1 for Windows 152 (StatSoft Inc., Tulsa, OK, USA) was used.

3. Results and Discussion

3.1. Total Phenolic Content

TPC of both undigested and digested pasta samples is shown in Table 1. As can be seen, the TPC
in the indigested control samples (0.63 mg GAEs/g) was significantly (p < 0.05) lower than that found
in pasta enriched with broccoli extract (1.84–1.86 mg GAEs/g), even if it did not increase linearly with
the quantity of added extract. This finding may have been due to the interaction of polyphenols with
ricotta proteins and the concomitant formation of less active complexes [24]. Gallo et al. [25] also stated
that milk protein fractions caused a decrease of the in vitro antioxidant activity of polyphenols, as a
consequence of the weaker non-covalent bonds between proteins and polyphenols.

The other information that can be deduced looking at Table 1 is that the phenolic content of the
digested samples appear to be higher in respect to the indigested ones, with the highest value found in
the 20-BE sample (2.61 mg GAEs/g).

The explanation for this trend could be linked to the hydrolyzation exerted by digestive enzymes
towards chemical bonds in the phenolic-protein complexes, promoting in this way a greater release and
extractability of phenolics at the in vitro level [26,27]. In particular, Gumienna et al. [28] claimed that
the action of gastric-digestive enzymes may lead to the development of aglycones phenolic compounds,
more reactive than the corresponding glycoside forms. These findings positively encourage the
consumption of pasta enriched with broccoli byproducts extract, as a way to promote intake of valuable
food for human health, since it is widely demonstrated that phenolic compounds provide extraordinary
anticancer, antiviral, antibacterial, cardio-protective, and anti-mutagenic activities [29].
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Table 1. Total phenolic content (TPC) of undigested and digested cooked ravioli samples.

TPC (mg GAEs/g Ravioli)

Undigested Digested

CNT 0.63 ± 0.03 a 0.81 ± 0.01 a

10-BE 1.84 ± 0.08 b 2.13 ± 0.10 b

15-BE 1.84 ± 0.18 b 2.23 ± 0.10 b

20-BE 1.86 ± 0.12 b 2.61 ± 0.16 c

a–c Data in columns with different letters are significantly different (p < 0.05). GAEs: gallic acid equivalents;
CNT = fresh filled pasta without any addition; 10-BE = fresh filled pasta with 10% broccoli extract; 15-BE = fresh
filled pasta with 15% broccoli extract; 20-BE = fresh filled pasta with 20% of broccoli extract.

3.2. Quality of Fresh Filled Pasta

Figure 1 describes the growth of total mesophilic bacteria in all the experimental samples. Table 2
reports values of fitting parameters. As can be inferred from the data, in the CNT pasta an immediate
growth with an ascendant trend was found, with values from 4.88 log CFU/g to 8.77 log CFU/g until
the 22nd day.

Figure 1. Evolution of mesophilic bacteria in pasta samples during storage at 4 ◦C. CFU: Colony
Forming Unit.

In the control pasta the microbial acceptability limit was reached after six days. On the contrary,
the three samples with increasing concentration of broccoli extract, revealed a positive microbial quality
during the entire observation period, without significant difference among them. These data were
similar to the microbial trend of psychrotrophic bacteria.

Regarding Staphylococcus spp., counts were found below the microbial limit for the entire 25 days
of observation in all the active pasta samples, while in the CNT microbial growth started from the 15th
day and reached the limit after 20 days of storage (Figure 2). Data of MAL are also reported in Table 2.
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Figure 2. Evolution of Staphilococcus spp. in pasta samples during storage at 4 ◦C.

The addition of broccoli extract appeared to be also effective against Enterobacteriacae, molds,
and yeasts as these microbial groups in the enriched pasta did not grow until the 25th day (data not
shown). On the contrary, the CNT sample revealed molds growth, both visible and on plates, at the
13th day (Table 2), Enterobacteriacae and yeasts around 5.75 log CFU/g and 5.59 log CFU/g after 20 days.
The trend of control samples is not surprising because it is in accordance with other studies on fresh
filled pasta [10–12]. Clostridia and aerobic spore forming bacteria were never found in any samples
(data not shown).

The results of the microbial quality confirm findings of other authors about the antimicrobial
properties of vegetal extracts [30–32], even though the studies were all carried out under in vitro
conditions. The application carried out in the current study, not only assessed the potential effects
of extract from broccoli byproducts, but also demonstrated that it is possible to significantly extend
microbial stability (Table 2). These data appeared to be of particular importance since the literature
highlighted that fresh filled pasta packaged in ordinary atmosphere and stored at 4 ◦C generally reached
very short shelf life values, accounting for hours to one week, depending on the hygienic production
conditions [12]. Another import consideration is that the antimicrobial effect is not determined by
the quantity of extract added to the experimental samples. As a fact, looking at Table 1, polyphenols
appeared to be similar among samples with broccoli extract. It has been suggested by different authors
that the bioactivity of polyphenols is rather related to their structure than to their quantity, with
differences from one polyphenol to another [33–35]. Their structure is also dependent on temperature
and, in particular, heat treatment [36].

According to the above-mentioned results, the microbiological acceptance of pasta was limited to
about six days of storage for the CNT sample and lasted about 24 days for the active samples (Table 2).

Sensory evaluation was carried out for more than one month to know when the product became
unacceptable for undesired sensory changes. Specifically, color evaluation allowed recording different
results among samples, depending on the extract concentration added to the filling, because extract
addition modified the filling color from a whitish green of the CNT to an intense green of the 10-BE
and 15-BE ravioli samples, to a too dark green of the 20-BE pasta sample. Therefore, while the first two
active samples were accepted for a long period, the 20-BE sample was refused within about two weeks.

Regarding pasta consistency, a gradual hardening of all the samples was found, an inevitable
consequence of both pasteurization and storage. As described by [11] pasteurization may influence
the texture of fresh filled pasta. In fact, during the thermal treatment hardening takes place due
to a different distribution of water within the matrix. The increase in water–starch bonding results
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in a decrease of available water for the other components of the matrix, thus influencing protein
denaturation and starch gelatinization. The addition of the extract helps to obtain a more hydrated
structure, in fact, the CNT sample revealed a harder consistence in respect to the other three samples.
The consistence of the 10-BE sample was found better than that of 15-BE and 20-BE samples because
these two types of ravioli revealed an excessive liquid consistence of the filling. The taste of enriched
pasta was perceived acceptable by the panelists, even if they underlined increasing the quantity of
broccoli extract, the bitterness of the product increased.

Table 2. Shelf life (day) of pasta samples during storage at 4 ◦C, calculated as the lowest value between
microbial acceptability limit (MAL) and sensory acceptability limit (SAL) (mean ± SD).

Sample
Microbial Quality (Day)

Sensory
Quality

Uncooked Pasta
(Day)

Sensory
Quality Cooked

Pasta (Day)
Shelf Life (Day)

MAL Mesoph MAL Staph VMT SAL SAL

CNT 5.57 ± 0.33 a 22.4 ± 0.10 13 12.95 ± 0.26 a 12.45 ± 0.10 a 5.57 ± 0.33 a

10-BE 24.21 ± 0.11 b >25 >25 40.91 ± 0.23 d 43.25 ± 0.20 d 24.21 ± 0.11 c

15-BE 23.72 ± 0.12 b >25 >25 27.76 ± 0.15 c 39.16 ± 0.15 c 23.72 ± 0.12 c

20-BE 24.33 ± 0.10 b >25 >25 14.54 ± 0.21 b 19.10 ± 0.17 b 14.54 ± 0.21 b

a–d Data in columns with different letters are significantly different (p < 0.05). VMT = visible molds time (day);
CNT = fresh filled pasta without any addition; 10-BE = fresh filled pasta with 10% broccoli extract; 15-BE = fresh
filled pasta with 15% broccoli extract; 20-BE = fresh filled pasta with 20% of broccoli extract.

The overall quality of both uncooked and cooked samples reflected the above discussed trends of
specific sensory parameters without great differences between uncooked and cooked products. As an
example, Figure 3 reports the trend of overall quality of uncooked pasta. All SAL values are reported
in Table 2. It is evident looking at Figure 3 and at the sensory data of Table 2 that the CNT sample
appeared to be the less appreciated, being rejected after about 13 days, due to undesired changes in
color and consistence. The 20-BE samples were refused within 15 days of storage above all for the
undesired color, 15-BE samples remained acceptable for less than one month when uncooked and more
than one month when considered after cooking, whereas the 10-BE samples recorded the highest score
before and after cooking, with sensory acceptability accounting for more than 40 days.

Figure 3. Sensory quality of uncooked fresh filled pasta during storage at 4 ◦C.

Taking into account both MAL and SAL values of Table 2, the shelf life was reported as the lowest
value among them. From the results it is possible to highlight that excessive proliferation of mesophilic
bacteria provoked in most cases the end of the product shelf life, whereas in the case of the pasta with
the highest concentration of extract (20-BE) the main problem was the presence of unacceptable sensory
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defects. The effects of the extract were very tangible because while the CNT sample was refused after a
few days, the two active samples 10-Be and 15-BE remained acceptable for more than 20 days because
the extract controlled microbial proliferation and delayed undesired sensory changes.

4. Conclusions

Reuse of food byproducts in a sustainable way may be a possible way to reduce environmental
impact and face costs related to their disposal. In this study extract from broccoli byproducts was
added for the first time to the filling of fresh pasta to improve quality and prolong shelf life. Results
underlined that the addition of broccoli extract helped to record a final shelf life of about 24 days, that
was 18 days longer in respect to the control sample. In addition, pasta with broccoli extract showed a
higher phenolic content in respect to the free samples, particularly after digestion. The most appropriate
extract amount was 10%, with the pasta samples appreciated for color, taste, and consistency.
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Abstract: Picea abies (L.) Karst, (Norway spruce) bark, generally considered as wood industry waste,
could potentially be used as a valuable source of antioxidants for food applications. In this study,
supercritical fluid extraction (SFE), pressurized liquid extraction (PLE), and ultrasound-assisted
extraction (UAE) were carried out in order to recover bioactive compounds from bark of Norway
spruce. Obtained results show that PLE with ethanol as solvent was the most effective method
for extracting total flavonoid compounds (21.14 ± 1.42 mg quercetin g−1 sample) and consequently
exerted the highest antioxidant activity measured by 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) (257.11 ± 13.31 mg Trolox g−1 sample). On the other hand, UAE extract contained the maximum
phenolic concentration (54.97 ± 2.00 mg gallic acid g−1 sample) and the most interesting antioxidant
activity measured by the ferric-reducing antioxidant power (580.25 ± 25.18 μmol FeSO4 g−1 sample).
Additionally, PLE and UAE have demonstrated great efficiency in the extraction of trans-resveratrol,
quantified by HPLC (0.19 and 0.29 mg trans-RSV g−1 sample, respectively).

Keywords: supercritical fluid extraction; pressurized liquid extraction; ultrasound-assisted extraction;
trans-resveratrol; Norway spruce bark

1. Introduction

Annually, a considerable amount of bark waste is generated as by-product from the industrial
wood transformation. This waste is usually discarded or used for energy, biogas production, or animal
feed [1]. Nevertheless, it is known that tree barks contain a wide variety of bioactive compounds [2].
In particular, several authors have found a large amount of phenolic antioxidants in bark of Picea abies
(Norway spruce), one of the most distributed conifer species in Eurasian forests [3–5]. Spruce bark
is especially rich in glycosylated monomeric stilbenes (astringin, piceid, and isorhapontin) and their
corresponding aglycone forms (piceatannol, resveratrol, and isorhapontigenin) [6]. Among these
different kinds of stilbenes, trans-resveratrol (trans-3, 5, 4′-trihydroxystilbene; trans-RSV) has attracted
great attention. It is a natural polyphenolic compound found in a variety of food and also in bark
tree [7]. Actually, it is considered a powerful compound capable to improve health and prevent chronic
disease in human [8,9]. Recently published studies have shown that resveratrol can also protect
against some neurodegenerative diseases, obesity and diabetes [10], high blood pressure [11], as well
as cancer [12] and osteoporosis [9]. In addition, it is widely used in cosmetics and dermatology [13].
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Even though basic extractions from spruce bark do not represent a novelty in the literature [1,3,14,15],
specific comparisons among available techniques are still very few.

Nowadays, there is a great attention to green extraction technologies able to reduce or eliminate the
use of hazardous substances and limit the cost of solvent waste disposal [16]. Among them, a prominent
position can be occupied by supercritical fluid extraction (SFE), pressurized liquid extraction (PLE), and
ultrasound-assisted extraction (UAE), all considered sustainable techniques [17–19]. SFE is considered
a fast, efficient, and clean method [20]. Carbon dioxide is the most common gas used as supercritical
fluid due to its moderate critical temperature and pressure (31.3 ◦C and 72.9 atm, respectively) [17].
Applications for the extraction of essential oils, tocotrienols, alkaloids, phenolic compounds, carotenoids,
and tocopherols from different food matrices were carried out [17,21,22]. PLE is a technique that
uses liquid solvents at elevated pressure and temperature to enhance the extraction performance [19].
The PLE system provides protection to oxygen- and light-sensitive compounds and improves the
extraction yield, thus also decreasing time and solvent consumption [19,23,24]. UAE is another efficient
extraction method, with high reproducibility, which requires low energy and minimum consumption
of solvent. Aromas, phenols, antioxidant pigments, and low-molecular-weight compounds have
been extracted by this technique [18]. The extraction of antioxidant compounds and in particular
of resveratrol from spruce bark could be an efficient way to reuse and enhance this voluminous
biomass waste.

The aim of this work was to compare the extracts of Norway spruce bark obtained by SFE,
PLE, and UAE. In particular, total extract yield (TEY), total phenolic content (TPC), total flavonoid
content (TFC), and antioxidant capacity were measured to compare the efficacy of each technique.
Chromatographic identification of trans-RSV was also performed for the extracts with the highest
polyphenols content.

2. Materials and Methods

2.1. Wood Materials and Chemicals

Norway spruce bark was supplied by the timber sawmill company Vender Legnami s.r.l. (Trento,
Italy) and dried at room temperature for two weeks. The bark was collected in July 2018, obtained by
a stock of timber logs processed and debarked by the company. The spruce logs were coming from
Trentino forests (Italy) at their final cutting phase. The trees were growing at an elevation ranging from
1000 to 1600 m a.s.l. The tree age was ranging from 90 to 110 years old. The bark thickness was ranging
from 4 to 10 mm. The barks were ground in a knife mill at room temperature, and the powdered bark
was sieved to select particles smaller than 1 mm.

Standard trans-resveratrol (3,5,4′-trihydroxystilbene) and all analytical grade reagents were
purchased from Sigma-Aldrich (Milano, Italy). CO2 with purity degree of 4.5 was supplied by Sapio
(Monza, Italy), while N2 with purity degree of 99.9% was provided by Air Liquide (Milan, Italy).

2.2. Supercritical Fluid Extraction

Supercritical fluid extractions from bark were carried out in triplicate with a Speed SFE-2 extractor
(Applied Separation, Allentown, PA, USA). In particular, different concentrations of ethanol (10, 20, 40,
and 70%; v/v) were tested (SFE_10, SFE_20, SFE_40, and SFE_70, respectively). According to Talmaciu
et al. [14], for aqueous ethanol as co-solvent, a pressure of 100 bar and a temperature of 40 ◦C for a
static time of 150 min and a dynamic time of 105 min were used. An amount of 2 g of spruce bark was
used for all the experiments. Extractions were performed with 6 mL/min flow rate in the static phase
and with CO2 and ethanol as co-solvent, with 10:1 mL/min flow rate ratio for the dynamic phase.

2.3. Pressurized Liquid Extraction

Pressurized liquid extractions were performed in triplicate on a PLE-1 system (LabService
Analytica srl, Anzola Emilia, Italy) using distillate water at 160 ◦C (PLE_H2O) and absolute ethanol at
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180 ◦C (PLE_EtOH) as solvent, according to Co et al. [3]. In particular, the extraction method included
different steps: sample load into cell (30 g); cell preparation (3 min); pressurization and heating (5 min,
50 bar, and 160 ◦C or 180 ◦C for ethanol and water, respectively); depressurization (0.1 min); flush
volume (60%), and finally, N2 purge (2 min). To remove any process carryover, a washing cycle was
made among the extractions.

2.4. Ultrasound-Assisted Extraction

Ultrasound-assisted extractions were performed in triplicate using an ultrasonic bath CP104
(C.E.I.A., Viciomaggio, Arezzo, Italy; bath frequency 39 kHz, power 200 W). The extraction conditions
have been set according to the results obtained from Ghitescu et al. [15] for polyphenol recovery
in spruce wood bark. In particular, a process time of 60 min, an extraction temperature of 54 ◦C, a
concentration of ethanol of 70% (v/v), and a material/solvent ratio of 1:10 were taken into account.

2.5. Chemical Characterization

2.5.1. Total Extraction Yield (TEY)

The extracts were evaporated overnight in a vacuum oven (OPTO-LAB, Concordia, Modena, Italy)
at 30 ◦C, and the obtained final mass was weighted to calculate the TEY. Prior to analysis, each extract
recovered with ethanol (20 mL) was stored in the dark at 4 ◦C. Results were expressed as mg of dry
extract per gram of samples.

2.5.2. Total Phenolic Content (TPC)

TPC was spectrophotometrically measured using Folin-Ciocalteu reagent, according to conditions
previously described by Spinelli et al. [22]. The total phenol contents were evaluated using a standard
curve with different gallic acid concentrations (3.125–100 mg L−1; R2 = 0.99). Results were expressed as
mg gallic acid equivalents per gram of dry weight (dw).

2.5.3. Total Flavonoid Content (TFC)

The aluminum trichloride method was carried out to determine TFC, as described by
Spinelli et al. [22]. The calibration curve was made with standard solutions of quercetin (6.25–400 mg
L−1; R2 = 0.99) in order to express the total flavonoid content as mg quercetin equivalent per gram of
dry weight (dw).

2.5.4. Antioxidant Activity

The ABTS [2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)] assay was measured as described
by Marinelli et al. [25]. The ABTS values were calculated from a standard curve of different
concentrations of Trolox (3.125–600 mg L−1; R2 = 0.99). The radical scavenging capacity of extracts was
quantified as mg Trolox equivalent per gram of dry weight (dw).

The antioxidant capacity of extracts was also estimated in another assay, according to the FRAP
(ferric reducing antioxidant power) procedure described by Lucera et al. [26]. For determination, a
calibration curve of ferrous sulfate heptahydrate (FeSO4·7H2O) was prepared, with dilutions from
600 μmol to 12.5 μmol (R2 = 0.99).

2.6. HPLC Analysis of Trans-Resveratrol

Chromatographic identification of trans-RSV was performed using an Agilent 1100-Series HPLC
system (Agilent Technologies Inc, Santa Clara, CA, USA), equipped with a degasser, binary pump
solvent delivery, auto sampler, column oven, and DAD detector. An Agilent Zorbax Eclipse C18
(4.6 × 150 mm; 5 μm particles) and a guard column of the same stationary phase were used for
trans-RSV separation. HPLC analysis was performed using the conditions described by Sun et al. [27]
with slight modification, consisting of an isocratic elution by methanol–water (40:60 by volume). The
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flow rate was 1 mL min−1, UV detection wavelength 300 nm, injection volume 10 μL, and column
temperature 25 ◦C. The working standard solutions of trans-RSV (0.01–100 mg L−1) were prepared
by diluting the stock solution (250 mg L−1) in mobile phase and stored at 4 ◦C in darkness to avoid
oxidative degradation and isomerization of trans-RSV to cis-form. The method linearity was up to
100 mg L−1. The identification of trans-RSV in the extracts was performed by comparison of the
retention time (∼7.5 min) and UV spectra with trans-RSV standard.

2.7. Statistical Analysis

A one-way ANOVA and a post-hoc Fisher’s test were used to evaluate statistically significant
differences among samples. The software was Statistica 7.1 for Windows (StatSoft Inc., Tulsa, OK,
USA). All tests were carried out in triplicate.

3. Results and Discussion

In this study, three different extraction techniques, that is, supercritical fluid extraction, pressurized
liquid extraction, and ultrasound-assisted extraction, were compared in order to obtain a valuable
spruce bark extract rich in bioactive compounds with high antioxidant activity.

3.1. Supercritical Fluid Extraction

Table 1 summarizes the experimental results of the SFE, in terms of total extraction yield (TEY),
total phenolic content (TFC), total flavonoid content (TFC), and antioxidant activity.

Table 1. Total extraction yield (TEY), total phenolic content (TPC), total flavonoid content (TFC), and
antioxidant activity (ABTS and FRAP) of SFE spruce extracts with different ethanol concentrations:
SFE_10 (10%; v/v); SFE_20 (20%; v/v); SFE_40 (40%; v/v).

TEY TPC TFC ABTS FRAP

mg/g dw mg GAEs/g dw mg QEs/g dw mg TEs/g dw μmol FeSO4·7H2O/g dw

SFE_10 28.6 ± 0.36 a 0.77 ± 0.02 a 0.47 ± 0.02 a 2.48 ± 0.13 a 8.31 ± 0.24 a

SFE_20 30.7 ± 0.96 a 1.24 ± 0.07 b 1.05 ± 0.15 b 3.08 ± 0.16 b 10.01 ± 0.81 b

SFE_40 31.2 ± 0.21 a 2.50 ± 0.03 c 1.75 ± 0.10 c 5.29 ± 0.04 c 25.49 ± 0.66 c

Values are means of three replications ± standard deviation. Values in the same column followed by different
superscript letters differ significantly (p < 0.05). SFE: supercritical fluid extraction. GAEs: gallic acid equivalents;
QEs: quercetin equivalent; TEs: Trolox equivalent; FeSO4·7H2O: ferrous sulfate heptahydrate; ABTS: 2,2′-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid). FRAP: ferric reducing antioxidant power.

Concerning the TEY, the amount of ethanol did not influence the extraction yield. Comparable
results were recorded, even though some differences in the chemical composition of the extract
were found. As can be seen in the Table 1, the gradual increase of ethanol in the SFE statistically
improves the extraction capacity of phenolic compounds, flavonoids, and antioxidant activity of
spruce extracts [28]. In particular, TPC steadily increased as the ethanol concentration increased (from
0.77 ± 0.02 to 2.50 ± 0.03 mg GAEs/g dw), and a similar behavior was also observed for TFC, with
the highest value 1.75 ± 0.10 mg QEs/g dw in the assay SFE_40. Similarly, SFE_40 shows the radical
scavenging ABTS and FRAP capacity respectively 2 and 3 times higher than that obtained with SFE_10.
It is well known that ethanol promotes the recovery of polar compounds from the samples due to
changes in the extractive properties (diffusivity, density, and viscosity); in fact, the purpose of ethanol
is to swell plant cells, thus allowing both solvent penetration and diffusion of the solute in the solid
matrix. In this way, both the increase in polarity of supercritical CO2 and the rapid formation of
interactions with the analyte of interest are promoted [29]. A similar behavior was also reported
in several previous studies that demonstrated how ethanol enhanced the extraction of bioactive
compounds and consequently improved the antioxidant activity. Conde et al. [30] used supercritical
CO2 to extract phenolic compounds from Pinus pinaster wood and noted that the extraction yield and
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the phenolic concentration increased when ethanol was used as co-solvent. Fabrowska et al. [31] also
developed a supercritical fluid extraction process in order to revalorize different freshwater green
macro-algae species, demonstrating that the increase in the concentration of ethanol from 0% to 15%
resulted in an increase in the extraction yield and in bioactive compound concentrations. Our assay
with 70% of ethanol solution allowed recording extract statistically poorer in phenol and flavonoid
content compared with the assay with lower ethanol concentrations (data not shown). As also reported
in the literature, the use of high concentration of co-solvent can sometimes provoke reduction of target
bioactive compounds, due to interactions between CO2 and co-solvent [32].

3.2. Pressurized Liquid and Ultrasound-Assisted Extraction

In Table 2 are reported the TEY, TPC, TFC, and the antioxidant activity for Norway spruce bark
extracts obtained by PLE and UAE techniques.

Table 2. Total extraction yield (TEY), total phenolic content (TPC), total flavonoid content (TFC), and
antioxidant activity (ABTS and FRAP) of PLE and UAE spruce extracts with water (PLE_H2O) and
absolute ethanol (PLE_EtOH and UAE_EtOH).

TEY TPC TFC ABTS FRAP

mg/g dw mg GAEs/g dw mg QEs/g dw mg TEs/g dw μmol FeSO4·7H2O/g dw

PLE_H2O 130.7 ± 8.62 a 33.45 ± 1.44 a 19.03 ± 0.98 a 69.87 ± 1.46 c 389.10 ± 16.87 b

PLE_EtOH 127.9 ± 2.52 a 46.32 ± 2.17 b 21.14 ± 1.42 a 257.11 ± 13.31 a 506.10 ± 31.37 a

UAE_EtOH 123.3 ± 5.77 a 54.97 ± 2.00 c 14.44 ± 1.31 b 128.47 ± 8.61 b 580.25 ± 25.18 a

a–c Values are means of three replications ± standard deviation. Values in the same column followed
by different superscript letters differ significantly (p < 0.05). PLE: pressurized liquid extraction. UAE:
ultrasound-assisted extraction.

As regards PLE extract, from a general point of view, the technique is more efficient than SFE,
because the working conditions of PLE generally allow protecting of bioactive compounds [33].
In particular, Rostagno et al. [34] described how isoflavones can be extracted by PLE from soybeans
without degradation. As can be observed in Table 2, the two different tested solvents did not influence
significantly the yield. On the contrary, higher content in TPC, TFC, and radical scavenging ABTS and
FRAP were obtained for PLE extraction with absolute ethanol compared with water. Howard and
Pandjaitan [35] reported that the flavonoids extracted from spinach by PLE with ethanol were more
effective when compared with the same compounds extracted by different conditions. The significant
increase in terms of antioxidant capacity, measured by ABTS or FRAP is also in accordance with
literature data. Zhao et al. [36] also reported high DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate)
radical scavenging capacity and total phenolic content in barley extract with ethanol, compared
with water extract. In the PLE technique, the application of high temperature during the extraction
significantly decreases the dielectric constant of water and cuts down the surface tension, thus
promoting the extraction of bioactive compounds, but PLE water extraction can damage some
thermolabile compounds, such as polyphenols and flavonoids, thus justifying the preference for
ethanol as co-solvent [23].

Results obtained from UAE extraction highlighted that UAE yield was higher than SFE_40 yield
and comparable to that of the PLE_EtOH extract. As can be seen in the Table 2, UAE extract exerted
the maximum phenolic concentration among the various green techniques adopted (54.97 ± 2.00 mg
GAEs/g dw). The literature also confirms that UAE applied to various natural matrices significantly
increases the phenolic compounds extracted, compared with alternative extraction methods [19,23].
As a fact, the production of cavitation bubbles promotes better extraction yield and increases the
antioxidant activity of these extracts [37]. A similar trend was also observed when the comparison was
made in terms of FRAP-antioxidant activity.
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In order to highlight some possible relationships among the values reported in Table 2, a remarkable
correlation between TPC and FRAP assay can be found with both the extraction methods adopted [22].
Thaipong et al. [38], studying the comparison among ABTS, DPPH, FRAP, and ORAC assays for
estimating the antioxidant activity of guava fruit extracts, also demonstrated that FRAP test showed
high correlation with total phenolic content. Youn et al. [39] also investigated the relationship between
antioxidant activity and polyphenol or flavonoid contents in leaf extracts obtained from Dendropanax
morbifera LEV. and showed that FRAP value was strongly correlated with polyphenols. A similar
correlation can be also observed between total flavonoid compounds and ABTS. Similar trends were
also found in other literature data carried out on various medicinal plants [40,41].

The different mechanism of action between FRAP and ABTS assay justifies the different values
recorded between them. As a fact, the FRAP assay is based on the singlet electron transfer, while ABTS
is based on the mixed mode with singlet electron transfer and hydrogen atom transfer [42].

3.3. Chromatographic Identification of Trans-RSV

The spruce bark extracts obtained by the two best extraction techniques in terms of total phenol
content (PLE_EtOH and UAE) were also analyzed by chromatographic identification in order to achieve
a quantitative and complete characterization of trans-RSV. In Figure 1 is reported the trans-RSV content
in PLE_EtOH and UAE extracts. As can be observed, higher levels of trans-RSV were found in UAE
extract (0.29 mg/g dw). Extraction conditions and isomerization to cis isomer can be the explanation to
justify the low content of trans-RSV in PLE extract [43]. Zupancic et al. [44] also highlight that pH,
temperature, and different extraction methods influenced trans-RSV stability. Garcìa-Pèrez et al. [45]
found resveratrol as the only stilbenes in Picea marina bark extract with ethyl acetate. Differently, Co
et al. [3] identified resveratrol in spruce extract with PLE by nuclear magnetic resonance and mass
spectrometry detection.

Figure 1. Trans-resveratrol content in PLE and UAE extracts. Samples with different superscript letters
differ significantly (p < 0.05).

4. Conclusions

The results presented in this research show valid means to obtain antioxidant compounds, with a
better focus on resveratrol, from Norway spruce bark using different environmental-friendly extraction
techniques. In particular, the best results in terms of total phenolic compounds and antioxidant
capacity measured by FRAP assays were obtained for UAE extract. PLE extract obtained with absolute
ethanol shows the highest total flavonoid content and the best antioxidant capacity measured by ABTS
assays. The highest trans-RSV content identified by chromatography was recorded for the UAE extract
(0.29 mg/g dw), thus suggesting the potential of ultrasound-assisted extraction with ethanol (70%
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v/v) for the valorization of waste, to record antioxidant compounds that can be applied to food and
pharmaceutical sectors.
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Abstract: Cardoon, Cynara cardunculus L., is a perennial plant whose flowers are used as vegetal
rennet in cheese making. Cardoon is native from the Mediterranean area and is commonly used in the
preparation of salads and soup dishes. Nowadays, cardoon is also being exploited for the production
of energy, generating large amount of wastes, mainly leaves. These wastes are rich in bioactive
compounds with important health benefits. The aim of this review is to highlight the main properties
of cardoon leaves according to the current research and to explore its potential uses in different
sectors, namely the food industry. Cardoon leaves are recognized to have potential health benefits.
In fact, some studies indicated that cardoon leaves could have diuretic, hepato-protective, choleretic,
hypocholesterolemic, anti-carcinogenic, and antibacterial properties. Most of these properties are
due to excellent polyphenol profiles, with interesting antioxidant and antimicrobial activities. These
findings indicate that cardoon leaves can have new potential uses in different sectors, such as cosmetics
and the food industry; in particular, they can be used for the preparation of extracts to incorporate
into active food packaging. In the future, these new uses of cardoon leaves will allow for zero waste
of this crop.

Keywords: Cynara cardunculus L.; cardoon leaves; by-products; antioxidant activity;
antimicrobial activity

1. Introduction

Cynara cardunculus L. is a perennial plant belonging to the family Asteraceae, which is native to
the Mediterranean area [1–5]. Commonly known as cardoon or artichoke thistle, Cynara cardunculus L.
is a complex species comprising three botanical varieties: the globe artichoke (var. scolymus (L.) Fiori),
the cultivated cardoon (var. altilis DC.), and the wild cardoon (var. sylvestris (Lamk) Fiori) [5,6]. This
review is focused on the cultivated and wild cardoons that herein are referred to as cardoon.

Cardoon is considered to be a valuable crop as it shows high yields, drought tolerance, and
low input needs, and it provides benefits regarding soil properties, erodibility, and biological and
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landscape diversity [7]. The edible parts of cardoon are the fleshy stems and the immature heads,
which, traditionally, are used in Mediterranean cuisine, mainly in salads and soup dishes [1,8]. In Italy,
for example, the edible parts are used in many dishes as a vegetable and are sold canned in olive oil.
Besides, they are also used in other Mediterranean traditional dishes such as Tunisian or Algerian
“couscous”, and the flower (the pistils) is used in cheese making as a vegetable rennet substitute [4,9–13].
Cardoon by-products are mainly composed of leaves, stems, and seeds. They have been used to
produce biomass for energy; and oil for human consumption, biodiesel, and animal feed [14,15]. The
leaves are used in traditional medicine due to their high content in bioactive compounds such as
cynarin and silymarin [2,4,14–19]. Moreover, the cultivation of cardoon in large areas is gaining interest
as feedstock for novel industrial bio-based products (e.g., conversion into biopolymers or as a source
of cellulose for nanometric technological applications) [20,21].

The world population is growing every day, and consequently, increasing the demand for
food. In consequence, food production has been intensified, generating tons of by-products, which,
if not discarded in a sustainable and responsible way, can represent a serious environmental problem,
depending on the composition of the by-product itself. Despite its known powerful biological properties,
unfortunately, the majority of these by-products are not being applied for other purposes, even though
studies have announced their potential in different areas. For instance, several research studies in
progress are incorporating fruit by-products in active food packages to delay the natural lipid oxidation
phenomenon and microbial deterioration of foods [22–24]. Additionally, the increased demand for
bioproducts, biomaterials, and bioenergy may result in a higher accumulation of by-products from
the value chains. Therefore, this review aims to systematize the current knowledge of cardoon and
emphasize the main composition of the by-products of the plant. Specifically, this review highlights the
main bioactive compounds of cardoon leaves and their functional properties. Finally, their potential
uses are also addressed, with a special focus on active food packaging to extend food shelf life.

2. Cardoon Botanical Description, Distribution, and Cultivation

Although native from the Mediterranean area (southern Europe and North Africa), cardoon
has been spread to several other countries like the United States of America, Mexico, Australia, and
New Zealand [1]. Due to its natural habitat, cardoon can grow in adverse climate conditions, with
high temperatures, severe drought, and in thin unproductive and stony soils [1,14,25,26]. Moreover,
cardoon is also a pollinator-supporting industrial crop, with all the associated benefits in terms of
biodiversity [7,26–28].

Cardoon is a perennial plant that can grow up to two meters high with thick and rigid stems.
It has an annual development cycle, and the reproductive cycle is completed by summer. With
adequate soil moisture and temperature, cardoon development can start during autumn or spring
with seed germination [5,14,29]. The seeds are light grey, brown, or black and can be up to 8 mm
long [1]. Cardoon starts by developing a root that can grow one meter down and regenerates each
year [1,5,14,29]. Simultaneously, the leaves grow to originate a leaf rosette. The leaf rosette is large and
strong, with over 40 leaves that can be up to 120 by 30 cm, while the leaf from the upper stem can
be up to 50 cm in length [1,5,14]. By late spring, the plant develops its inflorescence at the top of a
branch on the stem, which can be up to 3 m high and about 2–4 cm of diameter. The inflorescence can
be called capitula or heads and have an almost round shape. The cardoon inflorescence consists of
several hermaphrodites and tubular flowers (florets) fitted in a well-developed receptacle. The florets
are usually blue–violet colored [1,5,14,29]. By summertime, the aboveground plant parts dry, but the
underground parts (the roots and perennating buds) remain alive until weather conditions become
milder, and the perennating buds sprout, and a new development cycle starts [14,29].

3. Cardoon Flower—Cheese Making

Cardoon flowers (Figure 1) are used as milk clotting in cheese making, producing a cheese with a
creamy soft texture and a genuine and slightly piquant aroma [12,30–32]. The clotting activity is due to
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the stigma and style of the inflorescence. Two proteases have been identified as responsible for this
activity: cardosins A and B [12,31–33]. Both enzymes are responsible for the milk clotting and have
proteolytic activities. Specifically, cardosin A is responsible for the clotting activities by the hydrolysis
of the k-casein, and cardosin B is responsible for proteolysis, similar to pepsin activity [12,31].

 

Figure 1. Cardoon flower [34].

Cardoon flower, as a coagulant agent for cheese making, is used mostly in Portugal, Spain, and
Italy [13,30–33]. In these countries, some cheeses, classified as protected designation of origin (PDO),
are produced using cardoon flower as a coagulant [11,30,32]. The PDO denomination is legally defined
as a product that has a specific origin and/or production that takes place in a specific geographic
area and endorses the quality and authenticity of the product [11,35]. For instance, for the “Serra da
Estrela” cheese, a well-known Portuguese semi-soft cheese made with raw ewe’s milk of a native breed
(Bordaleira da Serra da Estrela), the usage of cardoon flower is crucial for its authenticity and its high
quality [30,36,37].

Gomes et al. [32] described a process to produce the cardoon flower extract to use as a natural
rennet for cheese making. For this purpose, the flower is collected during the flower season. Then, the
flower pistils are cut and separated from the rest of the plant and then dried under room temperature
(23 ± 1 ◦C), protected from sunlight. After that, and according to the traditional method, the dried
pistils are macerated by hand in a mortar with acetate buffer and then filtrated to a final volume of
50 mL at room temperature [30,32,33].

Moreover, since cardoon flower is used directly in dairy products, it is important to know its
chemical composition, in particular, its content in phenolic compounds and its bioactive properties.
Therefore, several authors have studied the cardoon flower composition. Dias et al. [36] characterized
the phenolic composition of the inflorescence of cardoon flower and evaluated the antioxidant and
antibacterial properties. The authors concluded that flavonoids are the major family of compounds
present in cardoon flower; these include apigenin (9.9 ± 0.5 mg/g of extract) and caffeoylquinic acid
(7.6 ± 0.2 mg/g of extract), which were the major compounds identified. Regarding the antibacterial
activity, the cardoon flower presented a good outcome against Gram-positive bacteria such as
Listeria monocytogenes, methicillin-sensitive Staphylococcus aureus (MSSA), and methicillin-resistant
Staphylococcus aureus (MRSA); and Gram-negative bacteria such as Morganella morganii and Pseudomonas
aeruginosa. Overall, the authors concluded that cardoon flowers, for use as rennet in cheese making,
is a highly valuable ingredient as a source of bioactive compounds [36].
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4. Cardoon By-Products and their Current Applications

4.1. Biomass

Cardoon crops are capable of growing in adverse environments, and they have been identified as
potential crops for energy production [27]. Cardoon crop by-products are mainly used to produce
biomass for different applications. At an industrial level, cardoon crops represent a great interest in the
production of solid biofuel, seed oil, biodiesel, paper pulp, green forage, and pharmacologically active
compounds [14,38–43]. Mauromicale et al. [27] studied the potential ability of cultivated and wild
cardoons to produce energy in terms of biomass, achenes, and energy yield. The authors concluded
that both cultivated and wild cardoon are potential energy crops and improved the soil fertility
characteristics by increasing organic matter, total nitrogen, available phosphorus, and exchangeable
potassium content. The annual average outcome of cultivated cardoon presented was 14.6 t/ha of dry
biomass, 550 kg/ha of achenes, and 275 Gj/ha yields, while for wild cardoon, the outcome was 7.4 t/ha
of dry biomass, 240 kg/ha of achenes, and 138 Gj/ha of energy yield. Several authors [43–45] studied
cardoon for biomass production and demonstrated that this crop can be grown as an energy crop.
These authors concluded that the cardoon aboveground dry biomass yield continuously increased
during the seasons and that the low yield in the first season may be due to establishment difficulties,
especially under the low input management in very dry conditions [27,43–45].

4.1.1. Solid Biofuel

Cardoon production is mainly based on the production of biomass for the production of biofuel.
The solid biofuel is generally used for heating applications and power generation [14,46]. This is
mainly due to the biomass characteristics that have high productivity in severe climate conditions;
it has low moisture content, and it has high lignocellulose content [14]. Several studies have been
made to assess the characteristics of cardoon as a solid biofuel [14,29,47].

4.1.2. Seed Oil and Biodiesel

Cardoon biomass can also be used to produce biodiesel and seed oil, which in turn can be used
for human nutrition or biodiesel production [14,48]. The cardoon flower produces a fruit that acts
as a dispersal unit, generally called seeds. This is a common trait for cardoon and sunflower since
they belong to the same botanical family (Asteraceae) [14,43,44,48,49]. Although constituting a small
percentage of the biomass, the seeds have been widely studied due to their important bioactive
properties and potential use for energy [14,18,39]. The seeds also have an important nutritional value,
having high fat (23.7 g/100 g dry weight) and protein (30.4 g/100 g dry weight) contents. The cardoon
seed oil has an interesting lipid profile, composed, on average, by 11% palmitic, 4% stearic, 25% oleic,
and 60% linoleic fatty acids. The oil from cardoon can be used for food applications or the production
of biodiesel [14,18,39].

4.1.3. Paper Pulp

As cardoon can grow and flourish in hot and dry climate conditions and has high biomass
productivity, its utilization in the production of paper pulp has been suggested [25,40]. Additionally,
due to its similarities to eucalypt pulp, cardoon can be a good alternative in the hardwood pulp
sector [14,25,45]. In a study by Gominho et al. [25], cardoon pulp was produced with good yields,
with very little residual lignin, high bulk, and remarkable tensile strength properties. The authors
concluded that the variables in production could be improved for even better results [25]. These results
confirmed the potential of cardoon in the hardwood pulp sector, as it originated a good pulp with high
yields, low rejection rate, and very good strength properties [25].
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4.1.4. Green Forage

As the cardoon crop may generate large amounts of biomass by-products when cultivated in
large areas, it is important to find alternative ways to use them. Therefore, authors in this field
have suggested the use of cardoon by-products as green forage for animal feed. Some authors have
studied the nutrition value of green forage and have considered it safe and acceptable for animal
feed [14,41,42,45,50]. Cajarville et al. [42,50] evaluated the nutrition value of cardoon for animal feed
and concluded that it is a very good forage with good content in protein (156 g/kg dry matter), high
digestibility coefficients (86.1 ± 1.3% for organic matter), high energy value (82.7 ± 1.6 MJ/kg dry
matter), and suitability for ruminant feed. Cabiddu et al. [41] also evaluated cardoon seed pressed
cakes to be used for the feeding of small ruminants. The authors concluded that, due to a high source
of protein (18.52 ± 0.08% dry matter), fiber (1.22 ± 0.30%), phenolic compounds (32.7 ± 0.02 mg/tannic
acid equivalent), and polyunsaturated fatty acid (PUFA), namely linoleic acid (1.7% dry matter) and
oleic acid (0.7% dry matter), it is suitable for animal feed. The authors also suggested that the high
content of phenolic compounds and PUFA of the green forage might be transferred to dairy products,
increasing their nutritional value. It is important to develop more studies regarding this field because
the utilization of crop biomass for animal feed can reduce the environmental problems associated with
livestock production [51].

4.2. Source of Bioactive Compounds

4.2.1. Stems

Stems and leaves, the most abundant waste regarding cardoon crops [16], may represent also a
source of bioactive compounds. Studies concerning cardoon stems are scarce, but it has been identified
as a source of caffeoylquinic acids [16,52,53]. Caffeoylquinic acids are natural antioxidants associated
with the structural support of the plant since they establish bridges with the polymeric compounds of
the cell wall [16,52]. Caffeoylquinic acids have been suggested to decrease the risk of chronic diseases
including cancer and cardiovascular disease [6]. Pandino et al. [52] studied the cardoon stems and
corroborated the richness in caffeoylquinic acids. Besides caffeoylquinic acids (17.7 g/kg dry matter),
luteolin (3.0 g/kg dry matter) and apigenin (4.7 g/kg dry matter) were also identified in the cardoon
stems. Several authors [53–55] also studied the globe artichoke stems and also concluded that they may
represent a good source of caffeoylquinic acids. Globe artichoke stem presented, on average, a lower
content of caffeoylquinic acids (13 g/kg dry matter) and lutein (0.4 g/kg dry matter), and apigenin
was not detected [55]. Yet, the variability of the results may be attributed to genetic variation, crop
management, post-harvest processing options, and environmental factors [6,53–55].

The stem presents good antioxidant activity, mainly due to its richness in bioactive compounds.
More studies should be performed for a better knowledge of the total composition of phenolic
compounds in cardoon stems.

4.2.2. Leaves

Cardoon leaves represent, on average, about 60% of total cardoon waste [56]. Since the initial stage
of the plants, the leaves showed beneficial properties, such as diuretic, hepato-protective, choleretic,
hypocholesterolemic, anti-carcinogenic, and antibacterial effects [8,14,57,58]. Such properties are
due to the high content in bioactive compounds presented by the leaves, such as chlorogenic acid,
cynarine, and luteolin [8,16,59,60]. Cardoon leaves present also a high content of sesquiterpene
lactones. The sesquiterpene lactones are responsible for the phytotoxic, cytotoxic, fungicidal, antiviral,
and antimicrobial activity of cardoon. Thus, cardoon leaf extracts can be used in the development of
herbicides of natural origin [61]. Cardoon leaves can as well be used in the preparation of alcoholic
beverages as a flavoring agent [47].
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5. Bioactive Properties of Cardoon Leaves

5.1. Nutritional Value

As far as the authors know, there is just one study regarding the nutritional value characterization
of the leaves. The study indicates that cardoon leaves are a good source of carbohydrates and fat [59].
Cardoon leaves have an energetic contribution of 360.03 ± 1.09 kcal/100 g dry weight [59]. In terms of
soluble sugars, cardoon leaves presented fructose, glucose, sucrose, and trehalose in its constitution [59].
For the organic acid profile, Chihoub et al. [59] identified oxalic, quinic, shikimic, citric, and fumaric
acid in cardoon leaves. Oxalic acid was found to be the major organic acid, and fumaric acid was only
found in trace amounts. The authors also studied the lipid profile of cardoon leaves and identified
several fatty acids. The major fatty acid identified was α-linolenic acid (C18:3 n-3, PUFA) followed by
linoleic acid (C18:2 n-6c, PUFA). According to the same study, cardoon leaves can be considered of high
nutritional value as they have a high ratio of PUFA and saturated fatty acids (SFA) (PUFA/SFA = 3.80).
Regarding the tocopherols, cardoon leaves present all four isoforms (α, β, γ, and δ), δ-tocopherol
being the most abundant isoform. Tocopherols are known for their biological properties, for example,
anti-inflammatory properties, and for their high antioxidant potential, when present in different
isoforms [59].

5.2. Phenolic Composition and Antioxidant Properties

Several authors studied the antioxidant capacity of the cardoon leaves and stated the presence
of polyphenolic compounds in high content [3,8,59,62]. Furthermore, traditionally leaves have been
used in European medicine because of their known pharmacological properties, mainly due to the
presence of cynarin and silymarin [14]. These compounds enhance liver and gallbladder function by
stimulating the secretion of digestive juices [19].

So far, several polyphenol antioxidant compounds have been identified in cardoon leaves,
chlorogenic acid and flavonoids being the most common ones [60]. Flavonoid presence in the leaves
is suggested to be strategic due to its properties, since flavonoids are compounds that can absorb
ultraviolet (UV) rays, specifically UV-B, so they can protect the plant from the harm that the radiation
can cause [52,60]. Additionally, Pinelli et al. [60] compared the flavonoid content of cardoon that
was and was not submitted to UV-light and concluded that the samples that were kept away from
UV-light presented a lower number of flavonoids, confirming that flavonoids are essential to protect
the plant from damage caused by UV rays. Besides, flavonoids have important antioxidant properties
with important health benefits. Table 1 presents the main bioactive compounds that have been
identified in cardoon leaves and their respective contents. Caffeoylquinic acid is the most common
bioactive compound quantified in cardoon leaves. Pandino et al. [16] indicated that this compound
possesses a potential inhibitory capacity of the development of cancers, exacerbated by the presence
of reactive oxygen species. The bioactive content of cardoon leaves depends on several intrinsic and
extrinsic factors such as genetic, environmental, handling, and storage, as well as the maturity of the
plant [8,63,64]. Pandino et al. [65] studied the environmental effect on polyphenol content of the F1
population bred from a cross between a globe artichoke and a cultivated cardoon. The authors selected
eight segregants that accumulated more caffeoylquinic acid in their leaves than did those of either
of their parental genotypes. The selections were grown over two seasons to assess their polyphenol
profile. The leaves of the first season had a higher content of polyphenols than those of the second
season, considering that it rained less and had overall a higher average relative humidity. The authors
concluded that the growing environment exerted a strong effect on polyphenol content.
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These compounds have important properties in different fields of human wellbeing, namely
antioxidant, antimicrobial, anti-inflammatory, anticancer, and anti-anxiety [36,52,58,59].

Several assays for measuring the antioxidant activity of the leaves or their potential to inhibit
lipid oxidation can be performed. The ferric reducing-antioxidant power (FRAP) assay, DPPH free
radical inhibition assay, β-carotene bleaching assay, thiobarbituric acid reactive substances (TBARS)
inhibition, and the reducing power assay are some of these most commonly used techniques to
evaluate the antioxidant activity either directly or indirectly. Numerous authors [8,52,59] executed
these assays and confirmed the antioxidant activity of the cardoon leaf extracts [62] due to the presence
of many bioactive compounds previously described. For example, Chihoub et al. [59] determined the
antioxidant activity of cardoon leaf hydroethanolic extract (5 mg/mL) through the DPPH free radical
inhibition assay (0.07 ± 0.00 mg/mL), reducing power (0.27 ± 0.09 mg/mL), β-carotene bleaching assay
(0.19 ± 0.05 mg/mL), and TBARS inhibition (0.05 ± 0.01 mg/mL). The authors compared these results
with cardoon leaf infusion preparations (DPPH free radical inhibition assay (0.22 ± 0.03 mg/mL),
reducing power (0.22 ± 0.00 mg/mL), β-carotene bleaching assay (0.30 ± 0.04 mg/mL), and TBARS
inhibition (0.40 ± 0.04 mg/mL)) and hydroethanolic extracts of turnip (DPPH free radical inhibition
assay (1.57 ± 0.06 mg/mL), reducing power (1.07 ± 0.29 mg/mL), β-carotene bleaching assay
(0.67 ± 0.15 mg/mL), and TBARS inhibition (0.60 ± 0.12 mg/mL)) and radish (DPPH free radical
inhibition assay (0.14 ± 0.01 mg/mL), reducing power (0.58 ± 0.07 mg/mL), β-carotene bleaching assay
(0.48 ± 0.02 mg/mL), and TBARS inhibition (0.43 ± 0.07 mg/mL)) and, assuming that lower results
indicated higher antioxidant activity, concluded that cardoon leaf hydroethanolic extracts presented
higher antioxidant activity.

5.3. Antimicrobial and Antifungal Properties

Cardoon leaves are known for having antimicrobial activity [8,63]. Falleh et al. [8] pointed
out the antimicrobial activities of cardoon leaves due to their high content in phenolic compounds.
The antimicrobial activities of cardoon leaves have been tested against several microorganisms of
high importance for human beings due to their pathogenicity [8,63]. Cardoon leaves exhibit good
antimicrobial activity against Gram-positive and Gram-negative bacteria, such as Escherichia coli and
Staphylococcus aureus. However, they did not show antimicrobial activity against Salmonella Typhimurium.
Table 2 features the studied species and their respective minimum inhibitory concentrations (MIC, which
corresponds to the minimal extract concentration that inhibited the bacterial growth) or diameter
of growth inhibition obtained by different authors. Scavo et al. [63] pointed out that Gram-positive
bacteria are more susceptible than Gram-negative bacteria to plant extracts due to the permeability of
the bacteria cell barrier, as well as the presence in the periplasmic space of enzymes that can break
down molecules introduced from outside.

Authors have linked the antimicrobial activity of cardoon leaves to its richness in phenolic
compounds, mainly due to the presence of lutein [8]. Nonetheless, more studies are needed for a
better evaluation of the potential antimicrobial activities of cardoon leaves. Kukíc et al. [17] studied
the antifungal activities of C. cardunculus involucral bract extracts, which showed potential antifungal
activities. This may suggest that cardoon leaves may have antifungal activities too. Thus, more studies
should be made to assess this issue.
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5.4. Phytotoxic and Allelopathic Properties

Cardoon leaf extracts are also known for their allelopathic activities. Allelopathy is the direct
or indirect effect of a plant over a target species (plants, algae, bacteria, or fungus) through the
release of chemical compounds, allelochemicals, into the environment [61,67,68]. The allelochemicals
can be integrated with weed management and can be introduced into the environment through
volatilization from the aboveground parts of the plant, root exudation, foliar leaching, or plant residue
decomposition [61,67–70]. Phenolic compounds and sesquiterpene lactones are the most common
examples of allelochemicals and can be found in different parts of plants, such as leaves, roots,
stems, rhizomes, seeds, flowers, and pollen [69,71]. Cardoon has been found to manifest phytotoxic
activity on weeds and standard target species, and sesquiterpene lactones were identified as the
most relevant allelochemicals [61,67–72]. Rial et al. [61] studied the potential phytotoxic activity
of cardoon allelochemicals against the development of standard target species (lettuce, watercress,
tomato, and onion) and weeds (barnyard grass and brachiaria). The authors used different solvents to
perform cardoon extracts that were tested in phytotoxic bioassays, and the ethyl acetate extract had the
highest inhibitory activity. The extract was very active on root growth in both standard target species
and weeds, with values close to 80% inhibition in most species. The extract was also active on the
germination and the shoot length of the cress. Moreover, the authors isolated six sesquiterpene
lactones (aguerin B, grosheimin, 8α-acetoxyzaluzanin C, dehydromelitensin, cynaropicrin, and
11,13-dihydroxy-8-deoxy-grosheimin). Aguerin B, grosheimin, and cynaropicrin showed strong
phytotoxicity against standard target species and weeds [61]. Other compounds such as caffeoylquinic
acid, luteolin, and apigenin derivatives have been reported to show allelopathic activity against several
crops [67–69,71]. More recently, studies by Kaab et al. [70] and Scavo et al. [69] confirmed that cardoon
leaf extracts could present a suitable source of natural compounds for a good potential bioherbicide.

6. Cardoon Leaves and Potential Applications

Cardoon leaves are a source of several bioactive compounds with important health benefits.
Therefore, it is important to exploit the potential uses of cardoon leaves for better use. Cardoon
leaves, constituted by several bioactive compounds with antioxidant and antimicrobial activity, can be
considered a potential ingredient in the food industry. The leaves could be used as a food additive or as
an ingredient in the development of a novel food with functional properties and health benefits [9,73].
Plant extracts have been incorporated as an antioxidant in meat and meat products. The extracts inhibit
lipid oxidation and meat degradation, which improved the nutritional quality and extended meat’
shelf life [74,75]. Thus, it can be foreseen that cardoon leaf extracts could also be incorporated into
meat products to enhance their quality.

Another potential application of cardoon leaf is in the cosmetic industry. Several members of the
Asteraceae family are used in the cosmetic industry for their bioactive compounds [76]. Cynara scolymus
L., also known as globe artichoke, belongs to the Asteraceae family and is used in the cosmetic area
for its richness in polyphenols content with antioxidant activity that can prevent aging and oxidative
stress-related diseases and protect against UV-rays [77,78]. Due to its similarity, cardoon leaves may
also be interesting to be used in this field.

Nonetheless, more studies should be made to assess the potential use of cardoon leaves in the
food and cosmetics industries.

Food Packaging

The primary function of food packaging is to protect foods during the transportation process
until it reaches the final consumer, increasing the shelf life of food [79]. Mainly manufactured from
non-biodegradable matrices, such as polyethylene, these packages act as a defense barrier against
insects and microorganisms, some of which are pathogenic. They can also protect foods against
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possible impacts that may occur during the transportation process, as well as temperature variations
and radiation [80,81].

Active and intelligent food packaging are relatively new packaging technologies that may increase
even further food shelf life or help increase food quality. Intelligent food packaging is designed to
monitor at least one condition of the packaged food, such as temperature (e.g., breaks in the cold chain)
and leaks (e.g., leaks in vacuum packaging and modified atmosphere packaging). These packages
normally have an indicator, visible to the consumer (e.g., color) that changes when the monitored
condition reaches non-tolerable values [82].

Regarding active food packaging, although it is a relatively new concept, it was inspired by the
“packages” used by human civilization in ancient times, where the primitive man kept his food in
leaves, which were composed of active compounds and that could help to increase the shelf life of food.
Nowadays, there are two types of active food packaging. The absorption/adsorption active packaging
absorb/adsorb possible deterioration gases and liquids that are generated through the natural food’s
degradation process [83,84]. The emission active packaging directly interacts with foods, emitting
substances or compounds to the packaged foods. Normally, these substances or compounds have
powerful antioxidant and antimicrobial activities that will help retard the food’s degradation process,
thus increasing the shelf life of food [84–86].

Food additives also help to delay natural food degradation. Normally, these substances are
applied directly into foods, and their application is regulated by the Food and Drug Administration in
the United States of America and through the Regulation no. 1333/2008 and its amendments in the
European Union [87,88]. A food additive is a substance, not usually consumed as a food itself, added
to foods for technological purposes [87]. Although their applications and limits are highly controlled
by the respective institutes and entities, their long-term effects on human health are still unknown.
Actually, in recent years, some synthetic food antioxidants, such as butylated hydroxytoluene (BHT)
and butylated hydroxyanisole (BHA) have been associated with the promotion of carcinogenesis and
the emergence of neurodegenerative diseases, such as Parkinson’s and Alzheimer’s diseases [89–91].
That being said, active food packaging can help decrease the applied quantities of these compounds
and, consequently, the consumer’s ingestion of these compounds. Additionally, the investigation
and application of new natural compounds from food by-products can be an answer to this problem,
as these by-products are rich in active compounds, with powerful antimicrobial, antifungal, and
antioxidant activities.

So far, plant extracts and plant essential oils with known antioxidant and antimicrobial activity
have been used in food packaging to control lipid oxidation and microbial deterioration [79,83,92–95].
For instance, Rizzo et al. [96] conducted a study on globe artichoke slices to evaluate dipping in
locust bean gum edible coating with Foeniculum vulgare essential oil to extend its shelf life. The
locust bean gum edible coating with added Foeniculum vulgare essential oil effectively decreased all
microbiological groups tested and improved physical, chemical, and sensory qualities during 11 days
of storage. Mazzaglia et al. [97] studied the effect of cardoon extract in reducing microbiological
contamination and increasing the shelf life of aubergine-based burgers. Two concentrations of extract
were used (1% and 3%) for the preparation of burgers, and the microbial load and sensory changes of
vacuum-packed burgers were analyzed at processing day and after 30 and 105 days of storage. The
burger with 3% of cardoon extract presented the best results, as it significantly reduced the growth
of bacteria up to 30 and 105 days of refrigerated storage. Taking this into account, and knowing the
bioactive characterization of cardoon leaf extract, it can present itself as a potential candidate in the
production of active packaging. Therefore, studies should be done following this perspective.

7. Conclusion and Future Perspectives

Recent studies have indicated that cardoon leaves are rich in several polyphenol compounds, with
several health benefits. Additionally, cardoon leaves are pointed out to have potential antimicrobial
activity. Caffeoylquinic acids, which are the major bioactive compounds identified in cardoon leaves,
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are naturally-occurring antioxidant compounds that have been suggested for use as natural additives
for extending the shelf life of food products.

Moreover, as leaves are considered cardoon by-products, they can have economic benefits if their
natural antioxidants, with benefits to human health, are extracted and applied in food packaging to
increase shelf life.

Nevertheless, cardoon by-products and their potential for application in several industrial fields
such as cosmetics, food, and food packaging is still not entirely known and should be investigated
further for a better comprehension of the potential uses of this valuable Mediterranean crop.
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