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Food fermentation is one of the most ancient processes of food production that has historically
been used to extend food shelf life and to enhance its organoleptic properties. However, some research
has demonstrated that it can also increase the nutritional value and/or digestibility of food.

Firstly, microorganisms, and in particular Lactic Acid Bacteria (LAB), besides their role in
acidification, are able to produce huge amounts of secondary metabolites with excellent health benefits
and preservative properties (i.e., antimicrobial activity). Indeed, some microorganisms can increase the
levels of several bioactive compounds (e.g., vitamins, antioxidant compounds, peptides, etc.). Secondly,
fermented foods contain living organisms that contribute to the modulation of the host’s physiological
balance and gut microbiota, enriching, at the same time, the host’s diet with new bioactive molecules.

Moreover, recent advances in fermentation are focused on food by-products; in fact, they are a
source of potentially bioactive compounds that, after fermentation, could be used as ingredients for
nutraceuticals and functional food formulations [1].

Because of this, understanding of benefits of food fermentation is a growing field of research in
nutrition and food science.

This Special Issue aimed to present current knowledge and research trends concerning the use of
fermentation technologies like the sustainable GRAS (Generally Recognized As Safe) process for food
and nutraceutical production, to improve food quality.

In this context, Verni et al. [2] reviewed the effect of fermentation on the antioxidant compounds
of cereals and legume-derived foods. They reported that the ability of fermentation to improve food
antioxidant properties is strictly related to the metabolic activities of the starter used. Briefly, the
fermentation processes are able to improve the bio-accessibility of phenolic compounds. Moreover,
bioactive peptides resulted from bacterial and fungal proteolysis.

Several original papers focused on the use of food by-product fermentation in order to improve
the extraction of bioactive compounds. Doan et al. [3] isolated a filamentous fungus (Clerodendron
cyrtophyllum) from the root of Clerodendron cyrtophyllum Turcz; they grew this fungus on isoflavones-rich
soybean extract. Thanks to the high β-glucosidase production of Clerodendron cyrtophyllum, they were
able to produce an isoflavones aglycones-rich soybean extract (e.g., genistein and daidzein), proposing
this method for applications in the pharmaceutical and functional food industries. Another study
carried out by Lordan and co-workers [4] assessed the antithrombotic activities of lipid extracts from
brewing raw materials, by-products, wort, and beer. Briefly, they showed that the fermentation of a
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brewing industry’s by-products could play a key role in increasing the anti-platelet-activating factor
bioactivity of polar lipids. Simat and co-workers [5] also proposed aquaculture by-products as an
alternative source of sustainable and profitable bioactive fish oils.

Tofalo et al. [6] studied the effect of traditional cheese fermentation on the accumulation of healthy
(γ-aminobutyric acid or GABA) and toxic (biogenic amines (BA)) compounds. They confirmed a
greater BA formation and proteolytic activity in cheese made by pig rennet than those made by calf and
kid rennet. So, they proposed the selection of autochthonous amine-negative and amine-oxidizing LAB
as a valuable strategy to decrease BA formation. However, high amounts of GABA were produced,
and they were correlated with the use of ewe’s milk, time of ripening, and type of coagulant.

Venturi and co-workers [7] selected two strains belonging to Lactobacillus farciminis and Lactobacillus
brevis species and used them for amaranth bread production. Their results underlined the bread
produced with these LAB showed higher antioxidant activity and total phenolic content compared to
the control. Moreover, these strains were able to increase GABA concentration (up to 350%) in breads
enriched with 20% amaranth flour.

Sevgili et al. [8] checked the use of different substrates to produce lycopene via Blakeslea trispora
fermentation. They confirmed that the medium with natural oil showed more lycopene than the
medium that contained only a carbon source. In fact, oils improved lycopene production and the
highest lycopene concentration was obtained when the medium was added to sunflower and corn oils.

Finally, Fracassetti et al. [9] proposed a new analytical method for the simultaneous quantification
of tryptophan (TRP), tryptophan ethylester (TEE), and melatonin isomers (MISs) in fermented foods,
such as wine. A preconcentration of wine by Solid Phase Extraction (SPE) followed by high performance
liquid chromatography (HPLC) analysis either with fluorescence or mass spectrometer detectors were
applied. They suggested that this protocol could be a useful tool for monitoring the release of MEL and
TEE, even when their concentration is very low (<0.02 μg/L), as well as to determine their presence
and concentration during wine production and storage.

To conclude, the papers included in this Special Issue summarized the valuable use of fermentation
technology to improve the content of bioactive compounds in foods and food by-products or to limit
the presence of some toxic compounds, such as biogenic amines. At the same time, different analytical
approaches were proposed in order to study the effect of fermentation on the food matrix and the
possible metabolites that are produced. However, as suggested by several authors, more in vivo studies
should be carried out to demonstrate the potential of fermentation to produce healthy foods.
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Abstract: The major role of antioxidant compounds in preserving food shelf life, as well as providing
health promoting benefits, combined with the increasing concern towards synthetic antioxidants, has
led the scientific community to focus on natural antioxidants present in food matrices or resulting
from microbial metabolism during fermentation. This review aims at providing a comprehensive
overview of the effect of fermentation on the antioxidant compounds of vegetables, with emphasis
on cereals- and legumes- derived foods. Polyphenols are the main natural antioxidants in food.
However, they are often bound to cell wall, glycosylated, or in polymeric forms, which affect their
bioaccessibility, yet several metabolic activities are involved in their release or conversion in more
active forms. In some cases, the antioxidant properties in vitro, were also confirmed during in vivo
studies. Similarly, bioactive peptides resulted from bacterial and fungal proteolysis, were also found
to have ex vivo protective effect against oxidation. Fermentation also influenced the bioaccessibility
of other compounds, such as vitamins and exopolysaccharides, enabling a further improvement of
antioxidant activity in vitro and in vivo. The ability of fermentation to improve food antioxidant
properties strictly relies on the metabolic activities of the starter used, and to further demonstrate its
potential, more in vivo studies should be carried out.

Keywords: Lactic acid bacteria; fungi; phenolic compounds; bioactive peptides; grains

1. Antioxidant Compounds in Food Matrices

The increasing interest towards healthier food and lifestyles has steered the scientific community
to pay great attention to the field of free radicals and antioxidant compounds. Free radicals are
atoms, molecules, or ions containing an unpaired electron, which makes them unstable and highly
reactive [1]. The generation of free radicals in our body occurs as consequence of exposure to
different physiochemical conditions or pathological states. Free radicals are responsible for damaging
biologically relevant molecules and lipids, nucleic acids, and proteins are the major targets [2]. They are
generated continuously; however, they are also involved in inter-cellular and intra-cellular signaling
systems and enzymatic reactions essential to intermediary metabolic processes of life [3], therefore, their
daily production must be balanced. If free radicals overcome the body’s ability to regulate them, and
the ratio between free radical generation and antioxidant defenses is unbalanced, a condition known as
oxidative stress ensues. Being the oxidative stress responsible for an enormous number of conditions,
including cancer, cardiovascular and neurodegenerative diseases, atherosclerosis, inflammatory state,
and many others [2,4], preventing it by enhancing the intake of dietary antioxidants represents the
most feasible way of protection against free radicals. Antioxidants need to be capable of delaying
or inhibiting the oxidation of a substrate, yet an important property they should also have, is the

Foods 2019, 8, 362; doi:10.3390/foods8090362 www.mdpi.com/journal/foods5
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ability to form a new radical that is stable through intramolecular hydrogen bonding on further
oxidation [1]. Several mechanisms of action can be responsible for their activity. Antioxidants can
(i) scavenge species that initiate peroxidation, (ii) donate a hydrogen or an electron, (iii) chelate metal
ions preventing the generation of reactive species or lipid peroxides de-composition, (iv) quench the
radical O2

− preventing peroxides formation, (v) breaking autoxidative chain reaction, (vi) inhibit
pro-oxidative enzymes, and/or (vii) reduce localized O2 concentrations [1,5]. From a technological
point of view, antioxidants are designed to prevent food from spoiling through oxidation, thus
reducing loss of nutrients, and maintaining texture, color pigments, taste, freshness, functionality,
and aroma [3]. Therefore, antioxidants are an important category of food preservatives and can be
divided into natural or synthetic. Natural antioxidants include flavonoids, phenolic acids, carotenoids,
and tocopherols [1]; however, other protein derived compounds, such as amino acids and bioactive
peptides, have received great attention for their displayed antioxidant properties [6–8]. Both natural
and synthetic antioxidants, act by similar mechanisms and their chemical structure and polarity
influence the antioxidant activity [5]. Antioxidants efficiency generally increases with the increase of
their concentration; however, the dependence is not linear, and when the maximum activity is reached,
it may also decrease [9]. Except for carotenes, tocopherols, and their esters, natural antioxidants are
mostly much more polar than synthetic ones. They are also less active and substrate specific, and their
antioxidant activity depends highly on synergists factors [9].

This review aims at providing a comprehensive overview of the effect of fermentation on the
antioxidant activity of vegetable matrices. The literature is full of articles claiming the potential of food
fermentation in improving antioxidant properties; however, the method used to quantify phenolic
compounds, unless performed by chromatographic analysis is the classic Folin-Ciocalteu, which
suffers from several drawbacks. The test is sensitive to pH, temperature, and reaction time; inorganic
and non-phenolic organic substances, including reducing agents, react with Folin reagent, causing
overestimations of the phenolic content [10,11]. For this reason, all the examples reported in this review
were chosen among those in which a characterization of the phenolic profile was performed. Moreover,
among vegetable matrices, only grains were considered since (i) diets in developing countries are
primarily based on cereals and legumes, whereas in Western society there is an increasing interest in
strictly vegetarian diets [12]; (ii) cereals are often consumed as refined products, yet most of the bioactive
compounds are in the outer layers of the grains, and get lost during milling [13,14]; (iii) legumes
consumption is often limited by the presence of antinutritional compounds which fermentation has
proven to diminish [13,14]. After an extensive research on multiple databases, 76 research articles, half
of which published in the last five years, highlighting the effect of fermentation on grains antioxidant
properties were selected for this review. Respectively, 39 and 17 papers reported phenolic and proteic
compounds as responsible for the antioxidant activity. Moreover, such activity was demonstrated
in vivo in about 15% of the studies considered.

1.1. Phenolic Compounds

The antioxidant activity of phenolic compounds lies in their ideal chemical structure, facilitating
the hydrogen or electron donation from hydroxyl groups positioned along the aromatic ring and
conferring radical scavenging activities and metal-chelating potential. Phenolics have the ability of
stabilizing and delocalizing the un-paired electron within their aromatic rings [15]. Phenolics are
composed of at least one aromatic ring with at least one hydroxyl group and may be classified based
on the number of phenol rings and the structural elements that are bound to the rings [16]. Phenolic
acids, flavonoids, tannins, stilbenes, and lignans are the main groups of phenolics.

Phenolic acids are divided into hydroxybenzoic acids and hydroxycinnamic acids and usually act
as antioxidants by trapping free radicals. Flavonoids, instead, can scavenge free radicals and chelate
metals [5,15]. The common characteristic of flavonoids is the basic 15-carbon flavan structure. They
are arranged in three rings (A, B, and C) and the different classes vary for the level of saturation of
the C ring, whereas compounds within the same class differ for the level of substitution of A and B
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rings [5]. Polyphenols stability and free radical scavenging potential depend on both the number and
location of the free OH group. The antioxidant activity increases with the increase of the hydroxyl
groups, especially if positioned in ortho-3,4 [17].

Based on their chemical structure, tannins are defined as hydrolysable or condensed
(proanthocyanidins). Condensed tannins are oligomers and polymers of flavan-3-ols, whereas
hydrolysable tannins are glycosylated gallic and ellagic acid derivatives [18]. It was proven that free
radicals scavenging activity of both hydrolysable and condensed tannins involves a fast and a slow
step [19]. The fast scavenging reaction is inhibited by complexation of the tannin with protein, a very
tight bond between the phenolic group of tannins and the NH group of proteins, which prevents their
hydrolysis and digestion in the stomach [19]. Nevertheless, the overall capacity of the tannin-protein
complex for scavenging seems to be similar to that of the free tannin [18,19].

1.2. Antioxidant Peptides and Protein Derivatives

Besides their nutritional, physicochemical, and sensory properties, proteins can be responsible for
health promoting benefits, mainly attributed to biologically active peptides [20]. Bioactive peptides are
produced by digestive enzymes during gastrointestinal digestion, or by proteolytic enzymes during
food processing (ripening, fermentation, cooking), storage, or in vitro hydrolysis [7]. These peptides
may play various roles (antimicrobial, antihypertensive, hypocholesterolemic, immunomodulatory,
antioxidative, antithrombotic, antitumoral) and can be released from native proteins that derive from
vegetable or animal matrices [7,8].

Peptides displaying antioxidant activity usually contain 5–16 amino acid residues [21]. The exact
mechanism behind it has not fully been understood, yet several studies reported that they are inhibitors
of lipid peroxidation, scavengers of free radicals and chelators of transition metal ions. [8,21]. Tyrosine,
tryptophan, methionine, lysine, cysteine, and histidine are examples of amino acids displaying
antioxidant activity. Synthesized peptides containing the active fragments have been proven to
inhibit lipid peroxidation, while the tripeptides, Tyr-HisTyr, and Pro-His-His were found to be
effective in stabilizing radical and non-radical oxygen species, including peroxynitrite and lipid
peroxide [22]. Amino acids with aromatic residues can donate protons to electron deficient radicals,
whereas histidine-containing peptides, thanks to the imidazole group, have been found to have
hydrogen-donating, lipid peroxyl radical trapping, and metal ion-chelating abilities [8]. On the other
hand, sulphur containing amino acids, have antioxidant action due to the direct interaction of thiol
group with radicals. Cysteine and homocysteine inhibit LDL (low-density lipoprotein) oxidation by
hemin and copper, methionine residues, instead, scavenge oxidizing agents [6]. Besides the presence
of the proper amino acids, their specific positioning in the sequence plays an important role in
antioxidant activity of peptides as well as other factors, such as the structure, amino acids configuration,
hydrophobicity, and concentration [8].

1.3. Synthetic Antioxidants

Synthetic antioxidants were developed to prolong food shelf life but also because of the need to have
a standard measurement system to compare with natural antioxidants. There are numerous compounds
used in food, animal, and cosmetic applications to prevent oxidation; some also have antifungal
properties and possess at least one phenolic ring in the structure. Butylated hydroxyanisole (BHA),
butylated hydroxytoluene (BHT), tert-butylhydroquinone, propyl gallate, octyl gallate, 2,4,5-Trihydroxy
butyrophenone, nordihydroguaiaretic acid, and 4-Hexylresorcinol are some examples [1]. Among
these, BHT and BHA, alone or in combination with others, are the most commonly employed [2]
and synergistic effects were also reported [23]. Today, almost all processed foods contain synthetic
antioxidants and, despite being reported safe in the past, several studies have addressed their danger
for human health, among which liver, kidney, and lungs damages, mutagenesis, carcinogenesis,
and many others [19]. For this reason, between 2011 and 2012, the European food safety authority
re-evaluated their maximum levels of intake in adults and children [24,25]. Considering the increasing
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risk factors related to synthetic antioxidants, there has been a global trend toward the use and the
search for effective natural substance as therapeutic antioxidants.

2. Bioaccessibility and Bioavailability of Antioxidant Compounds

The research around antioxidants has grown exponentially, but there are still limitations that need
to be considered before the real potential of these molecules is properly appreciated. All the bioactive
compounds, to exert their biological properties, must be available in the target tissue, which is why,
when addressing a specific property, it is important to consider their absorption in the gastro-intestinal
tract. The absorption depends on the compound bioaccessibility and bioavailability. Only polyphenols
that reach the gut, released from the food matrix by the action of digestive enzymes and gut microbiota,
are bioaccessible, and therefore, potentially bioavailable [26].

Among polyphenol classes, their physicochemical characteristics play a significant role in the
overall availability. It was observed that the absorption of phenolic acids, having small-molecular
weight, as well as flavones, catechins, and quercetin glucosides results easier compared to larger
polyphenols such as proanthocyanidins, which need to be degraded into monomer or dimer units
before being absorbed [27,28]. Anthocyanins can be absorbed as glycosides and appear as such in
blood [29], whereas galloylated monomeric flavonols do not seem to undergo extensive metabolism [30].
Another important factor to consider when assessing polyphenols bioavailability is their metabolism
and the biotransformation reactions they can undergo once absorbed. As a result of the changes in
their structure they may or may not still exert the biological action [28].

As for peptides, their ability to resist enzymatic digestion in the gastrointestinal tract is necessary
to ensure their bioactivity within the human body. Since peptides’ potential properties strictly depend
on the amino acid composition, the loss of amino acid residues as a result of proteolysis in the
gastrointestinal tract can lead to changes in the activity. Although it is more likely that small molecules
get absorbed without undergoing further digestion, studies have showed that peptides with higher
molecular weight can pass to the plasma without modifications and it seems that the amino acids
composition is a factor of key importance in the resistance during the digestion tract [31].

Even though the use of in vitro tests has generated a controversy over the last years, these methods
are still of great importance in the selection of potential antioxidant compounds. Therefore, in vitro
assays are still necessary to screen among the thesis, yet major effort should be put into validate in vivo
the bioaccessibility of such compounds. Despite the high reliability recognized to the in vivo studies,
the problems related to the approval for the ethical committee, the long times and the high costs and
the dependence on the individual response, pushed the development of in vitro methods simulating
human digestion. The most widely used procedure for screening bioaccessibility is the in vitro static
gastro-intestinal method. However, this method does not include a colonic phase where compounds
may be metabolized by the colonic microbiota. A more reliable assessment can be obtained with
dynamic gastro-intestinal models, which include the biological environment of the intestine [26].

3. Estimation of the Antioxidant Activity in Foods

3.1. In Vitro Assays

Although dozens of methods exist to investigate antioxidant activity, only a few are commonly
employed to assess food antioxidant potential (for a review see Alam et al. [4]). Among scavenging
activity assays, ABTS (2,20-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)) and DPPH (2,2-diphenyl-
1-picrylhydrazyl) are colorimetric assays where the radicals decolorize in the presence of antioxidants [1].
In the hydroxyl radical scavenging, activity fluorescein is used as a probe and the fluorescence decay
curve is monitored in the presence and absence of the antioxidants. ORAC (oxygen radical absorbance
capacity) is a test performed using Trolox (a water-soluble analog of Vitamin E) as a standard and is
based on the generation of free radical and measurement of decrease in fluorescence in the presence of
free radical scavengers [4]. Another assay commonly used is the ferric reducing-antioxidant power
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(FRAP), characterized by the reduction of Fe3+ to Fe2+ followed by the alteration of color from yellow to
blue and analyzed through a spectrophotometer [4]. Several other assays, among which thiobarbituric
reactive substances (TBARS) and glutathione peroxidase (GSHPx) methods, evaluate the inhibition
of lipid peroxidation [1]. Considering the limitations of in vitro methods: (i) presence in the extracts
of pigments and fluorophores interfering with absorbance and fluorescence readings, (ii) failure to
evaluate radical scavenging rate, and (iii) lack of biological relevance due to the use of artificial radicals
not found in food or biological systems; antioxidant activity should not be concluded based on a single
antioxidant test model [11].

3.2. Ex Vivo Assays

Since in vitro assays fail to predict the antioxidant activity in vivo and testing a substance directly
on animals or human is not an easy approach, methods comprising cellular models for a rapid initial
screening have been developed. The hemolysis inhibition assay includes the use of plasma as substrate
of oxidation. When exposed to ROS (reactive oxygen species), the oxidation of protein (hemoglobin) and
lipid (mainly cholesteryl ester) begins, leading to destruction of the cell shape and membrane structure
and ultimately hemolysis. The degree of hemolysis is determined spectrophotometrically measuring
the concentration of released hemoglobin in the solution and the inhibition of hemolysis by antioxidants
calculated by comparing with a control containing no antioxidants [11]. In cell culture models, human
or animal cell lines such as keratinocyte or fibroblasts are subjected to oxidative-induced stress and
then incubated for a certain amount of time with the substance to test. At the end of incubation, MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide) assay, which evaluates the ability of
succinate dehydrogenase to convert MTT into formazan crystals in viable cells is performed [32,33].
Otherwise, in cellular antioxidant assays, a fluorescent probe is introduced into the cell cultures and in
the presence of ROS or RNS (reactive nitrogen species), the substance is excited emitting fluorescence.
The fluorescence intensity measured is proportional to the level of oxidation. Antioxidants absorbed
into the cells scavenge the radicals, resulting in lower degree of oxidation observed as attenuated
fluorescence increase [11]. Besides cellular assays, for the ex vivo evaluation of antioxidant activity, other
biological systems exist, such as the inhibition of LDL and DNA oxidation assays. In the LDL-cholesterol
assay, oxidation is induced by transition metals or peroxyl radical, and LDL is incubated with the
samples. Then, the extent of the oxidation is determined by measuring the generated amount of lipid
peroxides and by the TBARS assay [4]. DNA oxidation assay is based on a similar principle, but in this
case, the DNA strand breaking is induced by hydroxyl or peroxyl radicals because they are the major
sources responsible for DNA oxidative damage, especially mitochondrial [11].

3.3. In Vivo Assays

In vivo protocols commonly include the administration of antioxidants to testing animals for a
specified period of time, after which the animals are sacrificed, and blood or tissues analyzed [4]. The
lipid peroxidation (LPO) assay, which measures spectrophotometrically the end products of LPO process
in the tested tissue, is one of the most used. GSHPx, instead, catalyzes the reduction of hydroperoxides.
GSHPx measurement is performed especially in patients who are under oxidative stress; low activity
of this enzyme is one of the early consequences of a disturbance of the prooxidant/antioxidant balance.
While the FRAP assay, which was originally applied to plasma, is one of the most rapid tests and very
useful for routine analysis [4].

4. Effect of Microbial Fermentation on the Antioxidant Activity

4.1. Metabolic Activities Affecting Phenolics

Plant phenolics are known to possess antimicrobial properties against bacteria, fungi, and yeasts;
therefore, the ability to metabolize them comes from the need of detoxifying such compounds that, if
present at high concentrations negatively affect the integrity of the cell wall and membrane, dissipate
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the pH gradient, delay the metabolism of carbohydrates and denature proteins [34–37]. Whether
it is carried out by fungi, yeasts, or bacteria, microbial fermentation has an impact on the phenolic
compounds characterizing food matrices and metabolic activities are species- or strains-specific and
depend on their portfolio of enzymes. A schematization of the major effects of fermentation on phenolic
compounds is reported in Table 1.

Table 1. Main effect of polyphenols metabolism on the antioxidant activity of fermented cereals
and legumes.

Matrix Microorganisms Employed
Process

Parameters
Effect Reference

Wheat bran

Baker’s yeast 20 ◦C for 20 h

Release of phenolic acids
and improved

bioaccessibility and colonic
metabolism of phenolic

acids

[38]

Spontaneous fermentation
conducted mainly by

Lactobacillus, Leuconostoc and
Pediococcus spp.

Backslopping
for 13 days at

18 ◦C
Release of ferulic acid [39]

Baker’s yeast and LAB
20 ◦C for 24 h
in anaerobic

condition

Conversion of ferulic and
caffeic acids into their

derivatives and increase in
sinapic acid.

[40]

Hericium erinaceus and
enzymes

25 ◦C for
7 days Release of ferulic acid [41]

Kamut bread
Baker’s yeast and

spontaneously fermented
sourdough

30 ◦C for 1.5 h Response to oxidative stress
in in vivo studies with rats. [42]

Rice bran
Rhizopus oryzae CTT 1217 30 ◦C for 120 h

Increase ferulic acid and
DPPH scavenging activity.
Inhibition of peroxidase
and polyphenol oxidase.

[43]

Rhizopus oligosporus F0020
Monascus purpureus F0061

32 ◦C for
12 days

Release of phenolic acids
and increase of FRAP [44]

Bacillus subtilis subsp.
subtilis NRRL NRS-744

37 ◦C for
8 days Release of phenolic acids [45]

Rye bran Baker’s yeast 25 ◦C for 14 h Increase of phenolic acids [46]

Baker’s yeast 20 ◦C for 24 h

Release of phenolic acids
but no improved

bioaccessibility in in vitro
digestive systems

[47,48]

Sorghum
flour

Lactobacillus plantarum
FUA3171,

Lactobacillus casei FUA3166,
Lactobacillus fermentum

FUA3165
Lactobacillus reuteri FUA3168

34 ◦C for 24 h Release of phenolic acids
and flavonoids [49]

Tef pancake Spontaneously fermented
sourdough

25 ◦C for
24-120 h

Solubilization of bound
phenolics and improved
antioxidant potentials on

FRAP and ABTS

[50]

Malt based
beverage

Lb. plantarum Lp758, Lp765,
Lp725, Lactobacillus brevis

Lb986,
Lactobacillus amylolyticus

LaTL3, LaT15

30 ◦C for 72 h Decarboxylation of
phenolic acids. [51]
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Table 1. Cont.

Matrix Microorganisms Employed
Process

Parameters
Effect Reference

Soy

Bacillus subtilis SHZ 30 ◦C for 36 h
Superoxide radical

scavenging activity and
reducing power potential

[52]

B. subtilis MTCC5480,
MTCC1747 42 ◦C for 24 h

Increase in the antioxidant
activity due to both

phenolic compounds and
peptides

[53]

Aspergillus oryzae ATCC 1011
Rhizopus oryzae ATCC 24563
Bacillus subtilis ATCC 6051

30 ◦C for 48 h Increase in phenolic acids
and flavonoids [54]

Bacillus pumilus HY1 37 ◦C for 60 h
Increase in phenolic acids,

flavonoids and tannins
monomeric forms

[55]

Aspergillus awamori
Aspergillus niger

Aspergillus niveus

30 ◦C for
5 days

Increase in phenolic acids
and flavonoids as

consequence of
β-glucosidase activity

[56]

R. oligosporus
Room

temperature
for 20 days

Increase in phenolic acids
and flavonoids [57]

Lentinus edodes CY-35
Room

temperature
for 50 days

Increase in phenolic acids
and flavonoids as

consequence of laccase and
β-glucosidase activities

[58]

Bacillus natto 37 ◦C for 48 h Increase in phenolic acids
and flavonoids [59]

Lactobacillus plantarum CECT
748 T 30 ◦C for 48 h Increase in phenolic acids

and flavonoids [60]

Pool of selected LAB 37 ◦C for 48 h

Increase in phenolic acids,
flavonoids, saponins,

phytosterols, and
tocopherols

[61]

Lactobacillus casei
Lactobacillus acidophilus 32 ◦C for 15 h

Increased of the
aglycones/glycosylated

isoflavones ratio and bound
phenolics

[62]

Lactobacillus casei 0979 after
germination 30 ◦C for 24 h Increase in isoflavones

glycosides and aglycones [63]

Kefir grains containing LAB
and yeasts 30 ◦C for 24 h

Increase of isoflavones and
improved antioxidant

activities on DPPH and
ABTS

[64]

Lb. plantarum DPPMA24W,
DPPMASL33

Lb. fermentum DPPMA114
Lactobacillus rhamnosus

DPPMAAZ1

30 ◦C for 96 h Increase of isoflavone
aglycones especially equol [65]

Cowpeas
Spontaneously fermented
Lb. plantarum ATCC 14917 37 ◦C for 48 h

Increase of phenolic acids
derivatives and flavonoids.

Improved antioxidant
activity on DPPH

[66]

Lentils
Lb. plantarum CECT 748 and

commercial protease 37 ◦C for 15 h Reduction of ROS on RAW
264.7 cells [67]

Spontaneously fermented 35 ◦C for
4 days

Decrease of condensed
tannin and increase of

monomers.
[68]
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4.1.1. Metabolic Activities Affecting Phenolic Acids

Phenolic acids are by far the most important food phenolics in terms of quantity, they represent
one-third of dietary phenolics and can be present in soluble form within the cytoplasm or bounded
to the cell wall [69]. Hydroxybenzoic and hydroxycinnamic acids may be decarboxylated by lactic
acid bacteria (LAB) to the corresponding phenol or vinyl derivatives or hydrogenated by phenolic
acid reductases [70]. Metabolites of phenolic acids conversion, compared to their precursors, have
reduced antimicrobial activity [36] and it was also hypothesized that LAB use hydroxycinnamic acids
as external acceptors of electrons, which allow them to gain one extra mole of ATP [71,72]. Strains of
Lactobacillus rossiae, Lactobacillus brevis, and Lactobacillus curvatus have followed one of the two paths
(decarboxylation or reduction), whereas strains of Leuconostoc mesenteroides and Lactobacillus fermentum
were found not capable of metabolizing hydroxycinnamic acids [71]. Phenolic acids metabolism
is influenced by the composition and intrinsic factors of the matrices, therefore, depending on the
substrate, the metabolism can shift from decarboxylase to reductase [72]; nevertheless, the derivatives
exert higher biological activities than their precursors [73].

Phenolic acid reductase and phenolic acid decarboxylase activities contributed to polyphenol
metabolism in red sorghum fermented with Lactobacillus plantarum and Lb. fermentum. Ferulic
acid was reduced to dihydroferulic acid, and caffeic acid was metabolized to vinylcatechol and
ethylcatechol but also dihydrocaffeic acid [49]. Similar results were obtained during the fermentation
of a malt-based beverage with a pool of LAB including Lb. plantarum, Lb. brevis, and Lactobacillus
amylolyticus [51]. Savolainen et al. [40] studied the role of oxygen during the fermentation of a
liquid wheat bran sourdough. It was observed that anaerobic conditions, in which lactic acid
bacteria and endogenous heterotrophic bacteria grew better, induced the conversion of ferulic and
caffeic acids into their corresponding derivatives, and increased the amount of sinapic acid. Aerobic
conditions, which favored yeasts growth, was characterized by the presence of dihydroxyphenyl
ethanol and hydroxyphenylacetaldehyde.

Phenolic acid metabolism was also reported in yeasts and fungi. Cinnamate caboxy-lyase activity,
which transforms coumaric and ferulic acids into their vinyl derivatives, was reported in S. cerevisiae
strains [74]. Species belonging to Aspergillus, Fusarium, and Pycnoporus genera as well as Pseudomonas
were responsible for the decarboxylation of ferulic acid and eugenol and their further metabolization,
through a lyase, to vanillin, vanillic, and protocatechuic acids [75,76].

As mentioned above, phenolic acids are often bound, as dimers, trimers and/or oligomers, to
the plant cell wall polysaccharides such as xylan and pectin. Another class of enzymes involved
in their metabolism is represented by feruloyl esterases which are capable of releasing ferulic acid
and other cinnamic acid. Feruloyl esterases have been described in lactic acid bacteria, mostly
Lactobacillus plantarum strains [69,77], in fungi of the genus Aspergillus and Penicillium [78,79], as well
as in some Bacillus, Pseudomonas, and Pseudoalteromonas strains [77,79,80], and it was also hypothesized
in S. cerevisiae [81]. Several authors studied the impact of bioprocessing with baker’s yeast, LAB,
and fungi, with or without the addition of commercial enzymes, on phenolic acids release in wheat
bran [39–41,81], rye bran [46–48], rice bran [43,44], sorghum [49], and tef [51]. In all cases, substantial
increases, especially of ferulic acid, were observed. Ferulic acid antioxidant properties are ascribed
to its ability to inhibit lipid peroxidation and LDL oxidation greater than other hydroxycinnamic
acids [82]. Anson et al. [38] fermented wheat bran with baker’s yeast and used it to produce a fortified
bread having ferulic, p-coumaric, and sinapic acids content up to three-fold higher than unprocessed
bran. Breads were subjected to gastro-intestinal digestion in vitro, although phenolic compounds
bioavailability substantial increased, most of them were recovered from the jejunal compartment;
only a small part of them was further metabolized in the colon section. Slightly different results were
obtained by Koistinen et al. [83], who fermented rye bran with baker’s yeast. Despite the extensive
phenolic acid release caused by the bioprocessing (up to 30-fold higher than unfermented sample),
when subjected to in vitro colon model, no differences were observed among the thesis.
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Among fermented legumes, phenolic acid decarboxylase and esterase activities were reported
in fermented cowpeas [66], lentils [67,68], and chickpea [84]. Soy phenolic composition, on the
other hand, has been extensively characterized [85], as well as its changes during fermentation
with bacterial [55,59–61] and fungal strains [54,56,58,86]. Dueñas et al. [54] observed that
despite hydroxycinnamic acids content was higher than hydroxybenzoic in unfermented soy flour,
hydroxybenzoic acids significantly increased during fermentation, up to seven-fold when Aspergillus
oryzae was used. On the other hand, p-hydroxyphenylacetic acid, which was not detected in raw flours,
reached up to 30 μg/g after fermentation [54]. Riciputi et al. [62] also characterized the bound phenolic
profile of soymilk fermented with Lactobacillus casei and Lb. acidophilus to prepare a fermented version
of tofu. Bound phenolics were mostly phenolic acids, of which syringic represented more than 30%,
followed by p-coumaric, ferulic, and p-cumaroyl-hexose derivatives, which all increased compared to
soybean flour and traditional tofu [62].

4.1.2. Metabolic Activities Affecting Flavonoids

Flavonoids, the other big group of food phenolics, are often glycosylated and several enzymes,
belonging to the class of hydrolases, are produced by a great number of microorganisms, both bacteria
and fungi [57]. Glycosyl hydrolases convert flavonoid glycosides to the corresponding aglycones,
which show higher bioactivity in humans than their precursor glycosides [60]. Glucosidase activity
from Lactobacillus spp. was responsible for the reduction of flavonoids glycosides in red sorghum,
which corresponded to the increase of the aglycones, taxifolin, eriodictyol, and naringenin [49]. Bhanja
et al. [87] suggested that besides β-glucosidases, different carbohydrate cleaving enzymes among which
amylase and xylanase are responsible for the release of phenolics during solid state fermentation of
wheat by A. oryzae and Aspergillus awamori. Among flavonoids, soy isoflavones are the most extensively
studied for their health benefits. As for most flavonoids, they normally occur as glucoside-bound
moieties, yet it is the aglycone form that is metabolically active, showing higher antioxidant activity
and being absorbed in the intestines faster than their glucoside bound forms [85]. Fermentation with
Lb. casei and Lb. acidophilus enabled the increased of the aglycones/glycosylated ratio in fermented
tofu more than 10- and five-fold higher compared to soybean flour and traditional tofu, respectively.
Fermentation also increased the content of genistein and daidzein, the major isoflavones found in
soybean [62]. Di Cagno et al. [65] fermented soymilk with a pool of LAB strains selected for the high
β-glucosidase activity, registering the increase of daidzein, genistein, glycitein, and especially equol.
β-glucosidase is the major enzyme involved in isoflavones release and its activity was responsible
for the improvement of the scavenging activity on DPPH radical in many soy-products fermented
by Bacillus spp. [55,85], Aspergillus spp. [54,56], Rhizopus spp. [54,86], Lactobacillus spp. [60,61,63], and
Lentinus edodes [58]. Dueñas et al. [54] reported that fungal fermentation acted more intensively in
releasing isoflavones aglycones compared to flavanones and flavonols. In addition to the β-glucosidase
activity, McCue et al. [58] also ascribed the increase of phenolic compounds to a laccase, an enzyme
involved in lignin biodegradation by white-rot fungi, suggesting the possibility of a direct activity on
polymeric phenolic substrate. In a recent study, instead, the effect of fermentation on soy and chickpea
isoflavones was evaluated after legumes seeds were germinated [63]. The authors evaluated the effect
of different process parameters adopted during germination. An increase in isoflavones glycosides
and aglycones was already observed on sprouts, however, after incubation with Lb. casei, especially
when seeds were germinated with blue light, a substantial boost in their content was observed.

4.1.3. Metabolic Activities Affecting Tannins

Tannase, which specifically breaks the galloyl ester bonds of hydrolyzable tannins, was first
reported for several fungal species of the genus Aspergillus. Over the last two decades, many bacterial
species of the genera, including Streptococcus, Lonepinella, Bacillus, and Lactobacillus, have also been
reported to possess tannase activity [88]. However, tannase acting on condensed tannins was also
descripted [89]. An example of this enzymatic activity was reported during a spontaneous fermentation
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of lentils [68]. Eight catechin and epicatechin dimers, trimers and tetramers were identified in raw lentils.
Their content was halved after a spontaneous fermentation with a consequent increase, of the monomeric
forms. A similar outcome, was observed during the fermentation of a soy product with Bacillus
pumilus [55], nevertheless, lactobacilli, and bifidobacteria from gut microbiota as well as a strain of
Lb. plantarum isolated from cheese, were found to cleave the heterocyclic ring of monomeric flavan-3-ols,
giving rise to 1-(3′,4′-dihydroxyphenyl)-3-(2”,4”,6”-trihydroxyphenyl)propan-2-ol (3,4-diHPP-2-ol) [90].
This compound, which can be further degraded by the gut microbiota in several other substances,
was recently studied for its antioxidant properties [91]. The authors found that 3,4-diHPP-2-ol had
scavenging activity on ABTS and DPPH radicals higher than its precursor, as well as than other
phenolic compounds. In addition, 3,4-diHPP-2-ol also showed the ability to reduce Fe3+ to Fe2+, higher
than Trolox.

4.2. Release of Antioxidant Peptides

With the bioactive peptides crypted in the native protein, the active amino acid sequences need
to be released through proteolytic microorganisms. Most of the studies involving the formation
of bioactive peptides by fermentation are carried out by lactic acid bacteria which own a complex
system of proteases and peptidases. Their proteolytic system consists of an extracellular proteinase,
a transport system specific for small peptides, and a multitude of intracellular specific, generic, endo-,
and eso-peptidases [92]. A pool of selected lactic acid bacteria (comprising Lactobacillus alimentarius,
Lb. brevis, Lb. sanfranciscensis, and Lactobacillus hilgardii) was selected to ferment several cereal
flours [32]. The highest antioxidant activity on DPPH and inhibition of linoleic acid autoxidation
were found for fermented whole wheat, spelt, rye, and kamut. Twenty-five peptides (8-57 amino acid
residues), identified by nano-liquid chromatography-electrospray ionization-tandem mass spectrometry
(nano-LC-ESI-MS/MS), showed ex vivo antioxidant activity on mouse fibroblasts artificially subjected
to oxidative stress [32]. Galli et al. [93] adopted the same experimental design selecting 23 out of 131
LAB strains to singly inoculate wheat flour doughs. The sourdough extracts reduced ROS formation
in several cell lines (RAW 264.7 murine macrophage, murine H-end endothelium cells and Human
intestinal Caco-2 cells). Another recent study exploited the effect of fermentation with Lb. plantarum
and a commercial protease on lentils [67]. Due to the flavonoids liberated during the bioprocessing,
a reduction of ROS on RAW 264.7 macrophage cell line was observed. Bioprocessed lentils were
later subjected to simulated gastro-intestinal digestion and, since it was observed an increase in the
inhibition of ROS formation, the authors suggested that the pH changes caused structure modifications
of both phenolics and peptides, releasing even more bioactive sequences [67].

Twenty-seven selected LAB were also used to ferment quinoa flours and screened for the ability
to improve antioxidant activity [33]. The highest scavenging activity on DPPH radical (more than 80%)
was found when fermentation was carried out with Lb. plantarum T6B4, T6C16, and T0A10, whereas
only Lb. plantarum T1B6, T6B4, and T0A10 showed antioxidant activity on ABTS radical. Since the last
strain also enabled the highest inhibition of linoleic acid autoxidation, it was the only extract further
subjected to the purification and characterization of antioxidant peptide fractions. Five peptides, with
sizes from 5 to 9 amino acid residues, identified by nano-LC-ESI-MS/MS, showed antioxidant activity
on human keratinocytes NCTC 2544 artificially subjected to oxidative stress and resulted resistant to
further hydrolysis by digestive enzymes [33]. Ex vivo antioxidant properties of extracts of quinoa seed
fermented with Rhizopus oligosporus were also evaluated by Matsuo [94]. The extracts increased both
activities of superoxide dismutase and glutathione peroxidase ex vivo, therefore, they were used to
feed rats for 13 days, confirming the results in vivo.

Several studies reported the ability of Bacillus sp., during soybean and wheat germ fermentation,
to improve the in vitro antioxidant activity on DPPH and ABTS radicals. However, the activity was
only ascribed to peptides; it was not demonstrated on purified fractions, nor were the sequences
identified [95–98]. Conversely, rice proteins, residues from starch extraction, were hydrolyzed with a
mixture of commercial proteolytic enzymes and Bacillus pumilus AG1, showing antioxidant activity
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towards ABTS radical. Almost all the peptides contained in the hydrolysate showed one or more
features typical of well-known antioxidant peptides, most probably conferring a synergic antioxidant
effect to the mixture with the potential to be used as functional ingredient [99].

Nevertheless, fungal eso- and endo-proteases play an important role in physiology and
development of fungi, they are widely used in food industry [100], and examples of antioxidant
peptides obtained by fungal fermentation were also reported (Table 2). Fermentation of soy flour with
Aspergillus oryzae enabled the hydrolysis of native proteins into small molecular weight peptides, 90%
of which were less than 3 kDa. The fermented soy was found to have antioxidant activity on DPPH
radical higher than that of the positive controls (α-tocopherol and γ-oryzanol). It also inhibited 51.2%
of linoleic acid oxidation, which was equivalent to 77% of the antioxidant activity of α-tocopherol [101].

As for phenolic compounds, several research papers focused on the antioxidant properties
of soybean peptides as a result of fermentation with Bacillus subtilis [52,53], Lb. plantarum [102],
R. microspores [103], A. oryzae [104], Bifidobacterium sp. [105]. Among the properties evaluated, the
peptides possessed strong Cu2+ chelation ability, superoxide radical scavenging activity, reducing power
potential and some of the peptides considered also resisted simulated gastro-intestinal digestion [53].
In one case, after assessing the radical scavenging activities on DPPH and ABTS, and the chelating
ability of ferrous ions in vitro, the antioxidant properties of fermented soy were proven in vivo on rats,
confirming the increase of superoxide dismutase activity in liver and kidney, and glutathione peroxidase
activity in kidney [104]. A very recent study exploited the nutritional properties of a traditional
soy-based Indonesian fermented food bought at local business with different level of sanitation [106].
The sanitation conditions clearly influence the microflora involved in the fermentation therefore
affecting the formation of functional peptides. The identified peptides from the three different stores,
differing in both number and molecular weight, showed similar and dissimilar features regarding
amino acid sequences and functionalities. Yet, it was the cleanest production facility that had the highest
number of peptides associated with functional properties including antioxidant activity [106]. Hence,
this study enlightened the considerable impact of the starter in the success of the fermentation process.

Table 2. Main effect of bioactive peptides and amino acids derivatives on the antioxidant activity of
fermented cereals, pseudocereals, and legumes.

Matrix
Microorganisms

Employed
Process

Parameters
Effect Reference

Wheat flour

Lactobacillus farciminis A11,
A19, H3,

Lactobacillus rossiae A20,
Gd40,

Lactobacillus sanfranciscensis
B3, I4,

Lactobacillus plantarum O4,
Lactobacillus brevis A7

30 ◦C for 24 h Reduction of ROS on RAW
264.7, H-end and Caco-2 cells [93]

Defatted wheat
germ Bacillus subtilis B1 37 ◦C for 24 h Unidentified peptides [96]

Rice protein Bacillus pumilus AG1 37 ◦C for 72 h Identified peptide sequences
with high antioxidant activity [99]

Wheat, spelt,
rye, and kamut

flours
Pool of selected LAB 37 ◦C for 24 h Identified peptide sequences

with high antioxidant activity [32]

Quinoa

Rhizopus oligosporus
NRRL2710 36 ◦C for 24 h

Increased ex vivo and in vivo
activities of superoxide

dismutase, GSHPx, and TBARS
[94]

L. plantarum T0A10 37 ◦C for 24 h
Identified peptides with

antioxidant activity on human
keratinocytes NCTC 2544

[33]
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Table 2. Cont.

Matrix
Microorganisms

Employed
Process

Parameters
Effect Reference

R. oligosporus ATCC 64063
Aspergillus oryzae DSM 1861
Neurospora intermedia DSM

1965

31 ◦C for
6 days

25 ◦C for
6 days

30 ◦C for
5 days

Increase of OH and ABTS
radical scavenging activity due
to potentially bioactive peptides

[107]

Soy

Spontaneously sourdough
containing Rhizopus spp.,

LAB and yeasts

Room
temperature

for 2 days

Identified peptide sequences
with potential antioxidant

activity
[106]

B. subtilis SHZ 30 ◦C for 36 h
Superoxide radical scavenging

activity and reducing power
potential

[52]

B. subtilis MTCC5480,
MTCC1747 42 ◦C for 24 h

Increase in the antioxidant
activity due to both phenolic

compounds and peptides
[53]

Lb, plantarum Lp6 30 ◦C for 24 h Identified peptide sequences
with high antioxidant activity [102]

Aspergillus orizae
30 ◦C for

3 days 45 ◦C
for 4 days

Unidentified low molecular
weight peptides [100]

Rhizopus microsporus 36 ◦C for 25 h
Improvement in the antioxidant

activity attributed to amino
acids and peptides

[97]

Bifidobacterium sp. 37 ◦C for 48 h

Inhibition of ascorbate
autoxidation, superoxide radical

scavenging activity and
reducing power potential

peroxide

[105]

Aspergillus oryzae 30 ◦C for 60 h
Superoxide dismutase and

glutathione peroxidase activities
in vivo

[104]

Kidney beans B. subtilis CECT 39T
Lb. plantarum CECT 748T

30 ◦C for 96 h
37 ◦C for 96 h

Improved antioxidant activity
on ORAC-FL [108]

Lentils Lb. plantarum CECT 748
and commercial protease 37 ◦C for 15 h Reduction of ROS on RAW 264.7

cells [67]

4.3. Secondary Effects of Fermentation

4.3.1. Vitamins

The ability of fermentation to modify phenolic and protein composition strictly relies on the
metabolic activities of the specific starter used; however, the effect of acidification on endogenous
proteinases or other enzymes involved in phenolics and protein metabolism cannot be excluded [69,92],
as well as improving phenol solubility [49]. Few authors have also reported changes in vitamin
content during fermentation [42,61,109] (Table 3). Vitamin E, also known as tocopherol, is an important
antioxidant, which, due to a chroman group, halts lipid peroxidation by donating its phenolic hydrogen
to peroxyl radicals forming tocopheroxyl radicals that are unreactive and unable to continue the
oxidative chain reaction [1]. However, only photosynthetic microorganisms are known to accumulate
detectable amounts of tocopherols; therefore, other factors participate to its increase during some
food fermentations [110]. Fermented soy germ extracts exhibited a higher inhibition effect against
the superoxide anion radical and lesser but significant ferric-reducing and DPPH radical scavenging
effects compared to raw soy germ, which was ascribed to an increase in phenolic acids and isoflavones
but also to tocopherols [61]. On the contrary, a decrease in tocopherol was observed in lupins
fermentation, both spontaneous and inoculated with a strain of Lb. plantarum [111], Małgorzata
et al. [112] instead, observed a decrease in the scavenging activity on ABTS of buckwheat fermented
with R. oligosporus, despite the increase of tocopherol content. When Cordyceps sinensis, a fungus used
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in Chinese traditional medicine, was used to ferment stale rice, vitamin E concentration was doubled
compared to unfermented rice and superoxide dismutase activity increased. Fermented rice was
administrated to mice for 40 days inhibiting oxidative enzymes in brain and liver therefore delaying
senescence [109]; and similar effects were also obtained by feeding rabbits with extracts of red bean
fermented with B. subtilis [113]. To a combined action of polyphenols and vitamins was ascribed the
protective effect against oxidative stress in mice after the consumption of bread made with Kamut
sourdough [42,114]. However, Kamut breads, especially those with sourdough had a high content of
selenium, which is known to participate in cells oxidative stress protection [114].

Table 3. Secondary effect of fermentation on the antioxidant activity of cereals and legumes.

Matrix
Microorganisms

Employed
Process

Parameters
Effect Reference

Stale rice Cordyceps sinensis 25 ◦C for
7 days

Increase of tocopherol and superoxide
dismutase activity in mice [109]

Rice medium Lactobacillus
kefiranofaciens EPS responsible of atherosclerosis prevention [115]

Wheat distillers’
grains Preussia aemulans

Room
temperature

for 7 days

EPS formation with high radical scavenging
activity and metal ions chelating ability [116]

Wheat germ
and bran

Yeasts and
lactobacilli

High vitamin content responsible for in vivo
antioxidant activity in liver and kidney [117]

Kidney beans
Bacillus subtilis

IMR-NK1 30 ◦C for 48 h
Improved antioxidant activity on DPPH,

reducing power potential and Fe2+

chelating ability
[118]

Bacillus subtilis
BCRC 14716 30 ◦C for 48 h

Increased vitamin E levels in liver and brain
of rabbit, and superoxide dismutase activity

in the brain
[113]

Great attention has gained a preparation known as Lisosan G®, a mineral- and vitamin-rich
powder registered as nutritional supplement, which consists in wheat germ and bran fermented
with a mix of lactobacilli and yeast strains [119]. Its antioxidant activity in vitro was confirmed after
supplementation in the diet of 40 rabbits for 60 days. Lisosan G was found to reduce reactive oxygen
metabolites and increase vitamin A and E concentrations in the blood. In addition, it caused the
induction of antioxidant enzymes in the liver and kidney of the treated rabbits [117].

4.3.2. Production of Exopolysaccharides

Exopolysaccharides (EPS) are long-chain polysaccharides produced by microorganisms, as a
response to environmental stress, using various sugars as substrates. EPS are either associated with cell
surfaces or secreted into the environment and can be classified as homo- or hetero-exopolysaccharides,
depending on the composing sugar units [120]. The EPS biosynthetic pathway is very complex and
includes several enzymes and glucose-6-phosphate appears to be a key intermediate linking between
the anabolic pathways of EPS production and the catabolic pathways of sugar degradation [121].
EPS can be produced by bacteria, yeasts, or filamentous fungi and their physiological role depends
on the microorganism producing them [120]. EPS are mostly employed in food industry as texture
modifiers; however, fungal and bacterial EPS have been proved to have anticancer, antimicrobial,
hypocholesterolemic, hypoglycemic, and also antioxidant activity [122]. It was suggested that their
radical scavenging ability is associated to the molecular weight and the number of hydroxyl and
amino groups, yet the relationship between antioxidant activity and physico-chemical properties or
structural features is still uncertain due to opposite results [122]. Many purified EPS produced during
fermentation with species of the genera Lactobacillus [123–126], Lactococcus [127,128], Cordyceps [129,130],
Aspergillus [131] were found to have antioxidant activity in vitro and in vivo. Scavenging activity
towards DPPH, ABTS and OH radicals, metal ion chelating ability, and inhibition of linoleic acid
peroxidation, as well as protective effect against Caco-2 cells oxidative stress and increased superoxide
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dismutase in mice are among the properties demonstrated; however, there are few studies that have
confirmed it during food fermentation. A study conducted few years ago, explored the potential of
wheat distillers’ grains water extract fermentation to produce EPS by Preussia aemulans [116]. Compared
to the unfermented extract, the fermented one had 36% of EPS higher and the scavenging activity
against DPPH, ABTS, and OH radicals were assessed. One of the EPS fractions showed antioxidant
activity comparable to that of ascorbic acid, as well as high ability to chelate metal ions and these
properties were found to be dose-dependent [116]. Uchida et al. [115] studied the effect of rice kefiran,
an EPS produced in a rice medium by Lactobacillus kefiranofaciens, on the diet of rabbits. The authors
concluded that kefiran prevents the onset of atherosclerosis in hypercholesterolemic rabbits through
antinflamatory and antioxidant actions [118].

5. Conclusions

The increasing interest in nutraceuticals reflects consumers’ attention towards studies indicating
that specific diets or components in the diet are associated with lower risk of certain disease.
Consequentially, consumer trends have shifted towards super foods that not only fulfill basic nutritious
requirement, but also exert any number of functional features while being natural without additives.
The major role of antioxidant compounds in preserving food shelf life, as well as providing health
promoting benefits, combined with the increasing concern towards synthetic antioxidants, has led
many authors to look for natural ways of increasing their content through fermentation. Phenolic
compounds are the most studied substances displaying such properties, nevertheless, also peptides
and protein derivatives, vitamins, and EPS, released or produced by the complex microbial enzymatic
system, have been proven to exert antioxidant activities in vitro, ex vivo and in vivo (Figure 1).

 
Figure 1. Schematic representation of the main effects of fermentation on food antioxidant compounds
and consequent impact on human body.
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Since most of the metabolic activities responsible for the antioxidant properties highlighted above
are species- or strain- specific, starters selection is a pivotal step, and, even though the strains employed
in these fermentations are recognized as safe, process parameters as well as many other factors, both
affecting microbial and nutritional quality of fermented foods, need to be considered. Furthermore,
as previously elucidated, an activity in vitro does not always correspond to an actual physiological
function in vivo due to modifications occurring during the gastrointestinal digestion, therefore affecting
the potential bioavailability of such compounds. Fermentation has the potential to meet consumers’
requirements, yet more in vivo studies are needed.
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Abstract: Soybeans offer an abundant source of isoflavones, which confer useful bioactivities when
existing in aglycone forms. The conversion of isoflavones into aglycones via fermentation of soybean
products is often realized by β-glucosidase, an enzyme produced by fungi. In this study, a filamentous
fungus, Clerodendron cyrtophyllum, was isolated from root of Clerodendron cyrtophyllum Turcz, which was
able to produce the highest activity of β-glucosidase up to 33.72 U/mL at 144 h during fermentation
on Potato Dextrose Broth (PDB). The obtained fungus was grown on isoflavones-rich soybean extract
to produce genistein and daidzein, achieving the conversion rate of 98.7%. Genistein and daidzein
were isolated and purified by column chromatography using hexane/acetone (29:1/1:1), reaching
purities of over 90% of total isoflavones, as identified and determined by TLC, LC-MS/MS, and 1H
and 13C NMR spectroscopy. These results imply that the isolated P. citrinum is a potential fungal
strain for industrial-scale production of genistein and daidzein from isoflavones-containing soybean
extracts. These products may serve as potential raw materials for manufacture of functional foods
that are based on aglycones.

Keywords: Penicillium citrinum; β-glucosidase; soybean extract; fermentation; isoflavones; aglycones

1. Introduction

Isoflavones are polyphenolics that exert estrogen-like effects and have been widely utilized
in manufacture of foods and cosmetics [1]. Isoflavones exhibit a myriad of bioactivities including
protecting against colon cancer and aging skin, easing postmenopausal symtoms in women, reducing
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the risk of osteoporosis, preventing cardiovascular disease, having antimutagenic, antioxidant,
and anti-inflammatory effects, and acting as tyrosine kinase enzyme inhibitors [1,2]. Since the
intestinal absorption of isoflavone in aglycone form, particularly geistein, is more expedited than
in the glycosylated form, most beneficial biological properties have been suggested to originate from
aglycone isoflavone [2]. However, the content of aglycones is significantly lower than that of the
glycoside counterpart, accounting for only 5% of total isoflavones. Structurally, the phenolic group
of isoflavones is bonded to glycosides and primary hydroxyl group of glucose moiety is bonded
to 6-O-acetyl or 6-O-malonyl derivatives. It has been shown that isoflavones existed in 12 isomers:
three free isoflavones (aglycones) and nine linked isoflavones (glucosides) [3–6].

In traditional Asian diets, the main supply of isoflavones is from soybean (Glycine max) [7].
Soybean contains a large amount of bioactive subtances such as isoflavones, saponin, phytosterol,
protease inhibitor, inositol hexaphosphate, and trypsin inhibitors [8]. As the bioavailability of soy
isoflavone aglycones is superior to that of the glycoside forms, the isolation of isoflavone aglycones from
soy products as well as production of aglycones for pharmaceutical and functional food applications
have attracted research interest recently [9,10].

Industrial production of soybean oil generates byproducts such as soapstocks and soy cakes.
While the former, which is rich in fatty acids [11], could be utilized in production of animal feeds,
soap, nonpetroleum waxes, and biofuels, the latter was recently suggested to play an important part
in the biotechnological production of several high-added value chemicals, such as fumaric acid by
fungi, carotenoids by yeasts, and polyol esters and wax esters by the enzymatic synthesis [12–14].
The production of such soybean-derived products are realized via various techniques including
saponification [15], esterification, and enzymatic hydrolysis [16].

The common production technique of aglycones involves hydrolysis of isoflavone glucosides
using chemical catalysts (e.g., bases or acids) [8]. Alternatively, the transformation of isoflavones
glycosides to aglycones can be also achieved during soybean germination as a natural occurence or by
selective enzymatic hydrolysis and fermentation withβ-glucosidase-producing microorganisms [17–21].
The latter has attracted considerable attention by researchers as a green approach.

β-Glucosidase (β β -D-glucoside glucohydrolase; EC 3.2.1.21), an exocellulase responsible for the
hydrolysis of the O-glycosyl linkage of terminal nonreducing β-D-glucosyl residues releasing β-D-glucose,
e.g., the bond in cellobiose, has been the enzyme of interest in large scale production via fermentation with
microbes [22,23]. To be specific, feasible microbes that have been utilized in β-glucosidase production
include Aspergillus niger [24,25], A. oryzae [26], Penicillium brasilianum [27], Phanerochaete chrysosporium [28],
Aspergillus oryzae [29], Thermofilum pendens [30], yeasts (mostly Candida sp.) and several bacterial species.
Even though fermentation to produce β-glucosidase for hydrolysis using A. niger, a filamentous fungus,
is popular and has been the standard in commercial β-glucosidase production [31], emerging approaches
utilize various strains from the Penicillium genus [27]. These new techniques also produce lipase and
esterase, which act as catalysts for hydrolysis of ester groups of 6-O-acetyl and 6-O-malonyl isoflavones
derivatives for activation of hydrolysis of glycosides by β-glucosidase.

In this work, multiple β-glucosidases-producing fungi were isolated and screened from roots
of the Clerodendron cyrtophyllum Turcz plant. The fungal strain that exhibited the highest β-glucosidase
activity was selected and then used for fermentation of isoflavones-rich soybean extract to produce
aglycones, genistein, and daidzein. The products were identified and determined by thin layer
chromatography (TLC), liquid chromatography-tandem mass spectrometry (LC-MS/MS), and nuclear
magnetic resonance (NMR).

2. Materials and Methods

2.1. Materials

Sabouraud-2% dextrose Broth (SDB), Sabouraud-4% glucose-Agar (SA), potato dextrose broth
(PDB), potato dextrose agar (PDA), p-nitrophenyl-β-d-glucopyranoside (pNPG), p-nitrophenol (pNP),
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and methylene blue were purchased from Merck KGaA (Darmstadt, Germany). Roots of Clerodendron
cyrtophyllum Turcz, locally collected at Hoai Duc ward, Hanoi, Vietnam, were coarsely ground to the
size of 5 mm and then were divided equally to two parts. One part was subjected to sun drying and
sterilization using UV light for 10 min while the other part was stored in gunny bags. The sized C.
cyrtophyllum Turcz’s roots were used for isolation of the β-glucosidase-producing fungi. Oil-extracted
soybean residue (dry form) (Glycine max L.) was purchased from T&H Agriculture and Technology,
JSC (Hanoi, Vietnam).

2.2. Isolation of Microorganisms

Fungal strains were isolated by serial dilution [32]. Briefly, 1 g of the sized C. cyrtophyllum Turcz’s
roots was mixed with 10 mL of sterile deionized water. The following serial dilution was performed
to 10−5 and 0.1 mL of the suspension was dispersed onto the sterilized PDA agar plates, which were
allowed to stand for 72 h at 30 ◦C to promote fungal growth. Different types of fungi were isolated.
They were then subcultured on sterilized PDA plates several times to obtain pure cultures, which were
maintained at 4 ◦C for further study.

2.3. Fungal Identification

The fungal cultures were obtained by repeatedly transferring onto sterilized PDA plates and
inoculated at 30 ◦C for 72 h. After inoculation, characteristics such as color and size of colonies
during the growth was monitored and recorded. A little amount of mycelial mat was placed on clean
glass slide and then stained with methylene blue. These slides were microscopically analyzed for
morphological characteristics. Fungal isolates were identified by comparing these characteristics with
those listed in standard reference book [33].

To prepare DNA, each fungal strain was cultured and incubated on PDA plates for three days
at 30 ◦C. Purelink Genomic DNA Kits (Life Technology, ThermoFisher Scientific, Massachusetts,
USA) was used to obtain DNA from the hyphae of the isolate. Two primer pairs, ITS1
(5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTTGATATGC-3′) were used
to perform the amplification of the the internal transcribed spacer region (ITS) of the nuclear ribosomal
DNA operon [34]. PCR experiments were performed as follows. First, a 20 μL mixture containing
5–50 ng of DNA, AccuPrep PCR premix (Bioneer, Daejeon, South Korea), and 5 pmol of each primer
was created. The mixture was first denatured at 95 ◦C for 5 min. Afterwards, a total of 30 cycles
of denaturation, annealing, and extension took place with the elapsed time of 30 s in each cycle.
Temperature for the three processes was 95, 48, and 72 ◦C, respectively. The protocol concluded with
extension at 72 ◦C for 7 min. Electrophoretic characterization of the obtained PCR products was
performed in 1% agarose gel. Obtained genomic sequences were referenced to GenBank via BLAST
search tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and were found to be in line with reported sequences.

2.4. Enzymatic Activity

Fungal strains were maintained on PDA at 30 ◦C with periodic transfer of five days. Inoculum
was prepared by growing the fungal mycelium in 100 mL sterilized basal medium, which consisted
of 2 g/L (NH4)2SO4, 1 g/L KH2PO4, 0.4 g/L MgSO4·7H2O, and 0.5 g/L CaCl2 (pH = 5.6) and 10% (w/v)
PDB as carbon source in 250 mL Erlenmeyer conical flasks. Incubation was carried out at 120 rpm
using a rotary shaker, at 30 ◦C for 72 h. After incubation, β-glucosidases produced by different fungi
strains in flasks were extracted by supplementing with potassium phosphate buffer 20 mM (pH = 6),
followed by shaking at 200 rpm for 1 h and then filted by using membrane Supro 450 size 0.45 um
(Pall, Ann Arbor, MI, USA). The obtained filtrates were used as crude enzymes. The hydrolysis
of p-nitrophenyl-β-d-glucopyranoside (pNPβG) substrate was taken as the measure for β-glucosidase
activity of fungi [35]. The reaction mixture contained 30 μL of appropriately aliquot (the filtrate) from
incubated flask, 60 μL of pNPβG and 210 μL of acetate buffer. The reaction commenced at 50 ◦C
for 60 min, followed by addition of 300 μL of 1 M Na2CO3. The resultant release of p-nitrophenol
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(pNP) caused color change, which was measured spectrophotometrically at 410 nm. The enzyme
quantity required to maintain the pNP release rate of 1 μmol per minute is equivalent to one unit
of β-glucosidase activity.

2.5. Optimization of the β-Glucosidase Production

The incubation of Penicillium citrinum was carried out in a 250 mL Erlenmeyer flask containing
100 mL of described basal medium under rotary shaking at 120 rpm at 30 ◦C for seven days.
β-glucosidase activity was determined at different intervals starting from the beginning of incubation,
including 24, 48, 72, 96, 120, 144, and 168 h, using the aforementioned procedure.

Effect of carbon sources on growth and enzyme production were evaluated by the following
procedure. First, 1 mL aliquot of SDP-grown Penicillium sp. was placed into a 250 mL Erlenmeyer flasks
containing 100 mL the basal medium with adding 0.75% (NH4)2SO4, 50 mM KH2PO4. Afterwards,
different carbon sources including either PDB, corn, potato, barley, and Czapek’s Dox (Cz) were
supplemented at the concentration of 3% (w/v). Incubation of flasks was carried out using a rotary
shaker (120 rpm) at 30 ◦C for the optimum time obtained in the previous section.

2.6. Fermentation of Soybean Residual Using P. citrinium

First, 50 g of soybean residue collected after the extraction process of soybean oil, accruing from
the extraction process of soybean oil, was used as a feedstock for isoflavones extraction by using 100 mL
of ethanol/water (70/30, v/v) and 70 ◦C for 2 h. The extracted mixture was filtered to obtain filtrate.
The extraction experiment was repeated three times and the filtrates were pooled together before ethanol
removal by vacuum distillation to obtain the final extract (designated as CDN) containing concentrated
isoflavones for fermentation experiments. The fermentation mixture was made up by mixing 20% (w/v)
glucose and 5–20% (v/v) of CDN extract, 0.75% (w/v) (NH4)2SO4, 50 mM KH2PO4, pH 4.5 followed by
sterilization at 121 ◦C for 20 min. A fungal amount of 2% (v/v) of P. citrinium was used to inoculate
the medium prepared in 250 mL Erlenmeyer flasks and incubation at 30 ◦C for 120 h with shaking
rate of 180 rpm. Samples were regularly taken at 24, 48, 72, 96, and 120 h of fermentation, followed by
addition of ethanol, vortexing, and centrifugation to obtain supernatants for the determination of the
conversion of glucosides, genistin, and daidzin into aglycones and corresponding glycosides.

Hydrolysis rate was calculated by the following equation:

H =
isoflavone glycosides in control samples− isoflavone glycosides in hydrolyzed samples

isoflavone glycosides in control samples
× 100

Isoflavone aglycones in the hydrolyzed mixture were isolated and purified by means of column
chromatography (Mini-C, diameter of 70 mm) on silica gel (Merck 60, 15–40 μm, height loaded of 10 cm)
using hexane/acetone (29:1/1:1).

2.7. Determination of Glucosides and Aglycones Using TLC, LC-MS/MS, NMR

To perform TLC (thin layer chromatography) analysis, silica gel 60 F254 plates were used.
The employed developing solvent was a mixture of chloroform/methanol/water (80:20:2, v/v/v, lower phase).
The revelation of spots were performed by spraying with FeCl3 5% or 1% Ce(SO4)2/H2SO4, followed by
exposure to UV lamp with wavelength of 254 nm till spots were clearly observed. Identification
of glucosides and aglycones was made by comparison with reference standards. An LC instrument
(Agilent 1100 system, Santa Clara, CA, USA) was employed to perform LC analysis at a detection
wavelength of 260 nm, the injection volume of 20μL with the reverse phase C25 ODS-2 (250 mm × 4.6 mm,
5 μm) column. Two solvents, A (acetonitrile 100%) and B (formic acid 0.15%), were used as the mobile
phase. The gradient conditions were as follows. [100–50% B, 0–50 min]; [50–20% B, 50–52 min]; [20–0% B,
52–60 min] with a flow rate of 1.0 mL/min. Mass spectra of Electron Spray Ionisation (ESI) were recorded
on the Agilent 1100 Series mass spectrometer connected with Varian 320-MS (LabWrench, Midland,

30



Foods 2019, 8, 554

Canada). 1H-NMR spectra were recorded by 500 MHz (Bruker XL-500, Billerica, MA, USA) with DMSO-d6

or acetone-d6 as solvents and tetramethylsilane as an internal standard. 13C-NMR spectra were recorded
at 125 MHz (Bruker XL-500) with DMSO-d6 or acetone-d6 as solvents and as internal standard.

2.8. Statistical Anaylsis

Experiments were carried out in triplicate for the accuracy of data. Statistical significant differences
were realized at p < 0.05 via Student’s t-test. Statistical analysis was performed in the JMP Pro
13.2 software.

3. Results

3.1. Isolation and Screening of β-Glucosidase-Producing Microorganisms

Roots from Clerodendron cyrtophyllum Turcz sp. were used as microbial sources to isolate fungi with
β-glucosidase activity on PDA medium. At 10−5 dilution, colonies were isolated separately. They were
then subcultured on sterilized PDA plates several times to obtain pure culture for identification and
β-glucosidase enzyme assay. After several subcultures at 30 ◦C for 72 h, 10 fungi were isolated
with different morphological characteristics of colony. Five fungi were isolated from fresh samples
(designated as BC) of C. cyrtophyllum Turcz’s while five other fungi were isolated from dried plant
samples (designated as BSD).

For enzymatic screening and fungal selection, the ten fungal isolates were tested for their capability
of enzyme production. The β-glucosidase activity of these fungi is shown in the Figure 1. The strains
BC2 and BSD5 were determined as the most potential fungi for enzyme production (5.41 ± 0.27 and
8.53 ± 0.20 U/mL, respectively) in comparison with other strains (<0.63 U/mL) and were therefore
selected for further studies.

 
Figure 1. β-glucosidase activity of the isolated fungi.

3.2. Isolation and Screening of β-Glucosidase-Producing Microorganisms

On SA medium, colonies of BC2 grew fast and displayed a compact green or yellow basal felt
enclosed by a layer of white of erect conidiophores. The diameter of colonies was approximately
measured as 2.4 cm. Microscopically, conidiophore stipes are long and smooth-walled and the color
of hyaline turned dark towards the vesicle. Conidial heads were biseriate, large, globose, and showed
tendency to radiate, splitting into several loose columns with age. Additionally, phialides, usually in
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the form of septate metulae, were also observed. These morphological characteristics affirm that this
fungus belongs to the Aspergillus species.

The shade of colonies of BSD5 growing on SA medium was green in color and a dense felt
of conidiophores was observed. The average diameter of colonies after three days of incubation was
1.2 cm. Observing under a microscope, conidiophores were hyaline and smooth-walled. In addition,
terminal verticils, carrying 3–5 metulae each, were observed on conidiophores. In each metula, around
3–7 phialides were recognized. Regarding conidia, they are smooth-walled and their shape appeared
to be globose or subglobose. In addition, the production of conidia was basipetal from the phialides.
Therefore, the described fungus belonged to the Penicillium species.

After identification by morphological characteristics, genomic DNA of the Penicillium sp.
was identified to ensure that this fungus belonged to Penicillium sp. Figure 2 shows the PCR products on
agarose gel 1% in which lane 1 is marker proteins and lane 2 is DNA of the fungus. It can be demonstrated
that the molecular mass of this fungus is 540 bp. By using ITS method, the genome DNA of the Penicillium
sp. was sequenced as:

 
Figure 2. PCR amplification of genomic DNA of P. citrinum (lane 2) on agarose gel 1%. Lane 1—DNA
size marker.

“CATGCTCCGGCCGCCATGGCGGCCGCGGGAATTCGATTTCCGTAGGTGAACCTGCGGAA
GGATCATTACCGAGTGCGGGCCCCTCGGGGCCCAACCTCCCACCCGTGTTGCCCGAACCTATGT
TGCCTCGGCGGGCCCCGCGCCCGCCGACGGCCCCCCTGAACGCTGTCTGAAGTTGCAGTCTGA
GACCTATAACGAAATTAGTTAAAACTTTCAACAACGGATCTCTTGGTTCCGGCATCGATGAAG
AACGCAGCGAAATGCGATAACTAATGTGAATTGCAGAATTCAGTGAATCATCGAGTCTTTGAA
CGCACATTGCGCCCTCTGGTATTCCGGAGGGCATGCCTGTCCGAGCGTCATTGCTGCCCTCAAG
CCCGGCTTGTGTGTTGGGCCCCGTCCCCCCCGCCGGGGGGACGGGCCCGAAAGGCAGCGGCG
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GCACCGCGTCCGGTCCTCGAGCGTATGGGGCTTCGTCACCCGCTCTAGTAGGCCCGGCCGGCG
CCAGCCGACCCCCAACCTTTAATTATCTCAGGTTGACCT”.

To gain insights into the evolutionary relationship, two methods for creation of the phylogenetic
trees, namely Neighbor Joining (NJ) and Maximum Parsimony (MP), were employed, resulting in almost
identical topologies. The aligned dataset consisted of 42 taxa and 100 characters. Our sequence
(marked as unknown) achieved 100% matching with those of Penicillium citrinum existing in the
database, as evidenced by the excellent bootstrap results. Therefore, the examined fungus presumably
belonged to the Penicillium genus and firmly aligned with the P. citrinum species, as demonstrated by
the the strong sequence similarities with the said species.

3.3. Optimization of β-Glucosidase Production by P. citrinum

The optimum incubation time is the time interval at which the highest β-glusosidase activity
was attained. After incubation for 24, 48, 72, 96, 120, 144, and 168 h, β-glusosidase activity was
0.23, 2.56, 8.16, 21.25, 23.55, 33.37, and 23.23 U/mL (Figure 3), respectively. This indicates that the
highest β-glucosidase activity of 33.63 U/mL was achieved at 144 h of the fermentation time and that
prolonged incubation time seemed to reduce enzyme yield. This could be explained by the reduced
quantities of nutrients, in both micro and macro forms, existing in the medium after an extended period
of fermentation. The phenomenon highlights the role of fungal physiology in inactivating secretary
machinery of the enzymes. In addition, the rapid enzyme production in the initial period might be
attributable to the high resistance to microbial hydrolysis of the materials, which was later diminished
as the fermentation time elapsed.

 
Figure 3. Effect of fermentation time on β-glucosidase activity of P. citrinum.

Carbon source is a critical factor affecting the production of enzymes. Therefore, P. citrinum was
tested to grow in fermentation medium containing various carbon sources under the temperature
of 30 ◦C, agitation speed of 200 rpm, and for six days. Figure 4 shows that the highest β-glucosidase
activity of 32.97 U/mL was achieved on potato, and the lower β-glucosidase activities of 4.39, 1.80,
and 12.17 U/mL were recorded on barley, corn, and Cz sources, respectively.
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Figure 4. Effect of different carbon sources on β-glucosidase activity of P. citrinum.

3.4. Fermentation of Soybean Residual Extract by P. citrinum for Aglycones (Genistein, Daidzein) Production

Figure 5 and Table 1 show that soybean residual extract originally contained glucosides, which
were still dominant in the first 24 h fermentation, but partly hydrolyzed after 48 h and completely
converted to aglycones after 72 h fermentation. Moreover, the data revealed that at 10–20% (v/v)
volumetric ratio of P. citrinum inoculum to CDN substrate, the transformation into aglycones from
glucoside forms complete took place during 72 h of fermentation (Table 2). This indicates that the
optimal conditions for fermentation of soybean residual extract to aglycones was 10% (v/v) of P. citrinum
enzyme to CDN with fermentation time of 72 h at 30 ◦C.

Figure 5. TLC results of fermentation of soybean residual extract using P. citrinium at 30 ◦C during (1)
2 h, (2) 48 h, and (3) 72 h.
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Table 1. Effect of hydrolysis time of soybean residual extract on isoflavon glucosides and aglycones
formation by P. citrinium at 30 ◦C.

Fermentation Time (h) Isoflavone Glucosides Aglycones Remark

0 ++++ - Original soybean extract without
addition of enzyme

24 ++++ -
48 +++ +
72 - ++++
96 - ++++

120 - ++++

Note: ++++, dark stain; +++, medium stain; +, weak stain; -, no stain.

Table 2. Effect of volumetric ratio of soybean residual extract/enzyme on isoflavone glucosides and
aglycones formation by P. citrinium at 30 ◦C.

Soybean Residual
Extract/Enzyme Ratio (v/v, %)

Isoflavone Glucosides Aglycones Remark

0 ++++ - Original soybean extract
without addition of enzyme

5 - +
10 - +++
15 + +++
20 ++ +++

Note: ++++, dark strain; +++, medium stain; ++, medium-weak stain; +, weak stain; -, no stain.

3.5. Identification and Characterization of Aglycones Using LC-MS/MS, TLC, and NMR

LC-MS/MS results reveal that in the first stage of fragmentation in the negative ion mode, one ion
of high intensity at m/z 253 (Figure 6A) was observed, which corresponded to the elemental composition
of (C15H10O4, daidzein) with molecular weight of 254.23 (Figure 6B). On the other hand, in the positive
ion mode, the highest intensity fragment appeared at m/z 255, corresponding to the same ion having an
elemental chemical composition of (C15H10O4). Data indicates that daidzein obtained after extraction
and purification from fermentation broth is of high purity. Similarly, genistein ion fragments appeared
at m/z 269.0 (Figure 6C) and m/z 271.1 (Figure 6D), having the highest intensity in the negative and
positive mode, respectively. These findings are in line with the results of the standard reagents and
of previously reported works [3,7].

Figure 6. Cont.
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Figure 6. LC-MS/MS spectra of daidzein and genistein. Negative mode of daidzein at m/z 253 (A),
positive mode of daidzein at m/z 255 (B), negative mode of genistein at m/z 269.0 (C), and positive
mode of genistein at m/z 271.1 (D).

For genistein (DTE1, 99.80 mg, purity 90%), light yellow needle crystals, Rf = 0.37 (TLC, silica gel,
solvent n-hexan/acetone (7/3, v/v)) appeared as yellow-brown with 5% FeCl3 and dark green with
Ce(SO4)2 (data not shown). 1H-NMR (Acetone, 500 Hz): δ (ppm) 6.28 (1H, d, J = 2 Hz, H6),
6.41 (1H, d, J = 2.5 Hz, H8), 6.90 (2H, dd, J = 2 Hz, H3′, H5′), 7.46 (2H, dd, J = 2 Hz, H2′, H6′),
8.163 (1H, d, J = 1.5 Hz, H2), 13.03 (1H, s, OH). 13C-NMR (Acetone, 125 Hz): δ (ppm) 94.15 (s, C8),
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99.52 (s, C6), 105.87 (s, C10), 115.65 (d, C3′, C5′), 122.75 (s, C1′), 123.76 (d, C3), 130.86 (d, C2′, C6′),
153.98 (s, C2), 163.64 (d, C5), 158.76 (d, C9), 158.13 (t, C4), 164.70 (t, C7), 181.35 (t, C7).

For daidzein (DTE2, 300.58 mg, purity 90%); white needle crystals, Rf = 0.30 (TLC, silica gel,
solvent n-hexan/acetone (7/3, v/v)) appeared as dark-green with Ce(SO4)2 and colorless with 5% FeCl3
(data not shown). 1H-NMR (Acetone, 500 Hz): δ (ppm) 6.89 (3H, dd, J = 2 Hz, 9 Hz, H3′, H5′, OH4′),
6.98 (1H, m, H8), 7.47 (2H, dd, J = 5.5 Hz, 2 Hz, H2′, H6′), 8.06 (1H, d, J = 8.5 Hz, H6), 8.14 (1H, s, H2).
13C-NMR (DMSO, 125 Hz): δ (ppm) 102.04 (s, C8), 115.07 (d, C6), 116.58 (d, C5′, C3′), 123.43 (d, C3),
127.23 (t, C1′), 129.99 (d, C5), 125.74 (s, C2), 157.11 (d, C4′), 157.37 (d, C9), 162.45 (t, C7), 174.63 (s, C4).

4. Discussion

It was reported that β-glucosidase can be produced on different carbon sources by fungi with
different activities [36]. Lachke et al. [37] found that the maximum β-glucosidase activity of Penicillium
funiculosum was 30–36 U/mL, achieved on 3% rice bran or defatted oil cakes after 288 h fermentation.
By stark contrast, the peak activity was found at a much lower level of 2.8 U/mL with Penicillium
miczynskii cultured on 3% pineapple peel within 216 h of fermentation (Table 3) [38]. Furthermore,
the investigation of Jeya et al. [39] resulted in the highest β-glucosidase activity of 26.4 U/mL
in P. purpurogenum produced on rice straw, while Ng et al. [40] achieved the highest β-glucosidase
activity of 57.5 U/g solid when rice bran was used via solid fermentation. Although other variables
(e.g., temperature, pH, etc.) have not been optimized in this study, β-glucosidase produced by the
isolated P. citrinum was reached 33.63–33.72 U/mL, listing P. citrinum as the top fungal strain among
the reported fungi producing highest activity of β-glucosidase. In terms of scalability, β-glucosidase
holds the potential to be cloned into other hosts such as Escherichia coli for large-scale industrial
production [41].

Table 3. β-glucosidase production of several fungal strains.

Fungal Strain Fermentation Conditions β-Glucosidase Activity (U/mL) Ref.

P. funiculosum

Substrate: Rice bran, defatted oil cakes
Temperature: 20 ◦C

pH: 4.5
Fermentation time: 288 h

30–36 [34]

P. miczynskii

Substrate: Pineapple peel
Temperature: 30 ◦C

pH: 5.5
Fermentation time: 216 h

2.82 [35]

P. purpurogenum KJS506

Substrate: Rice straw
Temperature: 32 ◦C

pH: 4
Fermentation time: 144 h

26.4 [36]

P. citrinium YS40-5

Substrate: Rice bran
Temperature: 70 ◦C

pH: 6.0
Fermentation time: 96 h

57.5 U/g [37]

P. citrinium

Substrate: PDB
Temperature: 30 ◦C

pH: 4.5
Fermentation time: 144 h

33.72 Current study

The hydrolysis yield of soybean waste extract (rich in isoflavone glycosides) to their aglycones
by P. citrinum was estimated to be 98.7%, which is comparable to aglycone rates of 94.22 and
97.14% achieved by D. hansenii UFV-1 immobilized cells containing β-glycosidase and free enzyme,
respectively [42], on soy molasses. However, our reported hydrolysis rate is higher than the rate
of 93% achieved in deglycosylation of extracts of soybean flour and embryo in β-glucosidase derived
from Paecilomyces thermophila J18 [43]. Moreover, the biotransformation rate is also higher than that
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by a marine Streptomyces sp. 060524, which achieved only 90% on the same substrate during 108 h
fermentation [5].

Isoflavone aglycones can be derived from soybean waste by extraction with ethanol/water solvent
followed by acid hydrolysis and purification [44], reaching purity of 92%. Alternatively, the soybean
extract can be hydrolyzed by cellulase to produce crude aglycone isoflavones, followed by purification,
to obtain purity of 80.38–87.21%. Experimental data obtained in this study showed that the purity
of genistein and daidzein reached over 90%, which is comparable to the purity obtained by the
reported methods, demonstrating raw materials with potential for utilization in industrial applications,
e.g., pharmaceutics and functional foods, with minimum refining [3].

5. Conclusions

The P. citrinum fungus strain that produces the highest β-glucosidase activity of 33.72 U/mL,
thus placing it amongst the most active fungi in this regard, has been successfully isolated from
roots of Clerodendron cyrtophyllum Turcz. The fungus demonstrated a catalytic capacity to hydrolyze
isoflavones-rich soybean extract into aglycones (e.g., genistein and daidzein) with a hydrolysis yield
of 98.7% after 72 h of fermentation at 30 ◦C. Purification of the hydrolyzed mixture (rich in genistein and
daidzein) by column chromatography using hexane/acetone (29:1/1:1) resulted in aglycone products
with purity of over 90%. These results imply that soybean extract is a promising raw material for
manufacture of functional foods derived from aglycones. Our study demonstrated a potential pathway
for the production of aglycones from residual soybean extract via fermentation with an isolated fungi
as a biocatalyst, with applciations in the pharmaceutical and functional food industries.
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Abstract: The production of lycopene from different substrates by Blakeslea trispora in fermentation
was investigated. Lycopene productions from 4 and 6% glucose (pH 6.5) in shake flask fermentation
were 77.7 and 28.1 mg L−1. Increasing the glucose concentration to 6% resulted in a decrease
in lycopene production by 36.2%. A maximum lycopene concentration of 944.8 mg L−1 was
detected with 4% glucose supplemented with 1.0 % sunflower oil in fermentor studies. Lycopene
productions in the presence of sunflower and corn oils in the fermentor were 12.2 and 11.1 times
higher, respectively, then without oil from 4 % glucose in a shake flask. Lycopene production from
orange peel was two times higher in the fermentor than in the shake flask. Zygospores of B. trispora
are the morphological forms, which are responsible for the production of the lycopene. The highest
level of zygospores was correlated with the highest amount of intracellular lycopene in the total
biomass dry weight. The media containing only orange powder (1%) gave a 4.9 mg L−1 lycopene
production in a fermentor. The biosynthesis of lycopene has been started in most cases simultaneously
in the early growth phase even in trace amounts. Maximum lycopene concentration was obtained
when the medium was supplied with sunflower and corn oils. There is an indirect relationship
between biomass and lycopene concentration.

Keywords: lycopene; Blakeslea trispora; fermentation; vegetable oil; orange powder

1. Introduction

Lycopene is an important naturally occurring intermediate metabolite in the mevalonate metabolic
pathway of microorganisms and can be transformed into β-carotene by lycopene cyclase. Thus, in
order to enhance lycopene accumulation, lycopene cyclase activity should be inhibited by adding
lycopene cyclase inhibitors into the fermentation medium. Lycopene has important physiological
functions to prevent chronic diseases, including osteoporosis, certain types of cancer, cataract formation
and cardiovascular diseases; enhance immune responses; and other biological effects in humans and
animals [1,2]. In the last few years, demand on lycopene has increased due to its use in the food,
pharmaceutical, cosmetic and animal feed industries [3]. Moreover, lycopene is used as an antioxidant
to reduce cellular or tissue damage, and as a coloring agent for food products [4]. These make lycopene
very attractive in the food and feed industries, and in medicine and cosmetic formulation. Lycopene
used industrially is manufactured from plant extraction and chemical synthesis. Market needs for
lycopene are not met using plant extraction due to the restricted number of plant sources and high
cost. Chemical synthesis also has disadvantages including low yields, product instability, low product
quality and high production cost. Due to decreased natural production of lycopene and its increased
worldwide demand, there is the potential for lycopene to be produced using fermentation. Various
algae and fungi produce intracellular carotenoids, including β-carotene, lycopene and astaxanthin.
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Blakeslea trispora, Mucor circinelloides, Candida utilis and Phycomyces blakesleeanus have the ability to
produce lycopene [5]. B. trispora has an advantage in that it does not need any specific fermentation
conditions for growth. Mating type of (+) and (−) B. trispora strains together can increase production
of lycopene [6].

There is much interest in biotechnological production of lycopene due to consumer demand for
high quality and “natural” food additives. Efforts have been made to increase the lycopene yield and
reduce process costs, by using low-cost agro-food media rich in organic compounds (such as carbon,
nitrogen, mineral and other sources). The amount of lycopene production depends on microorganism,
the culture medium, substrates and the fermentation conditions (temperature, pH, aeration rate etc.).
Most of the research has been aimed at optimizing the culture conditions that directly affect the growth
of the microorganism. The main research is focused on optimization of the medium, extraction of
lycopene from B. trispora and fermentation conditions [4–9].

An industrial mold over-producing lycopene is B. trispora which accumulates all-trans-carotene,
as a secondary metabolite [10]. B. trispora is a saprophyte and performs vegetative cycle of spores and
filamentous mycelia [6]. There has been a lot of effort to use food wastes in the production of lycopene
mitigation [11]. At present, there are no research on the use of orange powder and sunflower oil in the
production of lycopene. The transport cost, sales problems, low quality and susceptibility to spoilage
of the food-wastes by microorganisms have led to alternative utilization approaches. Agro-food wastes
(fruits and vegetables: cabbage residues, watermelon husk and peach powders) have been used in the
production of carotenes by B. trispora [12,13].

Optimization of fermentation conditions can also be required in the production of lycopene from
different nutrient sources. This report was focused on the effect of a series of media containing various
substrates (glucose, refined vegetable oils and orange powder) in the accumulation of lycopene in
submerged shake flasks and fermentor studies. Morphological, biomass and pH changes occurring
during fermentations were also studied.

2. Materials and Methods

2.1. Microorganism and Chemicals

Blakeslea trispora mating strains ATCC 14,271 (+) and ATCC 14,272 (−) were obtained from the
American Type Culture Collection (ATCC; Rockville, MA, USA). Lyophilized cultures were rehydrated
with malt extract broth (MEB; Darmstadt, Germany) by incubation at 35 ◦C for 3 days and were used in
the stock culture preparation. Stock cultures of B. trispora were prepared on potato dextrose agar (PDA;
Darmstadt, Germany) slant. Yeast extract, glucose, agar, asparagine, starch, lycopene, nicotine, KHPO4,
MgSO4, HPLC grade petroleum ether, methanol, acetonitrile and dichloromethane were obtained from
Sigma-Aldrich (Interlab Company, Adana, Turkey).

2.2. Preparation of B. Trispora Cultures

B. trispora (+) and (−) cultures were prepared for fermentation studies using a yeast phosphate
soluble starch (YpSS) agar medium. The composition of YpSS agar medium (g L−1) was: Yeast extract
4.0, K2HPO4 1.0, MgSO4 0.5, starch 15.0 and agar 20.0. The pH of the medium was adjusted to 6.5.
Each of the B. trispora strains from stock culture was inoculated separately onto YpSS agar plates and
incubated at 28 ◦C for 5 days. After sporulation of cultures, 10 mL of sterile distilled water was added
onto the cultures in the Petri plates and the spores were collected by scraping off the medium surface
using a sterile cotton swab. The spore suspension containing 3.9–8.5 × 106 spores ml−1 was used to
inoculate the fermentation media. Strains were inoculated into the fermentation medium with 2.5 and
7.5 mL of spore suspension (+) and (−) strains, respectively, to provide 1:3 ratio of inoculation.
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2.3. Preparation of Fermentation Media

The basal fermentation medium (BFM) had the following composition (g L−1): Yeast extract 1.0,
asparagine 2.0, K2HPO4 1.5 and MgSO4 0.5. BFM was supplemented with different concentrations of
ingredients as given in Table 1: Refined vegetable oils (sunflower and corn oils), glucose and milled
orange peel (powder). Samples of orange (Citrus sinensis) peel were dried at 40 ◦C to reach a final
moisture lower than 10%, milled to a particle size (250 μm) using a laboratory grinder (Roller type lab
mill RM 1300, Erkaya, Ataşehir, İstanbul, Turkey), homogenized in a single lot to avoid any variation
in composition, and stored at 4 ◦C in a cold chamber until use. Fermentation media were prepared
at two different pH: 6.5 and 5.5. Fermentation media (50 mL) in Erlenmeyer flasks (250 mL) were
sterilized at 121 ◦C for 15 min in autoclave. Fermentation media for fermentor studies were sterilized
in a 7 L Bioflow 410 sterilizable-in-place benchtop fermentor (New Brunswick Scientific BioFlo 410 SIP
Fermentor, Eppendorf, New York, MA, USA).

Table 1. Medium composition.

Medium Number
Composition

Glucose (g L−1) Sunflower Oil (ml L−1) Corn Oil (ml L−1) Orange Powder (g L−1)

In shake flask studies

1 40 - - -

2 60 - - -

3 40 10 - -

4 40 30 - -

6 40 - 10 -

7 40 - 30 -

8 - - - 10

9 - - - 20

In fermentor studies

10 40 a,b - - -

11 60 a - - -

12 40 a 10 - -

13 40 a - 10 -

14 - - - 10 a

a At 3 L min−1 aeration and 500 rpm agitation. b At 12 L min−1 aeration and 750 rpm agitation.

2.4. Shake Flask Fermentation Process

Fermentation media (50 mL) in Erlenmeyer flasks (250 mL) were inoculated with 10 mL B. trispora
strains ATCC 14,271 (+) and 14,272 (−) by 1:3 ratio from spore stock culture. The lycopene cyclase
inhibitor of nicotine (5 mM) was added on the second day of fermentation. Fermentation media (total
volume 60 mL) were incubated at 28 ◦C for 7 days on a bench type water bath shaker ST-402 (NÜVE;
Sanayi Malzemeleri Imalat ve Ticaret A. Ş., İstanbul, Turkey) with wrist shaking at 120 rpm.

2.5. Fermentation Process in Fermentor

All fermentations were performed in the Bioflow 410 fermentor with a working volume of 5.0 L.
Sterilization sequences in this fermentor are fully automatic and heat-up and cool down in under
30 min. All easily initiated using the advanced touch-screen controller. The fermenter was equipped
with a pH probe, dissolved oxygen probes, automatic sampler, temperature probe, inoculation port,
sparger, exhaust condenser, agitation, vessel light, level sensor and BioCommand SCADA Software
(RS-232; New Brunswick Scientific BioFlow 410 SIP Fermentor, Eppendorf, New York, MA, USA).
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Four liter of fermentation media (from BFM) were prepared in the fermentor. The initial pH of
fermentation was adjusted to 6.5. The fermentation with 4% glucose media was also performed at
two aerations and agitations. The fermentor was incubated at 28 ◦C. The inoculation ratio of two
strains (+/−) into the fermentation medium from plate cultures was the same as those in the shake
flask. The lycopene cyclase inhibitor of nicotine (5 mM) was added on the second day of fermentation.
Dissolved oxygen tension was not controlled during fermentation.

2.6. Sampling

Fermented samples were aseptically removed from the shake flask and fermentor through
automatic sampler after 2, 3, 4, 6 and 7 days of fermentation. Initial samples were also removed
at the beginning of fermentation. At every sampling interval, 5 mL of sample was taken from the
fermentation media under aseptic conditions and the contents were analyzed for lycopene, pH and
biomass changes. Two ml of the sample was used in lycopene analysis and 3 mL was used in pH and
biomass analysis. At each sampling time and after the first day, 0.4 mL of the sample was also removed
for morphological analysis.

Two samples were removed and two parallel analyses were performed from each sample.
All experiments were repeated three times.

2.7. Analysis

2.7.1. Lycopene Analysis

Samples were analyzed for lycopene by a High-Performance Liquid Chromatography (HPLC)
method [1]. Two ml of a 5 mL sample was mixed with 15 mL of petroleum ether. The mixture was
subjected to ultrasound (Soniprep 150 Ultrasonic Disintegrator, MSE, London, UK) for 30 s and then,
the sample was centrifuged using a table-type centrifuge (Hettich eba III) at 6000 rpm for 15 min.
The supernatant was passed through 4 μm filter paper. About 2.5 mL of liquid was added into
a 3 mL vial and the sample was analyzed by HPLC immediately. The presence of lycopene was
detected by HPLC using a fluorescence detector. The flow rate was 1 mL min−1 and the column was
nukleosil C18 (250 × 4.6 mm ID). Temperature was 28 ◦C. Lycopene was detected at 450 nm and
20 μL sample was injected to HPLC automatically. The result was read for 40 min. The mobile phase
was acetonitrile-methanol-water-dichloromethane (7:1.5:0.5:1, v:v:v:v). The mobile phase was filtered
through a disposable filter unit (0.45 μm) and degassed in a degasser (Bransonic 2200, 41 Eagle Road
Danbury, Connecticut, 06810-1961, CT, USA). The peaks in a chromatogram were evaluated according
to the lycopene standard curve.

Analytical Method Validation: Linearity was determined between 0.1 to 0.0001 g ml−1 using five
levels of calibration in triplicate. The Mandel’s fitting test was used to evaluate the linearity of the
straight-line regression model [14].

Limit of detection (LOD) and limit of quantification (LOQ) were determined according to the
method described by Cucu et al. [15]. For this, standards of 0.1 to 0.0001 g lycopene ml−1 were
prepared and injected three times each. The mean of the slopes (S) and standard deviation of the
intercepts (σ) were calculated from the three calibration curves. The LOD and the LOQ were calculated
according to the formulas below [15]:

LOD = (3.3∗σ)/S
LOQ = (10∗σ)/S

For the assessment of the matrix effect, calibration curves were prepared in the petroleum
ether and analyzed in triplicates. The calibration curve of lycopene was the equations: y =
((area+intercept)/slope).
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2.7.2. pH, Biomass and Morphological Analysis

In biomass analysis, Whatman No. 41 filter paper was dried at 105 ◦C to constant weight, cooled
in a desiccator and weighed before use. Three ml of the remaining sample was filtered through the
filter paper. The filter cake on paper was washed three times with distilled water. The filter paper
was placed into an incubator at 105 ◦C, dried until constant weight and then weighed to calculate the
biomass (g L−1). The medium with %10 orange powder was used as a control; in biomass detection,
this was subtracted from biomass.

In pH analysis, a filtered solution was filled to 10 mL with distilled water and pH was detected
using a pH meter (EMAF EM78X model, Interlab Company, Adana, Turkey) equipped with a
glass electrode.

In image analysis, the morphological changes of B. trispora during the fermentation was analyzed
using an image analysis system consisting of a light microscope (Olympus BX51; Olympus Corporation,
Shinjuku Monolith, 3-1, Nishi Shinjuku 2-chome, Shinjuku-ku, Tokyo, Japan) equipped with a Pixera
PVC 100C camera. Samples for image analysis were prepared by mixing 0.4 mL of fermentation broth
with 0.1 mL of lactophenol blue. One drop of the mixed sample was pipetted on to a microscope slide,
covered by a cover slip so that no air gap or bubbles were trapped between the sample and the coverslip
and observed immediately with 20X objective by taking 5 different images. The morphological
parameters measured were the area of zygospores and zygospores (% of total area of mycelium), the
diameter of zygospores (mm), freely dispersed hyphae and clumps (aggregates) of different sizes on
the basis of their projected area, and the hyphae length (mm). The microscope eyepiece is equipped
with a scale micrometer that is used to measure the morphological parameters of mold. For each
sample, the process was repeated at least 5 times using new positions on the same slide, and the
morphological parameters were expressed as the mean values of each sample [16].

2.8. Statistical Analysis

All data were analyzed by SPSS 16 software (SPSS Inc., Chicago, IL, USA). Statistical differences
between fermentation time (days) and between substrates used in the fermentations were tested by
one-way analysis of variance following Duncan’s multiple-range test. A probability of 0.05 was used
to determine statistical significance.

3. Results

The fermentations were carried out at 28 ◦C for 7 days using different carbon sources and
ingredients in the shake flask and fermentor.

The initial pH is one of the important parameters in the production of lycopene by B. trispora.
The pH of the fermentation media changed during the fermentation time. The pH of the fermentation
media was decreased during the first 2 days then increased during the remaining 7 days. At 2 days, the
pH reduced to approximately 5.0, and then the pH increased over 6.0. The pH drop would be due to
trisporic acid or/and other unidentified acidic formations in the lycopene production [17]. According
to Nanou et al. [18], the pH of the media decreased slightly during the first 2 days of the fermentation
from 7.6 to 5.3 and then increased slowly up to 7.0 at the end of the fermentation. The pH of the
fermentation media was probably increased by ammonia liberation during degradation of proteins
in the media by B. trispora. This would be indicative of amine metabolic product being released as a
consequence of cell death and subsequent lysis occurring after that time.

3.1. Shake Flask Studies

Lycopene production of two glucose concentrations (4 and 6%) were investigated at two initial pH
values (6.5 and 5.5). Figures 1 and 2 show the effect of glucose concentrations on lycopene production at
the initial pH 6.5 and 5.5 respectively. Lycopene production at pH 6.5 with both glucose concentrations
was higher than at pH 5.5. The amount of lycopene production was 77.7 and 28.1 mg L−1 with 4
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and 6% glucose, respectively, after 7 days fermentation at pH 6.5. The biomass dry weight (DW)
increased with the increase in glucose concentration from 4 to 6%. The lowest amount of lycopene
content (0.3 mg g−1 DW) was obtained at pH 5.5 with glucose concentration 6%. In this research,
4% glucose yielded better lycopene than 6% while the biomass is better produced in 6% glucose.
Since, there is an indirect relationship between biomass and lycopene concentration. Subsequently,
increasing the glucose concentration to 6% resulted in a decrease in lycopene production by 36.2%.
The decreased concentration of lycopene encountered with the highest concentration of glucose was
probably due to osmotic effects. It has been reported that above a critical substrate concentration,
the decreased water activity and the onset of plasmolysis combine to cause a decrease in the rates of
fermentation and product formation [19]. In all cases, the biomass DW increased during the first two
days of the fermentation and then remained constant until the maximum concentration of the lycopene
was obtained. The maximum lycopene content was 2.4 and 0.6 mg g−1 DW with 4 and 6% glucose,
respectively, at pH 6.5 after 7 days while they were 0.7 and 0.1 mg g−1 DW after 4 days, respectively.
There are significant differences (p < 0.05) in lycopene production during fermentation. There are also
significant differences (p < 0.05) in lycopene production between 4 and 6% glucose concentrations, and
pH 6.5 and 5.5 at both glucose concentrations.

Figures 3 and 4 show the effect of sunflower and corn oils, respectively, on the production of
lycopene in 4 % glucose medium at initial pH 6.5. The maximum lycopene was produced 795.1
and 714.2 mg L−1 with 1 % sunflower and corn oils respectively. The highest amount of lycopene
(335.4 mg L−1) was produced with 3 % sunflower oil rather 3 % corn oil (275.3 mg L−1). Lycopene
content was 131.4 and 115.0 mg g−1 DW at the end of fermentation for 1% sunflower and corn oils
respectively. There are significant differences (p < 0.05) in lycopene production during the 7 days of
fermentation. There are also significant differences (p < 0.05) in lycopene production with and without
oil, and between both oil types.

Lycopene productions with 1 and 2% orange powder during 7 days of shake flask fermentation
were given in Figure 5. Lycopene productions after 7 days were 2.9 and 1.7 mg L−1 with 1 and
2% orange powder respectively. Biomasses formations were 8.6 and 11.6 g L−1 for orange powder
respectively. Lycopene content was 0.3 and 0.1 mg g−1 DW respectively at the end of fermentation.
There were significant differences (p < 0.05) in lycopene production during the 7 days of fermentation
for 1 and 2% orange powder, between the two orange powder concentrations.
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Figure 1. Changes in lycopene production, biomass formation and pH with initial pH 6.5 in a medium
containing 4 and 6% glucose.
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Figure 2. Changes in lycopene production, biomass formation and pH with initial pH 5.5 in a medium
containing 4 and 6% glucose.
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Figure 3. Changes in lycopene production, biomass formation and pH in fermentation with an initial
pH 6.5 in a 4% glucose medium containing 1 and 3% sunflower oil.
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Figure 4. Changes in lycopene production, biomass formation and pH in fermentation with an initial
pH 6.5 in a 4% glucose medium containing 1 and 3% corn oil.
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Figure 5. Changes in lycopene production, biomass formation and pH in a shake-flask fermentation
with an initial pH 6.5 in a medium containing 1 and 2% orange powder.

3.2. Fermentor Studies

Effects of 4 and 6% glucose concentration (pH 6.5) on the production of lycopene were studied
at 3 L min−1 aeration with 500 rpm agitation (Figure 6). The highest amount of lycopene was
produced (92.3 mg L−1) with 4% glucose concentration rather than 6% glucose (57.8 mg L−1). Biomass
DW formations after 7 days of fermentation were 154.9 and 196.7 mg L−1 with 4 and 6% glucose
concentration respectively. Lycopene content was 3.8 and 1.9 mg g−1 DW at the end of fermentation
for 4 and 6% glucose concentrations respectively. There is an indirect relationship between biomass
and lycopene formation similar to the shake flask. The production of lycopene in the fermentor was
higher than in the shake-flask from glucose. This would be due to the better aeration of the medium in
the fermentor. There were significant differences (p < 0.05) in lycopene production during the 7 days of
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fermentation. There were also significant differences (p < 0.05) in lycopene production between 4 and
6% glucose concentrations.

The effect of high level of aeration (12 L min−1) and agitation (750 rpm) on the production of
lycopene in a 4% glucose medium during the 7 days of fermentation is given in Figure 7. The highest
amount of lycopene was produced at low level of aeration (3 L min−1) and agitation (500 rpm) rather
than at the high levels (12 L min−1 and 750 rpm). The highest amount of biomass was formed at the
higher aeration (12 L min−1) and agitation (750 rpm) rather than at the lower levels. Lycopene content
of DW (3.8 mg L−1) was higher at 3 L min−1 aeration and 500 rpm agitation rather than 12 L min−1

at 750 rpm (1.8 mg L−1). Generally, the results showed that the biomass increased with increasing
aeration and agitation. This was due to the better air supply to the cells. This is especially important for
high biomass concentrations. B. trispora is a strictly aerobic microorganism. Thus, moderate aeration
rates in combination with high impeller agitation improved the growth of mold. There are significant
differences (p < 0.05) in lycopene production during the 7 days of fermentation and between the two
fermentation conditions (3 and 12 L min−1 aeration).

Figure 8 shows the effect of 1% sunflower and corn oils on the lycopene production in the
fermentor. Lycopene production was 944.8 and 859.8 mg L−1 respectively. Biomass formations were
29.5 and 19.6 g L−1. Lycopene content was 65.0 and 48.9 mg g−1 DW. Lycopene production in the
presence of sunflower and corn oils in the fermentor was 12.2 and 11.1 times higher, respectively,
then without oil from 4% glucose in a shake flask. This would be due to retaining higher amount of
oxygen in the media. Since oil slightly increases the density of the fermentation media. There are
significant differences (p < 0.05) in lycopene production during fermentation periods. There are also
significant differences (p < 0.05) in lycopene production with and without oil, and between sunflower
and corn oils.

Lycopene production was studied from different concentrations of orange peel in 4 L fermentation
media with aeration 3 L min−1 and agitation 500 rpm (Figure 9). Lycopene was produced 4.9 mg L−1

with 1% orange peel. Biomass was 9.7 g L−1 and lycopene content was 0.05 mg g−1 DW at the end of
fermentation. Lycopene production from orange peel was two times higher in the fermentor than in
the shake flask. There are significant (p < 0.05) differences in lycopene production during the 7 days
of fermentation.
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Figure 6. Changes in lycopene production, biomass formation and pH in a fermentor with an initial
pH 6.5 in a 4 and 6% glucose medium at 3 L min−1 aeration and 500 rpm agitation.
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Figure 7. Changes in lycopene production, biomass formation and pH in a fermentor with an initial
pH 6.5 in a 4 and 6% glucose medium at 12 L min−1 aeration and 750 rpm agitation.
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Figure 9. Changes in lycopene production, biomass formation and pH in a fermentor with an initial
pH 6.5 from a 1% orange powder in a fermentor with aeration 3 L min−1 at agitation 500 rpm.

3.3. Morphological Analysis

The morphology of B. trispora was studied in the shake-flask and fermentor studies (3 L min−1

aeration and 500 rpm agitation) in only 4% glucose medium containing 1% sunflower oil using an
image analysis system. During the first day of fermentation, microscopic examination showed that B.
trispora formed a great amount of mycelium in the fermentation broth. After one day of fermentation,
two opposite mating types of B. trispora produced zygospores which grew towards each other and
produced pro-gametangia at their tips. Septation in the pro-gametangia led to the production of
terminal gametangia, which fused to form the zygospores. The area of zygospores to the total area of
mycelium remained almost constant up to 4 days of fermentation and then decreased significantly
(p < 0.05) and disappeared on the 7th days of fermentation. On the other hand, the area of zygospores
to the total area of mycelium increased significantly (p < 0.05) with the increase of fermentation time
from 4 to 7 days. The hyphae length increased from the first day of fermentation up to 4 days and then
slightly increased until the end of the fermentation. The diameter of zygospores increased from the first
2 days of incubation up to 4 days and then decreased slightly. Generally, morphological measurements
using image analysis showed that B. trispora formed zygophores, zygospores and mycelium in which
the hyphae appeared as a homogeneous dispersed suspension through the fermentation medium.

4. Discussion

Various concentration of carbon sources and refined natural vegetable oils as co-substrates were
used in the production of lycopene. The concentration of carbon sources and vegetable oils greatly
affected the final amount of lycopene. Furthermore, the use of orange powder components gives a first
indication that B. trispora is able to metabolize and produce lycopene.

The highest concentration of lycopene was produced from a low concentration of glucose (4%)
rather than at the high concentration (6%) in both the shake flask and fermentor studies. High
concentrations of glucose may cause inhibition of the activity of mevalonate kinase [20], which is
one of the key enzymes of the lycopene biosynthesis pathway. The carbon source can act as a major
constituent for the building of cellular material and as an important energy source during the microbial
fermentations [21]. Lycopene production in all fermentation conditions was lower than 1.0 mg L−1

during the first 2 days of fermentation and continuously increased during the next 5 days. It reached
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maximum concentration after 7 days. Sugar metabolism was slightly enhanced at the beginning of
fermentation and increased during next fermentation period. This increase may provide more lycopene
production [22]. On the other hand, biomass formation increased continuously during the 6 days
of fermentation and it slowed on last day. When lycopene production increased, biomass formation
decreased. Dry weight increased continuously up to 6 days and then slowed down. But lycopene
production rate was higher on the last day. The maximum lycopene content in cells occurred after
7 days of fermentation when compared with 6 days in all fermentation conditions. This indicates that
lycopene and biomass formations are inversely proportional. The biomass rapidly increased after
2 days of fermentation and this continued up to 6 days of fermentation. Nanou et al. [18] reported that
the concentration of residual sugars fell rapidly during the first 4 days of the fermentation after which
it decreased slowly and this was accompanied by a rapid increase of biomass concentration.

The refined vegetable oils stimulate different biosynthetic pathways in B. trispora. In this study,
about 944.7 mg L−1 of lycopene was produced in fermentor studies from 4% glucose supplemented
with 1 % sunflower oil. With 1% corn oil, about 859.8 mg L−1 of lycopene was produced in a 4% glucose
medium. These results indicate that sunflower oil has a greater influence on lycopene production than
corn oil due to a higher amount of vitamin E and linoleic acid in sunflower oil [23,24]. Similar results
were demonstrated by Mantzouridou et al. [7] that corn steep liquor, olive oil, soybean oil, cottonseed
oil and linoleic acids significantly increased the β-carotene production. Mantzouridou et al. [24] was
also indicated that the addition of 10 g oil L−1 of substrate stimulated β-carotene production. Beside
triacylglycerol, the main component of oils can be used in the lipid biosynthesis (involving acetyl-CoA
formation resulting from β-oxidation of fatty acids) of the mold mycelium. Oils can be hydrolyzed
to fatty acids and glycerol by mold exolipases [23]. When the concentration of natural oils increases
(from 1 to 3%), the production of the lycopene decreases while the biomass dry weight increases
significantly. This may be related to the consumed amount of the oils converted to biomass instead of
lycopene. The production of lycopene without oils in the medium was lower while biomass formation
was higher.

Two different aerations (3 and 12 L min−1) and agitations (500 and 750 rpm) were studied in a
7 L fermentor (pH 6.5). The highest amount of lycopene 944.8 mg L−1 was produced with 3 L min−1

aeration and 500 rpm agitation in 4% glucose medium containing 1% sunflower oil. The positive
impact of oils in the production of lycopene has been confirmed in other reports, such as those based
on the use of crude olive or soybean olive [7,24] or waste cooked oil [25]. Supplementation of the
medium with industrial glycerol, obtained either from soap manufacturing or biodiesel production
industries, allows up to a tenfold increase in β-carotene levels [26]. Very promising results have been
also obtained using agro-food wastes rich in carbohydrates and mineral salts, as beet molasses [27],
cheese whey [28]. The concentration of lycopene was higher in fermentor studies than in the shake
flask. Aeration could be beneficial to the growth and performance of aerobic B. trispora. Agitation of
the fermentation medium creates shear forces which affect microorganisms in several ways: causing
morphological changes, variation in their growth and product formation, and damaging the cell
structure [19].

Orange powder was used as a raw material for production of lycopene in a shake flask and
fermentor. The highest amount of lycopene (4.8 mg L−1) was produced in the fermentor with 1% orange
powder rather than in the shake flask (2.9 mg L−1). Citrus peels are rich in cellulose, hemicelluloses,
proteins and pectin, but the fat content is low. Pourbafrani et al. [21] reported that more than 95% of
the peel oil is D-limonene which is extremely toxic to fermenting microorganisms. The addition of
tomato sauce as a waste into the fermentation medium enhanced the production of lycopene and its
production was 3.52 mg/100 g cell DW [29].

B. trispora is a micro-fungus with a life-cycle involving hyphae, zygophores and zygospores in
submerged fermentation. The zygophores are the precursors of zygospores, which are responsible for
the production of lycopene. [19]. The highest percentage of zygospores in an observed microscope
field was correlated with the highest percentage of intracellular lycopene in the total biomass dry

52



Foods 2019, 8, 120

weight after the 7 days of fermentation. High percentages of vacuolated hyphae, evacuated cells and
degenerated hyphae of B. trispora were observed at higher aeration (12 L min−1). The percentage of
the vacuolated hyphae, evacuated cells and the degenerated hyphae formed during the first 2 days
of fermentation were higher than the remaining fermentation time. The growing mycelium was
composed primarily of intact hyphae (such as 96.8% of the biomass dry weight), and zygospores on
the 2nd day of fermentation, whereas on the next day the concentration of the intact hyphae was
reduced to 67.9 of the biomass dry weight and the concentration of the zygospores was about 8.3%.
On the 7th day of fermentation, the mycelium was composed mainly of evacuated cells. The addition
of 1% oils to the fermentation medium increased the concentration of the intracellular lycopene during
fermentation and reached to maximum level after 7 days, whereas the percentage of zygospores to the
biomass dry weight increased significantly (p < 0.05). The highest concentration of lycopene correlated
with the highest percentage of zygospores in the biomass DW. When the natural oils were used in the
medium with 4% glucose in the fermentor, a great increase in the amount of lycopene occurred after
the days 7 of fermentation, while the concentration of evacuated cells and the number of zygospores
increased significantly (p < 0.05).

The effect of aeration rate and agitation speed on culture morphology was also observed. At an
aeration rate of 3 L min−1 with 500 rpm agitation, the area of zygospores increased significantly and
then remained constant. On the other hand, at aeration rates of 12 L min−1 with 750 rpm agitation, the
area of zygospores decreased and then remained constant. The maximum concentration of lycopene
was observed in the same conditions where a large number of zygospores were observed. This means
that the zygospores were responsible for the synthesis of lycopene.

5. Conclusions

In this study, various substrates are compared with lycopene production in the shake flask and
fermentor. The amount of lycopene production is based on the concentration of carbon sources and
natural oil content. The amount of orange powder used in the fermentation as carbon sources affected
the formation of lycopene. The use of natural oil is important for stimulation of the biosynthetic
pathway in B. trispora. The medium with natural oil led to more lycopene than only carbon source
in the medium. The oils degraded into acetyl-CoA, which is the precursor of lycopene derived
from mevalonic acid. The mated fermentation process for lycopene production may be useful and a
reference to the other fermentation. Also, lycopene production from B. trispora is better than other
alternative plant extracts which is one of the other methods of lycopene production. For the future,
this study is provided to contribute to the development in the lycopene production industry from
this method. Oils improved lycopene production and enhanced vacuolation and evacuation of the
hyphae. The morphological characteristics of the hyphae and the proportion of zygospores to the
biomass DW were changed significantly (p < 0.05) within the medium composition and fermentation
conditions. Moreover, there was a parallel relationship between the area of zygospores and production
of lycopene. Generally, the results showed that B. trispora is a micro-mold that produces lycopene
with a life-cycle involving hyphae, zygophores and zygospores. The hyphae do not play a role in the
biosynthesis of lycopene. The zygphpores are the precursors of zygospores, which are responsible for
the production of the lycopene. Maximum lycopene concentration was obtained when the medium
was supplied with sunflower and corn oils.
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Abstract: Melatonin (MEL) is an indoleamine produced mainly by the pineal gland in vertebrates.
It plays a significant role in the regulation of circadian rhythms, mitigation of sleeping disorders,
and jet lag. This compound is synthetized from tryptophan (TRP) and it has been found in seeds,
fruits, and fermented beverages, including wine. Wine is also a source of other tryptophan derivatives,
the tryptophan ethylester (TEE) and MEL isomers (MISs), for which the biological properties need
to be elucidated. An analytical method for the simultaneous quantification of TRP, TEE, and
MEL was developed by a Solid Phase Extraction (SPE) of a preconcentration of wine followed
by high performance liquid chromatography (HPLC) analysis either with fluorescence or mass
spectrometer detectors. The analytical method showed a relative standard deviation (RSD) lower
than 8%, except for TRP (RSD 10.5% in wine). The recovery was higher than 76%. The versatility
of SPE preconcentrations allowed for the adequate preconcentration of wine sample as well as
detection of low concentrations, an important aspect especially for MEL (detection limit 0.0023 μg/L).
The proposed method proved to be suitable for assessing the investigated compounds in some
red wine samples, where 74.4–256.2 μg/L and 0.038–0.063 μg/L of TEE and MEL were detected,
respectively. Five MISs were also found in wine samples in concentrations up to 1.97 μg/L.

Keywords: indoleamines; grapevine; liquid chromatography; UHPLC/ESI-QTRAP; wine

1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine; MEL) is an indoleamine produced mainly by the
pineal gland in vertebrates [1] and its synthesis also occurs in other tissues, such as the gastrointestinal
tract, bone marrow, and lymphocytes [2–4]. It is synthetized from L-tryptophan metabolism via
serotonin [5,6]. In animals, MEL modulates the circadian and circannual rhythms, reproductive
functions, bone metabolism, and turnover via cell-receptor-mediated mechanisms. It also shows
a powerful antioxidant activity by directly scavenging free radical species (both reactive oxygen
and nitrogen species) and stimulating the activity of antioxidant enzymes [7]. MEL has been
found in edible plants [8–10] as a phytohormone protecting against oxidative stress and regulating
growth [11,12]. Consequently, MEL is also present in plant foods, including seeds, fruits, and fermented
beverages [11,13,14]. Several authors evidenced the presence of MEL in wines [15–18]. The circulating

Foods 2019, 8, 99; doi:10.3390/foods8030099 www.mdpi.com/journal/foods57



Foods 2019, 8, 99

levels of MEL in mammals are very low (about 200 pg/mL at the maximum night peak and lower than
10 pg/mL during the day) [19] compared to MEL in grape products (about 1000 pg/g in berry skin
and 500 pg/mL in wine) and, therefore, the intake of grape products represents a relevant topic [16,20].
The content of MEL increases during the fermentation step of the winemaking and other fermented
beverages, meaning the yeast plays a significant role in its biosynthesis [14,21–23]. Besides MEL, its
isomers (MISs) were also detected, and one of them was recently identified as tryptophan-ethyl ester
(TEE) [24,25]. This compound was the most abundant tryptophan derivative, and its concentration
was higher than that of MEL [26,27].

The analytical methods described for the detection of MEL in wine were based on
liquid chromatography separation coupled with fluorescence [15,28,29] and mass spectrometry
detectors [21,26,27]. Recently, Muñiz-Calvo and coauthors [30] proposed voltammetric techniques for
the determination of MEL, TRP, and other TRP derivatives (TEE excluded). However, the authors
evidenced the high performance liquid chromatography (HPLC) analysis had high discriminating
capability and unambiguous identification and quantification. Due to the fact that wine is a complex
matrix and MEL and its derivatives are present in low concentrations, the use of a solid phase
extraction (SPE) technique is beneficial to use due to its removal of interferences, isolation, and
concentration capabilities.

This study aimed to develop an HPLC method for the simultaneous determination of TRP,
MEL, and TEE. In this respect, we developed a sample preparation protocol by means of SPE
preconcentration allowing the detection of the three compounds by fluorescence and mass spectrometry
detectors. The proposed method was used to determine the content of TRP, MEL, MISs, and TEE in
red wine samples.

2. Materials and Methods

2.1. Chemicals and Materials

Melatonin (MEL), tryptophan-ethyl ester (TEE), methanol, and formic acid were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All the chemicals were of analytical grade. HPLC grade water
was obtained by a Milli-Q system (Millipore Corp., Bedford, MA, USA).

MEL and TEE stock solutions were prepared in an ethanol:water ratio of 80:20 at 100 mg/L, while
TRP was dissolved in water at 1000 mg/L. The stock solutions were stored covered with aluminum
foil in order to protect the compounds against the light at −20 ◦C and they were thawed once.

Synthetic wine solution (SWS) contained 5.0 g/L tartaric acid and 12% ethanol (v/v) at a pH of
3.2, adjusted with sodium hydroxide (Merck, Darmstadt, Germany).

Eight red wine samples were analyzed. The wines were produced from Vitis vinifera cv. Nebbiolo
in vintage 2015 in the Valtellina area (Lombardia, Italy), and they were collected at the market.

2.2. Sample Preparation

The preconcentration of red wine was developed by means of a solid phase extraction (SPE)
technique. The SPE cartridges tested were Strata C18-T 500 mg/3 mL and Strata X-Polymeric Reversed
Phase 200 mg/3 mL (Phenomenex, Torrance, CA, USA).

The final SPE protocol was set with Strata X-Polymeric Reversed Phase 200 mg/3 mL. After the
SPE activation with methanol (4 mL) and conditioning with 0.1% formic acid (v/v) (8 mL), 5 mL of
sample was loaded and the eluate was recovered (fraction A). The cartridge was firstly washed with
5 mL 0.1% formic acid in water (v/v) (fraction B) and then with 5 mL of 40% methanol (v/v) (fraction
C). The elution was carried out with 5 mL of 100% methanol (fraction D), which was evaporated under
vacuum (Rotavapor R 110, Büchi). The sample was re-suspended in 500 μL of 10% methanol acidified
with 0.1% formic acid (v/v) corresponding to a concentration fold of 10. Each fraction was analyzed
after filtration through a 0.22 μm polyvinilidene fluoride (PVDF) filter (Millipore). Samples were
protected from the light during the preparation.
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The setting of the SPE procedure was carried out on both spiked SWS and red wine at two
concentration levels: 1 mg/L TRP, 50 μg/L TEE, and 50 μg/L MEL (level 1); and 2 mg/L TRP,
500 μg/L TEE, and 500 μg/L MEL (level 2). A higher concentration of TRP was chosen because its
average content has been reported to be 3 mg/L [31]. The SPE procedure setup included differences in
(i) volume of sample loaded (5 mL and 10 mL); (ii) volume of washing with 0.1% formic acid (v/v)
(5 mL and 10 mL); (iii) volume and composition of washing with methanolic solution (5 mL and
10 mL; methanol 40%, 50%, 60%, and 70% (v/v)); (iv) recovery of fraction D with a different methanolic
solution (methanol 50% (v/v), methanol 50% (v/v) acidified with 0.1% formic acid (v/v), 10% methanol
(v/v), and 10% methanol (v/v)acidified with 0.1% formic acid (v/v)).

2.3. Chromatographic and Quantification Conditions

The HPLC system consisted of an Agilent 1260 Infinity Quaternary LC equipped with an Agilent
G1321B Fluorescence Detector and an Agilent LC/MS 6130 Quadrupole (Agilent, Santa Clara, CA, USA)
operating in multimode source (simultaneous electrospray (ESI) and atmospheric pressure chemical
ionization (APCI)). The MS operative conditions included a spray voltage of +3.5 kV, vaporizer
temperature of 250 ◦C, gas temperature of 350 ◦C, drying gas at 12 mL/min, and a nebulizer pressure
of 55 psig. The fluorescence detector was set at 280 nm and 350 nm for excitation and emission,
respectively. The column used for the separation was an Accucore C18 (100 × 3 mm, 2.7 μm particle
size, Thermo Scientific, San Jose, CA, USA) set at 40 ◦C. The elution solvents were: (A) 0.1% formic
acid (v/v), and (B) methanol acidified with 0.1% formic acid (v/v), and the flow rate was 0.5 mL/min.
Elution conditions were as follows: 5% B for 1 min, from 5% to 40% B in 15 min followed by the column
washing with 100% B and re-equilibration for a total of 25 min for each run. Injection volumes were
5 μL and 20 μL for HPLC-MS and HPLC-FL methods, respectively.

Chromatographic data were processed using Agilent OpenLab ChemStation software (Agilent).
For the MS detector, data acquisition was performed in a single ion monitoring (SIM) setting [m/z]+
205 for TRP and 233 [m/z]+ for MEL and TEE. MEL, TEE, and TRP were quantified using the external
standard method. Six-level calibration curves were obtained with standard solutions containing the
analytes at the respective concentrations spanning the expected ranges in wine.

The UHPLC/ESI-QTRAP analysis was carried out to identify MEL, MISs, and TEE eluting in
the chromatograms of the wine samples. A UHPLC model HP 1290 (Agilent) coupled with a Mass
Spectrometer Detector 5500 TRIPLE QTrap model 1024945-AX (ABSCIEX, Framingham, MA, USA)
equipped with an HESI-II probe for electrospray ionization and a collision cell (HCD) was used. Data
were acquired in a multiple reaction monitoring (MRM) mode. The operative conditions were: spray
voltage +2.2 kV, sheath gas flow-rate 50, auxiliary gas flow-rate 55, capillary temperature 360 ◦C,
capillary +95 V, tube lens +170 V, Skimmer +38 V, and heater temperature 500 ◦C. The chromatographic
separation was carried out on a BEH C18 column (100 × 2.1 mm, 1.7 μm particle size, Waters, Milford,
MA, USA). The column was maintained at 30 ◦C and the injection volume was 0.3 μL. The elution
solvents were (A) 0.1% formic acid (v/v), and (B) acetonitrile. The elution conditions were as follows:
10% B for 0.30 min, from 10% to 30% B in 5 min, from 30% to 85% in 0.5 min followed by column
washing with 90% B and re-equilibration for a total of 10.5 min for each run. The flow rate was set at
0.55 mL/min. The MS data were processed using MultiQuant software (AB Sciex). The peak identity
was ascertained by evaluation of both the accurate mass and the fragments obtained in the collision
cell. MEL, TEE, and TRP were quantified using the external standard method with the respective
standards; MISs were quantified with the calibration curve obtained for MEL.

2.4. Method Validation

The in-house validation of the method was carried out in terms of selectivity, linearity, limit of
detection (LOD), limit of quantification (LOQ), repeatability, and recovery [32].

The selectivity of the method was evaluated by analyzing TRP, TEE, and MEL both in the absence
and presence of possible interferences originating from the wine matrix. With this aim, the separations
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of a SWS at the concentrations 2 mg/L TRP, 50 μg/L TEE, and 50 μg/L MEL analyzed with both FL
and MS detectors were compared with those of a purified SWS and a red wine sample spiked with the
three analytes at the same concentrations.

Linearity was tested on six concentration levels within the intervals reported in Tables 1 and 2.
The SWS samples were purified and analyzed in triplicate as well as spiked red wine samples at the
same concentration levels. The equations of the calibration curves and the correlation coefficients (r)
were obtained by linear regression analysis.

The values of limit of detection (LOD) and limit of quantification (LOQ) were calculated as the
lowest concentration of analyte in a sample that resulted in a signal-to-noise ratio of 3 and 10 for LOD
and LOQ, respectively. Values were measured in three independent replicates.

The recovery (%) in purified SWSs and spiked wine samples was calculated using the SWSs added
with the same concentrations of the analytes. The spiking concentrations were 5.3 μg/L, 10.6 μg/L,
21.2 μg/L, 53.0 μg/L, 106.0 μg/L, and 212 μg/L for TEE and MEL, and 110 μg/L, 220 μg/L, 550 μg/L,
1100 μg/L, 2200 μg/L, and 5500 μg/L for TRP. SWSs and spiked red wine samples were purified and
analyzed in triplicate. Triplicate analyses of unpurified SWSs spiked with the same concentrations of
the analytes were also carried out. The accuracy was evaluated by means of recovery assay of replicate
preconcentrations of both SWS and spiked red wine samples at levels of 10.6 μg/L and 106.0 μg/L for
TEE and MEL, and 220 μg/L and 2200 μg/L for TRP. Duplicate preconcentrations were carried out in
two different days for SWSs (n = 4) and for three different days for spiked red wine samples (n = 6).

Precision was expressed as relative standard deviation (RSD) of the analytical response. Both
the SWSs and red wine samples spiked at the three levels of concentration were analyzed (10.6 μg/L,
53.0 μg/L, and 106.0 μg/L for TEE and MEL, and 220 μg/L 1100 μg/L, and 2200 μg/L for TRP). Three
independent replicates were carried out on three different days (n = 9). For the repeatability of the SPE
procedure and instrumental repeatability, duplicate injections were carried out from the same vial at
the two concentration levels on three different days (n = 12). The repeatability of the retention times
was also evaluated over a total of 54 injections carried out on three different days.

2.5. Statistical Analysis

Statistical analysis was carried out with SPSS Win 12.0 program (SPSS Inc., Chicago, IL, USA).
The equations of the calibration curves were assessed by the linear regression analysis. Differences
between the calibration curve slopes obtained in aqueous solution and white wine were evaluated by
the F-test (p < 0.05).

3. Results and Discussion

3.1. Analytical Method Development

The chromatographic conditions by means of both FL and MS detectors were firstly optimized
using the SWS at the concentration 2 mg/L TRP, 50 μg/L TEE, and 50 μg/L MEL. While the analytical
response (area) was similar for MEL and TEE using MS detector, it resulted lower in fluorescence for
TEE analyzed at the same concentration (Figure 1).

A standard water solution with the same levels of analytes was analyzed, and no differences were
observed in comparison to SWS. The SPE preconcentration allowed both the removal of compounds
potentially interfering in the HPLC separation from the wine matrix and the concentration of the
analytes of interest, making their detection possible because of their presence in low amounts in
wine [33]. Although other authors applied the SPE preconcentration for MEL detection from wine and
other food matrices [15,27,29,34], the SPE approach presented in this study allowed the simultaneous
elution of TRP, TEE, and MEL. For the development of the SPE preconcentration, several assays were
carried out using the SWS containing concentrations of 2 mg/L TRP, 50 μg/L TEE, and 50 μg/L
MEL. The setup method by using a blank matrix added with the compounds of interest is considered
acceptable [35] since a Certified Reference Material for wine containing TRP, TEE, and MEL does
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not exist. First, preconcentrations by using two different SPE cartridges were compared by loading
10 mL of spiked SWS and washing with methanol 40% methanol (v/v). Higher recovery (>15%) was
observed by the preconcentration with Strata X-Polymeric Reversed Phase 200 mg, in accordance to
El-Moussaoui and Bendriss [29]. These SPE cartridges were used for the development of the analytical
method. Trials loading 5 mL and 10 mL of spiked SWS at two concentration levels (see Paragraph
2.2), and washing with 5 mL and 10 mL 0.1% formic acid (v/v), and 5 mL 40% methanol (v/v), led to
comparable recovery values. The lower amounts were chosen in order to reduce the solvent amounts
needed for the SPE, which were 5 mL of 0.1% formic acid and 5 mL of methanol in total for the four
steps of preconcentration. The analyses of all these fractions were carried out. TRP was detected in the
sample loading (fraction A) and in the washing with 40% methanol (fraction C), TEE was revealed
in fraction C and in the methanolic solution (fraction D), while MEL was only found in fraction D.
The major interferences of red wine are represented by phenols, compounds completely soluble in
methanol. In order to reduce the possible interferences in fraction D, different concentrations of
methanol (40–70% (v/v)) were assayed. However, the increase of methanol in the washing step led
to a loss of MEL in fraction D, even when the washing was carried out with 50% methanol (v/v).
The recovery of fraction D, after methanol evaporation under vacuum, was carried out with different
methanol amounts (500 μL and 1 mL) and concentrations (10% and 50% (v/v)), with and without
acidification with 0.1% formic acid (v/v). The best chromatographic separation in terms of peak shape
was obtained with methanol 10% acidified with 0.1% formic acid (v/v). Formic acid 0.1% (v/v) was
the solvent for the HPLC separation and no change of sample pH was generated through the analysis.

Figure 1. (a) HPLC-FL and (b) HPLC-MS chromatograms of tryptophan (TRP) (1 mg/L), tryptophan
ethyl ester (TEE) (50 μg/L), and melatonin (MEL) (50 μg/L) in standard synthetic wine solution.

Based on the results obtained for the spiked SWS, the SPE procedure was carried out by loading
5 mL of spiked SWS and spiked wine sample recovering the eluate (fraction A). The cartridge was
firstly washed with 5 mL of 0.1% formic acid (v/v) (fraction B) and then with 5 mL of 40% methanol
(v/v) (fraction C). The elution was carried out with methanol 100% (fraction D) which was evaporated
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under vacuum. The fraction D was re-suspended in 500 μL of 10% methanol acidified with 0.1% formic
acid (v/v), meaning a 10-fold concentration of wine sample.

Before proceeding to method validation, spiked red wine samples at two concentration levels
(see Paragraph 2.2) were SPE preconcentrated in order exclude any possible interferences arising from
the HPLC separation of red wine, especially for the concentrated fraction D. As shown in Figure 2,
the HPLC separation was interference-free, not only for fraction D, but also for fractions A and C.

 
Figure 2. HPLC-MS chromatograms of (a) fraction A, (b) fraction C, and (c) fraction D obtained for solid
phase extraction (SPE)-preconcentrated red wine sample spiked with TRP (1 mg/L), TEE (50 μg/L),
and MEL (50 μg/L). Peak identity: TRP, tryptophan; TEE, tryptophan ethyl ester; MEL, melatonin.

3.2. Validation of the Analytical Method

The linearity was firstly assessed for TRP, TEE, and MEL added to SWS by calculating six-point
calibration curves without SPE preconcentrations. Both the FL and MS detectors showed correlation
coefficient (r) values higher than 0.99 (Table 1). A linear response was also found for TRP, TEE, and
MEL determined in spiked SWSs after SPE preconcentration and analyzed by the FL detector (y =
39.03 × x + 0.07 for TRP, y = 0.51 × x + 58.46 for TEE, and y = 1.19 × x − 9.00 for MEL) with r values
that corresponded to 1, 0.991, and 0.998 for TRP, TEE, and MEL, respectively. The LOD and LOQ were
assessed for the three compounds and they resulted in lower than the average concentrations found
in wine [21,28,33,36] for both TRP (5.16 μg/L and 17.18 μg/L for LOD and LOQ, respectively) and
22 MEL (0.12 μg/L and 0.41 μg/L for LOD and LOQ, respectively). Higher LOD and LOQ were found
for TEE (1.17 μg/L and 3.91 μg/L, respectively) making the analytical method proposed less sensitive
for TEE quantification in comparison to MEL. However, Vigentini et al. [26] and Fernández-Cruz
et al. [27] reported concentrations of TEE higher than the LOQ value; the mentioned authors found
TEE amounts in most cases higher than 5 μg/L and up to 1126 μg/L.

A linear response was observed for both spiked SWSs and red wine samples analyzed by the
MS detector, and no significant difference was found between the two matrices. The r values were
higher than 0.99 for all the compounds investigated, and no significant differences were found in the
calibration curve slopes calculated in spiked SWSs and red wine samples purified with SPE (Table 2).
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As expected, both LOD and LOQ values were lower when the detection was carried out by the
MS detector (Table 2), which is more sensitive than FL detector. The LOD values we found were
on the same order of magnitude as other analytical methods previously proposed for TEE, while
the results were lower in the case of MEL, indicating a high sensitivity of the analytical method
proposed [26–28,37]. In addition, the chromatographic separation was interference-free (Figure 2),
facilitating the identification and quantification.

Table 1. Linearity obtained with standard synthetic wine solutions by fluorescence (FLD) and mass
spectrometry (MSD) detectors.

FLD MSD

Compound
Concentration
Range (μg/L)

Linearity Concentration
Range (μg/L)

Linearity

Equation r Equation r

TRP 110–5500 39.03 × x − 0.08 0.996 110–5500 3389.30 × x + 49.99 1
TEE 50–2000 0.064 × x + 7.308 0.998 5–200 23.40 × x + 111.85 0.999
MEL 20–500 0.15 × x + 0.41 1 1–200 15.04 × x + 109.10 0.998

The equations and the correlation coefficients (r) were calculated by means of linear regression. x, concentration;
TRP, tryptophan; TEE, tryptophan ethyl ester; MEL, melatonin.

The recovery of the SPE preconcentration was evaluated for both spiked SWSs and red wine
samples at six concentration levels (see Paragraph 2.4). The average values of percent recovery were
all higher than 75% (Table 2). Only negligible differences were obtained by analyzing the spiked SWSs
and red wine samples, thus a matrix effect could be excluded (Table 2).

The repeatability of the method was calculated as the relative standard deviation (RSD) of the
analytical response (peak area) obtained by analyzing both spiked SWSs and red wine samples (n = 9).
The average RSD values obtained for the TRP, TEE, and MEL in spiked SWSs ranged between 4.6% and
9.1%, whereas values obtained for spiked red wine samples were between 5.4% and 10.5% (Table 2).
The repeatability of the SPE preconcentration was also evaluated for two concentration levels in both
spiked SWS (n = 4) and red wine (n = 6). The average values determined for spiked SWS were 5.4%,
7.4%, and 4.0%for TRP, TEE, and MEL, respectively, and the values for spiked red wine samples
were 4.2%, 5.2%, and 5.2% for TRP, TEE, and MEL, respectively. The intra-day precision (n = 12)
corresponded to 3.8%, 2.6%, and 3.1% for TRP, TEE, and MEL, respectively. The repeatability of
retention times (n = 54), estimated on three different days, was negligible (<2%). Overall, these data
confirm the reliability of the analytical method here proposed.

The last step of the developed sample preparation method was the evaporation of methanol
under vacuum and the re-suspension of samples in 500 μL of 10% methanol acidified with 0.1%
formic acid (v/v), meaning a 10-fold concentration of wine sample. Assays were carried out by
concentrating the wine samples up to 25-fold, and results were in accordance to those found for 10-fold
concentrated samples (data not shown). These findings indicated the high versatility of the developed
SPE preconcentration, making possible the detection of the investigated compounds, MEL and TEE in
particular, even when they are present in very low concentrations (<0.02 μg/L).

3.3. Analysis of Red Wine Samples

In order to evaluate the suitability of the analytical method proposed, the determinations of TRP,
TEE, and MEL were carried out in eight red wine samples produced from Vitis vinifera cv. Nebbiolo
in vintage 2015. The wine samples were also analyzed by UHPLC/ESI-QTRAP in order to confirm
the presence of MEL and TEE. Besides the latter two compounds, five MISs were detected, and
fragmentation is reported in Table 3. This is an improvement of the existing methods since one
MIs [38,39] to three MISs [26,33] were previously detected in wine.
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The concentration of TRP varied from 0.44 ± 0.05 mg/L to 4.39 ± 0.46 mg/L (Table 4); the
concentration of free amino acids can be quite variable in wine, depending on the initial content
in grapes and cellular lysis occurrence of wine-related microorganisms [31]. The revealed TEE
was variable among wine samples, ranging from 74.4 ± 5.9 μg/L to 256.2 ± 20.2 μg/L (Table 4).
These amounts were higher in comparison to the values reported by Vigentini et al. [26] and
Fernández-Cruz et al. [27] who monitored the TEE content in laboratory-scale fermentations in real
must and in synthetic must, respectively. Maybe winemaking at an industrial-scale or the unknown
fermenting yeast could affect the level of TEE. MEL was detected in the analyzed red wine samples,
ranging from 0.038 ± 0.001 μg/L to 0.063 ± 0.004 μg/L (Table 4), on the same order of magnitude
as the concentration reported by Vitalini and co-authors [33] who detected MEL in red wines at
0.05–0.62 μg/L. These amounts could be of physiological interest since the MEL detected in wine was
higher than its circulating levels in humans during the day (10 pg/mL) [19].

Table 4. Levels of TRP (tryptophan), TEE (tryptophan ethyl ester), MEL (melatonin), and MEL isomers
(MISs) in red wine samples. Data are expressed as mean ± standard deviation.

Sample
Code

TRP TEE MEL MIS 1 MIS 2 MIS 3 MIS 4 MIS 5

mg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L

Red wine 1 3.85 ± 0.40 172.2 ± 13.6 0.057 ± 0.003 1.64 ± 0.09 <LOQ <LOQ 0.0043 ± 0.0002 <LOQ

Red wine 2 4.39 ± 0.46 212.0 ± 16.8 0.062 ± 0.003 1.97 ± 0.11 <LOQ <LOQ 0.0041 ± 0.0002 <LOQ

Red wine 3 1.56 ± 0.16 256.2 ± 20.2 0.063 ± 0.004 0.74 ± 0.04 <LOQ <LOQ <LOQ <LOQ

Red wine 4 1.02 ± 0.11 223.2 ± 17.6 0.038 ± 0.002 0.67 ± 0.04 <LOQ <LOQ <LOQ <LOQ

Red wine 5 0.98 ± 0.10 113.0 ± 8.9 0.046 ± 0.003 0.58 ± 0.03 <LOQ <LOQ <LOQ <LOQ

Red wine 6 0.84 ± 0.09 92.9 ± 7.3 0.054 ± 0.003 0.86 ± 0.05 <LOQ <LOQ <LOQ <LOQ

Red wine 7 0.44 ± 0.05 71.7 ± 5.7 0.063 ± 0.004 0.91 ± 0.04 <LOQ <LOQ <LOQ <LOQ

Red wine 8 0.57 ± 0.06 74.4 ± 5.9 0.038 ± 0.001 0.80 ± 0.04 <LOQ <LOQ <LOQ <LOQ

Several factors can affect the concentration of MEL in red wine, including agrochemicals
(i.e., plant activators, treatment with copper) and winemaking practices (i.e., barrel-aging, content of
sulphur dioxide, and the use of fining agents), fermenting microorganisms (different strains of both
Saccharomyces cerevisiae and non-Saccharomyces yeasts), and maybe even the grape/wine composition
(i.e., phenol content, antioxidant capacity) [18,26]. However, further investigations will be carried out in
order to elucidate the effects of both winemaking and grape/wine composition. Most of the MISs were
detected at trace levels except for MIS 1, for which the concentrations ranged from 0.58 ± 0.03 μg/L
to 1.97 ± 0.11 μg/L (Table 4), more than one order of magnitude higher in comparison to MEL. MIS
biosynthesis is still not clear, and their antioxidant and cytoprotective activities are dependent on the
position of two side chains in the indole ring [40].

4. Conclusions

The proposed analytical method allowed the detection and reliable quantification of TRP, TEE, and
MEL simultaneously. In general, this protocol may represent a useful tool for monitoring the release
of MEL and TEE, even when their concentration is very low (<0.02 μg/L), and their fate throughout
the wine production and storage. Moreover, the sample preparation method and chromatographic
conditions presented in this study allowed the detection of five MISs, for which the molecular structure,
in particular the position of two side chains in the indole ring, will be evaluated.

The obtained results suggested the amounts of MEL detected in the wine samples may be of
biological importance, as MEL was higher than its circulating levels in humans during the day;
bioavailability studies are necessary to confirm this hypothesis. TEE is more highly concentrated than
MEL (over one thousand times) in Nebbiolo wine samples, as well as MIS 1, confirming the outcome
of previous works [24,26], even though the origin and the putative nutritional role of this molecule
have not been elucidated yet. Since chromatographic analysis does not allow getting information
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about the chemical structure of MISs, further investigations will be carried out in order to clarify the
position of two side chains in the indole ring for the MISs detected. We can suppose that the proper
choice of the winemaking procedures could lead to higher levels of MEL, TEE, and MISs, and this
needs further investigation.
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Abstract: The influence of calf (R1), kid (R2) and pig (R3) rennets on microbiota, biogenic amines
(BAs) and γ-aminobutyric acid (GABA) accumulation in raw milk ewe’s cheeses was evaluated.
Cheeses were investigated at different ripening times for their microbial composition, free amino
acids (FAAs), BAs and GABA content. Moreover, the expression of tyrosine (tdc) and histidine
(hdc) decarboxylases genes was evaluated by quantitative Real Time–Polymerase Chain Reaction
(qRT-PCR). Microbial counts showed similar values in all samples. Pig rennet were cheeses were
characterized by higher proteolysis and the highest values of BAs. The BAs detected were putrescine,
cadaverine and tyramine, while histamine was absent. qRT-PCR confirmed this data, in fact hdc gene
was not upregulated, while tdc gene expression increased over time in agreement with the increasing
content of tyramine and the highest fold changes were detected in R3 cheeses. GABA showed the
highest concentration in R2 cheeses reaching a value of 672 mg/kg. These results showed that the
accumulation of BAs and GABA in Pecorino di Farindola is influenced by ripening time and type
of coagulant. Further studies are required to develop starter cultures to reduce BAs content and
improve health characteristics of raw milk ewe’s cheeses.

Keywords: γ-aminobutyric acid; biogenic amines; raw milk ewe’s cheese; Pecorino di Farindola;
histidine decarboxylase (hdc) gene; tyrosine decarboxylase (tdc) gene

1. Introduction

Pecorino di Farindola is an artisanal cheese of the Abruzzo region (Italy) produced following
traditional practices. Farindola is a town located in National Park of Gran Sasso, Italy, at an altitude of
530 m (1740 ft). This cheese is produced only in this geographical area and has a soft texture with a
thin yellow rind or can appear with a harder texture and intense/piquant flavour as the ripening time
increases. It is exclusively produced with raw ewes’ milk and pig rennet without the use of natural or
commercial starter cultures [1–3].

Lamb and kid rennet are the main coagulants used in Mediterranean countries for the production
of Protected Denomination Origin (PDO) ovine and goat cheeses, like Pecorino Romano, Fiore Sardo
and Canestrato Pugliese in Italy and Feta cheese in Greece [4,5]. Di Giacomo et al. [6] reported that pig
rennet was already used by the ancient Romans to produce a “cheese of Vestini” (an ancient tribe of
Abruzzo). Pig rennet is obtained from stomach mucus membrane and after an incubation of 2–3 days
in salt, it is mixed with white vinegar, white wine and chili pepper and stored for 3–4 months. Finally,
it is filtered for 5–6 days and only at this point it is ready to use [7–9]. Pig pepsin is unstable above
pH 6.0 [9]. Its clotting activity strongly depends on pH, in fact coagulation does not occur above pH
6.7 [10]. Previous studies evaluated the influence of pig rennet in the manufacture of Pecorino di
Farindola in terms of physico chemical properties, microbiota, proteolysis, volatile molecule profiles
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and other characteristics [3,9]. The studies showed that the use of pig makes it possible to distinguish
the traditional variant from cheeses made with other coagulants.

Pecorino di Farindola cheese production is not standardized and autochthonous lactic acid bacteria
(LAB) are the main responsible of the definition of final product characteristics [1]. On the other hand,
non-starter lactic acid bacteria (LAB) deriving from raw milk or from the dairy environment play
an important action during ripening in terms of sensory characteristics and safety issues, such as
biogenic amines (BAs) accumulation [11]. Type of cheese, ripening time, manufacturing process
and microorganisms highly influence the BAs content [12] and for this it can be extremely variable.
BAs were found in Pecorino di Farindola cheeses examined by Schirone et al., [1]. Their total content
ranged from 209.0 to 2393.0 mg/kg cheese and tyramine was the main BA detected.

BAs, mainly histamine, can lead to intoxications and adverse reactions to human health, especially
after the ingestion of food products rich in BAs content [13,14]. The “cheese syndrome” caused
by tyramine is rather a side effect of monoamino oxidase (MAO) drugs than a food safety issue.
The consumption of cheese containing tyramine is unlikely to cause health problems in healthy
individuals. EFSA report showed the absence of negative effects on health for healthy individuals after
the exposure to following BA levels in food: (a) 50 mg histamine; (b) 600 mg tyramine for individuals
not taking monoamino oxidase inhibitor (MAOI) drugs, but 50 mg for those using third generation
MAOI drugs or 6 mg for those taking classical MAOI drugs. For putrescine and cadaverine not enough
information is available [15].The intoxications related to BAs consumption can get worse in association
with alcohol, other amines and monoamine and diamine oxidase-inhibiting drugs, resulting in serious
problems for human health [14]. Diamine oxidase inhibitor (DAOI) drugs can also be responsible
of histamine related symptomatology. Monoamine oxidase (MAO), diamine oxidase (DAO) and
polyamine oxidase (PAO) are enzymes naturally present in the organism and responsible of BAs
detoxification through acetylation and oxidation [16,17].

Moreover, in cheeses, there are also substances present without a defined nutritional function which
could have a beneficial impact on human health and, among these compounds, γ-aminobutyric acid
(GABA) has been reported with numerous positive effects on animal and human metabolic disorders [18].
This compound is synthesized by glutamate decarboxylase (GAD) catalysing the decarboxylation of
L-glutamate to GABA [19]. Some studies revealed the ability of this to decrease arterial pressure and
to reduce blood pressure in hypertensive patients [20–22]. Therefore, several GABA-enriched food
products have been manufactured, such as GABA-enriched green tea [23], rice germ [24], tempeh and
fermented beverages [25]. Dairy products fermented with GABA-producing LAB have also been
studied and found to have physiological effects [26,27]. In fact, native caseins contain a high proportion
of L-glutamate that can be released during milk fermentation and proteolysis.

Because of its positive impact on health, it gained the attention of the food and pharmaceutical
industries. GABA is a non-protein amino acid with multiple physiological functions produced by some
yeasts and bacteria. Recently, the development of functional GABA-enriched foods, such as cheese,
have been reported [26,27]. In this study the role of pig rennet in the safety hazards and bioactive
compounds production in Pecorino di Farindola was evaluated. In particular, cheeses were produced
with three different coagulants (pig, lamb and kid) and obtained cheeses were compared in terms of
microbiota, BAs and GABA.

2. Materials and Methods

2.1. Cheese Manufacture

Cheese samples were made with raw ewe’s milk according to the traditional protocol [23].
Calf (R1), kid (R2) (Colombo s.r.l., Sirtori, Italy) and pig (R3) rennets (Azienda Agricola Martinelli
Pietropaolo, Farindola, Italy), were used to coagulate three different milk batches obtained during
the milking day, as reported by Tofalo et al. [9]. Three experimental batches consisting of 24 cheeses
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were carried out. After pressing and dry salting, the cheeses (∼2.8 kg each) were placed in a ripening
chamber at 14–15 ◦C. Analysis were performed after 7, 15, 30, 60, 90, 180 and 270 days of ripening.

2.2. Microbial Analysis

For the microbiological analysis, serial dilutions in sodium citrate (2% w/v) were prepared starting
from 10 g of each cheese The following microorganisms were investigated: aerobic mesophilic bacteria
(AMB) on Plate Count Agar (PCA; Oxoid, Milan, Italy) at 30 ◦C for 2 days; mesophilic lactobacilli on
MRS agar (Oxoid, Basingstoke, UK), acidified to pH 5.4 with acetic acid, at 30 ◦C for 2 days in anaerobic
conditions using the Gas-Pack anaerobic system (AnaeroGen; Oxoid, Basingstoke, UK); lactococci on
M17 (Oxoid, Basingstoke, UK), containing 1% (w/v) lactose (Fluka Chimica, Milan, Italy), at 30 ◦C for
2 days in anaerobic conditions; enterococci on Slanetz-Bartley agar (Oxoid, Basingstoke, UK) at 37 ◦C
for 48 h; Enterobacteriaceae on Violet Red Bile Glucose Agar (VRBGA; Oxoid, Basingstoke, UK) at 37 ◦C
for 24 h. Cell counts were performed in duplicate.

2.3. qPCR Analysis

Tyrosine decarboxylase (tdc) and histidine decarboxylase (hdc) genes were detected as described
by Nadkarni et al. [28], Torriani et al. [29] and Fernández et al. [30]. Primer pairs and qPCR conditions
are reported in Table 1. Total RNA was extracted using a MO BIO RNA Power Soil Kit (QIAgen,
Milan, Italy), according to the manufacturer’s instructions. The possible presence of contaminating
DNA was checked by PCR and eventually the DNase treatment was repeated. One μg of total RNA
was retrotranscribed using the iScript™ cDNA Synthesis Kit (Bio-Rad, Milan, Italy), according to the
manufacturer’s instructions. Real-time analysis was performed using an iCycler IQ realtime PCR
Detection System (Bio-Rad, Milan, Italy). A reaction mixture of 25 μL containing 12.5 μL 2XIQ SYBR
Green PCR Supermix™ (Bio-Rad, Milan, Italy), 0.2 μmol/L of each primer (Life Technologies-Invitrogen,
Milan, Italy) was prepared. Fold changes were determined as previously described [31]. 16S rRNA
was used as reference genes. Its relative stability was evaluated using NormFinder program [32].
After real-time PCR, a melting-curve analysis was performed by measuring fluorescence during heating
from 50 to 95 ◦C at a transition rate of 0.2 ◦C/s to verify the presence of unspecific products or primer
dimers. A single peak was obtained highlighting the specificity of the amplification. All analyses were
performed in triplicate.

Table 1. Primer sequences and PCR conditions used in this study.

Primer Sequence (5′-3′) qPCR Conditions References

16SF
16SR

TCCTACGGGAGGCAGCAGT
GGACTACCAGGGTATCTAATCCTGTT

95 ◦C for 10 min, 40 cycles at 95 ◦C for
15 s, 60 ◦C for 1 min, 72 ◦C for 45 s [28]

Tyr3
Tyr4

CGTACACATTCAGTTGCATGGCAT
ATGTCCTACTTCTTCTTCCATTTG

94 ◦C for 5 min, 35 cycles at 94 ◦C for
20 s, 58 ◦C for 30 s, 72 ◦C for 45 s [29]

Hdc1
Hdc2

TTGACCGTATCTCAGTGAGTCCAT
ACGGTCATACGAAACAATACCATC

95 ◦C for 10 min, 40 cycles at 95 ◦C for
15 s, 58 ◦C for 1 min, 72 ◦C for 45 s [30]

2.4. Free amino Acids (FAAs)

Free amino acids (FAAs, expressed as mg leucine/g) were evaluated at 507 nm after reaction
with Cd-ninhydrin according to Folkertsma and Fox [33]. Analyses were performed in triplicate on
each sample.

2.5. Biogenic Amines Determination

Determination of BAs was performed by acid extraction and derivatization according to
Eerola, et al. (1993) [34], and Moret and Conte [35], as reported by Tittarelli et al. [17]. The presence of
putrescine, cadaverine, tyramine, histamine, spermidine and spermine was determined homogenizing
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2 g of cheese in 20 mL of 0.1 M HCl containing 100 mg/L of 1,7-diaminoheptane (Fluka, Milano, Italy)
used as internal standard. A Waters Alliance High Performance Liquid Cromatography (HPLC) system
(Waters SpA, Vimodrone, Italy), equipped with a Waters 2695 separation module connected to a Waters
2996 photodiode array detector was used. Analytes were separated using a Waters Spherisorb C18
S3ODS-2 column (3 μm particle size, 150 mm × 4.6 mm I.D.). Acetonitrile (A) and ultrapure water
(B) were used for the separation of BAs. The following elution gradient was applied: 57% A for
5 min; concentration was increased up to 80% linearly in 4 min, 90% A for 5 min. The flow rate was
0.8 mL/min and the column temperature was set at 30 ◦C ± 0.1 ◦C. The peaks were detected at 254 nm.
The system was controlled by Waters Empower personal computer software. Identification of the BAs
was based on their retention times.

2.6. GABA Determination

GABA was determined according to Kőrös, et al. [36] and Ianni et al. [37]. Analyses were
performed using the High Pressure chromatographic system (Perkin-Elmer, Monza, Italy) equipped
with an autosampler and a UV-VIS detector set at 210 nm with an ion-exchange column (Phenomenex
Gemini C18, dimensions: 250 × 4.6 mm, particle size: 5 μm, pore size: 110 Å) (Phenomenex, Bologna,
Italy). GABA was derivatized with phthaldialdehyde Reagent (Sigma-Aldrich, Milan, Italy) and
injected into the HPLC system.

3. Results and Discussion

Due to the increasing awareness towards the impact of diet on human health, issues relating to
food safety and quality, have a crucial role on the consumers’ behaviour. Therefore, dairy industries are
developing foods with improved nutritional quality. Cheese is one of the most important fermented
food product. Despite it is rich in positive compounds for human health (e.g., GABA) [38], it is also
associated to BAs intoxication [13]. For this reason, the European Food Safety Authority (EFSA) Panel
on Biological Hazards (BIOHAZ) has put forth an opinion on risk assessment related to BAs pointing
out that the actual knowledge of their toxicity is still limited, and that further research is needed [15].
In this study, the influence of different animal rennets on microbiota, BAs and GABA accumulation in
Pecorino di Farindola cheese during ripening was evaluated.

3.1. Microbial Analysis

The evolution of microbial populations at different days of ripening is reported in Figure 1.
In general, no significant differences were observed. After 90 days of ripening a decrease of cell counts
was detected for all microbial groups, with Enterobacteriaceae disappearing. The highest values of
Enterobacteriaceae were detected in R2 cheeses with cell counts of 3.69 Log CFU/g at 90 days.

Enterobacteriaceae are an indicator of the hygienic conditions in milk and cheese production.
Their occurrence has been reported in some raw milk cheeses of the Mediterranean basin after 30 days
of ripening [39,40]. Moreover, some studies highlighted that this microbial group can influence taste,
aroma and texture, of some artisanal cheeses [41,42]. Enterococci were present with cell counts of
about 6 Log CFU/mL in all samples until 90 days of ripening, while after this time a decrease of about 3
Log was observed. Their occurrence has been reported in other Pecorino cheeses [9,43]. Their presence
can be due to milk contamination and to their ability to face the conditions of cheese manufacture and
ripening since they are able to develop at different temperatures and are tolerant to heat and salt [44].
Moreover, they have a crucial role in cheese ripening and aging influencing aroma and flavour thanks
to their proteolytic and lipolytic activities as a result of citrate metabolism [44]. On the other hand,
enterococci have often been associated with clinical infections and BAs production, such as tyramine
and histamine [45].
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Figure 1. Heat maps depicting abundance of microbial groups characterizing the cheeses obtained with
different rennets throughout ripening. Calf (R1), kid (R2) and pig (R3) rennets. Aerobic Mesophilic
Bacteria (AMB); Lactic Acid Bacteria (LAB).

Lactococci were present in lower concentration at the end of ripening, about 4 Log CFU/mL in R2
and R3 cheeses and about 2 Log CFU/mL in R1 cheese. LAB counts throughout the ripening were similar
to those observed for AMB suggesting that they were the predominant microorganisms. Similar results
have been reported by Renes et al. [46]. Their counts increased during the first days of ripening reaching
values of about 8 Log CFU/g in R2 and R3 cheeses after 90 days of ripening, while in R1 cheeses cell
counts of about 7 Log CFU/mL were observed. LAB are the main components of the autochthonous
cheese and are known to participate to the fermentation process and maturation of cheeses, producing a
number of desirable substances that can improve the flavour, texture, nutritional value, shelf-life,
and safety of foods [46–48]. However, some LAB species have been shown to include strains producing
high amounts of BAs such as histamine and tyramine [46,49–54].

3.2. Biogenic Amines

BAs accumulation in cheese depends on several factors including ripening time, the manufacturing
process, presence of decarboxylase positive microorganisms and precursors availability [14,46].
In general, during cheese ripening secondary proteolysis occurs with the accumulation of FAAs
which can be decarboxylated to BAs by the microbiota [46]. Therefore, the level of protein degradation
was firstly evaluated.

Figure 2 shows the evolution of FAAs during the ripening period. Obtained data revealed a certain
variability of FAAs content among samples. The FAAs content increased significantly during ripening
in all samples, reaching values of 233.74, 252.54 and 296.84 mg leucine/g in R1, R2 and R3 cheeses
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respectively after 270 days of ripening. This increase is in agreement with previous observations in
Caciocavallo Pugliese, in Picante cheese, in Kashkaval cheese and in other Pecorino cheeses [9,55–58].
The greater proteolytic activity in R3 cheeses was in agreement with Tofalo et al., (2015) [9] who
observed a higher proteolytic activity for pig rennet than for calf and kid ones. R3 cheeses contained
the highest total concentrations of BAs (1293 mg/kg) (Figure 3). However, all the studied cheeses
accumulated high total BAs contents even if with quantitative differences. It could be assumed that
milk quality produced by the sheep in the Gran Sasso area is a relevant factor influencing the high BAs
content of Pecorino di Farindola, probably also depending on the autochthonous microbiota [59,60].

Figure 2. Evolution of free amino acids throughout ripening in Pecorino di Farindola produced with
with different rennets. calf (R1), kid (R2) and pig (R3).

Figure 3. Biogenic amines evolution in Pecorino di Farindola manufactured with the three different
rennets: calf (R1), 216 kid (R2) and pig (R3). Putrescine (PUT); Cadaverine (CAD); Tyramine (TYR);
Biogenic Amine (BA).

The main BAs detected were putrescine, cadaverine and tyramine, while histamine was not
detected. Putrescine showed the highest concentration with values of 400 mg/kg, 598 mg/kg and
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732 mg/kg in R1, R2 and R3 cheeses, respectively after 270 days. Cadaverine presented values ranging
from 241 mg/kg (R1) to 154 mg/kg (R2) at the end of ripening. These BAs are considered indicators
contamination and markers of the hygiene standards of the production process. Their production
mainly relies on Gram-negative bacteria, especially belonging to the families Enterobacteriaceae and
Pseudomonadaceae, generally associated with spoilage [61]. LAB and staphylococci have also been
reported [62]. Tyramine was present in all samples and its concentration increased over time. To our
knowledge, Enterococci play a predominant role in the formation of tyramine [63]. The high BAs
content detected in cheeses could be related to the productions practices associated to Pecorino di
Farindola. In fact, it is produced starting from raw milk from sheep fed in a limited mountain area
(Gran Sasso) and pig rennet as coagulant. The combination of these two factors could be a cause of
high BAs content in the cheese. In fact, it has been already proved that there is a relationship between
alpine pastures and milk quality during grazing [64].

Tyramine presents several negative effects on human health such as headaches, migraine,
neurological disorders, nausea, vomiting, respiratory disorders, hypertension [13,65]. However,
even though histamine was considered as the most toxic BA for a long time, recently Linares et al. [66]
revealed that tyramine is even more toxic than histamine reporting the cytotoxicity threshold detected
for histamine (441 mg/kg) and for tyramine (302 mg/kg). Amino acid decarboxylase activity is strain
dependent rather than species specific, thus suggesting the occurrence of horizontal gene transfer events
as part of a mechanism of survival and adaptation to specific environments [67]. Wüthrich et al. [68]
sequenced the histamine positive strain FAM21731 of L. parabuchneri showing that hdc gene cluster
was located in a genomic island, transferred within this species. This species has been frequently
reported in dairy products and is responsible for the accumulation of histamine in many types of
cheeses [49–51]. Its occurrence in milk is probably related to a contamination focus at farm level, because
its capacity to adhere to stainless steel [50,52,53]. Moreover, L. parabuchneri strains are able to develop
and to produce histamine also at refrigeration temperatures, suggesting that when L. parabuchneri
is present, refrigeration can only delay but not prevent the accumulation of histamine in cheese [54].
For this reason, aminogenic strains may be found within the contaminant species but also as part of the
spontaneous fermentative microbiota. Therefore, the expression of tdc and hdc genes was checked by
qRT-PCR. In all samples hdc gene was not upregulated confirming the absence of histamine in cheeses,
whereas tdc expression increased over time in agreement with the increasing content of tyramine
(Figure 4). The strongest increase in tdc expression was found in R3 cheese after 270 days of ripening
(a 93-fold increase), whereas the other cheeses showed 61- (R1) and 82- (R2) fold increases of the
tdc gene.

This development was expected, because in LAB, BAs formation provides metabolic energy and/or
acid resistance during a long ripening [69,70]. In general, a positive correlation between tdc expression
and tyramine production was observed (Figure 4). This evidence is in agreement with other studies
and suggests that the expression of this gene can be used to predict tyramine accumulation [13,17,43].
The high content of tyramine could be related with the high content of putrescine. In fact, agmatine
deiminase pathway genes, involved in putrescine production, are linked to the tyrosine decarboxylation
operon in LAB [71]. The agmatine deiminase and the tyrosine decarboxylase pathways, appear to be
widespread throughout several species of LAB and are often simultaneously present [72]. Moreover,
the formation of the different BAs could be also influenced by the microbial contamination in the
processed milk.
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Figure 4. Tyramine content and relative transcript levels of tdc gene during ripening. Transcript levels
are expressed as x-fold increase in comparison with the expression at T0. Three biological replicates
were performed. Calf (R1), kid (R2) and pig (R3).

3.3. γ-Aminobutyric Acid

The GABA content determined in this study is reported in Figure 5. The highest concentrations of
GABA were found in R2 and R3 cheeses, with values of 672 and 554 mg/kg, respectively.

Figure 5. Evolution of GABA content in Pecorino di Farindola made with the three different rennets:
calf (R1), kid (R2) and pig (R3).

These results are in agreement with the proteolysis outcome, in fact in R1 cheeses a slower
proteolysis was observed. In general, GABA production is associated to different LAB species in
a strain dependent way [73]. Siragusa et al. [73] studied 22 Italian cheese varieties for their GABA
concentrations that varied from 0.26 to 391 mg/kg. The highest values of GABA were found in five varieties
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of Pecorino cheeses, but especially in Pecorino di Filiano (391 mg/kg). Moreover, Nomura et al. [74]
analysed seven commercial cheeses (Camembert, Gouda, Blue, Cream, Cheddar, Edam and Emmental)
and reported GABA concentration lower that those obtained in this study. In general ewe’s milk
quality and coagulant seem to have some influence on GABA accumulation in cheese.

4. Conclusions

Traditional cheeses like Pecorino di Farindola, maintain high diversity in cheese-making practices
as well as in autochthonous cheese microbial communities. The combination of hygienic quality of raw
ewe’s milk, the different handling and cheesemaking processes and pig rennet could be a cause of its
high BAs content. However, it is expected to see a total BAs content rise in cheese as a consequence of
many BAs precursors released by coagulants from a raw milk with a high proteins content. Pig rennet
imparts specific features to Pecorino di Farindola cheese, probably through its specific proteolytic
patterns resulting from the unique enzymatic composition of this coagulant. However, this study
confirms a greater BAs formation and proteolytic activity, as suggested by FAA values, in cheese made
by pig rennet than those made by calf and kid rennet. It is difficult to modify the process without
denaturing the organoleptic and sensorial characteristics of this traditional cheese. A possibility could
be the pasteurization of raw milk, but this procedure denatures milk enzymes and reduces the levels
of milk natural microbiota. Moreover, the pasteurized cheeses are negatively perceived by consumers
compared with the sensory characteristics of cheese made with raw milk. A possible strategy for
reducing BAs accumulation, increasing the safety and maintaining the sensorial characteristics of
traditional cheese could be the selection of autochthonous amine-negative and amine-oxidizing LAB.
These strains could be used as a starter or an adjunct/attenuated starter. In addition, Pecorino di
Farindola contains high amounts of GABA which can be correlated with the use of ewe’s milk, time of
ripening and type of coagulant. This cheese together with other Italian “Pecorino” cheeses could
be a source of microorganisms able to synthesize GABA for the production of dairy products with
functional and probiotic properties.
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Abstract: γ-Aminobutyric acid (GABA) is the primary inhibitory neurotransmitter of the central
nervous system and possesses various physiological functions. GABA production can be obtained
thanks to lactic acid bacteria activity in different foods such as sourdoughs. Recently, breads made
from blends of pseudocereals and wheat flours have attracted much attention. Amaranth is especially
interesting because of its high nutritional value, having a high protein content and containing different
antioxidant compounds. Therefore, this study aimed to obtain sourdough breads enriched with
GABA thanks to bacterial activity and to investigate the effect of amaranth flour addition on the
antioxidant and sensorial properties of bread. Eighteen lactobacilli strains were assayed for GABA
production in amaranth and wheat flour liquid sourdoughs. Two strains, Lactobacillus brevis A7 and
Lactobacillus farciminis A11, demonstrated high GABA producing capability; hence, they were used
to prepare breads containing 20% amaranth flour. The results confirmed the capability of the two
strains to increase GABA concentrations (up to 39 mg/kg) in breads. Samples with amaranth addition
showed a significantly higher total phenolic content compared to the control bread (more than 15 mg
GAE 100 g−1 dwb); sensory analysis showed that breads with amaranth were moderately acceptable.
Nevertheless, their general liking evaluation was significantly lower compared to the control bread.
The addition of pseudocereal to traditional wheat sourdough and selection of lactobacilli allowed the
production of baked goods with enhanced GABA content and antioxidant capacity, but recipes have
to be developed to increase the organoleptic acceptability of the final products.

Keywords: sourdough; γ-aminobutyric acid GABA; amaranth flour; lactobacilli; bioactive compounds

1. Introduction

Sourdough fermentation represents a traditional biotechnology able to improve and enhance
the overall quality of leavened bakery goods obtained using a wide variety of flours [1]. Due to the
activity of the occurring microbiota (lactic acid bacteria and yeasts) and the long fermentation times,
sourdough positively influences the final products, improving flavour, texture, shelf-life, and above
all the nutritional and functional features of the final product [2–4]. Particularly, the metabolic
capability of lactic acid bacteria (LAB) is fundamental to obtain these distinctive characteristics.
For instance, microbial activities toward cereal proteins, such as decarboxylation, deamination,
transamination, and side chain modification, may lead to the production of several compounds which
have an impact both on the nutritional quality and the flavour of bakery products [5–9]. In this context,
the production of bioactive compounds, such asγ-aminobutyric acid (GABA), by LAB during sourdough
fermentation could be particularly attractive [10,11]. γ-aminobutyric acid, a non-protein aminoacid,
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has several physiological functions in humans: Diuretic and hypotensive activity, a tranquillizing
effect, and it acts as an inhibitory neurotransmitter in sympathetic brain function [10,12–15]. In fact,
foods fortified with GABA are efficient in the regulation of sleeplessness, autonomic disorders,
and depression [10,16]. GABA is produced from the irreversible α-decarboxylation of l-glutamic
acid, catalysed by a specific enzyme, glutamic acid decarboxylase (GAD), found in bacteria, plants
and animals [5,10,17]. Some works have already shown the presence of GAD activity in LAB [18–20].
In this regard, fermented foods represent an excellent source of dietary GABA [5]. Furthermore, as a
stable part of diet worldwide, cereal-based products enriched with GABA are of particular interest.
GABA enrichment of baked goods by exploiting selected LAB, belonging to various species, has been
obtained using different flours [10,11,18,19,21]. Diana et al. [11] used a strain of Lactobacillus brevis,
isolated from cheese, for the manufacture of wheat bread with a final GABA content of 24.2 mg/100 g.
Strains of Lactococcus lactis and Lactobacillus plantarum isolated from cheese were used for the production
of a bread GABA enriched, using a mixture of pseudocereals and leguminous flours [18]. The selection
of peculiar cereals or pseudocereals, based on their nutritional potential, may be very useful to
improve the technological and functional features of baked goods [22]. Indeed, the successful
replacing of standard wheat flour with unconventional flours pseudocereal or legume flours has
been demonstrated [22,23]. Whole pseudocereal grains such as quinoa, amaranth, and buckwheat
have abundant content of different compounds, i.e., vitamins, fatty acids, flavonoids and phenolic
acids, with a known positive impact on human health [24–27]. For these reasons, an increment of
these cereals’ consumption in the daily human diet has been recommended [24,28–30]. Among the
pseudocereal group, amaranth is of particular interest because of its high nutritional value, having
a high protein content, a high concentration of essential aminoacids [31], and containing different
antioxidant compounds. Hence, the potential of sourdough fermentation, combined with amaranth
supplement, could be a tool to develop new healthy baked products. Nevertheless, the sensory quality
of the final products has to be taken into account since it is strongly influenced by the addition of
amaranth flour [32]. Therefore, this study aimed to screen GABA-producing lactobacilli in order to
obtain naturally GABA-enriched sourdough breads, and concurrently to investigate the effect of 20%
addition of amaranth flour on the antioxidant properties of the final products. The sensory quality of
the breads was also evaluated to determine the contribution of lactobacilli fermentation and amaranth
flour addition on the organoleptic characteristics.

2. Materials and Methods

2.1. Lactobacilli Strains and Culture Conditions

Eighteen lactobacilli strains of five species (L. brevis, L. farciminis, L. plantarum, L. rossiae and L.
sanfranciscensis), previously isolated from six Italian sourdoughs and belonging to the culture collection
of the Department of Agriculture, Food, Environment and Forestry (DAGRI) of the University of
Florence, were used in this study (Table 1).

Table 1. Lactobacilli strains and the isolation source.

Lactobacilli Strains Italian Sourdough

L. brevis A7; L. farciminis A11 Schiacciata (flat, salty bread)
L. brevis B1; L. sanfranciscensis B3; L. farciminis B5; L. farciminis B7; L. rossiae B6; L. farciminis B8 Bread

L. plantarum C2 Tuscan bread
L. brevis Ga1; L. rossiae Ga11; L. rossiae Ga12; L. rossiae Ga14; L. sanfranciscensis Gd44; L. rossiae Gd63 Lagaccio biscuit

L. farciminis H3 Ancient grain bread
L. rossiae O1; L. plantarum O4 Panettone cake

2.2. Liquid Sourdough Fermentations

The lactobacilli strains, grown overnight in MR3i broth [33], were singly inoculated (9.0 log
CFU/mL) into wheat and amaranth flour doughs. The sourdoughs were prepared by mixing water and
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flour to obtain a dough yield (DY), i.e., the percent ratio of the weight of the dough to the weight of
the flour, of 333 and 667, for wheat and amaranth liquid sourdoughs, respectively. The samples were
incubated for 6 h at 30 ◦C under stirring conditions (ca. 100 rpm). Control and acid control doughs
(acidified to pH 3.5 by lactic acid addition) without bacterial inoculum were prepared and incubated
under the same conditions. At the end of the fermentation time, sourdough samples were taken in
order to perform analysis of GABA content and select the highest-GABA-producing lactobacilli strains.

2.3. Sourdough Fermentation and Bread Making

Six breads were prepared according to the recipes reported in Table 2. For each bread,
a prefermented dough was prepared. Four doughs were inoculated with only baker’s yeast (termed as
PFC W, PFAC W, PFC Am and PFAC Am) and two with the inoculum of baker’s yeast and the selected
lactobacilli strains: Lactobacillus brevis A7 and Lactobacillus farciminis A11 (termed PFSD A7 and PFSD
A11, respectively) (Table 2).

Table 2. Recipes for pre-fermented dough manufacture and bread making and related dough yield
(dough weight × 100/flour weight). PF—prefermented; C—control; AC—acid control; SD—sourdough;
W—wheat flour; Am—Amaranth flour; A7—L. brevis A7 strain; A11—L. farciminis A11 strain.

Prefermented Dough

Ingredients (% on Total Flour) PFC W PFAC W PFC Am PFAC Am PFSD A7 PFSD A11

Wheat flour 100 100 80 80 80 80
Amaranth flour – – 20 20 20 20

Water 58 58 58 58 58 58
Baker’s yeast 1 1 1 1 1 1

L. brevis A7 (log (CFU/g)) – – – – 9 –
L. farciminis A11 (log (CFU/g)) – – – – – 9

Bread

Ingredients (% on total flour) C W AC W C Am AC Am SD-A7 SD-A11

Prefermented dough 50 50 50 50 50 50
Wheat flour 100 100 80 80 80 80

Amaranth flour – – 20 20 20 20
Water 58 58 58 58 58 58

Dough yield 158 158 158 158 158 158

Amaranth flour was added as 20% of the total flour in four doughs; acid control doughs were
acidified by lactic acid to 3.5. The prefermented doughs were fermented for 18 h at 30 ◦C and then
added to the final mixtures. In the final dough (Table 2) the ingredients were added at the same time
and mixed for 10 min in a twin arms mixer (model RS12, Bernardi, Italy). The doughs were placed in
the trays at 30 ◦C with 88–90% relative humidity for 3 h. Samples were taken at the beginning and at
the end of the leavening time. Finally, doughs were baked at 180 ◦C for 15 min.

2.4. Monitoring of Selected Lactobacilli Strains in Sourdough Fermentations

A Randomly Amplified Polymorphic DNA (RAPD) analysis was performed according to
Venturi et al. [34] to assess the occurrence of the selected lactobacilli in liquid and firm sourdoughs
and final doughs. DNA was amplified using the following primers: OPL-05 (50 ACGCAGGCA 30),
designed by Seseña et al. [35], and MV1 (50 GGACGCTTCTG 30) designed by Venturi et al. [34].
The random primer MV1 was used separately, while OPL-05 was used along with the primer RD1 (5’
GCTTAAGGAGGTGATCCAGCC 3’). DNA amplification was performed as described by Reguant
and Bordons [36]. Amplification products were separated (at 100 V for 2.5 h) on 1.4% (w/v) agarose gel
(Lonza Group Ltd, Basel, Switzerland); containing ethidium bromide (Sigma e Aldrich, St Louis, MI,
USA) and TEB buffer (1 M Tris, 10 mM EDTA, 0.9 M boric acid, pH 8.3). The resulting profiles were
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captured as images after UV transillumination, and compared to those previously obtained for each
bacterial strain.

2.5. Determination of pH, Total Titratable Acidity, Volume Increase, and Enumeration of Cultivable Bacteria
and Yeasts

Ten grams of dough sample were transferred into 90 mL of sterile physiological solution,
homogenized for 2 min in a Stomacher Lab Blender 400 (Seward Ltd, Worthing, West Sussex,
UK). After decimal dilutions, 100 μL of these suspensions were plated for cell enumeration using
MR3i medium for the lactobacilli and MYPG for the baker’s yeast using the pour plate method.
Lactobacilli were counted after incubation for 48–72 h at 30 ◦C under anaerobic conditions. Yeasts, plated
on MYPG agar containing sodium propionate (2 g/L), were counted after incubation for 48 h at 30 ◦C
under aerobic conditions. Plate counts were performed in duplicate. The pH values were determined
by a pH-meter (Metrohm Italiana Srl, Varese, Italy). Total titratable acidity (TTA) was measured on 10 g
of dough samples, which were homogenized with 90 mL of distilled water for 3 min and expressed as
the amount (mL) of 0.1 N NaOH to achieve a pH of 8.5. To assess sourdough increase of volume, 100 g
of each dough were placed in a graduated cylinder (0.5 L). The volume of the doughs (in mL) was
recorded immediately (t0) and after 3 h of fermentation at 30 ◦C. The leavening was calculated using
the following formula: ((V3 − V0)/V0) × 100, where V3 was the volume after the 3 h fermentation and
V0 was the initial volume.

2.6. Determination of Lactic Acid by HPLC

Bread samples were diluted ten times with distilled water and then filtered by Amicon®

Ultra-4 Centrifugal Filters (3000 Da NMWL) (Merck Millipore) before the injection for lactic acid
determination by high-performance liquid chromatography (HPLC) analysis (Varian Inc., Palo Alto,
CA, USA) connected to a refractive index detector (Knauer K-2301, Knauer GmbH, Berlin, Germany)
and UV detector (λ = 210). Elution was performed at 65 ◦C with 0.01 N H2SO4 eluent at a flow rate of
0.6 mL/min. Data were collected and analysed by using the Galaxie software (Varian Inc., Palo Alto,
CA, USA). Quantitative analysis was carried out by a standard curve.

2.7. Total Phenols Assay by Folin–Ciocalteau Reagent

Total phenols content of bread samples was determined according to Alvarez-Jubete et al. [37],
with some modifications. Bread samples were dried for 24 h at 60 ◦C and ground. 1.25 g were
weighted and added to 25 mL methanol. Samples were vortexed and left in horizontal shaking for
24 h, then centrifuged for 10 min at 2000× g. The final extracts were obtained by filtering 10 mL of the
supernatant through 0.22 μm PTFE syringe filters (Whatman) and they were stored at −20 ◦C until
analysis. The reaction mixture consisted of 100 μL of methanolic bread extract, 100 μL of methanol, 100
μL of Folin–Ciocalteu reagent and 700 μL of Na2CO3. The samples were vortexed immediately, and the
tubes were incubated in the dark for 20 min at room temperature. After incubation, all samples were
centrifuged at 11,300× g for 3 min. The absorbance of the supernatant was then measured at 735 nm
in 1 mL plastic cuvette using a spectrophotometer (Cary 50 Scan, Varian Inc., Palo Alto, CA, USA).
Gallic acid was used as a standard and a calibration curve was prepared with a range of concentrations
from 10−200 mg/L. The results are expressed in mg of gallic acid equivalent per 100 g of dry-weight
basis (mg GAE 100 g−1 dwb).

2.8. Antioxidant Capacity by DPPH Assay

The free radical scavenging capacity of methanolic bread extracts was determined using the stable
2,2-diphenyl-1-picrylhydrazyl radical (DPPH). The scavenging effect was measured according to the
method of Alvarez-Jubete et al. [37]. Also, 500 μL of extracts were added to 500 μL of DPPH methanolic
solution (0.05 mg/mL). After vortexing, the mixture was left for 40 min at room temperature, and the
absorbance of the resulting solution was read at 517 nm. The absorbance measured after 40 min
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was used for the calculation of the antioxidant capacity according to the following formula: DPPH
radical-scavenging activity (%): ((blank absorbance − sample absorbance)/blank absorbance) × 100.
Butylated hydroxytoluene (BHT) was also assayed as antioxidant references.

2.9. HPLC Determination of GABA Content

GABA content was determined on the water-soluble extracts of liquid doughs and breads.
The extracts were obtained by extracting the samples with sterile distilled water (1:3 w/v), held at
4 ◦C for 1 h and vortexed at 15-min intervals. Samples were finally centrifuged at 14,000× g for
20 min. The supernatants, containing the water-soluble fraction, were used for GABA quantification.
Before the injection, the samples were prepared according to Tuberoso et al. [38]. The reaction mixture
consisted of 100 μL of sample extracts, 5 μL of 100 mg/L eptilammine (internal standard, IS), 200 μL
of dansyl chloride solution (derivatization agent) and 0.2 M Na2B4O7·10H2O (pH 9.3) solution up
to a final volume of 1000 μL. The mixture was incubated for 30 min at 40 ◦C in a Termoblok and
centrifuged at 11,300× g for 10 min. The supernatant was recovered and diluted with MeOH (1:1
v/v) for HPLC analysis. Separation was obtained with a Phenomenex Gemini C18 110A column (150
4.60 mm, 3 lm; Chemtek Analitica, Anzola Emilia, Bologna, Italy) connected to fluorimetric detector
(Jasco Europe, Cremella, LC, Italy) with wavelengths set at 293 nm (Ex) and 492 nm (Em) under
the following conditions: Mobile phases buffer acetate/CH3CN (pH 4.1) and acetonitrile, flow rate
0.8 mL/min, column temperature 25 ◦C. The quantitative analysis was performed using calibration
graphs constructed according to the internal standard method.

2.10. Sensory Evaluation

Sensory evaluation of lactobacilli inoculated breads and non-acidified control breads was carried
out by 46 panellists (15 male and 31 female) aged 21–65 years old. Breads were cut into pieces of
3 cm × 3 cm and randomly codified before serving. Colour, aroma, consistency, and general liking
were evaluated using the hedonic 9-point scale (from “1-dislike extremely” to “9-like extremely”) [39].
Panellists have also optionally chosen among 13 attributes for the taste of breads: Salty, vapid, sweet,
earthy, strange taste, sour, delicate, tasty, astringent, not to eat, gummy, interesting, and persistent [24].

2.11. Statistical Analysis

Chemical and microbiological determinations, performed in duplicate, were elaborated according to
t-Test procedures or nonparametric one-way ANOVA followed by Tukey’s Test (Statistica 7.0 software
package, Stat Software Inc., Tulsa, OK, USA). Differences were reported at a significance level of p ≤ 0.05.

3. Results and Discussion

3.1. Selection of GABA-Producing Lactobacilli Strains

Eighteen lactobacilli strains were singly inoculated in liquid doughs made with either wheat or
amaranth flour and incubated at 30 ◦C for 6 h in order to evaluate the GABA production. All the
strains were able to acidify the doughs although some differences were registered. The final pH values
ranged from ca 3.50−4.10 with an average decrease of 2.35 ± 0.13 in wheat sourdoughs. Due to the
lower flour content (DY = 667) and a different buffering capacity, the final pH of amaranth sourdoughs
resulted higher, in a range from 4.10−5.10, with an average pH decrease of 1.74 ± 0.41. The most
acidifying strains, both in wheat and amaranth flour, were L. brevis A7, L. farciminis A11, L. farciminis
B7 and L. rossiae Ga12. The values of pH of the non-inoculated doughs (C) were 5.96 ± 0.05 and
6.20± 0.11 for wheat and amaranth dough, respectively. After 6 h of fermentation GABA concentrations
were determined.

Results showed a variability (p ≤ 0.05) among the tested strains in both the flours, even if
GABA concentrations were generally higher in wheat sourdoughs (Figure 1). Differences in GABA
concentration in sourdoughs produced by the two flours could be due to higher glutamic acid content
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in wheat flour, since it is the substrate for glutamic acid decarboxylase enzyme (GAD). In agreement
with the literature, the GABA producing activity was not related to the species, resulting in strain
dependency [40]. In wheat sourdoughs, six lactobacilli strains displayed GABA concentrations
significantly higher than the control and the acidified control, whereas in amaranth sourdoughs
this trend was observed only for one strain (L. rossiae Gd63). Particularly, the highest (p ≤ 0.05)
GABA concentration in wheat sourdoughs was found in the dough inoculated with L. brevis A7
(136.62 ± 4.00 mg/kg of flour), followed by L. plantarum O4, L. brevis Ga1, L. farciminis H3, L. rossiae
O1, L. farciminis A11. The strain L. rossiae Gd63 displayed the highest GABA production in amaranth
sourdough fermentation (47.6 ± 14.3 mg/kg of flour), although other six lactobacilli strains (L. plantarum
C2, L. brevis A7, L. sanfranciscensis Gd44, L. brevis B1, L. rossiae Ga14 and L. farciminis A11) did not show
statistical differences from the GABA amounts produced by the best performing strain. Hence, based
on the reported results concerning GABA production and acidification ability, L. farciminis A11 and L.
brevis A7 were selected to prepare firm sourdoughs and breads.

 
Figure 1. Production of GABA after 6 h fermentation in wheat (white bar) and amaranth (grey
bar) sourdoughs obtained with 18 lactobacilli strains singly inoculated (data are expressed as
mean ± coefficient of variation %). C—control; AC—acid control.

3.2. Sourdough Bread Fermentation with Selected Lactobacilli Strains

Breads were prepared with the addition of 20% of amaranth flour. This percentage was chosen
because it is considered appropriate by various authors in order to maintain product structural
quality [41], preserve the principal nutritional benefit of this ingredient [42], and meet sensory
approval [43]. Table 3 shows the main technological and microbiological characteristics at the end of
fermentation of the sourdoughs prepared with the inoculum of L. brevis A7 (SD-A7) and L. farciminis
A11 (SD-A11). The occurrence of the two inoculated strains throughout the process was confirmed
by molecular analysis. In particular, all the lactobacilli isolates from sourdoughs displayed solely the
genotypic patterns of L. brevis A7 or L. farciminis A11.

88



Foods 2019, 8, 218

Table 3. Values (mean ± standard deviation) of pH, Total Titratable Acidity (TTA; mL NaOH), lactic acid
(g/kg), volume increase (%), and microorganism (lactobacilli and baker’s yeast) concentrations (log (CFU/g))
after sourdough fermentations carried out by L. brevis A7 (SD-A7) and L. farciminis A11 (SD-A11).

Dough Final pH ΔpH Final TTA ΔTTA Lactic acid ΔV/V0 × 100 Lactobacilli Yeasts

SD-A7 4.35 ± 0.03 a 0.95 ± 0.39 a 6.90 ± 0.14 b 2.80 ± 0.66 a 4.60 ± 0.63 b 105 ± 7.07 a 8.50 ± 0.72 a 7.35 ± 0.64 a

SD-A11 4.60 ± 0.18 b 0.82 ± 0.10 a 6.45 ± 0.07 a 2.95 ± 0.78 a 3.20 ± 0.56 a 105 ± 21.2 a 8.59 ± 0.73 a 7.40 ± 0.62 a

ΔV = difference between the final and the initial value; V0—initial volume. Values in the same column with different
letters (a,b) are significantly different (p ≤ 0.05).

The 20% amaranth incorporation did not affect the considered features. At the end of leavening
time, both the sourdough pH decreased of about 0.88, reaching a value of 4.35 ± 0.03 for SD-A7 and
4.60 ± 0.18 for SD-A11, statistically different from each other and showing proper acidification [44,45].
SD-A11 final total titratable acidity was lower compared to SD-A7, while the TTA increase did not
point out any significant differences. Regarding organic acids production, the highest content of lactic
acid was found in SD-A7 dough (4.60 ± 0.63 g/kg). Both the samples doubled their volume, indicating
an adequate leavening process. Microbiological analyses did not show any significant differences
in the microorganism concentrations at the end of the fermentation. L. farciminis A11 and L. brevis
A7 reached a concentration of about 8.55 log CFU/g, which is a typical value in sourdough [46], and S.
cerevisiae reached a concentration of 7.37 log CFU/g.

3.3. Phenolic Content and Antioxidant Capacity of Breads

The results of the total phenolic content, determined on the methanolic extracts of all the breads,
are shown in Figure 2.

Figure 2. Total phenolic content (expressed as mg of gallic acid equivalents GAE100 g−1 dwb) of the
breads (data are expressed as mean ± coefficient of variation %). C W—wheat control bread; AC
W—wheat acid control bread; C Am—amaranth control bread; AC Am—amaranth acid control bread;
SD-A7—L. brevis A7 bread; SD-A11—L. farciminis A11 bread. Different letters (a,b) indicate significant
differences (p ≤ 0.05).

Results indicated that amaranth flour addition significantly increased the phenolic content of
breads. Indeed, whole pseudocereal grains are rich in this class of minor components, therefore their
use as a supplement can increase the nutritional value of baked goods. Data showed that samples
integrated with 20% of amaranth flour displayed a phenolic content of more than 15 mg GAE 100 g−1

dwb, which was significantly higher than the control breads, C W and AC W, made only with wheat
flour (p ≤ 0.05). These results are in agreement with those reported by Chlopicka et al. [24], which
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showed a higher content of phenolic compounds in breads enriched with amaranth flour, compared to
a control bread without this pseudocereal addition.

The radical-scavenging capacity of the breads was tested by the DPPH method (Figure 3).

Figure 3. Radical-scavenging capacity (%) of the breads (data are expressed as mean ± coefficient
of variation %). C W—wheat control bread; AC W—wheat acid control bread; C Am—amaranth
control bread; AC Am—amaranth acid control bread; SD-A7—L. brevis A7 bread; SD-A11—L. farciminis
A11 bread. Different letters (a,b) indicate significant differences (p ≤ 0.05).

The antioxidant capacity of control bread made with only wheat flour result was the lowest among
the samples (less than 17%), while AC Am, SD-A7 and SD-A11 showed the highest values (p ≤ 0.05),
up to 28%. According to Vollmannova et al. [47], total phenolic content was partially correlated to
the antioxidant capacity; indeed, AC Am, SD-A7 and SD-A11 showed the highest values for both
these parameters. Amaranth addition only slightly increased the antioxidant capacity, on the contrary,
the acidification seems to have a higher role in increasing this activity. In fact, both the chemically
acidified controls showed higher values than the controls. Hence, the combination of amaranth
addition and acidification might be responsible of the observed phenomenon. In this context, it was
demonstrated that acidification, as a consequence of microbial fermentation, can increase the levels of
easily-extractable phenolic compounds and their bioavailability [4,48,49].

3.4. GABA Content of Breads

GABA concentrations in the breads prepared by lactobacilli inoculated sourdoughs and in the
control breads are reported in Figure 4.

GABA content in the breads ranged from 8.0–39.0 mg/kg. Sourdough breads showed the highest
concentration with values of 26.9 ± 1.53 and 39.0 ± 1.53 mg/kg for SD-A7 and SD-A11, respectively,
confirming the capability of LAB to produce GABA. The lowest content was detected in the control
breads with 100% of wheat flour, less than 10 mg/kg. Compared to the control wheat breads, the GABA
increase of SD-A11 was of about 350%. Other studies exploited high GABA producing biotype of
Lactobacillus plantarum and Lactococcus lactis in order to obtain a bread with improved nutritional
features [10,18,19]. The ability of L. brevis strains to synthetize GABA was reported in various food
matrices such as cheese [40], yoghurt [50], black raspberry juice [51], and wheat sourdough [11],
while this capability was observed only in a strain of L. farciminis isolated from Myanmar traditional
fermented fishery products with boiled rice [52]. To the best of our knowledge, this was the first time
in which GABA production by a strains of L. farciminis was exploited in a bakery product.
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Figure 4. GABA concentration (mg/kg) in the breads (data are expressed as mean ± standard deviation).
C W—wheat control bread; AC W—wheat acid control bread; C Am—amaranth control bread; AC
Am—amaranth acid control bread; SD-A7—L. brevis A7 bread; SD-A11—L. farciminis A11 bread.
Different letters (a–c) indicate significant differences (p ≤ 0.05).

3.5. Sensory Evaluation

To evaluate the contribution of amaranth flour and lactobacilli fermentation on organoleptic
characteristics of breads, a sensory evaluation was carried out with a panel of 46 members. Table 4
shows the results of a 9-point hedonic scale analysis of colour, odour, consistency, and general liking.

Table 4. Sensory evaluation of breads (mean ± standard deviation). Values were determined with a
9-point scale (extremely disliked = 1, neither like, nor dislike = 5, extremely liked = 9). C W—wheat
control bread; C Am—amaranth control bread; SD-A7—L. brevis A7 bread; SD-A11—L. farciminis
A11 bread.

C W C Am SD-A7 SD-A11

Colour 6.7 ± 1.3 a 6.2 ± 1.2 a 6.1 ± 1.2 a 6.0 ± 1.5 a

Aroma 6.1 ± 1.5 a 5.6 ± 1.6 a 5.6 ± 1.5 a 5.3 ± 2.0 a

Consistency 6.3 ± 1.4 b 5.8 ± 1.6 ab 5.1 ± 1.6 a 5.2 ± 1.5 a

General liking 6.3 ± 1.5 b 5.3 ± 1.6 a 4.9 ± 1.6 a 4.9 ± 1.8 a

Values in the same column with different letters (a,b) are significantly different (p ≤ 0.05).

Values of colour and aroma were not significantly different among the breads, ranging from
6–6.7 and from 5.3–6.1, hence indicating a moderate appreciation. On the contrary, the consistency of
bread was negatively affected by the addition of amaranth flour; in fact, the best value was registered
for the control wheat bread (6.3 ± 1.4), statistically higher (p ≤ 0.05) compared to the inoculated
amaranth breads (5.1–5.2). General liking of the 100% wheat control bread showed a significantly
higher value (6.3 ± 1.5) compared to bread with amaranth replacement; however, none of the breads
were negatively evaluated by the panellists. These results pointed out that substituting 20% of wheat
flour with amaranth flour in bread was not advantageous for bread sensory evaluation, even if the
panellists gave a moderate appreciation. In addition, other authors [42] reported that, considering the
better nutritional features, consumers would choose to consume amaranth bread instead of common
wheat bread, even if the taste is different. Furthermore, the spider plot in Figure 5 shows the different
attributes chosen by panellists to describe breads.
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Figure 5. Spider plot of the sensory evaluation (%) of breads. Blue line: % of positive answers given to
wheat control bread (C W); red line: % of positive answers given to amaranth control bread (C Am);
green line: % of positive answers given to L. farciminis A11 sourdough bread (SD-A11); purple line: %
of positive answers given to L. brevis A7 sourdough bread (SD-A7).

Amaranth clearly characterized bread for earthy taste (about 50% panellists for all the amaranth
breads). More than 50% panellists defined the wheat control bread as delicate, even if 40% also
defined breads as vapid with respect to 20–30% of the breads with amaranth. In particular, panellists
declared that SD-A7 bread was sour (30%) and gummy (more than 40%). Nevertheless, about
20% of panellists described as interesting the taste of all the breads, and only a few testers (about
5%) declared SD amaranth breads “not to eat”, in contrast with the 10–30% reported in other
experiments [24]. Sensory analysis highlighted some differences between the two sourdough amaranth
breads. SD-A7 bread taste was described as less delicate, gummier, and sourer, but also more interesting
compared to SD-A11 bread. However, results showed that the 20% amaranth incorporation did not
strongly reduce the breads’ appreciation.

4. Conclusions

The screening of GABA-producing lactobacilli in liquid sourdoughs led to the selection of two
strains belonging to L. farciminis and L. brevis species. These strains were able to increase GABA
concentration (up to 350%) in breads enriched with 20% of amaranth flour, with a final content
of 26.9 ± 1.53 and 39.0 ± 1.53 mg/kg respectively. The final products showed higher antioxidant
activity and an increased content of total phenolic compounds compared to the wheat control
bread. Sensory evaluation indicated moderate acceptability of breads with amaranth flour, mainly
characterized by an earthy taste. Although organoleptic acceptability of the final products could be
improved, the combination of selected lactobacilli and pseudocereal flours can be a suitable tool for the
production of innovative baked goods with improved nutritional features.
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Abstract: The in vitro antithrombotic properties of polar lipid constituents of malted grain (MG),
pelleted hops (PH), brewer’s spent grain (BSG), spent hops (SH), wort, and bottled beer from the
same production line were assessed in human platelets. The total lipids (TL) were extracted according
to the Bligh and Dyer method and further separated into the total neutral lipids (TNL) and total polar
lipids (TPL) extracts by counter-current distribution. The TL, TNL, and TPL extracts of all samples
were assessed for their ability to inhibit platelet-activating factor (PAF) and thrombin-induced human
platelet aggregation. The raw materials, by-products, wort, and beer lipid extracts all exhibited
antithrombotic properties against PAF and thrombin. However, the beer TPL exhibited the lowest IC50

values against PAF-induced (7.8 ± 3.9 μg) and thrombin-induced (4.3 ± 3.0 μg) platelet aggregation
indicating that these polar lipids were the most antithrombotic. The lipid extracts tended to be more
bioactive against the thrombin pathway. The fatty acid content of all the TPL extracts were assessed
using GC-MS. The fatty acid composition of the most bioactive TPL extracts, the wort and the beer,
shared similar fatty acid profiles. Indeed, it was noted that fermentation seems to play a role in
increasing the antithrombotic properties of polar lipids against PAF and thrombin by moderately
altering the polar lipid fatty acid composition. Furthermore, the use of brewing by-products as a
source of functional cardioprotective lipids warrants further investigation and valorisation.

Keywords: fermentation; beer; brewer’s spent grain; hops; polar lipids; platelet-activating factor;
thrombin; cardiovascular disease; antithrombotic

1. Introduction

Cardiovascular diseases (CVD) are the leading cause of mortality globally, where diet and lifestyle
are key modifiable risk factors [1]. The harmful effects of alcohol consumption have been well
established, as excessive alcohol consumption has been linked to several chronic diseases, including
cancer [2,3]. However, moderate alcohol consumption (up to 16 g alcohol/day) has been associated
with cardiovascular health benefits, including reduced fasting glucose and blood insulin sensitivity
versus non-alcoholic beer in healthy men [4]. Indeed, consumption of 1–2 alcoholic beverages/day is
associated with reduced fibrinogen levels, reduced platelet aggregation, and an increase in high-density
lipoprotein (HDL). These effects have mostly been attributed to the ethanol content and the presence of
phenolic compounds [5–7]. Epidemiological studies demonstrate that moderate alcohol consumption
reduced cardiovascular risk factors, morbidity, and mortality following a dose-effect relationship that
is characterised by a J-shaped curve [6].

Atherosclerosis is the first step in the development of CVD [1]. Platelet-activating factor (PAF)
is a potent platelet agonist and inflammatory mediator implicated in the onset and progression
of atherosclerosis [8,9]. PAF and PAF-like molecules carry out their functions by binding to the
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PAF-receptor (PAF-R), which is expressed in various cell types, including platelets, endothelial
cells, neutrophils, and macrophages [1]. Activation of the PAF-R leads to the induction of multiple
inflammatory pathways and platelet activation [1].

Thrombin is another important mediator of platelet activation [10]. Thrombin is a serine protease
that participates in the coagulation cascade, activating factors V, VIII, XI, and XII, converting fibrinogen
to fibrin, and activating other cell types [10,11]. Both PAF and thrombin are produced during
coagulation and inflammation and play a crucial role in platelet activation and thrombus formation
via G protein-coupled receptors [12]. Previously these two pathways were considered independent.
However, recent evidence suggests that there is a crosstalk between coagulatory and inflammatory
pathways during pathological processes, whereby inflammation leads to platelet activation in a
reciprocal fashion [13]. Considering the important roles that PAF and thrombin hold at the nexus
of coagulation and inflammation, antiplatelet and anti-inflammatory therapeutic and preventative
strategies are required to prevent the development of chronic diseases such as CVD. Within this concept,
several compounds of natural origin [1] can inhibit the binding of PAF to the PAF-R, which ameliorates
the PAF inflammatory and prothrombotic response. Notably, polar lipid constituents of ale, lager, and
stout have exhibited potent anti-PAF and antithrombotic properties [14]. However, little is known
about the origin of these beer-derived antithrombotic polar lipid microconstituents and their effects
against the thrombin pathway.

Beer is the most consumed alcoholic beverage globally. The raw materials used in beer production
influence the different characteristics and properties of the beer [4]. Beers are produced from malted
barley, water, hops (Humulus lupulus), and yeast (Saccharomyces cerevisiae). Barley (Hordeum vulgare)
contains 2–4% (dry weight) lipid depending on various factors [15]. Commercial malts can contain up
to 3.4% lipid. Approximately 70–90% of the fatty acid content of the barley and malt is triglycerides,
10–20% are sterol compounds, and approximately 10% are free fatty acids. The free lipid composition of
the barley grain is approximately 68–75% neutral lipids, 7–26% glycolipids, and 9–18% phospholipids
depending on the cultivar [16]. Germination of the barley and the mashing process can lead to the loss
of lipid due to the release of fatty acids via the hydrolysis of triglycerides, which are then metabolised.
The resulting fatty acids, mono-, and diglycerides do not tend to accumulate in the malt, and thus are
not found in significant quantities in the finished product [17]. Moreover, several phospholipids can
form complexes with amylose in starch before the brewing process [18]. A significant proportion of the
lipid content is lost to the spent grains generated during the brewing process, and so the wort and beer
contains low levels of lipid [19]. There is only a trace amount of lipid that remains in the final beer
product, which are generally considered undesirable due to their impact on the formation of haze,
the stability of beer foam, and the development of unfavourable flavours during conditioning [17,20].

Brewing yeasts also have the capacity to synthesise and alter several lipid species, including
phospholipids and polyunsaturated fatty acids (PUFA) [21], which play a crucial role in the metabolic
pathways and regulation of lipid catabolism and anabolism in yeast [17]. Furthermore, there is an
increased concentration of stearic, cis-oleic, and linolenic acid in the wort as a result of endogenous lipase
activity that releases free fatty acids from triglycerides and phospholipids in the mashing and malting
process [21,22]. In addition, the composition of the malt and lauter turbidity can lead to the formation
of triglycerides, diglycerides, monoglycerides, free fatty acids, phospholipids, and sphingolipids
during the fermentation process [23].

The unfortunate consequence of beer production is the generation of brewing wastes and
by-products, which are a significant environmental challenge, but may be valorised for the development
of novel products [24]. Industrial-scale food processing by-products are increasingly being viewed
as potential sources of bioactive ingredients. One such example in the brewing industry by-product
previously sent to landfill is BSG [25], which is now primarily used for animal feed. The lipid content
of BSG is approximately 10.0–13.5% (w/w of BSG samples) [26], where it is estimated that 9.1% of the
total lipids are phospholipids [27].
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Considering little is known about the fatty acid composition of bioactive polar lipid microconstituents
of beer or brewing by-products, the aim of this study was to assess the antithrombotic properties
and fatty acid composition of lipid extracts sampled at various stages of the brewing process, from
the brewing raw materials (malted grain and hops), the by-products (BSG and spent hops), the wort,
and the finished beer product from a commercial beer produced in Ireland.

2. Materials and Methods

2.1. Chemicals and Reagents

All glassware, chemicals, and solvents were of analytical grade and purchased from Fisher
Scientific Ireland Ltd. (Dublin, Ireland). All reagents used for platelet aggregation, including bovine
serum albumin (BSA), standard PAF, and standard thrombin, were high purity and purchased
from Sigma-Aldrich (Wicklow, Ireland). Blood consumables, including needles (20G) and 8.2 mL
sodium citrate S-monovettes, were purchased from Sarstedt Ltd. (Wexford, Ireland). For GC-MS,
a pre-derivatised Supelco™ 37-component FAME standard mix, pre-derivatised heptadecanoic acid, and
pre-derivatised heneicosanoic acid was purchased from Sigma-Aldrich (Wicklow, Ireland). All platelet
aggregometry consumables were purchased from Labmedics LLP (Abingdon on Thames, UK).
All GC-MS consumables were purchased from Apex Scientific Ltd. (Kildare, Ireland).

2.2. Beer Production and Samples Assessed

The beer, wort, raw materials, and brewing by-products used for this study were obtained from
the Munster Brewery facility (Youghal, Co. Cork, Ireland). The samples assessed in this study were
pelleted hops (PH), spent hops (SH), malted grains (MG), brewer’s spent grains (BSG), wort, and the
beer itself. All the raw materials, wort, and by-products obtained for this study correspond to the
same batch and production line of the beer that was produced for and tested in this study. The beer
is an organically produced Irish red ale for commercial sale under the name ‘12 Towers’ brewed in
accordance with organic standards certified by the Irish Organic Association.

The beer production is described in brief as follows. Of the malts used, approximately 90% of the
overall malt was organic pale ale malt (Maris Otter malt) was kiln dried at 90–95 ◦C to produce the
base malt of the beer with a maximum moisture content of 4.5% and a European Brewing Convention
(EBC) colour scale between 7 and 10 (Castle Malting Ltd., Beloeil, Belgium). A small amount of organic
roasted barley (approximately 10% of the total malt used), which was kiln dried to 230 ◦C that produced
a roasted grain that had a maximum moisture content of 4.5% and was a colour rating between
1000–1400 EBC. Once milled by the brewery, the grains were mashed in the mash tun. To formulate the
wort, 4 L of water was added per kg of crushed grain, which was steeped in the mash tun at 66 ◦C for
60 min. This process activated the α- and β-amylase enzymes (among others) that convert the starch
to simple sugars to produce the so-called sweet wort. At the end of the mash, the lautering process
begins by raising the temperature to 77–79 ◦C to denature the enzymes by adding heated sparge water,
which also weakens the gravity of the wort runoff. This process takes approximately 3–4 h. Once
Lautering was complete a sample of the BSG was stored. A brewer’s hydrometer was used to measure
the original gravity (OG) of the first running, which can be as high as 1.080 and also subsequently to
confirm that the kettle wort is at an acceptable gravity prior to commencing boiling. The OG prior to
fermentation was 1.042 and final gravity (FG) after fermentation was 1.010. These hydrometer readings
are used to measure the fermentable and unfermentable substances the in wort before and during
fermentation and to calculate the beers final alcoholic content (alcohol by volume or ABV) when OG is
compared to the FG. Runnings from the mash tun were transferred to the kettle and once complete,
the wort was heated to 100 ◦C and brought to the boil for 1 h, which sterilised the wort, denatured any
remaining enzymes, and allowed for caramelisation of the sugars for flavour enhancement.

At the start of the boil a specific amount of organic pelleted hops (PH: Organic Goldings Hops,
Charles Faram Ltd., Worcester, UK) was calculated based on flavour rating (approximately 200 g/hL)
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of the hops for each batch and was added to the kettle, which was boiled for a further hour. These
pelleted hops are strobiles from the female hop plant that are air-dried and pelleted, and thus extremely
concentrated in comparison to fresh strobiles. Thereafter, the wort underwent whirlpooling a rapid
cooling process by being passed through a heat exchanger, which reduced the temperature of the wort
to 20 ◦C. A sample of the wort was taken at this point. After whirlpooling when the wort had been
moved on in the process, a sample of the SH was taken. The SH sample in reality is not purely hops,
it is also known as the trub, which consists of primarily hop debris (10–20%), but is also a source of
sedimented protein (50–70%), phenolic compounds (5–10%), carbohydrates (4–8%), and fatty acids
(1–2%) originating from the hops and residues from the barley processing [28]. The cooled wort was
transferred to the primary fermenter and was held at 20 ◦C. At this temperature, the yeast, a dehydrated
Saccharomyces cerevisiae (Nottingham High Performance Ale Yeast, Lallemand Inc., Burton upon Trent,
UK) was diluted in sterilised water and pitched (80–100 g per hL) into the filled fermentation tank.
This is a top fermenting yeast that is commonly used to produce a wide variety of beers, including
ambers, porters, stouts, and pale ales. The fermentation ran for four days. Following fermentation,
a conditioning period was allowed to take place at 12 ◦C for approximately 7 days. After conditioning,
the beer underwent cold crashing. In this process, the temperature of the conditioned beer is reduced
to between 0–2 ◦C over 3–4 days. The process of cold crashing promotes the flocculation of yeast,
which sink to the bottom of the tank due to gravity and are removed, thus increasing the clarity of the
beer naturally without the need for additives. Indeed, cold crashing is also desirable due to its effects
on other suspended particles, such as tannins, polyphenols, and proteins that can also flocculate and
settle at the bottom of the tanks, preventing the undesirable phenomenon of chill haze. Once cold
crashing was complete, the beer was bottled with a 2 g of 100% fermentable organic dextrose (Charles
Faram Ltd., Worcester, UK) added to each bottle to encourage carbonation by any remaining yeast in
the beer. The carbonation process takes approximately 14 days at room temperature until an optimal
level of 2.2–2.5 volumes of CO2 was achieved. Once complete the bottles were placed in cold storage
(0–4 ◦C) for a short period of time until ready to distribute.

The finished bottled beer product, the wort, and the various by-products collected were placed
in airtight containers and transported to the laboratory. The beer and wort were extracted on the
day of arrival to the laboratory and the other by-products and raw materials were stored at −20 ◦C
for a maximum of three weeks until required for extraction and analysis. All samples were taken in
triplicate from different batches of the beer production process. The brewing process and sampling
points are outlined in Figure 1.

2.3. Extraction and Isolation of the TL, TNL, and TPL Extracts

The total lipids (TL) of all samples were extracted in triplicate according to the Bligh and Dyer [29]
method. Notably, the lipids from the brewing materials, by-products, wort, and beer were extracted
from different batches of production. A tenth of each TL was stored under nitrogen at −20 ◦C and the
remaining lipid was subjected to counter-current distribution as previously described [14] to obtain
the total polar lipid (TPL) and the total neutral lipid (TNL) extracts. All extracts were stored under
nitrogen at −20 ◦C until required for a maximum of 6 months as previously described [14].
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Figure 1. A schematic of the brewing process for the production of Irish red ale outlining the sampling
points for the brewing materials, by-products, wort, and beer as highlighted with a star.

2.4. Platelet Aggregation Assay

The in vitro assessment of PAF and thrombin-induced platelet aggregation was carried out as
previously described [14,30]. In brief, healthy human volunteers (N = 12) free from any form of
antiplatelet therapy gave informed written consent and all protocols were executed in accordance
with the Declaration of Helsinki following ethical approval by the University of Limerick Ethics
Committee. Participants provided 50 mL or blood following an overnight fast (>8 h). The blood was
drawn via venepuncture of the median cubital vein using a 20G needle into evacuated sodium citrate
S-monovettes via the aspiration method (0.106 mol/L in a 1:10 ratio of citrate to blood). To obtain
the platelet-rich plasma, S-monovettes were immediately centrifuged at 180× g for 18 min at 24 ◦C
(Eppendorf 5702 R, Eppendorf Ltd, Stevenage, UK). A second centrifugation at 1500× g for 20 min
at 24 ◦C was carried out to obtain the platelet-poor plasma (PPP). The PRP was standardised to
500,000 platelets μL−1 using a Shimadzu UV-1800 spectrophotometer (Kyoto, Japan), prior to analysis
on a Chronolog-490 two channel platelet aggregometer (Chronolog, Havertown, PA, USA), coupled
to the specialised AGGRO/LINK software package. Prior to testing, lipid samples and standard PAF
were dissolved in a solution of BSA-saline (2.5 mg BSA/mL saline), while aliquots of stock solutions of
active thrombin were diluted in appropriate amounts of physiological saline to obtain solutions of
active thrombin with a final concentration in the aggregometer cuvette, ranging from 0.01 mU/mL NIH
(National Institute of Health). The final concentration of PAF in the cuvette ranges from 1–5 × 10−8 M.
Then, 250 μL of PRP was added to an aggregometer cuvette at 37 ◦C with stirring at 1000 rpm. The PRP
was calibrated using the PPP as a blank. PAF and thrombin were added to the cuvettes in order to
induce maximum reversible aggregation in the absence of any lipid samples. For each lipid sample,
the mass of lipid required to inhibit 50% the PAF or thrombin-induced aggregation was calculated.
Subsequently, the IC50 was calculated as previously described [14,30]. Platelet aggregation experiments
for each TPL, TNL, and TL extract was carried out in triplicate against both PAF and thrombin as
previously described [30,31].

2.5. Gas Chromatography-Mass Spectrometry

The preparation and analysis of the fatty acid methyl esters (FAME) were carried out in triplicate
using 35 mg of the TPL samples of all samples as previously described [14]. Briefly, FAMEs were
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derivatised using a 0.5 M KOH CH3OH 90% solution and extracted with n-hexane. The analysis was
carried out using the internal standard method (Heneicosanoic acid—21:0) as previously described
for other beverage analysis [14]. A five-point calibration curve was prepared using heneicosanoic
acid (21:0 500 ppm injections) and five solutions of heptadecanoic acid (17:0—50, 100, 200, 400, and
800 ppm) methyl ester standards. Five 1 μL injections of each solution were analysed using a Varian
410-GC coupled to a Varian 210-MS equipped with a split/splitless injector (Agilent Technologies,
Santa Clara, CA, USA). Separation of the FAME was conducted on an Agilent J&W DB-23 fused silica
capillary column (60 m, ‘0.25 mm i.d.’ 0.25 μm f.t.; Agilent Technologies). The ratio of the mean
17:0 to that of the internal standard (21:0) was used as the y-axis variable, while the concentration
(ppm) of 17:0 was used as the x-axis variable of the calibration curve. The equation describing the
curve was: y = 0.0041x + 0.12, with a R2 = 0.9969, where the ratio of the area of the analyte peak to
that of the internal standard represents the y value for the equation of the calibration curve and the
x value represents the analyte concentration of a selected fatty acid in the lipid sample. The injector
temperature of the Varian 410-GC and 210-MS was set at 230 ◦C with a split ratio of 1:20. The carrier
gas was high purity helium with a liner flow rate of 1 mL/min. The oven temperature was initially
programmed to 100 ◦C for 5 min, raised to 240 ◦C at 3 ◦C/min, and finally held isothermal at 240 ◦C for
10 min. Identification of FAME was achieved using a pre-derivatised standard 37-component FAME
sample mix and comparison of the retention times and mass spectra of relative peaks with the aid of
the Varian Star Chromatography Workstation Version 6 software (Agilent Technologies) and a NIST
library of mass spectra (Gaithersburg, MD, USA). The percentage of each fatty acid was calculated
using the peak area of the samples corrected by the respective response factors. Analyses were carried
out in triplicate.

2.6. Statistical Analysis

All biological experimental analyses, extractions, and GC-MS analyses for each lipid sample were
sample were completed in triplicate. The obtained results were expressed as a mean value ± standard
deviation (SD). One-way analysis of variance (ANOVA) and the Tukey’s honest significant difference
(HSD) multiple comparison post-hoc test was used to determine the significant statistical differences
between the analyses (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Lipid Extraction and Fractionation of Beer, and Brewing Materials

The TL, TNL, and TPL content of the beer and brewing materials are shown in Table 1 expressed
in either mg/100g or g/100 g of TL, TNL, and TPL. The TNL and TPL are also expressed as a percentage
of the TL. The MG and BSG were both considerably low in TL, but the TPL accounted for a substantial
amount of the MG, of which just over half seems to be lost to the Brewer’s spent grain in the brewing
process. The largest amount of TL and TPL present in g/100 g of all samples was the PH, which was
significantly higher than all the other samples. Notably the SH had a considerably lower quantity of
TL and TPL than the PH, indicating that these lipids may have been extracted and diluted into the
wort. However, both the wort and the beer contained extremely low amounts of lipid, the majority of
which were polar lipids, results that are in accordance with previously published research [14,32,33].

102



Foods 2019, 8, 171

Table 1. The total lipid (TL) and the total polar lipids (TPL) content of beer and brewing by-product are
expressed as g/100 g and the total neutral lipid content (TNL) is expressed as mg/100 g. The TPL and
TNL are also expressed as a percentage of the TL (mean ± SD, n = 3).

Sample TL (g/100 g) TNL (mg/100 g) TNL (% TL) TPL (g/100 g) TPL (% TL)

MG 0.70 ± 0.10 a 100 ± 30 a 13.6 ± 2.9 c 0.52 ± 0.05 a 74.5 ± 3.5 b

BSG 1.05 ± 0.19 a 550 ± 110 b 52.6 ± 2.5 e 0.41 ± 0.09 a 38.9 ± 2.3 a

PH 14.17 ± 2.18 b 1630 ± 310 c 11.5 ± 3.7 bc 11.60 ± 1.68 b 79.4 ± 8.6 bc

SH 0.75 ± 0.06 a 160 ± 10 a 21.4 ± 3.0 d 0.55 ± 0.07 a 72.6 ± 4.1 b

Wort 0.03 ± 0.00 a 2.0 ± 1.0 a 5.4 ± 1.6 ab 0.03 ± 0.00 a 84.5 ± 8.9 bc

Beer 0.02 ± 0.00 a 0.3 ± 0.1 a 1.7 ± 0.4 a 0.02 ± 0.01 a 91.3 ± 2.7 c

a,b,c,d,e Different superscripts indicate significant differences among different lipid extracts within the same lipid class
(p < 0.05) when means are compared using a Tukey’s HSD multiple comparison test. Abbreviations: BSG = brewer’s
spent grain; MG =malted grain; PH = pelleted hops; SH = spent hops.

3.2. Gas Chromatography-Mass Spectrometry Analysis

While the general lipid composition of beer, wort, barley, and malts have been comprehensively
characterised by Bravi and colleagues [32–34], to the best of our knowledge the fatty acid profile of the
polar lipids specifically have not been previously reported. Therefore, the fatty acid profile of each TPL
extract were assessed by GC-MS (Table 2). Beer consists of many volatile and non-volatile compounds
that affect the beer flavour and bioactivities [14,32]. Many of the volatiles and fatty acids in beer are
synthesised by yeasts during fermentation, whereas others are derived from the raw materials [32].
Research demonstrates that the dominant fatty acids in the TL of barley grains, wort, and beer are
palmitic, stearic, cis-oleic, linoleic, and α-linolenic acids [35]. However, little is known about the fatty
acid profile of the polar lipid fractions of the raw materials, wort, or the beer itself.

In this study, the MG and BSG had similar TPL fatty acid profiles. Notably, there were statistically
significant differences between the MG and BSG in the percentage of palmitic and linoleic acids,
where both were higher percentages in the BSG than the MG TPL. Furthermore eicosenoic acid and
docosahexaenoic acids were present as a low percentage of the MG but were not detected in the BSG
TPL. Additionally, there were significant differences in the TPL fatty acid composition between the
MG, BSG, and the beer, namely the TPL fatty acids differed by a higher percentage of SFA and a
lower percentage of monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA)
in the beer TPL in contrast to the MG and BSG. While the MUFA and PUFA were present in lower
amounts in the beer compared to the MG and BSG, arachidonic acid was present in the beer in notably
high amounts (4.9%) but was not present in the MG or BSG. Furthermore, myristic and stearic acid
were also present in a significantly high percentage of the beer TPL in contrast to the MG and BSG.
The MG and the wort also differ in composition, as there was a higher percentage of palmitic, stearic,
arachidonic, and eicosapentaenoic acids and a lower percentage of linoleic, arachidic, eicosenoic acid,
and docosahexaenoic acid with no phytochemicals detected in the MG, BSG, or wort TPL.
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Another contributing factor to the fatty acid composition of beer is the hops. Hops are known for
their high concentrations of volatile components that can impart bitter flavours and aroma to the wort
and final product in the brewing process [36]. However, there is relatively little literature addressing
the fatty acid compositions of the TL or TPL of hops. In this study, there were significant differences
between the fatty acid compositions of the TPL of the PH and the SH. While the total percentage of
PUFA in the TPL of the PH and SH were similar, there was a significant increase in the percentage of
SFA and MUFA in the SH. However, this is most likely not due to an actual rise in the levels of these
fatty acids in the TPL, but may be due to the fact that the PH TPL extract contained a high amount
of volatile components that seemed to significantly reduce in the SH. Considering these levels of
volatile phytochemicals were not present in the wort or beer in any significant percentages, it is likely
that these volatiles were lost during the boiling of the wort, which has been documented previously
in studies [37]. Generally, there was a lower percentage of palmitoleic, margaric, and α-linolenic,
arachidic, eicosadienoic, docosahexaenoic acids in the SH in contrast to the PH, whereas there was a
significantly higher percentage of myristic, palmitic, stearic, cis-oleic, trans-oleic, and linoleic acids
in the SH in contrast to the PH. Furthermore, there was a high percentage of caryophyllene and
aromadendrene oxide in the PH TPL.

While the intention of this analysis was to assess the fatty acid profile of the TPL extract, volatile
phytochemicals and other constituents were also detected in the TPL extracts of beer, PH, and SH in
low percentages. The beer TPL extract contained the highest percentage of phytochemicals at 1.37%,
which can mainly be attributed to the detection of adipic acid (or hexanedioic acid). Other compounds
identified in the final beer TPL extract were β-caryophyllene, 2,4-Di-tert-butylphenol, and tau-muurolol
in low percentages. β-caryophyllene and other essential oils were also present in the PH TPL extracts,
including tau-muurolol, a cadinene sesquiterpenoid that is a plant metabolite, fungicide, and volatile
oil [38], which is commonly found in hops [39]. The PH also contains β-caryophyllene, a bicyclic
sesquiterpene that was also present in the beer and SH. β-caryophyllene is a characteristic essential oil
of hops that is usually in high abundance in comparison to other phytochemicals [36,40] and is the
most abundant phytochemical in the PH and SH TPL extract.

3.3. Platelet Aggregation Assay Analysis

The TL, TNL, and TPL of each extract were assessed for their ability to inhibit PAF and thrombin-induced
platelet aggregation in human PRP. The results of the platelet aggregometry assay for all lipid samples
are expressed as an IC50 value, which is the mass of the lipid sample in micrograms (μg) required
to inhibit half (50%) the maximum-reversible PAF/thrombin-induced platelet aggregation. The IC50

results for each extract tested against PAF-induced platelet aggregation are presented in Table 3. It is
clear from the data presented that overall the TL and TPL are the most bioactive fractions in the various
brewing-related extracts. Overall, the TNL extracts generally exhibited poor bioactivity. Notably
in the MG, the TNL was slightly more bioactive than the TL, but was less bioactive than the TPL.
Furthermore, the BSG TL had an exceedingly low IC50, and thus a higher anti-PAF effect, in comparison
to the relative effect of the TNL and TPL. It is not known why this may be the case and further research
is required to ascertain whether there may be synergistic effects between the compounds extracted
in the TL of the BSG. In terms of the hop extracts, TL, TNL, and TPL IC50 values were similar and
did not show any statistically significant differences between the PH and the SH. The wort and final
beer product were generally the most bioactive TL, TNL, and TPL extracts, although not statistically
significantly different from each other.

The IC50 results for each lipid extract assessed against thrombin-induced platelet aggregation are
presented in Table 4. Similarly to the results of the PAF-induced platelet aggregation assay, it is clear
that overall the TL and TPL are the most bioactive fractions in the various brewing-related extracts.
The IC50 values of the TNL of the MG, BSG, PH, and SH were high, indicating poor inhibition against
thrombin. However, the TNL IC50 values for the wort and beer were comparable to each other and
were considerably lower, and thus more effective against thrombin than the TNL extracts from all
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other sources. Like the TNL extracts, the TPL of the MG, BSG, PH, and SH were high, indicating poor
thrombin inhibition. However, the wort and the beer exhibited extremely low IC50 values that were
not statistically significantly different from each other. Notably, the TL extracts of the MG, BSG, PH,
and SH also possess considerable inhibitory properties against thrombin, although not as potent as the
beer or the wort.

Table 3. The in vitro biological activities of the total lipids (TL), total neutral lipids (TNL), and total
polar lipids (TPL) of the beer and brewing by-products against platelet-activating factor (PAF)-induced
human platelet aggregation, expressed as an IC50 in micrograms (μg) of the sample extract. The hPRP
concentration was approximately 500,000 platelets μL−1. The final concentration of PAF in the cuvette
was 2.6 × 10−8 M. All experimental analyses were carried out in triplicate (mean ± SD, n = 3).

Sample TL TNL TPL

MG 495 ± 105 b 298 ± 89 a 191 ± 58 ab

BSG 69 ± 33 a 610 ± 136 b 617 ± 184 c

PH 453 ± 109 b 1088 ± 172 c 473 ± 280 c

SH 519 ± 81 b 924 ± 166 c 436 ± 142 bc

Wort 70 ± 29 a 175 ± 61 a 58 ± 11 a

Beer 6.4 ± 4.5 a 248 ± 66 a 7.8 ± 3.9 a

a,b,c Different superscripts indicate significant differences among different lipid extracts within the same lipid class
(p < 0.05), when means are compared using ANOVA and Tukey’s HSD multiple comparison test. Abbreviations:
BSG = brewer’s spent grain; hPRP = human platelet-rich plasma; MG =malt grain PAF = platelet-activating factor;
PH = pelleted hops; SH = spent hops; TL = total lipids; TNL = total neutral lipids; TPL = total polar lipids.

Table 4. The in vitro biological activities of the total lipids (TL), total neutral lipids (TNL), and total
polar lipids (TPL) of the beer and brewing by-products against thrombin-induced human platelet
aggregation. Results are expressed as an IC50 in micrograms (μg) of each lipid extract. The hPRP
concentration was approximately 500,000 platelets μL−1. The final concentration of thrombin in the
cuvette was 0.1–1.0 mU/mL. All experimental analyses were carried out in triplicate (mean ± SD, n = 3).

Sample TL TNL TPL

MG 112 ± 21 b 433 ± 77 b 247 ± 39 b

BSG 87 ± 10 b 409 ± 30 b 203 ± 49 b

PH 221 ± 42 c 478 ± 97 b 207 ± 51 b

SH 155 ± 56 bc 572 ± 76 b 396 ± 62 c

Wort 10 ± 3.7 a 165 ± 61 a 24 ± 17 a

Beer 2.4 ± 0.9 a 206 ± 73 a 4.3 ± 3.0 a

a,b,c Different superscripts indicate significant differences among different lipid extracts within the same lipid class
(p < 0.05), when means are compared using ANOVA with Tukey’s HSD multiple comparison test. Abbreviations:
BSG = brewer’s spent grain; hPRP = human platelet-rich plasma; PAF = platelet-activating factor; MG =malt grain;
PH = pelleted hops; SH = spent hops; TL = total lipids; TNL = total neutral lipids; TPL = total polar lipids.

4. Discussion

Previous research has demonstrated that commercial ale, lager, and stout possess potent anti-PAF
activities as demonstrated through PAF-induced platelet aggregation assays [14]. Therefore, the aim
of this study was to assess the antithrombotic activities and fatty acid composition of brewing raw
materials, by-products, wort, and beer from a single production line in an active brewery.

In this study the TL, TNL, and TPL were extracted from the raw materials (MG and PH),
by-products (BSG and SH), wort, and Irish red ale, all originating from the same production line.
The raw materials used in beer production contain a significant amount of lipids, particularly from the
malted barley and hops. However, only trace amounts remain in the final beer product [19]. The lipid
content of the MG mix used as a raw material in this study was considerably low (0.7 g/100 g), where
other ale malts can possess higher lipid levels between 2.8–3.4 g/100 g as reported by Anness [41]. There
are several reasons why the lipid content of the MG was low in this study, including that the lipids of
barley tend to form complex interactions making them tightly bound to starch [18], thus making them
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difficult to extract. It is possible that much of the lipid was not efficiently extracted using the Bligh and
Dyer [29] method. This extraction method does not use harsh acid or heat treatments and therefore
does not efficiently extract all of the lipids but was chosen for this study as an efficient method for
extracting bioactive lipids against platelet aggregation. Indeed, studies have demonstrated a large
variation of lipid yield between different extraction procedures, including some being more efficient
than others for co-extracting non-lipid substances as part of the crude lipid content [42]. Other studies
have also acknowledged that barley lipids are poorly extractable without the use of hot alcoholic
extraction [43]. Therefore, further studies should consider the use of other extraction methods.

Notably, the BSG had a non-statistically significant higher lipid content than the malt, but a
statistically lower TPL content (~39% of the total lipids). This is in accordance with previous research
that estimates that 30% of the barley lipid content is lost during the germination of barley due to the
hydrolysis of triglycerides, which are subsequently metabolised [41].

The greatest amount of lipid extracted from any sample was the PH (14.7 g/100 g) with 79% being
polar compounds. In hops generally, there is a limited amount of fatty acids (1–2%) present [28].
However, the essential oil content of air-dried female hop flowers (strobiles) is generally around 0.5–3%,
whereas waxes and steroids are generally present in trace to high amounts (25%) [44]. Considering
that the hops used in this study were dried and pelleted, the oil and fatty acid content was highly
concentrated, thus explaining the high lipid content as per Table 1. The hops were added during
the boiling process to allow the essential oils present in the hops to contribute to beer flavour and
aroma [40]. However, much of the essential oils present in these bittering hops are highly volatile and
some are lost during the boiling process to evaporation [37], while any that remain are dispersed in the
wort, but may be filtered out during clarification of the wort. At the end of the boiling process, the SH
are collected within the trub. As demonstrated in Table 1, the SH contains low levels of lipids. This is
most likely due to the pelleted hops being dispersed and rehydrated within the wort and the loss of
some volatile compounds from the essential oils during the boiling process. Notably, there was a high
percentage of caryophyllene and aromadendrene oxide in the PH TPL. Aromadendrene oxide is an
oxygenated sesquiterpene that is considered an essential oil, which exhibits anticancer properties [45].

During the brewing process, a significant proportion of the lipid content is lost to the spent
grains [17]. Indeed, in this study the lipid content of the beer and wort were considerably low, but the
low beer TL is in accordance with previously published research [14,41]. The presence of lipids in beer
is generally considered as a negative proponent due to their effect on foam stabilisation and flavour.
Therefore, the reduction of lipid levels is actively reduced where possible through various parts of the
clarification processes used by breweries. The low lipid content of beer generally may also be due to
the fact that barley contains polar lipids and fatty acids that are closely associated with polysaccharides
that create amylose-lipid complexes that are difficult to fully extract [23]. Considering the high TL and
TPL content of the BSG, it is likely that this is the case and that these lipids are lost to the BSG.

The fatty acid composition of the TPL extracts of all the brewing ingredients, by-products, wort
and beer was determined. While the intention of the GC-MS analysis was to assess the fatty acid
profile of the TPL extract, volatile phytochemicals and other constituents were also detected in the TPL
extracts of the beer, PH, and SH in low but considerable percentages. The beer TPL extract contained
the highest percentage of phytochemicals at 1.37%, which can mainly be attributed to the detection
of adipic acid, an unusual non-volatile, alcohol soluble, dicarboxylic acid found sparsely in nature
but is used as a food additive (E355) as a firming or raising agent, which has tart flavour and is safe
for human consumption in low doses [46]. As it was not an intentional additive in the production of
the beer, it is not known where in the brewing process the adipic acid originates from or if it was a
contaminant as it was only found in the TPL of the wort and the final beer product.

Phenolic compounds play a significant role in aroma and flavour development in beer
production [47]. Present in beer, 2,4-Di-tert-butylphenol is a phenolic compound that is produced
by a variety of plants, but can also synthesised enzymatically by S. cerevisiae from organic acids [48].
Interestingly it is a bioactive compound with potential anticancer effects [49], antioxidant activities,
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and may be preventative against the neuroinflammatory effects of amyloid beta (Aβ) in animal models
of Alzheimer’s disease [50]. Considering some phenolic compounds have antiplatelet properties [51],
it is yet to be determined whether 2,4-Di-tert-butylphenol contributed to the antithrombotic activities
observed in this study. Tau-muurolol was also detected, which is a cadinene sesquiterpenoid that is a
plant metabolite, fungicide, and volatile oil [52] that was detected in the beer and PH TPL extracts.
β-caryophyllene, a bicyclic sesquiterpene was also present in the beer, PH, and SH. β-caryophyllene
is a characteristic essential oil of hops that is usually in high abundance in comparison to other
phytochemicals [36,40] and is the most abundant phytochemical in the PH and SH TPL extract.
Notably, caryophyllene compounds may possess anticancer, analgesic, antioxidant, antimicrobial,
and anti-inflammatory activities [53]. Indeed, caryophyllene molecules were present in abundance
in essential oil extracts from 25 species of plants that demonstrated anti-platelet activity against
adenosine diphosphate (ADP), arachidonic acid, and the thromboxane A2 agonist U46619-induced
platelet aggregation in guinea pig and rat plasma [54].

PAF and thrombin-induced platelet aggregation assays were used to assess the antithrombotic
activity of the TL, TNL, and TPL extracts of the brewing raw materials, by-products, wort, and beer.
Generally, the TPL extracts were the most potent against PAF-induced platelet aggregation. The TL
extracts exhibited considerable anti-PAF and anti-thrombin effects, but generally the TPL extracts
were more potent against PAF, whereas in the case of thrombin, the TL in cases were considerably
more antithrombotic than the TNL and moderately more potent that the TPL extracts. Considering,
the overall poorer inhibitory effects of both the TNL and TPL extracts of the MG, BSG, PH, and SH
against thrombin, the compounds present in the combined TL extract may induce synergistic effects
that improve the antithrombotic properties of these extracts, as has previously been demonstrated in
beer [14] and other extracts of natural origin marine extracts [55]. It can be suggested that coextracted
microconstituents such as phenolic compounds and phytochemicals with potential antithrombotic
activities may in part be responsible for these observations as previously demonstrated [51]. Indeed,
considering the BSG possessed potent anti-PAF and anti-thrombin activities, these by-products of the
brewing industry could potentially be used in the development of nutraceuticals or functional foods
and animal feeds, as has previously been demonstrated using by-products of the olive oil industry [56].
Indeed, BSG contains other significant bioactive microconstituents such as peptides and phenolic
compounds that exhibit antioxidant activity [26] that supports the need for further research into the
valorisation of BSG as a functional product for human health.

The beer and wort extracts were the most bioactive fractions against PAF and thrombin. While
not deemed statistically significantly different, the bioactivity of the TL and TPL of the wort seemed to
increase considerably following fermentation. Previous studies in dairy products have shown that
the fermentation process may play a role in the biosynthesis of functional antithrombotic lipids [57].
However, it has yet to be confirmed whether S. cerevisiae can indeed biosynthesise antithrombotic polar
lipids, but this study does demonstrate that yeasts may affect the fatty acid composition of the polar
lipids. Further structure activity relationship studies are required to confirm this notion.

As depicted in Table 2, there is a statistically significant increase in the percentage of polar lipids
bearing fatty acids arachidonic acid and eicosapentaenoic acid (EPA) in their structures as a result
or the wort fermentation. Various studies have demonstrated that polar lipids of natural origin that
bear these fatty acids in their structures along with stearic, cis-oleic, and linoleic acids, all of which
are present in abundance in the beer and wort TPL, exhibit potent antithrombotic properties against
PAF-induced platelet aggregation [9]. Similarly, the beer (red ale) TL and TPL IC50 values obtained in
this study were similar to those published for Smithwick’s red ale TL and TPL against PAF-induced
platelet aggregation using the same methods [27]. The fatty acid compositions of the wort and beer TPL
share structural resemblance to the classical PAF structure, which is generally composed of palmitic
(68%), stearic (27%), or oleic (4%) acids at the sn-1 position, with acetic acid esterified to the sn-2
position, and a phosphocholine group at the sn-3 position [58]. Juxtaposed, the most abundant fatty
acids of the TPL of the wort were palmitic (31.8%), stearic (3.6%), oleic (6.1%), and linoleic (44.8%)
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acids and the most abundant fatty acids present in the TPL of the beer were palmitic (32.3%), stearic
(3.3%), oleic (5.6%), and linoleic (43.4%) acids. Further research is required to confirm whether there is
structural homology between some polar lipids and PAF, which facilitates their binding to the PAF-R,
which may account for their potent biological actions against PAF.

In contrast to the wealth of evidence demonstrating that polar lipids can inhibit the biological
actions of PAF, there is little published research demonstrating the mechanisms for the antiplatelet
effects of food-derived polar lipids against thrombin-induced platelet aggregation. It seems that
the amphiphilic properties of these bioactive polar lipid moieties expedite their transfer from blood
lipoproteins to the membranes of circulating platelets. Thus such bioactive polar lipids can either directly
affect several platelet membrane receptors related to platelet activation (i.e. binding of polar lipids to
the PAF-R) [31] or indirectly affect these platelet receptors. Polar lipids may indirectly affect platelet
receptors through altering the microenvironment and polarisation of the phospholipid membrane,
which potentially alters the affinity of a ligand to a receptor relating to platelet activation, such as
thrombin [9,31,59,60]. However, further research is required to verify these potential mechanisms
and to discern the structures of these compounds, in order to fully elucidate the structure activity
relationships between bioactive polar lipid extracts and their overall antiplatelet effects.

5. Conclusions

The antithrombotic activities of lipid extracts from brewing raw materials, by-products, wort,
and beer were assessed. The most bioactive anti-PAF and anti-thrombin polar lipid extracts originated
from the wort and the final beer product. While not statistically significantly different, it is apparent
that fermentation of the wort may play a key role in increasing the anti-PAF bioactivity of polar
lipids extracted from beer. These findings are in accordance with previous studies demonstrating that
fermentation plays a key role in altering the bioactivity of anti-PAF polar lipids during milk fermentation.
Indeed, this research supports and furthers previously published research demonstrating the presence
of potent anti-PAF polar lipids in red ale. It was also observed that some phytochemicals and phenolic
compounds may contribute to antithrombotic properties of these lipid extracts. Furthermore, this is
the first study to demonstrate the anti-thrombin activities of beer polar lipids, but further research is
required to discern the exact structures and mechanisms responsible for these observations. Moreover,
it was determined that the BSG may be a suitable brewing industry by-product for valorisation as
potential nutraceuticals or functional foods for improved human cardiovascular health.
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of volatile markers from magnum hops in beer by in-tube extraction—gas chromatography-mass spectrometry.
Anal. Lett. 2018, 51, 2967–2980. [CrossRef]

37. Praet, T.; Van Opstaele, F.; De Causmaecker, B.; Aerts, G.; De Cooman, L. Heat-induced changes in the
composition of varietal hop essential oils via wort boiling on a laboratory scale. J. Am. Soc. Brew. Chem. 2016,
74, 212–223. [CrossRef]

38. Yoon, M.-Y.; Cha, B.; Kim, J.-C. Recent trends in studies on botanical fungicides in agriculture. Plant Pathol. J.
2013, 29, 1–9. [CrossRef]

39. Bocquet, L.; Sahpaz, S.; Hilbert, J.L.; Rambaud, C.; Rivière, C. Humulus lupulus l., a very popular beer
ingredient and medicinal plant: Overview of its phytochemistry, its bioactivity, and its biotechnology.
Phytochem. Rev. 2018, 17, 1047–1090. [CrossRef]

40. Eyres, G.; Dufour, J.-P. 22-hop essential oil: Analysis, chemical composition and odor characteristics. In Beer
in Health and Disease Prevention; Preedy, V.R., Ed.; Academic Press: San Diego, CA, USA, 2009; pp. 239–254.

41. Anness, B.J. Lipids of barley, malt and adjuncts. J. I. Brew. 1984, 90, 315–318. [CrossRef]
42. Blasi, F.; Montesano, D.; Simonetti, M.S.; Cossignani, L. A simple and rapid extraction method to evaluate

the fatty acid composition and nutritional value of goji berry lipid. Food Anal. Method. 2017, 10, 970–979.
[CrossRef]

43. Morrison, W.R.; Coventry, A.M. Extraction of lipids from cereal starches with hot aqueous alcohols. Starch
Stärke 1985, 37, 83–87. [CrossRef]

44. Almaguer, C.; Schönberger, C.; Gastl, M.; Arendt, E.K.; Becker, T. Humulus lupulus—A story that begs to be
told. A review. J. I. Brew. 2014, 120, 289–314. [CrossRef]

45. Pavithra, P.S.; Mehta, A.; Verma, R.S. Aromadendrene oxide 2, induces apoptosis in skin epidermoid cancer
cells through ROS mediated mitochondrial pathway. Life Sci. 2018, 197, 19–29. [CrossRef]

46. Kennedy, G.L. Toxicity of adipic acid. Drug Chem. Toxicol. 2002, 25, 191–202. [CrossRef]
47. Lentz, M. The impact of simple phenolic compounds on beer aroma and flavor. Fermentation 2018, 4, 20.

[CrossRef]
48. Shinohara, T.; Kubodera, S.; Yanagida, F. Distribution of phenolic yeasts and production of phenolic off-flavors

in wine fermentation. J. Biosci. Bioeng. 2000, 90, 90–97. [CrossRef]

112



Foods 2019, 8, 171

49. Varsha, K.K.; Devendra, L.; Shilpa, G.; Priya, S.; Pandey, A.; Nampoothiri, K.M. 2,4-di-tert-butyl phenol as
the antifungal, antioxidant bioactive purified from a newly isolated lactococcus sp. Int. J. Food Microbiol.
2015, 211, 44–50. [CrossRef] [PubMed]

50. Choi, S.J.; Kim, J.K.; Kim, H.K.; Harris, K.; Kim, C.-J.; Park, G.G.; Park, C.-S.; Shin, D.-H. 2,4-di-tert-butylphenol
from sweet potato protects against oxidative stress in pc12 cells and in mice. J. Med. Food 2013, 16, 977–983.
[CrossRef]

51. Bijak, M.; Ziewiecki, R.; Saluk, J.; Ponczek, M.; Pawlaczyk, I.; Krotkiewski, H.; Wachowicz, B.; Nowak, P.
Thrombin inhibitory activity of some polyphenolic compounds. Med. Chem. Res. 2014, 23, 2324–2337.
[CrossRef] [PubMed]

52. Policegoudra, R.S.; Goswami, S.; Aradhya, S.M.; Chatterjee, S.; Datta, S.; Sivaswamy, R.; Chattopadhyay, P.;
Singh, L. Bioactive constituents of homalomena aromatica essential oil and its antifungal activity against
dermatophytes and yeasts. J. Mycol. Med. 2012, 22, 83–87. [CrossRef]
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Abstract: In this study, the effect of a four-stage chemical refining process (degumming, neutralization,
bleaching, deodorization) on the quality parameters, fatty acid composition and volatile compounds
of crude oils produced from processing by-products of farmed fish species (tuna, seabass and gilthead
seabream) was evaluated. The quality of the oils was compared to commercially available cod liver oil
on the basis of free fatty acid, peroxide value, p-anisidine, total oxidation (TOTOX), thiobarbituric acid
reactive species (TBARS), oxidative stability at 80, 100 and 120 ◦C, tocopherol content, and volatile
components, while the fatty acid profile and the proportion of polyunsaturated fatty acids (PUFAs)
were used as an indicator of the nutritional values of fish oils. Quality parameters of the studied oils
and oil oxidative stability were enhanced with refining and were within the limits recommended for
fish oils without the loss of PUFAs. In tuna by-product refined oils, the proportion of PUFAs was
over 40%, with 30% of eicosapentaenoic and docosahexaenoic fatty acids. The volatile compounds
of the oils were quantified (in mg/kg) and major components were 2,4-heptadienal, pentadecane,
2,4-decadienal, 2,4-nonadienal and dodecane. The use of aquaculture by-products as an alternative
source for fish oil production could contribute to a more sustainable and profitable aquaculture
production, providing economic benefits for the producers and setting new standards for a fish
by-product disposal strategy.

Keywords: Thunnus thynnus; Dicentrarhus labrax; Sparus aurata; by-products; fish oil; chemical refining;
fatty acid profile; volatile components

1. Introduction

The total aquaculture production of finfish is estimated at 54.1 million tonnes with a moderate
annual growth rate of 5.8% with 37 world countries producing more farmed than wild-caught
fish [1]. The Mediterranean and Black Sea areas have 62% of unsustainable fished stocks, particulary,
the whitefish species. With the intent of making fisheries more productive and sustainable, mariculture
(marine aquaculture) of seabass (Dicentrarhus labrax) and gilthead seabream (Sparus aurata) has grown
exponentially, with these two species almost entirely farmed in the Mediterranean. The species with
the highest commercial value in the Mediterranean is the Atlantic bluefin tuna (Thunnus thynnus) with
capture-based mariculture (capture of fish from the wild and their rearing in sea cages for periods
ranging between 3 months to 2 years) [2]. The growth of aquaculture also reflects on the generation of
aquaculture by-products. In some countries such as Norway or Iceland, a large share of by-products is
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utilized by many different industries [3], in contrast to the Mediterranean region where this is not the
practice. To our knowledge there is no available data for utilization of farmed tuna or seabass and
gilthead seabream by-products for fish oil production or any other purpose that would benefit the
producers economically and could serve as a reference for a fish by-product disposal strategy.

The many benefits that marine lipids contribute to our overall health are well known and widely
documented. High levels of nutritionally valuable long-chain polyunsaturated fatty acids (PUFAs),
mainly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) along with their physicochemical
properties, make fish lipids unique and a promising economically valuable product. Although the
current situation with fish oil production is stable, future projections show that available wild marine
resources are becoming increasingly limited while the demand for PUFA continues to rise. This not
only suggests, but stresses the need for exploration and exploitation of alternative sources [4]. Rest
raw materials of the fish processing industry, also known as by-products, vary within species and
processing methods used, but generally include parts that remain after edible parts of the fish is
removed: Heads, viscera, frames (bones with attached flesh), skins, fins, trimmings, blood and others
not utilized for human consumption [5,6]. Rest raw materials should not be considered waste or less
valuable than the main product [5]. The high nutritive value of fish by-products is related to the
content of valuable minerals, vitamins, protein and lipid fractions thus they are used in wide range
of purposes, from production of fish cakes, pies and nuggets, gelatin, sauces and other products for
human consumption to production of biodiesel [7]. Bioactive components such as peptides, enzymes
or collagens that are used by pharmaceutical, biomedical and biotechnological industries can also
be extracted from fish by-products [1,6]. With the growing interest and scientific knowledge within
the field of by-product utilization and properties of certain components such as protein and oil that
can be extracted from fish by-products, the low-value products such as mince or fish meal have been
replaced by products of higher value [5,8]. Different fish species have specific processing yields and
consequently, generate different proportions of by-products. In addition, the quality and chemical
composition of marine by-products vary between species, season and catching ground as well as
post-capture handling and processing. Although not directly used for human consumption, ingredients
from by-products are used as feed in terrestrial livestock industries and aquaculture farming and
indirectly contribute to human food production. The possible limitations to by-product utilization are
related to lower quality of the fish meal and fish oil in comparison to products obtained from whole
fish and elevated enzymatic activity that makes them highly perishable. Several studies showed that
oil from by-products can be successfully extracted and refined to remove some undesirable compounds
(moisture, pigments, free fatty acids, phospholipids, minerals, off-flavours, etc.) which affect oil
stability, overall quality and consumers’ acceptability, without the loss of PUFAs which enables its
further application [9–13].

The aim of this research was to: (i) Produce and characterize crude oils from processing
by-products obtained from farmed fish (tuna, seabass, and seabream); (ii) investigate the changes in
fish oil characteristics during a four-stage refining process (degumming, neutralization, bleaching,
deodorization) and differences in PUFAs composition between crude and refined oils; (iii) compare
oils extracted from whole waste generated during tuna harvesting and tuna liver; (iv) report the
characteristics of oil extracted from by-products obtained after filleting of farmed seabream and seabass;
(v) compare the quality parameters and fatty acid composition of the obtained crude and refined oils
with commercial cod liver oil in order to investigate the potential recycling of fish wastes for conversion
into products of higher value.

2. Materials and Methods

2.1. General

All the standards compounds, solvents and reagents used in the study were obtained from
Sigma-Aldrich (St. Louis, MO, USA), Fluka (Neu-Ulm, Germany), Merck (Darmstadt, Germany)
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and Kemika (Zagreb, Croatia). Spectrophotometric measurements were performed on a SPECORD
200 Plus (Analytik Jena AG, Jena, Germany). The analyses of fatty acid methyl esters (FAMEs) and
volatile compounds were carried out by gas chromatograph (GC, model 3900; Varian Inc., Lake Forest,
CA, USA) with flame-ionization detection (FID). The oil oxidative stability was determined using
Rancimat model 743 (Metrohm, Herisau, Switzerland). The α-tocopherol content was determined by
high-performance liquid chromatography (HPLC, all components of Series 200; Perkin Elmer, Waltham,
MA, USA).

2.2. Raw Materials and Fish Oil Extraction

Farmed bluefin tuna (Thunnus thynnus) by-products were collected throughout December 2016
and January 2017 during harvesting and the evisceration process (done on board of fishing boat).
By-products were separated into two groups: (i) Over 2000 kg of by-products (gills and gut content)
were used for tuna by-product crude oil production; (ii) approximately 100 kg of tuna livers were
collected (about 930 g each) and used for tuna liver crude oil production. During farming, tunas were
fed with small pelagic fish such as sardines and herring and the average weight at harvesting was
around 67 kg. Additionally, the farmed fish by-product crude oil was produced from approximately
1000 kg of heads, gills and gut content from seabream (Sparus aurata) and seabass (Dicentrarhus labrax)
recovered from a local filleting plant. The fish were farmed at the same farm and fed with dry pellets
(Efico plus, BioMar SAS, Nersac, France). Samples were 400–600 g at harvesting. Each oil was produced
in two batches. Special attention was given to temperature regime during raw material manipulation.
The crude oils were produced by grinding the raw materials in an industrial grinder (MG 250; Scansteel,
Slagelse, Denmark), cooking at 95 ◦C for 12 min (cooking chamber model C2; Alfa Laval, Søborg,
Denmark), and then pressed in a screw expeller and centrifuged at 4200 rpm using a decanter centrifuge
type AC0303 CentryFish 1000 (Alfa Laval) which automatically separates dry matter (fishmeal), water
and oil. With the interest of retaining the quality of crude oils, they were stored at <4 ◦C in dark bottles
and refined within two days. Commercially available cod liver oil (oleum jecoris aselli; Kemig d.o.o.,
Zagreb, Croatia) was purchased from the local pharmacy and used as the control oil.

2.3. Oil Refinement Process

The refinement process, involving four major stages: Degumming (to separate phospholipids),
neutralizing (to decrease acidity), bleaching (to remove coloured materials) and deodorization
(to remove unwanted odour compounds), described by Chakraborty and Joseph [14] with slight
modifications [15] was used. Extracted crude oil (500 g) was mixed with phosphoric acid (5 mL).
The mixture was stirred in water bath heated to 70 ◦C for 20 min. After the cooling, samples were
centrifuged (20 min, 4000 rpm) in order to remove the precipitated gum (degumming). Afterward,
neutralization was done by slowly adding (drop by drop) NaOH solution (1 M) to the degummed oil
samples in combination with constant stirring and heating at 65 ◦C for 20 min. The neutralization
process was conducted until a pH of 7.0 was attained, and samples were then heated to 70 ◦C for 20 min,
cooled and centrifuged for 15 min at 4000 rpm. The oil thus obtained was washed with deionized
water (3-times with 10 mL) by agitation (500 rpm) and heating at 50 ◦C under vacuum. Neutralized oil
samples were separated by centrifugation (10 min, 2500 rpm). The oil obtained after neutralization was
bleached with adsorbents (4 g/100 g of oil) containing 1.13 g of activated carbon and 22.5 g of Fuller’s
earth. The oil samples were stirred using a magnetic stirrer at 40 ◦C for 40 min under N2. After cooling,
oil samples were again separated by centrifugation (30 min, 3500 rpm). Deodorization of the bleached
oil samples was carried out by distillation under vacuum conditions. The mixture of the oil obtained
after bleaching and deionized water (20 mL) was heated to 95–97 ◦C under the vacuum for one hour,
with continual stirring. The refining process was repeated three times for each batch of oil.
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2.4. Analytical Methodologies

American Oil Chemist’ Society [16] methodologies were followed for oils chemical characterization
as follows: Acidic value (AV, Method no. Ca 5a-40) expressed as percent of oleic acid, peroxide value
(PV, Method no. Cd 8-53) expressed as milliequivalents of O2/kg of oil, and anisidine values (p-AV,
Method no. Cd 18-90) calculated as described in Chakraborty and Joseph [13]. The total oxidation
(TOTOX) values were calculated as TOTOX = (2 × PV) + p-AV, while thiobarbituric acid reactive
substances (TBARS) values were determined by the spectrophotometric assay described by Ke and
Woyewoda [17]. The analyses were repeated five times.

The resistance of fish oil to auto-oxidation was determined at three different temperatures (80, 100
and 120 ◦C) by Rancimat method [18]. The fish oil (3 g) oxidative stability was tested at three different
temperatures (80, 100 and 120 ◦C), while the airflow in all experiments was constant (20 L/h). The results
were expressed as induction periods (IPs) which are the measure of oil stability or shelf-life, defined as
the time in hours required to reach the end-point of oxidation.

2.5. Tocopherol Content

The tocopherol content was analyzed using HPLC system equipped with an autosampler,
vacuum degasser, binary pump, fluorescent detector and the column oven on the Ultra Silica column
(150 × 4.6 mm, 5 μm; Restek, Bellefonte, PA, USA) by a method previously described by Šimat et al. [15].
In short, an aliquot of 20 μL was obtained after dissolving 0.5 g of fish oil in 5 mL of hexane and injected
into the chromatographic system. The following gradient elution program was applied using solvent
A (hexane) and solvent B (isopropanol) at a flow rate of 0.9 mL/min: 3% B for the first 15 min, followed
by an increase in solvent B to 80% through 5 min, after which the solvent ratio was maintained for
8 min. Over the next minute, the solvents returned to the initial conditions and this ratio of solvent
was maintained for another 11 min to ensure column stabilization. The temperature of the column
was held at 30 ◦C and detection observed by a fluorescent detector (excitation 290 nm and emission
330 nm). The compound was identified according to the retention time and quantified through the
calibration curve of the standard. The analyses were performed in duplicate.

2.6. Fatty Acid Profile

The fatty acid methyl esters (FAMEs), prepared by dissolving oil samples (0.1 g) in heptane (2 mL)
and by the addition of 2 M KOH in methanol (0.2 mL), were analyzed by gas chromatography with
flame-ionisation detection (GC-FID) using capillary column RTX 2560 (100 m × 0.25 mm i.d., coating
thickness 0.25 μm; Restek) by a method previously described in Šimat et al. [15]. In short, 1 μL of the
heptane layer was injected into the chromatograph with a split ratio 1:100, with the temperature of
injector et at 225 ◦C and of the detector at 240 ◦C. At a constant flow rate of 3 mL/min, helium was
used as the carrier gas. The initial oven temperature was 140 ◦C, held for 5 min, raised to 240 ◦C at a
rate of 4 ◦C/min and held at 240 ◦C for 20 min. FAMEs were identified by comparing to with standards
(Supelco 37 Component FAME Mix; Sigma-Aldrich). The analyses were performed in duplicates and
the results are expressed as percentages of methyl esters of individual fatty acids.

2.7. Analysis of Volatiles

The volatile compounds of oils were analyzed using headspace solid phase microextraction
(HS-SPME) coupled with GC-FID. The samples were prepared using 2-cm long fibres of
divinylbenzene-carboxen-polydimethylsiloxane (DVB-CAR-PDMS, thickness 50/30 μm) obtained
from Supelco (Bellefonte, PA, USA). A total of 2 g of oil was placed into a 20 mL head space vial and
equilibrated at 40 ◦C for 5 min, inserting the fibre into the headspace for adsorption at 40 ◦C for 30 min,
then transferring the fibre to the injector port for desorption at 250 ◦C for 1 min.

The quantitative analyses and separation of volatile compounds of major fish oil volatile
components were performed by GC-FID and CP-WAX 57 CB column (50 m × 0.25 mm i.d., coating
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thickness 0.2 μm; Varian). At a constant flow rate of 2 mL/min, helium was used as the carrier gas.
The GC oven temperature was programmed at an initial 40 ◦C for 4 min, raised to 190 ◦C at a rate of
5 ◦C/min and kept constant for 11 min. The temperature was then raised up to 200 ◦C applying the
same rate of 5 ◦C/min. The detector temperature was maintained at 250 ◦C. The total analysis time for
each sample was 67 min. The analyses were performed in duplicates.

The investigated compounds were identified by the retention time of the corresponding analytical
standard, while the quantification was made by external calibration. As the applied method did not
ensure adequate separation of 2,4-heptadienal and pentadecane, results for these two compounds are
presented as their sum while their concentration was calculated using the calibration curve obtained
for 2,4-heptadienal. GC Workstation Version 6.41 chromatographic software (Varian) was used for
data collection and calculation [19].

2.8. Statistical Analysis

The obtained results are expressed as mean values ± standard deviation. The means of detected
parameters were analyzed for significance by analysis of variance (one-way ANOVA) using Statgraphics
Centurion (StatPoint Technologies Inc., Warrenton, VA, USA). Differences were considered to be
significant at p < 0.05.

3. Results and Discussion

3.1. Chemical Characterization and Oxidative Stability of Fish Oils

The results of the chemical and compositional quality characterization of oils from tuna by-products,
tuna liver, seabass and gilthead seabream by-products during four refining stages and their comparison
to cod liver oil (control) are presented in Table 1. Despite the high temperature used during the oil
production (cooking at 95 ◦C for 12 min) the temperature was found to have a poor influence on oil
quality parameters. During preliminary studies we inspected quality parameters in oils extracted at
different temperatures (from 65–95 ◦C) and compared it to Bligh and Dyer extracts [20] and found no
significant difference in oxidative parameters [21]. It has been previously found that oil extraction
temperature is weakly linked to the oxidative quality of produced oil, but strongly affected by omega-3
content of the raw material, providing confirmation of our finding [22]. To control the quality of fish oil
properties, which is very labile to hydrolytic spoilage and oxidative deterioration, numerous standards
with variable acceptable levels have been established [23]. The express lipolysis and oxidation of fish
oils are the results of high autolytic activity and high content of PUFAs in fish tissues. It is expected that
this process is even more susceptible for fish by-products. For this reason, fish oils usually have high free
fatty acid (FFA) content. In this study, the results of FFA values of crude oils were low confirming that
short cooking periods during the oil extraction, even at higher temperatures, did not cause significant
hydrolysis. Only in tuna liver oil the FFA values were over 3. The refinement process ensured an
additional decrease of FFA by 3.7, 32 and 47% in tuna by-product, tuna liver and seabass/seabream
oil, respectively. Among the three studied oils, seabass and gilthead seabream by-product oil had
the lowest FFA values, even lower than the control. The allowable limit of FFAs value for crude fish
oil is in the range of 1–7% of oleic acid, usually 2–5% [24], but the general recommendation is that
FFA values of edible oils should be ≤3.0%. This is important since FFAs have an impact on the oil
organoleptic properties as well as oil compositional quality [25], can act as pro-oxidants which initiate
the oxidation mechanism [26] and high FFA values are problematic during omega-3 extraction and
biodiesel production [27].

Primary oxidation of oil used to monitor hydroperoxides formation is determined by PV and
should be ≤5 meq O2/kg for fish oils intended for human consumption [28,29]. Despite the increase of
the PVs for studied oils after degumming step, final values obtained for the refined oils were below the
limit of 5 meq O2/kg (Table 1) which opens the possibility of using these oils for human consumption.
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The influences of the refining steps on oil oxidation status and products expressed as p-AV,
TOTOX and TBARS are presented in Table 1. Among crude oils, p-AV and TOTOX values for tuna
by-product oil were the highest, followed by those for tuna liver oil and seabass and gilthead seabream
by-product oil. The processing steps of degumming, neutralizing and bleaching caused reduction of
p-AV and TOTOX while these parameters increased after the deodorization step. The highest p-AV
value was detected for refined tuna by-product oil (19.5), while TOTOX values of refined tuna liver
and seabass and gilthead seabream by-product oils were higher than those obtained for crude oils, 27.7
and 24.7, respectively. This suggests that used adsorbents (activated carbon and Fuller’s earth) have
the capacity to adsorb primary and secondary oxidation compounds [14]. The allowable limit of p-AV
for acceptability of fish oil for human consumption is ≤20 [30].

Although the p-AV obtained for oils in this study were under this limit, they were significantly
higher than the control, thus additionally influencing the higher TOTOX value. The TOTOX is a
parameter used to determine the presence of compounds generated by degradation of PUFAs under
pro-oxidant conditions including high temperatures, oxygen, metal compounds and light, and the
TOTOX value ≤ 26 under is found to be allowable for fish oil [31]. Therefore, in association to the
above mentioned PV and p-AV values, the TOTOX values of studied by-product oils were above
the mentioned limit in crude and refined oils from tuna by-products and just under the limit in
seabass and seabream by-product oil (Table 1). The p-AV value and TOTOX obtained for crude sardine
oil were found to be 16 and 40, respectively [14]. In that study, authors applied the same 4-stage
refining process which was more effective for sardine oil and reduced p-AV value and TOTOX values
to 10 and 19, respectively. On the other hand, as reported in Table 1, TBARS assay detected low
accumulation of secondary oxidation products. TBARS detects lipid oxidation when thiobarbituric acid
and oxidation products from unsaturated FAs react involving several secondary oxidation products,
however, the TBARS of by-product oils was lower that the control oil.

Table 1. Chemical and quality parameters of crude oils from tuna by-products, tuna liver, seabass and
gilthead seabream by-products at different stages of the refining process, and cod liver oil (control).

Oil Samples Refining
Phase

Measured Parameter

FFA
(% Oleic Acid)

PV
(meq O2/kg)

p-AV TOTOX
TBARS
(μM/g)

Tuna
by-product oil

Crude oil 2.94 ± 0.12 a 2.31 ± 0.73 a 25.2 ± 0.08 a 29.7 ± 0.20 a 0.94 ± 0.33 a

Degummed 3.51 ± 0.03 b 3.93 ± 0.18 b 19.2 ± 1.25 b 27.1 ± 0.79 b 1.02 ± 0.14 a

Neutralized 3.13 ± 0.10 b 3.46 ± 0.39 b 16.9 ± 1.23 c 23.8 ± 1.06 c 2.02 ± 0.45 b

Bleached 2.93 ± 0.04 a 2.88 ± 0.11 ab 14.4 ± 0.90 d 20.2 ± 1.34 d 1.88 ± 0.37 b

Deodorized 2.83 ± 0.01a 3.78 ± 0.22 b* 19.5 ± 0.94 b 27.1 ± 2.15 b 1.14 ± 0.11 a

Tuna liver oil

Crude oil 3.13 ± 0.00 a 2.68 ± 0.86 a 20.9 ± 1.34 a 26.0 ± 0.14 a 2.88 ± 0.73 a

Degummed 2.52 ± 0.05 b 3.01 ± 0.05 ab 19.1 ± 2.47 b 25.2 ± 1.17 a 1.35 ± 0.02 b

Neutralized 2.65 ± 0.11 c 2.89 ± 0.22 ab 17.0 ± 4.78 c 22.7 ±1.22 b 1.76 ± 0.03 b

Bleached 2.17 ± 0.03 b 2.85 ± 0.53 ab 14.0 ± 0.65 d 19.7 ± 0.43 c 1.92 ± 0.35 b

Deodorized 2.12 ± 0.16 b 4.25 ± 0.28 c 19.2 ± 2.22 b 27.7 ± 2.22 a 1.97 ± 0.53 b

Seabass and
gilthead

seabream
by-product oil

Crude oil 2.41 ± 0.47 a 4.63 ± 1.07 a 18.1 ± 0.19 ab 19.3 ± 2.45 a 0.53 ± 0.05 a

Degummed 1.66 ± 0.05 b 2.70 ± 0.18 b 15.7 ± 1.12 c 20.2 ± 0.12 a 3.46 ± 2.08 b

Neutralized 1.43 ± 0.18 b 3.13 ± 0.31 b 12.7 ± 0.65 a 18.9 ± 0.26 a 2.24 ± 1.05 bc

Bleached 1.40 ± 0.01 b 3.44 ± 0.25 ab 11.4 ± 0.19 b 18.4 ± 0.52 a 1.14 ± 0.10 ac

Deodorized 1.28 ± 0.15 b 4.20 ± 0.15 ab 16.5 ± 0.39 c 24.7 ± 0.32 b 1.42 ± 0.53 ac*

Cod liver oil Control 2.15 ± 0.08 3.85 ± 0.44 13.3 ± 1.11 21.0 ± 0.18 1.63 ± 0.07

n = 30; Different superscript letters (a–d) in the same column denote statistically significant difference (p < 0.05);
* Measured parameters in deodorized oils marked with * do not differ statistically (p < 0.05) from the control sample.

The Rancimat method, an accelerated method that employs high temperatures and air-flow supply
to estimate the oxidative stability and shelf life of oil-containing products in a relatively short time,
was used to measure the oxidative stability of oils (Figure 1). According to the presented results it
can be seen that tuna by-product oil was the most stabile sample among crude oils with IP of 1.54 h
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at 80 ◦C, 0.58 h at 100 ◦C and 0.15 h at 120 ◦C, while lower values were obtained for the other two
oils. The refinement process prolonged the oil oxidative stability in all cases, but unlike for crude oils,
refined tuna liver oil and seabass and seabream by-product oil showed higher IP values than tuna
by-product oil (prolongation of 36% at 80 ◦C, 35% at 100 ◦C and 52 % at 120 ◦C). The oil resistance to
the lipid oxidation is a result of differences between fatty acid profiles of investigated oils. From the
Table 2 and Figure 2 it can be seen that crude tuna by product oil contain the highest content of PUFAs
(
∑

of 37.65%), as well as EPA + DHA (
∑

of 30.85%). Furthermore, the n-3/n-6 ratio in crude tuna waste
oil was more than 3.5-fold higher than in crude tuna liver oil, and more than 9.5-fold higher than in
crude seabass and seabream by-product oil. The refinement process reduced this parameter by half in
tuna by-product oil, slight reduction was obtained in seabass and seabream by-product oil, while a
higher value was detected in refined tuna liver oil. Although the referent cod liver oil showed the
highest stability at 80 ◦C, at higher temperatures its stability was lower that of the investigated refined
oils. As can be seen in Figure 3, significantly higher content of tocopherol in cod liver oil has been
detected. This compound has been added during the production of the commercial oil sample in order
to improve it stability, but it has been established that tocopherol degrades at higher temperatures [32]
which is probably caused lower IP of the cod liver at 100 and 120 ◦C.

Figure 1. The oxidative stability (n = 18) of crude and deodorized (refined) oils from tuna by-products,
tuna liver, seabass and gilthead seabream by-products, and cod liver oil (control).

3.2. Fatty Acid Profile of Oils

The results of the fatty acid profile of the crude oils and their changes after oil refinement are
presented in Table 2 and in Figure 2A–D. The most dominant SFA contributing approximately 52–55%
of total SFA, in all investigate oils was palmitic FA (C16:0). Its content was significantly higher in tuna
oils in comparison to seabream/seabass oil and the control. Palmitic FA occurs naturally in fish, being a
source of metabolic energy for their growth. The oleic acid (C18:1n-9 cis) was the major compound
among MUFAs and in the studied oils amounted to approximately 14% in tuna oils, to 40% in seabass
and gilthead seabream by-product refined oil. Among PUFAs, high concentrations of EPA (C20:5n-3)
and even higher those of DHA (C22:6n-3) were found in all studied oils. The relative contents of EPA
and DHA were expected to increase during the refining process [14,33], but in this study the minimal
increase was observed after refinement only for DHA in tuna liver oil. However, in both crude and
refined tuna by-product oils amounts of EPA and DHA were found to be extremely high. In tuna oils
and the control oil, especially in tuna liver oil dihomo-γ-linolenic acid (20:3n-6), was found in higher
amounts (7.32-9.89%), while in seabream/seabass oil its precursor, linoleic acid (C18:2n-6) was found
significantly higher compared to other oils (17.32%). Erucic acid (22:1n-9) was found in small amounts
in studied oils, with the highest content (1%) found in the control oil.
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The crude oils from tuna by-products and liver contained significantly higher total amounts of
saturated fatty acids (32.7 and 35.6%, Figure 2) in comparison to seabass and gilthead seabream by-product
oil (23.6%). The SFA profile of the oils did not statistically change with the refining process and tuna oils
had significantly higher SFA content than the control. The MUFAs content was the highest in seabass
and gilthead seabream by-product oil (46%) and did not change after refining. Tuna by-product oil
had slightly higher MUFA content then tuna liver oil. The PUFAs were significantly higher in tuna
by-product and tuna liver crude oils (37.7 and 35.2%) and they increased to 40.2 and 39.6% in refined oils,
respectively. The content of PUFAn-3, in the studied oils, ranged from 11.6–32.3% and was higher than
that of PUFAn-6 for 8.9-18.7% (Figure 2). A high percentage of PUFA indicates good nutritional values of
the studied fish oils. The PUFA/SFA ratio of 0.4-0.5 is considered beneficial for human health [34], and it
was significantly higher in the crude oils, while in refined oils it ranged from 1.1 to 1.2, significantly lower
than in the control oil (Figure 2). In general, it is accepted that compared to wild caught fish, modern
aquaculture products have lower n-3 FAs, and higher levels of terrestrial plant-originating C18:2n-6 as a
result of feed composition [35]. Very high intake of n-6 was recognized as undesirable and it reduces
the nutritional quality of fish oil. The sum of n-6 was 18-19% higher in seabass and gilthead seabream
by-product oils and along with the lowest sum of n-3 and EPA+DHA.

Table 2. The changes in fatty acid profile (%) of crude and refined oils from tuna by-products, tuna
liver, seabass and gilthead seabream by-products and comparison to cod liver oil (control).

Fatty Acid Tuna By-Product Oil Tuna Liver Oil
Seabass and Seabream

By-Product Oil
Cod Liver

Oil

Crude Oil Refined Crude Oil Refined Crude Oil Refined Control

C12:0 n.d. 1 0.06 ± 0.00 0.07 ± 0.00 0.06 ± 0.01 0.02 ± 0.01 0.03 ± 0.00 0.02 ± 0.02
C13:0 n.d. 0.06 ± 0.00 0.07 ± 0.00 0.07 ± 0.02 n.d. 0.02 ± 0.00 0.01 ± 0.01
C14:0 6.08 ± 0.98 6.05 ± 0.00 6.60 ± 0.49 6.50 ± 0.25 2.31 ± 0.02 2.57 ± 0.14 4.64 ± 0.02
C14:1 0.46 ± 0.65 0.04 ± 0.06 0.91 ± 0.06 n.d. 0.36 ± 0.00 0.40 ± 0.00 0.39 ± 0.03
C15:0 0.37 ± 0.52 0.82 ± 0.01 0.07 ± 0.00 0.88 ± 0.02 0.04 ± 0.01 0.05 ± 0.00 0.12 ± 0.01
C15:1 n.d. 0.01 ± 0.01 0.01 ± 0.00 n.d. n.d. n.d. n.d.
C16:0 18.20 ± 2.12 18.09 ± 0.23 19.85 ± 1.54 18.97 ± 0.82 12.70 ± 0.02 13.87 ± 0.23 12.16 ± 0.18
C16:1 6.14 ± 0.74 6.09 ± 0.06 5.61 ± 0.43 5.40 ± 0.22 3.55 ± 0.09 3.88 ± 0.17 8.81 ± 0.01
C17:0 0.67 ± 0.07 0.65 ± 0.00 0.75 ± 0.06 0.71 ± 0.03 0.32 ± 0.02 0.34 ± 0.01 0.19 ± 0.02
C17:1 0.46 ± 0.10 0.44 ± 0.01 0.40 ± 0.04 0.35 ± 0.02 0.27 ± 0.01 0.29 ± 0.01 0.35 ± 0.02
C18:0 4.28 ± 0.36 4.23 ± 0.01 4.97 ± 0.36 4.66 ± 0.08 2.63 ± 0.01 0.17 ± 0.00 3.21 ± 0.34
C18:1n-9t 2.64 ± 0.41 0.16 ± 0.00 0.17 ± 0.02 0.16 ± 0.01 0.12 ± 0.00 0.15 ± 0.00 0.14 ± 0.00
C18:1n-9c 13.92 ± 1.14 13.73 ± 0.18 13.42 ± 1.09 13.05 ± 0.09 37.97 ± 0.08 40.52 ± 0.72 18.73 ± 0.01
C18:2n-6t 0.06 ± 0.08 0.05 ± 0.03 0.08 ± 0.09 0.13 ± 0.01 0.04 ± 0.00 0.04 ± 0.00 0.08 ± 0.00
C18:2n-6c 1.04 ± 1.47 2.18 ± 0.01 2.28 ± 0.18 2.13 ± 0.02 16.35 ± 0.02 17.32 ± 0.26 1.89 ± 0.02
C20:0 0.42 ± 0.03 0.42 ± 0.00 0.47 ± 0.04 0.43 ± 0.01 0.51 ± 0.00 0.39 ± 0.01 0.29 ± 0.01
C18:3n-6 0.39 ± 0.55 0.13 ± 0.00 0.12 ± 0.01 0.11 ± 0.02 0.19 ± 0.00 0.19 ± 0.00 0.15 ± 0.00
C20:1 5.07 ± 0.20 5.08 ± 0.02 6.50 ± 0.56 5.84 ± 0.04 2.47 ± 0.00 2.50 ± 0.05 12.67 ± 0.04
C18:3n-3 1.41 ± 0.12 n.d. n.d. 0.65 ± 0.06 0.02 ± 0.02 0.18 ± 0.00 n.d.
C21:0 n.d. 1.44 ± 0.04 1.48 ± 0.13 0.67 ± 0.08 4.28 ± 0.01 4.46 ± 0.05 0.90 ± 0.02
C20:2 0.28 ± 0.01 0.27 ± 0.01 0.31 ± 0.03 0.11 ± 0.01 0.59 ± 0.01 0.58 ± 0.02 0.30 ± 0.02
C22:0 0.08 ± 0.11 0.15 ± 0.01 0.18 ± 0.02 0.17 ± 0.02 0.19 ± 0.02 0.17 ± 0.01 0.14 ± 0.00
C20:3n-6 3.54 ± 5.01 7.32 ± 0.02 10.25 ± 0.92 9.04 ± 0.17 1.04 ± 0.00 0.97 ± 0.01 9.89 ± 0.02
C22:1n-9 0.32 ± 0.01 0.30 ± 0.00 0.39 ± 0.03 0.37 ± 0.01 0.46 ± 0.03 0.43 ± 0.01 1.00 ± 0.02
C20:3n-3 n.d. 0.02 ± 0.00 0.05 ± 0.00 0.11 ± 0.11 0.03 ± 0.00 0.02 ± 0.00 n.d.
C20:4n-6 0.19 ± 0.13 0.18 ± 0.00 0.19 ± 0.01 0.09 ± 0.14 0.16 ± 0.00 0.16 ± 0.00 0.16 ± 0.01
C23:0 1.02 ± 0.08 0.97 ± 0.00 1.01 ± 0.07 1.92 ± 0.01 0.51 ± 0.01 0.48 ± 0.01 0.58 ± 0.01
C22:2 n.d. 0.03 ± 0.00 0.05 ± 0.01 0.36 ± 0.07 0.05 ± 0.01 0.05 ± 0.00 0.02 ± 0.01
C24:0 0.87 ± 0.04 0.02 ± 0.00 0.07 ± 0.01 0.40 ± 0.02 0.07 ± 0.00 0.05 ± 0.01 0.82 ± 0.04
C20:5n-3 9.56 ± 0.76 9.29 ± 0.04 8.81 ± 0.68 8.21 ± 0.03 3.33 ± 0.03 3.04 ± 0.00 9.58 ± 0.06
C24:1 0.60 ± 0.02 0.65 ± 0.00 0.90 ± 0.09 0.77 ± 0.14 0.45 ± 0.01 0.34 ± 0.04 0.48 ± 0.00
C22:6n-3 21.29 ± 1.09 20.75 ± 0.19 13.07 ± 7.00 18.66 ± 1.21 8.26 ± 0.24 6.37 ± 0.47 11.9 ± 0.26

1 n.d.—not detected; n = 12.
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Figure 2. The sum of monounsaturated (
∑

MUFA) and polyunsaturated (
∑

PUFA) fatty acids, the sum
of eicosapentaenoic and docosahexaenoic fatty acids (EPA + DHA), the sum of n-3 and n-6 content plus
ratios between n-6/n-3 and polyunsaturated fatty acids/saturated fatty acids (PUFA/SFA) in crude and
refined oils from: (A) tuna by-products, (B) tuna liver, (C) seabass and gilthead seabream by-products
and (D) cod liver oil (control).

Figure 3. The tocopherol content (n = 12) in crude and deodorized (refined) oils from tuna by-products,
tuna liver, seabass and gilthead seabream by-products and cod liver oil (control).

In tuna by-product oils the refining process resulted with a decrease share of MUFAs and the
increase of PUFAs. This, as well as the content of antioxidant compounds such as tocopherol (Figure 3),
can contribute to the oxidative stability of oils. Crude oils from farmed fish by-products had high
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tocopherol content which was significantly reduced by refining process in all oils (31–45%). At the
same time, oxidative stability was prolonged by the refining process thus the role of tocopherol in
oxidative stability appears to be smaller than the removal impurities which act as pro-oxidants [36].
This is confirmed on the control oil which had over 140 mg of tocopherol per kilogram (data from
declaration sheet indicate a content of 1190 International Units of vitamin A per gram) however this
content did not enhance its oxidative stability at elevated temperatures. The tocopherol content of
oils from farmed fish species is higher in comparison to oils from wild fish and their by-products.
For example, sardine by-product crude oil has approximately 30 mg tocopherol /kg [15]. It has been
suggested that dietary elements of fish feed, such as vitamin E, do not influence significantly the
amount of total lipids, phospholipids, polyunsaturated and general muscle fatty acid composition but
protect from peroxide formation and phospholipid hydrolysis [35].

3.3. Volatile Profile of Oils

The composition and relative contents of volatile compounds of crude, bleached and deodorized
oils from tuna by-products, tuna liver, seabass and gilthead seabream by-products and cod liver
oil (control) are presented in Table 3. Sixteen volatile components were identified (one ester, six
aldehydes, five alcohols and three hydrocarbons). In tuna by-product oil the most dominant was
the sum of 2,4-heptadienal (from n-3 fatty acids) and pentadecane, followed by (E,E)-2,4-decadienal,
dodecane and 4-methylpenten-2-ol. The applied GC-FID method did not ensure adequate separation
of 2,4-heptadienal and pentadecane, and their concentration was calculated using the calibration curve
obtained for 2,4-heptadienal since it was considered more important in fish oil, however the exact
amount of the 2,4-heptadienal in the total sum is unknown. Taking into account that other volatile
compounds such as (E,Z)-2,6-nonadienal and (E,E)-2,4-decadienal (secondary lipid oxidation products)
were found in low concentrations, low TBARs values (Table 1) and previous reports that suggest
pentadecane as dominant component in fish oil samples [37,38], we can assume that pentadecane is
the dominant compound in this mixture. Similar was observed for tuna liver oil with exception to high
levels of 1-penten-3-ol. Among unsaturated alcohols responsible for the fishy odour of the oil, one of
the most important components is 1-pentene-3-ol [39]. The content of this compound was significantly
reduced in all studied oils and in refined oils, with the findings ranging from 0.01–1.03 mg/kg.

In seabass and gilthead seabream by-products oil aldehydes, (E,E)-2,4-decadienal and
2,4-nonadienal, were found to be higher than in tuna by-product oils and levels of
2,4-heptadienal+pentadecane were significantly lower. The amount of 2,4-decadienal (from the
n-6 fatty acids) increased after the distillation, especially in seabass and seabream oil. In comparison
to studied oils, the control oil was characterized with high levels of tetradecene. The values of two
fatty aldehydes, 2,4-heptadienal and 2,4-decadienal are of great importance due to their contribution
to the characteristic unpleasant odour of the oil [14,39]. The composition and proportion of volatile
compounds changed significantly during the refining process and only in tuna by-product oil the
total sum of volatile compounds was reduced during refining. The aldehydes are known as essential
indicators of the oxidation processes and are also responsible for oil fishy odour, same for ketones which
usually have very low thresholds and are derived from autoxidation of PUFAs via hydroperoxides
or lipid oxidative degradation. In order to remove undesirable favor components, such as oxidation
products (aldehydes and ketone, residual free fatty acids, etc.) the deodorization step is generally
carried out by conventional steam distillation at temperatures below 200 ◦C. The suggested procedure
does not affect all volatile components equally. The effectiveness of this process is influenced by the
applied pressure and volatility of components at high temperature. In this stage, it is also important to
inhibit the degradation of the essential components by cyclization and polymerization of long chain
PUFAs [26].
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Chakraborty and Joseph [14] reported that sardine fish oil distillate obtained after 60 min of
steam distillation under vacuum contained two prominent aldehydes, namely, 2,4-heptadienal and
2,4-decadienal. The concentrations of these compounds were also high in our study suggesting that
improvement of the distillation method is necessary.

The aroma components of fish have been widely studied, however volatile compound profiles
in crude fish by-products oils and in oils undergoing the refining process have rarely been reported.
In general, volatile compounds of fish oils are only identified [14,33,40], without dealing with the
quantification of those components (concentrations reported in mg/kg instead of in % of peak area).
The volatile components in fish oils are usually a result of microbiological spoilage or oxidation
processes of lipids, amino acids and proteins and the knowledge of their chemical characterization and
changes during treatments is useful for feed and aquatic industry as it opens new usage possibilities of
different processing by-products [14,33,41].

The changes of volatile profiles of fish oil, from tuna and anchovy by-products in chemical refining
process have been previously reported by Song et al. [33]. Authors identified 63 volatile compounds,
with hexanal, nonanal, undecanal, 2-nonanone, and 2-undecanone being the key volatile components of
the fish oils. The study demonstrated that compounds which are most responsible for the unfavorable
odour of the fish oil could be effectively removed by the refining process which directly enhances the
oil quality. Oliveira et al. [42] studied the effects of chemical refining and deodorization on fatty acid
profiles and sensory characteristics of the tuna (Thunnus albacares) by-product oil obtained by enzymatic
hydrolysis. The oil was extracted from the heads and was found rich in PUFAs. In comparison to
this study, authors found higher content of MUFAs in refined oil (36.78%) and lower content of PUFA
(33.18%) and recommended deodorization conditions at 160 ◦C for 1 h and 200 ◦C for 1 h for PUFA
rich oils.

4. Conclusions

The chemical and compositional quality of the characterization of oils from tuna by-products,
tuna liver, seabass, and gilthead seabream by-products during the four stage refining process suggests
that by-products are suitable and valuable raw material for PUFA-rich oil production. Crude oils
showed good characteristics; and the four-stage refining process was effective in reducing oil impurities
resulting in lower FFA, PV, p-AV, TOTOX, and TBARS values of studied oils. Refined oils also showed
better oxidative stability. A beneficial compound, α-tocopherol, which might improve the oil quality
was lowered by the described refining process in all oils. Volatile compounds responsible for the
sensory profile of the oils were formed and removed from the oils during different refining steps
without clear relation to FFA and TBARS values. In order to maintain high levels of long-chain fatty
acids, such as EPA and DHA, the described refining procedure was effective, but for effective removal
of volatile components from fish oil, improvement of the deodorization step is needed possibly at
temperatures higher than 100 ◦C for a short period of time. During the search of an alternative source
of raw material for fish oil production, the results of this paper have been found to contribute to a
more efficient utilization of natural marine resources, clearly indicating that by-products may offer a
solution that will improve waste management, an ecological aspect of fish processing, thereby adding
value to “waste”.
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