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Nowadays, the valorization of by-products of the food industry is a priority linked
to the need to release the smallest amount of products from processes. The sustainable
development goal provides for the creation of a circular economy in order to reduce the
environmental impact of production processes and increase the incomes from it. In one
of the several definitions of a circular economy, it could be considered as an economic
model that aims to the maximum reuse and recycling of materials, goods, and components
in order to decrease waste generation [1]. Within this economic model, the valorization
of the food industry by-products becomes very important considering the quantities that
are released by the different transformation processes. In addition, the food by-products
contain important amounts of biologically active compounds that could be used in various
sectors, including food manufacturing itself [2]. The scientific research is called to study and
provide new solutions for the exploitation of the food by-products, in fact, in recent years,
the publications that contain in the title, abstract, or key-words the “food by products”
exceed a thousand a year with a great increase in recent years (source Scopus).

Food by-products derive from different sources, among them vegetable, meat, brewery,
winery, dairy, and fish processing and industries provide very interesting quantities and
high-activity molecules for their reuse. The purpose of this Special Issue is to bring together
some of the recent studies that can allow the development of new knowledge for the
exploitation of the by-products of the food industry.

The valorization of by-products requires an articulated strategy. In fact, it becomes
important to the management of the by-product immediately after its production and until
its use, its transformation or extraction of the active fractions, the treatment of the active
fractions. When the extracted fractions are added to foods it is important to know the
interactions between compounds (or fractions) and foodstuff. In view of a food utilization
of the obtained extract, the choice of the correct solvent and extraction process are very
important. In the same way, the other operations involved should be carefully evaluated.
Some manuscripts of this Special Issues discuss pretreatments applied to different raw
materials. Drying is applied to reduce water content and improve extraction of active
substances, but the process could have a thermal impact on the molecules. In addition to
conventional air drying of vine shoots [3], freeze-drying, heat drying, and non-thermal
air-drying to reduce water content of the tomato pomace [4] were studied. Considering
the potential food utilization of the lycopene extracts from tomato pomace, green deep
eutectic solvent mixtures were used and compared with traditional ones (hexane). The
study has demonstrated that the green deep eutectic solvents coupled with a preliminary
non-thermal drying could be an effective alternative to traditional processes. Another study
has studied the grape pomace extraction and a large scale solid–liquid extraction process
was set up to optimize the process and obtain catechin enriched extracts [5].

A problem of active molecules extraction is their concentration in the extract. Some
techniques could be applied to enriched (or concentrated) items, the use of macroporous

Foods 2022, 11, 3246. https://doi.org/10.3390/foods11203246 https://www.mdpi.com/journal/foods1
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resins is described and tested on hazelnut skin extracts [6]. With this operation, a great
concentration of phenols and anti-oxidant activity was obtained.

Many agricultural and livestock breeding products show important biological activi-
ties; the molecules responsible for these properties are also present in the anatomical parts
that the industrial process of transformation does not use. The resulting by-products, if
not used and consequently treated as waste, would result in a loss of usable components.
Research on the valorization of by-products has involved various raw materials that show
interesting properties and their application in different sectors not only as food ingredients.

Often the by-products from the vegetable oil industry contain high value-added
molecules, such as antioxidants. A wide study, included in this volume, reports the content
of total phenols and flavonoid, as well as evaluated the antioxidant activity by different
essays (DPPH, FRAP, CUPRAC, ABTS, and by photochemiluminescence method-PCL-
ACL) of by-products obtained from different vegetable oil industry (Sea buckthorn flour,
hemp flour, walnut flour, grape seed flour, rapeseed meals, sunflower meals, black sesame
meals, red grape seed meals, golden flax meals, thistle meals, sesame groats, thistle groats,
coriander groats, and sunflower groats) [7]. Although the molecules and biological activities
are influenced by the variety of the raw material and the extraction method, the study
showed that these by-products could be an interesting source of phenolic compounds,
especially flavonoids, with antioxidant properties that could be valuable ingredients for
functional foods.

An environmentally impacting food process is the extraction of oil from olives. Olive
mill pomace and wastewater represent a significant amount of the whole raw material:
less than 15–20% of olives is oil, the remaining part is the abovementioned waste. Due to
the high content of polyphenols and other compounds, olive oil wastewater is considered
highly polluting, but, on the other hand, the presence of many of these compounds could
be a resource. The importance of polyphenols is well known and, among these, their
antioxidant activity can be used in different food formulations with the aim of preserving
the food itself, but also providing a greater supply of these substances to consumers. During
extraction operations, only a small amount of olives’ phenolic components is transferred to
oil while the remaining portion could be lost. Many studies appear in scientific literature
about extraction and purification methods, and utilization of the phenolic fraction derived
from olive mill by-products. In this Special Issue, there are interesting applications on beef
burgers (and minced meat in general) shelf life extension, adding polyphenols derived from
olive mill waste water (OMWW) concentrated by mean of selective membranes [8]. The
addition of the important substances obtained from by-products led to a great reduction
in meat oxidation and an increase in its shelf life. The mayonnaise, as an O/W emulsion
model, was studied in another research that add phenol substances from OMWW [9],
the added phenolic molecules play an important role in the nutritional parameters of
mayonnaise. The concentration of these compounds transferred in the samples allows
slowing down of oxidation processes with a consequent shelf life extension of the food.
Furthermore, it could have potential health-properties for consumers even if the color and
taste appear slightly different from no-added mayonnaise.

The mayonnaise is a very heterogeneous and unstable physical system both for the
formation of phase separation and the oxidation that some components can undergo.
For this reason, it has been widely studied and the manuscripts in this Special Issue
report different research about this matter. The research of Włodarczyk et al. focused on
the evaluation of radical scavenging characteristics, oxidation stability, microstructures,
and optical properties of vegan mayonnaises containing aquafaba from chickpeas and
blends of refined rapeseed [10]. Aquafaba is derived from cooking legumes and, on an
industrial-scale, huge quantities are produced that are unutilized. The uses for aquafaba
have expanding in the recent years due to its evident properties, including those that are
cited in this Special Issue.

The studies about dispersed systems, such as mayonnaise, are numerous, especially in
regards to search for emulsifying and fat-replacer components to substitute the egg yolk
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in mayonnaise formulations and obtain a stable semi-solid product. The application of
by-products to the production of mayonnaise has also been studied in another work of the
Special Issue. Hijazi et al. have studied rheological properties of gums obtained from the
cold-pressed seed oil by-products of chia (Salvia hispanica L.), flaxseed (Linum usitatissimum
L.), and rocket (Eruca sativa) [11]. The obtained emulsion (O/W) is a mayonnaise with a
good structure and an improvement of the oxidative stability, as already reported in other
manuscripts.

Chia seed oil is very interesting due to the high content of oil (near 30% in weight) and
the concentration of some polyunsaturated fatty acids, mainly linoleic (C18:2–ω-6) and
linolenic acid (C18:3–ω-3), that give to it a nutritional function as an integrator of essential
fatty acids. After oil extraction, the defatted seeds of chia contain proteins, carbohydrates,
and dietary fiber with emulsifying properties that can be used to produce ice cream with
low fat content and rheological properties, similar to those obtained with commercial
stabilizers, studied by a work inside this Special Issue [12].

Among the agricultural crops, tomato (Solanum lycopersicum L.) is one of the most
worldwide cultivated and a large quantity is sent to industrial transformation. Skin and
seeds are undesirable anatomical parts and so they are removed. Even though these parts
represent a small percentage of the entire fruit (1–5%), they are interesting due to the
content of fiber and other compounds, such as sugars, proteins, pectins, fats, and vitamins,
together with an important amount of carotenoids, mainly lycopene. The study previously
reported described the possibility to obtain enriched fractions of lycopene and carotene for
subsequent applications in food and pharmaceutical industries [4].

The process of grapes into wine, from the vineyard to the cellar, presents a series of
interesting by-products. An interesting residue is grape pomace, its importance is due
to the large quantity of grapes used worldwide for winemaking. Inside this by-product,
interesting molecules with different biological activities are present. The goal of improving
the extraction of these substances is the subject of many studies, including one within
this Special Issue [5]. By-products with important functionality do not come only from
winemaking; important molecules are also present in the vine plant. The stilbene molecules
show beneficial effects for human health, due to these properties, they are highly studied for
a wide range of applications, among food and pharmaceutical fields, which are described
in this Special Issue. Their sources of production are also studied. Winery wastes and
by-products are highly rich in stilbenes and the whole vine plant contains these molecules.
Vine shoots from pruning have a low value, they are burned or cut into small pieces and
put inside soil. An interesting study reported in this Special Issue describes the importance
of the grape variety as a source of stilbene, such as trans-resveratrol and viniferin [3].

Hazelnut is a wide transformed nut, nearly 50% of the whole weight is discarded, as
shell skin and other parts of the fruit are rich in bioactive compounds, such as polyphenols.
With the adequate extraction and concentration of anti-oxidant fractions, they could be
obtained to add in to food and for cosmetic and pharmaceutical purposes [6].

Pomace from different berries could be an interesting source of dietary fiber. The
enzymatic treatment (with different commercially available formulates of hydrolases) of
cranberry pomace and the evaluation of the product obtained in terms of technological
properties and probiotic potential were carried out by Jagelaviciute et al. [13].

Another rich source of biocomponents is kiwi processing waste, such as peels and
pomace. An application of the valorization of this by-product was reported by Ille et al. [14].
After freeze drying, these substances and the obtained powder was added with black rice
and buckwheat flour, inoculated with Lactobacillus spp. and tested as probiotic food. The
study also appears very interesting for future applications, not only in food but also in
cosmetic and pharmaceutical industries.

Artichoke roots represent a source rich in inulin, a functional compound with prebiotic,
and technological properties. To valorize this waste, Difonzo et al. exploit inulin with high
degree of polymerization, by partially replacing durum wheat semolina for the production
of functional fresh pasta [15]. The results highlighted the nutritional improvement of the
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glycemic index and prebiotic activity of pasta without compromising the sensory properties,
although some structural features were affected.

The cheesemaking is characterized for a high amount of output resources: whey
proteins are recovered by thermal flocculation and ricotta cheese is produced. The liquid
residue, ricotta cheese exhaust whey (scotta), is often unutilized and becomes a pollutant
waste. In recent years, many utilizations of scotta were studied due to its content of lactose,
minerals, vitamins, soluble peptides, and free amino acids. The hydrolyzed whey peptides
could be inhibitors of dipeptidyl peptidase-4 (DPP-IV) and could play an interesting role in
diabetes type II treatment. Cabizza et al. evaluate the DPP-IV inhibition, antioxidant, and
antibacterial activities from ovine scotta enzymatically hydrolyzed [16].

Most of the slaughter of pork is used in dishes of many countries. Pig brain is an
important part, but it is not completely utilized. Chanted et al. reports the presence in the
pig brain of important nutrients, such as phospholipids, and essential amino acids [17]. The
research showed interesting amounts of umami-taste and functional amino acids which
give a potential food use of this part of the pig.

Fish processing by-products have an environmental impact, they are near the 50% of
the whole weight. For many years, studies have been researching their use and treatment,
and most of them have high value applications. The omega-3 (ω-3)-rich fish oils represent
an interesting valorization of fish by-products. Some methods were applied to evaluate the
fatty acid content and their profile. One of them, which utilized the near infrared reflectance
(NIR), was applied to fish by-products classification [18].

Other by-products derive from defatted Aurantiochytrium spp., an algae from which
an interesting oil rich in polyunsaturated fatty acids (PUFA) is obtained, but a high amount
of by-product residues cause some environmental troubles. After defatting, the residual
biomass of Aurantiochytrium spp. contains a highly concentrated mixture of proteins and
carbohydrates that could have nutritional and functional properties. The presence of
interesting amounts of glutamic and aspartic acids give to the defatted and dried residue a
flavor-enhancing action [19].

Food waste is a huge problem for our society. Of these, wasted bread is one of the
most abundant. By means of bioprocessing bread was transformed and experimentally
tested as alkaline soil amendment [20].

In conclusion, the overview of studies reported in this Special Issue shows how
processing waste from the food industries can become an important economic resource.
The Special Issue title as “valorization” is demonstrated not only for an economic point
of view, but also from an environmental one. In fact, many applications derive from
by-products with a high level of pollution. Their recovery could reduce this trouble.
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Abstract: Globe artichoke roots represent an alternative and sustainable source for inulin extraction
and are well-noted for their technological and functional properties. Therefore, the aim of our
study was to exploit inulin with high degree of polymerization as a replacement of durum wheat
semolina for the production of functional fresh pasta. The effect of increased level of substitution (5,
10, 15%) on cooking, structural, sensory, and nutritional properties were evaluated and compared
with a control sample consisting exclusively of durum wheat semolina. Inulin addition caused
changes to internal structure as evaluated by scanning electron microscopy. The enriched samples
showed a lower swelling index, an increasing cooking time, and values of cooking loss (2.37–3.62%),
mainly due to the leaching of inulin into the cooking water. Cooked and raw enriched pasta was
significantly darker and firmer than the control, but the sensory attributes were not negatively
affected, especially at 5 and 10% of substitution levels. The increase of dietary fiber content in
enriched pasta (3.44–12.41 g/100 g) resulted in a significant reduction of glycaemic index (pGI) and
starch hydrolysis (HI). After gastrointestinal digestion, inulin-enriched pasta increased prebiotic
growth able to significantly reduce E. coli cell density.

Keywords: waste reuse; inulin; high polymerization degree; functional pasta; glycemic index;
prebiotics growth

1. Introduction

Globe artichoke (Cynara cardunculus L. subsp. scolymus (L.)) is a perennial plant
belonging to the Asteraceae family that is cultivated as a polyannual crop with vegetative
propagation. Nevertheless, the length of the crop cycle, which negatively influences
yields and the quality of the heads, has led artichoke growers to take an interest in the
development of new seed-propagated cultivars for annual crops [1]. Italy represents one of
the major producers, accounting for 33% of global production, followed by Spain, France,
and Greece [2–5]. The edible part of the globe artichoke, commonly known as the “heart”,
is highly appreciated worldwide and it is consumed fresh, canned, or frozen [6]. However,
from the harvesting phase to the processing one, a large amount of waste and by-products
(80–85% of the biomass) are produced: roots, stems, bracts, and leaves, which have shown
to be a rich source of antioxidant compounds and dietary fiber, mainly as pectin and
inulin [6–8].

Artichoke roots are an important agricultural waste that, at the end of the harvesting
period, remains unexploited in the field [1]. At the same time, their richness in inulin,
characterized by a high degree of polymerization [9], makes them an alternative and
sustainable source, considering that chicory roots, Jerusalem artichoke, and dahlia are
commonly used together to produce commercial inulin [10–12]. This fiber is the most
abundant reserve polysaccharide after starch, and its structure is characterized by a mixture
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of oligo and/or polysaccharides consisting of a variable number of d-fructose units bonded
with a β-(2 → 1) linkages with a terminal glucose residue. The degree of polymerization
can range from 2 to 60 units, which directly influences its physicochemical and nutritional
properties and its application as a food ingredient [9,12–14]. Generally, short-chain inulin
is used as an alternative low-calorie sweetener, with its good solubility contributing to
improving the mouthfeel, while long-chain inulin mixed with water or aqueous solution
forms a particle gel network that can act as a fat replacer or texture modifier due to its
lower solubility and good viscosity stability [12,15].

From the nutritional point of view, the peculiar bond configuration β-(2 → 1) confers
to inulin a prebiotic character [16]. Inulin, indeed, reaches the colon unaltered, where it is
fermented by beneficial bacteria such as Lactobacillus and Bifidobacterium, determining the
release of short-chain fatty acids in the gut and a pH lowering which, in turn, enhances
the absorption of minerals (Ca2+ and Mg2+), nutrients [4], and increases the functionality
of colonocytes. Moreover, regular consumption of prebiotics has shown several health
benefits like modulation of hyperglycemia, reduction of LDL cholesterol and serum lipids,
prevention of colorectal cancer, and enhancement of immune system efficiency [17–19].

The consumer awareness about the relationship between health and food has led to
the spread of functional products, i.e., those foods which contain bioactive compounds
that, if taken in suitable quantities, have been shown to be able to prevent disease in
addition to their nutritional functions [20,21]. In this regard, pasta seems to be particularly
suitable for functional ingredients integration due to its easy preparation and its widespread
consumption. Several studies have tried to improve the nutritional profile of pasta by
adding soluble and insoluble fiber and evaluating their effect on quality properties [22–30].

However, the inclusion of dietary fiber could cause a deterioration of pasta quality in
terms of cooking properties and sensory features due to the alteration of protein–starch
network integrity, as observed by Foschia et al. [31]. Aravind et al. [32] found that the use
of commercial inulin with a low degree of polymerization (DP) had a negative impact on
firmness, cooking loss, and sensory acceptability of pasta; instead, the inulin with higher
DP provided minimal impact. Similarly, Padalino et al. [33] added inulin at different DP
and at two different concentrations (2 and 4%). In particular, the authors found interesting
results in that the addition of inulin with a high DP, compared to the low one, had a greater
disruptive effect on the starch–protein matrix. Peressini et al. [30] found an increase of
firmness in pasta added with Barley Balance (BB), Psyllium seed husk (P) and BB–P, while
a lower value than the control when inulin with high DP was used. Moreover, during
the in vitro starch digestion, the pasta enriched with both inulin with high and low DP
showed the highest reducing sugar release at 20 min compared to other fibers and control
sample without fiber. Hence, Garbetta et al. [28] studied the effect of 4% addition of two
different types of inulin, namely artichoke roots with high DP and chicory roots with low
DP, observing good results in terms of sensory acceptability after the addition of inulin
with high DP, suggesting the potential use of inulin-enriched spaghetti as a prebiotic food.

Therefore, an analysis of the literature revealed the influence of the DP of inulin on the
technological and functional properties of foods, which needs to be further investigated
based on the conflicting results in the literature.

In this framework, our study aimed to enhance the value of globe artichoke roots
using them as an alternative source to extract inulin with a high degree of polymerization
and their use as a functional ingredient for fresh pasta preparation. The effect of increasing
the amount of the extracted inulin on structural, nutritional, and sensory properties of fresh
pasta samples was evaluated.

2. Materials and Methods

2.1. Extraction and Characterzsation of Artichoke Root Inulin
2.1.1. Extraction Process

Inulin extraction from artichoke roots (AR) was carried out according to Castellino et al. [10],
with slight modifications. Artichoke roots powder (ARP) was mixed with water at a pH of
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6.8 with a ratio solid to water of 1:16 (w/w). The extraction took place in a thermostated
bath at 80 ◦C for 2 h, with periodic stirring every 15 min. Afterwards, the sample was
filtered with a Buchner funnel using WhatmanTM (Darmstadt, Germany) filters with 11 μm
of porosity, and then the filtrate was collected and submitted to precipitation phase through
two cycles of freezing and thawing. The precipitate was centrifugated at 7500× g 15 min at
10 ◦C and the resulting pellet was washed by adding 10 mL of ethanol, centrifugated, dried
overnight, and weighted.

Inulin yield was expressed in g per 100 g of ARP.

Yield (%) =

(
weight (g) of dried inulin

weight (g) of ARP

)
× 100

2.1.2. Moisture and Water Activity of AR Inulin Powder

Moisture was determined with a moisture analyzer (Mod. MAC 110/NP, Rodwang
Wagi Elektroniczne, Radom, Poland) at 120 ◦C until constant weight. Water activity
was measured using a hygrometer (Aqua Lab 100–240 V AC, Pullman, WA, USA). Each
measurement was carried out in triplicate.

2.1.3. Identification and Quantification of AR Inulin

Identification and quantification of AR inulin was conducted via high-performance
liquid chromatography (HPLC) analysis using a 1260 infinity series chromatograph (Agi-
lent Technologies, Santa Clara, CA, USA) equipped with a refractive index detector (RID)
and a cationic exchange column 300 × 7.8 mm (RezexTM RCM-Monosaccharide Ca2+, 8 μm,
Torrance, CA, USA). The analysis was conducted isocratically using Milli-Q water as a mo-
bile phase with a flow of 0.6 mL/min, column temperature of 80 ◦C, and RID of 35 ◦C. For
calibration, commercial inulin with a high degree of polymerization and purity ≥98.5% (Fi-
brulineTM XL chicory root fibre, COSUCRA Groupe Warcoing SA, Warcoing, Belgium) was
used as standard. Standard inulin solutions were filtered through a 0.45 μm nylon filter and
injected in triplicate at different concentrations (0.25 mg/mL, 0.5 mg/mL, and 1.0 mg/mL).
AR inulin was properly diluted, filtered, and injected. A calibration curve was obtained for
concentration versus area, and AR inulin was identified by coincidences of retention time
with standard inulin and quantified through the corresponding calibration curve.

2.1.4. Polymerization Degree and Molecular Weight

Gel permeation chromatography was performed on extracted inulin. The analysis
was carried out by using a GPC Max (Viscotek, Malvern, UK) system equipped with
a TDA 305 detector (Refractive Index, Low Angle Light Scattering, Right Angle Light
Scattering and Viscometer) and UV detector. We used a pre-column TSK PWXL and TSK
Gel GMPWXL (Tosoh Bioscience, Griesheim, Germany). The sample was dissolved at
3 mg/mL concentration and eluted in MilliQ water containing 0.2% NaN3. After complete
dissolution, the sample was filtered on a membrane having 0.22 μm porosity. The injection
volume was 100 μL, and the flow rate was 0.8 mL/min. The chosen method of analysis was
universal calibration, using polyethyleneoxide (PEO) standards, ranging from 21.300 kDa
to 420 Da. The measurements, performed at 35 ◦C according to the temperatures of columns
and detectors, were ran for 60 min in duplicate.

The polymerization degree (DP) was calculated as follows [34]:

Mn = 180 + 162 × (DPn − 1)

and
Mw = 180 + 162 × (DPw − 1)

where Mn and Mw are number average molecular weight and weight average molecular
weight, respectively.
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2.2. Fresh Pasta Preparation and Characterization
2.2.1. Experimental Design

Inulin-enriched fresh pasta was produced by substituting 5% (P5), 10% (P10), and
15% (P15) of durum wheat semolina (Mulino Martimucci, Altamura, Italy) with AR inulin
powder. A control sample was produced with 100% durum wheat semolina. Durum wheat
semolina and durum-wheat-semolina–inulin were mixed with an adequate amount of water
and manually kneaded until obtaining a homogenous dough. The dough was left to rest for
30 min and then laminated (2 mm thickness) and cut with the iPasta (Imperia, Moncalieri,
Italy) moulder machine to produce tagliatelle pasta. Afterwards, fresh tagliatelle were
put on a wooden vessel, covered with a cotton cloth, and left to dry at room temperature
until reaching a moisture content in a range of 26–28% and aw values ranging from 0.92
and 0.97, according with Italian legal requirements for fresh pasta. Two different batches
were produced.

2.2.2. Cooking Properties

Pasta samples were cooked in boiling distilled water at 1:10 (w/v) pasta-to-water ratio,
without the addition of salt, as reported by Pasqualone et al. [35]. The optimum cooking
time (OCT) was determined by removing tagliatelle from boiling water every 30 sec, cutting
them, and checking for the white and opaque core to disappear, according to the AACC
16–50 official method [36]. After cooking, pasta samples were drained and rinsed with
distilled water and allowed to rest for 5 min. Cooking loss was evaluated by combining
cooking and rinsing water, measuring total volume, putting 20 mL in tarred Petri dishes,
and evaporating in an air-oven at 105 ◦C until reaching constant weight. The residue, scaled
up to total volume, was expressed as a percentage of the original pasta sample weight.
After cooking at their OCT, the samples were analyzed for their water absorption and
swelling index (grams of water per gram of dry pasta) according with Bustos et al. [37].
Each determination was carried out in triplicate.

Water absorption (%) =
Wc − Wr

Wr
× 100 Swelling index =

Wc − Wd
Wd

Wr = weight of raw pasta (g)

Wc = weight of cooked pasta (g)

Wd = weight of dried pasta (g)

2.2.3. Inulin Loss in Cooking Water

P5, P10, and P15 were cooked at their OCT with a pasta-to-water ratio of 1:10 (w/v).
Afterwards, 15 mL of cooking water was collected and analyzed for its inulin content by a
cationic exchange HPLC following the same method described in Section 2.1.3. The inulin
cooking water content was expressed as grams of inulin loss during cooking at OCT of
100 g of fresh pasta. The analysis was carried out in triplicate.

2.2.4. Color and Firmness Evaluation

Color of raw and cooked fresh pasta sample at its OCT (red index, corresponding to
a*, yellow index, corresponding to b*, and luminosity index, corresponding to L*) was
evaluated using a colorimeter CM-600d (Konica Minolta, Osaka, Japan) equipped with
SpectraMagicX software. Six measurements were recorded for each pasta sample.

Firmness evaluation of raw and cooked pasta at its OCT was carried out using a Z1.0
TN (Zwick Roell, Ulm, Germany) equipped with a blade set with a guillotine and 50 N
load cell. Pasta firmness was evaluated as the force required to cut 5 strands of pasta at a
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speed of 0.17 mm/s and was expressed as the maximum force (N) required to cut pasta
strands. Eight measurements were recorded for each sample.

2.2.5. Microstructure Determination

The microstructure and the surface characteristics of the pasta were studied with a
Zeiss Sigma 300 VP (Carl Zeiss NTS GmbH, Oberkochen, Germany) field-emission gun
scanning electron microscope (FEG-SEM) equipped with a secondary electrons detector
(SE). The analyses were done under vacuum (<10−4 Pa), using an accelerating voltage of
20 kV, an aperture of 30 μA, and a working distance between 4 and 5 mm and magnification
of 1000×. Fragments of the different pasta samples were glued onto an aluminium stub
with carbon tape. Before the analysis, all the samples were carbon-coated in order to make
the surface of the specimen conductive.

2.2.6. Quantitative Descriptive Sensory Analysis

Sensory analyses were conducted by a panel of eight trained tasters (6 females and
2 males) to evaluate the sensory attributes according to Pasqualone et al. [35]. Pasta samples
were coded by a three-digit number, cooked at their OCT, and evaluated for color, smell,
taste, bulkiness, adhesiveness, hardness, and overall acceptability, using a structured scale
ranging from 1 to 10. Color refers to the typical color of durum wheat pasta, where
1 = yellow color and 10 = brown; smell as perceived by olfaction and taste as perceived
during mastication, which refer to the typical odor and taste of durum wheat pasta without
anomalies, where 1 = very low and 10 = very high; bulkiness refers to adhesion of tagliatelle
strands to each other, evaluated both visually and manually by pressing two tagliatelle
together and determining the force required for detachment; stickiness, related to the
organic matter released during cooking and still adhering to the surface of pasta, evaluated
by pressing a single strand against the palate and determining the force require to remove
it with the tongue; hardness, which is the resistance of cooked pasta to chewing measured
while cutting the spaghetti strand using the front teeth. The analysis was carried out
according to Pasqualone et al. [38], following the ethical guidelines of the Laboratory of
Food Science and Technology of the Department of Plant, Soil, Food Science of University
of Bari, Italy.

2.3. Functional Properties Determination
2.3.1. Proximate Composition of Fresh Pasta

Protein (total nitrogen × 5.7), ash, and lipids content were determined using the
AOAC method 979.09, 923.03, and 945.38 F, respectively [39]. Total dietary fiber content
was determined by enzymatic gravimetric as described by the AOAC Official Method
991.43. Moisture content was determined by a moisture analyzer (Mod. MAC 110/NP,
Radwag Wagi Elektroniczne, Radom, Poland) at 120 ◦C. The carbohydrate content was
determined as difference. The determinations were carried out in triplicate.

2.3.2. In Vitro Starch Hydrolysis

In vitro gastrointestinal digestion of fresh pasta and starch hydrolysis was deter-
mined according to Liljeberg et al. [40], simulating the in vivo digestion of starch. Briefly,
aliquots of fresh pasta samples, cooked until the optimal cooking time and containing
1 g of starch (determined in cooked fresh pasta), were subjected to an enzymatic process
(pancreatic amylase and pepsin-HCl), and the released glucose content was measured
with D-fructose/D-glucose Assay Kit (Megazyme, Wicklow, Ireland). Simulated digests
were dialyzed (cut-off of the membrane: 12,400 Da) for 180 min. Aliquots of dialysate,
containing free glucose, and partially hydrolyzed starch were sampled every 30 min and
further treated with amyloglucosidase. Then, free glucose was determined using the
above-mentioned enzyme-based kit and finally converted into hydrolyzed (digested) starch
in pasta. Control white wheat bread was used as the control to estimate the hydrolysis
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index (HI = 100). The predicted glycemic index (pGI) was calculated using the equation
pGI = 0.549 × HI + 39.71 [41]. Each sample was analyzed in triplicate.

2.3.3. Prebiotic Activity Assay

To evaluate the prebiotic activity of AR inulin-enriched fresh pasta, samples were
previously subjected to in vitro gastrointestinal digestion according to the method used
by Kamiloglu and Capanoglu [42], with slight modifications. The in vitro gastrointestinal
digestion was performed, comprising of a pepsin-HCl digestion for 3 h at 37 ◦C (to simulate
gastric digestion) and pancreatin digestion with pancreatin and bile salts for 3 h at 37 ◦C
(to simulate small intestinal digestion). As reported by Caponio et al. [43], 10 mL of
each fresh pasta extract was added to α-amylase (56 mg/mL) (Sigma-Aldrich Chemistry,
St. Louis, MO, USA) and to 10 mL of pepsin solution composed of NaCl 125 mM/L + KCl
7 mM/L + NaHCO3 45 mM/L + pepsin (Sigma-Aldrich Chemistry, St. Louis, MO, USA) at
3 g/L. Then, the pH was adjusted to 2 using HCl and incubated at 37 ◦C for 180 min in a
water bath under shaking. After incubation, an aliquot of the gastric-digested extract was
added in equal volume to an intestinal solution. The intestinal solution was simulated by
dissolving 0.1 g/100 mL of pancreatin (Sigma-Aldrich Chemistry, St. Louis, MO, USA) and
0.15 g/100 mL bile salts (Oxoid™, Hampshire, UK). The pH was adjusted to 8 using NaOH
and incubated at 37 ◦C for 180 min in a water bath under shaking. After incubation, an
aliquot of intestinal-digested extract was ultra-filtrated with 3000 Da membrane (Vivaspin
20, Sartorius, Goettingen, Germany) to eliminate free carbohydrates. The retentate fractions
were diluted in water and then filtered using 0.45 μm Whatman filter paper and further
analyzed for prebiotics activities, as follows.

Twenty-two probiotic strains of probiotics and one strain of Escherichia coli (E. coli)
available in the culture collection of the Department of Plant, Soil, Food Science of Univer-
sity of Bari, Italy were used to carry out the experiments in fecal batches. The fecal medium
(FM) was constituted as previously described [44] without the addition of glucose. This
was labelled as FM (absence of carbohydrates), FMPC (FM + pasta not containing inulin),
FMP5 (FM + pasta with 5% of inulin), FMP10 (FM + pasta with 10% of inulin), FMP15
(FM + pasta with 15% of inulin). For those fecal samples containing pasta, this was added
in a ratio of 1:5 (w/v) in media after cooking and digestion was simulated as previously
described. Viable probiotics and E. coli were inoculated in fecal media at a cell density of
7 UFC/mL (log10), measured through OD at 620 nm. Inoculated batches were incubated in
anaerobic conditions for 36 h at 37 ◦C, under slight stirring (150 rpm). After the incubation,
plate counts for lactic acid bacteria and E. coli were respectively made in De Man, Rogosa,
and Sharpe agar (MRS) and Violet Red Bile Glucose agar (VRBGA). Both agar media were
purchased from Oxoid Ltd. (Basingstoke, Hampshire, England, UK). Probiotic growth
was also profiled in terms of ΔpH, as the difference between final (36 h) and initial (pH
7.0 ± 0.02) values of pH.

2.4. Statistical Analysis

The experimental data were subjected to one-way and two-way ANOVA, followed
by a Tukey’s HSD test. The two-way ANOVA analysis was carried out considering the
rate of substitution and the physical state of pasta (raw and cooked) as factors. Significant
differences among the values of all the parameters were determined at p < 0.05 by the
Minitab 17 Statistical Software (Minitab, Inc., State College, PA, USA, 2010).

3. Results and Discussion

3.1. Characteristic of AR Inulin Powder

Inulin extraction using hot water is considered the conventional extraction technique
and the most-used [45]. Several factors can influence the extraction yield: temperature, time
of extraction, solid/liquid ratio [46]. From the data collected in our study, the extraction
yield, as the mean of ten measurements, was 23.37% ± 1.55, with a purity level of 89%,
estimated in comparison to commercial inulin used as standard, which had a purity of
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98.5%. The degree of polymerization (DP) is a fundamental parameter to characterize
inulin, being directly correlated to its technological and nutritional properties. AR inulin
has shown a DPn and DPw equal to 45 and 60, respectively, much higher than inulin
extracted from Jerusalem artichoke (5–19), agave (5–13), and dahlia (17–23) [47–49]. This
result highlights the possible use of AR inulin as a functional ingredient, since higher DP is
associated with the improvement of technological properties in food products [10]. Among
the factors that could affect the DP are plant, period of harvesting, storage period, and
extraction process [50]. Moreover, the AR inulin powder has shown a moisture content
equal to 6% and water activity of 0.40 ± 0.0, values which assure a high glass transition
temperature, lower cohesiveness and, consequently, higher physical and microbiological
stability [46,51].

Figure 1 shows the gel permeation chromatography (GPC) profile of AR inulin. Two
different peaks were observed, the first peak in the range of 15–19 mL, relative to polysac-
charides elution, and a second very sharp peak centred at 20.5 mL, presumably due to
the elution of very short polysaccharide chains, monomers, and impurities present in the
sample. The ratio between the two peaks was 75/25.

Figure 1. Gel permeation chromatography (GPC) profile of artichoke roots inulin, considering the
refractive index (red line) and the intrinsic viscosity (blue line).

3.2. Quality Characteristics of Fresh Pasta
3.2.1. Cooking Properties of Fresh Pasta

Pasta cooking properties are of great importanceforo ensuring acceptability by con-
sumers. These properties were evaluated by considering parameters such as optimal
cooking time (OCT), swelling index (SI), water absorption index (WAI), and solid cooking
loss (CL) (Table 1). OCT was set for each pasta sample, observing a slight increase in pasta
enriched with 10% and 15% of inulin. The same trend was observed by Foschia et al. [31]
in pasta fortified by inulin with high DP and Simonato et al. [52] after the addition of
Moringa oleifera L. leaves powder. However, the aforementioned results disagreed with
other studies [32,33,53,54], where the addition of inulin caused a significant reduction
of OCT due to the disruption of gluten network, which, in turn, caused an easier water
penetration into starch granules. The discordant results could be attributed to the different
production processes, as well as to the added fibrer and its intrinsic properties, which
influence the interaction with other ingredients.

Regarding the WAI, no significant differences were found among the samples, whereas
P10 and P15 showed a significant lower SI than control (PC). In accordance with our results,
Naji-Tabasi et al. [55] and Attanzio et al. [56] noted a significant reduction of SI in pasta
samples after the addition of wheat bran, mucilaginous seeds flour and Opuntia cladodes
extract. Moreover, Renoldi et al. [57] stated that adding Psyllium fiber led to a lower
peak value of storage modulus (G’) of dough, revealing differences in starch swelling
of starch granules. The explanation for these results lies in the encapsulation of starch
granules into fiber reticule, whose hydroxyl groups compete with starch and protein for
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water absorption, thus limiting the penetration of water into the starch granules and their
consequent swelling [57–59]. On the contrary, the addition of whole barley flour to pasta
formulation led to an increase of SI, which was related to the presence of β-glucans and
their ability to absorb water [60]. Hence, different fibers could have a different effect on
starch hydration and swelling.

Table 1. Cooking properties of fresh pasta.

Sample OCT (min) WAI (g/100 g) SI CL (g/100 g) IL (g/100 g)

PC 6.30 73.20 ± 0.01 a 1.56 ± 0.03 a 2.37 ± 0.05 d -
P5 6.30 73.24 ± 0.10 a 1.53 ± 0.04 ab 2.70 ± 0.14 c 1.01 ± 0.03 c
P10 6.45 72.51 ± 0.62 a 1.48 ± 0.03 b 3.11 ± 0.07 b 1.45 ± 0.07 b
P15 6.45 73.24 ± 0.20 a 1.47 ± 0.04 b 3.62 ± 0.06 a 2.19 ± 0.12 a

PC, control pasta without inulin addition; P5, pasta with 5% of inulin added; P10, pasta with 10% of inulin added;
P15, pasta with 15% of inulin added. OCT, optimal cooking time; WAI, water absorption index, SI, swelling index;
CL, cooking losses; IL, inulin losses. The values represent means of triplicates ± standard deviation; different
letters in the same column mean significant statistical differences (p < 0.05) to one-way ANOVA followed by
Tukey’s HSD test.

CL refers to pasta resistance during cooking, and it is strictly connected with the
strength of the protein network [61]. Good quality pasta should not have a CL higher
than 7–8% [55]. In our study, CL ranged between 2.37% for the control sample (PC) and
3.62% for the P15. However, considering that inulin water solubility increases with high
temperature [62], we also estimated the contribution of inulin to the observed CL. Specifically,
inulin-imputable CL accounted for 1.01 ± 0.03 g/100 g of pasta in P5, 1.45 ± 0.07 g/100 g
of pasta in P10, and 2.19 ± 0.12 g/100 g of pasta in P15. Consequently, making a difference
between the CL values of P5, P10, and P15 and the corresponding inulin content found in
cooking water, we could assert that in inulin-enriched samples, the solids different from inulin
that leach into cooking water are lower than PC. Therefore, the probable formation of fibrous
reticulum around starch granules [38] and additional hydrogen bonds and hydrophobic
interactions between inulin and glutenin protein could provide extra support to the protein
network, reducing the solid loss [63]. However, opposite results were found in several studies
in the literature, in which the disruption of protein matrix due to fibers, mainly insoluble,
promotes and allows the leaching of starch during cooking, causing an increase in cooking
loss value [64–66].

3.2.2. Color and Firmness of Fresh Pasta

Color, together with cooking and textural properties, is another key parameter for
consumer acceptability: yellow color and high luminosity are associated with high-quality
pasta [67]. Table 2 shows the color parameters in raw and cooked pasta samples. According
to two-way ANOVA, both the cooking process and the addition of increasing percentages
of AR inulin significantly affected the colorimetric parameters. Specifically, both raw and
cooked pasta samples with higher rates of AR inulin substitution of durum wheat semolina
caused a reduction of luminosity (L*) and yellow index (b*). Regarding cooking, the red
index (a*) followed the same trend of L* and b*, whereas the opposite trend was observed
for the increasing rate of substitution of durum wheat semolina with AR inulin. After the
addition of insoluble fibers, Aravind et al. [68] found the same trend in terms of luminosity
(L*), yellow, and red index, while Zarroug et al. [61] and Filipović et al. [21] reported an
increase of L* values and a decrease of a* values for pasta enriched with commercial inulin,
probably due to the added white color of the commercial inulin.
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Table 2. Color and firmness of fresh pasta.

L* a* b* Firmness

Raw pasta

PC 79.65 ± 0.09 a 2.21 ± 0.07 e 33.57 ± 0.46 a 18.25 ± 0.45 b
P5 74.57 ± 0.19 c 3.21 ± 0.02 c 30.49 ± 0.26 b 19.63 ± 0.50 a

P10 72.02 ± 0.38 e 3.89 ± 0.10 b 28.52 ± 0.19 c 19.89 ± 0.05 a
P15 70.72 ± 0.25 f 4.48 ± 0.08 a 27.62 ± 0.09 cd 19.77 ± 0.23 a

Cooked pasta

PC 78.89 ± 0.43 b 0.30 ± 0.02 f 27.11 ± 0.56 d 5.85 ± 0.36 d
P5 73.69 ± 0.18 d 2.00 ± 0.11 e 24.13 ± 0.41 e 6.22 ± 0.26 d
P10 72.24 ± 0.06 e 2.82 ± 0.11 d 24.18 ± 0.33 e 7.37 ± 0.48 c
P15 68.12 ± 012 g 3.79 ± 0.10 b 22.29 ± 0.43 f 7.25 ± 0.37 c

p-value P *C <0.0001 <0.0001 <0.0001 <0.05
PC, control pasta without inulin addition; P5, pasta with 5% inulin added; P10, pasta with 10% inulin added; P15,
pasta with 15%= inulin added. P, percentage of inulin addition; C, cooking process. Values are expressed as mean
of ± standard deviation; different letters in the same column mean significant statistical differences (p < 0.05)
according to two-way ANOVA.

Firmness can be evaluated as the force necessary to cut the pasta strains, and it is strictly
connected with the protein matrix development during pasta production and the hydration
level of starch granules [64,67]. Cooked P10 and P15 showed a significantly higher firmness
(7.37 ± 0.48 and 7.25 ± 0.37 N) than PC and P5 (5.85 ± 0.36 and 6.22 ± 0.26 N), which did
not show any significant differences between them (Table 2). According to Chillo et al. [69]
the mechanical properties of conventional and unconventional pasta are strictly connected
with cooking properties. Therefore, the increase in firmness in cooked P10 and P15 can
be reasonably linked to the lower values of the swelling index, supporting the hypothesis
of pasta structure rearrangement as discussed in Section 3.2.1 [54]. Moreover, beta-glucan
addition by Aravind et al. [70] and Peressini et al. [30] found a firmer pasta than control;
however, significantly lower values of firmness were found by Peressini et al. [30] with the
addition of 15% of inulin with a high degree of polymerization (DP = 23).

3.2.3. Sensory Evaluation of Fresh Pasta

The results of the sensory evaluation are reported in Figure 2. The addition of larger
amounts of AR inulin in fresh pasta formulations did not cause significant differences in
sensory properties after cooking. The sensory scores for color and firmness have been con-
sistent with instrumental evaluation, with all inulin-enriched pasta samples perceived as
browner and P10 and P15 samples slightly firmer than PC. Although brightness and yellow-
ness are linked to high-quality pasta, over the years, consumer attitude has been changing
such that darker color is considered a positive trait, as it is associated with high-fiber
products [25]. Significant differences were found in the taste of inulin-enriched samples
than control, while only P10 odor resulted in a decreased perception rating compared to
the typical odor of durum wheat pasta. In conclusion, P10 and P15 were statistically similar
to P5; indeed, except for color and odor, no significant differences were highlighted for the
other parameters considered. Therefore, it may be possible to add higher amounts of inulin
without compromising the sensory properties of pasta.

3.2.4. Microstructure

Figure 3 reports the SEM micrographs of cross sections of raw pasta (PC, P5, P10,
and P15). Starch granules were well visible in all the samples, and the protein matrix did
not appear disrupted. However, in P10 and P15, starch granules seem to be immerged
in a more dense and compact structure. Moreover, P10 and P15 exhibit the presence of
a reticulated structure, probably formed from the interaction of inulin with the protein
network, which could have strengthened the pasta structure and thus giving a higher
firmness to the cooked pasta as observed by the instrumental analysis.
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Figure 2. Sensory characteristics of control (PC) and inulin-enriched (P5, P10, P15) fresh pasta. Values
are expressed as mean ± standard deviation; different letters for each parameters mean significant
statistical differences (p < 0.05) to one-way ANOVA followed by Tukey’s HSD test.

 
Figure 3. SE-SEM micrographs of control (PC) and inulin enriched (P5, P10, P15) fresh pasta (white
bar = 20 μm).

3.3. Functional Properties of Fresh Pasta
3.3.1. Proximate Composition of Fresh Pasta

Table 3 reported the proximate composition of fresh pasta. Significant differences were
found among the samples for all the parameters considered. Specifically, inulin-enriched
pasta showed a decline in protein content compared to the control (PC) due to a rise in
total dietary fiber, which reached values of 3.44 g/100 g in P5, 8.16 g/100 g in P10, and
12.41 g/100 g in P15, exceeding the data observed by Padalino et al. [71] in pasta fortified
with tomato byproducts. Therefore, the results in terms of total dietary fiber allow for
labelling P5 as a “source of fibre”, while P10 and P15 could be labelled as a pasta having
“high fibre content” [72], according to Reg. (EU) 1924/2006, enhancing the nutritional value
of fresh pasta. Moreover, higher ash and lower lipid content were found in P10 and P15
than P5 and PC.
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Table 3. Proximate composition of fresh pasta (g/100 g).

Parameters PC P5 P10 P15

Ash 0.41 ± 0.02 b 0.41 ± 0.01 b 0.49 ± 0.01 a 0.50 ± 0.01 a
Protein 10.75 ± 0.03 a 9.71 ± 0.44 b 9.25 ± 0.02 b 9.27 ± 0.08 b

Total dietary fiber 1.47 ± 0.04 d 3.44 ± 0.10 c 8.16 ± 0.12 b 12.69 ± 0.08 a
Lipid 0.23 ± 0.02 a 0.10 ± 0.01 b 0.06 ± 0.01 c 0.08 ± 0.01 c

Moisture 28.21 ± 0.17 a 27.00 ± 0.21 b 26.98 ± 0.10 b 28.24 ± 0.30 a
Carbohydrates 58.94 ± 0.22 a 59.34 ± 0.25 a 55.07 ± 0.02 b 49.20 ± 0.42 c

PC, control pasta without inulin addition; P5, pasta with 5% of inulin added; P10, pasta with 10% of inulin added;
P15, pasta with 15% of inulin added. The values represent means of triplicates ± standard deviation; different
letters indicate significant differences; different letters in the same column mean significant statistical differences
(p < 0.05) to one way ANOVA followed by Tukey’s HSD test.

3.3.2. In Vitro Starch Hydrolysis

In consideration the pivotal role of nutritional aspects for modern consumers and in
recent scientific research aimed at producing foods with a lower glycemic index [73,74],
cooked fresh pasta samples were analyzed for in vitro starch hydrolysis. As shown in
Figure 4, the addition of AR inulin in fresh pasta promoted the decrease of HI and pGI. On
average, the HI and pGI values of fresh pasta samples enriched with AR inulin (P5, P10, and
P15) were statistically lower than the control (PC). Specifically, P5 reached a significantly
(p < 0.05) lower value of pGI compared to the control (PC): 63.01 and 66.54, respectively.
However, a higher concentration of AR inulin resulted in a further decrease of HI and pGI,
as shown in P10 and P15. In fact, P10 has a statistically lower pGI value (58.42) compared
to both the control (PC) and P5. Nevertheless, no significant differences were observed
for P10 and P15 samples in terms of pGI and HI. Data demonstrate a lower pGI response
following ingestion of AR inulin-enriched fresh pasta compared to the control.

Figure 4. Results of hydrolysis index (HI) and predicted glycemic index (pGI) of control (PC) and
inulin-enriched (P5, P10, P15) fresh pasta. The values represent means of triplicates ± standard
deviation; different letters indicate significant differences (p < 0.05) according to one-way ANOVA
followed by Tukey’s HSD test.

Inulin, which is not digestible by humans, has interesting properties as a source of
fermentable energy for some intestinal bacteria that produce short-chain fatty acids, which
are essential for maintaining the intestinal homeostasis. In addition to stimulating digestion
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and regularity of intestinal transit, inulin may favor the presence of Bifidobacterium in the
microbiota and, at the same time, decrease harmful bacteria [75,76]. Several studies have
highlighted the beneficial role of inulin also in glycemic response [41,77–79]. Inulin—as a
soluble fiber—helps keep blood sugar under control, since the fibers present in complex
carbohydrates take longer to release the sugars present in the body: the slow release of
glucose prevents glycemic peaks both upwards and downwards by balancing the energy
intake and limiting the accumulation of fat due to the excess insulin [31,80]. The gelling
effect of these fibers causes the formation of a film on the walls of the stomach and intestines
with consequent lower absorption of fats and sugars [81]. In contrast to a previous study
on chicory inulin-enriched pasta (from 2.5% to 10%) that did not reduce the pGI compared
to the control [28], our results confirmed that AR was able to reduce the pGI and HI already
at 5% of its concentration, due to the high DP of inulin used in our pasta samples.

3.3.3. Evaluation of Effects Exerted by AR Inulin, Prebiotics, and Pathogen on
Probiotic Growth

Herein, the prebiotic activity of inulin-enriched pasta was assessed in vitro in terms of
probiotics growth. Furthermore, the inhibition of E. coli when co-cultured with probiotics
was also determined. Compared to batches not containing carbohydrates (FM), the addition
of pasta not containing inulin (FMPC) was sufficient to increase (~0.5 log10 CFU/mL) the
cell density of all tested probiotics (Figure 5). This reflects the prebiotic contribution of
fructans and arabinoxylans, which are non-digestible oligosaccharides naturally occurring
in wheats [82], since their absence in gluten-free diets seems to affect the host microbiome
and metabolome [83,84]. However, the presence of 3 g/L of inulin in FMP15 was able
to further increase (>0.5 cycle) the cell density by 50% compared to the used probiotics
(11 out of 22), while six strains (~27%) showed an increased cell density higher than one
cycle. Besides the growth of probiotics, the acidification degree in batches followed the
inulin concentration in a dependent manner. Values of ΔpH were, on average, 0.07 ± 0.06,
0.14 ± 0.11, and 0.20 ± 0.17 for FMP5, FMP10, and FMP15, respectively. No significant
differences were found comparing the cell densities of E. coli in FMP to those of FMP5
(Figure 5). Oppositely, more than 50% (12 out of 22) of used probiotics were able to
significantly decrease the cell density of E. coli in batches containing 3 g/L of inulin
(FMP15). Meanwhile, ~36% of probiotics (eight strains) significantly decreased the E. coli
cell density in batches containing 2 g/L of inulin (FMP10).

These results are in line with those previously stated by Kareem and co-workers [85],
who reported that the combination of probiotics with prebiotics in vitro exhibited a great
inhibition of pathogens due to a synergistic effect. Mechanisms based on microbial cross-
feeding are largely distributed within the intestinal lumen [86]. A previous study con-
cerning β-glucans-enriched pasta determined that 3 g of daily fiber supplementation was
optimal to increase the saccharolytic metabolism in terms of SCFA profiling and improving
the endothelial reactivity in healthy volunteers [87]. Therefore, although some used strains
did not directly decrease E. coli growth, evidence suggests that additional taxa belonging to
the human gut microbiota (e.g., clostridial cluster IV, XIVa, and Bifidobacterium) can support
the metabolism of inulin in SCFA in vivo, eliciting a boosted effect that contributes to the
host’s intestinal homeostasis [88].
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Figure 5. In vitro prebiotic assay showing the cell density of 22 probiotic lactic acid bacteria co-
cultured with E. coli in fecal batches not containing carbohydrates (FM) or made with the addition of
pasta without inulin (FMPC) and inulin-enriched pasta at 5 (FMP5), 10 (FMP10), and 15% (FMP15).
“£” means >0.5 log10 cycle increased cell density (CFU/mL) of probiotic lactic acid bacte-ria in FMP15
versus FMP; “££” means >1 log10 cycle increased cell density (CFU/mL) of probiotic lactic acid
bacteria in FMP15 versus FMP. “#” and “$” indicate those probiotics that had respective-ly determined
a significant decrease of E. coli cell density in FMP15 or both FMP15 and FMP10. “*”: significant
decrease of E. coli cell density compared to FMP; “ns”: no significant differences.

4. Conclusions

The obtained results show that inulin from globe artichoke represents a promising
functional ingredient in terms of technological and nutritional properties. As a matter of
fact, adding inulin determined changes in the structure of raw and cooked pasta, which
results more compact and firmer than control. The addition of inulin resulted in increasing
the optimal cooking time, reducing the swelling index and increasing cooking loss (the
latter due to inulin leaching in the cooking water). In terms of color, inulin-enriched
samples (P5, P10, and P15) showed lower L* and b* and higher a* than control. The
sensory properties did not substantially change compared to control. From the nutritional
perspective, the ability of inulin to slow down the release of glucose in the blood was
assessed, showing that a significant reduction of HI and pGI occurred in inulin-enriched
pasta compared to control. Moreover, the in vitro prebiotic assay demonstrated that FMP10
and FMP15, containing 2 g/L and 3 g/L of inulin, respectively, significantly increased
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the cell density of prebiotics able to inhibit the E. coli growth. Therefore, the promising
results obtained highlight the possibility to upcycle, in a circular perspective, the artichoke
roots from agricultural waste to a valuable food ingredient that is useful for preparing
high-added-value food products that could satisfy the increasing demand of consumers for
more sustainable and functional foods.
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Abstract: The mincing process of raw meat favors microbial spoilage as well as chemical and en-
zymatic oxidation processes. In order to limit this degradative process, preservatives are routinely
added to minced meat products. The role of olive mill wastewater polyphenolic extract as a replace-
ment for synthetic preservatives in beef burger was assessed. The antioxidant capacity of the extract
experimentally added to beef burger was evaluated using the oxygen radical absorbance capacity
method (ORACFL) to assess the shelf-life, while the lipid oxidation was measured by thiobarbituric
reactive substance (TBAR) determination. The antimicrobial activity was assayed by means of clas-
sical methods and predictive microbiology. The experimental addition of polyphenolic extract led
to 62% lower lipid oxidation and 58% higher antioxidant capacity; it also successfully modulated
spoilage microbial populations with an average growth reduction of 15% on day 7. Results indicate
that olive mill wastewater polyphenolic extracts could be added to raw ground beef meat to act as
natural antioxidants and to modulate microbial growth.

Keywords: microbial spoilage; lipidic oxidation; antioxidant; predictive microbiology; food preservation;
food safety; sustainable strategy; by-product reuse; kinetic parameters; Olea europaea

1. Introduction

Burger is one of the most appreciated meat products worldwide for its ease of prepa-
ration and versatility of consumption, which is considered a time-saving strategy in the
modern lifestyle [1–3]. Nevertheless, the grinding process for raw meat, resulting in the dis-
ruption of muscle structure, leads to a less stable food matrix favoring microbial spoilage
as well as chemical and enzymatic oxidation processes with possible repercussions on
safety and health [4,5]. Several strategies, such as peculiar production processes, packaging
and food additives, have been studied during the last few decades in order to reduce the
above-mentioned phenomena and enhance the shelf-life of these meat products [6–10].
Studies in the literature demonstrate that antioxidant molecules protect the grinded meat
from oxidation and delay the microbial growth [11]. Consequently, in fresh ground meat
preparations, additives with antioxidant properties are usually employed. Although food
additives are strictly regulated (Regulation (EC) No. 1333/2008, s.m.i.) [12], chemical
compounds intentionally added into food are considered with mistrust by consumers
due to their potential long-term adverse effects linked to hypersensitivity, asthma, cancer,
skin irritation, allergies and gastrointestinal problems [13,14]. As a consequence, growing

Foods 2022, 11, 2447. https://doi.org/10.3390/foods11162447 https://www.mdpi.com/journal/foods25



Foods 2022, 11, 2447

interest has been demonstrated by consumers towards products with natural antioxidants,
encouraging food industries to continuously research for the newest natural food additives
to replace synthetic ones [15].

Several spices, essential oils, extracts, powders and other plant by-products have
been studied in recent decades in order to assess their activity and their effects on meat
products as food supplementation [16–19]. Among these, olive oil by-products can be
considered a source of bioactive molecules that are potentially applicable for processed meat
preservation [20]. It is known that olive oil by-products are characterized by a high number
of hydrophilic phenols, mainly secoiridoids, found exclusively in the Oleaceae family, that
have been proven to inhibit or delay the rate of growth of a wide range of Gram-positive
and Gram-negative bacteria as well as to have high antioxidant properties [21,22]. In
particular, the olive mill wastewater generated in olive oil production has a high generation
rate (49% of total mass), and the possible exploitation of this agro-industrial waste through
the recovery of high-value bioactive compounds could positively affect the economic and
environmental sustainability of agro-industry [23].

Although the chemical composition and the antioxidant capacity of olive oil by-
products as well as their application in foodstuff have been previously studied by several
authors [20,24,25], information on the effect of the olive mill wastewater polyphenolic
extract on the microbial population of minced meat products to improve their shelf-life is
still limited.

In this sense, the role of this natural extract in the replacement of synthetic preserva-
tives in meat products is postulated. With this aim, the antioxidant activity and antimicro-
bial capacity of olive mill wastewater polyphenolic extract during beef burger shelf-life
was evaluated. In order to estimate the potential activity of this polyphenolic extract in
comparison with synthetic additives, different formulations were tested and compared
to a control formulation and a control formulation with synthetic preservatives (sodium
ascorbate) during a period of 7 days of cold storage.

2. Materials and Methods

2.1. Olive Mill Waste Water Extract and Compositon

The crude phenolic extract (PE) used in the beef burger formulation was obtained
through a three-step membrane filtration process using fresh olive mill wastewaters from
processing olives of the Umbrian Moraiolo cultivar, as reported by Ianni et al. [26]. To
obtain a stable powder formulation, the extracts were spray-dried after their combination
with maltodextrin (1:1 dw), which functioned as a carrier, and is largely used in spray
drying in the food industry [27]. The phenolic composition of the spray-dried extracts
was assessed by means of high-performance liquid chromatography (HPLC) [28] and is
reported in Table 1.

Table 1. Composition of spray-dried crude phenolic extract (PE).

Crude PE (mg/g)

3,4-DHPEA * 9.2 ± 0.2
p-HPEA 4.3 ± 0.0

Verbascoside 5.9 ± 0.2
3,4-DHPEA-EDA 8.1 ± 0.2

Sum of phenols 27.6 ± 0.3
Purity 2.7%

* Results are the mean of two independent analytical determinations ± standard deviation. 3,4-DHPEA = hydroxyty-
rosol, p-HPEA = tyrosol, 3,4-DHPEA-EDA = oleacein.

2.2. Beef Burger Formulation

Beef burgers were produced in an EU-approved meat processing plant located in
Umbria, Central Italy. The meat for the preparation of beef burger was obtained from
cuts (beef rump and shoulder muscle) of 18-month-old female Chianina cattle reared
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and slaughtered in Italy in accordance with European Union Regulation (Regulation (EC)
No. 853/2004 s.m.i.) [29]. After 12 days of carcass aging, 40 kg of meat cuts was ground
twice in a professional trimmer equipped with a 4 mm-hole plate. The grinded meat
was divided into four different formulations, each 5 kg in weight, and aseptically hand-
mixed with the following ingredients for 2 min (basic recipe): 10 g/kg NaCl, 60 g/kg
grated parmesan, 80 g/kg breadcrumbs and 2 eggs/kg. The four different formulations
were elaborated as follows: C, basic recipe with no addition; A, basic recipe plus 10 g/kg
commercial antioxidant mix (CM) (CondiHamb, MEC Import, Perugia, Italy); AP, basic
recipe plus 5 g/kg CM plus 350 mg/kg PE crude extract; P, basic recipe plus 700 mg/kg PE
crude extract. The chemical composition of the burger was characterized by an average of
22% protein and 8 % fat. Each batch was further mixed for 2 min, and the burgers were
then molded (about 100 g each) and placed in a display refrigerator at 4 ± 2 ◦C for 7 days,
under alternating exposure to fluorescent light (12 h light/12 h darkness) to simulate retail
storage conditions.

2.3. Antioxidant Capacity of PE and Mix Extracts and Beef Burger

The antioxidant capacity was evaluated for the synthetic and natural additives and
burgers over the course of their shelf-life using the oxygen radical absorbance capacity
method (ORACFL). One gram each of CM, PE and burger samples was separately mixed
with a buffer, 75 mM, pH 7.2, containing 13.19 g of K2HPO4 and 10.26 g of KH2PO4 in
900 mL of deionized water, homogenized with an Ultra-Turrax homogenizer (Ultra Turrax
T25 Basic, IKA Labortechnik Janke & Kunkel GmbH, Stavfen, Germany) for 1 min, and
then vortexed for 2 min. The homogenates were centrifuged at 6000 rpm at 4 ◦C for 20 min,
and the supernatant was used for the determination of the antioxidant capacity using the
oxygen radical absorbance capacity method (ORACFL) based on the fluorescence decay
rate of a probe in the presence of a radical oxygen species (ROO) and compared with that
of a reference standard, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid,
Sigma-Aldrich, Steinheim, Germany). The ORACFL assays were carried out on a FLUO-star
OPTIMA microplate fluorescence reader (BMGLABTECH, Offenburg, Germany) at an
excitation wavelength of 485 nm and an emission wavelength of 520 nm. The results are
expressed as μg of Trolox equivalents (TE) per 100 g sample.

2.4. Lipid Oxidation of Beef Burger

Lipid oxidation over the course of shelf-life was measured by thiobarbituric reactive
substance (TBAR) determination, performed according to Tarladgis et al. [30] and mea-
sured by an Ultrospec 2100 pro UV–visible spectrometer (Amersham Pharmacia Biotech,
Amersham, UK) at 532 nm. Quantification was performed using a standard calibration
curve and with a concentration range of 1E6 to 1E5 M (y = 2E + 07x + 0.0046, R2 = 0.9999),
corresponding to a range of 0.4–4 mg of malonaldehyde (MDA)/kg meat. The MDA recov-
ery was determined by spiking the samples with a known volume of 0.2 mM TMP. The
TBAR concentration was expressed as mg MDA/kg meat.

2.5. Antimicrobial Activity of Commercial Mix and PE Extract

The evaluation of the antimicrobial activity of CM and PE extract was performed
through the agar well diffusion technique [31,32] on some micro-organisms relevant for
the food industry, such as Staphylococcus aureus (WDCM 00034), Escherichia coli (WDCM
00013) and Pseudomonas fluorescens (WDCM 00115). The selected reference strains were
revitalized in Brain Heart Infusion (BHI) broth and incubated at 37 ◦C for 24 h with the
exception of P. fluorescens, which was incubated at 25 ◦C for 24–48 h. An initial suspension
of 0.5 McFarland in 0.9% sterile saline solution was prepared for each micro-organism, and
100 μL was then distributed on Mueller–Hinton Agar (MHA, Thermo Fisher Scientific,
Milan, Italy) plates with a swab, making four 90◦ rotations. At the time of use, the extracts
were suspended with sterile demineralized water to obtain a concentration of 750 mg/mL,
and then two dilutions were performed at 375 and 187 mg/mL. In each inoculated MHA
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plate, 7 mm-diameter holes were produced with a sterilized cork borer and then filled with
50 μL of extract suspension at different concentrations [31,32]. The plates were incubated
according to the most suitable growth conditions, as reported above. For each bacterial
strain, CM and PE extract were tested, and a negative control was set up with sterile
demineralized water. At the end of the incubation period, the diameter of the inhibition
halo was measured by a gauge and expressed in mm.

2.6. Microbial Analysis of Beef Burger

After 0, 2, 5 and 7 days of storage (T0, T1, T2 and T3, respectively), 10 g of each
sample was aseptically removed and placed in a sterile stomacher bag with 90 mL of
Buffered Peptone Water (Oxoid Ltd., Basingstoke, UK). After homogenization (Stomacher
400 circulator, Seward Ltd., Norfolk, UK), decimal serial dilutions were performed, and
the below-reported microbiological determination was carried out in duplicate. Total
viable count (TVC) was performed on Plate Count Agar (PCA, Oxoid Ltd.) incubated at
30 ◦C for 72 h according to ISO 4833-1 [33]. Enterobacteriaceae were enumerated according
to a validated alternative method of ISO 21528-2 [34] (AFNOR AES 10/07-01/08) on
Rebecca™ EB (bioMérieux, Mercy Etoile, France) incubated at 37 ◦C for 24 h. The lactic
acid bacteria (LAB) count was performed on de Man, Rogosa and Sharpe agar (MRS, Oxoid
Ltd.) incubated at 30 ◦C for 72 h, while the Pseudomonas spp. count was performed on
Pseudomonas Agar Base with CFC selective agar supplement (Oxoid Ltd.) and incubated
for 48 h at 25 ◦C. Coagulase-positive staphylococci were enumerated on Baird Parker Agar
with the addition of RPF supplement (Biolife, Milano, Italy) and incubated at 37 ◦C for 48 h.
Results were recorded as colony-forming units (CFUs) and converted into log10 values
to obtain Log CFU/g of meat prior to statistical analysis according to Gill and Jones [35].
In order to assess the microbiological safety over the course of beef burgers’ shelf-life, the
Salmonella spp. detection was performed according to ISO 6579–1: 2017 [36] at T0, T1, T2
and T3, in compliance with Regulation (EC) No. 2073/2005 [37].

Corresponding with the end of the manufacturing process (T0), the enumeration of
E. coli was performed according to ISO 16649 [38] on all experimental groups as a process
hygiene criterion of Regulation (EC) No. 2073/2005 [37].

2.7. Statistical Analysis

Data were analyzed using the GLM procedure of SAS [39]. An ANOVA model was
used with sample (C, A, AP, P) and time (T0, T1, T2, T3) as the fixed factors. The replicate
effect was found not significant and removed from the model. The differences in the means
were detected using the Tukey’s test and considered significant when p < 0.05. The effects
of formulation on the growth of the target micro-organisms were evaluated with the DMFit
tool of the free predictive microbiology software Combase (https://www.combase.cc/
index.php/en/DMFit, accessed on 20 June 2022), allowing for the definition of growth
parameters such as lag phase duration (λ, 1/h) and maximum growth rate (μmax, 1/h) by
means of the Baranyi and Roberts model [40]. The fitted results were analyzed by one-way
ANOVA (with the sample as a fixed variable) and Tukey’s test (p < 0.05).

3. Results and Discussion

A higher antioxidant activity was found in the PE in comparison with the CM con-
taining ascorbic acid (554.42 ± 3.38 and 1149.02 ± 13.69 μg TE/100 g in CM and PE,
respectively). The high antioxidant activity recorded in the PE is in agreement with a
previous studies that reported the powerful antioxidant activity of olive phenolic com-
pounds [22,41–44]. The results for the lipid oxidation and antioxidant activity of minced
beef meat indicated by TBARs and ORACFL values are reported in Table 2.
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Table 2. Lipid oxidation (TBARS) and antioxidant capacity (ORACFL) in beef burger during storage.

Days of Storage SEM p-Value

0 2 5 7 T S TXS

TBARS
(mg MDA/kg)

C 0.13 a 0.34 bW 0.47 cW 0.63 dW

A 0.14 a 0.20 bX 0.25 cX 0.30 dX 0.012 <0.001 <0.001 <0.001
AP 0.14 a 0.17 abXZ 0.19 bZ 0.29 cX

P 0.15 a 0.16 aZ 0.18 aZ 0.24 bZ

ORACFL
(μg TE /100 g)

C 24.44 W 24.43 W 24.44 W 24.41 W

A 34.19 aX 32.11 bX 27.08 cX 25.59 dW 0.475 <0.001 <0.001 <0.001
AP 38.87 aY 38.18 aY 36.17 bY 35.89 bX

P 44.45 aZ 43.89 aZ 40.01 cZ 38.73 bY

C = control group; A = basic recipe with addition of 10 g/kg commercial antioxidant; AP = basic recipe with
addition of 5 g/kg commercial antioxidant and 350 mg/kg phenolic extract; P = basic recipe with addition of
700 mg/kg phenolic extract. Different letters in the same row (a, b, c, d) indicate differences between mean values
during sampling times (p ≤ 0.001); different letters in the same column (W, X, Y, Z) indicate differences between
mean values for different experimental groups (p ≤ 0.001). SEM, standard error of the mean. T = time; S = sample.

Concerning lipid oxidation, increased TBARs values were detected during storage
for all experimental formulations, and, among groups, differences were reported starting
from 2 days with higher values for C samples. The addition of 700 mg/kg PE in meat
(P group) guaranteed the lowest level of TBARS in the second part of storage (days 5–7)
with a reduction of 62% of lipidic oxidation on day 7 for P compared to C samples. Similar
results, albeit with a lower magnitude, have been reported by Martínez-Zamora et al. [43],
demonstrating how the incorporation of synthetic hydroxytyrosol reduced the oxidation
of lamb patties by 35% with respect to the control sample at the end of shelf-life. The
hamburger formulation and storage time significantly affected the lipid oxidation, and the
interaction between these two factors was also significant (Table 2). A PE-concentration-
dependent effect preserving lipid oxidation was also observed by other studies in the
literature both in raw and grilled beef burger [20].

The ORACFL assay revealed differences in the antioxidant activity of four experimental
groups, with the highest mean values recorded in the P group (Table 2). A reduction in
the antioxidant activity during storage was recorded in A, AP and P. This reduction, as
found in a previous study, is due mainly to the oxidative degradation phenomena of
phenols or antioxidant molecule that occur during storage [20,44]. Despite the degradation
of phenols, the higher level of integration in beef meat (P group) ensures considerable
antioxidant activity until the end of storage time. It is well-known that phenols can act
as hydrogen donors and compounds linked with a o-dihydroxyl functionality possess a
high antioxidant activity, due to the formation of intramolecular hydrogen bonds observed
during the reaction with free radicals [22]. Among these, the highest antioxidant activity
was attributed to 3,4-DHPEA (hydroxytyrosol) and secoiridoid derivatives such as 3,4-
DHPEA-EDA (oleacein) [22]. In particular, hydroxytyrosol’s strong antioxidant potential
is strictly related to its chemical structure: a phenol ring formed by a catechol group and
three hydroxyl groups [43]. The combination of these functional groups could represent
the main explanation for its preservative action in products of animal origin, as previously
demonstrated in the literature [45,46].

The preliminary evaluation of the antimicrobial activity of the CM and PE performed
through the agar well diffusion technique revealed that the PE possessed greater in vitro an-
timicrobial activity compared to the CM. Indeed, after incubation, the inhibition halos were
measured for each strain, and the PE showed halos of 16, 13 and 11 mm for P. fluorescens,
14, 11 and 9 mm for S. aureus, and 9, 7 and 0 mm for E. coli for 750, 375 and 187 mgPE/mL,
respectively. The assay’s results suggest that the CM had no effect on microbial growth as
the inhibition halos were absent for all the concentrations and micro-organisms tested.

Concerning the microbial analysis of beef burger, the Salmonella spp. detection showed
that the pathogen was absent during the entire duration of products’ shelf-life in all the
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experimental groups, complying with the food safety criterion of EU Regulation [37].
Similarly, the process hygiene criterion of E. coli in meat preparations was fully respected
as the microbial count at T0 was below 2 Log CFU/g for all experimental groups [37]. This
evidence confirms both the satisfactory safety and the hygiene levels of the beef burger
production process.

The results of microflora evolution during storage for refrigerated beef burgers are
depicted in Table 3. As shown, a significant (p < 0.001) increase was observed for all
microbial populations and for all experimental groups studied as storage time elapsed.
Immediately after production (T0), higher microbial populations were recorded for the
TVC and LAB count followed by Pseudomonas spp. The initial (T0) TVC in all studied
groups was approximately 4.4 Log CFU/g, which can be considered a characteristic value
for minced meat products after manufacturing [47]. Indeed, this result is in agreement with
the levels reported in the available literature for similar minced beef meat products [48,49],
albeit other studies have found higher values [50] or lower ones [51]. It has been reported
that a possible explanation for this relatively high initial TVC contamination in beef burgers
may be attributed to the mincing process, which contributes to the total viable counts, likely
as a consequence of the disruption of muscle structure, making nutrients easily available to
micro-organisms [49]. However, the low initial value of Enterobacteriaceae counts (average
value 1.33 Log CFU/g) confirms the optimal initial microbiological quality attributable to
the good physiological status of the animal at slaughter and to proper postmortem meat
acidification as well as to the good hygienic conditions during slaughter, handling and
production processes [47,52].

Table 3. Microbial quality (Log CFU/g) of the four formulations of beef burger stored at 4 ◦C under
aerobic conditions for 7 days.

Days of Storage SEM p-Value

0 2 5 7 T S TXS

TVC
C 4.29 a 5.50 b 6.85 cW 7.41 dW

A 4.37 a 5.48 b 6.82 cW 7.38 dW 0.124 <0.001 <0.001 0.002
AP 4.61 a 5.31 b 6.36 cX 6.98 dWX

P 4.48 a 5.11 b 6.24 cX 6.52 cX

Staphylococcus spp.
C 1.46 a 2.07 b 2.78 cW 2.89 c

A 1.28 a 1.90 b 2.67 cW 2.87 c 0.159 <0.001 0.005 0.671
AP 1.32 a 1.78 a 2.47 bWX 2.67 b

P 1.38 a 1.67 ab 2.05 bcX 2.49 c

Pseudomonas spp.
C 4.02 a 5.18 b 6.67 cW 7.05 dW

A 4.11 a 5.23 b 6.75 cW 7.20 dW 0.199 <0.001 <0.001 0.163
AP 4.09 a 4.74 b 5.96 cX 6.91 dWX

P 3.98 a 4.47 a 5.63 bX 6.11 bX

LAB
C 4.15 a 4.46 ab 4.83 b 4.96 b

A 4.20 a 4.48 ab 4.79 b 4.88 b 0.142 <0.001 0.508 0.999
AP 4.04 a 4.39 ab 4.82 b 4.94 c

P 3.98 a 4.29 ab 4.75 b 4.83 c

Enterobacteriaceae
C 1.38 a 1.80 ab 2.58 c 3.60 dW

A 1.30 a 1.66 a 2.53 b 3.58 cW 0.182 <0.001 <0.001 0.102
AP 1.24 a 1.46 a 2.27 b 3.17 cW

P 1.28 a 1.36 a 2.10 b 2.36 bX

C = control group; A = basic recipe with addition of 10 g/kg commercial antioxidant; AP = basic recipe with
addition of 5 g/kg commercial antioxidant and 350 mg/kg phenolic extract; P = basic recipe with addition of
700 mg/kg phenolic extract. Different letters in the same row (a, b, c, d) indicate differences between mean values
during sampling times (p ≤ 0.001); different letters in the same column (W, X, Y, Z) indicate differences between
mean values for different experimental groups (p ≤ 0.001). SEM, standard error of the mean. T = time; S = sample.
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As above mentioned, following TVC, LAB and Pseudomonas spp. where the two micro-
bial population with the highest initial value (T0), with average levels among experimental
groups of 4.09 and 4.05 Log CFU/g, respectively. Similar counts were recorded for analo-
gous products by Zamuz et al. [47] and Andres et al. [53], while slightly higher values were
recorded by Parafati et al. [54] and Marrone et al. [55] for Pseudomonas in minced beef meat
products.

At the end of the storage period (day 7), significant (p < 0.001) differences between
experimental groups were observed for TVC, Pseudomonas and Enterobatteriaceae (Table 3).
Specifically, the lowest value for this microbial population corresponded to those burg-
ers formulated with the highest amount of PE (P group), suggesting that the bioactive
molecules contained in the extract affected this microbial population by limiting its growth,
as preliminary suggested by an in vitro assay.

The parameters characterizing the growth curves of targeted microbial populations
in the four experimental groups were obtained by modeling growth data by means of the
Baranyi equation [40] and are summarized in Table 4.

Regarding the TVC, the addition of polyphenols in beef burger resulted in an extended
lag phase (λ) in P samples in comparison with C and A and a reduction in the maximum
growth rate (μmax) in AP compared with all other groups and the final value for P. For
Staphylococcus spp., the experimental treatment affected the microbial growth by extending
the λ in P samples in comparison with C and A and by reducing the μmax in P compared
with all other groups and in AP compared to C. The final value was also affected by
a significant reduction in the two experimentally manufactured burger groups (AP, P).
Considering Pseudomonas spp., the P group recorded a longer λ compared to C and A
samples while AP was not statistically different from the other experimental groups;
concerning μmax, both AP and P showed lower values compared to C and A. For this
microbial population, the final value was significantly reduced in the P group.

Neither λ nor the final value of the LAB population were different among groups,
while the μmax was slightly higher in AP and P compared to C and A, agreeing with
previous results from Servili et al. [56], who reported that olive by-product polyphenols did
not affect LAB growth in fortified foodstuff. For Enterobacteriaceae, data show a reduction in
the final value in the AP and P, while no significant differences were highlighted for λ and
μmax; however, an increasing trend was recorded for λ and a decreasing one was noted for
μmax (p = 0.06 and p = 0.056, respectively, data not shown).

In agreement with what is reported above, Mexis et al. [57] noticed a reduced growth
rate in TVC, LAB and pseudomonads in ground chicken meat with the addition of Citrus
spp. extracts. In Mortadella meat products with citrus fiber, thyme and rosemary, essential
oil lowered the growth rate of the TVC during storage [58]. Roila et al. [25] reported that
the addition of olive oil by-product polyphenols in Fior di Latte cheese brine resulted in an
extended λ for P. fluorescens and Enterobacteriaceae and in a reduced μmax for P. fluorescens.

As shown, the result of growth data modeling appears to be related to the influence
exerted by the experimental addition of olive-mill-wastewater-derived polyphenols on
extending the λ and reducing the μmax and the final value. Analogous conclusions have
been previously reported for similar compounds and for other preservation methods, albeit
a systematic comparison is difficult as the characteristics of microbial growth curves can be
affected by differences in food matrices, storage condition and duration [25,59].

Concerning the antimicrobial activity, it has been demonstrated that the dialdehydic
structure of olive phenols exerts an antimicrobial effect by strongly interacting with amino
acids, proteins and membrane molecules, promoting membrane permeabilization and
bacterial cell lysis [60]. Indeed, studies have shown that tyrosol inhibits the activity of
cyclooxygenase enzymes and hydroxytyrosol has a protein-denaturing ability [60]. Other
studies report that many polyphenolic compounds are potent iron scavengers, and the lack
of iron affects the growth of certain pathogenic bacteria by a reduction in the ribonucleotide
precursor of DNA [61]. Besides the molecular mechanisms, the microbial growth inhibition
exerted by this phenolic compound is strongly related to its chemical structure; as a
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consequence, the key factor determining the antibacterial activity of the phenolic extracts is
their phenolic profile [62].

Table 4. Output parameters estimated by the DMFit program for each microbial population in the
four formulations of beef burgers.

Micro-
Organism and
Parameters

C A AP P

TVC
λ 8.97 ± 3.45 a 6.12 ± 3.45 a 15.84 ± 8.20 ab 23.27 ± 11.74 c

μmax 0.0286 ± 0.0014 b 0.0286 ± 0.0013 b 0.0218 ± 0.0024 a 0.0248 ± 0.0048 b

Final value 7.44 ± 0.03 b 7.44 ± 0.03 b 7.11 ± 0.07 b 6.62 ± 0.10 a

R2 0.999 0.999 0.995 0.98
SE of Fit 0.041 0.0397 0.080 0.139

Staphylococcus
spp.
λ 10.78 ± 5.35 a 11.86 ± 3.64 a 17.95 ± 3.82 ab 20.84 ± 6.03 b

μmax 0.0163 ± 0.0015
bc 0.0171 ± 0.0010 c 0.0151 ± 0.0009 b 0.0092 ± 0.0001 a

Final value 2.92 ± 0.02 b 2.89 ± 0.02 b 2.69 ± 0.02 a 2.66 ± 0.00 a

R2 0.997 0.999 0.998 0.998
SE of Fit 0.0346 0.0262 0.0263 0.065

Pseudomonas
spp.
λ 12.33 ± 9.84 a 14.33 ± 8.32 a 20.38 ± 9.25 ab 29.73 ± 2.07 b

μmax 0.0324 ± 0.004 b 0.033 ± 0.004 b 0.024 ± 0.003 a 0.025 ± 0.000 a

Final value 7.16 ± 0.10 b 7.30 ± 0.09 b 7.07 ± 0.11 b 6.10 ± 0.02 a

R2 0.99 0.993 0.998 0.999
SE of Fit 0.136 0.12 0.11 0.025

LAB
λ 10.66 ± 8.58 9.86 ± 4.44 11.33 ± 3.19 17.03 ± 4.67
μmax 0.0083 ± 0.0010 a 0.0071 ± 0.0000 a 0.0095 ± 0.0040 b 0.0102 ± 0.0002 b

Final value 4.94 ± 0.02 4.89 ± 0.09 4.95 ± 0.08 4.83 ± 0.12
R2 0.993 0.998 0.999 0.997
SE of Fit 0.0294 0.013 0.0128 0.0209

Enterobacteriaceae
λ 34.38 ± 10.82 38.59 ± 6.21 44.40 ± 2.55 49.036 ± 10.74
μmax 0.0205 ± 0.0026 0.022 ± 0.0015 0.0201 ± 0.0006 0.0176 ± 0.0035
Final value 3.80 ± 0.12 c 3.88 ± 0.07 c 3.38 ± 0.025 b 2.41 ± 0.05 a

R2 0.989 0.996 0.999 0.987
SE of Fit 0.112 0.0672 0.0238 0.063

λ = lag phase (h); μmax = maximum growth rate (Log/CFU/g/h); final value (Log/CFU/g); SE = standard error
of fitting; R2 = adjusted R-square statistics of the fitting. C = control group; A= basic recipe with addition of
10 g/kg commercial antioxidant; AP = basic recipe with addition of 5 g/kg commercial antioxidant and 350 mg/kg
phenolic extract; P = basic recipe with addition of 700 mg/kg phenolic extract. Different letters in the same row (a,
b, c) indicate differences between mean values for different experimental groups (p ≤ 0.001).

4. Conclusions

Consumers’ interest in meat products formulated with natural preservatives has
motivated researchers to evaluate the effectiveness and applicability of naturally occurring
compounds with antioxidant and antimicrobial purposes. This study has proved that olive
mill wastewater extracts are characterized by a phenolic profile and are able to significantly
improve the oxidative and microbial stability of beef burger during cold storage.

Therefore, it was concluded that olive mill wastewater extracts could be successfully
added to raw ground beef meat to act as natural antioxidants and antimicrobials with
added health, environmental and economic benefits as well as increased consumer appeal.
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Abstract: Industrial processing of kiwifruits generates a large quantity of byproducts, estimated to
be one million tons per year. The resulting byproducts are rich sources of bioactive components
that may be used as additives, hence minimizing economic and environmental issues. In this
study, kiwifruit byproducts were used to develop added-value food-grade ingredients containing
probiotics. The byproducts were divided into peels and pomace. Both residues were inoculated
with a selected strain of probiotic (Lacticaseibacillus casei 431®), and two variants were additionally
enhanced with prebiotic sources (buckwheat and black rice flours). The inoculated powders were
obtained by freeze-drying, and the final ingredients were coded as KP (freeze-dried kiwi peels),
KBR (freeze-dried kiwi pomace and black rice flour), KPB (freeze-dried kiwi pomace and buckwheat
flour), and KPO (freeze-dried kiwi pomace). The phytochemical profile was assessed using different
spectrophotometric methods, such as the determination of polyphenols, flavonoids, and carotenoids.
The kiwi byproduct-based formulations showed a polyphenolic content varying from 10.56 ± 0.30 mg
AGE/g DW to 13.16 ± 0.33 mg AGE/g, and the survival rate of lactic acid bacteria after freeze-drying
ranged from 73% to 88%. The results showed an increase in total flavonoid content from the oral
to gastric environment and controlled release in the intestinal environment, whereas a maximum
survival rate of probiotics at the intestinal end stage was 48%. The results of SEM and droplet size
measurements revealed vesicular and polyhedral structures on curved surfaces linked by ridge
sections. The CIEL*a*b* color data were strongly associated with the particular pigment in kiwi pulp,
as well as the color of the additional flour. Finally, the ingredients were tested in protein bars and
enhanced the value of the final food product regarding its phytochemical and probiotic content.

Keywords: kiwi byproducts; probiotic; prebiotic; antioxidant activity; Lactobacillus casei; ingredients;
functional foods

1. Introduction

The industrial processing of fruits and vegetables leads to large quantities of byprod-
ucts, such as peels, seeds, and residual pulp, which are usually used as animal feed or/and
discarded in the environment. Nowadays, enormous efforts, from both scientific and
application points of view, are made to explore the functional potential of these byproducts
as sources of important chemical compounds with significant added value for human and
animal health. In general, these compounds are represented by polyphenols, carotenoids,
and triterpenes [1], which display several biological activities, namely, antioxidant [2],
anti-inflammatory [3], antimicrobial [4], and antidiabetic effects [5], among many others [6].

The genus Actinidia contains about 60 species, with kiwi probably being the most
consumed fruit in natura due to its well-described health benefits [7]. Kiwifruits can be
preserved in the fresh state for a prolonged time (for many months) without any decrease
in quality, requiring controlled temperature (0 ◦C). At the industrial level, innovative kiwi
products are processed and commercialized, such as juice, frozen juice, sweets, and ice
creams, among other products [8]. Industrial processing of kiwifruits causes significant
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amounts of peels and pomace, which are still under-explored and have aroused great
interest due to their high contents of bioactive molecules, such as phenolic compounds [9].
The development of kiwi-derived products is based on their nutritional and biological
properties due to their rich contents of dietary fiber and bioactive compounds, such as
vitamins (C, E, and A), phenolic compounds, and minerals [6].

Significant data from the literature have shown that one of the most recommended
ways to prevent and treat gastrointestinal alterations is to alter the commensal micro-
biota [10–12]. It is well known that microorganisms coexist with eukaryotic cells at the
mucosal surfaces of vertebrates in a complex and harmonious symbiosis [11]. However,
the administration of antibiotics at a large scale causes various side effects, such as dis-
rupting normal microflora in the human body by destroying normal gut and genital tract
bacteria [13]. These imbalances can be adjusted by probiotic supplementation in the diet,
providing a load of live bacterial cells sufficient for beneficial effects on human health at
both metabolic and immune levels [11]. The engineering of probiotic foods is challenging
due to their low acid-bile tolerance and requirements for their non-pathogenicity, nontoxi-
city, ability to survive and metabolize in the gut environment, resistance to low pH and
organic acid, and potential to remain viable for a long period under storage and other
conditions [14]. An optimal population of probiotic bacteria is critical for the preservation
and proper functioning of the digestive system [15].

Prebiotics are defined as non-fermentable components that are transferred into the
colon to be selectively used by host microorganisms [16]. Multiple benefits have been
suggested for prebiotics, such as the mediation of host health (such as improved intestinal
function), the regulation of glucose and lipid metabolism, immune response, bone health,
and the regulation of satiety [17]. It has been suggested that prebiotics can be classified
into three categories: oligosaccharides (fructooligosaccharide, xylooligosaccharide, galac-
tooligosaccharide, isomaltose, inulin, etc.), fiber (β-glucan, pectin, cellulose, dextrin, etc.),
and polyols (xylitol, mannitol, lactulose, etc.) [17]. Other compounds have been proposed
as candidates for prebiotics, such as linoleic acid, polyunsaturated fatty acids, phenols, and
polyphenols, such as anthocyanins [18].

Given the need to use prebiotics in the engineering of probiotic foods, different com-
plex food matrices should be considered, including fibers, polyphenolics, and oligosac-
charides. For example, black rice (Oryza sativa L.) flour is a valuable source of protein, fat,
carbohydrates, phenols, flavonoids, and anthocyanins [19] and could be a potent candidate
for complex prebiotic activity. Additionally, buckwheat is a type of underutilized pseudo-
cereal belonging to the genus Fagopyrum, and it could be regarded as a potential source for
food and nutritional applications [20]. According to FoodData Central [21], the proximate
composition of buckwheat includes starch as the major component (~70%), followed by
protein (~12%), dietary fiber (~10%), lipids (~3%), and ash (2.5%); minor components
with biological significance, such as polyphenols, D-chiro-inositol, and vitamins, were also
reported [22].

Therefore, our study aims to contribute to the innovative development of kiwi
byproduct-based products containing probiotics. Although the kiwi phytochemical
profile is already advanced in the scientific literature, based on our knowledge, no studies
have explored the potential of transforming kiwi byproducts into foods and ingredients
containing probiotics, consequently reducing food waste. Kiwi pomace was enhanced
with two prebiotic sources, namely, black rice and buckwheat flour, and inoculated with
Lacticaseibacillus casei (L. casei) 431®, whereas kiwi peels were inoculated to the same
extent with L. casei. Four powders containing probiotics were obtained by freeze-drying
and characterized for phytochemicals (anthocyanins, polyphenols, and carotenoids),
antioxidant activity, color, cell viability, and the bioaccessibility of polyphenols and
probiotics. The powders were tested for food applications by introducing them into a
protein bar formulation. The foods were tested for phytochemicals, antioxidant activity,
and cell viability to assess their potential as functional foods.
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2. Materials and Methods

2.1. Chemicals

Analytical-grade n-hexane, acetone, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), acetic acid, hydrochloric acid, alu-
minum chloride, ethanol, Folin–Ciocâlteu reagent, gallic acid, pectin, and methanol were
purchased from Sigma Aldrich Steinheim (Darmstadt, Germany). Other reagents such
as sodium bicarbonate were purchased from Honeywell, Fluka (Seelze, Germany), and
Lacticaseibacillus casei (L. casei) 431® strain was purchased from Chr. Hansen (Hoersholm,
Denmark). The probiotic character of L. casei 431® strain has been described in several
studies [23,24] and has been associated with health benefits in several areas of health,
including immune health, respiratory health, and bowel function. De Man, Rogosa, and
Sharpe agar (MRS agar) was purchased from Merck (Darmstadt, Germany). All reagents
and solvents were of analytical and HPLC grade.

2.2. Fruit Processing

Kiwifruits (Actinidia deliciosa cv. “Hayward”) at full maturity were purchased in
November 2021 from a local supermarket in Galati County, Romania. The fruits were
sorted and processed immediately. Once they arrived at the laboratory, the fruits were
washed with distilled water, and peels were separated from the fruits. The fruits were
further cut in half and squeezed using a juice extractor (Stainless Steel Fruit Vegetable Juice
Extractor Juicer Squeezer, Guangdong, China). The fresh material, specifically peels and
pomace, was used for initial phytochemical content and antioxidant activity analyses.

2.3. Extraction of Phytochemicals from Fresh Kiwi Samples

In order to characterize the freeze-dried powders of the fresh material, a subsequent ex-
traction was performed using a solid–liquid ultrasound-assisted method with two different
solvents. The design of extraction procedures was based on a comprehensive comparison
of both lipophilic and hydrophilic profiles by using two different combinations of solvents:
a mixture of ethanol and water (ratio of 70:30, v/v) and n-hexane–acetone (ratio 1:3, v/v).
The fresh material was extracted with the corresponding solvent solutions in a solid–liquid
ratio of 1:10 by mixing and ultrasound treatment at 35 ◦C for 30 min. Each extraction was
repeated twice to obtain enriched extracts.

2.4. Customized Design to Develop Kiwi-Based Ingredients Enriched with Probiotics

About 50 g of fresh material (kiwi peels and pomace) was added to ultrapure water in
a ratio of 1:2 and mixed by homogenization (ProBlend Crush Blender, Global Headquarters
Netherlands, Eindhoven). Prior to inoculation, the mixtures were enhanced with different
flours, i.e., black rice and buckwheat (20%), and allowed to hydrate, followed by pH
adjustment to 5.0 with 1.0 N NaOH. The designed samples were coded as follows: KP
(freeze-dried kiwi peels), KBR (freeze-dried kiwi pomace and black rice flour), KPB (freeze-
dried kiwi pomace and buckwheat flour), and KPO (freeze-dried kiwi pomace). All samples
were sterilized using a UV lamp and inoculated with 2% L. casei 431® and freeze-dried
(CHRIST Alpha 1–4 LD plus, Osterode am Harz Germany) at −42 ◦C under a pressure of
10 Pa for 48 h. Afterwards, the powders were collected and packed in glass containers and
kept at 4 ◦C until further analysis.

2.5. Total Polyphenol (TPC) and Total Flavonoid (TFC) Analysis

Spectrophotometric methods were used for the TPC and TFC evaluation by using the
Folin–Ciocâlteu reagent and aluminum chloride methods, respectively, as described by
Milea et al. [25]. For TP content, from each sample extract, a volume of 0.2 mL was diluted
with 15.8 mL of distilled water, followed by the addition of 1 mL of Folin–Ciocâlteu reagent
and 3 mL of 20% Na2CO3. The mixtures were left to stand for one hour in the dark to
react, followed by reading the absorbance at λ = 765 nm (Jenway Scientific Instruments,
Essex, UK). TP was expressed as mg gallic acid equivalents/g dry weight (mg GAE/g
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DW) using a calibration curve. For TF evaluation, a volume of 0.25 mL from each extract
was sequentially mixed with 0.075 mL of sodium nitrite (5%), 0.15 mL of 10% AlCl3, and
0.5 mL of 1 M NaOH. The absorbance of the mixtures was immediately measured at 510 nm
against the suitable blank. TF was expressed in mg catechin equivalents (CE) per g of dry
powder (mg CE/g DW).

2.6. Total Monomeric Anthocyanin Content

Due to the special formulation of the KBR sample, which contained freeze-dried
kiwi pomace and black rice flour, the total monomeric anthocyanin content (TAC) was
assessed using the official AOAC method [26] and expressed as mg cianidin-3-O-glucoside
equivalents/g DW (mg C3G/g DW).

2.7. Carotenoid Content Evaluation

Carotenoid content, specifically β-carotene and lycopene, was determined by the
spectrophotometric method by selecting different wavelengths: 470 nm (β-carotene) and
503 nm (lycopene). The amount of carotenoids was calculated according to the following
equation [27]:

Carotenoids
(

mg
g

)
=

A × Mw × Df

Ma × L
(1)

where A is the absorbance of the extracts at the corresponding wavelength; Mw is molecular
weight, Df is the sample dilution rate, Ma is molar absorptivity (2500 L mol−1 cm−1 and
3450 L mol−1 cm−1, respectively), and L is the cell diameter of the spectrophotometer
(1 cm).

2.8. Radical Scavenging Activity

In order to evaluate the radical scavenging activity of the extracts, two methods were
comparatively used, namely, the scavenging percentages of DPPH and ABTS radicals [28].
In order to evaluate the DPPH radical scavenging activity, a volume of 0.1 mL from the
hydrophilic extract was mixed with 3.9 mL of DPPH solution (1 mM in methanol), mixed,
and allowed to react for 1 h at room temperature in the dark. For ABTS radical scavenging
activity, a volume of 0.15 mL from the lipophilic extract was mixed with a volume of 2.9 mL
ABTS solution (7 mM ABTS in 2.45 mM K2S2O8) and allowed to react for 2 h at room
temperature in the dark. The radical scavenging activity was expressed as mMol Trolox/g
DW using a calibration curve.

2.9. Viable Counts of L. casei 431®

In order to evaluate the viable counts of L. casei 431®, 10-fold serial dilutions of the
freeze-dried powders were performed using sterile physiological serum (0.9 NaCl %, w/v)
by using the pour plate technique, as described by Vasile et al. [29]. The viable cell number
was determined by estimating the number of colony-forming units (CFU) by cultivation on
MRS agar plates (medium at pH 5.7) after 72 h of aerobic incubation at 37 ◦C. The counts
were expressed as CFU/g DW.

2.10. In Vitro Digestion

In order to evaluate the bioaccessibility of the bioactives and probiotics from powders,
the KPB sample was selected in order to evaluate the flavonoids and probiotic viability in a
simulated in vitro digestion model. The samples were selected based on the phytochemical
profile and viable counts of L. casei 431®. The simulated model was prepared using a
modified method described by Kim et al. [30]. In brief, the method involved successive
steps of dissolving the powder in 10 mL of simulated saliva (Tris-HCl buffer, pH 7.7)
containing 1 mg/mL α-amylase, followed by gastric digestion for 2 h and then intestinal
digestion for another 2 h. An amount of 0.5 g of powder was dissolved in 10 mL of simulated
saliva, which was then added to 20 mL of simulated gastric juice (SGS) composed of pepsin
(1 mg/mL in 0.1 N HCl) at pH 2.0 and 1N HCl.
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After 2 h of gastric digestion at 37 ◦C, with continuous stirring at 150 rpm, a volume of
15 mL of the digested sample was transferred to simulated intestinal juice (SIS) consisting
of pancreatin with sodium bicarbonate at pH 7.0, followed by incubating the samples for
2 h at 37 ◦C with continuous stirring at 150 rpm on an SI-300R orbital shaker (Medline
Scientific, UK). The TFC of the sample was measured in the initial and final phases of each
digestion stage (after the oral phase, before and after 2 h of gastric digestion, and before
and after 2 h of intestinal digestion).

The bioavailability of flavonoids refers to the amounts of compounds released from
the powder after gastrointestinal digestion that could become available for absorption into
the systemic circulation [31]. Bioaccessibility was calculated using Equation (2):

Bioaccesibility (%) =
TFC1

TFC0
× 100 (2)

where TFC1 is the total flavonoid content (mg/g DW) in samples digested after gastroin-
testinal digestion, and TFC0 is the total flavonoid content (mg/g DW) in powder before
gastrointestinal digestion.

For the survival rate of probiotics, the inoculated powder was dissolved in 10 mL
of simulated saliva, and the aforementioned protocol describing the in vitro digestion of
flavonoids was applied. In the initial step and after 2 h of gastric digestion or at 2 h of
intestinal digestion, samples were analyzed in terms of the viability of probiotic cells. The
survival rate of probiotic cells was calculated using Equation (3):

Survival rate (%) =
Log (N1)

Log (N0)
× 100 (3)

where N1 is the total number of viable cells after each stage of simulated digestion, and N0
is the initial total number of viable cells before exposure at each stage of digestion.

2.11. CIEL*a*b* Analysis of Freeze-Dried Powders

For the color analysis of powders, a CR 410 Chroma Meter (Konica Minolta, Tokyo,
Japan) colorimeter was used to determine the color coordinates: L* (illumination, brightness,
0 black, 100 white), a* (positive value red, negative value green), and b* (positive value
yellow, negative value blue).

2.12. Powder Structure and Morphology

The powder morphology was observed by scanning electron microscopy (SEM). In
order to assess the structural and morphological characteristics, each powder was placed
on a sample holder and fixed with double-sided tape. Then, it was sputter-coated with
gold and observed in a Quanta FEG 250 SEM (FEI, United States of America).

2.13. Food Formulation

Based on the phytochemical profile and cell viability, two powders were selected to
formulate protein bars (KP and KPB). Then, the selected powders were added in a ratio
of 6% to a formulation containing 25.0 g of nuts, 25.0 g of dates, 50.0 g of dried prunes,
25.0 g of rice flour, and 10 g of wheat germ. Prior to powder addition, the abovementioned
ingredients were crushed and mixed well for 5 min, followed by powder addition and
mixing to the extent that ensured the uniform distribution of the powders in the mixtures.
The samples were molded into spherical shapes and stored at 4 ◦C for 24 h. Three variants
were obtained, coded as V1 (with 6% addition of KPB), V2 (with 6% addition of KP),
and control (C) with no powder added. The corresponding variants of protein bars were
analyzed for total polyphenols, total flavonoids, carotenoid content, antioxidant activity,
and L. casei 431® cell counts.
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2.14. Statistical Analyses

Analyses were performed in triplicate, and the results were expressed as mean and
standard deviation (SD). Experimental data were subjected to one-way analysis of variance
(ANOVA) after checking the normality and homoscedasticity to find significant differences.
For post hoc analysis, the Tukey technique with a 95% confidence interval was used;
p < 0.05 was deemed statistically significant. Minitab 18 software was used to perform the
statistical analysis.

3. Results and Discussion

3.1. The Phytochemical Profiles of the Kiwi Extracts

In order to have a comprehensive view of kiwi byproducts’ phytochemical content,
selected solvents were used in order to obtain extracts enriched in hydrophilic and lipophilic
compounds, such as polyphenols, flavonoids, and carotenoids. The phytochemical profile
and antioxidant activity are shown in Table 1.

Table 1. Phytochemical characterization and antioxidant activity of kiwifruit pomace and peels.

Phytochemicals Pomace Peels

Hydrophilic profile

Total flavonoid content, mg CE/g DW 1.97 ± 0.04 b 5.34 ± 0.39 a

Total polyphenolic content, mg GAE/g DW 3.79 ± 0.15 b 9.71 ± 0.28 a

Antioxidant activity, μM Trolox/g DW 9.68 ± 0.43 b 51.09 ± 2.57 a

Hydrophobic profile

β-Carotene, mg/g DW 1.19 ± 0.065 b 4.23 ± 0.027 a

Lycopene, mg g DW 0.55 ± 0.042 b 1.06 ± 0.027 a

Total carotenoids, mg/g DW 1.55 ± 0.093 b 5.70 ± 0.033 a

Antioxidant activity, μM Trolox/g DW 5.92 ± 0.13 b 8.62 ± 0.09 a

Means in the same row that do not share a letter (a,b) are significantly different based on Tukey’s method with
95% confidence.

As expected, the kiwi peels showed higher contents of polyphenols, flavonoids, and
carotenoids, leading to significantly higher antioxidant activity. Our results support the
hypothesis of the accumulation of bioactives in the outer layer of fruits. Wang et al. [32]
suggested that most phenolic compounds, such as protocatechuic acid, chlorogenic acid,
caffeic acid, rutin, p-hydroxybenzoic acid, and quercitin, are found in different parts of
kiwifruit, with higher contents in the peels. These authors reported higher concentrations
of flavonoids and polyphenols in kiwi peels, up to 8.13 mg gallic acid/g, compared with
values ranging from 2.89 to 6.91 mg gallic acid/g in kiwi pulp.

As expected, the carotenoid content had the same trend, with β-carotene and lycopene
contents of 4.23 ± 0.027 mg/g DW and 1.06 ± 0.027 mg/g DW, respectively, in kiwi peels.
Our results are consistent with the hypothesis that the carotenoid content in kiwifruits is
due to the cumulative content of β-carotene and chlorophylls [33]. As regards antioxidant
activity, the kiwi peel extracts showed higher values for both DDPH and ABTS radical
scavenging activities, which were correlated with the higher contents of polyphenols and
carotenoids. Antioxidant activity is often associated with the prevention or inhibition of
processes that lead to cellular degradation, caused mainly by the effects of free radicals.
Using multivariate correlation analysis, Zhang et al. [34] established that different groups
of polyphenolic compounds are mainly responsible for antioxidant activity.

3.2. The Phytochemical Profiles and Cell Viability of Inoculated Freeze-Dried Kiwi Powders

In order to valorize the kiwi pomace and peels as added-value ingredients, the fresh
materials were enhanced with different flours in order to improve additional properties,
such as color, prebiotic activity, enhanced antioxidant activity, etc. Therefore, four variants
of inoculated kiwi-based powders containing L. casei 431® were obtained. The phytochemi-
cal profiles of the four variants are given in Table 2.
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Table 2. Phytochemical characterization of freeze-dried samples.

Variants KPO KPB KBR KP

Hydrophilic profile

Total polyphenolic content, mg GAE/g
DW 12.46 ± 0.34 a 10.56 ± 0.30 c 11.51 ± 0.16 b 13.16 ± 0.33 a

Total flavonoid content, mg CE/g DW 1.49 ± 0.10 b 2.03 ± 0.29 a 2.17 ± 0.07 a 1.89 ± 0.03 a,b

Antioxidant activity, μM Trolox/g DW 57.67 ± 0.14 a 56.32 ± 1.04 a 56.93 ± 0.22 a 56.91 ± 0.29 a

Hydrophobic profile

β-Carotene, mg/g DW 0.90 ± 0.07 b 0.84 ± 0.05 b 0.81 ± 0.03 b 1.47 ± 0.05 a

Lycopene, mg/g DW 0.57 ± 0.05 a 0.55 ± 0.01 a 0.56 ± 0.07 a 0.57 ± 0.04 a

Total carotenoids, mg/g DW 1.04 ± 0.02 b 1.04 ± 0.06 b 1.04 ± 0.03 b 1.89 ± 0.05 a

AA, μM Trolox/g DW 3.90 ± 0.08 a 3.99 ± 0.08 a 4.07 ± 0.04 a 4.06 ± 0.11 a

L. casei 431®, log CFU/g DW 7.89 d 9.27 b 8.86 c 9.46 a

KPO—kiwi pomace with L. casei 431®; KPB—kiwi pomace with buckwheat flour and L. casei 431®; KBR—kiwi
pomace with black rice flour and L. casei 431®; KP—kiwi peels and L. casei 431®. Means in the same row that do
not share a letter (a–d) are significantly different based on Tukey’s method with 95% confidence.

It is well known that fruits and vegetables are rich in polysaccharides. Kiwifruits
contain large amounts of pectin and dietary fiber, which have been found to improve the
immune system and chronic diseases associated with constipation. Therefore, it is fair to
consider that kiwifruits confer prebiotic effects on the intestinal microbiota [35]. These
authors suggested that kiwifruit can act as a prebiotic in the selective intensification of the
growth of lactic acid bacteria (Lactobacillus and Bifidobacterium) while inhibiting Clostridium
and Bacteriodes ssp.

Table 2 gives the number of colony-forming units in each sample before and after
freeze-drying. The variant based on kiwi pomace (KPO) showed an initial cell concentration
of 10.63 log CFU/g DW, while after freeze-drying, a decrease to 7.89 log CFU/g DW was
observed. In the case of the variant based on kiwi peels (KP), the initial probiotic load
(10.64 log CFU/g DW) slightly decreased to 9.46 log CFU/g DW, whereas for the variants
with black rice and buckwheat flour addition, a prebiotic effect was observed, with a
higher value for the KPB variant. Although the freeze-drying process is considered a
friendly preservation method with a low rate of biologically active compound degradation,
a decrease in the viable counts of L. casei 431® was observed to different extents in all
samples. It can be inferred that the higher survival rate observed in samples based on
peels with flour addition is due to the prebiotic effects of the fiber, vitamins, and bioactives.
For example, Xie et al. [36] suggested a link between polyphenolic compounds in kiwi
byproducts and the viable counts of lactic acid bacteria cells. The survival rate of lactic acid
bacteria ranged from 73% to 88%. Based on these results, it is fair to attribute a probiotic
character to all of the kiwi-based variants, given the suggested minimum concentration of
viable cells of log 6 CFU/g.

The polyphenolic content of the samples was highly influenced by the particular
formulation. The kiwi byproduct-based formulations showed a polyphenolic content
varying from 10.56 ± 0.30 mg AGE/g DW to 13.16 ± 0.33 mg AGE/g, whereas the flavonoid
content was influenced by the type of flour added (Table 2). No significant differences
were found in antioxidant activity values. Table 2 shows the carotenoid contents of the
samples, highlighting the higher contents of β-carotene and lycopene in the KPO sample
(0.90 ± 0.07 mg/g DW and 0.57 ± 0.05 mg/g DW, respectively).

3.3. Color Parameters

The color of the kiwi-based powders was evaluated by CIEL*a*b* color parameters,
including brightness L* (0 black/100 white), a* (red/green), and b* (yellow/blue) (Table 3).

The L* values differed significantly among freeze-dried variants and were affected
by flour addition. Therefore, the brightest sample was the kiwi pomace-based variant
(KPO), followed by the sample with buckwheat flour addition (KPB). The variants based
on kiwi peels and kiwi pomace with black rice addition showed the darkest shade. The
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a* parameters had positive values in all samples, with the KPR variant closest to red,
correlated with anthocyanin content. The kiwi peel-based variant showed an a* value close
to 0, whereas the b* parameter had a shade close to yellow-green. These values of the
color parameters are linked to the predominant bioactive in each powder. For example, the
predominance of chlorophylls and carotenoids in the KPO variant, anthocyanin in KPR,
and flavonoids in KP and KPB can be observed visually.

Table 3. Color parameters of freeze-dried powders.

Parameter KPO KPB KBR KP

L* 39.48 ± 0.30 a 37.76 ± 0.30 b 13.63 ± 0.01 d 33.78 ± 0.31 c

a* 7.22 ± 0.10 b 6.055 ± 0.40 c 13.67 ± 0.09 a 0.605 ± 0.04 d

b* 22.32 ± 0.20 b 13.67 ± 0.09 c 0.91 ± 0.01 d 25.43 ± 0.21 a

L*—brightness, a*—redness/greenness, b*—yellowness/ blueness, KPO—kiwi pomace with L. casei; KPB—kiwi
pomace with buckwheat flour and L. casei; KBR—kiwi pomace with black rice flour and L. casei; KP—kiwi peels
and L. casei 431®. Means in the same row that do not share a letter (a–d) are significantly different based on
Tukey’s method with 95% confidence.

3.4. Survival of L. Casei 431® during Exposure to Simulated Gastrointestinal Conditions

Probiotics are microorganisms that, when administered in appropriate amounts, confer
a health benefit to the host [37]. It is well known that probiotic survival in the gastroin-
testinal tract highly depends on the host, the presence of antibiotics, and interactions with
different food constituents [38]. Probiotics are sensitive to temperature, pH variation,
oxygen, bile acids, and salts [39]. Therefore, in order to assess the survival rate of L. casei
431® in simulated gastrointestinal conditions, the powder with the highest microbial load
was tested for the cell survival rate in simulated gastrointestinal conditions, that is, kiwi
pomace with buckwheat addition. During oral digestion, a decrease in viable counts
from 9.27 log CFU/g DW to 8.46 log CFU/g DW was found. After 2 h of gastric digestion
followed by 2 h of intestinal digestion, the survival rate of L. casei 431® was 80% and 48%,
respectively.

3.5. In Vitro Bioaccessibility of Flavonoids

Flavonoids are a subgroup of polyphenols known for their high antioxidant activity,
but they have low stability due to their molecular structure characteristics. Flavonoids are
sensitive to factors such as temperature, light, pH, oxygen, enzymatic hydrolysis, etc. In order
to evaluate the bioaccessibility of flavonoids from the KPB sample, simulated in vitro digestion
was performed. The results showed an increase in total flavonoid content from the oral
(1.70 ± 0.19 mg CE/g DW) to gastric environment (2.84 ± 0.14 CE/g DW), suggesting the
release of flavonoids from the freeze-dried matrices. The controlled release of the flavonoids
continued in the intestinal environment, reaching up to 4.61 ± 0.07 mg CE/g DW. The
complex composition of the selected variant, rich in flavonoids and fiber, caused favorable
conditions for controlled release during digestion. Xie et al. [36] reported a decrease in
polyphenols and flavonoids from kiwi pomace during digestion. These authors reported
a total polyphenol content ranging from 1.10 ± 0.17 mg AGE/100 g plant material in the
oral cavity to 0.17 ± 0.02 mg AGE/100 g plant material in the intestine. The flavonoid
content decreased from 4.68 ± 0.23 mg CE/100 g plant material in the oral environment to
0.75 ± 0.06 mg CE/100 g plant material in the intestine.

3.6. Microscopic Structure of the Powders

The microstructure of the inoculated powders highlights potentially important physi-
cal features and potential controlled release of the bacterial load and bioactives. Figure 1
shows the scanning electron microscopy (SEM) images used to visualize the network
architectures formed in the structurally complex freeze-dried matrices. In the case of
freeze-dried samples based on kiwi pomace and L. casei (Figure 1a) (KP), thin sheets with
apparent flat faces showing corrugated surfaces can be observed. The structure shows
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some vesicular formations with regular shapes. Similar views can be observed in the case
of the KPB variant (Figure 1b), with a more complex structure involving the presence of
numerous vesicular formations with sizes of few micrometers. The variant with black rice
addition (Figure 1c) shows a more complex aspect on the surfaces, with more polyhedral
formations. The KPO variant has a non-uniform appearance, similar to KP, with smaller
areas containing both vesicular and polyhedral formations distributed on curved surfaces
connected by ridge areas (Figure 1d).

  
(a) (b) 

  
(c) (d) 

Figure 1. Structural and morphological characteristics of freeze-dried kiwi byproduct-based powders
inoculated with Lacticaseibacillus casei 431® (freeze-dried samples based on: (a) kiwi pomace; (b)—kiwi
pomace and buckwheat flour; (c) kiwi pomace and black rice flour and (d)—kiwi peels.

3.7. Food Formulations

The selected powders were added to a formula of protein bars at a ratio of 6%. Three
product variants were obtained by adding KPB and KP powders to the protein bars and
using a control sample without any powder added. The protein bars were tested for
phytochemicals, antioxidant activity, and cell viability. The addition of kiwi peel powder
led to a statistically different phytochemical profile of the protein bar (Table 4), with a
higher flavonoid content (1.48 ± 0.01 mg CE/g DW), polyphenol content (4.76 ± 0.07 mg
AGE/g DW), and antioxidant activity (23.75 ± 0.16 mM Trolox/g DW) when compared
with the control sample.

The carotenoid content increased compared to the control sample, with values for
β-carotene of 0.72 ± 0.02 and 0.43 ± 0.06 mg/g DW, respectively. The phenolic compound
behavior is strongly dependent on food composition. Kiwifruit is a good source of various
bioactive compounds and therefore has a high level of antioxidant activity; therefore,
it can be introduced into foods to increase their functional value. Tylewicz et al. [40]
developed snack formulas with the addition of kiwifruit and proved that kiwi sticks
had higher contents of total phenolic compounds, vitamin C, and flavonoids. The viable
L. casei 431® counts reached 9.36 log CFU/g DW in the sample with KPB addition and
9.95 log CFU/g DW in the sample with KP addition, highlighting the high functionality of
both added-value foods.
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Table 4. Phytochemical profile and antioxidant activity of protein bars with freeze-dried powders addition.

Variants C V1 V2

Total polyphenolic content, mg
GAE/g DW 3.95 ± 0.12 b 4.18 ± 0.17 b 4.76 ± 0.07 a

Total flavonoid content, mg CE/g DW 1.36 ± 0.01 b 1.37 ± 0.03 b 1.48 ± 0.01 a

Antioxidant activity, μM Trolox/g DW 22.51 ± 0.18 b 22.67 ± 0.25 b 23.75 ± 0.16 a

β-caroten, mg/g DW 0.37 ± 0.02 b 0.43 ± 0.02 b 0.72 ± 0.06 a

Lycopen, mg/g DW 0.17 ± 0.01 b 0.19 ± 0.01 b 0.37 ± 0.03 a

Total carotenoids, mg/g DW 0.37 ± 0.02 c 0.52 ± 0.02 b 0.84± 0.06 a

C—control protein bar with no powder added, V1—protein bars with 6% addition of freeze-dried powder based
on kiwi-pomace, buckwheat and Lacticaseibacillus casei 431®, V2—protein bars with 6% addition of freeze-dried
powder based on kiwi peels Lacticaseibacillus casei 431®. Means that on the same row do not share a letter (a,b,c)
are significantly different, based on Tukey method and 95% confidence.

L. casei 431® is one of the most widely used probiotic cultures in the entire industry. It
has also been found to produce many bioactive metabolites that can confer benefits to the
host when consumed [41]. There is great potential in the field of novel functional foods and
pharmacobiotics derived from the genus Lacticaseibacillus [42]. As the mechanisms behind
their health-promoting capabilities are revealed, possible applications for these strains are
being developed in the food, biotechnology, and medical fields [43].

4. Conclusions

Nowadays, consumers are more interested in sustainable food production due to the
growing awareness of environmental pollution and the large amount of waste generated
during conventional food processing. Moreover, consumers are more oriented toward the
healthy aspects of food. Given that the food industry is facing the handling of thousands
of tons of kiwi byproducts discarded each year, it is necessary to consider kiwi byproducts
as good sources of functional ingredients. The present study is based on the formulation of
multifunctional bio-ingredients based on kiwifruit pomace and peels, various flours, and
cultures of lactic acid bacteria. These powders were obtained by freeze-drying and character-
ized in terms of phytochemical content, bioaccessibility of flavonoids after digestion, color,
morphology, and structure, as well as the viability of Lacticaseibacillus casei 431® cells. In order
to test the potential for food functionalization, the powder was added to protein bars, and the
products were subsequently characterized in terms of added value. The results confirm that
kiwi pomace has the potential to be used as a functional food ingredient with a beneficial effect
on consumer health and a prebiotic effect on lactic acid bacteria. The results are also promising
for the utilization of natural antioxidants in combination with lactic acid bacteria in order to
develop multifunctional ingredients for food, pharmaceutical, and cosmetic applications.
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Abstract: Cranberry pomace obtained after juice production is a good source of dietary fiber and
other bioactive compounds. In this study, cranberry pomace was hydrolyzed with Viscozyme® L,
Pectinex® Ultra Tropical, Pectinex® Yieldmash Plus, and Celluclast® 1.5L (Novozyme A/S, Den-
mark). The soluble and insoluble dietary fiber was determined using the Megazyme kit, while the
changes in mono-, disaccharide and oligosaccharides’ contents were determined using HPLC-RI;
the total phenolic contents were determined by Folin−Ciocalteu’s Assay. Prebiotic activity, using
two probiotic strains Lactobacillus acidophilus DSM 20079 and Bifidobacterium animalis DSM 20105,
was investigated. The technological properties, such as hydration and oil retention capacity, were
evaluated. The enzymatic treatment increased the yield of short-chain soluble saccharides. The
highest oligosaccharide content was obtained using Viscozyme® L and Pectinex® Ultra Tropical. All
of the tested extracts of cranberry pomace showed the ability to promote growth of selected probiotic
bacteria. The insoluble dietary fiber content decreased in all of the samples, while the soluble dietary
fiber increased just in samples hydrolyzed with Celluclast® 1.5L. The highest content of total phenolic
compounds was obtained using Viscozyme® L and Pectinex® Ultra Tropical (10.9% and 13.1% higher
than control, respectively). The enzymatically treated cranberry pomace exhibited lower oil and
water retention capacities in most cases. In contrast, water swelling capacity increased by 23% and
70% in samples treated with Viscozyme® L and Celluclast® 1.5L, respectively. Enzymatically treated
cranberry pomace has a different composition and technological properties depending on the enzyme
used for hydrolysis and can be used in various novel food products.

Keywords: cranberry pomace; enzymatic hydrolysis; dietary fiber; technological properties

1. Introduction

Agricultural by-products form a large part of waste, with approximately 88 metric
tons per year generated in Europe alone [1]. However, these by-products are considered
to be potential sources of various high added-value, bioactive compounds (dietary fibers,
pigments, essential minerals, fatty acids, antioxidant polyphenolic compounds, etc.) [2].
Berry pomace (or press cake) obtained after juice pressing usually contains skin, stems, and
seed parts [1]. Various fruit and berry products are substantially composed of structural
polysaccharides and their related oligosaccharides and these compounds are commonly
described as insoluble (IDF) and soluble (SDF) dietary fibers [3]. The dietary fiber in berry
pomace is usually composed of pectin, lignin, cellulose, hemicellulose, and inulin [1]. These
types of compounds have a potentially significant impact on human health [3], such as a
decrease in the risk of hypertension, obesity, diabetes, coronary heart disease, stroke, and
certain gastrointestinal disorders [1]. The Food and Drug Administration recommendation
for the use of dietary fiber in the diet is approximately 25–35 g per day, and 6 g of it should
be SDF. Furthermore, some studies show that 10 g of extra dietary fiber in a diet could help
decrease the risk of death caused by coronary heart disease by up to 35% [1,4].
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Polyphenols and cell-wall polysaccharides can also positively modulate the profile
of the gut microbiota, which may have implications in the prevention against metabolic
diseases [5]. Other studies indicate that SDF can be used as a prebiotic [1]. Islam et al. [6]
reported that the incorporation of cranberry pomace in the food not only improved the
short-term iron and cholesterol levels in the blood serum of broilers, but also increased
the levels of beneficial bacterial genera and decreased the undesirable ones. Other studies
indicated that the fractions of cranberry oligosaccharide and the xyloglucan and purified
cranberry xyloglucan compounds have shown a distinct lack of antimicrobial properties
or cytotoxic effects in numerous bacterial and human cell lines [3]. The oligosaccharides
extracted from cranberries even shown the ability to modify the biofilm formation of some
E. coli strains [7]. Liu et al. [8] reported that cranberry oligosaccharides can be used as a
carbon source for Lactobacillus, however the oligosaccharide metabolization is strain specific.
The supplementation of fermented meat with cranberry pomace significantly inactivates
Salmonella and increases the growth of lactic acid bacteria [9].

An increase in the level of dietary fiber in food products usually negatively influences
the products’ texture and color, depending on the properties and level of fiber. However,
some studies indicated that enzymatic treatment is practical and a potential modification
method to obtain functional food materials with better technological properties from
agriculture by-products [10,11]. For example, the enzymatically treated tomato peels have
higher contents of lycopene and dietary fiber [10]. The enzymatic treatment can effectively
increase the release of antioxidants and phenolic compounds and the fiber composition.
However, this is not the case for all of the fruit and berry matrixes; in some cases, enzymatic
treatment can reduce the fiber content and increase the free monosaccharides [11]. The
treatment of fruit fiber with enzymes of different activities has resulted in structural changes
that have altered the technological properties, such as the water-holding and swelling
capacities [12].

In this study, cranberry pomace was enzymatically treated with several commercially
available enzymes to modify their technological properties and the composition of the
dietary fiber. The technological properties were determined, such as water-holding, oil-
holding, swelling, emulsion capacities, dietary fiber composition, and prebiotic potential.
Most previously published studies indicated cranberry by-products as a good source for
isolating bioactive compounds. However, there is a lack of information regarding the effect
of enzymatic treatments on cranberry pomace properties. This study provides experimental
support for the whole cranberry pomace as a source of dietary fiber and for developing
functional and innovative food products.

2. Materials and Methods

2.1. Cranberry Pomace

The cranberry pomace was kindly donated by the company “Įvairios sultys” (Kėdainiai,
Lithuania). The moisture content was 3.96%. The pomace was ground to a particle size of
0.5 mm and stored at 4 ◦C.

2.2. Proximate Composition Analysis of Cranberry Pomace

The moisture content was determined by drying 1 g of cranberry pomace in an
oven at 105 ◦C to a constant weight, according to the Association of Official Analytical
Collaboration (AOAC) Method 925.10-1925. After drying, the final weight of the pomace
was subtracted from the initial weight divided by the weight of the sample multiplied
by 100 and expressed as g/100 g. The proteins were determined on 1 g of pomace by
the Kjeldahl method (N × 6.25), according to the AOAC Method 978.04. The results were
expressed as g/100 g of the dry weight sample. The lipids were determined on 1 g of
pomace by drying the sample and subsequently the Soxhlet extraction with hexane was
performed for 5 h, according to the AOAC Method 948.22. After the extraction, the residues
were dried in an oven at 105 ◦C to a constant weight. The lipid content was calculated from
the initial dry weight of pomace by subtracting the final weight of the residues divided by
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the weight of the dry sample multiplied by 100 and expressed as g/100 g of the dry weight
sample. The ash content was determined by charring 2 g of pomace for 30 min, followed by
incineration in a muffle furnace at 525 ◦C for 4 h, according to the AOAC Method 930.05.
The residues obtained after incineration were recorded and divided by the weight of the
sample weight and multiplied by 100 and expressed as g/100 g of the dry weight sample.
The total carbohydrate content was calculated by subtracting the value of the protein, ash,
and lipid contents from 100% of the dry weight. The soluble and insoluble dietary fiber were
quantified using a Megazyme kit, based on the American Association of Cereal Chemists
(AACC) Method 32-07.01 and the AOAC Method 991.43 [13]. One g of pomace (duplicate)
was mixed with 40 mL MES-Tris buffer (0.05 M pH 8.2) and hydrolyzed with 50 μL of
α-amylase (Megazyme E-BLAAM) at 95 ◦C for 30 min under constant stirring (120 rpm).
After hydrolysis, the temperature was cooled to 60 ◦C and the sample was hydrolyzed with
100 μL of protease (Megazyme E-BSPRT) at 60 ◦C for 30 min under constant stirring (120
rpm). Then, the pH was adjusted to 4.1–4.8 with 0.561 N HCl and further hydrolysis was
performed with 200 μL of amyloglucosidase (Megazyme E-AMGDF) at 60 ◦C for 30 min
under constant stirring (120 rpm). The suspension was vacuum-filtered in the Fibertec
1023 E equipment (Foss System, Hilleroed, Denmark) through a celite (Megazyme cat. No.
G-CELITE) in a bed crucible. The residues were washed with hot distilled water (70 ◦C),
95% ethanol and acetone, dried and recorded as IDF. The obtained supernatant was mixed
with four volumes of 95% ethanol (60 ◦C) and left to stand at room temperature for 1 h;
the SDF was recorded by filtration of the ethanolic suspension in the same conditions as
the IDF and washed with 78% ethanol, 95% ethanol, and acetone. The IDF and SDF were
calculated by subtracting the protein and ash contents determined in the obtained residues
and expressed as g/100 g of the dry weight sample.

2.3. Enzymatic Hydrolysis

The enzymatic hydrolysis of the cranberry pomace was produced using commer-
cially available Novozyme A/S enzymes (Novozyme, Denmark), such as Viscozyme® L
(β-glucanases, pectinases, hemicellulases, and xylanases), Pectinex® Ultra Tropical (pecti-
nases, cellulases, hemicellulases, and β-glucanases), Pectinex® Yieldmash Plus (pectinases),
and Celluclast® 1.5L (cellulases). The cranberry pomace was mixed with distilled water in
a 1:10 ration (2.5 g of pomace with 25 mL of distilled water) and the enzyme was added
at various concentration combinations in a range from 0.02 to 0.1 mL/g (control without
enzymes). The mixture was incubated at 50 ◦C with shaking (200 rpm), and various time
combinations from 1 to 7 h were used. The independent variable concentration of enzymes
and duration of hydrolysis were chosen on the manufacturer’s recommendations, and
literature data [14,15]. After the hydrolysis, the enzyme activity was terminated by heating
the sample in a 95 ◦C water bath for 20 min. For the water-soluble fraction yield calcula-
tion, the prebiotic activity and the mono-, disaccharides and oligosaccharides analysis, the
mixture was cooled at room temperature (20 ◦C) and centrifugated (8000 rpm, 20 min).
The water-soluble part (the resulting supernatant) was collected and freeze-dried (Harvest
Right, North Salt Lake, UT, USA). The yield of the water-soluble fraction was determined
gravimetrically after freeze-drying. The hydrolyzed cranberry pomace samples used for
the determination of the functional properties were collected whole and freeze-dried. All
of the freeze-dried samples were kept in a dark place at room temperature.

2.4. Mono-, Disaccharides’ and Oligosaccharides’ Analysis by High-Pressure Liquid
Chromatography with Refractive Index Detector (HPLC-RI)

For the saccharide analysis, 10 mg of the freeze-dried water-soluble fraction, was
dissolved in 1 mL of Millipore water (10 mg/mL). The saccharide analysis was performed
as previously described by Syrpas et al. [16]. The total oligosaccharides were recorded as
the sum of all of the detected and quantified fractions of oligosaccharides with a degree of
polymerization (DP) DP 7–10, DP 5–6, DP4, DP3, while the total mono- and disaccharides
were recorded as a sum of the sucrose, glucose, fructose, sugar alcohols, and galacturonic
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acids. According to the obtained results, the samples enzymatically hydrolyzed for 1 h
were selected for further analysis.

2.5. In Vitro Assessment of the Prebiotic Activity

The in vitro prebiotic activity of the water-soluble fraction was assessed by evaluating
the probiotic bacteria growth stimulation, as described by Moreno-Vilet et al. [17] with some
modifications. Two probiotic strains, Lactobacillus acidophilus DSM 20079 and Bifidobacterium
animalis DSM 20105, were used. The probiotic strains were grown in De Man Rogosa
and Sharpe (MRS) medium (Biolife, Milan, Italy), supplemented with 0.05% L-cysteine
(w/v) under anaerobic conditions at 37 ◦C for 18 h. The bacterial inoculants were prepared
by centrifugation (5000 g, 10 min, 4 ◦C) and washing twice with saline solution. After
that, the bacterial cell pellets were collected and re-suspended in saline solution, using
McFarland standard No. 0.5 (Liofilchem, Waltham, MA, USA) to standardize the bacterial
concentrations. The growth of probiotics was evaluated using carbohydrate-free culture
media with the same composition as the MRS supplemented with 1% (w/v) from a different
carbohydrate source. The water-soluble fraction obtained after 1 h hydrolysis was used
as the carbohydrate source. Glucose was used as the negative control; commercial inulin
was used as the positive control; and carbohydrate-free media was used as the blank
control. Each tube was inoculated with 1% of the probiotic suspension and incubated for
48 h at 37 ◦C under anaerobic conditions. The probiotic bacteria counts were determined
after 24 and 48 h. The probiotic growth was performed in quadruplet and measured by
serial dilutions using the standard plate count technique following the calculation of the
number of cells on the agar plate after 72 h incubation at optimal temperature and was
expressed as log10 value of CFU/g. The proliferative index (PI) was calculated by the
following equation:

PI = average LogA − average LogB (1)

where B is the bacterial count at 0 h (CFU/g) and A is the bacterial count at 24 or 48 h
(CFU/g).

2.6. Total Phenolic Content (TPC) by Folin−Ciocalteu’s Assay

The TPC of the enzymatically modified cranberry pomace was determined by Folin−
Ciocalteu’s Assay according to Singleton et al. [18] with some modifications. The extracts
were obtained by mixing 1 g of enzymatically hydrolyzed cranberry pomace with 10 mL of
methanol solution (0.1% HCl in methanol (v/v)) and left overnight in the dark at 4 ◦C. One
ml of the extract solution in methanol was mixed with 5 mL of Folin−Ciocalteu’s reagent
(1:9 v/v) and 4 mL sodium carbonate solution (7.5%). The samples were kept in the dark
for 30 min and absorption was measured at 765 nm. The TPC was expressed in mg of gallic
acid equivalents (GAE)/g of dry weight of cranberry pomace.

2.7. Water Retention Capacity (WRC)

The water retention capacity was performed according to Yu et al. [19] with some
modifications. The cranberry pomace (0.2 g) was mixed with distilled water (6 mL) at room
temperature and left for 18 h. After that, the sample was centrifugated at 5000 rpm for
20 min. The resulting residues were weighted before and after drying at 105 ◦C. The WRC
was calculated by the following equation:

WRC (g/g) = (Mb − Ma)/Ma (2)

where Mb is the weight of residues before drying (g) and Ma is the weight of residues after
drying (g).

2.8. Water Swelling Capacity (WSC)

The water-swelling capacity was determined according to Yu et al. [19] with some mod-
ifications. The cranberry pomace (0.2 g) was weighted in graduated test tubes and hydrated
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in 6 mL of distilled water at room temperature for 18 h. The volume of the pomace was
recorded before and after hydration; the WSC was calculated by the following equation:

WSC (mL/g) = (V1 − V0)/W (3)

where V1 is the volume of pomace after hydration (mL); V0 is the volume of pomace before
the hydration; W is the weight of the dry pomace prior to hydration (g).

2.9. Oil Retention Capacity (ORC)

The ORC was performed according to Yu et al. [19] with some modifications. The dried
pomace (0.2 g) was mixed with 2 g of sunflower oil and left for 1 h at room temperature.
After that, the mixture was centrifugated at 300 rpm for 10 min and the supernatant was
carefully decanted, and the pellet recovered was weighed. ORC was calculated by the
following equation:

ORC (g/g) = (W1 − W0)/W0 (4)

where W1 is the weight of the pellet (g) and W0 is the weight of the dry sample (g).

2.10. Solubility

The yield of soluble material in the pomace was determined, using the supernatant
from WRC analysis. The supernatant, after decantation, was dried at 105 ◦C to a constant
weight. The solubility was calculated by the following equation:

Solubility (%) = (M/M0)× 100 (5)

where M is the weight of dried soluble material (g); M0 is the weight of the dry pomace
used for analysis (g).

2.11. Emulsion Stability

The emulsion was prepared by mixing the pomace (0.16 g) with sodium phosphate
(0.02 M) and citric acid (0.1 M) buffer pH 4, 6, 8 or distilled water (8 g), then the sunflower
oil was added (8 g) and emulsified using a rotor–stator homogenizer (IKA® T-25 digital,
Ultra-Turrax, Staufen, Germany) for 5 min at 10,000 rpm. The emulsions were transferred
into graduated tubes and stored for 3 weeks at 4 ◦C. The emulsion stability was recorded
in terms of phase separation and expressed by the following equation:

Emulsion stability = (VE/VT)× 100 (6)

where VE is the volume of emulsion; VT is the total volume.
To evaluate the thermal stability of emulsions, the tubes were heated in an 80 ◦C

water bath for 30 min. Then, the tubes were cooled to room temperature and stored for
3 weeks at 4 ◦C. The thermal stability of the emulsion was recorded and expressed as
previously described.

2.12. Statistical Analyses

The mean values and standard deviations were calculated using MS Excel 2019 (Mi-
crosoft Corp, Albuquerque, NM, USA). The statistical analysis was performed using the
Statgraphics Centurion 19 statistical package. One-way analysis of variation (ANOVA),
followed by Tukey’s honest significant difference (HSD) test were performed to determine
significant differences (p < 0.05).

3. Results and Discussion

3.1. Chemical Composition

The chemical composition of the cranberry pomace is shown in Table 1. The major
component of the pomace is carbohydrates, in which dietary fibers represent 72.67 g/100 g
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of dry weight (IDF—59.93 g/100 g and SDF—12.74 g/100 g). The dietary fibers obtained
from the various berries mainly include: lignin, pectin, cellulose, and hemicellulose [1].
Islam et al. [6] reported a similar amount of SDF (11–12.3 g/100 g) in cranberry pomace,
while the protein content was reported as lower (5.75 g/100 g). White et al. [20] reported a
similar carbohydrate content in cranberry pomace, but a lower SDF and protein content and
a higher IDF and fat content. The chemical composition of the cranberry pomaces varies and
is influenced by several conditions, such as the cultivar, ripeness, or processing conditions.

Table 1. Chemical composition of cranberry pomace.

Parameter Content (g/100 g)

Moisture 5.57 ± 0.11
Total fat a 9.83 ± 0.46

Ash a 0.96 ± 0.04
Protein a 7.40 ± 0.06

Carbohydrate b 81.81
Insoluble dietary fiber a 59.93 ± 1.46
Soluble dietary fiber a 12.74 ± 0.09

a Expressed as g/100 g of dry weight; b Carbohydrate content was determined by subtracting the value of protein,
ash, and lipid content from 100% of dry weight. Data values are expressed as means with the standard deviation
(n = 3).

3.2. Yield of Water-Soluble Fraction

The enzymatic hydrolysis of the cranberry pomace was performed using four different
commercial enzymes. The different times for hydrolysis and different concentrations of
enzymes were evaluated (rationale). The yield of the water-soluble fraction obtained
after enzymatic hydrolysis is presented in Table 2. As could be expected, the enzymatic
hydrolysis increased the water-soluble material content in all of the samples. The extraction
yield depended on the composition and concentration of enzymes, and the duration
of the hydrolysis. The highest yield of the water-soluble fraction was obtained using
Viscozyme® L and Pectinex® Ultra Tropical enzymes. Compared with the yield of the
control sample after 1 h of incubation, the lowest increase in the water-soluble fraction was
observed with Celluclast® 1.5L (increased by 19.68%), while the highest increase was in the
sample hydrolyzed with Pectinex® Ultra Tropical (increased by 93.34%). Previous studies
have reported that enzymatic treatment increases the water-soluble fraction yield [10].
Yoon et al. [21] reported an increase in the alcohol-insoluble dietary fiber by prolonging the
time of enzyme hydrolysis, while the alcohol-soluble dietary fiber yield did not change
significantly after 24 h of enzymatic hydrolysis. However, increasing the enzyme level
can reduce hydrolysis time (Table 2). In most cases, there were no significant differences
(p < 0.05) between the yields of water-soluble fraction obtained using the same enzyme by
increasing the enzyme level and decreasing enzymatic hydrolysis time.

Table 2. Water-soluble fraction yield and saccharide composition of cranberry pomace after enzymatic
hydrolysis.

Time
(h)

E/S Ratio
(mL/g)

Enzyme
Water-Soluble

Fraction Yield, %
Total Oligosaccharides,

mg/g DW
Total Mono- and

Disaccharides, mg/g DW

1 0.04 Viscozyme® L 25.56 ± 1.33 e 71.6 ± 4.4 b 178.5 ± 8.9 abcd

5.5 0.1 Viscozyme® L 27.98 ± 0.20 e 61.3 ± 2.1 b 222.9 ± 4.3 d

1 0.1 Pectinex® Yieldmash Plus 21.50 ± 0.78 d 21.2 ± 0.6 a 197.0 ± 0.3 bcd

7 0.02 Pectinex® Yieldmash Plus 19.95 ± 0.23 cd 16.3 ± 3.9 a 173.7 ± 11.4 abcd

1 0.08 Pectinex® Ultra Tropical 27.34 ± 1.56 e 59.0 ± 6.0 b 211.9 ± 24.3 cd

4 0.06 Pectinex® Ultra Tropical 27.41 ± 0.71 e 56.4 ± 4.3 b 216.3 ± 12.7 cd

1 0.02 Celluclast® 1.5L 18.50 ± 1.35 bc 32.2 ± 3.3 a 123.3 ± 14.8 ab

7 0.1 Celluclast® 1.5L 21.74 ± 0.71 d 56.5 ± 3.1 b 150.2 ± 9.0 abcd

1 - - 14.12 ± 0.34 a 19.9 ± 2.2 a 108.9 ± 2.5 a
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Table 2. Cont.

Time
(h)

E/S Ratio
(mL/g)

Enzyme
Water-Soluble

Fraction Yield, %
Total Oligosaccharides,

mg/g DW
Total Mono- and

Disaccharides, mg/g DW

4 - - 16.14 ± 0.14 ab 18.9 ± 2.5 a 118.9 ± 7.5 a

5.5 - - 16.56 ± 0.68 abc 20.9 ± 2.9 a 140.4 ± 20.9 abc

7 - - 17.08 ± 0.17 abc 22.0 ± 2.9 a 143.3 ± 21.9 abc

E/S—enzyme/substrate (pomace) ratio. - without enzyme (control samples). Data values are expressed as means
with the standard deviation (n = 3). Values in one column followed by the same letter are not significantly different
(p < 0.05).

3.3. Saccharide Analysis

The total oligosaccharides, mono- and disaccharides increased in all of the enzymat-
ically hydrolyzed samples (Table 2). The quantity of oligosaccharides and mono- and
disaccharides depended on the type and concentration of the enzyme as well as the du-
ration of hydrolysis. The highest increase in total oligosaccharides after 1 h hydrolysis
was obtained in the sample hydrolyzed with Viscozyme® L (3.6 times higher than control),
while the lowest increase was determined in the sample hydrolyzed with Pectinex® Yield-
mash Plus. Viscozyme® L is composed of β-glucanases, pectinases, hemicellulases, and
xylanases. The enzymatic hydrolysis of β-glucan-type hemicellulose polymers in cranberry
pomace increases the level of oligosaccharides [3].

Spadoni Andreani et al. [22] reported cranberry extracts after enzymatic hydrolysis
with a significantly increased glucose level. The highest mono- and disaccharide content
was observed in the sample hydrolyzed with Pectinex® Ultra Tropical. The lowest mono-
and disaccharide content was determined in the sample hydrolyzed with Celluclast® 1.5L
(1.7 times lower than in the pomaces hydrolyzed with Pectinex® Ultra Tropical) compared
with other enzymatically hydrolyzed pomaces. A longer enzymatic hydrolysis increased the
mono- and disaccharide content, except for the pomace treated with Pectinex® Yieldmash
Plus. However, a lower enzyme concentration was used for the longer hydrolysis. The
greater increase in the saccharide content was determined using enzymes, which were
mainly pectinases. Viscozyme® L used in this study (0.04 mL/g for 1 h hydrolysis) showed
the highest level of total oligosaccharides, while the longer duration of hydrolysis and the
higher enzyme concentration decreased the level of the oligosaccharides and increased the
level of the mono- and disaccharides.

For these reasons, the determination of the further functional properties was evaluated
in the enzymatically hydrolyzed samples for 1 h.

3.4. In Vitro Prebiotic Activity

The growth of the probiotic bacteria in a medium supplemented with different carbo-
hydrate sources is shown in Table 3. Both of the tested probiotic bacteria showed an ability
to utilize the carbohydrates from cranberry water-soluble fractions as their carbon sources.
The growth of the probiotic bacteria in the medium supplemented with carbohydrates was
significantly higher than in the carbohydrate-free media. L. acidophilus DSM 20079 did not
survive in the carbohydrate-free media after 48 h, while B. animalis DSM 20105 showed an
ability to grow in this media. The cranberry water-soluble fraction after 24 h promoted
the growth of L. acidophilus DSM 20079 better than glucose or inulin. However, with
L. acidophilus DSM 20079 viability decreased in all of the samples after 48 h, except for the
media supplemented with glucose when viability was compared after 24 h, whereas with B.
animalis DSM 20105, growth increased in all of the samples after 48 h (Table 3). The highest
increase was observed in the media supplemented with glucose and inulin. The cranberry
water-soluble fraction obtained after treatment with Pectinex® Ultra Tropical promoted the
growth of L. acidophilus DSM 20079 better than the other water-soluble fractions after 24 h.
Furthermore, after 48 h, the L. acidophilus DSM 20079 in this medium showed a better cell
viability than in the other media supplemented with cranberry extracts. However in most
of the cases, no statistically significant differences were observed (p < 0.05). It may be due
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to a higher concentration of mono- and disaccharides (Table 2) in this extract compared
with the other cranberry extracts. The same proliferation effect of prebiotics with a higher
sugar content was reported in other studies [23,24]. L. acidophilus could utilize a variety
of carbohydrates, such as mono-, di-, and polysaccharides [25]. The L. acidophilus could
use oligosaccharides as a carbon source and grow without sugar [26]. All of the cranberry
water-soluble fractions had oligosaccharides which may have an impact on the faster pro-
liferation of L. acidophilus DSM 20079, compared with glucose and inulin. However, the
faster utilization of carbohydrates may lead to a decreased viability of the probiotic cells
after 48 h.

Table 3. Growth of probiotics in medium supplemented with different carbohydrate source.

Prebiotics

Lactobacillus acidophilus DSM 20079 Bifidobacterium animalis DSM 20105
0 h 24 h 48 h 0 h 24 h 48 h

Log CFU/g PI Log CFU/g PI Log CFU/g PI Log CFU/g PI

Carbohydrate-free
MRS 5.03 ± 0.07 a 4.27 ± 0.13 a −0.66 - a −5.03 5.03 ± 0.05 a 6.64 ± 0.09 a 1.61 6.45 ± 0.03 a 1.42

Glucose 4.78 ± 0.20 a 7.31 ± 0.22 bc 2.53 7.62 ± 0.08 e 2.84 5.28 ± 0.05 b 7.99 ± 0.22 b 2.71 9.00 ± 0.41 cd 3.72
Inulin 4.81 ± 0.23 a 7.11 ± 0.25 b 2.29 5.52 ± 0.57 b 0.71 5.28 ± 0.08 b 8.36 ± 0.25 bc 3.08 9.07 ± 0.12 d 3.78

Control 4.77 ± 0.06 a 7.72 ± 0.10 de 2.95 5.86 ± 0.06 bc 1.09 5.52 ± 0.09 c 8.03 ± 0.52 b 2.51 8.83 ± 0.12 cd 3.30
Viscozyme® L 4.79 ± 0.09 a 7.69 ± 0.11 cde 2.90 6.21 ± 0.04 cd 1.41 5.60 ± 0.06 c 8.37 ± 0.13 bc 2.77 8.37 ± 0.05 b 2.77

Pectinex® Ultra
Tropical 4.72 ± 0.07 a 7.84 ± 0.23 e 3.13 6.45 ± 0.14 d 1.73 5.58 ± 0.05 c 8.40 ± 0.02 bc 2.81 8.63 ± 0.05 bc 3.04

Pectinex®

Yieldmash Plus 5.00 ± 0.01 a 7.53 ± 0.14 cde 2.53 5.81 ± 0.19 bc 0.82 5.52 ± 0.09 ab 8.03 ± 0.52 bc 2.51 8.77 ± 0.19 bcd 3.24

Celluclast® 1.5L 4.74 ± 0.06 a 7.44 ± 0.15 cd 2.70 5.69 ± 0.09 b 0.95 5.62 ± 0.09 c 8.66 ± 0.03 c 3.04 8.93 ± 0.07 cd 3.31

- No growth; data values are expressed as means with the standard deviation (n = 4). Values in one column
followed by the same letter are not significantly different (p < 0.05).

The extract obtained after treatment with Celluclast® 1.5L promoted the growth of
B. animalis DSM 20105 after 24 h better than the other extracts, however, in most cases, no
statistically significant differences were observed (p < 0.05). The Bifidobacterium shows a
specific preference for prebiotic substrates within the genus, although most of the bacteria
could utilize a range of different carbohydrates [27]. The molecular weight, degree of poly-
merization, and the type of linkage between the comprising units are known to influence
the prebiotic activity of carbohydrates [23,28–30].

3.5. Dietary Fiber and TPC Content after Enzymatic Hydrolysis

The dietary fiber content after enzymatic hydrolysis was evaluated in whole freeze-
dried samples hydrolyzed for 1 h (Table 4). The IDF significantly decreased (p < 0.05)
in all of the samples. The lowest content of IDF was observed in a sample hydrolyzed
with Pectinex® Ultra Tropical (13.3% lower than the control). The pectinolytic enzymes
increased the plant cell-wall breakdown of the pomace [31]. The content of the SDF
decreased significantly (p < 0.05) in all of the samples, except for the sample hydrolyzed
with Celluclast® 1.5L. The lowest SDF content was observed in the sample treated with
Pectinex® Ultra Tropical (84.41% lower than the control) and the highest content was
determined in the sample treated with Celluclast® 1.5 L, however, no significant differences
were observed (p < 0.05) compared to the control. The results indicate that the SDF can be
hydrolyzed to smaller fragments and does not precipitate with ethanol. Mrabet et al. [32]
reported a similar decrease in the dietary fiber content treated with Viscozyme® L, while
Yoon et al. [21] reported an increase in the alcohol-soluble dietary fiber after the enzymatic
hydrolysis of carrot pomace. Spadoni Andreani et al. [33] reported an increased yield
of oligosaccharides in cranberry carbohydrate extracts after enzymatic treatment with
Viscozyme® L and Pectinex® Ultra SPL. The obtained results suggest that Celluclast® 1.5L
could be used for increasing the SDF, while Viscozyme® L and Pectinex® Ultra Tropical
showed promising results for the production of oligosaccharides.
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Table 4. Dietary fiber, TPC content and technological properties of enzymatically treated cranberry
pomace.

Sample
Time

(h)

E/S
Ratio

(mL/g)
IDF, g/100 g SDF, g/100 g ORC, g/g WSC, mL/g WRC, g/g Solubility, %

TPC, mg of
GAE/g

Control 1 - 62.48 ± 0.46 d 11.23 ± 0.84 c 6.50 ± 0.08 a 1.80 ± 0.3 a 10.59 ± 0.20 a 15.4 ± 0.9 a 7.04 ± 0.41 a

Viscozyme® L 1 0.04 56.46 ± 0.15 ab 2.64 ± 0.26 a 4.37 ± 0.25 b 2.22 ± 0.01 b 8.58 ± 0.24 b 27.5 ± 1.3 b 7.81 ± 0.36 b

Pectinex®

Yieldmash
Plus

1 0.1 58.48 ± 0.44 bc 5.44 ± 0.30 b 3.99 ± 0.13 b 1.65 ± 0.01 a 7.25 ± 0.22 c 24.0 ± 0.6 c 7.42 ± 0.24 ab

Pectinex®

Ultra Tropical 1 0.08 54.17 ± 1.38 a 1.75 ± 0.29 a 4.11 ± 0.16 b 1.57 ± 0.11 a 8.10 ± 0.43 b 29.6 ± 1.2 d 7.96 ± 0.29 b

Celluclast®

1.5 L 1 0.02 60.52 ± 0.17 cd 11.90 ± 0.53 c 5.80 ± 0.37 c 3.06 ± 0.16 c 11.02 ± 0.24 a 20.3 ± 1.0 e 7.06 ± 0.28 a

Data values are expressed as means with the standard deviation of three replicates for SDF, IDF, ORC, WRC, WSC,
solubility and of six replicates for TPC. Values in one column followed by the same letter are not significantly
different (p < 0.05).

The TPC of the enzymatically treated cranberry pomace was evaluated (Table 4).
The enzymatic hydrolysis increased the TPC in all of the samples, and varied in range
from 7.04 to 7.96 mg GAE/g, however, no significant difference (p < 0.05) was determined
between the control and the pomaces hydrolyzed with Celluclast® 1.5L and Pectinex® Yield-
mash Plus. The highest amount of TPC was determined after hydrolysis with Pectinex®

Ultra Tropical and Viscozyme® L (13.07 and 10.94% higher than the control, respectively).
The results showed that decreasing the total dietary fiber content increases the TPC con-
tent. The antioxidants are usually stored in natural cell compartments, so they must be
released during digestion to be absorbed in the gut [34]. Gouw et al. [35] reported TPC
in dried cranberry pomace of 7.58 mg GAE/g; other studies reported phenolic content
of 6 mg/g [20], while Ross et al. [36] reported higher values of TPC in cranberry pomace
(~13.55–15.17 mg GAE/g) depending on the drying conditions. The TPC content in the
berries depends on many factors, such as cultivar peculiarities, cultivation technologies,
region, weather conditions, ripeness, harvesting time, and storage conditions/time [37].
The higher content of TPC was reported in grape pomace (38.7 ± 0.36 mg GAE/g) [38] and
blueberry pomace (~17.76–20.82 mg GAE/g) [36]. The phenolic compounds associated
with soluble dietary fiber may present different structures, including soluble flavonoids
and phenolic acids [34].

3.6. Technological Properties

Fiber-rich by-products can be included in food products as low-cost and non-caloric
bulking agents to partially replace flour, fat or sugar, as water and oil retention agents, and
to improve the stability of emulsions [39]. The technological properties were evaluated of
samples hydrolyzed for 1 h (Table 4). The ORC after enzymatic hydrolysis significantly
decreased (p < 0.05) in all of the samples compared to the control. The lowest ORC was
observed in a sample hydrolyzed with Pectinex® Yieldmash Plus; however, a significant
difference (p < 0.05) between the samples treated with enzyme preparations with pectinases
was not observed. Zheng et al. [40] reported a decrease in the coconut cake dietary fiber
ORC after enzymatic hydrolysis with cellulase. Oil retention is related mainly to the surface
properties, overall charge density, and the constituents’ hydrophilic nature [39]. Enzymatic
hydrolysis decreased the total dietary fiber ratio and quantity, which may influence the
surface properties of the enzymatically treated pomace. Despite the decreased ORC,
all of the pomaces showed good ORC properties compared to the other berry pomaces.
Gouw et al. [35] reported a lower ORC of cranberry pomaces of 1.97 g/g; other authors
also reported lower ORC values of berry pomaces (blackcurrant, redcurrant, chokeberry,
rowanberry, and gooseberry) that ranged from 1.91 to 2.27 g/g [41]. Dietary fiber with a
good ability to retain oil can be used for the stabilization of emulsions and high-fat food
products [39].

The WSC increased in the samples hydrolyzed with Viscozyme® L and Celluclast®

1.5L (23.33% and 70%, respectively) compared to the control, while treatment with other
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enzymes decreased the WSC. The enzymatic hydrolysis of cellulose and hemicellulose leads
to the exposure of more hydrogen bonds, which influence a higher WSC [40]. However, a
high IDF and a low SDF content (especially pectin) have an adverse effect on the WSC [42].
The particle sizes also affect the WSC, and, in most cases, the decrease in the particle size
increases the WSC; however, it can also be reduced due to the destruction of the dietary fiber
matrix and the links between polysaccharides [43]. Reißner et al. [41] reported higher WSC
(5.50–7.09 mL/g) of other berry pomaces (blackcurrant, redcurrant, gooseberry, rowanberry,
and chokeberry). Gouw et al. [35] reported a higher WSC of cranberry pomace (5.87 mL/g).
A previous study showed that the WSC in most cases increased after enzymatic treatments.
However, it depends not only on the kind of fiber or enzyme, but on other conditions used
in the treatment [12].

The WRC decreased significantly after enzymatic treatment with most of the enzyme
preparations, while enzymatic treatment with Celluclast® 1.5L increased the WRC, however,
no significant differences were observed (p < 0.05) compared with the control. The fibers
consisting mainly of primary cell walls generally have higher water hydration values than
the fibers consisting mainly of secondary cell walls [44]. The properties of water hydration
decreased after enzymatic hydrolysis with enzymes, the main declared activities being
pectinases. Spadoni Andreani et al. [33] indicated that the cranberry pomace cell wall is rich
in pectic polysaccharides. The hydration properties of dietary fibers are strongly related to
the source of the dietary fiber [39,41].

The stability of the emulsion is the ability to maintain the emulsion and its rupture
resistance [45]. Kalla-Bertholdt et al. [46] reported that an emulsion prepared with high
amounts of SDF has a micelle-like network, leading to a faster initial fat digestion. The
emulsion stability of the enzymatically hydrolyzed cranberry pomaces was determined
(Figure 1). The stability of the emulsion depended not only on the enzymatically treated
pomace, but also on the pH value. This also confirms other studies [47]. The stability of
the emulsion decreased during storage in all of the samples, however, in most cases, the
stability of the emulsion did not change significantly (p < 0.05) during 168 and 504 h of
storage (Figure 1). The pomaces hydrolyzed with Pectinex® Yieldmash Plus showed the
lowest emulsion stability compared with the other samples. The pomaces hydrolyzed with
Pectinex® Ultra Tropical and Celluclact® 1.5 L showed the highest emulsion stability in
water (pH 3.27) and pH 4 buffer solution, while, at pH 6, better emulsion stability was
shown in the pomaces hydrolyzed with Viscozyme® L and Celluclast® 1.5L. The control
sample and the sample hydrolyzed with Celluclast® 1.5L showed a higher stability of the
emulsion in a pH 8 buffer compared to the other enzymatically treated pomaces. The
thermal stability of the emulsions was lower (Figure 2). The lowest thermal stability in
all of the cases was observed using pomaces hydrolyzed with Pectinex® Yieldmash Plus.
The highest stability was obtained in most of the cases using pomace hydrolyzed with
Celluclast® 1.5L. Huc-Mathis et al. [48] reported that IDF helps maintain the stability
of the emulsions through the Pickering mechanism and/or network formation in the
continuous phase, probably favored by the stabilization of the proteins and the pectins in
the soluble fraction.
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Figure 1. Emulsion stability of enzymatically hydrolyzed cranberry pomaces at pH 3.27 (water) (a);
4 (b); 6 (c); 8 (d). Data values are expressed as means with the standard deviation (n = 3).

Figure 2. Thermal emulsion stability of enzymatically hydrolyzed cranberry pomaces at pH 3.27
(water) (a); 4 (b); 6 (c); 8 (d). Data values are expressed as means with the standard deviation (n = 3).
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4. Conclusions

Cranberry pomace is a good source of dietary fiber, containing 59.93 g/100 g (dry
weight) of IDF and 12.74 g/100 g of SDF. The enzymatic hydrolysis changed the tech-
nological properties of cranberry pomace, the ratio of SDF and IDF, and their quantities.
The pomace treated with Celluclast® 1.5L resulted in the highest SDF content and an
increase in the WSC and WRC. The highest amount of oligosaccharides was obtained
with Viscozyme® L, while hydrolysis with Pectinex® Ultra Tropical resulted in the highest
amount of mono- and disaccharides and TPC content. The pomace treated with these
enzymes can be used to enhance products with oligosaccharides and phenolic compounds.
All of the tested water-soluble fractions showed prebiotic activity and enhanced the growth
of Lactobacillus acidophilus DSM 20079 and Bifidobacterium animalis DSM 20105 after 24 h
of fermentation, while viability after 48 h of fermentation was strain and carbon source-
dependent. The ORC after the enzymatic hydrolysis significantly decreased (p < 0.05) in
all of the samples. However, all of the pomaces showed good ORC properties and could
be used to stabilize high-fat foods. The highest emulsion stability was obtained in most
cases using the pomace hydrolyzed with Celluclast® 1.5L. The enzymatic hydrolysis using
different enzymes gave cranberry pomaces with different compositions and technological
properties, which could be used in developing different novel food products. Therefore,
enzymatic hydrolysis can open new market perspectives for the application of cranberry
pomace as a new, cheap and valuable ingredient to improve the nutritional values and
technological properties of food products.

Author Contributions: Conceptualization, L.B. and D.C.; methodology, D.C.; formal analysis, J.J.;
investigation, J.J., D.C. and M.S; resources, L.B.; data curation, L.B. and D.C; writing—original draft
preparation, J.J.; writing—review and editing, L.B., D.C. and M.S.; visualization, J.J.; supervision, L.B.
and D.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: The authors acknowledge Novozymes A/S, Denmark, for kindly providing the
enzymes required for this research.

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

References

1. Hussain, S.; Jõudu, I.; Bhat, R. Dietary Fiber from Underutilized Plant Resources—A Positive Approach for Valorization of Fruit
and Vegetable Wastes. Sustainability 2020, 12, 5401. [CrossRef]

2. Banerjee, J.; Singh, R.; Vijayaraghavan, R.; MacFarlane, D.; Patti, A.F.; Arora, A. Bioactives from Fruit Processing Wastes: Green
Approaches to Valuable Chemicals. Food Chem. 2017, 225, 10–22. [CrossRef]

3. Coleman, C.M.; Ferreira, D. Oligosaccharides and Complex Carbohydrates: A New Paradigm for Cranberry Bioactivity. Molecules
2020, 25, 881. [CrossRef] [PubMed]

4. FDA, authors Health Claims: Fruits, Vegetables, and Grain Products That Contain Fiber, Particularly Soluble Fiber, and Risk of
Coronary Heart Disease. Available online: https://www.ecfr.gov/current/title-21/chapter-I/subchapter-B/part-101/subpart-
E/section-101.77 (accessed on 28 May 2022).

5. Rodríguez-Daza, M.-C.; Roquim, M.; Dudonné, S.; Pilon, G.; Levy, E.; Marette, A.; Roy, D.; Desjardins, Y. Berry Polyphenols and
Fibers Modulate Distinct Microbial Metabolic Functions and Gut Microbiota Enterotype-Like Clustering in Obese Mice. Front.
Microbiol. 2020, 11, 2032. [CrossRef] [PubMed]

6. Islam, M.R.; Hassan, Y.I.; Das, Q.; Lepp, D.; Hernandez, M.; Godfrey, D.V.; Orban, S.; Ross, K.; Delaquis, P.; Diarra, M.S. Dietary
Organic Cranberry Pomace Influences Multiple Blood Biochemical Parameters and Cecal Microbiota in Pasture-Raised Broiler
Chickens. J. Funct. Foods 2020, 72, 104053. [CrossRef]

7. Sun, J.; Marais, J.P.J.; Khoo, C.; LaPlante, K.; Vejborg, R.M.; Givskov, M.; Tolker-Nielsen, T.; Seeram, N.P.; Rowley, D.C. Cranberry
(Vaccinium Macrocarpon) Oligosaccharides Decrease Biofilm Formation by Uropathogenic Escherichia Coli. J. Funct. Foods 2015,
17, 235–242. [CrossRef]

60



Foods 2022, 11, 2321

8. Liu, S.-Q.; Hotchkiss, A.T.; Renye, J.A.; White, A.K.; Nunez, A.; Guron, G.K.P.; Chau, H.; Simon, S.; Poveda, C.; Walton, G.; et al.
Cranberry Arabino-Xyloglucan and Pectic Oligosaccharides Induce Lactobacillus Growth and Short-Chain Fatty Acid Production.
Microorganisms 2022, 10, 1346. [CrossRef]

9. Lau, A.T.Y.; Arvaj, L.; Strange, P.; Goodwin, M.; Barbut, S.; Balamurugan, S. Effect of Cranberry Pomace on the Physicochemical
Properties and Inactivation of Salmonella during the Manufacture of Dry Fermented Sausages. Curr. Res. Food Sci. 2021, 4,
636–645. [CrossRef] [PubMed]

10. Gu, M.; Fang, H.; Gao, Y.; Su, T.; Niu, Y.; Yu, L. Characterization of Enzymatic Modified Soluble Dietary Fiber from Tomato Peels
with High Release of Lycopene. Food Hydrocoll. 2020, 99, 105321. [CrossRef]

11. Alberici, N.; Fiorentini, C.; House, A.; Dordoni, R.; Bassani, A.; Spigno, G. Enzymatic Pre-Treatment of Fruit Pomace for Fibre
Hydrolysis and Antioxidants Release. Chem. Eng. Trans. 2020, 79, 175–180. [CrossRef]

12. Canela-Xandri, A.; Balcells, M.; Villorbina, G.; Cubero, M.Á.; Canela-Garayoa, R. Effect of Enzymatic Treatments on Dietary Fruit
Fibre Properties. Biocatal. Biotransform. 2018, 36, 172–179. [CrossRef]

13. Total Dietary Fiber Assay Procedure. Megazyme 2017, 1–19. Available online: https://www.megazyme.com/documents/Assay_
Protocol/K-TDFR-200A_DATA.pdf (accessed on 1 May 2022).

14. Yoshida, B.Y.; Prudencio, S.H. Physical, Chemical, and Technofunctional Properties of Okara Modified by a Carbohydrase Mixture.
LWT 2020, 134, 110141. [CrossRef]
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Abstract: A process for using grape (Pinot noir) pomace to produce products with improved health-
promoting effects was investigated. This process integrated a solid–liquid extraction (SLE) method
and a method to acylate the polyphenolics in the extract. This report describes and discusses the
methods used, including the rationale and considerations behind them, and the results obtained.
The study begins with the work to optimize the SLE method for extracting higher quantities of
(+)-catechin, (−)-epicatechin and quercetin by trialing 28 different solvent systems on small-scale
samples of Pinot noir pomace. One of these systems was then selected and used for the extraction of
the same flavonoids on a large-scale mass of pomace. It was found that significantly fewer quantities
of flavonoids were observed. The resultant extract was then subject to a method of derivatization
using three different fatty acylating agents. The antiproliferative activities of these products were
measured; however, the resulting products did not display activity against the chosen cancer cells.
Limitations and improvements to the methods in this process are also discussed.

Keywords: Pinot noir pomace; solid–liquid extraction; valorization; flavonoids; fatty acids; derivatization

1. Introduction

The International Organisation of Vine and Wine (OIV) recently reported that 248–294
(an average of 266) million hectoliters of wine was produced each year, globally, in between
the years of 2016 to 2020 [1]. These figures highlight the scale at which wine is produced
to satisfy a large global demand. It is estimated that for every 100 L of wine produced,
18–35 kg of grape pomace (the unwanted grape stems, skins and seeds) exits out as a waste
product [2]. There are concerns that this large and accumulating waste mass will become
unmanageable and have negative impacts towards the environment [3–6]. Other than to
discard it as landfill, other practices currently employed to manage this waste are to reuse
the material either as compost or livestock feed [3,6]. However, employments of these
methods to break down the pomace are not without their limitations. The high phenolic
content within the material leads to germination problems, and the polymeric compounds
(i.e., lignins) poses issues for animal digestion [3]. The environmental concerns have led
government bodies to place stringent policies around managing this waste and, in some
cases, has resulted in financial penalties on wine producers [7,8]. This has encouraged
a need to explore novel strategies in utilizing grape pomace for higher value purposes.
Development of these strategies has also been driven by consumer demands for both
naturally sourced starting materials and sustainable practices, which include implementing
the reusing and recycling of waste products in the production process to achieve a circular
economy model [9,10].

Grape pomace contains a variety of valuable compounds, including lignins, aroma
precursors, sugars, proteins, unsaturated fatty acids and phenolics [3,4]. These compounds
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have properties that can be exploited to provide benefits to consumers and are attractive
for various commercial applications. Phenolics (which includes polyphenols) in grape
pomace, for example, comprise of a diverse set of compounds that are further classified
into groups (such as phenolic acids, flavonoids and stilbenes) based on their core chemical
structures. Polyphenols are well known for their biological activity and have demonstrated
their ability to exert antioxidant, antiproliferative, anti-inflammatory, antimicrobial and
neuroprotective effects [3,4,11,12]. It has been proposed that the recovery of valuable
compounds from grape pomace could be further processed and applied for purposes
such as food fortification [13], food processing [9,14], food preservation [15], improving
wine quality [16], antibacterial materials [17] and cosmetic use [18]. Additionally, given
their bioactive properties, it has been suggested that polyphenolic compounds could be
sourced as starting materials and converted into products that directly deliver health-
promoting effects [4,19]. In the literature, there are a number of examples in which grape
pomace extracts, which have higher or more concentrated phenolic contents, were found
to exhibit antioxidant, antimicrobial, anti-inflammatory and antiplatelet activities [20–22],
as well as promising antiproliferative or cytotoxic activities against cancer cells [23,24].
These studies were validated based on chemical, biochemical and in vitro studies and
are promising indications for the health-promoting potential of the pomace. There are,
however, fewer examples of in vivo studies that demonstrate the health-promoting effects
of grape pomace products in animals or humans. As one example, Olivero-David et al.
demonstrated that their grape by-product extract was able to the lower cholesterol levels in
Wistar rats, which has implications towards hypercholesterolemia [25]. The scarcity of such
studies is due to the fact that bioactive polyphenols have poor oral bioavailability, and this
severely limits their effects in live models [26,27]. One major contributing factor to their
low bioavailability is that these compounds are highly susceptible to metabolism by the
enzymes they encounter as they pass through compartments such as the intestinal cells and
the liver before reaching the systemic circulation [28,29]. These enzymatic activities convert
these compounds into metabolite products that are inactive and more easily eliminated
from the body. This is a large barrier that needs to be overcome. The ability to increase their
bioavailability enables higher amounts of the active compounds to enter into the systemic
circulation, be transported to the cells and tissues of interest and be able to exert the desired
health-promoting activities. Further, if these compounds can be structurally manipulated
to have increased activity (i.e., increased binding affinity to their biological targets), then
this reduces the amounts of active compounds required around the active sites to exert
these health effects. Therefore, the strategy for developing health-promoting products
from grape pomace must thoroughly consider a process that can both effectively extract
the bioactive polyphenolic compounds from the waste material and make the appropriate
adjustments to these compounds that would enhance the properties needed for health
promotion, including increased bioavailability and bioactivity.

The aim of the study was to develop a process whereby bioactive polyphenolics could
be sourced from grape pomace, used as starting materials and modified into products
with improved health-promoting properties. This work drew inspiration from previously
reported studies conducted by our research group, which presented findings on the use of
a simple method for extracting polyphenolics from grape pomace [30] and the structural
modifications to flavonoids that led to improved bioactivity [31,32]. It was proposed
that the integration of these methods could be a feasible process to achieve the study
aim. Unfortunately, in following this proposed process, the expected outcome was not
achieved. Despite that, the investigations of these methods did generate results that are
worth presenting. This report aims to describe and discuss these methods, including the
rationale and considerations underlying the decisions to use and adapt them, and the
results. Following that, limitations to these methods are explored and improvements are
suggested.
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2. Materials and Methods

2.1. Chemicals and Reagents

Commercial standards include (+)-catechin hydrate (≥98%), (−)-epicatechin (≥90%),
rutin hydrate (≥95%) and quercetin (≥95%) were purchased from Sigma-Aldrich (Auck-
land, New Zealand). Acetonitrile (MeCN, HPLC grade), L-(+)-tartaric acid (reagent grade),
acetone (analytical grade) and ethanol (analytical grade) were purchased from ECP (Auck-
land, New Zealand). Glacial acetic acid (AcOH, HPLC grade) was purchased from Ther-
moFisher Scientific (Auckland, New Zealand). Ultrapure water (H2O) had resistivity of
18.2 MΩ cm and was obtained from Sartorius Arium® Pro system. Pinot noir grape po-
mace (seeds, skins and stems) was industrially sourced from a New Zealand vineyard in
2015. Acylating agents (octanoyl chloride, lauroyl chloride and palmitoyl chloride) were
purchased from Sigma-Aldrich (Auckland, New Zealand).

2.2. Preparation of Model Red Wine and Solvent Systems

Model red wine was prepared by dissolving tartaric acid (5 g) into 13.5% EtOH in
ultrapure water (1 L). The pH of this solution was adjusted to 3.5 with NaOH (10 M and 1 M).

A subset of 28 systems were selected (from those used in the literature) and trialed in
extraction on small-scale mass Pinot noir pomace samples (see Section 3.1) [30]. The ratios
of the solvents (acetone, H2O and EtOH) that made up the selected systems (50 mL) are
found in Table 1.

Table 1. Solvent systems trialed for solvent–liquid extraction of Pinot noir pomace.

Acetone:H2O:EtOH

80:20:0 60:30:10 50:30:20 40:40:20 30:60:10 30:20:50 20:50:30
70:30:0 60:20:20 50:20:30 40:30:30 30:50:20 20:80:0 20:40:40
60:40:0 50:50:0 40:60:0 40:20:40 30:40:30 20:70:10 20:30:50
60:30:10 50:40:10 40:50:10 30:70:0 30:30:40 20:60:20 20:20:60

2.3. HPLC Analysis

All standards and samples were analyzed using the Agilent 1290 Infinity Liquid
Chromatography (Santa Clara, CA, USA), fitted with a quaternary pump and coupled
to a UV-Vis DAD. DAD wavelengths were set to 280 nm for (+)-catechin hydrate and
(−)-epicatechin; 350 nm for rutin hydrate; and 365 nm for quercetin. The eluents are 100%
H2O (solvent A), 5% AcOH in H2O (solvent B) and 100% MeCN (solvent C). The HPLC
method used was reported in the literature (Table S1) [33]. The standards and samples
were eluted through the Phenomenex Luna C-18 Column (250 mm × 4.6 mm, 5 μm particle
size, Phenomenex, Torrance, CA, USA) at a flow rate of 0.8 mL/min at 25 ◦C.

Retention times (tr) for (+)-catechin hydrate, (−)-epicatechin, rutin hydrate and
quercetin were 38.0 min, 54.5 min, 76.1 min and 94.6 min, respectively. External cali-
bration standard curves for (+)-catechin hydrate, (−)-epicatechin and rutin hydrate were
generated, with each curve consisting of six calibration points that were measured in tripli-
cate. Each curve displays excellent linearity with a correlation coefficient (r2) of >0.99. The
limit of detection and limit of quantitation for each flavonoid per kg pomace are 13.2 mg
and 43.9 mg for 1; 1.9 mg and 6.6 mg for 2; and 2.8 mg of rutin hydrate and 9.4 mg (of rutin)
for 3.

2.4. Materials and Solid–Liquid Extraction Protocol

The solid–liquid extraction (SLE) protocol used in this study was similar to that
described in the literature with some adaptations (discussed in Sections 3.1 and 3.2) [30].
Pinot noir pomace was homogenized with a kitchen blender. For the small-scale extraction
study, the pomace samples (10 g) were then immersed in the solvents (50 mL) and stirred
at r.t. for one hour in an open vessel. The solvent was decanted and then centrifuged at
6000 rpm for 10 min. The supernatant (5 mL) was taken, and the solvent removed in vacuo.
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The resulting extract was dissolved in model red wine (2 mL). This solution was passed
through a Phenomenex regenerated cellulose membrane syringe filter (0.45 μm pore size,
15 mm diameter, from CA, USA) and stored at −20 ◦C until HPLC analysis. The quantities
of each flavonoid in each of the samples were analyzed with HPLC according to the method
described in Section 2.3. Extractions of the pomace samples with each solvent system were
conducted in triplicate.

For the large-scale extraction, Pinot noir pomace (2 kg) was separated into batches
(200 g). Each batch was immersed in 40:30:30 acetone:H2O:EtOH solvent (1 L) and manually
stirred for 1 h. After extraction, the solid–solvent mixture was poured over a kitchen sieve
to filter out the solid mass and to collect only the phenolic-enriched solvent, which was then
centrifuged. For quantification, the supernatant (10 mL) from each batch was taken and
combined together (total of 100 mL). The solvent was removed in vacuo. Model red wine
(6 mL) was then added to the extract and separated into 3 equal portions (2 mL), which
were passed through the Phenomenex syringe filter (0.45 μm pore size, 15 mm diameter,
from CA, USA). The quantities of each flavonoid in each of the samples were analyzed with
HPLC. The rest of the phenolic-rich solvent were combined together, and the solvent was
removed in vacuo to give a resulting extract that would be used for derivatization. Various
stages of this process can be seen in Figure 1.

    
(a) (b) (c) (d) 

Figure 1. Large-scale Pinot noir extraction procedure: (a) Pinot noir pomace batch (200 g) with
solvent (1 L); (b) filtering phenolic-enriched solvent; (c) centrifugation of phenolic-enriched solvent;
(d) removal of solvent from extract.

2.5. Derivatization of the Flavonoid-Enriched Extract and Infrared Analysis

The starting material extract (1 g) was dissolved in dimethyl formamide (DMF, 15 mL)
solvent. Triethylamine was added to this solution and then the acylating agents (octanoyl,
lauroyl and palmitoyl chlorides). The reaction was stirred for 24 h and then was quenched
with NaHCO3. The mixture was then filtered and washed with excess water. The resulting
products were collected and dried to give red, solid products. The infrared (FT-IR) spectra
of non-derivatized and derivatized products were obtained using Perkin-Elmer Spectrum
100 FT-IR spectrometer (Santa Clara, CA, USA).

2.6. Antiproliferative Activity Procedures

The antiproliferative studies on HCT116 and MDA-MB-231 cell lines were conducted
using the [3H]-thymidine incorporation assay method, as previously reported by [34].
Essentially, the method was conducted by seeding 3000 cells in each well of the 96-well
plates with a solution of non-derivatized and derivatized extracts in dimethyl sulfoxide
(DMSO) for 3 days. Then, [3H]-thymidine is added to the cells, and they are incubated
for 6 h. The cells were then counted using a Trilux/Betaplate counter, which shows the
percentage of the cells with [3H]-thymidine that are incorporated into the DNA helix. This
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was conducted in duplicate. The antiproliferative activity was determined as cell growth
percentages relative to the 100% growth in the control (non-treated).

2.7. Statistical Analysis

Ternary plots were used to identify and depict regions of high and low concentrations
of compounds extracted across the investigated solvent ratios. R (version 3.6.0) was used to
conduct the analysis using the “ggtern” R package [35,36]. To create the plots, interpolation
was carried out using a multivariate linear regression with a fitted polynomial expression
that was chosen on the basis of best fit and accurate representation of the measured data.

Statistical analyses of the antiproliferative testing were conducted using one sample,
a one-tail t-test to determine whether the mean proliferation value of each product was
lower than that of the control (100%) and a one-way ANOVA to determine whether there
were any differences between these values.

3. Results and Discussion

3.1. Optimization of the Solid–Liquid Extraction Method (Small-Scale Extraction Studies)

This study began with an investigation into an appropriate method for extracting
polyphenolics from grape pomace. Many considerations were made to develop this part of
the process. These included the variety of grape pomace that would be used, the specific
polyphenolic compounds to target, the selection of an appropriate extraction technique and
how the extraction protocol could be optimized.

In consideration of the pomace, it was decided to use a grape variety that was of
significance to New Zealand (NZ). Sauvignon blanc has been recognized as the most
significant grape to NZ, as its production mass is the highest of all grapes (with an annual
production mass of around 10-fold higher than the grape variety that follows behind
it) [37,38]. Our research group had already investigated the use of this grape pomace,
including the extraction of valuable compounds (aroma precursors and phenolics) from
it and processes to valorize them [17,30]. Alternatively, Pinot noir is another grape type
that is of significance to NZ, with a production mass (average of 30,000 tonnes produced
each year between the years from 2012 to 2021) often following behind Sauvignon blanc
as the second most produced grape type in the country [37,38]. For this reason, Pinot noir
pomace was selected for use in this study.

It was mentioned earlier that grape pomace contains a wide range of polyphenolic
compounds. Among them, the flavonoid compounds are one prominent class. In line
with polyphenolics, flavonoids also possess a wide range of biological activities, including
antioxidant and antiproliferative activity, as well as potential for anti-inflammatory, anti-
thrombotic, cardio-protective and neuro-protective effects [19,39,40]. Therefore, it was
considered that the extraction strategy should be tailored to selectively target the flavonoids
that are present in the pomace. Raising the profile of these compounds also serves to assist
the next method in the process, which was chosen based on knowledge about the lipophilic
flavonoid derivatives and their improved bioactivity (see Section 3.3). Upon review of
the literature that have reported the extraction of polyphenolics (particularly focusing
on SLE extraction techniques) from grape pomace, it was noted that (+)-catechin (1), (−)-
epicatechin (2) and quercetin (3), are the most frequently cited flavonoids (Figure 2 and
Table 2) [20,30,41–46]. Therefore, it was decided that the extraction method would be
developed to obtain as much of these three flavonoids as possible.

In the literature, a wide variety of extraction techniques have been presented for ex-
tracting phenolics from plant-based materials. Examples include conventional SLE [30,41],
SLE assisted with ultrasound [47,48], SLE assisted with microwave [49,50], and supercritical
fluid extraction [51,52]. Each technique has advantages (or disadvantages) based on factors
such as cost, ease of use, efficiency of extraction, selectivity of phenolics, requirement for
specialized equipment and being environmentally friendly. Since this study intended to be
an initial proof of concept, the primary criteria for selecting the extraction technique were
simple to conduct, relatively low cost and reduced reliance on sophisticated and specialized
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equipment. The conventional SLE satisfies these criteria, and, therefore, this technique was
chosen. In the literature, this technique has been employed on different types of grape
pomace, and selected examples of these works and the quantities of flavonoids 1, 2 and 3

extracted are presented in Table 2.

Figure 2. Chemical structures of the flavonoids (+)-catechin (1), (−)-epicatechin (2) and quercetin (3).

Table 2. Examples of flavonoid content extracted from the pomace of various grape types using SLE
method; dw = dry weight.

Grape Type
(Component)

Extraction
Technique

(Conditions)

Solvent
System

Flavonoid
Average Amount
(mg/kg Pomace)

Reference

Sauvignon blanc
(whole pomace)

SLE
(r.t., 1 h)

Acetone:H2O:EtOH
(50:50:0) 1 466.29 (±83.01)

[30]
Acetone:H2O:EtOH

(30:50:20) 2 151.14 (±7.91)

Acetone:H2O:EtOH
(40:30:30) 3 31.89 (±2.77) *

Weisser Riesling
(skins)

SLE
(r.t., 2 h)

MeOH:HCl
(99.9:0.1 v/v)

1 226.7 (±24.6) dw

[45]
2 134.6 (±12.1) dw

Weisser Riesling
(seeds)

1 790.2 (±11.2) dw

2 674.5 (±24.9) dw

Pinot noir
(seed)

SLE
(25 ◦C, 19 h)

MeOH
1 1583 dw

[46]
3 1386 dw

EtOH
1 1450 dw

3 1386 dw

* measured as rutin equivalence per kg pomace.

The SLE protocol selected for this study was based on one that had previously been
implemented by our research group [30]. In that study, the SLE technique was investigated
for its ability to extract a wide range of aroma precursors and phenolic compounds from
Sauvignon blanc pomace. The study trialed the protocol with a series of 66 different solvent
systems (made up of the three different polar solvents—acetone, H2O and EtOH) to identify
the optimal systems for extracting each compound of interest. From those findings, the
optimal systems proposed for flavonoids 1, 2 and 3 were of relevance to the purpose of the
present study (Table 2 and Figure 3). However, before proceeding to apply the SLE protocol
with the exact same solvent systems to the Pinot noir pomace, it was considered that those
findings were specific to Sauvignon blanc pomace and that differences in the pomace matrix
between the two grape types could result in differences in the extraction outcomes. In
essence, what is optimal for one pomace is not necessarily the same for another. Therefore,
it was necessary to conduct another trial to independently ascertain which solvent systems
would be optimal for extracting these three flavonoids from Pinot noir pomace. Rather
than conducting the same trial with all 66 solvent systems, a more focused approach was
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taken by narrowing down the number of systems in the trial. Based on an analysis of the
ternary diagrams for each of the three flavonoids (presented from the report by Jelley et al.),
a subset of 28 solvent systems were considered as having generally good ability to extract
those desired flavonoids (see Table 1 and depicted as the red triangle on Figure 3) [30].
Therefore, it was decided that these solvent systems would be selected for the trial. The
trial was conducted on a small mass (10 g) of Pinot noir pomace. It is envisaged that, by
determining the quantities of flavonoids extracted from each system, this would then help
in the identification of the few systems that are optimal. From these, one would then be
selected and taken forward for use in the large-scale pomace mass extraction study (see
Section 3.2).

Figure 3. Ternary diagram with 1, 2 and 3 (in blue) to indicate the optimal solvent systems for
extracting the corresponding flavonoids from Sauvignon blanc pomace as previously identified in
the literature [30] and the range of solvent systems (outlined in red) that were trialed in this study for
extracting the three flavonoids from Pinot noir pomace.

The small-scale extraction trial was conducted according to Section 2.4. At the end
of each extraction (and after the solvents had been removed in vacuo), a pomace extract
resulted, all of which were viscous residues that were red in color. Prior to HPLC analysis,
this extract was dissolved in a small volume of model red wine. The reason for this was the
need to dissolve all of the contents in the extract in a solvent with low volatility to minimize
solvent loss through evaporation. Model red wine was an ideal choice as it was low in
volatility and, proposedly, its resemblance to actual red wine enabled dissolution of all the
contents in the extract. The dissolved extracts were then analyzed with HPLC to determine
the quantities of the three flavonoids. The quantities of these flavonoids extracted from
each individual solvent system are found in Table S2. From these results, it was found that
the optimal systems for extracting 1, 2 and 3 were the 80:20:0, 40:40:20 and 40:50:10 systems,
respectively (Table 3).
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Table 3. Solvent systems that had extracted the highest amount of each flavonoid and the average (of
triplicate extractions) quantity (mg/kg pomace) as measured in the extract.

Flavonoid
Best Solvent System
(Acetone:H2O:EtOH)

Average Quantity Extracted
(mg/kg Pomace)

1 80:20:0 174.1 (±17.1)
2 40:40:20 269.6 (±34.1)
3 40:50:10 87.0 (±46.4) *

* measured as mg rutin hydrate equivalence per kg pomace.

To develop some perspective on the performance of this method, these flavonoid
quantities were compared (by determining the relative and absolute differences) to those
reported in the selected literature presented in Table 2. This provided an indication as
to whether the SLE method used in the present study was more, less or the same in
effectiveness for extracting these compounds compared to the method employed by others.
It should be noted that there are significant differences between the SLE protocol used in
the selected literature and that of the present study. These differences include factors such
as grape type that was used, the pomace component (i.e., whole pomace, only skins, only
seeds), preparation of the pomace (i.e., lyophilized, blended, grounded), solvent systems
(i.e., solvent type, mono or multi, different ratios) and the conditions (i.e., temperature and
length of extraction time). The limitation of comparing results that have been obtained
from very different methods is the inability to deduce the extent to which each factor would
have contributed to the quantitative differences. In comparison, the quantities of 1, 2 and
3 obtained from the Pinot noir pomace were 2.7-fold lower (by 292.2 mg/kg pomace),
1.8-fold higher (118.5 mg/kg) and 2.8-fold higher (55.1 mg/kg), respectively, compared
to those obtained from the Sauvignon blanc pomace [30]; the quantities of 1 and 2 were
1.3-fold lower (52.6 mg/kg) and 2.0-fold higher (135 mg/kg), respectively, compared to
those obtained from the Weisser Riesling pomace skins [45]. These differences were not
large and suggest that the present method was slightly less effective for 1, slightly more
effective for 2 and slightly more effective for 3, compared to that of the two studies. In
contrast, the differences in the quantities of the flavonoids were much more pronounced
compared to those obtained from the pomace seeds. For example, quantities of 1 and 2

in the present study were 4.5-fold lower (616.1 mg/kg) and 2.5-fold lower (404.9 mg/kg),
respectively, to those obtained from the Weisser Riesling pomace seeds [45]; the quantities
of 1 and 3 were 8- to 16-fold lower (1299 to 1409 mg/kg) to those obtained from the Pinot
noir seeds (extracted using both MeOH and EtOH solvent) [46]. The increased effectiveness
of those methods for these flavonoids may be attributed to the fact that seeds in general
carry higher amounts of these flavonoids. This notion is supported by comparing the
results within the report by Kammerer et al., which showed that the contents of 1 and 2,
extracted from the pomace seeds, were much higher than those obtained from the pomace
skins [45].

For a more general understanding on the solvent systems’ effectiveness for extracting
these flavonoids, the data (average quantities of the flavonoids extracted) were statistically
analyzed and visually interpreted as model ternary diagrams (Figure 4b–d). It should be
noted that the data displayed in these diagrams fall within a range of solvent systems
(depicted as a green triangle in Figure 4a) that differ from the experimental range (depicted
as a red triangle in Figure 4a). Therefore, the limitations of these diagrams are that the
data for solvent systems with <10% EtOH are omitted and that the data generated for
solvent systems with <20% water were extrapolated. From analyses of each individual
diagram, it was observed that the extraction of 1 from the pomace was better achieved with
systems containing higher amounts of acetone (50–80%) combined with low amounts of
H2O (10–30%) and EtOH (10–30%). The extraction of 2 was better achieved with systems
containing moderate amounts of acetone (40–60%) combined with low amounts of H2O
(10–30%) and low-to-moderate amounts of EtOH (20–40%). The extraction of 3 was better
achieved with systems containing moderate amounts of acetone (40–50%) combined with
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moderate amounts of H2O (30–50%) and moderate amounts of EtOH (30–40%). From
an analysis of all three ternary diagrams together, it was deduced that these six systems–
60:30:10, 50:40:10, 50:30:20 40:50:10, 40:40:20 and 40:30:30 (depicted as a blue triangle in
Figure 4a)—would be optimal for the overall extraction of all three flavonoids. This is
supported by looking at the ranking of these solvent systems (out of all 28) for each
compound (Table 4). Five of these systems were found to be within the top five in their
ability to extract at least one of the three flavonoids, and the other system ranked just above
the middle for all three flavonoids. A process was then taken to narrow down further
the most suitable solvent system that would be used in the SLE method for extraction of
flavonoids from a large-scale mass of pomace. This process was executed by choosing the
top few systems based on the sum of ranks and then validating these systems according to
the ternary diagrams. By looking at the sum of ranks, the top three were 40:40:20 (sum = 12),
50:30:20 (14) and 40:50:10 (17). These systems ranked within the top five for extracting two
flavonoids and were ranked as being moderately effective for the other flavonoid. The
next best system was 40:30:30 (24), which was relatively good for all three flavonoids. In
comparing these systems on the ternary diagrams, it was seen that 40:50:10 was the least
effective for 1 and 2 and that 50:30:10 was the most effective for 2 but least effective for 3.
The 40:30:30 and 40:40:20 systems were similar to each other in that they were both effective
for all three flavonoids. It was reasoned that, out of the two, the 40:30:30 system had a
better balance of all three solvent systems. For this reason, it was decided that this system
would be used for the subsequent SLE of a large-scale mass (2 kg) of Pinot noir pomace.

(a) 

Figure 4. Cont.
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(b) 

 
(c) 

Figure 4. Cont.
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(d) 

Figure 4. Ternary diagrams of: (a) the range of solvent systems trialed in this study (outlined
in red), the optimal solvents for individual flavonoids (labelled 1, 2 and 3 in blue), the solvent
boundaries to generate model diagrams of each flavonoid (outlined in green) and the optimal range
of solvent systems for simultaneous extraction of all three flavonoids (outlined in blue); (b) solvent
effectiveness for extraction of 1; (c) solvent system effectiveness for extraction of 2; and (d) solvent
system effectiveness for extraction of 3.

Table 4. The quantity of flavonoids extracted and their rank (out of 28) for each of the six solvent
systems identified as optimal systems for the SLE for large-scale extraction.

Acetone:H2O:EtOH

(+)-Catechin (1) (−)-Epicatechin (2) Quercetin (3)

mg/kg
Pomace

Rank
mg/kg

Pomace
Rank

mg/kg
Pomace

Rank

60:30:10 148.4 (±25.7) 16 218.8 (±39.5) 16 49.0 (±14.3) 16
50:40:10 157.0 (±32.1) 10 231.1 (±39) 12 66.5 (±4.2) 4
50:30:20 165.9 (±16.3) 7 250.86 (±25.3) 5 72.3 (±39.1) 2
40:50:10 169.9 (±28.3) 3 227.1 (±18.8) 14 87.0 (±46.4) 1
40:40:20 173.3 (±23.9) 2 269.59 (±34.1) 1 55.0 (±1.3) 9
40:30:30 164.7 (±18.4) 8 240.1 (±8.9) 9 58.9 (±01.0) 7

3.2. Large-Scale Solid–Liquid Extraction of Pinot noir Pomace

After identifying an optimal solvent system from the small-scale trials, the next part
of this study was to implement the SLE protocol on a large-scale mass of the Pinot noir
pomace. It was expected that this would deliver a larger mass of the extract and, therefore,
higher total amounts of the three flavonoids. In this part of the study, the pomace mass was
scaled up (from 10 g) to 2 kg, which was thought of as both a mass that was manageable
and also appropriate for a proof of concept study. It was intended to keep all procedures
similar to those of the small-scale extraction; however, some adjustments were needed. To
remain consistent with the pomace’s mass-to-solvent volume ratio, the 2 kg mass would
have needed to be immersed into 10 L of solvent. This was considered impractical for a few
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reasons. Firstly, without bespoke equipment, the handling of such a large volume of volatile
solvent (acetone and MeOH) posed safety issues; secondly, this would have required a
specialized stirring apparatus to consistently move a large body of pomace around the large
volume of solvent for the duration of the extraction time. Thirdly, the transfer of solvent
from one vessel to another would have resulted in unavoidable and non-ideal spillages and,
thus, the loss of both solvent and content. To mitigate these issues, the 2 kg pomace mass
was divided into 10 batches of 200 g of pomace, in which each batch was immersed into
1 L of solvent. Another adjustment was made to the way in which the pomace was moved
around the solvent. Consistent motion of the pomace around the solvent was necessary
to ensure maximum contact between each pomace particle and the solvent. However, in
the absence of an appropriate stirring apparatus (possessing sufficient power to move the
thick pomace around the liquid), the stirring was conducted manually. Stirring of some
capacity is a better alternative to non-stirring; however, this manual stirring, which is
further addressed in Section 3.5, was a major limitation of this method. At the end of the
extraction, the resultant extracts had the same appearance (red-colored viscous residue) as
that which was observed from the small-scale extraction. The extracts obtained from each
batch were combined, and the quantities of the flavonoids in the combined extract were
analyzed.

It was found that the quantities of the flavonoids obtained from the large-scale extrac-
tion were lower, each to varying degrees, compared to those obtained from the small-scale
extraction using the same solvent system (Table 5). The amount of 1 and 2 was signif-
icantly reduced by 10 times and 240 times, respectively, and with absolute differences
of 150.7 mg/kg and 239.0 mg/kg of pomace, respectively. As for the amount of 3, this
difference was less pronounced and had only reduced by half, with an absolute difference
of 25.2 mg/kg of pomace. It is speculated that one of the reasons for the less pronounced
difference observed between the quantities of 3, compared to those of 1 and 2, is the fact
that the 40:30:30 solvent system comprises moderate amounts of all three solvents. As
discussed in Section 3.1, the systems with moderate amounts of the three solvents were
found generally to be more suitable for extracting this flavonoid. There are some limitations
to this extraction method that would have contributed to the reduced amounts of all three
flavonoids, which are further discussed in Section 3.5.

Table 5. Quantities of flavonoids extracted from small-scale (200 g) and large-scale (2 kg) Pinot noir
pomace using 40:30:30 (acetone:H2O:EtOH) solvent system.

Flavonoid
Extraction on Small-Scale

Pomace
(mg/kg Pomace)

Extraction on Large-Scale
Pomace

(mg/kg Pomace)

1 164.7 (±18.4) 14.0 (±5.3)
2 240.1 (±8.9) 1.1 (±0.6)
3 54.9 (±1.0) * 29.7 (±1.1) *

* measured as mg rutin hydrate equivalence per kg of pomace.

3.3. Fatty Acyl Derivatization of the Extract

Despite the smaller than expected amounts of flavonoids obtained from the large-scale
extraction method, it was still decided to take the pomace extract forward to the next
method of the process. The lack of flavonoids in the extract required the original study
concept (of developing an extract enriched with derivatized flavonoids) to be reframed. It
was considered that these small amounts of flavonoids were present in a mixture with other
phenolic compounds. This study did not implement methods to identify and measure
quantities of other bioactive compounds in the extract, but, according to literature, it is
suggested that there would be other flavonoids (i.e., anthocyanins and anthocyanidins), stil-
benes (i.e., resveratrol) and phenolic acids (i.e., caffeic acid, p-coumaric acid) available [3,4].
Thus, it was proposed that subjecting the extract to the derivatization method would lead
to structural modifications in the bioactive phenolic compounds, as a collective, and that
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this would raise the health-promoting properties in the final product compared to those of
the original starting extract.

The rationale for derivatizing these compounds is based on the reported evidence
regarding structurally modified phenolic compounds that have enhanced biological activi-
ties [53,54] and properties associated with bioavailability [55–57]. Additionally, our group
had also reported studies on fatty acyl modifications to flavonoid structures and their
effects on bioactivity. In these studies, it was found that by selectively acylating specific hy-
droxy positions of both luteolin [32] and quercetin [31], these products displayed improved
antiproliferative activity against both HCT116 and MDA-MB-231 cancer cells. It was also
found that the radical scavenging activity did not change, which was a good indication that
the modifications did not reduce their antioxidant activities. Although these studies did not
investigate whether they had properties related to good bioavailability, there are examples
in the literature in which an increase in the lipophilicity of phenolic compounds could
improve their absorption and metabolic stability [55–57]. These findings led to the proposal
that acylation modifications to the polyphenolics in the extract, especially the flavonoids,
could also result in an enhanced overall health-promoting potential. The feasibility of
this proposal is further supported by the success of a similar work, recently reported by
Lei et al., who produced fatty acyl derivatives of polyphenolics in grape seed extract and
demonstrated their radical scavenging activity and antiproliferative effects against HepG2
cells [58].

The were some considerations around the method for derivatizing the compounds
in the extract. Since our reported studies identified three acylated flavonoids (which are
octanoyl, lauroyl and palmitoyl derivatives of both luteolin or quercetin) as having better
antiproliferative activity, it was decided that the corresponding acylating agents would be
used [31,32]. The differences between previous studies and the present study that would
affect the acylation approach were also considered. Where previous works were able to
utilize a multi-step synthetic approach, starting with a single flavonoid and developing
reaction steps to selectively acylate only one hydroxy position on the flavonoid, the same
synthetic approach would not be achievable on the pomace extract. The extract comprises
a mixture of many different polyphenolic compounds with many hydroxy sites, which are
all susceptible to acylation. It was therefore accepted that the acylation approach in this
study would be much less targeted and more random (occurring on many compounds and
at multiple hydroxy sites) and would give a mixture of different fatty acyl products.

The method of derivatization was conducted by dissolving 1 g samples of the extract
in DMF. This solvent was chosen for its moderate polarity (with a relative polarity of
0.386 [59]), and, therefore, it has the ability to dissolve both the polar polyphenolic content
in the extract as well as the hydrophobic acylating agents. This was important as it increases
the chances of these compounds contacting and colliding, thereby facilitating the reaction.
The reaction was initiated by adding the organic base, triethylamine, to remove hydroxy
protons from the phenolics. The acylating agents (either octanoyl chloride, lauroyl chloride
or palmitoyl chloride) were then added to acylate these deprotonated hydroxy sites. At the
end of the reaction, the mixture was then quenched with NaHCO3, filtered and washed
excessively with water to remove any remaining salt byproducts. Interestingly, the products
that resulted from this procedure were red solids, which is different to those of the starting
material.

The non-derivatized and the fatty-acyl-derivatized extract products were characterized
by infrared (IR) spectroscopy (Figure S1). From the IR spectrum of the non-derivatized
extract, there is a strong broad signal observed at 3275 cm−1, representing the hydroxy
groups. In this same region in the IR spectra of the derivatized extract products, the
intensity of this signal significantly reduced, which indicates that some of the hydroxy
groups of the polyphenolics were masked, likely due to the fatty acyl derivatization.
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3.4. Antiproliferative Activity Studies of the Products

HCT116 and MDA-MB-231 were chosen for study as they are cancer cell lines rep-
resentative of two very significant cancer types: colon (or colorectal) cancer and breast
cancer, respectively. In 2020, colorectal cancer was the third most prevalent cancer for all
sexes, and breast cancer was the most prevalent cancer in females [60]. There is a clear
need to develop agents that can target the cell lines contributing to these cancer types. The
production of lipophilic flavonoids and their improved activity against these two cell lines
(compared to that of their parent compounds) have previously been exemplified in the
literature. For example, Omonga et al. demonstrated that O-alkyl derivatives of chrysin
increased activity against HCT116; whilst Nair et al. demonstrated fatty esters of phloridzin
increased the inhibitory effects against MDA-MB-231 [61,62]. Further, our group also found
that lauroyl, octanoyl and palmitoyl derivatives of quercetin and luteolin had the greatest
improvements against these two cell lines. As discussed in Section 3.3, this provided the
rationale for derivatizing the polyphenolics in the extracts with these same acyl groups, in
hopes that this would raise the extracts’ ability to inhibit the growth of these two cell lines.

The 3[H] thymidine incorporation assay was used to study the antiproliferative activity
of these extracts against the two cell lines and was conducted according to Section 2.6.
Unfortunately, when preparing the extract samples, it was found these products lacked
the important solubility in the DMSO solvent, and thus, this was a significant limitation to
the results obtained. This lack of solubility would have reduced the amounts of bioactive
products available in solution. This unexpected problem was a limitation to this study.
Despite that, the procedure was carried out, and the proliferation rates of the cell lines
treated with the products were obtained (Table 6). From statistical analyses of these
values, it was found that the proliferation rates of these products (both non-derivatized
and non-derivatized) were not significantly lower (p-value > 0.05, one sample one-tail
t-test) compared to that of the control (100%). Therefore, there is no evidence that these
products limited the growth of these cells. There was also no evidence of a statistical
difference (p-value > 0.05, one-factor ANOVA) between the mean values of each of the
products. Although these results were not promising, they do not necessarily imply a lack
of the desired bioactivity. Improvements to this methodology are explored in the following
section.

Table 6. Cell proliferation rates of cell lines treated with non-derivatized and derivatized extracts.

Crude Extract Type
% Cell Proliferation (Compared to Control)

HCT116 MDA-MB-231

Non-derivatized 95.6 (±2.2) 75.1 (±27.8)
Octanoyl 91.9 (±4.1) 82.6 (±21.0)
Lauroyl 91.4 (±4.2) 88.9 (±15.0)

Palmitoyl 88.6 (±6.6) 75.8 (±24.9)

3.5. Limitations to the Methods and Suggested Improvements

Overall, this process was not successful in achieving the study aim. However, explor-
ing some of the limitations to the methods provides insights into improvements that could
be made. This discussion remains within the scope of using SLE to extract polyphenolics
(particularly the flavonoids) from Pinot noir pomace and the lipophilic derivatization of
these polyphenolics. Within this scope, there are three areas of the process that are explored.
These are the pomace’s preparation, SLE method for large-scale Pinot noir pomace and the
method for acylating polyphenolics from the extract.

One limitation was that the pomace that was used was a wet material and contained
significant amounts of water, present on the surface of the pomace particles and inside the
pomace particles. The implication of using wet pomace is that when it is immersed into the
solvent systems, the water passes into the surrounding solvent and raises the water profile
in the system. It was discussed in Section 3.1 that flavonoids are generally best extracted
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with low water solvent systems or that higher water systems are less effective for these
compounds. Therefore, an increase in the proportion of water could reduce the ability for
the flavonoids to be extracted. To mitigate this limitation, the pomace material could be
lyophilized to eliminate water from the materials before extraction.

The pomace material was prepared by blending in attempt to increase homogeneity.
This also reduced the pomace particle sizes and, therefore, increased the surface-area-to-
volume ratio. However, the resultant pomace particle size after blending may not have been
small enough. The importance of lowering this ratio as much as possible is that it enables
more solvent to come into contact with more parts of the pomace, thereby maximizing
the extraction ability. It is suggested that a more superior preparation process would be
to mechanically grind the pomace down into a finer powder. This step would require the
pomace material to be dry and, therefore, should be completed after conduct from the first
suggestion.

The method used immersed the pomace in the solvent for 1 h, which may not have
been long enough to enable total extraction. If the extraction time was extended to at
least 6 h, and up to 12 h or 24 h, this could have significantly maximized the extraction.
Either alternatively or additionally, the extraction could also be maximized by repeating the
extraction, where the pomace is immersed again into freshly prepared solvent. Furthermore,
it was questioned whether the conduct of extraction at room temperature was sufficient. It
is proposed that raising the temperature (i.e., from 20–25 ◦C) could improve solubility of
the compounds in solvent, and, therefore, it would be worthwhile to investigate the effects
of temperature. However, with higher temperatures, the mitigation of solvent (acetone and
EtOH) evaporation must be carefully considered.

The choice to manually stir the pomace in solvent in the large-scale extraction was a
great limitation to the method. The motion was inconsistent, and it was reasoned that the
lack of even contact between the pomace particles and the solvent was a major contributor
to the lower amounts of flavonoids extracted from the large pomace mass. A suggested
improvement is to implement an overhead mechanical stirrer (with sufficient power) to
produce a continuous and consistent motion for moving the pomace around the solvent.

From the small-scale extraction investigation, six solvent systems were identified as
ideal (see Section 3.1). However, only one system was taken forward and investigated on
the large-scale pomace mass. Another trial, using all six systems on the large-scale pomace,
could be conducted to validate which system is the best system for extracting the desired
flavonoids.

This study placed high emphasis on extraction and analysis of the flavonoids 1, 2 and 3.
The original concept operated under the premise that these flavonoids and their lipophilic
derivatives would be able to contribute to enhancing the health-promoting properties of
grape pomace extract. One significant improvement would be to expand the investigation
to understand the profile of other bioactive phenolic compounds that would typically be
found in grape pomace. This would further increase the overall understanding of the
components in the extract that could also contribute to the desired health effects.

Returning the focus back onto flavonoids, these compounds existed in a mixture and
among a number of other polar compounds in the extract. The limitation of this is that the
subsequent derivatization could not be selective of only those compounds. It would be
more ideal if these flavonoids (either as a collective or individually) could be isolated and
then be subjected to the derivatization step. Alternatively, the process could be followed
through to the end, and then the acylated flavonoid derivatives in the resulting product
could be purified from the mixture. One possible way of doing this is to use preparative
HPLC, which is an effective technique for purifying compounds. However, the tradeoff to
this is the high costs of both the equipment and its operation.

Although the reduced intensities observed on the IR spectra are promising indications
that the phenolic compounds in the extract may have been masked by acylation, the
limitation to this characterization technique is that it remains indicative and does not
specify which compounds are present. The use of HPLC–mass spectrometry and (proton
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and carbon) nuclear magnetic resonance (NMR) are suggested as further characterization
techniques that could provide more detailed information on these compounds. However,
implementation of these techniques does require some further preparative work. For
example, HPLC–mass spectrometry would require an appropriate method that enables
good separation of the lipophilic compounds, and NMR would require a degree of purity
in order to resolve the signals corresponding to the (proton and carbon) atoms for each
compound.

One major limitation to the final derivatized products’ antiproliferative activities was
their lack of solubility in the solvent that was required to perform the assay. It is hard
to ascertain what exactly caused the lack of solubility. It would be worth conducting a
quick assessment on the solubility of this product with a range of other solvents that are
appropriate for this test. Another lengthier, but more ideal, improvement is to implement
the already mentioned suggestion of further purifying the compounds within the product.
This would enable individual (or fractions of only a few) compounds to be prepared
separately, and, for those compounds that can be solubilized, these can be taken forward
for testing. In turn, this would also help in the identification of compounds (or fractions of
compounds) that display activity against the chosen cell lines.

The above suggestions were made with the aim of increasing the prospect of obtaining
a final product with improved health-promoting outcomes. However, each additional
step introduced to the process will unavoidably increase the cost, complexity, and time.
These factors have opposing effects on the commercial viability of the strategy. Therefore,
before the adoption of any improvements to the process, the tradeoffs, such as whether
the additional benefits will outweigh the drawbacks, and how these drawbacks can be
attenuated must be carefully considered.

4. Conclusions

This study investigated a process that uses the SLE method on Pinot noir pomace,
which was optimized to extract as many of the three flavonoids (1, 2 and 3) as possible and
a method that derivatizes the polyphenolics in the extract, converting them into fatty acyl
derivatives. It was hoped that this process would result in products that could display some
improved health-promoting properties. Unfortunately, this process did not achieve the
expected outcome; however, the findings from these investigations remained interesting. In
the small-scale extraction study, the trial of 28 selected solvent systems, led to identification
of the most effective solvent system for each individual flavonoid and the identification of
6 systems that were ideal for extracting all three flavonoids. Implementing one of these
solvent systems for the SLE of large-scale mass of pomace, interestingly, led to significantly
reduced quantities of the flavonoids compared to those observed in the small-scale study.
Despite that, this extract was taken into the next derivatization step. The IR spectra of these
products was used to indicate the success of this derivatization. The subjection of these
products to antiproliferative testing did not display improved results. The exploration of
the limitations to these methods and suggested improvements may serve as foundations
for future work with possibilities to increase success.
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Abstract: Hazelnut skin is a rich source of polyphenols but is generally discarded during the roasting
process of hazelnuts. Previous studies reported the extraction and identification of these compounds
using different solvents and procedures; however, there are few reports on their enrichment and
purification. In this study, three types of Amberlite macroporous resins (XAD 16, XAD 4, and
XAD 7) were compared to evaluate the enrichment of polyphenols via adsorption and desorption
mechanisms. The operating condition parameters for polyphenol adsorption/desorption of each
resin were determined, the kinetics of adsorption were examined, and a method for polyphenol
recovery was developed using static and dynamic adsorption/desorption. Antioxidant activity and
high-performance liquid chromatography-diode array detection were used to confirm the increase
in polyphenols obtained using the adsorption/desorption technique. XAD16 showed the highest
adsorption capacity, with a recovery of 87.7%, and the adsorption kinetics fit well with a pseudo-
second-order model. The highest poly-phenol desorption ratio was observed using an ethanol/water
solution (70% v/v) at a flow rate of 1.5 bed volume/h.

Keywords: Amberlite resin; hazelnut skin; polyphenols; by-product

1. Introduction

Hazelnut is one of the most widely consumed nut crops. Its worldwide production in
2020 was reported as 528,070 tons, with Turkey, Italy, and Spain as the major producers [1].
Approximately 50–60% of the nut is discarded as by-products, such as shell, skin, and
damaged nuts, during the dehulling, roasting, and sorting processes [2]. Many parts of
these by-products are rich in bioactive compounds, particularly polyphenols, which can be
extracted and used in the food, feed, cosmetic, and pharmaceutical industries [3]. The skin
is considered as one of the most useful components of hazelnut by-products, accounting for
2.5% of the total weight of the nut which is separated from the kernel during the roasting
process [4]. The antioxidant capacity of hazelnut skin is significantly higher than that
of the hazelnut [5], and the roasted skin is even richer in total phenols and has higher
antioxidant activity compared to in the natural skin [6–8]. Recovering bioactive compounds
from hazelnut skin would increase the availability of large amounts of molecules of natural
origin and positively impact disposal management, providing considerable economic
advantages, such as minimizing the challenges of waste management occurring due to
the lack of proper disposal sites to avoid the spread of insects and unwanted wildlife, and
production of value-added products from low-cost material. Polyphenols can be extracted
from plants using solvents or supercritical fluids. Although the use of solvents is less
costly and simpler, it is not selective and results in diluted extracts with low polyphenol
concentrations. Macroporous resins are physiochemically stable polymers with polar,
non-polar, or slightly polar characteristics and high adsorption capacities for organic
compounds [9]. They can be used to purify and concentrate active compounds from
complex extracts [10]. The target molecules in aqueous and non-aqueous solutions can be
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adsorbed by macroporous resins via electrostatic forces, hydrogen bonding interactions,
complexation, and size sieving [3]. Resins with large surface areas and pore sizes provide
numerous active sites that can interact with the target molecules, and thus, are useful
for extracting active compounds. The extraction and regeneration processes are simple
and inexpensive [11]. In this study, three poly aromatic Amberlite resins (XAD 4, XAD 7,
and XAD 16) were used to concentrate and purify polyphenols in the ethanol extracts of
roasted hazelnut skins. Amberlite XAD 16 and XAD 4 is hydrophobic, whereas Amberlite
XAD 7 is moderately hydrophilic. Strongly polar resins contain sulfur or nitrogen oxide
groups and are not suitable for purifying polyphenols. Slightly polar macroporous resins
such as XAD 7 are generally composed of polyacrylate polymers with multifunctional
methacrylate crosslinking agents, whereas non-polar macroporous resins such as XAD 16
and XAD 4 consist of styrene and divinylbenzene polymers and are suitable for separating
weakly polar compounds [10]. The objective of this research is to propose an efficient
method of recovering and purifying polyphenols from hazelnut skin extract, comparing
three Amberlite resins and optimizing the operating condition parameters of polyphenol
adsorption/desorption. For this purpose, the static experiments were performed to select
the best resin and solvent and the kinetics of adsorption were studied. The optimum flow
rates were selected through dynamic adsorption/desorption and validation of method
for polyphenols recovery from hazelnut skin extract has been measured comparing the
phenolic content and antioxidant activity of the crude and concentrated extracts.

2. Materials and Methods

2.1. Materials

Roasted hazelnut skin of Tonda Gentile delle Langhe PGI was provided by La Gentile
srl (Cortemilia, Italy) and obtained by roasting for 7 min at 190 ◦C. All chemicals used were
of analytical grade. Folin–Ciocalteu phenol reagent (2 M), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (97%; Trolox), methanol
(99.9%), formic acid (98–100%), and ethanol (99.9%) were provided by Sigma-Aldrich
(St. Louis, MO, USA). High-performance liquid chromatography (HPLC)-grade standards
(gallic acid, protocatechuic acid, catechin, epicatechin, and quercetin) were purchased
from Fluka (Buchs, Switzerland). Ultrapure water was prepared using a Milli-Q filter
system (Millipore, Billerica, MA, USA). Amberlite macroporous resins (XAD 4, XAD 7,
and XAD 16) were supplied by Sigma-Aldrich (Table 1). Before use, the resins (50 g) were
soaked in pure ethanol (100 mL) for 3 h at 22 ◦C with constant rotatory agitation on a VDRL
711 orbital shaker (Asal S.r.l, Milan, Italy) at 60 rpm. The ethanol was removed, and the
resins were rinsed with excess ultra-pure water.

Table 1. Physicochemical characteristics of Amberlite resins used for the recovery of polyphenolic
compounds by a roasted hazelnut skin extract.

XAD 4 XAD 7 XAD 16

Polarity non polar moderately polar non polar

Chemical structure Hydrophobic
polyaromatic Acrylic ester Hydrophobic

polyaromatic
Dry density (g/mL) 1.08–1.02 1.24–1.05 1.08–1.02
Surf. Area (m2/g) 725 450 900

Pore diameter (nm) 5 9 10
Pore mesh size 20–60 20–60 20–60

Pore volum (mL/g) 0.98 1.14 0.82
Particle size (mm) 0.3–1.2 0.3–1.2 0.3–1.2

2.2. Polyphenol Extraction

Polyphenols were extracted from hazelnut skin as described by Locatelli et al. [6]. Prior
to extraction, the hazelnut skin was defatted with n-hexane using the method described
by Özdemir et al. [12]. Defatted hazelnut skins (2 g) were extracted with 50 mL of pure
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ethanol at 22 ◦C for 1 h in the dark using a VDRL 711 orbital shaker under constant rotatory
agitation at 60 rpm. The extract was centrifugated at 2800× g for 10 min at 4 ◦C. The solid
residue was re-extracted for 30 min with 25 mL of pure ethanol and then centrifuged. The
two supernatants were mixed, filtered through a 0.45 μm nylon membrane, and stored in
amber vials at −18 ◦C until analysis. All extractions were performed in triplicate.

2.3. Total Polyphenolic Content

The total phenolic content (TPC) of the extracts was determined spectrophotometri-
cally as described by Barbosa-Pereira et al. [13] using a BioTek Synergy HT spectropho-
tometric multi-detection 96-well microplate reader (BioTek Instruments, Winooski, VT,
USA). The absorbance was measured in triplicate at 740 nm. A standard curve of gallic acid
(100–600 μM; R2 = 0.9994) was used to quantify the phenolic content, which was expressed
as milligrams of gallic acid equivalents per milliliter of the fresh extract (mg GAE/mL).

2.4. Antioxidant Capacity

The antioxidant capacity of the extracts was determined using the DPPH• radical
scavenging method with a BioTek Synergy HT spectrophotometric multidetection 96-well
microplate reader [13]. The decrease in DPPH absorbance was measured at 515 nm. The
antioxidant capacity was expressed as the inhibition percentage (IP) of DPPH radicals and
was calculated using the following equation:

% Inhibition = ((A0 − Ae)/A0) × 100 (1)

where A0 is the absorbance of the blank and Ae is the absorbance at 30 min. A standard
curve of Trolox (12.5–350 μM; R2 = 0.9982) was used to determine the radical-scavenging
activity, and the results are expressed as micromoles of Trolox equivalent per mL of extract.
Three analyses were evaluated for each sample.

2.5. ABTS+ Assay

The antioxidant capacity of the extracts was determined using the ABTS•+ assay as
described by Re et al. [14] with some modifications. An aliquot of ABTS solution (7 mM)
was reacted with 2.45 mM potassium persulfate to produce an ABTS radical cation (ABTS+).
The solution was incubated in the dark for 12 h at 22 ◦C to ensure its stability. Before
use, the ABTS+ stock solution was diluted with ethanol to an absorbance of 0.70 ± 0.02 at
734 nm and 30 ◦C. The diluted ABTS+ solution (3 mL) was mixed with 30 μL of sample, and
the absorbance was measured after 6 min. The ABTS+ scavenging activity was calculated
using the following equation:

% Inhibition = ((A0 − Ae)/A0) × 100 (2)

where A0 is the absorbance of the blank and Ae is the absorbance at 6 min. The results were
expressed as μM Trolox equivalent (TE)/mL of extract, using a dose–response curve for
Trolox (0–350 μM; R2 = 0.996) as the standard. Each sample was evaluated in triplicate.

2.6. Reversed Phase-HPLC-Diode Array Detector Analysis

A reversed-phase HPLC coupled with a Thermo-Finnigan Spectra System diode
array detector (Thermo-Finnigan, Waltham, MA, USA) was used to quantify the phenolic
components in the extracts. The instrument was equipped with an SCM 1000 degasser,
an AS 3000 automatic injector, a P2000 binary gradient pump, and a Finnigan Surveyor
PDA Plus detector. ChromQuest software (version 5.0; Thermo-Finnigan, Waltham, MA,
USA) was used for data acquisition. Separation was performed using a reverse-phase
Kinetex Phenyl-Hexyl C18 column (150 × 4.6 mm id and 5 μm particle size; Phenomenex,
Torrance, CA, USA) at a flow rate of 1 mL/min. The mobile phase was composed of
formic acid at 0.1% v/v (A) and acetonitrile (B), and the sample injection volume was
10 μL. The following gradient elution was utilized: 5% B for 0–7 min; a linear gradient
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from 5% to 50% B for 7–35 min; a linear gradient from 50% to 80% B for 35–37 min; a linear
gradient from 80% to 90% B for 37–38 min; and a linear gradient until 90% A and 10% B
were reached for 38–41 min. Gallic acid, protocatechuic acid, catechin and epicatechin,
and quercetin were quantified by measuring the absorbance at 271, 293, 279, and 366 nm,
respectively. Quantification was performed using the external standard linear calibration
curves obtained under the same conditions.

2.7. Static Adsorption/Desorption Evaluation

To define the adsorption capacity of the resins for polyphenolic compounds, five
amounts of activated macroporous resin (1, 2, 3, 4, and 5 g) were placed in 100 mL flasks
and 50 mL of hazelnut skin extract was added. The sealed flasks were shaken at 22 ◦C for
24 h in the dark using a VDRL 711 orbital shaker under constant rotatory agitation at 120
rpm. TPC was evaluated before and after adsorption, and the adsorption capacity and
adsorption ratio were calculated using the following equations:

Adsorption capacity:
qa = ((C0 − Ce) × Vi)/M (3)

Adsorption ratio:
A (%) = ((C0 − Ce)/C0) × 100 (4)

where qa is the adsorption capacity (mg/g dry resin), C0 is the TPC value of the extract
before the adsorption phase (mg GAE/mL), Ce is the TPC value of the extract after the
adsorption phase (mg GAE/mL), Vi is the volume of the extract (mL), and M is the weight
of the resin (g).

After adsorption, the resins were placed in a 100 mL flask and treated with 50 mL of
three ethanol solutions (50%, 70%, and 99.9% v/v). The sealed flasks were shaken at 22 ◦C
for 24 h in the dark using a VDRL 711 orbital shaker under constant rotatory agitation at
120 rpm. The desorption ratio (D%) was calculated using the following equation:

D (%) = (Cd × Vd)/((C0 − Ce) × Vi) × 100 (5)

where Cd is the TPC value of the ethanol solution after desorption (mg GAE/mL), Vd is the
volume of the ethanol solution used for the desorption phase (mL), Vi is the volume of the
extract (mL), C0 is the TPC value of the extract before the adsorption phase (mg GAE/mL),
and Ce is the TPC value of the extract after the adsorption phase (mg GAE/mL).

To evaluate the adsorption kinetics, 1 g of each resin was mixed in a flask containing
50 mL of extract with a TPC value of 5 mg GAE/mL and shaken at 22 ◦C in the dark on
a VDRL 711 orbital shaker under constant rotatory agitation at 120 rpm. The TPC of the
solution was analyzed every 15 min for the first 2 h and then every 30 min for 6 h. To
evaluate the adsorption kinetics, the obtained results were fitted using two widely used
kinetic models, the pseudo-first-order [6] and pseudo-second-order models [7]:

Ln (qe − qt) = −k1 t + ln qe (6)

t/qt = 1/(k2 q2
e) + t/qe (7)

where qe (mg/g) and qt (mg/g) are the adsorption capacities at equilibrium and at time
t (min), respectively, and k1 (min−1) and k2 (g/mg min) are the rate constants of the
pseudo-first and pseudo-second order models, respectively [15].

The fit of each model to the experimental data was estimated using the linear regression
correlation coefficient (R2).

2.8. Dynamic Adsorption/Desorption

Dynamic adsorption was performed by loading the hazelnut skin extracts (5 mg
GAE/mL) into a stainless-steel column (300 × 78 mm) packed with the amount of activated
macroporous resin that showed the best adsorption/desorption values in the static experi-
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ments; the column was connected to a P2000 Thermo-Finnigan pump to obtain different
flow rates (1.5, 3, and 5 bed volumes (BV)/h). Dynamic desorption was performed after
dynamic adsorption, and the column was eluted with three different ethanol solutions
(50%, 70%, and 99.9% v/v) at varying flow rates (1.5, 3, 5 BV/h) to recover the adsorbate.
The inlet volume for both adsorption and desorption was 10 BV.

2.9. Statistical Analysis

The results are expressed as the mean ± standard deviation. Significant differences
between means were identified using one-way analysis of variance (ANOVA) followed by
Duncan’s post-hoc or two-tailed Student t-test. Statistical significance was set at p < 0.05.
The effect of factor interaction on static desorption was examined using the generalized
linear model. The data were analyzed using SPSS version 28.0 software (SPSS Inc., Chicago,
IL, USA).

3. Results

3.1. Static Adsorption/Desorption

The adsorption capacity and desorption ratio are typically regarded as the two main
benchmarks for selecting resins. We first selected the best resin type and amount for
adsorbing polyphenolic compounds from hazelnut skin extracts. The adsorption ratios and
capacities of the resins according to their amounts are shown in Tables 2 and 3, respectively.
The absorption ratio increased with increasing amounts of resin, and the maximum value
was obtained using 5 g of resin. XAD 16 and XAD 4 showed better adsorption ratios and
capacities compared to that of XAD 7 for all amounts of resin evaluated. Using 5 g of XAD
16, 65.06 ± 0.14% of polyphenols in the extract were adsorbed, and this resin showed the
highest adsorption capacity (40.05 ± 0.55 mg GAE/g dry resin). The adsorption capabilities
of resins are related to both the target compound and absorbent properties, such as polarity,
particle size, surface area, pore diameter, and chemical structure. Particularly, polyphenol
compounds can be absorbed by macroporous resins via physical mechanisms, such as
van der Waals forces, hydrogen bonds, and π-π conjugation between phenolics and the
benzene rings of resins [16]. Polyphenols contain hydrogen groups and benzene rings and,
depending on their structure, exhibit different polarities. Although XAD 16 and XAD 4
have similar polarities, XAD 16 provides a higher surface area and pore volume size and
absorbs more polyphenols.

Table 2. Adsorption ratios (A%; mean ± standard deviation) of polyphenols from an extract of
roasted hazelnut skin by different resin types and amount and results of ANOVA with Duncan’s test.

Resin Amount (g)

1 2 3 4 5 Significance

XAD 4 13.87 ± 0.74 Be 24.82 ± 1.20 Bd 34.82 ± 0.58 Bc 51.89 ± 0.79 Bb 58.73 ± 0.75 Ba ***
XAD 7 10.95 ± 1.16 Ce 20.65 ± 0.55 Cd 24.25 ± 1.03 Cc 38.23 ± 1.09 Cb 42.66 ± 0.89 Ca ***
XAD 16 15.58 ± 0.47 Ae 29.03 ± 1.87 Ad 38.93 ± 1.95 Ac 58.81 ± 1.17 Ab 65.06 ± 0.14 Aa ***

Significance *** *** *** *** ***

Means in each column with the same uppercase letter are not significantly different according to Duncan’s test
(p < 0.05); means in each row with the same lowercase letter are not significantly different according to Duncan’s
test (p < 0.05); *** p < 0.001.
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Table 3. Adsorption capacity (qa; mean ± standard deviation) of polyphenols from an extract of
roasted hazelnut skin by different resin types and amount and results of ANOVA with Duncan’s test.

Resin Amount (g)

1 2 3 4 5

XAD 4 17.70 ± 0.95 Be 20.82 ± 0.36 Ad 23.38 ± 0.39 Bc 26.61 ± 0.40 Bb 36.14 ± 0.46 Ba ***
XAD 7 13.97 ± 1.48 Cd 15.25 ± 0.40 Bd 16.28 ± 0.69 Cc 19.60 ± 0.56 Cb 26.25 ± 0.54 Ca ***
XAD 16 19.88 ± 0.61 Ae 22.39 ± 1.44 Ad 26.14 ± 1.30 Ac 30.16 ± 0.60 Ab 40.05 ± 0.55 Aa ***

Significance *** *** *** *** ***

Means in each column with the same uppercase letter are not significantly different according to Duncan’s test
(p < 0.05); means in each row with the same lowercase letter are not significantly different according to Duncan’s
test (p < 0.05); *** p < 0.001.

The desorption ratios of absorbed polyphenols from resin using different concentra-
tions of ethanol (50%, 70%, and 99.9% v/v) are shown in Table 4. A significant two-way
interaction was observed (p < 0.001), confirming that the change in the number of resins or
concentration of solvent affected the amount of polyphenol desorption for each resin type.
Because a significant difference was found between each of the two variables and the main
effects were significant, one-way ANOVA was performed to compare the differences within
each group. During the static adsorption stage, XAD 4 and XAD 16 exhibited the maximum
desorption ratio when 70% v/v ethanol was used, whereas XAD 7 showed the highest
desorption when 50% v/v of ethanol was used as the solvent. Non-polar resins showed
better adsorption and desorption of polyphenols compared to the slightly polar resin.
Using a 70% v/v ethanol solution, 76.64% and 81.17% of the polyphenols were desorbed
that had been absorbed by 5 g of XAD 4 and XAD 16, respectively, whereas the lowest
efficiency was observed when 99.9% ethanol was used to recover the polyphenols from 1 g
of XAD 7. Similarly, Wang et al. [10] compared different concentrations of ethanol solution
(10–100%) to recover polyphenols adsorbed by HPD-300 (non-polar) resin. They observed
that the highest content of polyphenol was recovered using 60% aqueous ethanol, which
was eight-fold that of the crude extract. In addition, approximately 95% of the polyphenol
was present in the 60% and 80% ethanol fractions. As explained by Xi et al. [17], pure
ethanol increases the desorption of some impurities, but polyphenols are not completely
dissolved at lower ethanol concentrations. Leyton et al. [11] obtained similar results in
a comparison of different Amberlite XAD resins for purification of phlorotannins from
Macrocystis pyrifera, and XAD 16 N showed good results with a desorption ratio of 38.2%.

Table 4. Static desorption ratios (mean ± standard deviation) of XAD 16, XAD 4, and XAD 7
Amberlite resins using different ethanol solutions, and ANOVA results with Duncan’s test.

Ethanol
Concentration (%)

Resin Amount (g) Significance

1 2 3 4 5

XAD 4
99.99 35.27 ± 0.48 Be 44.70 ± 1.41 Bd 58.46 ± 0.98 Bc 65.85 ± 2.90 Bb 72.53 ± 0.78 Ba ***

70 40.70 ± 2.04 Ad 51.07 ± 1.94 Ac 64.26 ± 1.66 Ab 73.94 ± 1.45 Aa 76.64 ± 0.93 Aa ***
50 32.40 ± 1.18 Ce 40.28 ± 1.21 Cd 50.37 ± 1.70 Cc 58.17 ± 2.28 Cb 65.10 ± 1.93 Ca ***

Significance *** *** *** *** ***

XAD 7
99.99 14.73 ± 0.46 Ce 19.57 ± 0.37 Cd 30.26 ± 0.77 Cc 38.34 ± 3.13 Cb 43.58 ± 1.43 Ca ***

70 17.76 ± 0.91 Be 29.92 ± 0.77 Bd 37.49 ± 0.79 Bc 44.46 ± 0.92 Bb 48.75 ± 2.13 Ba ***
50 19.89 ± 0.59 Ae 33.45 ± 1.08 Ad 40.57 ± 0.75 Ac 48.64 ± 0.83 Ab 54.37 ± 1.65 Aa ***

Significance *** *** *** *** ***

XAD 16
99.99 39.46 ± 1.50 Be 47.49 ± 1.19 Bd 58.97 ± 1.23 Bc 71.38 ± 2.28 Bb 75.80 ± 2.35 Ba ***

70 45.06 ± 1.47 Ae 53.05 ± 2.31 Ad 65.65 ± 1.22 Ab 76.79 ± 2.41 Ab 81.17 ± 1.19 Aa ***
50 35.66 ± 0.70 Ce 43.89 ± 0.66 Cd 53.28 ± 0.92 Cb 61.99 ± 2.60 Cb 67.01 ± 2.46 Ca ***

Significance *** *** *** *** ***

Means with same uppercase letter are not significantly different between ethanol concentration for each resin type,
according to the Duncan’s test (p < 0.05); means in each row with the same lowercase letter are not significantly
different according to Duncan’s test (p < 0.05); *** p < 0.001.
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The adsorption process consists of different stages and does not remain stable during
the adsorption phase. Generally, target molecules are absorbed through their mass transfer
from the boundary layer, diffusion into the pores of the adsorbent, and/or adsorption at
the surface-active sites of the adsorbent [18]. The adsorption rate is directly correlated with
the duration, solvent, and adsorbent material used.

The adsorption kinetics of polyphenols from the roasted hazelnut skin extracts ob-
tained from the three Amberlite macroporous resins are shown in Figure 1. The adsorption
quantity increased over time and adsorption was faster in the initial stages. The TPC value
decreased by approximately 50% during the first 30 min by XAD 16 and XAD 4, and 1 h
by XAD 7. After 1 h, the rate of adsorption gradually decreased; after 120 min of contact,
only a minor change was observed because the surface binding sites of the macroporous
resin were mostly saturated. The system may have reached equilibrium after 120 min.
This trend is similar to that reported by Park and Lee [19]. Le et al. also observed that
the adsorption equilibrium of polyphenols (sinapine) from rapeseed meal protein isolate
by-products was obtained after 120 min on Amberlite XAD 16 resin [19]. Hou and Zhang
reported that polyphenol adsorption equilibrium was reach after 4 h using a highly polar
resin (NKA–II) [9]. The surface area of this resin is very close to that of XAD 16 and XAD 4;
hence, use of nonpolar or slightly polar resin accelerates the adsorption process. As shown
in Table 5, the adsorption kinetics are not best-described by a pseudo-first-order model
because the absorbance capacity values were inconsistent with the values predicted using
the first-order model [19].

Figure 1. Adsorption kinetic curve of polyphenols from extracts of roasted hazelnut skin with
Amberlite microporous resins.

Table 5. Kinetic parameters of static adsorption phase evaluated using two model equations.

Pseudo-First Order Pseudo-Second Order

qe exp. k1 qe r2 k2 qe r2

XAD 4 36.68 0.0210 33.08 0.9853 0.00065 38.17 0.9947
XAD 7 27.49 0.0105 18.43 0.9560 0.00065 29.07 0.9972
XAD 16 41.15 0.0105 20.12 0.9014 0.00061 41.32 0.9950

In contrast, there was good agreement between the experimental and calculated
absorbance capacities predicted by the pseudo-second-order model, and the correlation
coefficients were close to unity (R2 > 0.99) for all types of resins. This suggests that the
pseudo-second-order model can be applied to predict the kinetics of polyphenol adsorption
from hazelnut skin extract using macroporous resins.
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In addition, previous studies reported that the pseudo-second-order model is suitable
for the adsorption of polyphenols from extracts [20–22]. Wang et al. reported that the
adsorption patterns of polyphenols from Eucommia ulmoides Oliv. leaves on HPD-300,
HPD-600, D-3250, X-5, D-140, NKA-9, D-101, and AB-8 resins fit well to pseudo-second-
order kinetics [10]. Soto et al. also demonstrated that the pseudo-second-order model fits
better than the pseudo-first-order model with the adsorption process of phenols from wine
vinasses by SP700 and XAD16 HP resins. They suggested that the process fits pseudo-
second-order models better when the sorption system is controlled by chemisorption
mechanisms [23].

3.2. Dynamic Adsorption/Desorption

The effect of the feed flow rate on the adsorption of polyphenols by XAD 16 resin is
shown as a breakthrough curve in Figure 2A. The breakthrough point (BP) was obtained
when the ratio of the TPC value of outlet extract (Co) was 5% of the TPC value of inlet
extract (Ci). Generally, BP is considered as the completion time of adsorption in industrial
applications, as the adsorption capacity of the resin decreases and the absorbent cannot hold
all target molecules, and thus, the solute begins to leak [24]. The best dynamic adsorption
performance of the resins was obtained using the lowest flow rate (1.5 BV/h), where the
BP was achieved after 120 min. At higher flow rates of 3 and 5 BV/h, the BP was reached
more quickly after 75 and 45 min than at slower flow rates. These results indicate that
increasing the flow rate negatively affects the dynamic adsorption of polyphenols on XAD
16 resin because as the eluent passes faster through the column, target molecules have less
time to interact with active sites on the resin surface. A slow flow rate would positively
impact the adsorption capacity of resins and prolong the breakthrough time [21,25,26].
Xi et al. reported the same trend for the adsorption of polyphenols from sweet potato
leaves using AB-8 resin. This resin is slightly polar, with an average diameter similar to
that of XAD 16. At higher flow rates, some polyphenols leaked out without being adsorbed
by the resin because of the high flow speed [17]. Soto et al. showed that by increasing the
flow rate from 1 to 2.5 and 5 mL/min, breakthrough decreased, and thus, the efficiency
of polyphenol sorption from wine vinasses was reduced for both XAD16 HP and SP700
polymeric resins [23].

Dynamic desorption was performed after the adsorption stage of hazelnut skin extract
when the BP was obtained and using ethanol solution (70% v/v) at three flow rates (1.5,
3, 5 BV/h). The desorption curves are shown in Figure 2B. Higher polyphenol recovery
was observed at a desorption flow rate of 1.5 BV/h. By increasing the flow rate, the time
required to recover a higher quantity of polyphenols was reduced. Similarly, Li et al. [27]
and Park and Lee [21] indicated that a higher flow rate can shorten the time required
to reach maximum recovery. Based on the results, using 5 g of XAD 16 resin, 87.7% of
polyphenols was recovered from hazelnut skin extract with a desorption ratio of 92.36%
by eluting 10 BV of ethanol solution (70% v/v) as solvent at adsorption and desorption
flow rates of 1.5 BV/h. Hou and Zhang recovered 85.74% of total phenol in Vernonia patula
extract using NKA-II resin, which is 2.48-fold higher than the total phenol of the crude
extract [9]. Vavouraki showed that FPX66 resin absorbed 60% of phenolic compounds from
olive mill wastewater and, using a solvent mixture of ethanol/isopropanol (1:1), recovered
70% of polyphenols [28].
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Figure 2. Effect of different flow rates on the (A) breakthrough adsorption curve and (B) desorption
curve of polyphenols using XAD 16 resin.

3.3. Phenolic Content and Antioxidant Activity

A comparison between the phenolic content and antioxidant activity of the hazelnut
skin extract before and after purification with the dynamic adsorption/desorption phases
is shown in Table 6. Among the polyphenolic compounds identified in hazelnut skin,
gallic acid and protocatechuic acid belong to subclasses of phenolic acids, (+)-catechin
and (−)-epicatechin belong to the subclass of flavan-3-ols, and quercetin belongs to
flavonols. These compounds were selected, identified, and quantified in both the ini-
tial and purified extracts.
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Table 6. Concentration (mean ± standard deviation) of polyphenolic compounds and values
(mean ± standard deviation) of antioxidant activities for the extract obtained from roasted hazelnut
skin before and after dynamic absorption/desorption performed with 5 g of Amberlite XAD 16 resin.

Raw Extract Purified Extract Increment% *

Gallic acid (μg/mL) 9.16 ± 0.74 30.85 ± 2.01 237
Protocatechuic acid (μg/mL) 2.80 ± 0.22 8.18± 0.12 192

Catechin (μg/mL) 4.39 ± 0.34 22.06 ± 0.44 402
Epicatechin (μg/mL) 2.72 ± 0.31 14.83 ± 1.05 445
Quercitin (μg/mL) 9.34 ± 0.76 47.23 ± 2.25 406

DPPH (mM TE/mL) 13.44 ± 0.85 83.51 ± 1.25 521
ABTS (mM TE/mL) 8.71 ± 1.23 51.83 ± 1.45 495

* (amount in purified extract-amount in raw extract) * 100/amount in raw extract.

The levels of all phenols were increased in the purified extract. The concentrations
of gallic acid and protocatechuic acid in the purified extract increased by approximately
three-fold, whereas catechin, epicatechin, and quercetin were increased by over five-fold
compared to those in the crude extract. Hou and Zhang reported that the contents of
chlorogenic acid and caffeic acid in V. patula extracts were increased 2.5-fold after column
desorption from NKA-II resin using 5.5 BV of 60% ethanol at a flow rate of 3 BV/h [9].
Johnson and Mitchell showed that Amberlite resins assist in the debittering of olives during
normal brine storage by adsorbing bitter phenols. They reported higher adsorption of
oleuropein, ligstroside, and oleacein on FPX66 and XAD 16 N resins than on XAD 7 HP and
XAD 4 resins [29]. Zheng and Wang utilized AB-8 resin to purify anthocyanins from Aronia
melanocarpa fruits. The anthocyanin purity increased by 11.5-fold in the final product, using
80% ethanol as desorbing solvent at an elution flow rate of 2.0 BV/h [30].

The results of antioxidant activity were in accordance with the levels of phenolic
compounds, with DPPH and ABTS values significantly higher after dynamic adsorp-
tion/desorption processes than before these processes, confirming that phenolic com-
pounds were present in the purified extract.

4. Conclusions

The adsorption/desorption conditions of the three Amberlite resins were evaluated to
optimize the extraction and purification of polyphenols from the ethanol extract of roasted
hazelnut skin. Static adsorption and desorption tests showed that 5 g of Amberlite XAD16
resin had the highest adsorption capacity (40.06 ± 0.55 mg GAE/g) and adsorption ratio.
The adsorption kinetics were well-fitted by a pseudo-second order model. Among the
tested concentrations of desorbing solvent, 70% v/v ethanol solution showed the highest
desorption ratio (81.17 ± 1.19%). In the dynamic adsorption/desorption processes per-
formed using 5 g of XAD 16, the breakthrough point increased with decreasing adsorption
flow rates, whereas the higher flow rate of solvent in dynamic desorption shortened the
desorption time, but polyphenol recovery (87.7%) was observed at the lowest flow rate
(1.5 BV/h). The purified extract showed higher phenolic compound levels and antioxidant
activity than the crude extract and may be useful as a natural source of bioactive compounds
for producing functional foods, as well as cosmetic and pharmaceutical preparations.
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Abstract: A plant-based diet has become more popular as a pathway to transition to more sus-
tainable diets and personal health improvement in recent years. Hence, vegan mayonnaise can be
proposed as an egg-free, allergy friendly vegan substitute for full-fat conventional mayonnaise. This
study intends to evaluate the effect of aquafaba from chickpeas and blends of refined rapeseed oil
(RRO) with different cold-pressed oils (10% of rapeseed oil—CPRO, sunflower oil—CPSO, linseed
oil—CPLO or camelina oil—CPCO) on the radical scavenging, structural, emulsifying, and optical
properties of novel vegan mayonnaise samples. Moreover, the functional properties and radical
scavenging activity (RSA) of mayonnaise ingredients were evaluated. Aquafaba-based emulsions
had a higher RSA than commercial vegan mayonnaise, determined by QUick, Easy, Novel, CHEap
and Reproducible procedures using 2,2-diphenyl-1-picrylhydrazyl (QUENCHER-DPPH) and 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (QUENCHER-ABTS). Oxidative parameters such as
peroxide values (PV), anisidine values (AnV), total oxidation (TOTOX) indexes and acid values (AV)
of the proposed vegan mayonnaises were similar to those for commercial mayonnaises. Moreover,
aquafaba-based samples had smaller oil droplet sizes than commercial vegan mayonnaise, which
was observed using confocal laser scanning microscopy. The novel formulas developed in this study
are promising alternatives to commercial vegan emulsions.

Keywords: aquafaba; cold-pressed oils; confocal laser scanning microscopy; egg replacement;
physicochemical properties; radical scavenging activity; vegan mayonnaise

1. Introduction

Mayonnaise is semi-solid oil-in-water emulsion. Traditional mayonnaise is made
from vegetable oil, egg yolk, vinegar, and spices during gentle mixing. Therefore, tra-
ditional mayonnaise as a high oil-containing product is susceptible to deterioration by
fast, destructive oxidation of the unsaturated fats in its oil fraction. Oxidation processes
reduce the nutritional value of fat-based products due to the loss of polyunsaturated lipids
and vitamins that are beneficial to human health. However, the elimination of intrinsic
(prooxidants content) and extrinsic factors (high temperature, light) and the addition of
high-quality antioxidant ingredients can inhibit the oxidative reactions and increase the
shelf life of mayonnaise [1]. On the other hand, mayonnaise ingredients, especially types of
edible oils, fat replacers, and emulsifiers, strongly influence the physicochemical properties
of the final products. Although the most common oils used to make mayonnaise are refined
oils, such as rapeseed oil, sunflower oil, and soybean oil [2], the effect of various nut oils on
the structure and physicochemical properties of gel-like emulsions was also investigated [3].
The gel-like emulsion with sunflower oil showed better stability than the gel-like emulsions
of nuts oils due to the smaller particle size and higher viscosity. Moreover, mayonnaise
made with linseed oil with a high level of linolenic acid (>50%) was more susceptible to
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lipid oxidation than mayonnaise with saturated medium-chain triglyceride oil [4]. How-
ever, Eidhin and O’Beirne [5] did not notice any changes in the oxidative stability of
salad dressing and mayonnaises after the replacement of sunflower seed oil with refined
camelina oil. In particular, many studies have reported that various cold-pressed oils (lin-
seed, camelina, soybean, sunflower, rapeseed, corn, grapeseed, hemp, rice bran, pumpkin,
walnut, rosehip, milk thistle, and black cumin) contain a higher level of natural antioxi-
dants such as tocopherols (165.4–1036.0 mg/kg), phenols (5.1–1151.2 mg/kg), flavonoids
(4.5–64.2 mg/kg), carotenoids (18.3–198.0 mg/kg), and squalene (0–1324.3 mg/kg) than
refined vegetable oils [6–10]. Therefore, emulsions containing cold-pressed black cumin oil
and cold-pressed rice bran oil had a better oxidative status (lower amounts of primary and
secondary oxidation products) and antioxidant properties (higher total phenolics content
and antioxidant potential determined by 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay) than
control emulsions without cold-pressed oils [10,11].

Consequently, lipid oxidation in emulsions depends also on the type of emulsifier. It
is well known that egg yolk is the most popular emulsifier used in traditional mayonnaise
formulation. However, eggs consumption increases the risk of cardiovascular disease,
particularly among diabetic patients [12–14], while today’s consumers express greater
concern about the quality and health benefits of eaten products. Lately, consumption
of this product has decreased to promote environmental care and animal welfare. The
mean daily water consumption footprint per capita in the European Union countries for
eggs and egg products was approximately 1.5 times higher than this result for legumes,
nuts, oilseeds and spices [15]. One other reason to reduce the consumption of eggs is an
allergy caused by an allergic reaction to their proteins. Unfortunately, raw eggs present
in mayonnaise are more likely to cause an allergic reaction than small amounts of cooked
eggs. Egg allergy is one of the most common food allergies in infancy and small children,
with a prevalence of up to 3.2% in the USA and Western Europe [16]. However, an allergy
to eggs is rarely diagnosed in adults. Therefore, egg yolk in mayonnaise samples has
often been replaced with plant protein isolates [17], canola protein [18], milk protein [19],
soy milk [20], peanut and sesame meal milk [21], and Arabic gum [22]. Moreover, the
effect of wastewater after cooking chickpeas (aquafaba) on the texture and physicochemical
properties of plant-based mayonnaise was investigated [23]. Recently, the application of
one of the most popular pulses cooking water (PCW)—aquafaba as a food ingredient has
successfully broadened the list of new egg replacers [24]. Damian et al. [25] reported that
PCW was a stable emulsifier and a rich source of phenolic compounds (0.3–0.7 mg/mL)
and saponins (8–12 mg/mL). The amount of leached proteins and saponins impacted the
foaming and gelling abilities of PCW. Other applications of aquafaba are in bakery products,
dressing, dip, ice cream, legume-based cheese, and legume-based dairy substitutes [26].
Interestingly, chickpea ranks third among total legume production worldwide, after beans
and peas and accounting for 10.1 million tons annually [27].

In recent years, the functional properties of aquafaba such as its emulsifying ca-
pacity, foaming ability, gelling attributed to its composition of proteins, carbohydrates,
polysaccharide-protein complexes, coacervates, saponins, and phenolic compounds have
been used in various formulations for vegans [28–30].

On the other hand, antioxidant compounds added to fat-based foods counteract
lipid oxidation by acting as reducing agents, free radical scavengers and inactivators of
prooxidants. Therefore, the antioxidant potential of emulsions enriched with new functional
ingredients with antioxidant properties determines their quality and storage stability.

In this study, understanding the relationship between emulsion properties (mainly
oxidative stability) and radical scavenging activity (RSA) is essential to improving the
quality of mayonnaise production. To the best of our knowledge, there was no reference to
the determination of the antioxidant properties of eggless mayonnaise containing aquafaba
as a functional replacer. Therefore, the present work focused on the evaluation of radical
scavenging characteristics, oxidation stability, microstructures, and optical properties of
vegan mayonnaises containing aquafaba from chickpeas and blends of refined rapeseed
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oil (RRO) with different cold-pressed oils as key ingredients. The radical scavenging and
physicochemical properties of the prepared emulsions were characterized and compared
with commercial samples (egg yolk-based and plant-based mayonnaises). The modified
QUick, Easy, New, CHEap, and Reproducible (QUENCHER) procedure was applied for
an evaluation of the RSA of mayonnaises, whereas the radical scavenging characteristics
of ingredients were analyzed by two conventional 2,2-diphenyl-1-picrylhydrazyl (DPPH)
and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) methods. Moreover, the
emulsifying properties of aquafaba and fatty acid composition (FAC) of cold-pressed oils
were estimated and discussed. Finally, a principal component analysis (PCA) was applied
to check the differences and similarities among all of the studied mayonnaise samples.

2. Materials and Methods

2.1. Reagents and Materials

Chickpeas (Cicer arietinum L.), mustard, salt, vinegar, sugar, nutritional yeast, and
eggs were purchased in a local market. Refined rapeseed oil (RRO), cold-pressed rapeseed
oil from Brassica napus L. (CPRO), cold-pressed sunflower oil from Helianthus L. (CPSO),
cold-pressed linseed oil from Linum usitatissimum L. (CPLO) and cold-pressed camelina
oil from Camelina sativa L. (CPCO) were kindly provided by a local vegetable oil factory
in the original packing (1 L of RRO in polyethylene terephthalate (PET) bottle, 250 mL of
cold-pressed oils in amber-colored glass bottles, marasca type).

Additionally, three mayonnaises (MT1, MT2—traditional recipe mayonnaises (full-fat,
76 and 68%, respectively, and MV—vegan mayonnaise containing 35% fat) packed in
colorless glass jars were supplied directly after production by two different manufacturers
representing the top-selling brands in the Polish market.

All oil and mayonnaise samples were within their stated shelf lives and stored in a refrig-
erator at 4 ◦C until analysis (no longer than 4 days after opening the original packaging).

All chemicals of analytical grade were purchased from Sigma-Aldrich (Poznań, Poland).
Redistilled water was used for the preparation of solutions.

2.2. Preparation of Mayonnaise Samples

Aquafaba, the liquid from the chickpea jars, was separated using a stainless-steel
mesh kitchen strainer. A representative sample of aquafaba was taken for analysis and
mayonnaise preparation. The content of each ingredient for the preparation of mayon-
naise samples was selected based on preliminary tests. Four mayonnaise batches (MRO,
MSO, MLO and MCO) of 200 g were prepared according to the procedure described by
Raikos et al. [23] with some modifications using the ingredients listed in Table 1. Aquafaba
was mixed with mustard, vinegar, nutritional yeast, salt, and sugar using a high mixing
bowl and a stick blender (BOSH® MSM67160, Robert Bosch GmbH, Gerlingen, Germany).
Then, blends of RRO with each cold-pressed oil were gradually and slowly added to
the aqueous mixture during the blending procedure to achieve the proper consistency.
Emulsions were homogenized for 5 min utilizing a homogenizer (DT basic, Yellow Line,
IKA®-Werke GmbH & Co., KG, Staufen, Germany) at 8000 rpm. The appearance of the
prepared aquafaba-based emulsions is shown in Figure 1. Mayonnaises were packaged
into colorless glass jars and stored at 4 ◦C in a refrigerator until analyses (no longer than
4 days).
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Table 1. Ingredients of different formulations of vegan mayonnaise samples.

Ingredient MRO (g/100 g) MSO (g/100 g) MLO (g/100 g) MCO (g/100 g)

Aquafaba 23.70 23.70 23.70 23.70
Mustard 1.25 1.25 1.25 1.25

Nutritional yeast 0.10 0.10 0.10 0.10
Vinegar 0.65 0.65 0.65 0.65
Sugar 0.15 0.15 0.15 0.15
Salt 0.15 0.15 0.15 0.15
RRO 67.00 67.00 67.00 67.00

CPRO 7.00 – – –
CPSO – 7.00 – –
CPLO – – 7.00 –
CPCO – – – 7.00

MRO—mayonnaise with a blend of refined rapeseed oil (RRO) and cold-pressed rapeseed oil (CPRO); MSO—
mayonnaise with a blend of refined rapeseed oil (RRO) and cold-pressed sunflower oil (CPSO); MLO—mayonnaise
with a blend of refined rapeseed oil (RRO) and cold-pressed linseed oil (CPLO); MCO—mayonnaise with a blend
of refined rapeseed oil (RRO) and cold-pressed camelina oil (CPCO).

Figure 1. The appearance of the prepared aquafaba-based mayonnaise samples with blends of refined
rapeseed oil and cold-pressed rapeseed oil (MRO), cold-pressed sunflower oil (MSO), cold-pressed
linseed oil (MLO), and cold-pressed camelina oil (MCO).

2.3. Characterization of Mayonnaise Ingredients
2.3.1. Determination of Emulsifying Properties

The emulsifying activity index (EAI) and the emulsion stability index (ESI) were
determined according to the procedure described by Cheung et al. [31] but developed
initially by Pearce and Kinsella [32]. In brief, 5.0 g of aquafaba or egg yolk was homogenized
with 5.0 g of RRO using a homogenizer at a speed of 8000 rpm for 5 min. Then, a 50 μL
aliquot of the emulsion was diluted to 7.5 mL of 0.1% sodium dodecyl sulphate (SDS) and
vortexed using a classic vortex mixer (Velp Scientifica Srl, Usmate (MB), Italy) for 10 s. The
absorbance of the diluted emulsion samples was measured at λ = 500 nm by a Hitachi
U-2900 spectrophotometer (Tokyo, Japan). The EAI and ESI were calculated using the
following equations:

EAI
(

m2

g

)
=

2 · 2.303 · A0 · N
c · ϕ · φ · 10000

(1)

ESI (min) =
A0

A0 − A10
· t (2)

where, A0 and A10 are the absorbance values measured at an initial time, and after 10 min,
respectively, t is the time interval (10 min), N is the dilution factor, c is the protein con-
centration (g/mL), ϕ is the oil volume fraction of the emulsion and φ is an optical path
(1 cm).

2.3.2. Determination of Protein Concentration

The protein concentration was determined with the Kjeldahl method, according to
the official Polish Standard Method PN-75/A-04018 [33]. The protein concentration was
estimated as the nitrogen content multiplied by a conversion factor of 6.25.
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2.3.3. Determination of Fatty Acid Composition

Fatty acid profiles for RRO and all cold-pressed vegetable oils (CPRO, CPSO, CPLO
and CPCO) were determined in accordance with the official method ISO 5508 [34]. Fatty
acid methyl esters (FAMEs) were prepared by the transesterification of oil samples carried
out in methanol using potassium hydroxide as a base and the derivatization of fatty acids
was conducted following the procedure described by ISO 5509 [35].

The quantification of fatty acids was performed by applying a gas chromatograph (HP
5890 GC) equipped with a flame-ionization detector (FID) (Hewlett-Packard, Avondale, PA, USA)
and a high polar capillary column BPX 70 (60 m × 0.25 mm, 0.25 μm). The temperatures
of the injector and detector were adjusted to 250 ◦C, while the oven temperature program
was as follows: heating from 150 to 210 ◦C at 1.3 ◦C/min and holding at 210 ◦C for 5 min.
The carrier gas was helium at a flow rate of 0.6 mL/min.

The identification of fatty acids was accomplished using external FAME standards,
and the results are presented as weight percentages of total fatty acids.

2.3.4. Determination of Radical Scavenging Activity

The RSA values of aquafaba, oils (RRO, CPRO, CPSO, CPLO and CPCO), mustard
and nutritional yeast were analyzed spectrophotometrically by DPPH and ABTS methods
according to the modified procedures previously described in detail [36].

The liquid aquafaba sample was dissolved in methanol and used directly for RSA
measurements.

The test tubes with oils (3.00 g), mustard (2.00 g) and nutritional yeast (0.50 g) with
methanol (5 mL) were shaken for 30 min using a shaker SK-0 330-PRO (CHEMLAND,
Stargard Szczeciński, Poland) at room temperature. The extracts were separated from
oils in a freezer (−20 ◦C, 30 min) and transferred quantitatively into glass bottles. Each
studied sample was extracted in triplicate, and extracts were stored in a refrigerator prior to
RSA analysis.

In the case of the DPPH test, 0.3 mL of 0.1% methanolic solution of aquafaba (v/v) or
0.2–0.5 mL of the methanolic extracts of oils, mustard and nutritional yeast were added
to 1.8–1.5 methanol and 0.5 mL of DPPH methanolic solution (304 μmol/L). The mixtures
were shaken vigorously and left in darkness for 15 min. The absorbance of each sample
was measured at 517 nm against a reagent blank (2 mL of methanol and 0.5 mL of DPPH
methanolic solution) using a Hitachi U-2900 spectrophotometer in a 1 cm glass cell.

For the ABTS assay, 0.1 mL of 0.1% methanolic solution of aquafaba (v/v) or 0.1–0.3 mL
of the methanolic extracts of oils, mustard and nutritional yeast were added to 2.4–2.2 mL
of ABTS•+ reagent (diluted with ethanol to an absorbance of 0.70 ± 0.02 at 734 nm). The
obtained mixtures were incubated at 30 ◦C for 1 min and the absorbance of each sample
was measured at 734 nm against a reagent blank (2.5 mL of ABTS•+ solution).

The RSA values were expressed as micromoles of Trolox equivalents (TE) per 100 g of
the studied sample.

2.4. Characterization of Mayonnaise Samples
2.4.1. Determination of Radical Scavenging Activity

The QUENCHER-DPPH and QUENCHER-ABTS extraction-free procedures were ap-
plied for a direct evaluation of the RSA of the proposed vegan and commercial mayonnaises.

For the QUENCHER-DPPH assay, 0.0300–0.0500 g of the mayonnaise samples was
transferred into centrifuge tubes. The reaction was started by adding 6 mL of DPPH solution
(60.8 μmol/L). The mixture was vortexed for 5 min and left in darkness for 15 min. The
samples were centrifuged at 3120× g (centrifuge MPW-54, MPW MED. INSTRUMENTS,
Warsaw, Poland) for 3 min and the absorbance of optically clear supernatant was measured
at 517 nm.

For the QUENCHER-ABTS assay, 0.0200–0.0300 g of the mayonnaise samples was
weighed to centrifuge tubes and the reaction was started by adding 6 mL of ABTS•+

reagent (diluted with ethanol to an absorbance of 0.70 ± 0.02 at 734 nm). The mixtures
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were vortexed for 5 min and centrifuged at 3120× g for 3 min. The absorbance of clear
supernatants was measured at 734 nm against a reagent blank (2.5 mL of ABTS•+ solution).

2.4.2. Determination of Oxidative Stability

The lipid phase of each mayonnaise sample was separated according to the proce-
dure [37] for an analysis of oxidative stability. Mayonnaises were frozen at −18 ◦C for 12 h
and then thawed for 12 h at 4 ◦C to break the emulsion. The mixture was centrifuged for
5 min. Each lipid phase, separated from the emulsion residue, was stored in a closed glass
flask in the refrigerator prior to further analysis.

The peroxide value (PV), anisidine value (AnV) and acid value (AV) of the lipid phases
were determined to estimate the formation of primary and secondary oxidation products as
well as free fatty acids, respectively, that affect the rancidity and the mayonnaise stability.

The PV was measured by iodometric titration according to the official procedure ISO
3960:2017 [38] and was expressed as milliequivalents of active oxygen per kilogram of lipid
phase (mEq O2/kg).

The AnV was analyzed according to the ISO 6885:2016 method [39].
The oxidation state of the lipid phase given by the TOTOX index was calculated

according to the formula: (TOTOX = 2PV + AnV).
However, the AV was analyzed according to the ISO 660 (1996) method [40].

2.4.3. Microstructure

Commercial mayonnaises (MT1, MT2, MV) and freshly made emulsions (MRO, MSO,
MLO, MCO) were observed under an Olympus FluoView 3000 confocal laser scanning
microscope (Olympus, Tokyo, Japan). All samples were prepared by adding 0.01% Nile red
and analyzed using a diode 488 nm laser (excitation). The area of oil droplets (ODs) from
each sample was quantified from 10 to 15 confocal images acquired by FluoView software
(Olympus), corresponding to ∼1000 ODs by using ImageJ software (www.imagej.nih.gov)
(accessed on 6 November 2020). Data point-box plots were generated with Origin Pro
software (OriginLab Corporation, Northampton, MA, USA).

2.4.4. Color Parameters

Before an analysis of the color parameters, all mayonnaise samples were thoroughly
mixed. The color was measured using a MICRO-COLOR II LCM 6 spectrophotometer
(Dr. Bruno Lange GmbH & Co. KG, Berlin, Germany) based on three color coordinates,
namely L*, a*, b*. The color values were expressed as L* (whiteness or brightness/darkness),
a* (redness/greenness) and b* (yellowness/blueness).

2.5. Statistical Analysis

The measurements of the oxidative parameters of lipid phase, emulsifying properties,
and protein content in emulsifiers were performed in triplicate on the same day to verify
the repeatability of the obtained results. The RSA for ingredients and emulsions, FAC of
vegetable oils, and color parameters of mayonnaises were measured in five replications.
All results were presented as mean (c) ± standard deviation (SD). A one-way analysis
of variance (ANOVA), which was followed by the Tukey’s post hoc test, was performed
to analyze the significant differences between data (p < 0.05). Moreover, PCA was em-
ployed to study the clustering and differentiation of seven mayonnaise samples based on
QUENCHER-DPPH, QUENCHER-ABTS, PV, AnV, TOTOX, AV, area of ODs, L*, a* and
b* results. The scores and loadings of the data analyzed by PCA were displayed as a bi-
plot. Statistical analyses of data were carried out using the Statistica 8.0 software (StatSoft,
Tulsa, OK, USA).
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3. Results and Discussion

3.1. Characterization of Mayonnaise Ingredients
3.1.1. Emulsifying Properties and Protein Content

Two indexes, namely the emulsifying activity (EAI) and emulsifying stability (ESI)
were used to characterize the emulsifying properties of aquafaba. The obtained EAI and
ESI results and protein content in aquafaba were compared with those values for an egg
yolk (Table 2).

Table 2. Emulsifying activity index (EAI), emulsion stability index (ESI), and protein content in
aquafaba and egg yolk.

Emulsifier Type EAI ± SD (m2/g) ESI ± SD (min) Protein ± SD (%)

Aquafaba 13.75 ± 0.69 b 20.92 ± 0.61 a 1.26 ± 0.05 a

Egg yolk 1.78 ± 0.07 a 2385 ± 103 b 16.12 ± 0.47 b

n = 3; SD—standard deviation; Different letters (a, b) within the same column indicate significant differences
between emulsifying parameters (EAI—emulsifying activity index, ESI—emulsifying stability index) and protein
content in emulsifiers (Tukey’s post hoc test, p < 0.05).

The EAI is an oil/water interface area stabilized per unit weight of protein. As can
be seen, the EAI of aquafaba (13.75 m2/g) is almost 8-fold higher than the EAI of egg yolk
(1.78 m2/g). This calculated EAI result for egg yolk was significantly lower than previously
published values ranging between 24.5 and 30.5 m2/g [41,42]. Moreover, Meurer et al. [29]
observed a high stability of egg yolk-based emulsion during 4 days (EAI = 100%). In general,
differences between the EAI results can be caused by various types and concentrations of
proteins, their hydrophobicity, unfolding ability, the treatment and storage conditions of egg
yolks, as well as procedures and equipment used in emulsions production. It is probable
that the studied egg yolk contained a lower amount of proteins with lower solubility
and structural unfolding than the egg yolk proteins investigated by other authors [41,42].
A higher EAI of aquafaba proteins could be attributed to a combination of the less compact
structure and higher solubility, which enhanced the ability to form interfacial membranes
around the oil droplets.

However, the ESI represents a decrease in turbidity of a diluted emulsion over
time. This parameter depends on the resistance of proteins to coalescence, sedimenta-
tion, flocculation and creaming over a certain period [43]. It is noteworthy that the ESI
of egg yolk-based emulsion was over 110-fold higher than the ESI of vegetable emul-
sion produced by aquafaba (Table 2). The EAI and ESI results obtained for aquafaba
(EAI = 13.75 m2/g and ESI = 20.92 min) were comparable with those reported by other
authors (EAI = 12–38.6 m2/g and ESI = 15–25 min) [25,28]. The emulsifying properties
of aquafaba were highly dependent on chickpea cultivar, canning process conditions and
additives [24,44]. Additionally, amounts of proteins, carbohydrates, saponins, and phenolic
compounds, as well as thermal processes, affected the functional properties of aquafaba [45].
It is known that during emulsion generation, proteins reduced the interfacial tension at
the oil–water interface due to the presence of hydrophobic and hydrophilic groups. Al-
though the studied aquafaba had a significantly lower protein content (1.26%) than egg
yolk (16.12%), aquafaba proteins aggregated at the water–oil interface and formed an
intermolecular cohesive film with enough elasticity to stabilize emulsions.

At the same time, polysaccharides can stabilize the emulsion and prevent flocculation
and coalescence [46]. Furthermore, proteins and polysaccharides present in aquafaba can
be bound by bioactive substances such as saponins and phenolic compounds, causing
changes in the emulsion capacity of this natural emulsifier [25]. Therefore, a low ESI value
for aquafaba can be related to its high RSA determined by DPPH and ABTS methods and
discussed in Section 3.1.3.

For comparison, Günal-Köroğlu et al. [47] observed that the EAI (13.9–41.6 m2/g) and
ESI (26.1–98.6 min) for emulsions of lentil protein isolate–phenolic solutions were inversely
proportional to the concentrations of gallic acid (0.05–0.25 mg/mL) and phenolic extracts
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from yellow and red onion skin (0.10–0.50 mg/mL). On the other hand, the amphiphilic
structure of saponins generated smaller oil droplets (ODs) during homogenization by
lowering interfacial tension [48].

3.1.2. Fatty Acid Compositions of Vegetable Oils

The fatty acid compositions of oils used to prepare new vegan mayonnaise samples
are presented in Table 3.

Table 3. Fatty acid compositions of oils used in making vegan mayonnaises.

Oil Type
C16:0 ± SD

(%)
C18:0 ± SD

(%)
C18:1 ± SD

(%)
C18:2 ± SD

(%)
C18:3 ± SD

(%)
C20:0 ± SD

(%)
C20:1 ± SD

(%)
ΣSAFA

(%)
ΣMUFA

(%)
ΣPUFA

(%)

RRO 4.4 ± 0.1 a 1.8 ± 0.1 a 62.2 ± 0.2 d 19.3 ± 0.1 b,c 9.2 ± 0.1 c 0.7 ± 0.0 c 1.4 ± 0.0 c 6.9 63.6 28.5
CPRO 4.8 ± 0.0 b 1.6 ± 0.0 a 63.4 ± 0.1 e 19.4 ± 0.0 c 8.0 ± 0.1 b 0.6 ± 0.0 c 1.2 ± 0.0 b 7.0 64.6 27.4
CPSO 6.6 ± 0.1 e 3.7 ± 0.1c 29.0 ± 0.0 c 58.9 ± 0.1 d 0.1 ± 0.0 a 0.3 ± 0.0 b 0.1 ± 0.0 a 10.6 29.1 59.0
CPLO 5.3 ± 0.0 c 2.5 ± 0.0 b 18.8 ± 0.1 b 19.2 ± 0.0 b 30.5 ± 0.1 d 1.7 ± 0.1 d 15.0 ± 0.1 d 9.5 33.8 49.7
CPCO 5.5 ± 0.0 d 4.1 ± 0.1 d 15.6 ± 0.0 a 16.3 ± 0.0 a 57.5 ± 0.1 e 0.1 ± 0.0 a 0.1 ± 0.0 a 9.7 15.7 73.8

n = 5; SD—standard deviation; Different letters (a–e) within the same column indicate significant differences
between the percentages of fatty acids of vegetable oils: RRO—refined rapeseed oil, CPRO—cold-pressed
rapeseed oil, CPSO—cold-pressed sunflower oil, CPLO—cold-pressed linseed oil, CPCO—cold-pressed camelina
oil (Tukey’s post hoc test, p < 0.05); SAFA—saturated fatty acids; MUFA—monounsaturated fatty acids; PUFA—
polyunsaturated fatty acid.

Tukey’s post hoc test indicated significant differences in the fatty acid percentages
of the studied cold-pressed vegetable oils and RRO. Each investigated vegetable oil has
a specific fatty acid profile depending on the plant sources. It is noteworthy that all
vegetable oils contained a low amount of saturated fatty acids (SAFA = 6.9–10.6%) and
a high level of monounsaturated fatty acids (MUFA = 15.7–64.6%) and polyunsaturated
fatty acids (PUFA = 27.4–73.8%).

The major SAFA were palmitic acid (C16:0) and stearic acid (C18:0) which were deter-
mined in the highest concentrations in CPSO (6.6%) and CPCO (4.1%) samples, respectively.
Rapeseed oils (RRO and CPRO) were the richest source of oleic acid (18:1n-9 = 62.2–63.4%),
followed by linoleic acid (18:2n-6 = 19.3–19.4%).

On the contrary, linoleic acid was present at the highest level (58.9%) in CPSO, while
a moderate content of oleic acid (29%) was found in this oil (Table 3). However, linolenic
acid (C18:3n-3 = 30.5–57.5%) was the principal PUFA for two of the cold-pressed oils, CPLO
and CPCO. Nevertheless, CPCO had an approximately two times higher C18:3 percentage
than CPLO.

As can be seen, CPSO, CPLO and CPCO revealed the highest PUFA content (49.7–73.8%),
whereas MUFA accounted for more than 60% of total fatty acids in CPRO and RRO.

It is known that the consumption of vegetable oils with high amounts of unsaturated
fatty acids exert a substantial impact on human health, mainly in the prevention of cardio-
vascular and cancer diseases. On the other hand, vegetable oils rich in PUFA are sensitive
to oxidative damage during storage and processing [36].

Our previous studies reported similar results of FAC for rapeseed oils (SAFA = 6.91–7.58%,
MUFA = 64.14–66.14%, PUFA = 27.22–30.17%) [36]. However, Symoniuk et al. [6] obtained
a higher level of PUFA (64.30–77.42%) in linseed oils.

For comparison, Ratusz et al. [7] studied the quality characteristics of commercial
cold-pressed camelina oils and reported somewhat different concentrations of 7.4–10.1% for
SAFA, 31.3–36.3% for MUFA, and 55.2–58.4% for PUFA. Specifically, the fatty acid profiles
depend on both genetic and environmental factors.

3.1.3. Radical Scavenging Activity of Mayonnaise Ingredients

The radical scavenging properties of mayonnaise ingredients were analyzed by the
DPPH and ABTS assays, and the obtained RSA results are presented in Table 4.
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Table 4. Radical scavenging activity of mayonnaise ingredients determined by DPPH and ABTS assays.

Ingredient DPPH ± SD (μmol TE/100 g) ABTS ± SD (μmol TE/100 g)

Aquafaba 437 ± 22 b 2097 ± 22 b

Nutritional yeast 1687 ± 60 d 9192 ± 238 d

Mustard 1129 ± 16 c 4985 ± 107 c

RRO 387 ± 8.3 b 669 ± 29 a

CPRO 391 ± 19 b 738 ± 25 a

CPSO 290 ± 13 a 588 ± 15 a

CPLO 272 ± 4.5 a 602 ± 27 a

CPCO 387 ± 4.5 b 706 ± 34 a

n = 5; SD—Standard Deviation; Different letters (a–d) within the same column indicate significant differences
between radical scavenging activity of samples: RRO—refined rapeseed oil, CPRO—cold-pressed rapeseed oil,
CPSO—cold-pressed sunflower oil, CPLO—cold-pressed linseed oil, CPCO—cold-pressed camelina oil (Tukey’s
post hoc test, p < 0.05).

Among the investigated ingredients, nutritional yeast and mustard had the highest
DPPH (1687 and 1129 μmol TE/100 g) and ABTS (9192 and 4985 μmol TE/100 g) values.
For comparison, Bors et al. [49] reported that the RSA of mustard paste determined using
the DPPH method ranged between 23.4–23.7%.

The radical scavenging properties of aquafaba (DPPH = 437 μmol TE/100 g and
ABTS = 2097 μmol TE/100 g) were higher than reported by previously published data
(0.15–0.38 μmol TE/g) [50]. This variability in total antioxidant content in chickpeas and
aquafaba can be explained by the prolonged time of contact of chickpeas with aquafaba in
the jar as well as the influence of other factors such as genetic, agronomic, environmental
and technological factors. It is known that the ABTS assay is applicable to both hydrophilic
and lipophilic antioxidant systems, whereas the DPPH assay is more suited to hydrophobic
systems. It can be noted that the ABTS value of aquafaba (2097 μmol TE/100 g) was
five times higher than the DPPH value (437 μmol TE/100 g), probably due to water-soluble
antioxidants being predominant in the aquafaba containing 95% water (Table 4).

Moreover, the ABTS results (588–738 μmol TE/100 g) of oils used to make vegan
mayonnaise samples were higher than DPPH values (272–391 μmol TE/100 g). Insignificant
differences for ABTS values of all the studied cold-pressed vegetable oils were observed,
whereas RRO, CPRO and CPCO had significantly higher DPPH results than CPSO and
CPLO (Tukey’s post hoc test, Table 4). Interestingly, rapeseed and camelina cold-pressed
oils were found to be richer sources of antioxidants than cold-pressed sunflower and linseed
oils. A similar decrease in DPPH values for cold-pressed oils (rapeseed > sunflower > flax
and camelina > flaxseed) was reported by Siger et al. [8] and Grajzer et al. [9].

3.2. Characterization of Mayonnaise Samples
3.2.1. Radical Scavenging Activity

The QUENCHER-DPPH and QUENCHER-ABTS methods were proposed for the
first time to directly measure the RSA of the developed vegan egg-free mayonnaises
containing blends of RRO with different cold-pressed oils and to compare their radical
scavenging properties with that of commercial mayonnaises.

These analytical methodologies rely on the surface reaction phenomenon between
mayonnaise samples with bound and free radical scavengers with organic DPPH radi-
cal and ABTS cation radical solutions. The QUENCHER method, as a cost-saving and
extraction-free procedure, is highly relevant and recommended for the fat industrial labora-
tory to quickly control the antioxidant properties of emulsions.

The QUENCHER-DPPH and QUENCHER-ABTS results for all of the studied mayon-
naise samples are presented in Figure 2.
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Figure 2. Radical scavenging activity of aquafaba-based mayonnaises with blends of refined rapeseed
oil and cold-pressed rapeseed oil (MRO), cold-pressed sunflower oil (MSO), cold-pressed linseed
oil (MLO), and cold-pressed camelina oil (MCO); MT1—commercial egg yolk mayonnaise from
producer 1; MT2—commercial egg yolk mayonnaise from producer 2; MV—commercial vegan
mayonnaise; QUENCHER-DPPH—QUick, Easy, Novel, CHEap and Reproducible-2,2-diphenyl-
1-picrylhydrazyl method; QUENCHER-ABTS—QUick, Easy, Novel, CHEap and Reproducible-2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) method. Bars with different letters (a–f) indicate
significant differences between radical scavenging activity of mayonnaises (Tukey’s post hoc test,
p < 0.05).

It is noteworthy that the richest sources of hydrophilic and lipophilic antioxidants were
traditional full fat mayonnaises (QUENCHER-ABTS = 3320 μmol TE/100 g and 2808 μmol
TE/100 g for MT2 and MT1, respectively), while MT2 had a higher content of lipophilic
antioxidants, as determined by the QUENCHER-DPPH test (828 μmol TE/100 g), than MT1
(DPPH = 692 μmol TE/100 g). In contrast, the store-bought plant-based mayonnaise (MV)
revealed the lowest QUENCHER-DPPH (589 μmol TE/100 g) and QUENCHER-ABTS
(1371 μmol TE/100 g) values (Figure 2). However, among aquafaba-based mayonnaises,
samples containing blends of RRO with cold-pressed oils had similar DPPH results, whereas
only the ABTS values for MRO and MSO did not differ significantly (Tukey’s post hoc
test, Figure 2). The lowest effectiveness of MLO to radical scavenging can be explained
by the lowest DPPH (270 μmol TE/100 g) for CPLO among all cold-pressed oils (Table 4).
It is worth noting that the addition of CPCO into the MCO sample caused a significant
increase in QUENCHER-DPPH and QUENCHER-ABTS results. Moreover, nutritional
yeast and mustard had the highest radical scavenging properties (Table 4) which probably
increased the RSA of aquafaba-based mayonnaise compared to commercially available
MV mayonnaise.

For comparison, the methanolic extract of traditional mayonnaise had an RSA
(DPPH = 267 μmol TE/100 g and ABTS = 856 μmol TE/100 g [51]) that was approxi-
mately three-fold lower than commercial samples measured by the QUENCHER procedure
proposed in this study. Moreover, DPPH (78–134 μmol TE/100 g) and ABTS results
(463–613 μmol TE/100 g) for methanol:water (70:30) extracts of vegan mayonnaises based
on soy milk [52] were lower than our QUENCHER-DPPH values (589–828 μmol TE/100 g)
and QUENCHER-ABTS values (1371–3320 μmol TE/100 g). The higher radical scavenging
properties of mayonnaises determined by the QUENCHER procedure can be explained
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as the proposed analytical method detects both the extractable and non-extractable com-
pounds present in the analyzed samples.

3.2.2. Oxidative Status

The oxidative status of the oil phase of each mayonnaise sample was evaluated by
characteristic values such as PV, AnV, TOTOX and AV (Table 5).

Table 5. Oxidation parameters of mayonnaises.

Mayonnaise
Type

PV ± SD
(mEq O2/kg)

AnV ± SD TOTOX Index
AV ± SD

(mg KOH/g)

MRO 1.43 ± 0.06 c 1.39 ± 0.08 c 4.25 0.14 ± 0.01 a,b

MSO 1.90 ± 0.06 d 1.12 ± 0.06 b 4.92 0.26 ± 0.01 c

MLO 2.27 ± 0.10 f 2.95 ± 0.06 d 7.49 0.11 ± 0.01 a

MCO 1.19 ± 0.01 b 1.55 ± 0.09 c 3.93 0.17 ± 0.01 b

MT1 2.09 ± 0.07 e 1.19 ± 0.08 b,c 5.37 0.49 ± 0.01 d

MT2 0.82 ± 0.01 a 0.76 ± 0.05 a 2.40 0.49 ± 0.02 d

MV 4.61 ± 0.08 g 3.07 ± 0.12 d 12.29 0.52 ± 0.03 d

n = 3; SD—Standard Deviation; Different letters (a–g) within the same column indicate significant differences
between oxidation parameters (PV—peroxide value; AnV—anisidine value; TOTOX—total oxidation index;
AV—acid value) of aquafaba-based mayonnaises with blends of refined rapeseed oil and cold-pressed rapeseed oil
(MRO), cold-pressed sunflower oil (MSO), cold-pressed linseed oil (MLO), and cold-pressed camelina oil (MCO);
MT1—commercial egg yolk mayonnaise from producer 1; MT2—commercial egg yolk mayonnaise from producer
2; MV—commercial vegan mayonnaise (Tukey’s post hoc test, p < 0.05).

The PV shows the degree of peroxidation and measures the amount of total peroxides,
whereas the content of aldehyde carbonyl bonds formed during secondary lipid oxidation
is evaluated as AnV. PV and AnV measurements are commonly used together to determine
the total extent of oxidation by the TOTOX index. Moreover, AV is an important variable
for the quality of the fat-based product because it reveals free fatty acid content affecting its
oxidative ageing.

As can be seen, PV results were significantly different in different mayonnaise sam-
ples (Tukey’s post hoc test, Table 5). The lowest amount of primary oxidation products
was in MT2 (PV = 0.82 mEq O2/kg), while vegan mayonnaise (MV) had the highest
PV = 4.61 mEq O2/kg. This can be explained by the highest amount of total antioxi-
dants in the MT2 sample (QUENCHER-DPPH = 828 μmol TE/100 g and QUENCHER-
ABTS = 3320 μmol TE/100 g, Figure 2), which most effectively inhibited harmful oxidation
reactions. However, the highest PV for MV can be attributed to the lowest antioxidant po-
tential (QUENCHER-DPPH = 589 μmol TE/100 g and QUENCHER-ABTS = 1371 μmol
TE/100 g), preventing the peroxidation in polyunsaturated fatty acids of the oil phase. More-
over, the addition of CPLO with a high level of unsaturated fatty acids (MUFA = 33.8% and
PUFA = 49.7%, Table 3) sensitive to peroxidation raised the susceptibility of mayonnaise to
oxidation. Thus, MLO had a high level of PV (2.27 mEq O2/kg) and AnV (2.95) in its fat phase
(Table 5). Meanwhile, the presence of resistant SAFA (7.0–10.6%) to degradation processes
and a high percentage of MUFA (29.1–64.6%) in CPRO, and CPSO improved the oxidative
stability of MRO and MSO samples (PV and AnV ranged between 1.43–1.90 mEq O2/kg
and 1.12–1.39, respectively).

Unexpectedly, low amounts of primary (PV = 1.19 mEq O2/kg) and secondary
(AnV = 1.55) oxidative products in the oil phase of MCO with the highest content of
PUFA (73.8%, Table 3) can be explained by the high radical scavenging properties of
CPCO (DPPH = 387 μmol TE/100 g and ABTS = 706 μmol TE/100 g, Table 4) and MCO
(QUENCHER-DPPH = 690 μmol TE/100 g and QUENCHER-ABTS = 2121 μmol TE/100 g,
Figure 2). The antioxidant compounds in cold-pressed oils may act as antioxidants and
prevent or delay the lipid oxidation of mayonnaises.

For comparison, the effect of cold-pressed black cumin oil (CPBCO) on the oxidative
stability of traditional mayonnaise was evaluated. At the end of storage for 4 weeks at
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20 ◦C, mayonnaise with 20% of CPBCO had a lower content of primary oxidation products
(PV = 17.66 mEq O2/kg) than the control sample (36.07 mEq O2/kg) [10]. Moreover,
substituting egg yolk with milk protein and adding high levels of fish oil to the mayonnaise
samples raised the PV results to approximately 75 and 25 mEq O2/kg at 20 ◦C and 2 ◦C of
storage, respectively [19].

It is noteworthy that the best stability revealed the MT2 sample with the lowest TOTOX
index (2.40), which combines the amount of primary with secondary oxidation products.
In contrast, the MV sample containing the lowest total antioxidants level (QUENCHER-
DPPH = 589 μmol TE/ 100 g and QUENCHER-ABTS = 1371 μmol TE/100 g, Figure 2) was
characterized with the highest TOTOX value = 12.29 (Table 5).

Additionally, aquafaba-based mayonnaises had a significantly lower AV (0.11–0.26 mg
KOH/g) than commercial mayonnaise samples (AV = 0.49–0.52 mg KOH/g).

Similarly, commercial mayonnaise revealed higher AV (5.39 mg KOH/g) than samples
made with lemon juice and a mix of lemon juice and vinegar (AV = 1.68–3.37 mg KOH/g),
which can be explained by non-specific reactions during AV measurements [53].

3.2.3. Microstructure

Previous studies clearly demonstrated that the size of oil droplets (ODs) is one of
the most essential parameters influencing mayonnaise stability, texture, and taste [54].
Mayonnaises characterized by small ODs usually possess significantly increased viscosity
and stability. The size of ODs depends on the homogenization approach, including its
duration and intensity, mayonnaise composition, and ingredient viscosity [55].

In our studies, the CLMS images revealed differences in the size of ODs between
analyzed emulsions (Figure 3A–G). The largest ODs were observed for MV and smallest
ODs were found for MT1 and MT2. Recently, it was reported that aquafaba-emulsifying
properties caused the presence of larger ODs compared to the egg-yolk-based mayon-
naise [23,30]. The size of ODs likely depends on the size of emulsifier molecules which in
the egg yolk are much smaller compared to aquafaba [30]. He et al. [30] demonstrated that
the average of ODs size (d43) of mayonnaise analogue prepared using freeze-dried or spray-
dried aquafaba was significantly larger, at 222 ± 9 μm2 and 97.3 ± 16 μm2, respectively,
compared to egg yolk based mayonnaise (9.02 ± 1 μm2). Our results seem to confirm that
the addition of plant-based proteins, such as pea protein, results in larger average areas of
ODs (101.40 μm2) in cases of MV when compared to egg yolk-based mayonnaise MT1 and
MT2, where the average areas of ODs were 4.47 μm2 and 4.44 μm2, respectively. We also
cannot exclude that the larger size of ODs in MV might be the result of low oil content
(35%) in comparison to MT1 and MT2 (around 70%).

The use of equal amounts of aquafaba—23.70% and different oil composition was
accompanied by the presence of significantly larger ODs in MCO (45.28 μm2) and in MLO
(56.75 μm2). In turn, ODs in MRO and in MSO showed an average area of 15.96 μm2

and 14.29 μm2, respectively (Figure 3H). The observed variations in ODs size between the
analyzed mayonnaises could reflect the differences in their lipidic composition.
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Figure 3. (A–G) Representative images of oil droplets (ODs) stained with Nile red. (H) The data
point-box plot showing a mean area of ODs quantified with imaging software (ImageJ). A statistical
analysis was performed by a one-way analysis of variance (ANOVA) with Tukey’s post hoc test
(p < 0.05). Different letters (a–c) indicate significant differences with p < 0.05 between aquafaba-based
mayonnaises with blends of refined rapeseed oil and cold-pressed rapeseed oil (MRO), cold-pressed
sunflower oil (MSO), cold-pressed linseed oil (MLO), and cold-pressed camelina oil (MCO); MT1—
commercial egg yolk mayonnaise from producer 1; MT2—commercial egg yolk mayonnaise from
producer 2; MV—commercial vegan mayonnaise.

3.2.4. Color

It is crucial to control the color of mayonnaise samples to obtain the desired color that
most affects the consumer’s willingness to purchase or taste a new product. Therefore,
values of lightness (L*), redness (a*) and yellowness (b*) of the prepared vegan mayonnaise
samples are listed in Table 6.

Table 6. Color of mayonnaises.

Mayonnaise Type L* ± SD a* ± SD b* ± SD

MRO 48.7 ± 0.2 e 0.9 ± 0.2 c 10.9 ± 0.4 c

MSO 44.5 ± 0.1 b −0.3 ± 0.1 a 7.1 ± 0.3 a

MLO 41.5 ± 0.3 a 0.2 ± 0.1 b 9.2 ± 0.2 b

MCO 47.1 ± 0.5 c 0.5 ± 0.1 b 6.7 ± 0.1 a

MT1 47.9 ± 0.1 d 3.4 ± 0.1 f 11.2 ± 0.1 c

MT2 47.7 ± 0.2 d 2.2 ± 0.2 d 9.0 ± 0.4 b

MV 41.4 ± 0.2 a 2.6 ± 0.2 e 11.3 ± 0.4 c

n = 5; SD—Standard Deviation; Different letters (a–f) within the same column indicate significant differences
between color parameters (L*—lightness; a*—redness; b*—yellowness) of aquafaba-based mayonnaise samples
with blends of refined rapeseed oil and cold-pressed rapeseed oil (MRO), cold-pressed sunflower oil (MSO),
cold-pressed linseed oil (MLO), and cold-pressed camelina oil (MCO); MT1—commercial egg yolk mayonnaise
from producer 1; MT2—commercial egg yolk mayonnaise from producer 2; MV—commercial vegan mayonnaise
(Tukey’s post hoc test, p < 0.05).
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The Tukey’s post hoc test indicated that the color parameters for mayonnaises with
blends of RRO and various cold-pressed oils significantly differ from each other. The
highest lightness value (L* = 48.7–47.7) had MRO, MT1 and MT2, respectively. It can
be caused by the smaller OD sizes in these samples (Figure 3). Due to light scatter-
ing, mayonnaises with smaller OD sizes are whiter, and also the intensity of the yellow
color is lower [56]. It is noteworthy that store-bought samples had higher redness values
(a* = 2.2–3.4) than the prepared aquafaba-based samples (a* = −0.3–0.9). High yellowness
values (b* = 9.0–11.2) for commercial samples MT1 and MT2 containing a high egg yolk
content can be preferable by consumers. The highest b* value (11.3) for the MV sample
was probably caused by the addition of carotenoids. High b* values (6.7–10.9) and low
a* values (−0.3–0.9) for MRO, MSO, MLO and MCO samples with cold-pressed oils can
be explained by the presence of natural pigments, mainly carotenoids and chlorophyll,
in added press-cold oils.

For comparison, the a* and b* values of mayonnaises with different oil-to-aquafaba
(O/A) ratios increased significantly for higher oil contents in mayonnaises (a* = 3.5–4.1 and
b* = 36.5–39.9 for O/A = 80/15, while a* = 2.6–2.9 and b* = 30.5–31.8 for O/A = 70/25).
Moreover, mayonnaise samples with smaller OD sizes had greater brightness values [23].

3.3. Principal Component Analysis

PCA was used to observe any possible groups within the commercial and prepared
mayonnaises as well as to reveal the interrelationships among variables (QUENCHER-
DPPH, QUENCHER-ABTS, PV, AnV, TOTOX, AV, area of ODs, L*, a* and b*) that mainly
influence the similarities and differences of the analyzed samples. The first two principal
components took into account 85.86% (PC1 = 57.80% and PC2 = 28.06%, respectively) of
the total variation.

The entire data set was visualized by a bi-plot (combined scores and loadings plot for
two components) and presented in Figure 4.

As can be seen, the QUENCHER-DPPH (0.8486), QUENCHER-ABTS (0.8497), AV
(0.0010), L* (0.8625), and a* (0.0146) of mayonnaise samples had positive loadings on
the PC1, whereas the PV (−0.9169), AnV (−0.9388), TOTOX indexes (−0.9656), ODs
size (−0.9123), and b* (−0.3271) were the variables with negative loadings on PC1. How-
ever, all variables (except AnV) revealed loadings on the negative dimension of PC2
(−0.0045–−0.9819). It can be noted that QUENCHER-DPPH, QUENCHER-ABTS, AV, L*
and a* were the variables with positive loadings on PC1 and negative loadings on PC2.
On the contrary, AnV revealed loadings on the negative dimension of PC1 and positive on
PC2. However, b*, PV, TOTOX and ODs were the features with negative loadings on PC1
and PC2.

The PCA graph depicted that the two vegan mayonnaises (the commercial MV and
MLO sample made from a blend of RRO and CPLO) with the lowest RSA (QUENCHER-
DPPH = 589–626 μmol TE/100 g, QUENCHER-ABTS = 1371–1674 μmol TE/100 g) and
L* (41.4–41.5) values and the highest oxidative parameters (PV = 2.27–4.61 mEq O2/kg,
AnV = 2.95–3.07, TOTOX = 7.49–12.29) and area of ODs (56.76–101.40 μm2) were located to
the left in the score bi-plot and had negative values for PC1. Three prepared vegan emulsions
(MSO, MCO and MRO) and two commercial egg yolk mayonnaises (MT1 and MT2) with high
radical scavenging properties (QUENCHER-DPPH = 643–828 μmol TE/100 g, QUENCHER-
ABTS = 1836–3320 μmol TE/100 g) and more lightness (L* = 44.5–48.7) were situated at
the right in the score bi-plot and had positive values for PC1. Consequently, the studied
samples could be divided into three groups based on their distribution on the PCA graph.
The yellowest commercial plant-based mayonnaise (MV) with the longest distance from
other samples had the highest of all the oxidative parameters (PV, AnV, TOTOX, AV), ODs
area and the lowest radical scavenging properties determined by two analytical methods
(QUENCHER-DPPH and QUENCHER-ABTS). Two traditional mayonnaises containing egg
yolk (MT1 and MT2) characterized by the highest RSA (QUENCHER-DPPH = 692–828 μmol
TE/100 g, QUENCHER-ABTS = 2808–3320 μmol TE/100 g), the lowest ODs (4.44–4.47 μm2)
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and with the same AV results (0.49 mg KOH/g) created a distinct cluster. Additionally,
four egg-free mayonnaises made from blends of RRO and cold-pressed vegetable oils with
moderate radical scavenging properties (QUENCHER-DPPH = 626–690 μmol TE/100 g,
QUENCHER-ABTS = 1674–2121 μmol TE/100 g), oxidative status (PV = 1.19–2.27 mEq
O2/kg, AnV = 1.12–2.95, TOTOX = 3.93–7.49), and ODs areas (14.29–56.75 μm2) as well as
the lowest AV (0.11–0.26 mg KOH/g) and a* (−0.3–0.9) values were separated from the other
studied samples and located at the upper the A1 axis.

Figure 4. Biplot of scores and loadings of data obtained from radical scavenging properties
(QUENCHER-DPPH, QUENCHER-ABTS), oxidation stability (PV—peroxide value; AnV—anisidine
value; TOTOX—total oxidation index; AV—acid value), areas of oil droplets (ODs) and color pa-
rameters (L*—lightness; a*—redness; b*—yellowness) of aquafaba-based mayonnaise samples with
blends of refined rapeseed oil and cold-pressed rapeseed oil (MRO), cold-pressed sunflower oil
(MSO), cold-pressed linseed oil (MLO), and cold-pressed camelina oil (MCO); MT1—commercial
egg yolk mayonnaise from producer 1; MT2—commercial egg yolk mayonnaise from producer 2;
MV—commercial vegan mayonnaise.

It is noteworthy that there was a high correlation between the QUENCHER-DPPH
and QUENCHER-ABTS results for all studied mayonnaises (r = 0.9427). This suggests that
antioxidants present in the studied samples have the ability to scavenge both stable DPPH
radical and ABTS cation radical.

Moreover, RSA values of the discussed mayonnaises were positively correlated with
their AV data (r = 0.3177 and 0.4319) as well as color parameters, such as lightness (L*,
r = 0.6238 and 0.6894) and redness (a*, r = 0.2615 and 0.4544), but negatively associated
with oxidative parameters (PV, AnV and TOTOX, r = −0.6453–−0.7549) and ODs sizes
(r = −0.6432–−0.7315). These high negative correlations between oxidative parameters and
radical scavenging properties of the studied emulsions indicated the significant contribution
of the antioxidant potential of samples to enhance their oxidation status. The lower PV
values can be explained by the hindered oxidation of the lipid fraction in the mayonnaise
samples, and thus the delay in their deterioration, due to the presence antioxidants and
higher RSA values.
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As expected, the PV results for seven mayonnaises contributed significantly and posi-
tively with the AnV (0.7800) and TOTOX indexes (0.9843). Additionally, a high correlation
coefficient (r = 0.8781) was found between AnV and TOTOX data for these samples.

Interestingly, there were high positive correlations between the amounts of primary
and secondary oxidation products in the analyzed samples and ODs (r = 0.8162–0.9117).
These positive correlations indicate that emulsions with smaller areas of ODs had a better
oxidative stability. Nevertheless, the area of ODs for mayonnaises was negatively asso-
ciated with their lightness (L*, r = −0.7916). However, negative correlation coefficients
(r = −0.7470–−0.8583) for the relationships between PV, AnV, TOTOX and L* were observed.

In contrast, there were positive correlations between the free fatty acids content and
color parameters of the investigated samples (AV–a*, r = 0.8540 and a*–b*, r = 0.7187).

The results obtained by PCA indicated the differences in radical scavenging and physic-
ochemical properties of two yolk egg mayonnaises, one commercial vegan mayonnaise, and
four aquafaba-based samples made from blends of RRO and cold-pressed vegetable oils.
This grouping of the samples suggests that the used ingredients in mayonnaise samples
and technological conditions were responsible for their quality.

4. Conclusions

Aquafaba-based vegan mayonnaises with blends of RRO and different cold-pressed
oils were made. This research paper has presented that aquafaba from chickpeas is a suit-
able alternative emulsifier with high radical scavenging properties for the production of
egg-free vegan emulsions. Moreover, the other ingredients of the proposed mayonnaise
formulations, mainly nutritional yeast and mustard, had high radical scavenging char-
acteristics. Additionally, cold-pressed vegetable oils used as functional ingredients in
developing vegan egg-free mayonnaises were rich sources of unsaturated fatty acids and
natural bioactive compounds with scavenging radical properties.

The new aquafaba-based emulsions containing blends of RRO with different cold-
pressed oils had higher radical scavenging properties and oxidative stability, similar color
parameters, and a smaller size of ODs than commercial vegan mayonnaise (MV). A signifi-
cant contribution of the radical scavenging properties of the prepared vegan mayonnaises
to enhance their oxidation status was observed. Additionally, emulsions with smaller areas
of ODs had better oxidative stability.

The results of PCA indicated that the radical scavenging and physicochemical prop-
erties of aquafaba-based emulsions, commercial vegan mayonnaise (MV) and traditional
emulsions containing egg yolk (MT1 and MT2) as the main emulsifier differ significantly.

Novel plant-based emulsions could be a promising alternative to egg-based may-
onnaises and salad dressing. Further investigations should be performed to determine
the effect of aquafaba on the textural and sensory properties and consumer acceptability
of mayonnaise.
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Abstract: A handheld near infrared (NIR) spectrometer was used for on-site determination of the fatty
acids (FAs) composition of industrial fish oils from fish by-products. Partial least square regression
(PLSR) models were developed to correlate NIR spectra with the percentage of saturated fatty acids
(SFAs), monounsaturated fatty acids (MUFAs), polyunsaturated fatty acids (PUFAs) and, among
them, omega-3 (ω-3) and omega-6 (ω-6) FAs. In a first step, the data were divided into calibration
validation datasets, obtaining good results regarding R2 values, root mean square error of prediction
(RMSEP) and bias. In a second step, all these data were used to create a new calibration, which was
uploaded to the handheld device and tested with an external validation set in real time. Evaluation
of the external test set for SFAs, MUFAs, PUFAs and ω-3 models showed promising results, with R2

values of 0.98, 0.97, 0.97 and 0.99; RMSEP (%) of 0.94, 1.71, 1.11 and 0.98; and bias (%) values of −0.78,
−0.12, −0.80 and −0.67, respectively. However, although ω-6 models achieved a good R2 value
(0.95), the obtained RMSEP was considered high (2.08%), and the bias was not acceptable (−1.76%).
This was corrected by applying bias and slope correction (BSC), obtaining acceptable values of R2

(0.95), RMSEP (1.09%) and bias (−0.05%). This work goes a step further in the technology readiness
level (TRL) of handheld NIR sensor solutions for the fish by-product recovery industry.

Keywords: no-waste; omega-3; circular economy; smart sensors; reuse; fish oil industry; recovery;
chemometrics; lipid profile

1. Introduction

Worldwide fisheries production and global per capita fish consumption have highly
incremented in recent years [1]. The industrialization of the fish sector has brought not
only a huge development but also an increase in the number of by-products generated
during fish processing [2]. It is estimated that more than 70% of total fish captures are
processed, of the processed products, about 50% result in solid waste and by-products [3].
These by-products are usually composed of viscera, heads, cut-offs, skin and fish that is
damaged or unsuitable for human consumption [4]. Moreover, an additional source of
by-products is represented by unwanted, non-targeted fish species (by-catches) that cannot
be commercialized for direct human consumption [5]. These large quantities of unused
fish products create serious pollution and environmental problems. Therefore, their correct
reuse must become a priority for fish-processing countries and companies [6].

Most of these by-products should not be considered waste or less valuable materials [7],
as they have great potential to be reused for higher-value applications [8]. Due to their
high nutritive value, it is possible to give them a second life [7]. These secondary products

Foods 2022, 11, 1092. https://doi.org/10.3390/foods11081092 https://www.mdpi.com/journal/foods115



Foods 2022, 11, 1092

can be processed into products such as fish sausages, pâté, cakes, gelatin, soups, sauces
or snacks (i.e., the consumption of small fish bones with a minimum amount of meat as
snacks, which is actually done in some countries [9]).

The production of omega-3 (ω-3)-rich fish oils represents an opportunity for valorizing
fish by-products [3] and to achieve the zero-waste goal. The estimated amount of oil
present in fish by-products varies from 2% to 30% of the total composition, depending
on many factors, such as the fat content of the fish species and the distribution of fat in
the fish body [10]. Fish oil is usually a good source of long-chain polyunsaturated fatty
acids (PUFAs) [11], in particular docosahexaenoic acid (DHA) and eicosapentaenoic acid
(EPA) [12]. It can be reused to generate products of high added value for the pharmaceutical
industry and as raw material for food supplements [13]. Therefore, the characterization of
the fatty acids (FAs) profile of fish oils is essential because EPA and DHA levels determine
the destination of the product and therefore its market value [12]. Such characterization is
crucial when fish oil is obtained from canning industry by-products, where it is mixed with
vegetable oils, which may change the oil FAs profiles, reducing the ω-3 proportion.

Nowadays, the most common technique used to analyze the FAs profile of fish oil is
gas chromatography with a flame ionization detector (GC-FID) [14], a complex technique
that is relatively slow and generates toxic waste [15]. Thus, a simpler and faster technique
capable of providing a response in real time would allow companies to quickly assess the
FAs profile of oil and determine its most convenient destination. In this sense, near-infrared
spectroscopy (NIRS) represents a valid alternative to GC-FID or other more traditional
methods, as it is a rapid, non-destructive technique [16,17] that has been used in recent
years in industry for quality control and process monitoring [18–20]. Furthermore, recent
advances have allowed for a significant reduction in the size and cost of such devices,
making them suitable for on-site determination [21].

This is not the first time that NIR has been used for the evaluation of the lipid profile
of fish derivates. Some authors, such as Bekhit et al. and van der Merwe et al. [22,23], have
studied NIR to analyze PUFAs in ω-3 supplements. Others, including dos Santos et al.,
analyzed the ω-3 and omega-6 (ω-6) content directly in fish fillets [24]. Other techniques,
such as FT-NIR, were used by Karunathilaka et al. and Cascant et al. [14,25] to analyze
omega-3 supplements and salmon. Only a few authors have used NIR to directly analyze
fish oils [11] or used portable spectrometers [26]. Most research has been developed with
big laboratory equipment and/or using processed fish pharmaceutical supplements or fish
fillets, which prevents their use for this application in an actual industrial environment
in the short term. More efforts are still needed to elevate the low technology readiness
levels (TRLs) of such studies to be useful for the by-products industry. To the best of our
knowledge, this is the first study demonstrating the scalability to industrial TRLs of NIR
technology for measurement of the lipid profile of fish oil directly extracted from fish
by-products.

Therefore, the principal objective of this study is to assess the potential of a portable
device based on NIRS in combination with a partial least square regression (PLSR) analysis
to characterize the FAs profile of fish oils in a rapid and non-destructive way. Thus, the
device was not only calibrated to determine the ω-3 and ω-6 content but also to measure
the complete fish oil profile, determining the saturated fatty acids (SFAs), monounsaturated
fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) levels. The main objective of
this work was to demonstrate the high level of maturity of a handheld NIR spectroscopy
sensor in combination with chemometrics for the rapid characterization of fish oil in the
fish by-product industry. This technique could enable a fast and accurate classification
of processed products in the appropriate market category with economic benefits for the
company and increased efficiency.
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2. Materials and Methods

2.1. Samples and Reagents
2.1.1. Oil Mixture Preparation

Samples were supplied by a local company, which collects and reuses fishing surplus
and fish industry by-products from different industrial activities. Eight fish oil samples
(named with consecutive letters from A to H) obtained from fish by-products were used
to make 269 different mixtures. The origin of the fish species of the oils, as well as the
industries and processes from which they came, were unknown. These samples were
divided in two sets: calibration (172 mixtures) and validation (97 mixtures). For external
validation purposes and to ensure the robustness of the calibration, 29 new mixtures
were made. The set of mixtures used for this aim was composed of three out of eight of
the previous fish oils, together with a new oil (I) and two additional commercial fish oil
supplements (named Supplement A and Supplement B) (Table 1).

Table 1. Samples of oil mixtures used in each dataset.

Calibration Set Validation Set External Validation Set

Number of mixtures 172 97 29

Oils and supplements used A, B, C, D, E, F and G B, E, F, G and H B, E, F, I, Supplement A
and Supplement B

The volume of the prepared oil mixtures was at least 3 mL. Therefore, different
volumes of the initial oils were taken and mixed using automatic pipettes. The minimum
amount of oil used for the mixtures was 0.1 mL, and the maximum was 2.9 mL. For some
mixtures, only 2 oils were used, and the maximum number of oils used in a mixture was
6. The percentage of oil in each mixture was formulated so that the range of the mixtures
covered all possible variability. All samples were filtered with Whatman grade 1 filter
paper before analysis.

2.1.2. Reagents

The reagents used for the methylation process of the FAs were methanol, sodium
chloride, hydrochloric acid, phenolphthalein (Thermo Fisher ScientificTM, Roskilde, Den-
mark) and sodium methylate (ACROS organicsTM, part of Thermo Fisher ScientificTM,
Geel, Belgium). For the chromatographic analysis, n-Hexane (Thermo Fisher ScientificTM,
Roskilde, Denmark) was used as a solvent.

2.2. Reference Analysis

GC-FID was employed as the reference method to analyze the fat profile of the fish oils.
To extract the FAs from the oils and transform them into fatty acid methyl esters (FAMEs),
the methylation process described in Commission Regulation (EC) No. 796/2002 (2002),
method B, was used with some modifications [27]. In this procedure, 80 mg of sample were
transferred to a flat-bottom flask, where 8 mL of sodium methylate in methanol (0.6 mol/L)
and some pumice stones were added. The mixture was boiled with a reflux condenser for
10 min. Once the mixture was chilled, two drops of phenolphthalein were incorporated,
and a solution of hydrochloric acid in methanol (3.5%) was added until the solution became
colorless, a sign of complete acidification. The sample mixture was boiled again under the
same conditions, and when cooled, 8 mL of n-hexane was added with 5 mL of a concentrate
solution of sodium chloride, shaking the mixture vigorously for 1 min. Finally, the same
concentrate solution of sodium chloride was added to elevate the organic phase, which
contained the FAMEs, and it was transferred to a gas chromatograph vial before injection.

The solution with the FAMEs was analyzed in a gas chromatograph (Agilent 5890 from
Agilent Technologies Inc., Santa Clara, CA, USA) with a DB 23 column (60 m × 0.25 mm
id × 0.25 μm from J&W scientific, Santa Clara, CA, USA), a flame ionization detector
(FID) and helium as carrier gas (at 30 psi and a flow rate of 1.2 mL/min). To conduct the
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chromatographic analysis, 2 μL of sample was injected in split mode (split of 80 mL/min)
at 220 ◦C. The initial temperature of the chromatograph oven was 40 ◦C, which was
maintained for 3 min. The temperature was increased at a rate of 25 ◦C per minute, up to
125 ◦C, where it was maintained for 2 min. Next, the temperature was increased again, this
time at a rate of 4 ◦C per minute, and maintained at 180 ◦C for 1 min. The last temperature
increase was at a rate of 1 ◦C per minute, up to 215 ◦C, where it was maintained for 10 min.
Finally, the temperature of the detector was increased to 250 ◦C. Each GC-FID analysis was
conducted 3 times.

Data from the chromatogram were collected with ChemStation Software (version
A.10.02) from Agilent, (Santa Clara, CA, USA). The FAMEs of the oils, which were equal to
their respective FAs, were identified with FAMEs chromatographic external standards from
Sigma-Aldrich (PUFA No. 3 From Menhaden Oil and Supelco 37 Component FAME Mix).
Then, the area under each FA peak was integrated in the chromatogram, and the percentage
of the total oil represented by each area was calculated. Afterwards, the percentage of
FAs that belonged to the same group was summed to obtain the final percentage of all the
categories (SFAs, MUFAs, PUFAs, ω-3 and ω-6) for each oil. The FAs of each group are
presented in Table 2.

Table 2. Identified FAs in each category.

FAs Group Fatty Acids

SFAs Myristic (14:0), Palmitic (16:0), Stearic (18:0), Arachidic (20:0)
MUFAs Palmitoleic (16:1), Oleic (18:1), Gadoleic (20:1), Erucic (22:1)

PUFAs Linoleic (18:2), Gamma-linolenic (18:3), Stearidonic (18:4), Arachidonic (20:4), EPA (20:5),
Clupanodonic (22:5), DHA (22:6).

ω-3 Alpha-linoleic (18:3), Stearidonic (18:4), EPA (20:5), Clupanodonic (22:5), DHA (22:6)
ω-6 Linoleic (18:2), Arachidonic (20:4)

SFAs: saturated fatty acids, MUFAs: monounsaturated fatty acids, PUFAs: polyunsaturated fatty acids, ω-3:
omega-3 fatty acids, ω-6: omega-6 fatty acids.

Due to the complexity of the chromatographic method (time-consuming) and the
need to analyze many samples to create a robust chemometric model, only the initial pure
oils were analyzed (from A to I), and the composition of each oil mixture was calculated
afterwards. To ensure that the composition of the mixtures was correct, a few were chosen
randomly and analyzed.

2.3. NIRS Data Acquisition

A compact, handheld NIR spectrometer device was used (MicroNIR OnSite, developed
by VIAVI Solutions Inc., Monza, Italy), working from 900 to 1650 nm, with a resolution of
6 nm. Samples were scanned in transflectance mode, with a special accessory for liquids
(MicroNIR side-view vial holder by VIAVI) in small glass vials. A dark measurement
(acquired with the lamp turned off) and a white diffuse reflectance standard (a white
reference with 99% reflectance) were used for calibration. Each spectrum was the average
of 100 scans, with an integration time of 8.2 ms. All spectra were taken in duplicate. For
the external validation, the average of two spectra was considered for each sample.

2.4. Model Building

Models were developed for each FAs category: SFAs, MUFAs. PUFAs, ω-3 and ω-
6. Therefore, the spectral data were considered as X, whereas the data obtained from
the chromatographic analysis (the percentage of each FAs category for each model) were
considered as Y.

X data were preprocessed before the multivariate analysis. Several methods were
tested, such as standard normal variate without and with detrend (SNV and SNVd),
multiplicative scatter correction (MSC), Saviztky–Golay first and second derivatives (with
different polynomial orders and windows) and combinations of all of them. This step
was necessary because it eliminates the irrelevant information that cannot be correctly
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processed [28], and it improves the regression [29]. X and Y data were mean centered in all
cases before creation of the models.

To correlate the NIR spectra and the reference data (SFAs, MUFAs, PUFAs, ω-3 and
ω-6 percentage), several partial least square regression (PLSR) models were developed [30].
For each developed model, two steps were followed:

• 1st step: The five models were built using Matlab R2013a equipped with the PLS_toolbox
(version 8.2.1) (The Mathworks, Natick, USA). For the calibration, nc.1 = 172 samples
were used, and one model was developed for each FAs category. In all cases, a venetian
blinds cross-validation (CV) with 10 data splits and 2 samples per blind was carried
out. Then, the model was validated using the validation set (nv.1 = 97).

• 2nd step: All the data used in the previously developed models (nc.1 and nv.1) were
used to create a new dataset, which was used as calibration dataset (nc.2 = 269). Then,
a random CV with 20 segments and 27 samples per segment was carried out. These
models were uploaded into the MicroNIR OnSite to directly predict an external dataset
(ntest = 29) in real time in the place of analysis and without the necessity of extracting
the data from the spectrometer and analyzing it afterwards in a computer. To build the
mentioned calibration model, The Unscrambler® X 10.5.1 software was used (CAMO
Software AS, Oslo, Norway).

As figures of merit of the models, the coefficient of determination (R2), the root mean
square error (RMSE) and the bias value were calculated for the CV and the prediction.
To study the distribution of the oil mixtures used in each dataset, their mean, standard
deviation, minimum and maximum values were calculated and expressed in percentage.

3. Results and Discussion

3.1. Determination of Fatty Acid Profiles of the Samples by Reference Analysis
3.1.1. Fatty Acid Composition of the Initial Oils

Table 3 displays the composition (% of the FAs categories) of the nine initial oils from
which the mixtures were made and the two commercial supplements of ω-3.

Table 3. Composition (%) of the initial oils with their standard deviation.

Oils SFAs MUFAs PUFAs ω-3 ω-6

A 27.84 ± 0.32 42.05 ± 0.08 30.11 ± 0.25 27.50 ± 0.23 2.61 ± 0.03
B 14.26 ± 0.08 53.76 ± 0.12 31.98 ± 0.05 14.18 ± 0.05 17.80 ± 0.02
C 29.27 ± 0.30 25.60 ± 0.14 45.13 ± 0.30 42.24 ± 0.31 2.90 ± 0.00
D 17.47 ± 0.19 49.26 ± 0.03 33.27 ± 0.21 17.70 ± 0.13 15.57 ± 0.09
E 21.09 ± 0.26 44.94 ± 0.52 33.98 ± 0.30 22.27 ± 0.10 11.70 ± 0.32
F 29.66 ± 0.19 25.58 ± 0.09 44.76 ± 0.15 41.88 ± 0.14 2.89 ± 0.02
G 17.51 ± 0.21 49.10 ± 0.16 33.39 ± 0.07 17.87 ± 0.05 15.52 ± 0.03
H 18.51 ± 0.40 48.75 ± 0.19 32.74 ± 0.22 17.43 ± 0.14 15.31 ± 0.07
I 18.10 ± 0.08 49.18 ± 0.31 32.73 ± 0.24 17.50 ± 0.08 15.23 ± 0.17

Supplement A 14.34 ± 0.02 56.56 ± 0.30 29.10 ± 0.32 14.25 ± 0.39 14.85 ± 0.08
Supplement B 29.50 ± 0.02 25.32 ± 0.03 45.19 ± 0.05 42.08 ± 0.07 3.11 ± 0.01

For each sample, three replications were performed. SFAs: saturated fatty acids, MUFAs: monounsaturated fatty
acids, PUFAs: polyunsaturated fatty acids, ω-3: omega-3 fatty acids, ω-6: omega-6 fatty acids.

Oil samples show high variability in their FAs profiles. This suggests that the oils
collected for this study might have different origins and could come from different kinds of
fish, production methods or various types of processing industries. This sample variability
highlights the importance of determining the lipid profile of fish oils, as the percentage of
the different groups, especially ω-3, varies significantly between samples.

On the one hand, oils A, C and F and Supplement B showed the typical seawater fish
oil composition regarding PUFAs, where most of the PUFAs come from ω-3 FAs [31–33].
In these samples, PUFAs represented between 30% and 46% of the total FAs of the oils.
They had an elevated ω-3 content, which almost corresponded with all the PUFAs in the
samples, and a lower content of ω-6. Considering their composition, these samples may
come from a process where only seawater fish is involved, i.e., fish fillet processing [31,32].
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On the other hand, samples B, D, E, G, H and I and supplement A had PUFAs content
between 25% and 34%, which is also typical in fish oil [31]. However, these samples
presented a higher content of ω-6 FAs than the previous set, in which ω-3 FAs were
predominant. This is due to a high level of linoleic acid (18:2) (data not shown), which may
have two explanations: on the one hand, it might be due to the fish species from which the
oil was obtained, i.e., this PUFAs profile is characteristic of freshwater fish [34], which has
a higher ω-6 content in comparison with seawater fish [32,33]. On the other hand, it might
be due to the type of fish processing industry from which the samples originated. In the
canning industry, by-products of fish oil are mixed with vegetable oils, such as sunflower
oil, which is rich in ω-6 PUFAs (linoleic acid) [35,36].

3.1.2. Fatty Acid Profile of the Oil Mixtures

The results of the characterization and the statistics of the oil samples in the different
sets of data used in the models are shown in Table 4.

Table 4. Results of the characterization of all the samples.

Dataset n Mean ± SD (%) Minimum (%) Maximum (%)

SFAs
1st Step Calibration 172 22.0 ± 3.8 14.3 29.7

Validation 97 24.1 ± 3.8 14.4 29.7

2nd Step Calibration 269 22.7 ± 3.8 14.3 29.7
External Validation 29 20.5 ± 4.8 14.3 29.7

MUFAs
1st Step Calibration 172 41.4 ± 6.9 25.6 53.8

Validation 97 37.2 ± 7.4 25.6 53.6

2nd Step Calibration 269 40.1 ± 7.1 25.6 53.8
External Validation 29 43.7 ± 9.2 25.3 56.6

PUFAs
1st Step Calibration 172 36.5 ± 3.6 30.1 45.1

Validation 97 38.6 ± 3.6 32.0 44.8

2nd Step Calibration 269 37.2 ± 3.6 30.1 45.1
External Validation 29 35.8 ± 4.4 29.1 45.2

ω-3
1st Step Calibration 172 26.2 ± 6.9 14.2 42.2

Validation 97 30.0 ± 7.4 14.3 41.9

2nd Step Calibration 269 27.4 ± 7.0 14.2 42.2
External Validation 29 23.7 ± 9.0 14.2 42.1

ω-6
1st Step Calibration 172 10.3 ± 3.8 2.6 17.8

Validation 97 8.6 ± 3.9 2.9 17.7

2nd Step Calibration 269 9.8 ± 3.8 2.6 17.8
External Validation 29 12.1 ± 4.7 2.9 17.8

n: number of samples, SD: standard deviation, SFAs: saturated fatty acids, MUFAs: monounsaturated fatty acids,
PUFAs: polyunsaturated fatty acids, ω-3: omega-3 fatty acids, ω-6: omega-6 fatty acids.

MUFAs constitute the majority group in most cases representing: in the 1st step,
41.4% of total FAs composition on the calibration set and, in the 2nd step, the 40.1% of
the calibration set and the 43.7% of the external validation set. However, PUFAs are the
majority group in the validation set of the 1st step, with a percentage of 38.6%. On the
contrary, ω-6 is the least common group in the four sets of samples, with percentages of
10.3% and 8.6% in the calibration and validation set of the first step, respectively, and 9.8%
and 12.1% in the calibration and external validation set of the second step, respectively.

3.2. Performance of the PLSR Models of the Target Oils
3.2.1. Model Results

The CV and validation results of the five models developed for each category of FAs
in the first step are shown in Table 5.
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Table 5. Principal statistics of the five models developed in the first step.

X Preprocessing Y Preprocessing LV R2 RMSE (%) Bias (%)

SFAs
CV 2nd derivative (order 2, window 5) + Mean Center Mean Center 5

0.98 0.57 −2 × 10−3

Validation 0.98 0.68 −0.40

MUFAs
CV

SNV + Mean Center Mean Center 3
0.99 0.74 −3 × 10−4

Validation 0.97 1.27 0.25

PUFAs
CV SNV + 2nd derivative (order 2, window 15) +

Mean Center Mean Center 5
0.97 0.65 2 × 10−4

Validation 0.96 0.85 −0.49

ω-3
CV SNV + 2nd derivative (order 2, window 15) +

Mean Center Mean Center 6
0.99 0.48 −2 × 10−3

Validation 0.99 0.60 −0.26

ω-6
CV MSC (using the mean of the spectra as reference) +

1st derivative (order 2 window 5) + Mean Center Mean Center 6
0.96 0.78 0.02

Validation 0.95 0.90 −0.34

LV: latent variables, CV: cross-validation, SNV: standard normal variate, MSC: multiplicative scatter correction,
RMSE: root mean square error, SFAs: saturated fatty acids, MUFAs: monounsaturated fatty acids, PUFAs:
polyunsaturated fatty acids, ω-3: omega-3 fatty acids, ω-6: omega-6 fatty acids.

In Table 5, all the models developed for the validation of SFAs, MUFAs, PUFAs, ω-3
and ω-6 achieved good results, with R2

val values of 0.98, 0.97, 0.96, 0.99 and 0.95; small
errors of 0.68, 1.27, 0.85, 0.60 and 0.90; and a low bias value of −0.40, 0.25, −0.49, −0.26,
−0.34, respectively.

On the other hand, the results of the five models developed in the second step (CV
and external validation) are shown in Table 6.

Table 6. Principal statistics calculated for the five models developed in the second step.

X Pretreatment Y Pretreatment LV R2 RMSE (%) Bias (%)

SFAs
CV 2nd derivative (order 2, window 5) + Mean Center Mean Center 5

0.98 0.60 −4 × 10−3

External validation 0.98 0.94 −0.78

MUFAs
CV

SNV + Mean Center Mean Center 3
0.99 0.77 5 × 10−4

External validation 0.97 1.71 −0.12

PUFAs
CV SNV + 2nd derivative (order 2, window 15) + Mean

Center Mean Center 5
0.97 0.65 2 × 10−3

External validation 0.97 1.11 −0.80

ω-3
CV SNV + 2nd derivative (order 2, window 15) + Mean

Center Mean Center 6
0.99 0.71 −5 × 10−6

External validation 0.99 0.98 −0.67

ω-6
CV MSC (using the mean of the spectra as reference) +

1st derivative (order 2 window 5) + Mean Center Mean Center 6
0.96 0.74 −1 × 10−4

External validation 0.95 2.09 −1.76

LV: latent variables, CV: cross-validation, SNV: standard normal variate, MSC: multiplicative scatter correction,
RMSE: root mean square error, SFAs: saturated fatty acids, MUFAs: monounsaturated fatty acids, PUFAs:
polyunsaturated fatty acids, ω-3: omega-3 fatty acids, ω-6: omega-6 fatty acids.

In this case (Table 6), models for SFAs, MUFAs, PUFAs and ω-3 achieved good results
in the external validation set regarding R2 (0.98, 0.97, 0.97 and 0.99), RMSEP (0.94%, 1.71%,
1.11% and 0.98%) and bias (−0.78%, −0.12%, −0.80% and −0.67%), respectively.

Although the ω-6 model achieved good results in terms of R2, the RMSEP and the
bias in the validation showed high values: 2.09% and −1.76%, respectively. This is very
common in quantitative NIRS and may be due to block effects occurring between measuring
conditions [37]. In this case, there are two possible reasons for these effects. (i) The
measurement conditions: all the measurements were performed in a laboratory under
controlled temperature; therefore, the authors believe they might have a small effect.
(ii) The possibly different origins of the oils, including different fish species and different
processing industries. Seawater fish, the most consumed type of fish, is naturally low in
ω-6 FAs, with most PUFAs resulting from the presence of ω-3 FAs [38,39]. However, as
stated in Section 3.1.1, some of the fish oil samples had a higher content of ω-6 FAs. This
finding could result from: (i) the presence of vegetable oils mixed with the fish oil, which
is plausible if some of the samples came from the canning industry or (ii) the presence of
samples from industries where the raw material is freshwater fish. However, the model can
be corrected using techniques such as bias and slope correction (BSC) [40]. Applying this
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technique to the external test set (Figure 1), the following results are obtained: R2 = 0.95;
RMSEP = 1.09%; bias = −0.05%.

 

(a) (b) 

Figure 1. Results of the external validation of the PLSR for prediction of ω-6 before (a) and after
(b) bias and slope correction.

These results are in accordance with those of other studies found in the literature
that studied the fish oil profile of different matrices. In dietary supplements, Hespanhol
et al. [26] and Bekhit et al. [22] obtained similar R2 values (0.97 and 0.98, respectively) for
ω-3 prediction, although their models were less complex, with one and two latent variables
(LVs), respectively. The differences in complexity may be due to the fact that in the present
study, the fish oil was analyzed directly from by-products with no previous processing
(cleaning, refining, etc.), as it was made with dietary supplements. The results from the
MUFAs, ω-3 and ω-6 models are similar to those obtained by Karunathilaka et al. [14]
in dietary supplements, with RMSEP values of 1.03, 1.42 and 0.93, respectively. In other
matrices, such as the model system created by Afseth et al. (using 70 different mixtures of
protein, water and oil blends) [41], the error obtained for SFAs, MUFAs and PUFAs was
similar to our results, with RMSEP values of 1.20, 0.80 and 0.60, respectively.

The good results achieved by the SFAs, MUFAs, PUFAs and ω-3 models in external
validation and in the ω-6 models after the BSC suggest that the models can predict new
samples from different fish oil industries. Furthermore, the ω-6 model could be improved
with the addition of new samples of different origins, which would correct the bias and
slope deviation.

3.2.2. Spectral Information of the Models

Raw spectra of the oil mixtures used during the experiment are shown in Figure 2.
Although information is usually hidden in the NIR spectrum, characteristic absorption

bands from oil samples are observed in the raw spectra (Figure 2) at 900, 1020, 1200 and
1400 nm. The first two weak peaks observed are around 900 and 1020 nm. The former
corresponds to the C-H stretching third overtone of CH3, whereas the latter is a combination
of the C-H stretching first overtone and the C-H deformation second overtone, again from
CH3 [11]. The first strong peak at 1200 nm is due to the second overtone of the stretching
mode of C-H bonds in various chemical groups [42,43]. The second strong peak, localized
between 1300 and 1500 nm, is caused by the combination of the stretching and deformation
first overtone of C-H in CH, CH2 and CH3 [11].
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Figure 2. Raw spectra of the oil mixtures used during the experiment.

The loadings corresponding to the first and second latent variables (LV1 and LV2)
of the five models developed in the second step, which contain information about all the
data used in the experiments, are shown in Figure 3. LV1 retains the greatest amount of
variance in most of the models, except for the SFAs model, wherein LV2 retains the most
information. The large peaks in the loadings of the models resemble the main peaks of the
raw spectra.

NIR absorption peaks related to the FAs information are associated with the vibrations
of C-H and CH2 [44]. Although they are usually above 1700 nm in the spectra, where
two important regions are located at 1720 and 2143 nm [45], the presence of other bands
related to C-H overtones at shorter wavelengths makes possible the measurement of
oils with devices whose spectral range covers only wavelengths lower than 1700 nm, as
demonstrated by Basri et al. [46].

As can be seen in Figure 3a–e, LV1 and LV2 of all the models show important peaks
in the region between 1050 and 1300 nm. This region corresponds to the second overtone
of C-H stretching, and it is one of the most important regions to determine FAs with this
technology [42–44].

LV1 of PUFAs, ω-3 and ω-6 (Figure 3c–e) and LV2 in all the models (Figure 3a–e) show
peaks in the region between 1300 and 1500 nm (Figure 3a,c–e). This absorption region is
caused by the combination of the stretching and deformation of the first overtone of C-H in
CH, CH2 and CH3 [11].

The increase found in the region between 1600 and 1670 nm can be seen in LV1 of
PUFAs, ω-3 and ω-6 (Figure 3c–e) and in LV2 of MUFAs, PUFAs, ω-3 and ω-6 (Figure 3b–e).
According to Hourant et al. [47], the wavelengths between 1600 and 1780 nm are related
to the first overtone of the C-H group in -CH3, and the peak that is starting to grow may
correspond with the first part of that region. On the contrary, LV1 of SFAs and MUFAs
(Figure 3a,b) and LV2 of SFAs (Figure 3a) present a peak with a maximum around 1600 nm.
This region of the spectra is related to the C-H first overtone of = CH2, which acquires its
maximum at 1620 nm [48].
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Figure 3. LV1 and LV2 of the second-step models. (a,b) SFAs, (c,d) MUFAs, (e,f) PUFAs, (g,h) ω-3,
(i,j) ω-6.
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The similarity in shape between PUFAs and ω-3 loadings suggests that they are closely
related (Figure 3c,d). ω-6 loadings also present peaks at similar wavelengths (Figure 3e)
as PUFAs and ω-3 loadings. This result was expected because fish PUFAs are mostly
composed of ω-3 and ω-6 FAs [49], as can be seen in Table 3.

4. Conclusions

This study demonstrates the possibility of using a handheld NIR spectrometer as
an alternative to GC-FID to determine fish oil fat composition on-site in a fast and non-
destructive way. NIR spectroscopy, coupled with chemometrics, can predict concentrations
of SFAs, MUFAs, PUFAs and ω-3 FAs with good results, with the SFAs and ω-3 models
performing best in external validation (R2 of 0.98 and 0.99, RMSEP = 0.94% and 0.98%, and
BIAS = 0.78% and −0.67%, respectively, in the test set).

Although the technique produced a high error of prediction and bias in the ω-6 FAs
model (RMSEP = 2.09% and Bias = −1.76%), this was corrected with the application of
BSC, obtaining an R2 of 0.95, an RMSEP of 1.09% and a bias of −0.05%, which could be
improved in the future with the addition of new oil samples to the model.

The results presented in this study demonstrate that NIR spectroscopy is a mature
technology capable of rapidly and efficiently determining the quality of oils extracted from
fish by-products, which makes it suitable for industrial applications. This will allow food
industries to rapidly and efficiently determine the quality and commercial value of oil
coming from fish by-products.
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Abstract: Stilbenes are a family of phenolic secondary metabolites that are known for their important
roles in plant protection and human health. Numerous studies show that vine shoots, one of the
most abundant winery wastes, could be used as a source of bioactive compounds such as stilbenes.
The predominant stilbenoids in vine shoots are trans-resveratrol (Rsv) and ε-viniferin (Vf), whose
content varies depending on numerous intrinsic and extrinsic factors. The present work investigates
the influence of pre-treatment and variety on stilbene concentration in vine shoots. Vine shoots of the
Primitivo and Negroamaro varieties were submitted to four different trials before stilbene extraction
(untreated, dried at 50 ◦C for 24 h, dried at 70 ◦C for 15 min, and dried at 80 ◦C for 10 min). The
results showed that the heat pre-treatments had a slight impact on the total phenol and stilbene
content. In contrast, the variety variable had a stronger impact on stilbene concentration, ranging
from 2700 to 6400 mg kg−1 DW for untreated vine shoots of 23 Italian varieties. In all vine shoots, the
most abundant stilbene compound was Rsv and the highest content was found in vine shoots of the
Nero di Troia (5298.1 mg kg−1 DW) and Negroamaro (5249.4 mg kg−1 DW) varieties.

Keywords: stilbene; vine shoots; viticulture waste; trans-resveratrol; ε-viniferin; Italian varieties

1. Introduction

Stilbenoids are a natural family of polyphenolic compounds that exist both as monomers
and as oligomers, with a diphenyl ethylene group oriented in cis or trans configurations [1].
These compounds have gained interest not only for their several biological activities,
but also for their complex structural conformation [2]. Numerous studies show that
the beneficial properties of stilbenes for human health include protective effects against
cancer (as they inhibit cell proliferation) [3], diabetes [4], neurodegenerative diseases
such as Alzheimer’s disease [5], and coronary heart disease [6]. They are also used as
multifunctional ingredients in cosmetics [7]. Recently, the possibility of developing drugs
against COVID-19 using natural stilbene compounds has been evaluated [8]. In addition,
stilbenes are used in agriculture as alternative anti-phytopathogenic substances [9,10].

Stilbenes are mainly synthesized by plants as phytoalexins in response to biotic and
abiotic stress (e.g., pathogens, ultraviolet irradiation, heavy metal ions, mechanical damage,
frost, thermal treatment, or ozone) [11]. Their distribution is very heterogeneous in the plant
kingdom [12]. In fact, stilbenes have been isolated and identified in at least 72 plant species
belonging to 31 genera and 12 families, including Vitaceae, in which these compounds are
present in lignified stem tissue, in grape berries and in wines [11,13,14]. Several reviews
have indicated that winery wastes and by-products are rich in stilbenes, which have been
extracted and applied in multiple fields based on their beneficial properties [15,16].
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The cultivation of vines is widespread: in 2020, the world area under vine culti-
vation for all purposes (wine and juices, table grapes, and raisins) was estimated at
7.3 million hectares (Mha), of which 3.3 Mha are in the European Union. Italy has an area
under vine cultivation of 719 thousand hectares, an increase of over 0.8% from 2019 [17].
Consequently, the wine-growing sector produces many and various wastes, generated from
agricultural practices (e.g., vine shoots, leaves, stems) as well as from the winemaking pro-
cess (e.g., grape stalks, pomace, wine lees). In particular, vine shoots (also called grapevine
canes) are the most significant vine waste material from a quantitative point of view, with
a weight of 2–5 tonnes per hectare per year, depending on density of plantation, climate,
vigour of the vine, and other agronomical factors [18].

Vine shoots have a very low economic value; in fact, they are burned [19] or incor-
porated into the soil to promote the degradation of organic matter and reduce the need
for organic fertilizers [20]. Some other possible applications of this material include the
production of pulp paper [21], solid biofuels [22], or the possibility of obtaining activated
carbon [23]. Recently, attention has shifted to the possibility of using vine shoots in the agri-
food industry, in a circular economy perspective. One of the possible applications studied is
their use as an alternative to oak chips as an enological coadjuvant to improve the sensorial
profile of wines, [24,25]. Moreover, recent studies have shown that vine shoots are rich in
bioactive compounds, such as stilbenes, that make this by-product an untapped source of
these compounds with important antioxidant, anti-microbial, and anti-aging properties
and multiple possible applications [15]. Up to 41 stilbenes have been found in vine shoots
and among these, trans-resveratrol (Rsv) and ε-viniferin (Vf) are the most abundant [15,26].
Several studies tested stilbene-enriched vine shoot extracts as a preservative in wine in
order to reduce the use of SO2 in winemaking [15,27].

The concentration and composition of stilbenes in vine shoots are subject to extreme
variability due to many intrinsic and extrinsic factors. These factors include the variety and
geographical area of origin [28–30], vineyard age [31], or climate conditions [32]. Consider-
ing the variety analysed in literature, vine shoots of Pinot Noir and Gewurztraminer have
been reported as those with the highest content of stilbenes [15,18,29,30]. On the other hand,
the extrinsic factors include the extraction method [26], storage time and temperature of the
vine shoots, or various pre-treatments, such as the cutting length or thermal treatments, be-
fore stilbenes extraction [32–38]. Despite the available reports, the literature does not clarify
univocally the effects of these heat treatments on stilbene quantities [26,39,40]. Moreover, it
is well known that the low-temperature/long-time heat treatments, mostly adopted for
vine shoots, generally led to a higher reduction of the nutritional values of foods than the
high-temperature/short-time heat treatments [41]. A previous work proved that treatments
applied to Coratina olive cultivar leaves at high temperatures and short times did not cause
a reduction of the phenolic compounds [42]. Consequently, investigations on the effect of
the temperature-time conditions are necessary to preserve these compounds and increase
the extraction yields.

The aim of this study was twofold: (i) select the most appropriate vine shoots treatment
before stilbene extraction (untreated, dried at 50 ◦C for 24 h, dried at 70 ◦C for 15 min, dried
at 80 ◦C for 10 min) using two testing varieties (Primitivo and Negroamaro); (ii) study the
variability of the total phenolic content and the Rsv and Vf amounts of vine shoots from
23 Italian varieties. To the best of our knowledge, the stilbene contents of vine shoots from
these Italian varieties has not been studied yet.

2. Materials and Methods

2.1. Plant Materials

Vine shoots of 23 varieties of Vitis vinifera L. were selected: Aglianico (AG), Bianco
d’Alessano (BA), Bombino Bianco (BB), Bombino Nero (BN), Ciliegiolo (CI), Fiano Bianco
d’Avellino (FB), Italia (IT), Malvasia Bianca (MB), Malvasia Nera di Brindisi (MN), Maresco
Bianco (MA), Minutolo Bianco (MI), Montepulciano (MO), Negroamaro (NE), Nero di Troia
(NT), Notardomenico (ND), Ottavianello (OT), Palieri (PA), Primitivo (PR), Sangiovese (SA),
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Susumaniello (SU), Trebbiano (TR), Verdeca (VE), and Vittoria (VI). All vine shoots were
sampled during winter (February 2021) from a varietal collection located in Locorotondo
(Puglia, Italy; coordinates: longitude 17◦13′3.741′′ E, latitude 40◦45′42.763′′ N) grown
under the same conditions. The vineyard was planted in 1985 on a sub-alkaline medium-
textured soil. About 10 kg of vine shoots from each variety, sampled from large batches
and representative of these, were collected and stored intact under controlled conditions
(darkness, at 15 ± 3 ◦C) for 6 weeks [34]. Then, two different representative subsamples of
about 1 kg for each variety were considered for the subsequent analyses. Table 1 shows
additional information about the varieties chosen in this work.

Table 1. The grapevine variety name, grape colour, usual use, and acronym used in the text.

Variety Colour Use Acronym

Aglianico red wine AG
Bianco d’Alessano white wine BA
Bombino Bianco white wine BB
Bombino Nero red wine BN

Ciliegiolo red wine CI
Fiano Bianco d’Avellino white wine FB

Italia white table IT
Malvasia Bianca white wine MB

Malvasia Nera di Brindisi red wine MN
Maresco Bianco white wine MA
Minutolo Bianco white wine MI
Montepulciano red wine MO

Negroamaro red wine NE
Nero di Troia red wine NT

Notardomenico red wine ND
Ottavianello red wine OT

Palieri red table PA
Primitivo red wine PR

Sangiovese red wine SA
Susumaniello red wine SU

Trebbiano white wine TR
Verdeca white wine VE
Vittoria white table VI

2.1.1. Evaluation of Treatments Impact

Vine shoots from the Primitivo and Negroamaro varieties were manually cut (particle
size about 5 cm long), cut crosswise, heat-treated (as described below), ground (particle size
ranging from 0.2–4 mm) using a hammer mill (Dietz-Motoren KG, Elektromotorenfabrik,
7319 Dettingen-teck, Germany), and immediately submitted to extraction and analyses.
Four different treatments of the vine shoots were tested before stilbene extraction (untreated,
dried at 50 ◦C for 24 h, dried at 70 ◦C for 15 min, dried at 80 ◦C for 10 min). A thermostatic
oven (TFC 120 forced air oven, ArgoLab) was used for the drying process. The moisture
content of the vine shoots was measured using a thermobalance (Ladwag MAC 110/NP,
Radwag, Poland).

2.1.2. Evaluation of Variety Impact

The stilbene contents of the untreated vine shoots from 23 Italian varieties were
assessed. The vine shoots were manually cut (particle size around 5 cm long), cut crosswise,
ground (particle size ranging from 0.2–4 mm) using a hammer mill (Dietz-Motoren KG,
Elektromotorenfabrik, 7319 Dettingen-teck, Germany), and immediately submitted to
extraction and analyses. The moisture content of the vine shoots was measured using a
thermobalance (Ladwag Mac 110/NP, Radwag, Poland).
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2.2. Extraction Procedure

The extraction of the stilbenes from the vine shoots was carried out according to Ver-
gara et al. [29], with some modifications. Briefly, an aliquot of vine shoots (2 g) was added
with 16 mL of an ethanol/water solution (80:20 v/v) and sonicated in an ultrasonic bath
(CP104 Standard Ultrasonic Cleaning Machine, CEIA, Padova, Italy) at room temperature
and 50 Hz for 5 min. The extract was centrifuged (SL 16R Centrifuge, Thermo Scientific,
MA, USA) at 10,000× g for 5 min, the supernatant was separated, filtered through Whatman
filter paper (GE Healthcare, Milan, Italy) (67 g m−2), and then filtered using nylon filters
of 0.45 μm (Sartorius Stedim Biotech Gmbh, Göttingen, Germany) and used for chemical
characterization. Extractions were carried out in duplicate for each condition tested.

2.3. Extract Characterization
2.3.1. Total Phenolic Content Determination

The total phenol content was determined according to the Folin–Ciocalteu method [43].
To 980 μL of H2O Milli-Q, 20 μL of appropriately diluted extract, 100 μL of Folin–Ciocalteu
reagent were added. After 3 min, 800 μL of 7.5% Na2CO3 were added and then the sample
was stored in the dark for 60 min. The absorbance was read at 720 nm (Cary 60 UV-Vis,
Agilent Technologies, Mulgrave, Australia). The results were expressed as mg of gallic
acid equivalents (GAE) per g of dry weight sample (mg GAE g−1 DW). Each sample was
analysed in duplicate.

2.3.2. Antioxidant Activity Evaluation

The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay was performed on the extracts ac-
cording to the procedure of Tarantino et al. [44]. Each extract (50 μL) was combined with
950 μL DPPH solution (0.08 mM in ethanol). The decrease in absorbance was read at
517 nm using a Cary 60 UV-Vis spectrophotometer (Agilent, Cernusco, Milan, Italy). The
results were expressed in μmol Trolox equivalents g−1 dry weight for all vine shoot samples
(μmol TE g−1 DW). All determinations were carried out in duplicate. Antioxidant activ-
ity was also determined by ABTS-TEAC assay [44]. For spectrophotometry, the reaction
took place directly in cuvettes by adding 50 μL of each sample to 950 μL of final ABTS•+

solution. After 8 min, the decrease in absorbance was measured at 734 nm, using a Cary
60 UV-Vis spectrophotometer (Agilent, Cernusco, Milan, Italy). The results were expressed
in μmol TE g−1 dry weight for all vine shoot samples (μmol TE g−1 DW). Each sample was
analysed in duplicate.

2.3.3. Quantification of Rsv and Vf by HPLC-DAD

The analysis of the stilbenes was performed according to the method of Ewald et al. [38]
using high-performance liquid chromatography (UltiMate 3000 HPLC, Thermo scientific,
Munich, Germany) that included an HPG-3200RS binary pump, WPS-3000RS/TRS au-
tosampler, TCC-3000RS column oven, and a DAD-3000RS photodiode array detector. HPLC
separation was achieved on AcclaimTM 120 C18 columns (120 Å 3 × 150 mm, 3 μm) main-
tained at 25 ◦C using a mobile phase consisting of 1% aqueous acetic acid (v/v) (A) and
methanol (B). The separation was carried out at 25 ◦C with a flow rate of 0.6 mL min−1

under the following conditions: 0 min (20% B), 10 min (20% B) 6.5 min (37% B), 12.6 min
(50% B), and 21.0 min (100% B). Under these conditions, Rsv and Vf were eluted with a
retention time of 14.7 min and 17.8 min and monitored at 306 and 324 nm, respectively.
Calibration curves were prepared using the endotoxin standards (Sigma-Aldrich, Stein-
heim, Germany) of Rsv (R2 = 0.9993) and Vf (R2 = 0.9994) in the concentration range
1–500 mg L−1. The amount of Rsv and Vf found in each extract was expressed as mg of
compound kg−1 of DW. Each sample was analysed in duplicate.

2.4. Statistical Analysis

Minitab17 (Minitab Inc., State College, PA, USA) was used for the statistical analysis
of all results, reported as mean ± standard deviation (SD) of two replications. To evaluate
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the differences between samples, one-way ANOVA was applied. The Fisher LSD test
was employed for the post-hoc comparisons of the means. Correlation between variables
was determined by Pearson’s correlation coefficient test. Statistical significance was set at
p < 0.05 level.

3. Results and Discussion

3.1. Evaluation of the Pre-Treatments
3.1.1. Total Phenolic and Antioxidant Activity

Table 2 reports the mean values, standard deviation, and results of the statistical
analysis of the total phenolic contents and the antioxidant activity measured in the vine
shoot extracts subjected to the different investigated treatments. Several studies have
shown that vine shoots are rich in phenolic compounds [45–49]. Concerning the vine
shoots of the Primitivo variety, the results showed that the extracts, irrespective of the
pre-treatments, contained similar amounts of TPC, except for vine shoots treated at 50 ◦C
for 24 h, in which a significant reduction was observed (18.4 ± 0.1 mg g−1 DW). Instead,
in regards the vine shoot extracts of the Negroamaro variety, except for the treatment at
80 ◦C for 10 min, the other two applied heat treatments reduced the TPC. In particular, the
treatment at 70 ◦C for 15 min reduced TPC by 11.3% with respect to the untreated vine
shoots, which had the highest content (21.2 ± 0.1 vs. 23.9 ± 0.1 mg g−1 DW, respectively).

Table 2. The TPC (total phenolic content), DPPH (antioxidant activity determined by the DPPH
assay), and ABTS (antioxidant activity determined by the ABTS assay) of the vine shoot extracts from
the Primitivo and Negroamaro varieties. Results are expressed as mean ± standard deviation (n = 2);
different letters for each variety in the same column indicate a significant difference according to the
Fisher test (p < 0.05).

Sample
TPC

(mg GAE g−1 DW)
DPPH

(μmol TE g−1 DW)
ABTS

(μmol TE g−1 DW)

Primitivo
Untreated 20.1 ± 0.1 a 85.0 ± 4.1 a 115.6 ± 1.6 a

50 ◦C–24 h 18.4 ± 0.1 b 80.6 ± 1.3 ab 97.0 ± 0.7 d

70 ◦C–15 min 21.1 ± 0.6 a 78.2 ± 0.1 b 101.2 ± 0.8 c

80 ◦C–10 min 20.3 ± 0.6 a 81.8 ± 0.9 ab 110.8 ± 0.8 b

Negroamaro
Untreated 23.9 ± 1.0 a 79.5 ± 0.2 a 136.5 ± 0.8 a

50 ◦C–24 h 21.8 ± 0.1 bc 57.9 ± 0.5 d 86.4 ± 0.9 c

70 ◦C–15 min 21.2 ± 0.1 c 63.2 ± 0.4 c 79.2 ± 0.7 d

80 ◦C–10 min 22.8 ± 0.1 ab 65.0 ± 0.7 b 88.7 ± 0.7 b

3.1.2. Stilbene Composition

The stilbene concentration (Rsv and Vf) as affected by each treatment is shown in
Table 3. First of all, we determined that the variety influenced the stilbene content. In fact,
untreated Negramaro vine shoot extracts contained a higher concentration of Rsv compared
to Primitivo (5249.4 vs. 1861.3 mg kg−1 DW), while the latter had a higher concentration of
Vf (1531.6 vs. 600.1 mg kg−1 DW).

It was evident that the drying treatment accounted for some variations in the Rsv
and Vf concentrations, according to what we observed for TPC (Table 2). With respect
to the Primitivo vine shoots, the drying at 50 ◦C for 24 h determined the reduction of
Rsv (1663.8 ± 16.3 mg kg−1 DW) and Vf (1356.8 ± 10.0 mg kg−1 DW) when compared to
the untreated vine shoots (1861.3 ± 9.8 mg kg−1 DW for Rf and 1531.6 ± 89.1 mg kg−1

DW for Vf). Minor differences were observed when comparing the other two treatments
with the untreated sample: the Rsv concentration increased by only 6.6% after the treat-
ment at 70 ◦C for 15 min and decreased slightly after the treatment at 80 ◦C for 10 min
(1763.4 ± 98.3 mg kg−1 DW); after the treatment at 70 ◦C for 15 min and 80 ◦C for 10 min,
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the concentration of Vf increased by 13% and 5.6%, respectively. Thus, no significant differ-
ences were found between the concentrations of Vf after these two treatments. In regards to
Negroamaro, significant differences were found among the treatments, with the untreated
sample showing the highest Rsv (5249.4 ± 129.8 mg kg−1 DW) and Vf concentrations
(600.1 ± 79.0 mg kg−1 DW) (Table 3).

Table 3. The stilbene concentrations in Primitivo and Negramaro vine shoot extracts. The means and
standard deviation (n = 2) are represented in the same column and different letters for each variety
indicate significant differences (p < 0.05).

Stilbene Concentrations (mg kg−1 DW)

Sample Trans-Resveratrol ε-Viniferin

Primitivo
Control 1861.3 ± 9.8 ab 1531.6 ± 89.1 ab

50 ◦C–24 h 1663.8 ± 16.3 c 1356.8 ± 10.0 c

70 ◦C–15 min 1983.8 ± 12.9 a 1731.2 ± 56.0 a

80 ◦C–10 min 1763.4 ± 98.3 bc 1617.5 ± 13.1 a

Negroamaro
Control 5249.4 ± 129.8 a 600.1 ± 79.0 a

50 ◦C–24 h 4471.1 ± 73.9 b 451.5 ± 1.0 c

70 ◦C–15 min 4626.0 ± 37.7 b 455.7 ± 9.8 c

80 ◦C–10 min 4925.4 ± 14.4 ab 525.2 ± 38.2 b

Overall, these results suggest that the heat pre-treatments either left unchanged or
caused a decrease in the stilbene concentration. In particular, the treatments with lower
temperatures and longer times led to a significant reduction in Rsv and Vf. Most likely, the
use of high temperatures may promote the degradation of some compounds, as reported
by Piñeiro et al. [39]. In that case, in most of the selected vine shoots (from 15 grape cane
varieties), the total stilbene concentration was significantly higher for freeze-dried extracts
than for oven-dried extracts (40 ◦C for 15 days). However, our results are in contrast with
those from Sánchez-Gómez et al. [40], who showed that the thermal treatment led to Rsv
concentrations from 6 to 14 times higher than those in the control/no heat treated samples,
depending on the vine variety (Airén and Moscatel grape canes).

To the best of our knowledge, this is the first report on the effect of these time-
temperature drying parameters on the vine shoot stilbenes contents of Italian vine varieties.

3.2. Evaluation of Different Italian Varieties

Considering the results previously obtained, no heat treatment was applied to charac-
terize the stilbene contents in the vine shoots of the investigated Italian varieties. Indeed, in
absence of clear advantages, the heat-treatment results are a waste of energy, incompatible
with the requests for sustainable processes.

3.2.1. Total Phenolic Content and Antioxidant Activity

The total phenolic contents of the vine shoots are given in Table 4. Vine shoots from
the Sangiovese variety showed the lowest TPC, which was approximately 60% lower
than Palieri, the variety with the highest content. These results agree with previous stud-
ies [50,51]. In fact, Çetin et al. [51], in evaluating the chemical composition of ten different
Turkish grape canes varieties, showed that the total phenolic content changed significantly
according to the varieties (in a range from 25.36 ± 1.62 to 36.56 ± 2.67 mg GAE g−1 DW).
Similarly, according to Dorosh et al. [50], the amount of total phenolic content in Tinta Roriz
vine shoot extracts (32.6 ± 2.1 mg GAE g−1 DW) was 1.6 fold higher than the value obtained
from the Touriga Nacional variety (20.1 ± 0.6 mg GAE g−1 DW), for the same extraction
time and ultrasound extraction technique. These results were in agreement with those from
a previous study that also presented a summary table showing the results from selected
published papers examining the phenolic compounds of vine shoots extractions [48].
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Table 4. The total phenolic content and antioxidant activity of vine shoot extracts from 23 different
Italian varieties. Means and standard deviation (n = 2) are represented in the same column and data
followed by different letters indicate statistically significant differences according to the Fisher test
(p < 0.05). For sample codes, see Table 1.

Sample
TPC

(mg GAE g−1 DW)
DPPH

(μmol TE g−1 DW)
ABTS

(μmol TE g−1 DW)

AG 18.0 ± 0.3 jk 72.2 ± 2.1 hijk 102.2 ± 2.8 hi

BA 24.4 ± 0.2 de 90.6 ± 7.2 c 137.2 ± 11.7 bc

BB 17.8 ± 0.2 jk 69.4 ± 2.4 ijk 116.2 ± 1.2 efg

BN 22.5 ± 1.8 efg 92.9 ± 1.8 bc 135.0 ± 3.2 bc

CI 19.6 ± 0.5 hij 37.4 ± 0.8 l 34.2 ± 0.7 k

FB 20.4 ± 0.1 ghi 86.3 ± 0.0 cde 79.7±1.4 j

IT 27.6 ± 1.1 bc 84.9 ± 2.9 cdef 144.1 ± 16.4 b

MB 19.6 ± 1.3 hij 75.6 ± 2.1 ghij 75.7 ± 1.4 j

MN 21.3 ± 1.2 fgh 76.0 ± 8.0 ghij 121.8 ± 7.5 def

MA 23.0 ± 1.5 def 87.9 ± 1.9 cd 125.9 ± 0.2 cde

MI 22.4 ± 0.7 efg 77.4 ± 3.9 fghi 132.6 ± 4.2 cd

MO 28.6 ± 0.8 b 111.6 ± 0.8 a 156.4 ± 0.8 a

NE 23.9 ± 1.0 de 79.5 ± 0.2 efgh 136.5 ± 0.8 bc

NT 24.2 ± 2.0 de 81.2 ± 3.9 defg 103.0 ± 4.3 hi

ND 29.3 ±1.7 b 115.2 ± 1.2 a 112.6 ± 2.7 fgh

OT 18.8 ± 1.0 ijk 70.4 ± 2.3 ijk 108.4 ± 2.0 ghi

PA 36.9 ± 2.2 a 112.1 ± 0.6 a 131.5 ± 3.9 cd

PR 20.1 ± 0.1 ghij 85.0 ± 4.1 cdef 115.6 ± 1.6 efg

SA 14.7 ± 0.2 l 67.2 ± 1.4 k 108.4 ± 1.3 ghi

SU 22.4 ± 1.3 efg 91.7 ± 7.7 c 99.7 ± 3.8 i

TR 18.9 ± 0.1 hijk 72.0 ± 7.6 hijk 108.0 ± 3.5 ghi

VE 17.4 ± 1.4 k 69.2 ± 5.9 jk 108.4 ± 7.2 ghi

VI 25.1 ± 1.3 cd 100.5 ± 1.9 b 111.8 ± 8.6 fgh

Table 4 shows the antioxidant properties of the extracts from the vine shoots of the
Italian varieties evaluated. The antioxidant activity showed statistically significant differ-
ences among the varieties with the same tendency as that previously described for TPC. As
reported in Table 5 and as previously demonstrated, antioxidant activity correlates with the
total phenolic content of grape cane extracts [52]. These results were quite consistent with
those provided by the DPPH assay, since the Palieri, Montepulciano, and Notardomenico
vine shoot extracts showed the highest antioxidant capacity (112.1 ± 0.6, 111.6 ± 0.8, and
115.2 ± 1.2 μmol TE g−1 DW, respectively) and, at the same time, the highest total phe-
nolic content. Additionally, according to the ABTS assay, the Montepulciano vine shoot
extracts had the highest antioxidant activity (156.4 ± 0.8 μmol TE g−1 DW). It is very
difficult to compare the results obtained from this characterisation with those from other
studies because most of those used different assays to evaluate the antioxidant activity.
Nevertheless, some researchers have compared the antioxidant activity of vine shoot ex-
tracts of different varieties [45,49,50]. For example, Guerrero et al. [18] found significant
differences in the antioxidant activity of the vine shoots from 22 grape varieties (including
Vitis vinifera sativa, Vitis vinifera sylvestris, and hybrid direct producers), measured using the
oxygen radical absorbance capacity (ORAC) assay (range from 1700 to 5300 μmol, Trolox
equivalent g−1 DW).

3.2.2. Stilbene Composition

Figure 1 shows the stilbene concentration of the vine shoot extracts of the investigated
varieties while the Rsv, Vf, and total stilbenes concentrations (mean ± standard deviation)
are reported in Table S1 (Supplementary Material). The mean total concentration of stil-
benes, approximately 4500 mg kg−1 DW, varied greatly depending on the variety, with
values ranging between 2700 and 6400 mg kg−1 DW for Verdeca and Palieri, respectively,
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with 2.4-fold higher results for the latter. Nevertheless, the Palieri, Montepulciano, and
Italia varieties presented the highest total stilbene concentration. In contrast, the Verdeca,
Bianco d’Alessano, and Trebbiano varieties presented the lowest total stilbene concentra-
tion. In previous studies, a wide variability (from 2.5 to 4-fold) of total polyphenol amounts
was already observed among different vine shoot varieties [18,30,37].

Table 5. The Pearson’s correlation coefficients between the TPC, ABTS, and DPPH in 23 vine
shoot extracts.

TPC ABTS DPPH

TPC 1 - -
ABTS 0.450 (p = 0.002) 1 -
DPPH 0.760 (p < 0.001) 0.606 (p < 0.001) 1

 

Figure 1. The stilbene contents in vine shoots from 23 different Italian varieties. Red dotted lines—
the mean contents of trans-resveratrol (Rsv) and ε-viniferin (Vf); blue solid line—the mean content of
trans-resveratrol + ε-viniferin. Black labels indicate black grape varieties; red labels indicate white
grape varieties. For sample codes, see Table 1.

The major stilbene compounds found in all the collected samples were Rsv (mean of
3422.2 mg kg−1 DW), followed by Vf (mean of 1040.0 mg kg−1 DW). An example of HPLC-
DAD chromatograms of the Palieri vine shoot extract is provided in the Supplementary Ma-
terial Figure S1. These results agree with those observed in the studies by Vergara et al. [29]
and Gorena et al. [33], in which the major stilbene compound found in most grape
cane extracts considered were Rsv. In contrast, according to Guerrero et al. [18,32] and
Lambert et al. [30], Vf was the most abundant compound in vine shoots of different
Vitis varieties.

The highest mean concentration of Rsv was determined for the Nero di Troia
(5298.1 ± 45.2 mg kg−1 DW) and Negroamaro vine shoots (5249.4 ± 129.8 mg kg−1 DW),
followed by the Montepulciano and Palieri varieties. On the other hand, the Primitivo
vine shoots (1861.3 ± 9.8 mg kg−1 DW) showed the lowest concentration of Rsv, about
64.9% less than Nero di Troia. There are many studies showing the differences between
the stilbene contents in vine shoots from different varieties and species of vines [26,32],
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but there are no studies concerning the variation in vine shoots of these Italian varieties.
Nevertheless, comparable concentrations of Rsv were found in vine shoots of different
Chilean varieties, in which Gewurztraminer (mean 4628 ± 568 mg kg−1 DW) and Pinot
noir varieties (mean 3676 ± 353 mg kg−1 DW) were determined to contain high levels
of this compound [29]. Recently, Zwingelstein et al. [31] showed that vine shoots of the
Mondeuse variety contained higher levels of Rsv (3759–4636 mg kg−1 DW) than those
of the Jacquère variety (2259–2994 mg kg−1 DW). Lower concentrations were found by
Zhang et al. [28], in which the Vitis Vinifera vine shoots grown in China exhibited an Rsv
content ranging from 664 to 1751 mg kg−1.

In regard to Vf, Figure 1 clearly reveals that most vine shoot extracts of red berry
varieties had a concentration of Vf above the average. Nevertheless, the highest concentra-
tion was found in the vine shoot extracts of the Italia variety (2038.4 ± 15.8 mg kg−1 DW),
when compared to other varieties. The Bombino Bianco variety (175.9 ± 19.6 mg kg−1 DW)
showed a concentration 91.37% lower than that of the Italia variety. These results agreed
with those observed in the studies by Guerrero et al. [18] in which the highest concentration
of Vf, found in Gewurztraminer (2810.4 mg kg−1 DW), was similar to that found in this
study. Similarly, according to Lambert al. [30], the most abundant stilbenoid in grape canes
of sixteen Vitis Vinifera varieties was Vf (mean of 2171 mg kg−1 DW).

To evaluate the correlation between the TPC and the concentration of Rsv and Vf,
the Pearson’s correlation coefficient test was applied (Table 6). A significant correlation
between TPC and Rsv and between TPC and Vf was observed, whilst no correlation
was found between the two considered stilbenes (p = 0.697). A clear explanation for
this absence of correlation is difficult to determine, considering that several sources of
variability could affect the stilbene synthesis and outcome. From the genetic point of
view, stilbene synthase (STS) is the key enzyme in the stilbene biosynthetic pathway, and
grapevines contain a large number of STS genes [53,54]. Moreover, as reported in a recent
review [11], the expression of these genes also varies according to environmental stress. At
the same time, the specific varieties affect the accumulation of stilbenes, even under the
same environmental conditions [32,34]. Vf is an oligomer of Rsv that accumulates in plants
by oxidative coupling, affected by different biotic and abiotic stresses [11,55]. Thus, it could
be supposed that Vf accumulation is independent of the original Rsv content, yet much
more correlated to environmental the stresses on the plant material.

Table 6. The Pearson’s correlation coefficients between the TPC, trans-resveratrol, and ε-viniferin in
23 vine shoot extracts.

TPC Trans-Resveratrol ε-Viniferin

TPC 1 - -
trans-resveratrol 0.626 (p < 0.001) 1 -

ε-viniferin 0.515 (p < 0.001) −0.059 (p = 0.697) 1

4. Conclusions

Vine shoots are a rich source of bioactive compounds, with Rsv and Vf stilbenes
characterised as the most important. The amounts of these stilbenes in the vine shoots
could be strongly affected by both extrinsic and intrinsic factors. Our results showed that
the heat pre-treatment of the plant material had a negligible effect on the concentration
of TPC, Rsv, and Vf. On the other hand, the genotype had a strong influence on Rsv and
Vf accumulation. The results of this work confirmed the possibility of obtaining extracts
particularly rich in Rsv from Italian vine shoots, assigning an important economic value to
a waste product with zero cost.

Thanks to its many applications, resveratrol has great potential in the future market.
A recent report shows that the global resveratrol market will reach USD 99.4 million by
the end of 2026 [56]. However, its price also depends on the costs of the raw materials
and the entire extraction process. Considering this last point, the outcomes of this work
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impart useful insights proving that there is no need to consume energy for vine shoot pre-
treatment, decreasing the general costs. However, more studies are needed to confirm these
observations and to investigate the concentration of Rsv and other stilbene compounds in
the same vine shoot varieties from different geographical areas or in other Italian varieties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11040553/s1, Figure S1: Stilbenes HPLC-DAD chromatogram
of cultivar Palieri vine-shoots extract detected at 306 nm (a) and 324 nm (b); Table S1: Stilbene
concentrations (mg kg−1 DW) in vine-shoots from 23 different Italian varieties. Means and standard
deviation (n = 2) are represented in the same column and data followed by different letters indicate
statistically significant differences according to Fisher’s LSD test (p < 0.05). For sample codes see
Table 1 of the main text.
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Abstract: The extraction of molecules with high added value plays an important role in the recovery
of food waste. This work aimed to valorize tomato pomace, a by-product composed of skin and
seeds, through extraction of carotenoids, especially lycopene and β-carotene. The tomato pomace
was dried using three different methods (freeze-drying, heat drying, and non-thermal air-drying)
to reduce its weight, volume, and water activity and to concentrate the carotenoid fraction. These
drying approaches were compared considering the extractive potential. Three solvent mixtures were
compared, a traditional one (n-hexane:acetone) and two green deep eutectic solvent mixtures (ethyl
acetate:ethyl lactate and menthol:lactic acid) in combination with different drying procedures. The
extract obtained using ethyl acetate:ethyl lactate with non-thermal air-drying showed the highest
contents of lycopene and β-carotene (75.86 and 3950.08 μg/g of dried sample, respectively) compared
with the other procedures.

Keywords: tomato pomace; lycopene; β-carotene; extraction; sustainability; food by-products; deep
eutectic solvents; non-thermal drying

1. Introduction

The cultivated tomato, Solanum lycopersicum L., is the world’s most highly consumed
vegetable, thanks to its versatility and its status as an ingredient in a large variety of
different foods [1]. In 2018, it was estimated that nearly 5 billion hectares are cultivated to
produce tomatoes, with an average production of more than 182 billion tons worldwide [2].

Tomato skin and seeds are usually undesirable parts for the preparation of most
tomato derivates, and thus there is the need for separation from the pulp. The produced
by-product accounts for 1.5 to 5% of the initial weight of the fruit, which is a concerning
amount of material considering its widespread cultivation [3–6]. This tomato by-product,
called tomato pomace, is rich in fiber and other important compounds such as sugars,
proteins, pectins, fats, and vitamins [3]. The peel has a higher content of fibers, carotenoids,
and phenols than seeds, which mainly consist of oil and proteins [4,7–10].

Tomatoes and tomato products meet consumer demands in terms of cost, convenience,
availability, and taste, while they also deliver beneficial health effects, being easily included
in a large variety of culturally diverse dishes [11]. Carotenoids are naturally present in
tomatoes; among these is lycopene, which is mainly responsible for the red color of the
fruit with a claimed nutraceutical effect [12], and it also appears to act as a powerful
antioxidant, preventing the action of free radicals and carcinogenic cells [13,14]. Tomato
can play an important role in valorization of by-products, not only for feedstock and
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production of biofuels [15–17], but also through the extraction of important compounds,
including lycopene [18]. In fact, lycopene can be used in cosmetic preparations due to
its properties of reducing lipid oxidation and preventing damage related to the action
of UV rays [18]. The antioxidant activity of carotenoids can also be applied to the food
supplement field [19] and in the meat industry against lipid oxidation and as colorants,
thus improving the oxidative stability of meat products [20]. Indeed, natural antioxidants
are safe to be consumed and can be generally obtained with fewer rough chemical processes
rather than synthetic ones; they can be extracted and applied in different food sectors in
addition to the meat industry [21]. The food industry nowadays prefers “green” solvents
for the extraction of these compounds, due to their non-toxic features, food safety, and
recycling possibilities [22].

Moreover, colors play an important role in the marketing success of any food product
and can often influence consumer preferences [23,24]; following the trend of more interest in
natural products, even natural colorants are preferred as a healthier alternative to synthetic
ones [25].

Lycopene is responsible for the bright reddish color of tomato and tomato-based
products: its color is due to its chemical characteristics and its eleven linear conjugated
double bonds in a polyene chain, which is able to absorb almost all visible light radiation
while reflecting low-frequency wavelengths [26]. Due to its strong shade and absence of
toxicity, this pigment is used for a wide range of applications in food industries [27].

β-carotene is also an important natural colorant, which is responsible for the orange
color of tomato and other vegetables such as carrots [28]; natural pigments are responsible
for the appearance of fruits and vegetables and for their visual attractiveness, and their
consumption is associated with health benefits, such as the decreased risk of developing of
some diseases [28,29].

Lycopene has gained increasing importance thanks to its unique properties; in this
context, the extraction of carotenoids is also fundamental to take advantage of their full
potential [30]. According to FAOSTAT [31], the total production of food as the major source
of lycopene (namely tomatoes, pumpkins, and melons) has increased annually as has
the associated waste production, which are usually lycopene-rich parts [32]. The global
nutraceutical market reached a value of USD 289.8 billion in 2021, including 1.5 billion for
carotenoids in 2017 and USD 2.0 billion in 2022 [33,34], while lycopene accounts for about
7% of the total market [35].

β-carotene has also gained increasing importance thanks to its antioxidant proper-
ties [36]; it also has other interesting properties such as protection against cardiovascular
disease and cancer, improvement of the immune system, filtration of UV-light, and anti-
inflammatory activities [37].

As for lycopene, β-carotene has also seen a major demand, reaching high prices (more
than 500 EUR per kg), making tomato pomace a profitable source of this important biologi-
cal compound [38,39]. Moreover, traditional solvent extraction may have low efficiency
with consumption of large amounts of solvent and time [40–42]; moreover, the solvents
may be harmful for both the environment and human health [43,44]. Organic solvents can
easily enter body parts and organs, where they are converted via osmotic processes into
water-soluble forms, which sometimes can be more toxic than the parent compound [45].

Organic solvents are highly volatile and are more likely to be inhaled via respiration,
affecting the lungs and other organs of operators; therefore, replacement with greener
and less toxic solvents is becoming increasingly important due to increasing health and
environmental concerns [45,46]. Moreover, new emerging technologies, such as ultrasound-
assisted extraction, can promote lycopene extraction while preserving this important
compound for human and environmental health [32].

In particular, to avoid the potentially deleterious effects of traditional solvents, new
classes of reagents have become more popular, such as deep eutectic solvents (DES), a
particular class of solvents considered to be environmentally friendly [47]. A DES mixture
is made of two or more compounds that are typically solid at room temperature, but when
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mixed at particular ratios, change into a liquid [48]. DES can be easily synthesized by
combining a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD), and their
combination results in changes in the physical characteristics of the mixture (e.g., melting
point, solubility) [47].

Therefore, their biodegradability is extraordinarily high, and their toxicity is nonexis-
tent or very low. Because of their minimal ecological footprint, low cost of their constituents,
tunability of their physicochemical properties, and ease of preparation, DESs are success-
fully and progressively replacing often hazardous and volatile organic compounds (VOCs)
in many fields of science [49].

DESs have several properties that make them suitable for different types of extraction:
they are not derived from petroleum, while they are cheap, easy to prepare, and biodegrad-
able and have high purity [50]. In addition, one of the major advantages related to the
use of DESs is their tunability: the physical characteristics of a large number of eutectic
mixtures can be varied (such as viscosity, density, etc.) by simply changing one or more of
the components of the mixture [47].

Concerning green extraction, a variety of techniques can be considered, one of which
is supercritical fluid extraction (SFE). This technique is increasingly used, thanks to its
versatility that allows one to fine-tune the solvent; this can be done by modifying its
polarity, e.g., with ethanol, according to the polarity of the target compounds. Moreover,
when using CO2, since it is volatile at ambient conditions, it can be easily separated from
the extract, with benefits for health and the environment [51]. The use of supercritical
CO2 can successfully extract thermolabile compounds (generally at temperatures around
60 ◦C), such as carotenoids, considering the inert characteristics of this solvent, namely
non-explosive and non-toxic characteristics [51]. Technologies such as supercritical fluid
extraction require particular equipment that is comprehensive of pumps, stainless steel
extraction vessels, pipes, etc., and therefore upscaling of this technology would be very
expensive. However, once the facilities are present, the required solvent is easily available
and inexpensive [52]. Generally, due to high costs, this technique is frequently used to
extract valuable compounds such as the those used in the food, pharmaceutical, and
cosmetic industries [52].

Drying methods are fundamental to enhance extraction yields and improve durability,
especially considering the high water content of by-products typical of the food industry;
one of the most common is freeze-drying, which is one of the best techniques to prevent
the spoilage of samples and to preserve composition [53]. Even if freeze-drying is able
to drastically reduce the water content of dried material, it requires large amounts of
energy and is also expensive, especially depending on the material to be dried; it has been
estimated that the cost of freeze-drying is nearly eight times higher than the cost of air
drying, which can be applied for high-value products and compounds [54,55].

Other drying techniques involve the use of heat, such as oven drying, which involves
exposure to high temperatures with adverse effects on the nutritional and chemical proper-
ties [56]. The use of an innovative prototype of non-thermal air-drying has the potential to
overcome the drawbacks related to the use of thermal energy.

This research tested three different solvent mixtures on a tomato pomace composed of
peels and seeds, comparing their extractive potential in terms of lycopene and β-carotene
content. Furthermore, three drying methods, namely freeze-drying, heat drying in a
conventional oven, and nonthermal air-drying with the use of a prototype, were applied to
favor the action of the solvents used. This study thus investigated the possible substitutions
of traditional extraction techniques and drying methods with more sustainable ones with
comparable extractive potentials, which is an essential aspect for any industrial application.

2. Materials and Methods

The raw material used was tomato pomace, made of skins and seeds, from the in-
dustrial production of tomato purée. After collection—performed in an Italian company,
named La Cesenate Conserve Alimentari S.p.a. located in Cesena, immediately after pro-
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duction of the purée—pomace was stored, packed in plastic bags containing 5 kg each, in a
freezer at −40 ◦C until extraction tests in order to preserve its characteristics.

2.1. Water Content and Water Activity (aw)

Preliminary analyses of the physical characteristics of the tomato by-product were
performed. To quantify the water content, a gravimetric method was used by weighing
5 g of tomato pomace and drying it with the use of a traditional lab oven (M20-VN, PID
system, Monza Brianza, Italy) at 105 ◦C. The samples were kept in the oven until their
weight was stable (around 8 h), and the analysis was carried out in three replicates.

The water content was calculated with the following equation:

Water content % =
mh − md

mh
100 (1)

where mh refers to the weight of the humid tomato pomace and md of the dried material.
For aw, the analysis was done after defrosting at 20 ◦C the tomato pomace in specific

plastic containers, placing the product on the bottom of the disk in such a way to cover
its entire surface, and quantified using Aqualab (Series 3, Decagon Devices Inc., Pullman,
WA, USA).

Both water content and water activity analyses were repeated in three replicates for
the raw tomato pomace and on each dried by-product.

2.2. Drying Treatments

To enhance the effectiveness of the solvent mixtures to extract carotenoids from the by-
product (see Section 2.4), the following procedures were used. For (lab-scale) freeze-drying
(Heto PowerDry LL3000 Freeze Dryer, Thermo Fisher Scientifics, Warminster, United
Kingdom), the by-product was stored for 12 h at −40 ◦C and was then freeze-dried within
a 27 h treatment cycle (the samples were coded as “L”). For air-drying treatment (sample
code “E”), a prototype previously developed at Interdepartmental Centre for Industrial
Agrofood Research (CIRI Agro, Cesena, Italy) that does not use thermal energy was used,
thus preserving the by-product from degradation. The prototype is composed of a pseudo
stadium-shaped chamber in which the material is set. The movement of a blade rotor,
together with a flux of compressed air, allows ventilation, closed-loop circulation, and
crunching of the tomato pomace. The overall external dimensions of the chamber, made
of stainless steel, are 80 cm × 50 cm, with a height of 25 cm, while the four-blade helical
rotor has a diameter of 24 cm. It is rotated by a 0.37 kW three-phase asynchronous motor.
The rotation speed can be regulated using an inverter up to its maximum nominal value of
2790 min−1. The compressed air flow is injected tangentially to promote circulation of the
air-product flow. The drying procedure took 2.5 h, in which the by-product was mixed to
guarantee homogeneity every 30 min.

The procedure was also carried out through a traditional heating laboratory oven (PID
system M20-VN) (sample code “S”) set at 85 ◦C, chosen as a temperature to preserve as
much as possible the characteristics of tomato pomace based on the literature [57]. To reach
a comparable aw with respect to the air-dried material, the process took 2 h.

2.3. Carotenoids Extraction Methods

The extraction methods described herein use different categories of solvents, both
traditional and green. For traditional solvents, an n-hexane-acetone (1:1 % v/v) (n-hexane
purchased from Sigma Aldrich, with purity ≥97%, Darmstadt, Germany and acetone
purchased from Carlo Erba Reagents, with purity ≥99.8%, Cornaredo, Milan, Italy) mixture
was tested (the extracts were coded as “T”), while DES DL-menthol and lactic acid solution
(1:8 molar ratio) (code “ML”) (DL menthol from Sigma Aldrich, purity ≥98%, Darmstadt,
Germany, and lactic acid Sigma Aldrich, purity ≥85 %, Darmstadt, Germany), ethyl acetate
(Sigma Aldrich, purity ≥99.8%, Darmstadt, Germany), and ethyl lactate (Sigma Aldrich,
purity ≥98%, Darmstadt, Germany) solution (30% of ethyl acetate and 70% of ethyl lactate)
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(code “G”) were used as the DES solvents. The procedure follows previously developed
analytical protocols and applied in the literature on the same matrix [50,58].

To compare the three extraction procedures, it is fundamental to adopt the same con-
ditions in terms of temperature, time, and solvent/sample volume/mass ratio: according
to the literature, the parameters that favor carotenoid extraction are 63 ◦C for 20 min in
ultrasonic bath (2209 S3 Ultrasonic Cleaner, Milan, Italy), with 100 mL/mg solvent/sample,
both for n-hexane:acetone solution and ethyl acetate:ethyl lactate, but 120 mg/L for the
DL-menthol:lactic acid solution [50,58]. As reported by Silva and colleagues [50,58],
the solvents were prepared following the following ratios: 1:1 % v/v n-hexane:acetone,
70:30 v/v ethyl acetate:ethyl lactate, 8:1 mol/mol DL-menthol:lactic acid.

After preparation of the three above-mentioned solvent mixtures, 0.2 g of raw by-
product was weighed for each sample, doubling the quantities suggested by the operation
procedures tested by Silva and colleagues [50,58] due to the high moisture content of tomato
pomace. When the extraction was performed on treated by-product (freeze-dried, air-dried
and heat-dried), 0.1 g of by-product was considered. Next, 10 mL of n-hexane:acetone was
added to a test tube for a trial, 10 mL of ethyl acetate:ethyl lactate for another, and lastly
12 mL of DL-menthol:lactic acid for another, in three replicates each; each solvent mixture
was heated at 60 ◦C before the interaction with the by-product. After this pre-heating, the
solvent mixture was mixed with the tomato pomace using a vortex (Vortex agitator Zx3,
VELP Scientifica Srl, Monza Brianza, Italy) for 10 s and placed in an ultrasound water bath
at 60 ◦C (±1 ◦C) for 20 min.

Finally, the glass tubes were removed from the water bath and centrifuged (MPW
M-SCIENCE, MPW Med. Instruments, Warsaw, Poland) at 2916 rpm for 10 min to obtain
the separation of the solid and liquid phases. The liquid extract was withdrawn and
transferred into another glass tube for spectrophotometric analyses.

2.4. Spectrophotometric Analyses

The quantification of carotenoid content was performed by spectrophotometric analy-
sis (spectrophotometer UV-1800, Shimadzu, Kyoto, Japan) using specific calibration curves
for lycopene (Supelco, purity ≥90% Darmstadt, Germany) and β-carotene (Sigma Aldrich,
purity ≥97%, Darmstadt, Germany) constructed by dissolving the related standards at dif-
ferent concentrations in dichloromethane solutions. Dichloromethane (λ cut-off ≤ 233 nm)
(Sigma Aldrich, purity ≥99.9%, Darmstadt, Germany) was chosen because it can dissolve
both carotenoids; moreover, preliminary tests were performed to check the spectra between
250 and 600 nm of lycopene and β-carotene solutions dissolved in dichloromethane and in
the other solvents (n-hexane/acetone, ethyl acetate/ethyl lactate and menthol/lactic acid).
The resulting peaks were very similar for each solution. Absorbance peaks were identified
for lycopene at 477 nm and 481 nm, and for β-carotene at 461 nm. Both wavelengths
were considered for lycopene (477 nm for the extractions using the green solvent solutions
according to the literature [58] and 481 nm for the extracts obtained with the conventional
one according to the absorbance peak obtained from the traditional extract). The calibration
curve of lycopene at 481 nm has the equation y = 0.2481x (R2 = 0.9957), the one at 477 nm
y = 0.2393x (R2 = 0.9829), and the curve of β-carotene y = 0.0042x + 0.0265 (R2 = 0.9928).

The absorbance of each extract was determined using a UV-spectrophotometer at the
abovementioned wavelengths against the respective blank (the different solvent mixtures)
and linear regression equations (R2 > 0.99) were obtained for the three calibration curves
and used to determine the lycopene and β-carotene content (μg/g) in each extract; the
absorbance of the solvent (blank) concentrations was expressed as μg carotenoids per g of
by-product weighted. A regular check was carried out for the accuracy and reproducibility
of the absorbance and wavelength scales as well as for stray light.

Color of the extracts was also determined. A quartz cuvette was filled with the extract,
and the transmittance was read on a Jasco dual beam spectrophotometer model V-550
UV-Vis (Jasco, Tokyo, Japan). Results were expressed using the CIEL*a*b* scale.
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2.5. Data Processing and Statistical Analysis

Data processing and calculation were carried out with Microsoft® spreadsheet pro-
gram 2016 (Microsoft Corp., Redmond, WA, USA). Analysis of variance (Analysis of
variance (one-way ANOVA, Tukey’s HSD, p < 0.05) and PCA were performed with XLSTAT
(Addinsoft Corp., Paris, France).

3. Results and Discussion

3.1. Water Content and Water Activity (aw) in the Raw and Treated By-Products

The analyses of moisture level and water activity are relevant to assess how each
treatment described in Section 2.3 can preserve the by-product by drying it out. As seen
in Table 1, the initial moisture content was 63% while the water activity was 0.99. The
freeze-dried by-product had the lowest level of moisture content and aw, followed by the
non–heat-dried by-product obtained with the prototype. This highlights the satisfactory
action of the air-drying prototype, since it allows the level of aw to decrease below 0.7,
while the lowest level of aw was reached with the freeze-drier. According to the literature,
at an aw lower than 0.75, bacterial growth is inhibited [59]. Finally, the heat-dried by-
product had aw values comparable to those obtained with the prototype, thus supporting
possible inhibition of bacterial activity despite the higher moisture content observed for
this treatment compared to the two other drying methods; these results are similar to those
found in the literature for comparable products [60].

Table 1. Mean (±SD) moisture content (%) and mean aw for each tomato by-product, both raw and
treated, as described in Section 2.3. By-product: raw (P), freeze-dried (L), non-thermal air-dried (E),
and heat-dried (S).

Sample Mean Moisture Content% ± SD Mean aw

Raw (P) 63.4 ± 1.7 0.99
Freeze-dried (L) 3.5 ± 0.1 0.30

Air-dried (E) 9.9 ± 0.2 0.67
Heat-dried (S) 20.3 ± 0.2 0.69

3.2. Lycopene and β-Carotene Content in the Extracts

The carotenoid content in extracts strongly differ in relation to both the solvent used
and the drying method (Table 2).

Concerning the solvent mixture, the one with the highest extraction potential was the
traditional one, acetone:n-hexane, which had some practical issues related to evaporation
of the solvent during the heating/ultrasound-assisted extraction. This could be useful in a
closed system, with possible solvent recovery and extract concentration, but in an open
system, it is not sustainable. The use of the DES mixture, composed of ethyl acetate:ethyl
lactate, showed promising results in terms of amount of lycopene extracted. In fact, the
DES eutectic mixture (samples with code “G”) was the second-best option for extraction
of carotenoids from the raw by-product, and in particular lycopene, compared to the
ultrasound-assisted extraction conducted with the use of traditional solvents (code “T” in
Table 2).

In fact, from the raw by-product treated with the greener solvent solution, it is possible
to obtain extracts with 27.44 μg/g of lycopene (sample G), which is significantly lower than
the 34.11 μg/g obtained with acetone:n-hexane (sample T). The use of DES allows practical
issues to be overcome related to the high volatility of the traditional organic solution. A
similar result was seen for β-carotene with 1510.19 μg/g (sample G) obtained with ethyl
acetate:ethyl lactate compared with 2117.64 μg/g from the traditional extraction (sample T).
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Table 2. Carotenoid content in the extract obtained with the three different solvent solutions in
combination with the three drying methods. The samples were named using the combination of
codes, identifying the different solvent solution, acetone:n-hexane (1:1 % v/v) (T), ethyl acetate:ethyl
lactate (30:70 %v/v) (G), and DL-menthol:lactic acid (8:1 mol/mol) (ML), and the three drying
techniques, freeze-drying (L), non-thermal air-drying (E), and heat drying (S) (e.g., MLL: extract
obtained from the use of DL-menthol:lactic acid from the freeze-dried by-product).

Extract Lycopene Content (μg/g) ± SD β-Carotene Content (μg/g) ± SD

T 34.11 a;B ± 1.11 2117.64 a;B ± 100.46
G 27.44 b;C ± 2.50 1510.19 b;B ± 79.51

ML 12.32 c;C ± 1.78 492.46 c;B ± 87.88

TL 96.55 a;A ± 10.39 5717.46 a;A ± 710.70
GL 56.28 b;B ± 6.07 3000.45 b;B,C ± 26.58

MLL 48.89 b;B ± 1.89 2273.87 b;A ± 92.58

TE 81.20 a;A ± 4.20 4777.59 a;A ± 256.04
GE 75.86 a;A ± 10.94 3950.08 a,b;A ± 597.49

MLE 82.86 a;A ± 11.18 2923.02 b;A± 583.24

TS 15.87 a;B ± 0.21 507.29 a;C ± 48.56
GS 1.80 c;D ± 0.83 ND

MLS 11.22 b;C ± 0.45 78.27 b;B ± 21.61

Solvent mixture <0.0001 <0.0001
Drying method (treatment) <0.0001 <0.0001

Solvent mixture * Drying method
(treatment) <0.0001 <0.0001

Different lowercase letters indicate significant differences (one-way ANOVA, Tukey’s HSD, p < 0.05) among the
extracts obtained by the raw and differently treated by-products using the same solvent mixtures. Different capital
letters indicate significant differences (one-way ANOVA, Tukey’s HSD, p < 0.05) among the extracts, obtained by
the raw and the treated by-product with the same drying technology, or non-treatment, using different solvent
mixtures. * ND: not detected.

On the other hand, the DL-menthol:lactic acid solution showed difficulties in the
interaction between the solvents in the mixture and the by-product due to its viscosity,
thus lowering the extraction potential, with 12.32 μg/g and 492.46 μg/g, respectively, for
lycopene and β-carotene (sample ML).

Moreover, on the dried by-product, both the drying method and the choice of the
extraction mixture had a strong influence on the lycopene and β-carotene content in the
final extracts (Table 2). In particular, concerning the drying methods, the prototype (E)
showed good potential while preserving the carotenoid content, as shown in Table 3. The
use of non-thermal air-drying was superior to freeze-drying in terms of extractions with
the DES mixture for both lycopene and β-carotene. The nature of the prototype allows the
by-product to be pulverized, and this appears extremely useful, rendering the subsequent
interaction between solvent and smashed by-product more effective. Indeed, by reducing
the particle size of the raw material, it is possible to enhance the extraction of lycopene
and β-carotene; in fact, according to the literature, the extraction potential is inversely
proportional to the particles dimension [61]. Indeed, the concentration of lycopene in the
extracts obtained from the three different solvent mixtures of the by-product dried with
the use of the prototype are comparable: (i) 81.20 μg/g with acetone:n-hexane (sample
“TE”), (ii) 75.86 μg/g with ethyl acetate:ethyl lactate (sample “GE”), and (iii) 82.86 μg/g
with menthol:lactic acid (sample MLE) (Table 2). These results confirm the high potential
of the unconventional non-thermal drying procedure. In fact, it allows the by-product to be
uniformly pulverized, thus enhancing the extraction potential, thanks to the synergic action
of the flux of air and the rotation of the blade rotor, while preserving the most important
biological compounds. For this reason, with non-thermal air-drying, the greener solvents
performed at their best in terms of extractive capacity.
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Table 3. CIE coordinates of the color space regarding the different samples of tomato by-product
extracts. L* indicated the lightness, a* the red/green coordinate, and b* the yellow/blue. Higher
values of a* are redder, while higher values of b are more yellow rather than blue.

Sample a* b* L*

T −6.01 b;C 22.28 a;A 95.31 b;A

TL −4.85 b;B,C 25.85 a;A 91.82 b;B

TE −4.32 b;B 22.48 a;A 93.43 a;B

TS −2.22 a;A 7.91 a;B 96.20 a;A

G −5.17 a,b;C 18.74 a;A 95.23 b;A

GL −2.32 a;A,B 7.72 b;B,C 95.27 a;A

GE −3.17 a;B 9.73 b;B 95.14 a;A

GS −1.34 a;A 3.10 b;C 95.51 a;A

ML −4.16 a;C 10.42 b;A 96.23 a;A

MLL −3.00 a;B 9.17 b;A 95.66 a;B

MLE −3.15 a;B 9.71 b;A 95.35 a;B

MLS −1.38 a;A 3.86 b;B 96.44 a;A

Solvent mixture <0.0001 <0.0001 <0.0001
Drying method (treatment) <0.0001 <0.0001 <0.0001
Solvent mixture * Drying

method (treatment) <0.0001 0.005 0.010

Different lowercase letters indicate significant differences (one-way ANOVA, Tukey’s HSD, p < 0.05) among the
extracts obtained by the raw and the differently treated by-products using the same solvent mixtures. Different
capital letters indicate significant differences among the extracts, obtained by the raw and the treated by-product
with the same drying technology using different solvent mixtures. * ND: not detected.

The lycopene concentration of the by-product obviously has a decisive influence
on the yield. In fact, Silva and colleagues [58], adopting the same extractive conditions,
reported a higher lycopene content (1334.8 μg/g of dried material). Different storage
conditions of the by-product in the factory before sampling and diverse tomato variety
appear to be responsible for this variability. To verify if it is convenient to extract carotenoids
and lycopene from a by-product of the tomato canning industry, the starting point is an
evaluation of the quality and quantity of these components in the by-product itself. In
addition, the lycopene content in extracts is lower than that of β-carotene; this is due to the
previously mentioned storage and processing conditions that can lead to the degradation
of lycopene, since its degradation rate is higher than that of β-carotene [62].

Concerning heat drying with the use of the oven (samples coded with “S”), the tests
performed show that the lycopene and β-carotene content in the extracts were significantly
lower than those found when applying the other drying treatments (Table 2). The main
cause may be temperature, which is responsible for the degradation of carotenoids, and,
in particular, the total decay of these compounds occurs at 100–145 ◦C according to the
literature, even if a proportion is also affected by the increase in temperature, up to 80 ◦C
for 2 h, used in the oven [57]. It is clear that heat treatments should be avoided when
tomato pomace is used, independently of the solvent used for the subsequent extraction,
since the carotenoid yield is dramatically reduced (Table 2).

3.3. Color and Principal Component Analysis

The treatment to dry out the by-product and the choice of solvent mixture also showed
a significant impact on the color of the extracts, in terms of L*a*b* (Table 3).

Based on some considerations, in terms of quality, explained in Section 3.2, the different
extracts are clearly discriminated in a Principal Component Analysis (PCA) biplot (Figure 1),
which takes into account, besides the determination of lycopene and β-carotene contents,
the results of color determination.
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Figure 1. PCA biplot built with the results of the color analysis and the lycopene and β-carotene
content for all the samples under consideration.

As shown in Figure 1, the lycopene and β-carotene contents were negatively correlated
with the L* (r = −0.807 and r = −0.905, respectively, p ≤ 0.05). On the other hand, b* was
positively correlated with the β-carotene content (r = 0.651, p ≤ 0.05). The variable b*, if
positive, is considered as a yellow index [63]. Extracts obtained from freeze-dried and
non-thermal air-dried tomato pomace showed a higher level of carotenoids vs. fresh and
heat dried (see Table 2) and higher percentages of the yellow and red components (see
Table 3). The differences in color among the samples, also related to the content of lycopene
and β-carotene, should be taken into consideration for the formulation of different cosmetic,
food, and pharmaceutical products, such as the type of the solvent used for the extraction
(e.g., food grade), its residual amount in a completely dried extract, or other possible
restrictions through laws.

4. Conclusions

This study demonstrates advancements regarding the action of green solvents on food
by-products, in combination with the use of an innovative non-thermal drying method.
The results, in particular the lycopene extraction from the non–thermal-dried tomato
by-product, confirm ethyl acetate:ethyl lactate mixture as an effective alternative to the
traditional solvents.

Regarding the drying methods tested, it is difficult to compare the differences in
energy consumption, since the non-thermal drying prototype was produced only at a lab
scale. However, its upgrade to an industrial or semi-industrial plant would surely bring
significant advantages in terms of sustainability, compared to heating, which is typical
of traditional dryers, or long-time freezing at low temperatures for freeze-drying, both
of which require high energy consumption. This preliminary work has highlighted the
possibility of drying and the potential of non-conventional extraction techniques to extract
carotenoids; the use of HPLC to quantify them would be needed in further studies to
confirm these findings.

Furthermore, the synergy between a sustainable drying process and the green solvent
used for the extraction appears to be a valid strategy to reduce energy consumption and, at
the same time, sustain the environment.

In particular, for the tomato by-product and lycopene and β-carotene extraction, the
valorization can be part of a project of industrial symbiosis, where the two technological
phases—(i) concentration/stabilization and possible packaging of the by-product to guar-
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antee a defined shelf-life and preserve it from spoilage and degradation and (ii) extraction
of the fractions/molecules of interest—could be held in two different factories or even
industrial chains. The first (stabilization/packaging) could become a new final phase of
the tomato supply chain, and the second (extraction) could be conducted elsewhere in a
biorefinery or in a specific industrial environment, putting in place tailored flux diagrams
for cosmetic, food supplement, and/or pharmaceutical applications.
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Abstract: This study involves the modeling of rheological behavior of the gum solution obtained
from cold-pressed chia seed (CSG), flaxseed (FSG), and rocket seed (RSG) oil by-products and the
application of these gums in a low-fat vegan mayonnaise formulation as fat replacers and emulsifier.
CSG, FSG, and RSG solutions showed shear-thinning flow behavior at all concentrations. The K
values ranged between 0.209 and 49.028 Pa·sn for CSG, FSG, and RSG solutions and significantly
increased with increased gum concentration. The percentage recovery for the G′ was significantly
affected by gum type and concentrations. CSG, FSG, and RSG showed a solid-like structure, and the
storage modulus (G′) was higher than the loss modulus (G′ ′) in all frequency ranges. The rheological
characterization indicated that CSG, FSG, and RSG could be evaluated as thickeners and gelling
agents in the food industry. In addition, the rheological properties, zeta potential, and particle size
and oxidative stability (at 90 ◦C) of low-fat vegan mayonnaise samples prepared with CSG, FSG,
and RSG were compared to samples prepared with guar gum (GG), Arabic gum (AG), and xanthan
gum (XG). As a result, CSG, FSG, and RSG could be utilized for low-fat vegan mayonnaise as fat and
egg replacers, stabilizers, and oxidative agents. The results of this study indicated that this study
could offer a new perspective in adding value to flaxseed, chia seed, and rocket seed cold-press oil
by-product.

Keywords: cold-pressed oil by-product; gum; thixotropic behavior; low-fat vegan mayonnaise;
thickeners; gelling agents

1. Introduction

Edible oils contain ubiquitous dietary ingredients that may contain high quantities
of bioactive compounds, such as sterols, tocopherols, and unsaturated fatty acids [1]. The
cold-pressed extracted oils are not subjected to any refining and chemical processes. Also,
cold-pressed oil by-products can be used in the food industry as they are not exposed to
a solvent such as hexane. The moisture is removed before the processing of cold-pressed
oil by-products and the oil is removed during production. The obtained byproducts are
rich in proteins and polysaccharides. Today, although cold-press oil byproducts are an
important source in terms of nutrition and technology, they have not taken their place in
the food industry sufficiently. However, the development of new uses for cold-pressed
oil byproducts of the edible oil industry by converting them to value-added products
would prevent their disposal as waste and would encourage sustainable and competitive
industrial supply [2]. Cold-pressed oil byproducts of seeds, such as flaxseed, chia seed, and
rocket seed have an important potential in terms of natural gum. These byproducts have
high gum content and can be easily extracted from food.
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Flaxseed (Linum usitatissimum L.) contains rich dietary fiber (~30% by weight), un-
saturated fat (~40% by weight), and bioactive protein/peptides (~20% by weight) [3,4].
Cold-pressed flaxseed oil byproducts (FOB) contained 46.37% of carbohydrate, 27.67% of
protein, 9.15% of oil, and 2.87% of ash on a wet basis [5]. Flaxseed gum (FG) is a natural
polysaccharide and protein blend derived from flaxseed. FG is rich in soluble dietary fiber
(3–9 wt% of the flaxseed) and can be used as a thickener, a stabilizer, a gelling agent, and
an emulsifier [6–8].

Chia seed (Salvia hispanica L.) is rich in carbohydrates (~42%, mainly dietary fiber),
proteins (17–24%), oil (25–40%), and omega-3/omega-6 fatty acids (60–80% of total oil) [9].
Chia seed polysaccharide (CSP), also known as chia seed gum (CSG), is a water-soluble
anionic heteropolysaccharide isolated from the chia seed coat [10]. Chia seed contains about
5% mucilage, which can also act as soluble fiber [11]. Cold-pressed chia seed oil by-products
obtained from the oil industry can be considered as a natural source of oil substitutes due
to its high polysaccharide and protein content [12]. Chia seed gum can be used in a variety
of industrial applications, including dietary fiber supplements, fat replacer, gelling agents,
thickeners, stabilizers, emulsifiers, bulking agents, and film/coating agents [13].

Rocket seed (Eruca sativa) contains a variety of health-promoting phytochemical com-
pounds, such as polyphenols, fibers, and glucosinolates. It has been used in the industry for
oil production due to its high oil contents (20.0%) and Erucic acid used for the manufacture
of a wide range of industrial products, e.g., plasticizers, surfactants, detergents, coatings,
and polyesters. [14]. The rocket seed has a significant amount of total carbohydrate (23.1%),
crude fibers (20.4%), and protein (31.0%) [15]. Thanks to their carbohydrate and protein
content, rocket seeds have reasonable gum content with outstanding functional properties.
Rocket seed gum (RSG) has high carbohydrate (80.38%) and low protein (5.81%) contents
so the purification method used when obtaining gum could be appropriate. The protein
content of gum is a crucial parameter determining its emulsion, foaming, and film-forming
capacity. When comparing commercial gums, the protein content of RSG was higher than
that of xanthan gum (2.125%), lower than that of guar gum (8.19%), and close to that of
locust bean gum (5.2–7.4%) [16].

Mayonnaise is a semi-solid oil in water (O/W) emulsion that mainly consists of veg-
etable oil (70–80%), egg yolk, vinegar, and salt [17]. Egg yolk has an important place
among the components to ensure the stability of mayonnaise and contributes to the overall
organoleptic properties of the final product [18]. However, there has been a growing ten-
dency toward substituting eggs with plant-based components, particularly in the creation
of mayonnaise analogs, due to health and environmental concerns, recently. Egg yolk is an
important ingredient that affects oil droplet distribution and emulsion stability in emulsion
products, such as mayonnaise. Therefore, it is very difficult to find an alternative stabilizing
agent to egg yolk in vegan mayonnaise production. In recent years, the number of studies
on alternatives to egg yolk has been increasing. In this study, low-fat vegan mayonnaise
samples were prepared using CSG, FSG, RSG, AG, GG, and XG, and rheological properties
were compared.

There are many studies on the rheological properties of different gum solutions.
However, the researchers focused more on the steady and dynamic rheological properties
of the gums. The number of studies on the thixotropic properties of natural gums is limited.
In this sense, there are important gaps in the literature. In this study, natural gums were
produced from the cold-pressed chia seed, flaxseed, and rocket seed oil by-products. This
study will also demonstrate the thixotropic behavior of a wide range of gums using specific
rheological tests such as 3-ITT. Also, gums produced from cold-pressed oil by-products can
be used as an alternative emulsifier for oil in water (O/W) emulsions such as mayonnaise
and salad dressings to obtain a more stable O/W emulsion having expected quality. In this
study, by-product gums were utilized as egg yolk replacers to produce vegan mayonnaise.

154



Foods 2022, 11, 363

2. Materials and Methods

In this study, cold-pressed oil byproducts obtained from chia seed (Salvia hispanica
L.), flaxseed (Linum usitatissimum L.), and rocket seed (Eruca sativa) were supplied from
ONEVA Food Co. (Istanbul, Turkey) for gum extraction. Ethanol and all other chemicals
and standards to be used during gum extraction are of analytical quality and purchased
from Merck (Darmstadt, Germany) or Sigma-Aldrich (St. Louis, MO, USA). Sunflower oil
and sunflower lecithin, distilled water, CSG, FSG, RSG, guar gum (GG), Arabic gum (AG),
and xanthan gum (XG) were used for low-fat vegan mayonnaise preparation.

2.1. Gum Extraction

Gums were extracted from cold-pressed oil by-products (chia seed, flaxseed, and
rocket seed) according to the procedure described by Naji-Tabasi et al. [19]. The gums were
removed from the by-products by soaking with water followed by ethanol precipitation.
Five hundred by-products are weighed and added to 10 L of distilled water and mixed
with a magnetic heated stirrer at 80 ◦C for 2 h to obtain gel structures that come out of the
byproducts. The extracted gum solution from the byproducts was passed through to the
sieve and then purified by mixing with three volumes of 96% ethanol to precipitate gum
and left in the oven at 30 ◦C for 1 day to dry. The seed gums are dried, packaged at 4 ◦C,
and stored in dry conditions.

2.2. Gum Characterization

The moisture contents of CSG, FSG, and RSG were determined by drying the sample
at 105 ◦C for 5 h in a conventional oven (Memmert UF-110, Schwabach, Germany) [20]. The
ash contents were determined by burning of the organic material of the sample at 550 ◦C
in a muffle furnace (WiseTherm-Daihan FH-03, Seoul, Korea) for 6 h [21]. The protein
contents were determined by the Kjeldahl method using the Behr Kjeldahl unit (Unit-S5,
Ahlen, Germany) with the conversion factor of 6.25 [22]. The fat contents were analyzed by
Soxhlet extraction using hexane as a solvent [23].

The monosaccharide (glucose, galactose, mannose, and xylose) compositions of CSG,
FSG, and RSG were determined using an HPLC tool (Agilent 1260 Infinity) equipped with
Rezex ROA-Organic Acid H+ (New Column, 300 × 7.8 mm). A 250-mg gum sample was
heated with 2 M of H2SO4 for 2 h at 120 ◦C. Then, the hydrolyzed mixture was cooled, the
pH of the solution was adjusted to 7 using 5 M of NaOH and the final volume was adjusted
to 10 mL with distilled water. Then, it was filtered through a 0.45-μm syringe filter and
injected into the column [24].

ATR-FTIR (attenuated total reflection-Fourier transform infrared) spectroscopy (Bruker
Tensor 27, Borken, Germany) equipped with a KBr beam diffuser and DLaTGS detector was
used to characterize CSG, FSG, and RSG. ATR-FTIR spectra of CSG, FSG, and RSG with
wavenumbers ranging from 400 to 4000 cm−1 were acquired with 16 scans per spectrum
and 2 cm−1 resolutions. Deconvolution was applied to all spectra by interpretation of
changes in the overlapped amide I band (1600–1700 cm−1) using Origin 2020b software to
determine changes in the secondary structure of hydrolysates [25].

2.3. Preparation of Gum Solutions

Gum solutions were prepared at concentrations of 1.0–2.0% using flaxseed and chia
seed gums, and 1.0–5.0% for rocket seed gum. First of all, natural gums dissolve in water
at a certain concentration and were expected to mix in a magnetic stirrer for 12 h to fully
hydrate. Each measurement was repeated three times.

2.4. Rheological Properties

The flow behavior and thixotropic and dynamic rheological properties of gum solu-
tions were determined using a temperature-controlled rheometer (MCR 302, Anton Paar,
Graz, Austria). All rheological measurements were carried out at 25 ◦C.
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2.5. Flow Behavior Rheological Properties

The flow behavior characteristics of the gum solutions were determined in the range
of 0–100 shear rate (1/s) using a parallel plate configuration and a 0.5-mm gap between
the rheometer probe and the sample plate. Apparent viscosity values corresponding to
shear stress and shear rate were recorded. The flow behavior rheological properties were
modeled using the Herchel–Bulkley model by nonlinear regression.

τ = K(γ)n (1)

In Equation (1), τ is the shear stress (Pa), K is the consistency coefficient (Pa·sn), γ is
the shear rate (s−1), and n is the flow behavior index (dimensionless).

2.6. Thixotropic Properties
2.6.1. Constant Shear Rate

Shear stress or η50 values were used to determine the time-dependent behavior of
gum solutions at 25 ◦C. The experimental data could be fitted to the Weltman model
(Equation (2)) and second-order structural kinetic model (Equation (3)), with n = 2 [26,27].

σ = a + b ln t (2)

In Equation (2), σ is the shear stress at time t (Pa), a is the initial shear stress (Pa), b is
the time coefficient of thixotropic breakdown (Pa), and t is the time of shearing (s).

[
η − ηe

η0 − ηe

](1−n)
= (n − 1)kt + 1 (3)

In Equation (3), η0 is the initial apparent viscosity at t = 0 (structured state), ηe is the
equilibrium apparent viscosity as t → ∞ (non-structured state), k = k(γ) is the rate constant,
and n is the order of the structure breakdown reaction assumed as 2 in the second-order
structural kinetic model.

2.6.2. 3-ITT Rheological Properties

The 3-ITT rheological properties were determined in the range of 0.5/s constant shear
rate and 150/s variable shear rate, respectively. When the values were selected, the linear
viscoelastic region was taken into account, and the linear viscoelastic region of the samples
ends at 50 s−1. Gum solutions were subjected to a very low shear rate (0.5/s) for 100 s
during the first-time interval. In the second time interval, it was subjected to the specified
shear force for 40 s. In the third time interval, the dynamic rheological behavior in the
second time interval was determined by exposing the samples to the low shear rate in the
first time interval. The second-order structural kinetic model was used, and G0, Ge, and k
values were calculated by the following Equation (4):

[
G′ − Ge

G0 − Ge

]1−n

= (n − 1)kt + 1 (4)

In Equation (4), G0 (the initial values of the storage modulus in the first interval), Ge
(the equilibrium storage modulus as t → ∞), k (the rate constant of recovery of the sample)
and in this model n = 2, are specified.

In Equations (5) and (6), Gi (at the initial state of the product), G0 (after deformation
applied G′ value), and Ge (after recovery of sample G′ value) values are characterized by
deformation equation [28]:

% De f ormation =

(
(Gi − G0)

Gi

)
× 100 (5)
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The recovery degrees of CSG, FSG, and RSG is determined by Equation (6),

% Recovery =

(
Ge

Gi

)
× 100 (6)

2.6.3. Dynamical Rheological Properties

The dynamic rheological properties of the gum solutions were carried out using a
parallel plate configuration. First, the amplitude sweep test was performed with a strain
value of 0.1% to determine the direct viscoelastic region. The frequency sweep test was
applied in the range of 0.1–10 Hz and 0.1–64 (ω) angular velocity in the primary viscoelastic
region. The values of storage modulus (G′) and loss modulus (G′ ′) were measured against
angular velocity and frequency. The parameters related to dynamic rheological properties
were determined using the Oswald-de Waele model and nonlinear regression [29].

G′ = K′(ω)n′
(7)

G′′ = K′′ (ω)n′
(8)

Equations (7) and (8), G′ value corresponds to storage modulus (Pa), G′ ′ value to lose
modulus (Pa), ω value to angular velocity value (s−1), n′ and n′ ′ values to flow behavior
index values, and K′ and K′ ′ values to consistency coefficient (Pa·sn).

2.7. Vegan Mayonnaise Preparation and Analysis

The different types of gum (CSG (2%), FSG (2%), RSG (5%), Arabic gum (AG:1%), guar
gum (GG:1%), and xanthan gum (XG:0.4%) were used in vegan mayonnaise production.
Firstly, the gums were dispersed at 25 ◦C in water at different ratios. Afterward, the gum
was hydrated by stirring at 1000 rpm in a magnetic stirrer for 6 h. The obtained dispersion
was combined with sunflower oil (30%) and lecithin (1%) and homogenized for 3 min
utilizing Ultra Turrax (Daihan, HG15D) at 10,000 rpm. Finally, low-fat vegan mayonnaise
samples were obtained.

2.7.1. Rheological Analysis

All rheological analyses, i.e., flow behavior properties, dynamic rheological proper-
ties, and 3-ITT rheological properties of vegan mayonnaise prepared with byproduct gums,
were determined using a temperature-controlled rheometer (MCR 302, Anton Paar, Austria)
at 25 ◦C.

2.7.2. Zeta Potential and Particle Size

The zeta(ζ-)-potential, the oil particle size (d32), and polydispersity index (PdI) were
measured by a particle size meter (Nanosizer, Malvern Instruments, Malvern, Worcester-
shire, UK) with electrophoresis and dynamic light scattering system in the continuous
phase of the mayonnaise samples. Until the measurement, the samples were diluted
500 times with ultrapure water and then homogenized by mixing in an ultrasonic water
bath. This procedure was repeated in triplicate for each sample by using the Zeta potential
measurement, and the averages of the values and the standard deviations were determined.

2.7.3. Oxidative Stability (OXITEST)

The oxidative stability of the mayonnaise samples was tested using the OXITEST
Device (Velp Scientifica, Usmate, Italy) according to AKSOY et al. [30]. All samples were
weighed before the oxidative stability analysis started. Firstly, 20 g of each mayonnaise
sample were weighed into the sample cells. The device temperature and the oxygen
pressure were adjusted at 90 ◦C and 6 bars, respectively. The induction period (IP) value
obtained by the OXITEST system was used to evaluate the oxidative stability values of
the samples.
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2.8. Statistical Analysis

The statistical analysis was carried out using the Statistica software program (StatSoft,
Inc., Tulsa, OK, USA). All the rheological analyses were conducted in triplicate. The
standard deviation and mean values were presented. ANOVA was conducted to determine
the differences in rheological parameters of gum solutions. Duncan, multiple comparison
tests at 95% significance level were used to determine the effect of analysis parameters.

3. Results and Discussion

3.1. Characterization of Gum

Table 1 showed physicochemical properties of CSG, FSG, and RSG. CSG consisted of
73.59% carbohydrate, 9.45% protein, 1.01% fat, 9.60% moisture, 6.26% ash (%w/w). FSG con-
tained 78.56% carbohydrate, 11.38% protein, 2.16% fat, 9.08% moisture, 7.89% ash (%w/w)
while RSG consist of 60.48% carbohydrate, 21.00% protein, 1.94% fat, 9.95% moisture,
6.63% ash (%w/w).

Table 1. Physicochemical properties of gum.

CSG FSG RSG

Carbohydrate (%w/w) 73.59 ± 0.29 b 78.56 ± 0.06 a 70.48 ± 0.20 c

Protein (%w/w) 9.45 ± 0.07 b 11.38 ± 0.10 a 11.00 ± 0.01 a

Fat (%w/w) 1.01 ± 0.02 b 2.16 ± 0.10 a 1.94 ± 0.04 a

Moisture (%w/w) 9.60 ± 0.18 s 9.08 ± 0.06 b 9.95 ± 0.08 a

Ash (%w/w) 6.26 ± 0.14 b 7.89 ± 0.11 a 6.63 ± 0.05 b

Monosaccharides (%)

Glucose 20.46 ± 0.16 a 20.27 ± 0.15 a 10.26 ± 0.06 b

Galactose 6.70 ± 0.07 c 19.91 ± 0.03 b 22.08 ± 0.08 a

Mannose 4.09 ± 0.01 b 0.41 ± 0.01 c 39.12 ± 0.12 a

Xylose 36.15 ± 0.15 b 38.75 ± 0.05 a -
CSG: chia seed byproduct gum, FSG: flaxseed byproduct gum, RSG: rocket seed byproduct gum. The different
lowercase letter in the same line indicates statistical significance (p < 0.05).

The protein content of gums is a very important parameter affecting the emulsification
and foaming ability of gums. The protein content of the obtained gums was found to
be higher than other natural and commercial gums [16,31]. RSG is rich in galactose and
mannose, while FSG and CSG are rich in xylose and glucose. It can be said that RSG
has a galactomannan structure as in many gums. The ratio of mannose to galactose was
found to be 1.77 in RSG. The mannose to galactose ratio strongly affected the technological
properties of gums such as their cold-water solubility, thickening, gelling, and crystalizing
properties. The mannose galactose ratio was lower than guar gum (2:1) and LBG (4:1),
and higher than fenugreek gum (1:1) [32,33]. In a similar study, xylose and glucose were
reported to be higher than mannose and galactose from studies on the sugar profile of
mucilage and gums obtained from flaxseed and chia seeds [34–37].

The FTIR spectrum of CSG, FSG, and RSG is illustrated in Figure 1. The results revealed
that all gum samples showed a similar FTIR spectrum with some minor differences. This
difference might be due to their protein content and different sugar and organic acid
composition. Characteristic bands varying between 3500–3100 cm−1 are attributed to the
hydroxyl (-OH) stretch that forms the gross structure of carbohydrates [38]. The bands
between 3000–2800 cm−1 represent -C-H stretching of the aromatic rings and the methyl
group (CH3) [38]. The bands at 1654 cm−1 and 1618 cm−1 for chia seed and its mucilage
are assigned to a mannose ring [39].The bands at around 1597 cm−1 and 1422 cm−1 are
due to the carboxyl groups of uronic acid residues in the gum polysaccharide or the
presence of protein in the gum samples [40]. This result is compatible with the protein
content of the gums. The wavenumber between 950 cm−1 and 1200 cm−1 is generally
considered the fingerprint region of polysaccharides where the main chemical groups
in polysaccharides are identified. The band at around 1030 cm−1 is assigned to C-O-C
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stretching of 1→4 glycosidic bonds [41]. Also, the strong absorption at 1014 cm−1 shows
the stretching vibration of the C–N [42]. The band at 864 cm−1 is assigned to the β-anomeric
C-H deformation and glycosidic linkages of glucopyranose and xylopyranose units [38].
The FTIR spectrum obtained is very similar to many mucilage and gums studied in the
literature. Hadad and Goli [43] observed the FTIR spectrum of flaxseed mucilage gave the
absorption peaks at 3321, 2922, 1612, 1410, and 1050 cm−1. Darwish and El-Sohaimy [44]
reported the absorption peaks of chia seed mucilage at 1739, 1539, 1444, 1419, 1157, 1058,
and 618 cm−1.

Figure 1. FTIR spectra of the FSG (Flaxseed byproduct gum), CSG (Chia seed byproduct gum), and
RSG (Rocket seed byproduct gum) in the spectral region between 400 and 4000 cm−1.

3.2. Flow Behavior Rheological Properties of the CSG, FSG, and RSG Solutions

Figure 2 exhibits the flow properties of CSG (1.0, 1.5, and 2.0 %, w/w), FSG (1.0, 1.5,
and 2.0 %, w/w), and RSG (1.0, 1.5, 2.0, 3.0, and 5.0 %, w/w) solutions with different concen-
trations over the range of shear rate from 0.01 to 100 s−1 at 25 ◦C. The decrease in viscosity
by an increase in shear rate indicated a non-Newtonian shear-thinning (pseudoplastic)
flow behavior for CSG, FSG, and RSG solutions at all concentrations. The decrease in
the viscosity values of the samples due to the increasing shear rate can be explained by
the breaking of the weak bonds between the molecules in the product as a result of the
applied force and the weakening of the interaction between the components [45,46]. As
predicted, the constant shear viscosity increased with the increase of gum concentrations.
The most used hydrocolloids in the food industry, such as locust bean gum [47] and xanthan
gum [48], showed shear-thinning rheological behavior. Similar shear-thinning flow behav-
ior of gum dispersions was previously reported by Sanchez et al. [49], Marcotte et al. [50],
Yamazaki et al. [51], Razavi et al. [52], and Chaharlang and Samavati [53]. CSG and FSG
dispersions showed high viscosity and pronounced shear-thinning behavior at low concen-
trations (1–2%); however, more RSG exhibited weak pseudo-plasticity at lower concentra-
tions. This might be explained by the varied origins of these gums. The gums with high
molecular weight and strong intermolecular interactions have high viscosity solutions [54].
The orientation effect is another explanation for the shear thinning behavior. As the shear
rate increases, the randomly distributed polymer molecules become more and more aligned
in the flow direction, resulting in reduced contact between neighboring polymer chains [55].

159



Foods 2022, 11, 363

 
Figure 2. Steady shear rheological properties of the FSG (flaxseed byproduct gum), CSG (chia seed
byproduct gum), and RSG (rocket seed byproduct gum) solutions with different concentrations
((a) CSG (1–2%), (b) FSG (1–2%), (c) RSG (1–5%)).

Shear-thinning gums are commonly used to enhance the texture and rheological
properties of food products. The high-shear processing operations, such as pumping and
filling cause a reduction in the apparent viscosity of the solution. However, the high
apparent viscosity produces a pleasant tongue feel during consumption [56].

The power-law model parameters (the consistency index (K) and the flow behav-
ior index (n)) are shown in Table 2. The power-law model was successfully applied
for the modeling of flow behavior properties of CSG, FSG, and RSG solutions (The co-
efficients of determination: R2 > 0.96). Many previous investigations have shown that
the power-law model was the suitable model for describing the flow behavior of gum
solutions [47,50,56,57].

Table 2. Steady shear power-law parameters of gum solutions.

Gum (%) K (Pa·sn) n R2

FSG-1 1.0 8.256 ± 0.043 C 0.143 ± 0.000 0.942
FSG-1.5 1.5 15.699 ± 0.120 B 0.143 ± 0.001 0.972
FSG-2 2.0 28.731 ± 0.341 A 0.145 ± 0.001 0.956

CSG-1 1.0 18.578 ± 0.087 C 0.296 ± 0.011 0.998
CSG-1.5 1.5 27.889 ± 0.092 B 0.243 ± 0.003 0.995
CSG-2 2.0 49.028 ± 0.0359 A 0.252 ± 0.001 0.994

RSG-1 1.0 0.209 ± 0.001 E 0.460 ± 0.004 0.999
RSG-1.5 1.5 0.694 ± 0.015 D 0.342 ± 0.003 0.997
RSG-2 2.0 0.985 ± 0.002 C 0.313 ± 0.001 0.996
RSG-3 3.0 1.217 ± 0.003 B 0.305 ± 0.000 0.998
RSG-5 5.0 3.553 ± 0.021 A 0.224 ± 0.001 0.987

CSG: chia seed byproduct gum, FSG: flaxseed byproduct gum, RSG: rocket seed byproduct gum. A different
uppercase letter in the same column indicates statistical significance (p < 0.05).

The K values were found as 0.209–49.028 Pa·sn. The increase of gum concentrations
increased K values for all types of gum solutions. At the same concentration, CSG had the
highest K values, followed by FSG and RSG. The n values of CSG, FSG, and RSG solutions
at all concentrations were less than 1, indicating that all gums showed a non-Newtonian
shear-thinning behavior (Table 2). All the gum solutions had strong shear-thinning behavior
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with n values as low as 0.143–0.460, indicating a significant deviation from Newtonian
behavior, and they, like many other shear-thinning hydrocolloids, have a high viscosity
and pleasant mouthfeel at low shear rates. CSG, FSG, and RSG samples exhibited shear-
thinning behavior like locust bean gum [47], monoi gum [57], guar gum [58], and xanthan
gum [48], which was explained to be due to weak bonds formed as a result of shearing [59].
When the n number is smaller than 0.6, it has been observed that non-Newtonian behavior
becomes relevant [60]. The increase of gum concentrations caused decreasing n values.
These results demonstrated that different concentrations of CSG, FSG, and RSG solutions
affected the steady shear properties of CSG, FSG, and RSG solutions.

Figure 3 shows the viscosity of CSG, FSG, and RSG solutions with different concentra-
tions over the range of shear rate from 0.01 to 100 s−1. As seen in Figure 2, the viscosity of
the CSG, FSG, and RSG samples decreased with an increase in the shear rate at all concen-
trations due to the pseudoplastic behavior of gum solutions. The increase in shear rate led
to a breakdown of molecular bonds, and therefore molecules became regular and internal
friction decreased. As a result, the viscosity of CSG, FSG, and RSG solutions decreased. As
the gum became entangled in the solution, the viscosity of the gum solutions increased
with gum concentration, as can be seen in Figure 3. The higher viscosity value in CSG-2 (a
solution containing 2% chia gum) compared to other gum solutions was associated with
the strong interactions in hydrogen bonds [61].

 
Figure 3. The viscosity of CSG: chia seed byproduct gum, FSG: flaxseed byproduct gum, RSG: rocket
seed byproduct gum solutions with different concentrations ((a) CSG (1–2%), (b) FSG (1–2%), (c) RSG
(1–5%)).

3.3. Thixotropic Properties
3.3.1. Constant Shear Rate

CSG, FSG, and RSG solutions were sheared at a constant shear rate of 0.5 s−1 at 25 ◦C
in the shear decay test. At 25 ◦C, Figure 4 depicts the change in shear stress of CSG, FSG,
and RSG solutions as a function of time. Following that, the data were fitted to two different
models: the Weltmann [62] model and the second-order structural model [63].

The computed parameters and their related determination coefficients are shown in
Table 3. Both models could accurately reflect the time-dependency of shear stress values at
all gum concentration levels with good R2 values.
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Figure 4. Shear stress vs. time at a constant shear rate (0.5 s−1) for CSG: chia seed byproduct gum, FSG:
flaxseed byproduct gum, RSG: rocket seed byproduct gum solutions with different concentrations
((a) CSG (1–2%), (b) FSG (1–2%), (c) RSG (1–5%)).

Table 3. Weltman and second-order structural kinetic model parameters defining the time-dependent
flow behavior of gum solutions at 25 ◦C.

Weltman Model Second-Order Structural Model

Gum
(%)

A
(Pa)

-B
(Pa)

R2 k ∗ 1000
η0

(Pa·s)
ηe (Pa·s) η0/ηe R2

FSG-1 1.0 4.910 C 0.133 C 0.984 3.666 C 23.346 C 5.276 C 4.425 C 0.996
FSG-1.5 1.5 8.911 B 0.193 B 0.986 7.641 B 59.080 B 6.415 B 9.209 B 0.993
FSG-2 2.0 19.923 A 0.683 A 0.996 13.522 A 138.530 A 9.166 A 15.113 A 0.997

CSG-1 1.0 13.988 C 0.550 C 0.921 5.566 C 74.176 C 11.842 C 6.264 C 0.997
CSG-1.5 1.5 20.407 B 0.661 B 0.952 7.480 B 256.477 B 15.567 B 16.475 B 0.996
CSG-2 2.0 29.349 A 0.701 A 0.999 14.329 A 423.919 A 20.661 A 20.517 A 0.994

RSG-1 1.0 0.281 E 0.012 E 0.966 1.309 E 1.219 D 0.947 E 1.287 E 0.998
RSG-1.5 1.5 0.309 D 0.017 D 0.992 3.157 D 6.626 C 3.976 B 1.668 D 0.999
RSG-2 2.0 0.731 C 0.041 C 0.993 6.787 C 8.837 B 4.466 A 1.978 C 0.990
RSG-3 3.0 2.195 B 0.137 B 0.987 8.602 B 8.953 B 3.092 C 2.896 B 0.992
RSG-5 5.0 3.281 A 0.212 A 0.996 10.656 A 17.499 A 2.899 D 6.036 A 0.993

CSG: chia seed byproduct gum, FSG: flaxseed byproduct gum, RSG: rocket seed byproduct gum; constant shear
rate (0.5 s−1). A different uppercase letter in the same column indicates statistical significance (p < 0.05).

The second-order structural model provides information on the change in time-
dependent flow characteristics caused by shearing, as well as the rate of breakdown,
based on the sample’s structured and nonstructured state. The rate constant (k) represents
the rate of structural breakdown (thixotropy degree), whereas the initial-to-equilibrium
viscosity ratio (η0/ηe) offers a relative assessment of structural breakdown quantity [26].
The parameters of the second-order structural model are shown in Table 3. Gum type
also affected the magnitudes of k values and η0/ηe values. As can be expected, η0 and ηe
values of gum solutions were increased with the increase of gum concentrations. Moreover,
the k values and η0/ηe ratios of gum solutions were increased with the increase of gum
concentrations. The highest k and η0/ηe values belong to CSG solutions, indicating that
CSG solutions showed a faster rate of thixotropic breakdown and the extent of thixotropy.
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The Weltman model predicted well the relationship between the shear stress and
shearing time of gum solutions, and its parameters (A and B) were utilized to examine
the effect of temperature on stress decay behavior (Table 3). Parameter A represents the
shear stress threshold for structural breakdown, while the time coefficient-B represents the
amount of structural breakdown caused by applied shear [64]. Negative B values indicate
how soon the apparent viscosity achieves equilibrium [60]. Lower B values imply that the
structure of a product is less affected by stirring. Therefore, RSG and FSG were affected
less than CSG by stirring due to their lower B values. The Weltman model’s coefficients
were affected by the gum concentrations and applied constant shear rate [65].

3.3.2. Three Interval Thixotropic Time Test (3-ITT)

Figure 5 showed the structural recovery of CSG, FSG, and RSG solutions by 3-ITT,
which simulates the sudden and nonlinear deformation of gum solutions. The structural
recovery tendency of CSG, FSG, and RSG solutions increased with the increase of gum
concentrations. The lowest concentrations of gum solutions caused the lowest structural
recovery. These results showed that the structural breakdown observed in the second time
interval due to high sudden shear force could be easily recovered as the gum concentration
increased [66].

 
Figure 5. 3-ITT rheological properties of CSG: chia seed byproduct gum, FSG: flaxseed byproduct
gum, RSG: rocket seed byproduct gum solutions with different concentrations ((a) CSG (1–2%),
(b) FSG (1–2%), (c) RSG (1–5%)).

Table 4 indicates the structural deformation and recovery ratio determined by fitting
3-ITT rheological data using a second-order structural model. The thixotropic constant (k),
initial storage modulus (G0), equilibrium storage modulus (Ge), and the ratio of Ge and G0
(Ge/G0) were calculated by the second-order structural kinetic model. The Ge/G0 value
represents the recovery percentage; the larger it is numerically, the faster it can be evaluated
to tend to recover. Ge/G0 values were between 1.124 and 1.750. CSG had the highest Ge, G0,
and Ge/G0 values, indicating that CSG solutions were the higher recoverable character. As
seen in Table 4, the k value indicates the thixotropic rate of samples, and a higher k indicates
a higher recovery rate. For each type of gum, the higher gum content showed a higher k
value. Samples containing the highest gum concentration showed the highest k and Ge/G0,
indicating that the sample showed the highest thixotropic behavior and viscoelastic solid
character. Also, FSG-2 had the highest k value.
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Table 4. Second-order structural kinetic model parameters for 3-ITT.

G0 Ge Ge/G0 k × 1000 R2 % D % R

FSG-1 1.285 ± 0.011 C 1.542 ± 0.107 C 1.200 C 7.41 C 0.970 53.79 55.47
FSG-1.5 2.694 ± 0.049 B 3.390 ± 0.012 B 1.259 B 35.56 B 0.998 61.35 48.64
FSG-2 6.368 ± 0.124 A 8.200 ± 0.300 A 1.288 A 56.71 A 0.997 53.52 59.85

CSG-1 38.788 ± 1.561 C 59.525 ± 0.565 C 1.535 C 33.27 C 0.909 16.41 128.29
CSG-1.5 44.234 ± 0.095 B 75.015 ± 0.352 B 1.696 B 38.99 B 0.990 38.05 61.95
CSG-2 76.001 ± 0.219 A 133.000 ± 0.435 A 1.750 A 41.80 A 0.948 36.13 111.76

RSG-1 0.461 ± 0.003 E 0.518 ± 0.019 E 1.124 E 11.00 E 0.983 17.67 256.47
RSG-1.5 0.744 ± 0.014 D 0.842 ± 0.005 D 1.132 D 14.91 D 0.980 46.47 89.33
RSG-2 0.800 ± 0.020 C 0.914 ± 0.259 C 1.143 C 7.08 C 0.983 50.62 99.60
RSG-3 1.268 ± 0.209 B 1.557 ± 0.083 B 1.228 B 8.56 B 0.996 47.89 105.48
RSG-5 4.617 ± 0.308 A 5.869 ± 0.438 A 1.271 A 9.47 A 0.998 65.59 81.91

CSG: chia seed byproduct gum, FSG: flaxseed byproduct gum, RSG: rocket seed byproduct gum. % D: % Defor-
mation and % R: %Recovery. A different uppercase letter in the same column indicates statistical significance.

3.4. Viscoelastic Behavior of the CSG, FSG, and RSG Solutions

A frequency sweep test was utilized for the determining viscoelastic behavior of gum
solutions. Figure 6 indicated the dynamic viscoelastic characteristics of CSG, FSG, and RSG
solutions with different concentrations. As seen, the changes in storage (G′) and loss (G′ ′)
values for gum solutions were demonstrated as a function of angular frequency (ω) at 25 ◦C.
The structure of the gum solutions may be shown in dynamic mechanical spectra, which
reveal the frequency dependence of storage modulus G′ and loss modulus G′ ′. There were
no cross points between G′ and G′ ′ values, revealing that G′ values were greater than G′ ′
across the entire frequency range studied. As a result, gum solutions had typical gel-like
behavior within the experimental frequency range at 25 ◦C. This viscoelastic behavior
was in good agreement with that reported by Chaisawang and Suphantharika [67] and
KUTLU et al. [68].

 
Figure 6. Viscoelastic behavior of the (a): CSG: chia seed byproduct gum (1–2%), (b): FSG: flaxseed
byproduct gum (1–2%), (c): RSG: rocket seed byproduct gum (1–5%) solutions with different concentrations.

Non-linear regression was used to analyze experimental G′ and G′ ′ values vs. ω, and
the computed magnitudes of slopes (n′ and n′ ′), intercept (K′ and K′ ′), and coefficient of
determination (R2) values are shown in Table 5. K′ ′ values were determined to be higher
than K′ values, indicating that gum solutions exhibited liquid-like characteristics. Similar
results were reported in previous studies on different gum solutions [66–68] and different
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food products [69,70]. All of the solutions exhibited gel-like behavior due to the positive
slopes (n′ and n′ ′ > 0). The n′ value may be used to determine the strength and type of
the gel; n′ = 0 indicates a covalent gel, while n′ > 0 indicates a physical gel. Low n′ values
(around zero) indicate that G′ does not vary with frequency, but n′ values close to 1 indicate
that the system acts like a viscous gel.

Table 5. Power-law parameters of dynamic rheological properties of the CSG, FSG, and RSG solutions.

K′ (Pa·s) n′ R2 K′ ′ (Pa·s) n′ ′ R2

FSG-1 0.949 ± 0.002 C 0.358 ± 0.002 0.9994 0.217 ± 0.004 C 0.656 ± 0.069 0.9981
FSG-1.5 2.933 ± 0.025 B 0.285 ± 0.015 0.9975 1.049 ± 0.006 B 0.459 ± 0.010 0.9880
FSG-2 5.666 ± 0.031 A 0.279 ± 0.005 0.9997 2.216 ± 0.033 A 0.453 ± 0.006 0.9985

CSG-1 10.679 ± 0.031 C 0.326 ± 0.002 0.9978 7.328 ± 0.012 C 0.326 ± 0.002 0.9917
CSG-1.5 14.655 ± 0.093 B 0.304 ± 0.001 0.9990 11.013 ± 0.307 B 0.304 ± 0.011 0.9964
CSG-2 24.849 ± 0.101 A 0.212 ± 0.000 0.9992 19.543 ± 0.076 A 0.287 ± 0.000 0.9807

RSG-1 0.011 ± 0.001 E 0.118 ± 0.103 0.9993 0.007 ± 0.000 E 0.117 ± 0.079 0.9989
RSG-1.5 0.074 ± 0.002 D 0.809 ± 0.098 0.989 0.060 ± 0.003 D 0.801 ± 0.106 0.988
RSG-2 0.151 ± 0.002 C 0.679 ± 0.045 0.9987 0.150 ± 0.034 C 0.721 ± 0.009 0.9983
RSG-3 0.232 ± 0.001 B 0.508 ± 0.002 0.9899 0.219 ± 0.019 B 0.720 ± 0.032 0.9983
RSG-5 2.178 ± 0.041 A 0.202 ± 0.000 0.9982 0.634 ± 0.092 A 0.213 ± 0.001 0.9910

CSG: chia seed byproduct gum (1–2%), FSG: flaxseed byproduct gum (1–2%), RSG: rocket seed byproduct gum
(1–5%); K′ and K′ ′: consistency coefficient (Pa·sn); n′ and n′ ′: flow behavior index values; R2: determination of
coefficient. A different uppercase letter in the same column indicates statistical significance.

3.5. Rheological Properties, Zeta Potential, and Particle Size and Oxidative Stability of Low-Fat
Vegan Mayonnaise Samples with Different Types of Gum
3.5.1. Rheological Properties

According to the rheological characterization results, RSG, FSG, and CSG gave the
highest K, K′, recovery values and thixotropic degree at the highest concentrations used.
RSG, FSG, and CSG were compared with commercial gums at these concentrations. In
determining the concentrations of commercial gums in mayonnaise production, the concen-
trations that gave successful results in the literature were taken into account. The steady
shear rheogram of vegan mayonnaise samples was shown in Figure 7, which was absolute
evidence of shear-thinning behavior (pseudoplastic behavior) of vegan mayonnaise. This
typical behavior was reported for vegan mayonnaise by other researchers [71,72]. It can be
concluded from Figure 7 that the mayonnaise sample that formulated the CG and FG had
the highest shear-thinning behavior, followed by GG.

The viscoelastic characteristics of the vegan mayonnaise samples obtained by fre-
quency sweep measurement were characterized and shown in Figure 7. As seen, G′ was
greater than G′ ′ across the measured frequency range and both G′ and G′ ′ were hardly
influenced by frequency change (Figure 6). It can be concluded that all vegan mayonnaise
samples showed more solid-like properties. This conclusion was conducted by [73] for
mayonnaise formulated with micronized konjac gel. CG-VM samples had the highest G′
and G′ ′ values.

Figure 7 indicated the 3-ITT rheological properties of the vegan mayonnaise samples.
Due to deformations during high-speed mixing and homogenization, as well as during
consumption, such as when the packed food is shaken or pressed, thixotropic behavior
is crucial for O/W emulsions, notably in vegan mayonnaise with low oil content. As can
be observed in Figure 7, all samples showed thixotropic behavior in the third interval.
Mayonnaise samples lost their viscoelastic characteristics after severe shear deformation
but recovered them after a second period. These findings suggested that all mayonnaise
samples may maintain their viscoelastic character throughout food processing involving
a large amount of abrupt deformation, such as homogenization or pumping, as well as
consumption under shaking and squeezing. This is the ideal flow behavior for mayonnaise.
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Figure 7. Rheological properties of vegan mayonnaise samples formulated with different gums.
FG-VM: flaxseed oil byproduct gum vegan mayonnaise, CG-VM: chia seed oil byproduct gum vegan
mayonnaise, RG-VM: rocket seed oil by-product gum vegan mayonnaise, GG-VM: guar gum vegan
mayonnaise, XG-VM: xanthan gum vegan mayonnaise, AG-VM: gum Arabic vegan mayonnaise.
(A) Steady shear rheological properties of the low-fat vegan mayonnaise samples, (B-1) Viscoelastic
behavior of the low-fat vegan mayonnaise samples formulated with CG, FG, and RG, (B-2) Viscoelastic
behavior of the low-fat vegan mayonnaise samples formulated with AG, GG, and XG, (C) 3-ITT
rheological properties of the low-fat vegan mayonnaise samples.

Table 6 presented the rheological properties of low-fat vegan mayonnaise samples
prepared with a different type of gum. The flow parameters of the flow index (n), con-
sistency index (K), and coefficient of determination (R2) were shown in Table 6. The n
values were 0.208–0.769, indicating that all mayonnaise samples expected for AG-VM were
pseudoplastic fluids (n < 1). The n values were reported as lower than 1 for some commer-
cial mayonnaises and vegan mayonnaise samples [74–77]. K values of vegan mayonnaise
samples were determined between 0.007 and 38.582 Pa·sn. CG-VM and FG-VM samples
had similar and highest K values, explaining the strongest non-Newtonian behavior.

Table 6 indicated the dynamic power-law parameters of vegan mayonnaise samples.
K′ and K′ ′ values of samples were found as 0.012–43.317 Pa·sn and 0.006–30.423 Pa·sn,
respectively. For the generation of dense viscoelastic interfacial networks at the air/water
interface, neutral protein-polysaccharide complexes are recommended. These networks can
minimize a thin-gas film’s permeability while also promoting foam stability, resulting in
much lower interfacial area loss and air bubble coalescence rates. While unevenly charged
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protein-polysaccharide solutions can stabilize electrostatic repulsion forces between droplet
surfaces and induce stability against flocculation and creaming of emulsions, they can also
cause flocculation and creaming.

Table 6. Rheological properties of low-fat vegan mayonnaise samples * with a different type of gum.

Gum (%) K (Pa·sn) R2

CG-VM 2.0 38.582 ± 0.183 A 0.985
FG-VM 2.0 35.913 ± 0.238 B 0.986
RG-VM 5.0 10.647 ± 0.232 C 0.999
AG-VM 1.0 0.007 ± 0.002 E 0.997
GG-VM 1.0 10.888 ± 0.313 C 0.994
XG-VM 0.4 7.050 ± 0.069 D 0.994

K′ (Pa·sn) n′ K′ ′ (Pa·sn) n′ ′ R2

CG-VM 43.317 ± 0.098 A 0.299 ± 0.000 30.423 ± 0.032 A 0.094 ± 0.005 0.9973

FG-VM 31.321 ± 0.291 C 0.309 ± 0.001 11.688 ± 0.020 C 0.370 ± 0.016 0.9960

RG-VM 32.511 ± 0.310 C 0.191 ± 0.009 5.534 ± 0.197 D 0.301 ± 0.002 0.9835

AG-VM 0.012 ± 0.001 E 0.992 ± 0.031 0.006 ± 0.000 F 1.201 ± 0.021 0.9993

GG-VM 36.752 ± 0.180 B 0.264 ± 0.002 12.489 ± 0.129 B 0.361 ± 0.024 0.9790

XG-VM 12.721 ± 0.201 D 0.274 ± 0.008 4.364 ± 0.082 E 0.238 ± 0.007 0.9941

G0 Ge Ge/G0 k × 1000 R2

CG-VM 64.613 104.270 1.614 A 60.789 B 0.9844

FG-VM 53.781 70.591 1.313 D 37.57 C 0.9990

RG-VM 38.071 47.951 1.260 E 24.987 E 0.9874

AG-VM 0.258 0.180 0.698 F 4.32 F 0.9938

GG-VM 65.192 97.138 1.490 B 68.876 A 0.9974

XG-VM 14.478 20.176 1.394 C 29.90 D 0.9981

CG-VM: vegan mayonnaise contained chia seed byproduct gum, FG-VM: vegan mayonnaise contained flaxseed
byproduct gum, RG-VM: vegan mayonnaise contained rocket seed byproduct gum, AG-VM: vegan mayonnaise
contained Arabic gum, GG-VM: vegan mayonnaise contained guar gum, XG-VM: vegan mayonnaise contained
xanthan gum; K, K′, and K′ ′: consistency coefficient (Pa·sn); n, n′, and n′ ′: flow behavior index values; G0: the
initial values of the storage modulus; Ge: the equilibrium storage modulus; k: the rate constant of recovery of the
sample; R2: determination of coefficient. * low-fat vegan mayonnaise samples contain 30% vegetable oil and 1%
lecithin. A different uppercase letter in the same column indicates statistical significance.

3.5.2. Zeta Potential and Particle Size

Zeta (ζ) potential is an important parameter that shows whether O/W emulsions
can remain stable for a long time. As the ζ-potential value moves away from 0, in other
words, the system having a negative or positive charge is a positive indicator for the
long stability of the product. Table 7 showed that the ζ-potential values of the samples
were found between (−42.80) and (−31.90) mV. The first interpretation we can make by
looking at these values is that the ζ-potential value of all samples is higher than 0 or
that the samples are stable products to a certain degree. The absolute ζ-potential values
of our vegan mayonnaise samples were similar except for AG-VM, indicating that the
samples can remain stable in these formulations for a long time. The fact that gum forms a
compact structure by reducing the mobility of the mobile phase in increasing the stability
of mayonnaise samples, thus reducing the action potential of the oil molecules in this tight
structure and restricting the interaction of the droplets play a primary role [77]. The fact
that the oil droplets have a certain electrical potential and interact with each other thanks
to the electrostatic repulsive force, preventing flocculation. The zeta potential of samples
prepared with gums obtained from byproducts is similar to commercial gums, indicating
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that the gums obtained from these byproducts can be successfully applied in an emulsion
product, such as mayonnaise and salad dressing.

Table 7. The zeta potential and particle size of vegan mayonnaise samples with a different type
of gum.

ζ-Potential (mV) PdI d32 (μm)

CG-VM −42.0 ± 1.58 A 0.507 ± 0.121 D 5418.00 ± 268.88 C

FG-VM −40.4 ± 1.79 A 0.701 ± 0.050 A 8581.33 ± 284.39 A

RG-VM −39.5 ± 1.21 A 0.302 ± 0.000 E 3689.67 ± 282.13 D

AG-VM −31.9 ± 0.62 B 0.249 ± 0.048 F 1240.00 ± 102.77 E

GG-VM −42.8 ± 1.04 A 0.539 ± 0.092 C 5851.33 ± 114.01 C

XG-VM −41.2 ± 0.89 A 0.613 ± 0.074 B 6720.32 ± 160.99 B

CG-VM: vegan mayonnaise contained chia seed byproduct gum, FG-VM: vegan mayonnaise contained flaxseed
byproduct gum, RG-VM: vegan mayonnaise contained rocket seed byproduct gum, AG-VM: vegan mayonnaise
contained Arabic gum, GG-VM: vegan mayonnaise contained guar gum, XG-VM: vegan mayonnaise contained
xanthan gum. ζ-Potential: zeta-potential (mV); PdI: polydispersity index; d32: the oil particle size (μm). A different
uppercase letter in the same column indicates statistical significance.

The oil particle size (d32) and PdI value of the samples were found as 1240.00–8581.33 μm,
and 0.249–0.701, respectively. The researchers emphasized that the oil particle diameter
decreased significantly as the polysaccharide concentration increased [78,79]. As can be
seen, the mayonnaise samples containing AG and RG exhibited lower particle size and PdI
value as compared to other mayonnaise samples. Also, all samples have a sufficient zeta
potential value.

3.5.3. Oxidative Stability (at 90 ◦C)

The oxidative stability of the vegan mayonnaise samples was determined with the
Oxitest device, and the IP values of the samples were recorded. Table 8 showed the IP
values of the samples. The IP values varied between 4:38 and 13:44 h. The sample prepared
with xanthan gum showed the lowest IP value. The IP values of the samples prepared
with gums obtained from byproducts were higher than the vegan mayonnaise samples
prepared with xanthan gum. The IP value of the sample prepared with RSG was much
higher than other samples. The very high IP value of the sample prepared with RSG can
be explained by the RSG concentration. Due to the low consistency of RSG, it was used
at the level of 5%. During the extraction of RSG, antioxidant products, such as phenolic
compounds, may have transferred to gum solution and caused higher IP value. The higher
IP value of FSG and RSG than xanthan gum. This result indicated that gums obtained from
byproducts could exhibit a favorable condition in terms of oxidative stability as well as
providing desirable consistency.

Table 8. The induction period (IP (h)) of vegan mayonnaise samples with a different type of gum at
90 ◦C.

Samples IP (h)

CG-VM 6:15 ± 0.02 B

FG-VM 5:35 ± 0.08 D

RG-VM 13:44 ± 0.12 A

AG-VM 6:00 ± 0.01 C

GG-VM 5:27 ± 0.04 D

XG-VM 4:38 ± 0.03 E

CG-VM: vegan mayonnaise contained chia seed byproduct gum, FG-VM: vegan mayonnaise contained flaxseed
byproduct gum, RG-VM: vegan mayonnaise contained rocket seed byproduct gum, AG-VM: vegan mayon-
naise contained Arabic gum, GG-VM: vegan mayonnaise contained guar gum, XG-VM: vegan mayonnaise
contained xanthan gum. IP: induction period (h). A different uppercase letter in the same column indicates
statistical significance.
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4. Conclusions

In recent years, cold-pressed oil consumption has increased due to the bioactive
components in its structure. After the consumption of cold-pressed oil, a byproduct
rich in protein, carbohydrates, and bioactive components emerges. Adding value to
these byproducts is an important issue for the cold press oil industry. In this study, the
production of gum from cold-pressed flax, chia, and rocket seed oil wastes and the use of
the obtained gum in vegan mayonnaise were investigated. FSG and CSG are rich in xylose
and glucose, while RSG is rich in galactose and mannose. While FGS and CSG exhibited
high pseudoplastic, viscoelastic solid, and recoverable structure at low concentrations,
RSG exhibited these properties at high concentrations. The potential for use as stabilizers
and emulsifiers in the production of FSG, CSG, and RSG vegan mayonnaise has been
investigated. The results of the study showed that FSG, CSG, and RSG can provide desired
rheological and microstructural properties and oxidative stability in the production of
reduced-fat vegan mayonnaise. The results of this study indicated that this study could
offer a new perspective in adding value to flaxseed, chia seed, and rocket seed cold-press
oil by-product.
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Abstract: The present study presents the use of photochemiluminescence assay (PCL) and 2,2
diphenyl-1-picryl-hydrazyl (DPPH), 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid (ABTS), the
ferric reducing antioxidant power (FRAP), and cupric ion reducing antioxidant capacity (CUPRAC)
methods for the measurement of lipid-soluble antioxidant capacity (ACL) of 14 different byproducts
obtained from the vegetable oil industry (flour, meals, and groats). The research showed that the
analyzed samples contain significant amounts of phenolic compounds between 1.54 and 74.85 mg
gallic acid per gram of byproduct. Grape seed flour extract had the highest content of total phe-
nolic compounds, 74.85 mg GAE/g, while the lowest level was obtained for the sunflower groats,
1.54 mg GAE/g. DPPH values varied between 7.58 and 7182.53 mg Trolox/g of byproduct, and the
highest antioxidant capacity corresponded to the grape seed flour (7182.53 mg Trolox/g), followed
by walnut flour (1257.49 mg Trolox/g) and rapeseed meals (647.29 mg Trolox/g). Values of ABTS
assay of analyzed samples were between 0 and 3500.52 mg Trolox/g of byproduct. Grape seed
flour had the highest value of ABTS (3500.52 mg Trolox/g), followed by walnut flower (1423.98)
and sea buckthorn flour (419.46). The highest values for FRAP method were represented by grape
seed flour (4716.75 mg Trolox/g), followed by sunflower meals (1350.86 mg Trolox/g) and rapeseed
flour (1034.92 mg Trolox/g). For CUPRAC assay, grape seed flour (5936.76 mg Trolox/g) and walnut
flour (1202.75 mg Trolox/g) showed the highest antioxidant activity. To assess which method of
determining antioxidant activity is most appropriate for the byproducts analyzed, relative antioxidant
capacity index (RACI) was calculated. Depending on the RACI value of the analyzed byproducts, the
rank of antioxidant capacity ranged from −209.46 (walnut flour) to 184.20 (grape seed flour). The
most sensitive methods in developing RACI were FRAP (r = 0.5795) and DPPH (r = 0.5766), followed
by CUPRAC (r = 0.5578) and ABTS (r = 0.4449), respectively. Strong positive correlations between
the antioxidant capacity of lipid-soluble compounds measured by PCL and other methods used for
determining antioxidant activity were found (r > 0.9). Analyses have shown that the different types of
byproducts obtained from the vegetable oil industry have a high antioxidant activity rich in phenolic
compounds, and thus their use in bakery products can improve their nutritional quality.

Keywords: byproducts; vegetable oil industry; phenolics; flavonoids; antioxidant activity;
photochemiluminescence

1. Introduction

During the process of obtaining vegetable oils, considerable amounts of waste and
byproducts are generated. These byproducts from the vegetable oil industry are impor-
tant due to their high value-added substances, and they represent an excellent source of
bioactive components, such as antioxidants. Byproducts such as flour, meals, and groats
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resulting from the vegetable oil industry are considered economic resources due to the
antioxidant compounds, which have attracted interest in making functional products with
a higher nutritional value, satisfying consumer demand for such products [1].

Sea buckthorn berries are rich in substances with biological activity [2]. Sea buckthorn
is rich in nutrients and antioxidants, so it is used as a dietary supplement [3]. Ghendov-
Mosanu et al. [2] have determined the characteristics of sea buckthorn flour and investigated
its effects on sensory, physicochemical, and antioxidant properties. The results obtained
showed that sea buckthorn flour is a good source of ascorbic acid, polyphenols, and
flavonoids. This byproduct added in different concentrations in wheat bread has extended
the shelf life to 72 h and has improved antioxidant activity. Increasing the concentration of
sea buckthorn flour in wheat bread was directly proportional to its benefits. Hemp is rich
in protein, fat, carbohydrates, and fiber. It contains significant amounts of macroelements,
such as P, K, Mg, Na, and Ca. Hemp flour is a good source of bioactive compounds,
especially polyphenols [4]. Rusu et al. [4] have nutritionally characterized the bread with
the addition of hemp flour in different concentrations. Studies have shown that the addition
of hemp flour to bread improves the nutritional properties.

Walnuts are a significant source of vegetable protein and amino acids. They contain
over 50% oil rich in polyunsaturated fatty acids. Walnuts are an excellent source of phy-
tochemicals, such as phenolic compounds, carotenoids, and tocopherols [5]. Almoraie
et al. [6] determined the possibility of using walnut flour in the production of wheat bread.
Bread samples with different concentrations of walnut flour have been shown to have a
higher nutritional value than bread samples made from 100% wheat flour. Grape seed flour
contains a significant number of polyphenols and presents high antioxidant capacity [7].
This byproduct can be an alternative in the production of various foods due to a high
content of dietary fiber. Previous studies have shown that grape seed flour has been used
in many products, such as cookies, pancakes, butter biscuits, and bread [8].

Sunflower has many nutritional components. Examples are sunflower flour, meal,
groats, etc. [9]. Sunflower meal can be used in a wide range of bakery products due to
the high concentration of antioxidants. Byproducts such as sunflower meal represent an
excellent source of protein, essential amino acids, and fiber. It contains essential amino
acids, vitamin B, and minerals, and has a high antioxidant property [10]. Grasso et al. [11]
observed that sunflower meal could be used for the nutritional improvement of muffins.
Rapeseed’s meal is rich in phenolic compounds, tocopherols, vitamins B, calcium, mag-
nesium, and presents high antioxidant activity [12]. Along with rapeseed meal, black
sesame meal is a potential source of polyphenolics with high antioxidant status [13]. Flax
seeds contain a high level of oil and are rich in polyunsaturated fatty acids. They are
also an important source of soluble and insoluble fiber [14]. Numerous phytochemical
compounds with antioxidant activity are found in flax seeds, including phenolic acids,
flavonoids, and lignins [15]. Pourabedin et al. [16] observed that adding flaxseed flour to
toast bread increases phenolic compounds. Milk thistle is known for its high content of
bioactive compounds, mainly flavonoids with a powerful antioxidant character [17]. Milk
thistle seeds contain the largest number of active substances, about 70–80% of silymarin
flavonolignans and about 20–30% of substances with polyphenolic structures [18].

The byproducts (meal) obtained in the vegetable oils industry contain phenolic com-
pounds with different chemical structures, such as tocopherols, carotenoids, flavonoids,
lignins, phenolic acids, and tannins with high values of antioxidant capacity [19]. These
are natural and cheap sources of antioxidants that could replace synthetic additives (BHT
or BHA) [19]. It is known that antioxidants play an important role in preventing many
diseases, such as cancer and cardiovascular disease [20]. The main biologically active
compounds of the byproducts obtained from the vegetable oil industry are polyphenols
and flavonoids. Phenolic compounds are a broad group of secondary metabolites that are
spread throughout the plant. Polyphenolics have special properties for human health, in-
cluding anti-inflammatory activity, enzyme inhibition, antimicrobial, antiallergic, reducing
the risk of cardiovascular disease, and cytotoxic antitumor activity [21]. Antioxidants such
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as polyphenols are considered possible protective agents, reducing the oxidative damage
caused by reactive oxygen species in the human body and delaying the progression of
many chronic diseases, as well as the oxidation of low-density lipoproteins (LDL), which
play an important role in atherosclerosis [22]. One of the major causes of atherosclerosis is
the high cholesterol. Flavonoids represent a class of phenolic compounds, which are found
naturally in plants. These bioactive compounds are also found in a variety of nutraceutical,
pharmaceutical, medicinal, and cosmetic applications. This is attributed to their antioxidant,
anti-inflammatory, antimutagenic, and anticarcinogenic properties, along with their ability
to modulate the key function of cellular enzymes. Research on flavonoids has received
an additional boost with the discovery of a low rate of cardiovascular mortality and the
prevention of cardiovascular disease [23].

The aim of this study was to determine the total polyphenolic and flavonoid content,
as well as to evaluate the antioxidant activity by different methods (DPPH, FRAP, CUPRAC,
ABTS) and the antioxidant capacity by PCL-ACL of various byproducts obtained from
the vegetable oil industry. It is necessary to find alternative strategies for the use of
these byproducts in order to avoid their impact on the environment and to increase the
profitability of plant resources. The main attraction of these byproducts obtained in the
vegetable oil industry is the possibility to use them in the production of food products with
high nutritional value.

2. Materials and Methods

2.1. Reagents and Standards

2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulph-
onic acid) diammonium salt (ABTS), ferric reducing antioxidant potential (FRAP), 2,4,6-
tripyridyl-s-triazine (TPTZ), (+)-catechin, gallic acid, and Trolox (6-hydroxy-2,5,7,8-tetrame
thylchroman-2-carboxylic acid) were purchased from Sigma Chemical Co. (Switzerland).
Folin–Ciocalteu’s phenol reagent was purchased from Merck (Germany). All chemicals
used were of analytical grade. Standard solutions were prepared with distilled deion-
ized water.

2.2. Byproduct Materials

The following types of byproducts were considered: sea buckthorn flour, hemp flour,
walnut flour, grape seed flour, rapeseed meals, sunflower meals, black sesame meals, red
grape seed meals, golden flax meals, thistle meals, sesame groats, thistle groats, coriander
groats, sunflower groats. The byproducts were obtained from the vegetable oil industry
and provided by the Association of Operators in Organic Farming Bio-Romania (Romania).
The samples were ground using a laboratory mill and kept in closed jars in a refrigerator at
4 ◦C.

2.3. Qualitative Analysis by ATR-FTIR

The FTIR spectrum for byproducts and dry extracts was recorded at room temperature
using the Cary 630 FTIR Spectrometer in ATR mode (Agilent Technologies Inc., Santa
Clara, CA, USA). The chosen measurement range was 4000–650 cm−1, number of scans 400,
resolution 4 cm−1. The FTIR spectra of dry extract were produced on the alcoholic extract
of byproducts dried previously in an oven at 25 ◦C (for 24 h) [24].

2.4. Extraction Procedure

An amount of 0.2 g of byproduct was weighed and brought into 20 mL of ethanol
96 %. The extracts were obtained by the ultrasound-assisted extraction method involving
frequencies ranging from 20 kHz to 2000 kHz for 1h at room temperature. Then, the extracts
were centrifuged for 10 min at 10,000 rpm to remove the secondary materials [25].
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2.5. Determination of Phenol Content

Total phenol content was determined by the Folin–Ciocalteu method [26]. A total
of 50 μL of extract was mixed with 10 μL Folin–Ciocalteu reagent, 90 μL distilled water,
and 10 μL of saturated sodium carbonate. The 96-well plates were allowed to stand in
the dark for 60 min for color development. Absorbance was measured at 765 nm using a
FlexStation 3 UV-Vis (Molecular Devices, GA, USA) Spectrophotometer. A standard curve
was prepared by using different concentrations (10–50 μg/mL) of gallic acid in the same
condition with samples (R2 = 0.9966). Total phenolic content was expressed as mg gallic
acid equivalent/g of byproduct (mg GAE/g).

2.6. Determination of Flavonoid Content

Total flavonoid content (TFC) was assessed through the AlCl3 method described by
Woisky and Salatino [27]. Briefly, 0.1 mL sample/standard solution was mixed with 0.1 mL
10% sodium acetate and 0.12 mL 2.5% AlCI3, the final volume being adjusted to 1 mL with
70% ethanol. The samples were then vortexed and incubated in the dark for 45 min. The
absorbances were measured at 430 nm. A standard curve was plotted by using different
concentrations (5–200 μg/mL) of quercetin (R2 = 0.9980). Total flavonoid content was
expressed as mg quercetin equivalent/g of byproduct (mg QE/g).

2.7. Determination of Antioxidant Activity through DPPH, CUPRAC, FRAP, and ABTS Methods

DPPH radical scavenging activity was determined based on the reduction in DPPH
radical, according to Culetu et al. [28], with slight modifications. The reaction mixture
consisted of 1 mL of sample and 6 mL of DPPH radical solution, which was incubated
for 20 min in the dark. Then, the absorbance was measured at 517 nm. Antioxidant
activity was calculated using a calibration curve (0.0156–0.0625 μg/mL) obtained with
Trolox (R2 = 0.9998). The results were expressed in mg Trolox/g of byproduct.

The CUPRAC method is based on the reduction of a cupric complex, neocuproin,
by antioxidants in copper form. Copper ion reduction was performed according to a
method described by Celik et al. [29]: 60 μL of sample/standard solutions of different
concentrations were mixed with 50 μL CuCl2 (10 mM), 50 μL neocuproin (7.5 mM), and
50 μL ammonium acetate buffer 1 M, pH = 7.00. After 30 min, the absorbance was measured
at 450 nm. The stock Trolox solutions required for the calibration curve were 2 mM, and
the working concentrations were between 0.125 and 2.0 mM (R2 = 0.9977). The results were
expressed in mg Trolox/g of byproduct.

FRAP assay—the determination of the antioxidant capacity of iron reduction was
performed by the method described by Thaipong et al. [30]. The stock solutions included
300 mM acetate buffer (3.1 g C2H3NaO2 3H2O and 16 mL C2H4O2), pH 3.6, 10 mM 2,4,6-
tripyridyl-s-triazine (TPTZ) solution in 40 mM HCl, and 20 mM FeCl3 6H2O solution. The
fresh working solution was prepared by mixing 25 mL acetate buffer, 2.5 mL TPTZ solution,
and 2.5 mL FeCl3 6H2O solution, and then warming at 37 ◦C before using. After incubation,
the absorbance was read at 593 nm. A 1 mM Trolox stock solution was used to plot the
calibration curve, the concentration ranging between 25 and 250 μM Trolox (R2 = 0.9962).
The results were expressed in mg Trolox/g of byproduct.

Trolox equivalent antioxidant capacity (TEAC) assay was performed according to Re
et al. [31] with slight modifications. A stable stock solution of ABTS+ was produced by
mixing a solution of 7 mM ABTS in 2.45 mM potassium persulphate. Then, the mixture was
left standing in the dark at room temperature for 12–16 h before use. An ABTS+ working
solution was obtained by dilution with ethanol to an absorbance of around of 0.70. The
reaction mixture consisted in 20 μL of sample/standard and 180 μL of ABTS+ working
solution and was incubated 30 min in the dark. The standard curve was linear between 20
and 200 μM Trolox (R2 = 0.9975). The results were expressed in mg Trolox/g of byproduct.
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2.8. Photochemiluminescence Assay

An amount of 0.05 g of samples was mixed with 30 mL methanol for 3 h [32]. The
extractions were performed in tightly closed plastic tubes, vortexed, and centrifuged at
20 ◦C. The extraction was made in triplicate. The scavenging activity of byproduct samples
was evaluated by a photochemiluminescence (PCL-ACL) method in which superoxide
radical anions (O2−) are generated from luminol. The extracts were dissolved in methanol.
The reactions were carried out using kits for the determination of antioxidant capacity
of lipid-soluble substances (Analytik Jena, Jena, Germany), mixing 2300 μL of methanol
(reagent 1), 200 μL of buffer solution (reagent 2), 25 μL of luminol (reagent 3), and 10 μL
of sample. Measurement was performed on a Photochem device with PCLsoft software
(Analytik Jena). Trolox was used to prepare the calibration curve. The results are expressed
as mg of Trolox equivalents per g of extract.

2.9. Statistical Analysis

Antioxidant assays were performed in at least three repetitions. Results are presented
as means ± standard deviation (SD). To determine the relation between results of total
phenolics and antioxidant assays, the Pearson correlation was used.

3. Results and Discussion

3.1. Qualitative Analysis by ATR-FTIR

Qualitative analysis of FTIR spectra provides a characteristic signature present for
specific bonds of interest in antioxidants (phenolic, phenolic acids, flavonoids, hydroxycin-
namic acids, etc.) by the presence of their molecular vibrations (stretching, bending, and
torsion of chemical bonds) [33,34]. Therefore, FTIR spectra represent a molecular footprint
of samples for both byproducts and dry extracts obtained by evaporation at room temper-
ature in the dark. Because the amount of some of the dry extracts were low, it was not
possible to perform FTIR spectra for all extracts. Figure 1 shows the comparative spectra
for both byproducts and dry extracts to highlight specific bands of phenolic compounds.

Figure 1. FTIR spectra for sea buckthorn flour and its dry extract in the region between 650 and
4000 cm−1.

It was possible to distinguish several peaks, which correspond to the functional
groups and vibration modes of the polyphenolic components. The wide band between
3220 and 3249 cm−1 corresponded to the OH stretching modes and it could be attributed to
polysaccharides and/or lignins. The peak at 3010 cm−1 was related to the C–H stretching
vibration of the cis-double bond (=CH) groups. The asymmetric and symmetrical stretching
vibrations of the CH2 groups were found at 2924 cm−1 and 2853 cm−1, respectively, in
both dry extract and byproduct for hemp flour, seed flour harrows, sunflower meal, and
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sesame meal. They were mainly associated with the hydrocarbon chains of lipids or
lignins [35]. The spectral band at 1744 cm−1 (for hemp flour, sunflower meal, and sesame
meal) and the shoulder band at 1719 cm−1 (for sea buckthorn flour and walnut flour)
was attributed to the absorption of C=O bonds of the ester groups and was related to
the presence of fatty acids and glycerides, as well as pectins and lignins [36]. The bands
around 1600 cm−1 (hemp flour, walnut flour, grape seed flour, and rapeseed meals) were
associated with the extent of the carboxyl group and aromatic ring, for example, in pectins
and phenolic compounds [37], but also with the bending vibrations of the OH groups.
The footprint region from 1500 to 800 cm−1 was very rich in peaks from different ways
of stretching, bending, swinging, scissoring, and twisting. This region was difficult to
analyze due to its complexity, providing important information about organic compounds,
such as carbohydrates, alcohols, and organic action, present in the samples. Aromatic C–C
extending to ~1520 (seed flour harrows and rapeseed meals) and ~1443 cm−1 (walnut flour,
grape seed flour, and sesame meal) was related to phenolic compounds [38]. Methyl radical
bent in the plane at 1377 cm−1 (hemp flour, sunflower meal, and sesame meal) and C–O
extending at ~1035 cm−1 (walnut flour, grape seed flour, and rapeseed meals) were related
to polysaccharide structures [34,36,37]. The peak at 1143 cm−1 (identified for hemp flour
and sesame meals) corresponded to the aromatic extent of C–H. The band at 765 cm−1

has been assigned to benzene ring 1,3-disubstituted, specific for phenolic compounds [38].
Therefore, in the studied extracts, specific bands of phenolic compounds were identified
(Figures 1–4).

Figure 2. FTIR spectra for grape seed flour and its dry extract in the region between 650 and
4000 cm−1.

The different byproducts from the vegetable oil industry contain significant amounts
of phenolic compounds. Analyzed extracts contained between 1.54 and 74.85 mg GAE per
gram of byproduct. Grape seed flour extract resulted in the highest amount of total phenolic
compounds, 74.85 mg GAE/g. The lowest level was obtained for the sunflower groats,
1.54 mg GAE/g. These amounts were comparable with results described in the literature
for other extracts of plant products. The byproducts of the wine industry, mainly fresh and
fermented grape pomace, represent a potential source of natural phenolic substances. Grape
seeds are richer in polyphenolic compounds and have a higher antioxidant activity than
grape skins. The content of extractable phenolic compounds from seeds represents almost
70% of the total extractable phenols from grapes [39]. Rajakumari et al. [40] formulated
a nanodispersion containing grape seed extract and analyzed its release profile and the
antioxidant potential of the prepared formulations. They concluded that the formulations
present a high antioxidant scavenging due to the content of phenolic compounds. The
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resulting value of total polyphenol content of the tested grape seed flour is higher than
those obtained by Antonic et al. [8], 5.58 mg GAE/g. Lutterodt et al. [41] analyzed flours
made from cold-pressed seeds of two grape cultivars. The obtained values were 5.93 and
6.66 mg GAE/g. In the same study, the results of TPC for another two cultivars were
67.9 and 89.6 mg GAE/g. These indicate that the TPC content is highly dependent on the
cultivar.

Figure 3. FTIR spectra for rapeseed meals and its dry extract in the region between 650 and 4000 cm−1.

Figure 4. FTIR spectra for walnut flour and its dry extract in the region between 650 and 4000 cm−1.

3.2. Amount of Phenolic Compounds and Flavonoid Compounds

The amount of total phenolic and flavonoid content in the byproduct extracts is shown
in Table 1.

Gallic acid, 3,4-dihydroxybenzoic acid, (+)-catechin, 1,2-dihydroxybenzene, and sy-
ringic acid were the major phenolic compounds in hemp seed [42]. Phenolic content of
hemp flour was 10 times higher than those obtained by Ertas et al. [43], who reported
that raw hemp flour contains 0.405 mg GAE/g. In contradiction with our results, Mikulec
et al. [44] reported that hemp flour is characterized by a polyphenol content of 0.98 mg
GAE/g. Walnuts are recognized for their high antioxidant capacity, being associated with a
high phenolic content. Phenolic compounds, hydrolyzable tannins, and flavanols are the
major components in walnut flour [45]. Similar to our results, Burbano and Correa [46]
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reported that the total phenolic content of walnut flour is 10.9 ± 0.3 mg GAE/g. Santos
et al. [47] studied the effect of roasting conditions on the composition and antioxidant
properties of defatted walnut flour and they observed that walnut flour contains 20 mg
GAE/g. Labuckas et al. [48] analyzed three walnut flour varieties with respect to total
phenolic content (TPC). They observed that TPC varied between 16.3 and 23.7 mg GAE/g,
the results being higher than those obtained in this study.

Table 1. Phenolic content and flavonoid content in the byproducts of the vegetable oil industry.

Sample Name
Total Phenolic Content Total Flavonoid Content

(Mg GAE/g) (Mg QE/g)

Sea buckthorn flour 11.52 ± 0.50 9.28 ± 0.06
Hemp flour 4.68 ± 0.13 4.12 ± 0.07
Walnut flour 13.75 ± 0.24 7.57 ± 0.09

Grape seed flour 74.85 ± 0.43 51.24 ± 1.46
Rapeseed meals 11.24 ± 0.65 9.46 ± 0.50
Sunflower meals 11.70 ± 0.35 7.92 ± 0.14

Black sesame meals 3.88 ± 0.20 nd
Red grape seed meals 6.84 ± 0.67 nd

Golden flax meals 3.80 ± 0.28 nd
Thistle meals 7.97 ± 0.48 nd
Sesame groats 4.31 ± 0.32 1.41 ± 0.25
Thistle groats 8.39 ± 0.19 4.99 ± 0.37

Coriander groats 1.73 ± 0.09 nd
Sunflower groats 1.54 ± 0.03 nd

Rapeseed meal is the byproduct of the rapeseed de-oiling process. Rapeseed contains
the greatest number of phenolic compounds compared with other oilseed plants. The
most significant phenolic compounds in rapeseed are sinapic acid derivatives, such as
sinapine [49]. The rapeseed meal phenolic isolates contained between 0.42 and 6.94 mg
GAE/g depending on the extraction solvent used [49]. According to Yang et al. [50], total
phenolic compounds in rapeseed meals ranged from 38.50 to 63.95 mg GAE/g dry weight.
These values are higher than those reported in the present study (11.24 mg GAE/g).

It is known that sunflower seeds are rich in phenolic compounds and the total phenolic
content was in the range of 10–42 mg/g according to Kreps et al. [19]. Zilic et al. [51]
investigated the total polyphenol content in three sunflower genotypes. They found that
the polyphenol content ranged between 14.68 and 18.24 mg GAE/g for sunflower seed
and 16.28 and 20.13 mg GAE/g for sunflower kernel, respectively. Chlorogenic and caffeic
acids represented 70% of phenolic compounds in sunflower flour [19].

Elleuch et al. [52] have performed a detailed study on the chemical composition and
the importance of each component in the seed coat. They studied the total phenolic content
of raw sesame seed (0.88 mg GAE/g) and the raw seed coat (0.60 mg GAE/g). Sesame seed
coat showed a relatively high polyphenol content (9.9 mg/g of seed coat dry matter) [53].
Compared with black sesame meals (3.88 mg GAE/g), it was observed that seed coat
contains a higher amount of total polyphenols. Barthet et al. [54] determined antioxidant
activity of flaxseed meal components. They reported that the amount of total phenolics
extracted by the various solvents decreased from methanol to water extracts, the results
varying between 98.2 mg GAE/g and 68.2 mg GAE/g, respectively. Our results are lower
than those obtained by Barthet et al. [54].

The total phenolic content of milk thistle genotypes ranged from 2.06 to 3.60 mg
GAE per g [17]. Stancheva et al. [55] reported that the total phenolic content of thistle
was between 2.58 and 3.91 mg GAE/100 g. Phenolic content was higher in thistle meals
(7.97 mg GAE/g) and thistle groats (8.39 mg GAE/g) than for milk thistle.

The flavonoid content represents approximately 80.56% of the total polyphenols for
sea buckthorn flour extract, 88.03% for hemp flour extract, 55.05% for walnut flour extract,
68.46% for grape seed flour extract, 84.16% for rapeseed meals, 67.69% for sunflower meal
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extract, 32.41% for sesame groats, and 59.48% for thistle groats (Table 1). The results
were correlated with the literature data; for example, the percentage of flavonoids was
similar to that obtained by Nilova and Malyutenkova [56] for sea buckthorn flour extract
(89.5%), and, for the hemp flour extract, the flavonoids content was significantly higher
than those present in the literature, 0.29 mg catechin equivalent/g [42,57]. For walnut flour,
a higher concentration of flavonoids was obtained than in Santos et al. [47]. Depending on
the extraction solvent used, the content of flavonoids in rapeseed and sunflower varied
between 0.74 and 4.19 mg catechin/g and 1.45 and 12.03 mg catechin/g, respectively [20].
In comparison with our results, rapeseed meal (11.24 mg QE/g) presented higher flavonoid
content. Sunflower meals (11.70 mg QE/g) contain lower flavonoid levels than metanolic
extract analyzed by Matthaus [20].

The variation in TPC and TFC could be due to the varietal differences, climate, harvest
time, and other factors that affect the nutritional quality of the plants [58]. Moreover, the
content of TPC and TFC depends on the extraction solvent. Khalil et al. [59] concluded that
the extraction solvent of total phenolic contents and total flavonoid contents of pomegranate
peel extracts is methanol, followed by ethanol and ethyl acetate. The vegetable oil industry
generates substantial amounts of phenolic-rich byproducts, which could be valuable natural
sources of antioxidants.

3.3. Comparison of the Antioxidant Activity of Selected byproducts

The response of antioxidants to different radical or oxidant sources may be different.
Thus, no single method accurately reflects the mechanism of action of all radical sources or
all antioxidant compounds in a complex system [60].

Evaluation of antioxidants in food is of great importance in today’s context. Estima-
tion of total antioxidant using different assays is important to get the overall antioxidant
potential of any food matrix. The total antioxidant activity of the 14 byproducts obtained
from the vegetable oil industry was estimated using four in vitro assays, namely, DPPH,
ABTS, FRAP, and CUPRAC. The antioxidant capacity through PCL was also determined.
The measurements of DPPH, ABTS, FRAP, and CUPRAC values are presented in Table 2

Table 2. Antioxidant activity of selected byproducts obtained in the vegetable oil industry.

Sample Name DPPH ABTS FRAP CUPRAC

Sea buckthorn flour 394.17 ± 1.50 419.46 ± 2.45 547.45 ± 13.14 503.43 ± 14.52
Hemp flour 139.59 ± 1.17 113.73 ± 13.47 285.81 ± 17.23 231.94 ± 18.74
Walnut flour 1257.49 ± 3.85 1423.98 ± 24.57 913.44 ± 15.19 1202.75 ± 23.99

Grape seed flour 7182.53 ± 6.12 3500.52 ± 66.45 4716.75 ± 131.88 5936.76 ± 96.42
Rapeseed meals 647.29 ± 1.36 406.55 ± 6.61 1034.92 ± 39.63 478.43 ± 30.88
Sunflower meals 628.58 ± 3.85 347.01 ± 20.97 1350.86 ± 72.20 510.49 ± 35.22

Black sesame meals 17.73 ± 1.04 48.81 ± 2.68 42.69 ± 2.75 63.31 ± 1.09
Red grape seed meals 200.77 ± 1.08 322.76 ± 27.81 119.92 ± 8.06 119.99 ± 5.54

Golden flax meals 9.25 ± 0.68 12.13 ± 0.61 61.54 ± 4.98 75.50 ± 8.02
Thistle meals 85.58 ± 3.29 292.81 ± 13.59 84.89 ± 6.18 125.75 ± 4.55
Sesame groats 7.58 ± 1.30 15.77 ± 5.05 66.21 ± 3.45 62.45 ± 2.38
Thistle groats 22.74 ± 1.74 293.14 ± 34.32 105.31 ± 12.41 112.54 ± 2.92

Coriander groats 17.64 ± 0.61 9.37 ± 2.22 26.47 ± 2.78 67.53 ± 0.95
Sunflower groats 55.06 ± 2.64 nd 34.46 ± 1.51 70.47 ± 2.96

All values are expressed as mg Trolox/g fresh weight.

These analyses can allow the identification and selection of byproducts in the vegetable
oil industry that favor the enrichment of bakery products in antioxidants, which could lead
to an increase in the quality of these products.

The total antioxidant activity using the DPPH method of tested samples was between
7.58 and 7182.53 mg Trolox/g of extract. Grape seed flour presented the highest antioxidant
activity (7182.53 mg Trolox/g), while the value of DPPH in sesame groats was the lowest
(7.58 mg Trolox/g). Scavenging activity of extracts of grape seed flour and walnut flour
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(1257.49 mg Trolox/g) were significantly higher than that of sesame groats; thus, phenolic
compounds of grape seed flour and walnut flour exhibited the strongest DPPH scavenging
potency. Grape seeds are rich in gallic acid, vanilla acid, caffeic acid, ferulic acid, p-coumaric
acid, chlorogenic acid, rutin, and quercetin [61]. According to Ross et al. [62], the DPPH
radical scavenging ability of defatted grape seed flour was 0.67 mg Trolox/g dry matter,
lower than the result from this study. Ross et al. [62] determined the effect of heating
time and temperature on the DPPH antioxidant activity of 70% ethanol extracts of grape
seed flour and they observed that, at a temperature of up to 150 ◦C, the values of DPPH
activity of the grape seed flour did not significantly change. At a temperature above 180 ◦C,
significant decreases in antioxidant activity were observed.

Walnut kernels are rich in gallic acid, caffeic acid, chlorogenic acid, ferulic acid,
synaptic acid, salicylic acid, and ellagic acid [63]. Walnuts are recognized for their high
antioxidant capacity when compared with other nuts, being normally associated with this
property with a high phenolic content [64]. Studies have shown that caffeic acid and gallic
acid exhibited high DPPH scavenging activities, 89.4% and 88.5%, respectively [65]. Sroka
and Cisowski [66] confirmed the strong activity of gallic acid and pyrogallol on DPPH
scavenging tests, 75% and 79.5%, respectively. Trandafir et al. [62] analyzed the effect of
different solvents and extraction methods on antioxidant activity of full-fat and defatted
walnut kernel. The results showed that values of antioxidant activity ranged between 17.25
and 49.25 mg Trolox/100g. They concluded that antioxidant capacity of full-fat walnut
kernel and defatted walnut kernel is influenced by extraction method.

Chlorogenic and caffeic acids represent almost 70% of phenolic compounds in sun-
flower flour [67]. Numerous studies have demonstrated that sunflower meal presents high
antioxidant capacity, which could be beneficial for further technological utilization [68].
Grasso et al. [69] investigated defatted sunflower seed flour and they reported an antioxi-
dant radical scavenging value of 4.5 mg Trolox/g, lower than our concentration reported in
the preset study. The antioxidant activity of phenolic acids and their esters depend partly
on the number of hydroxyl groups in the molecule [70], which explains the high DPPH
scavenging activity of caffeic acid and gallic acid with three hydroxyl groups. Kikuzaki
et al. [71] also have reported similar compounds of scavenging ability towards DPPH
radicals: caffeic acid, sinapic acid, ferulic acid, and p-coumaric acid. Chlorogenic and
isochlorogenic acids, which are derivatives of caffeic and quinic acid, exhibited strong
antioxidative properties, 93% and 86%, respectively [66]. Ferulic acid showed a DPPH
scavenging capacity of 39.5%, having in its structure a single methoxy group in the meta
position [65].

The values of DPPH reported in this study were higher for meal or flour than for groats.
This is because, in all meal or flour samples, the polyphenol content was higher than in the
groats, except black sesame meal and thistle meal, where the level of phenolic compounds
was higher in the groats. It is generally predicted that DPPH radical scavenging activity is
strongly affected by the content of phenolic compounds [72].

Because the contribution of the phenolic compounds to the overall antioxidant capacity
is different, a correlation analysis was performed (Table 3). The results showed a strong
positive correlation of TPC with antioxidant activity on DPPH radical, with a correlation
coefficient of 0.9927. Moreover, a high correlation was recorded between DPPH and
TFC (0.9811).

The antioxidant capacity is measured as the ability of compounds to decrease the
color reacting with ABTS+ radical and expressed relative to Trolox [73]. It is known that
antioxidant activity depends on the content of the phenolics and the number and position
of the hydroxyl groups of the aromatic ring binding site and the type of substituent. Similar
to DPPH assay, the strongest antioxidant activity in the ABTS method was obtained by
phenol with three hydroxyl groups, such as gallic acid and pyrogallol [74].

182



Foods 2022, 11, 253

Table 3. The correlation coefficients between total phenolic content and flavonoids with DPPH, ABTS,
CUPRAC, and FRAP.

DPPH ABTS FRAP CUPRAC

TPC 0.9927 0.9660 0.9752 0.9920

TFC 0.9811 0.9477 0.9825 0.9815

Values of ABTS+ of analyzed byproducts ranged from 0 to 3500.52 mg Trolox/g. Grape
seed flour had the highest value of ABTS assay (3500.52 mg Trolox/g), followed by walnut
flower (1423.98) and sea buckthorn flour (419.46). Ross et al. [62] analyzed a sample of
defatted grape seed flour and they observed a TEAC value of 4.68 mg Trolox/g dry matter,
lower than our result. Grape seed contains a high amount of polyphenols with three
hydroxyl groups, mainly flavonoids, including gallic acid, the monomeric flavan-3-ols
catechin, epicatechin, gallocatechin, epigallocatechin, and epicatechin 3-O-gallate, and
procyanidin dimers, trimers, and more highly polymerized procyanidins [75]. Moreover,
the walnut flour contains a great content of phenolic compounds, such as hydrolyzable
tannins. They are responsible for a high antioxidant activity in walnut flour. According to
Pellegrini et al. [76], antioxidant capacity of walnut extracts was 119.91 μmol Trolox/g dry
matter by ABTS method. Antioxidant capacity of extracts of the whole walnut determined
by Arranz et al. [77] was 165.18 μmol Trolox/g dry matter. After the sample was defatted
with petroleum ether, the antioxidant capacity was higher than whole walnut at 211.85 μmol
Trolox/g dry matter. The authors concluded that the high fat content of walnut interferes
in the determination of antioxidant capacity [77]. Seventeen phenolic acids were identified
in sea buckthorn berries. Salicylic acid was the predominant phenolic acid in berries.
Small quantities of p-hydroxybenzoic acid were detected [78]. Cyclic spermidine-alkaloid,
feruloyl choline, kaempferol, and sinapine were identified as the main phenolic compounds
in rapeseed meals [50].

The ABTS values for golden flax meals (12.13 mg Trolox/g), sesame groats (15.77 mg
Trolox/g), and coriander groats (9.37 mg Trolox/g) were the lowest, suggesting small
quantities of phenolic compounds. Barthet et al. [54] analyzed two samples of golden flax
meals and brown flax meals. They reported ORAC values of 2.44 mg Trolox/g and 2.33 mg
Trolox/g, respectively.

The correlation between TPC and TFC with ABTS method is shown in Table 3. The
correlation coefficients in these cases are 0.9660 and 0.9477, respectively.

A wide range in FRAP values was observed among the analyzed byproducts, showing
values of 34.46–4716.75 mg Trolox/g of byproduct. The highest value of FRAP was pre-
sented by grape seed flour (4716.75 mg Trolox/g), followed by sunflower meals (1350.86 mg
Trolox/g) and rapeseed meals (1034.92 mg Trolox/g). Gougoulias and Mashev [79] ana-
lyzed 14 grape seeds varieties. The results of FRAP activity were lower than those presented
in this article and ranged between 0.15 and 0.20 mg Trolox/g dry weight. In contradiction
with our results, Antonic et al. [8] analyzed grape seed flour with respect to antioxidant
activity and observed that FRAP activity was 0.056 mg Trolox/g. Ross et al. [62] found that
the FRAP value of defatted grape seed flour was 0.93 mg Trolox/g dry matter. Szydłowska-
Czerniak et al. [12] evaluated antioxidant capacity of rapeseed meal. Results ranged
between 0.003 and 0.025 mg Trolox/g. Gvozdenac et al. [80] tested seed, hull, and kernel
of different sunflower hybrids. The results of antioxidant activity (FRAP) in seed ranges
between 76.5 and 83.0 mg Trolox/g, in hull between 4.5 and 8.4 mg Trolox/g, and in kernel
between 116.1 and 1117.3 mg Trolox/g. According to Arranz et al. [77], antioxidant activity
of aqueous organic extracts of defatted walnut through FRAP method was 114.92 μmol
Trolox/g dry matter.

CUPRAC antioxidant assay delivered values in the range of 62.45–5936.75 mg Trolox/g.
Grape seed flour presented the highest CUPRAC value (5936.76 mg Trolox/g), while the
lowest value was obtained by sesame groats (62.45 mg Trolox/g). According to Bogoeva
et al. [81], the antioxidant activity of 70% ethanolic extract of grape seed flour was evaluated
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and they obtained a CUPRAC value of 344.78 mg Trolox/g, lower than our result. Grasso
et al. [69] investigated defatted sunflower seed flour with respect to antioxidant activity.
They observed that defatted sunflower seed flour had higher antioxidant capacity measured
by DPPH and CUPRAC assays compared to wheat flour. The CUPRAC value was 20 mg
Trolox/g, lower than our result.

A high correlation coefficient was observed between TPC and TFC with FRAP and
CUPRAC methods. The correlation coefficients in these cases were 0.9752, 0.9825, and
0.9920, 0.9815 respectively. Moreover, the analysis revealed a significant positive correlation
of CUPRAC with FRAP (0.9716).

Zhou and Yu [82] determined the correlation coefficient for CUPRAC, FRAP, and
total phenolics in cauliflower genotypes. The results reported presented a significant
correlation coefficient of CUPRAC with FRAP (0.711), CUPRAC with total phenolics (0.470),
and FRAP with total phenolics (0.504). Deng et al. [83] also observed that total phenolic
content and the measured antioxidant properties were correlated with each other. Sun and
Tanumihardjo [84] also revealed a significant linear correlation among different antioxidant
capacities (FRAP and TEAC) in a study with 56 vegetables. They have also observed a
positive correlation among total antioxidant capacities and total phenolic content.

In this study, most of the analyzed byproducts showed high values of antioxidant
activity by the FRAP and CUPRAC method; this is probably due to other structures that
can function as ligands.

3.4. Development of the Relative Antioxidant Capacity Index RACI

The relative antioxidant capacity index (RACI) was developed as a statistical perspec-
tive by integrating food antioxidant capacity data determined by the several methods used.
For obtaining the RACI values, it is necessary to determine the standard scores for each
method. Standard scores obtained using different methods of analysis will have a similar
contribution to the central trend of the average and can be compared without interference
from different units, scales, and distributions [84]. The trend of the RACI value matched
with the standard score from the four methods (Table 4).

In order to create a ranking of the antioxidant capacities of the analyzed byproducts,
RACI was calculated (Figure 5).

Table 4. Standard scores of antioxidant capacity and RACI for the analyzed byproducts.

Sample Name DPPH ABTS FRAP CUPRAC RACI

Sea buckthorn flour 43.15 36.74 16.59 11.98 27.12

Hemp flour −475.64 −43.23 −23.81 −24.77 −141.86

Walnut flour −521.89 −75.00 −154.93 −86.04 −209.46

Grape seed flour 685.39 7.71 13.11 30.58 184.20

Rapeseed meal −20.75 −40.69 9.07 −6.38 −14.69

Sunflower meal 65.56 −1.39 13.50 3.81 20.37

Black sesame meal −95.45 −25.44 −27.02 −49.25 −49.29

Red grape seed meal 79.20 7.46 0.58 0.86 22.03

Golden flax meal −123.80 −133.28 −6.40 −2.24 −66.43

Thistle meal −2.14 14.73 −1.25 7.28 4.65

Sesame groats −60.11 −13.85 −5.65 −9.78 −22.35

Thistle groats −33.97 6.16 1.89 10.51 −3.85

Coriander groats −36.89 −13.86 −4.92 28.83 −6.71

Sunflower groats 0.66 0.00 −12.50 5.79 −1.51
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Figure 5. Relative antioxidant capacity index of 14 byproducts obtained in the vegetable oil industry.

RACI of analyzed byproducts is a scientific combination of data from different chemi-
cal methods with no unit limitation and no variance among methods. With this parameter,
it is possible to make a much more precise comparison of the antioxidant capacities of the
different food matrices. Based on the RACI value of the 14 byproducts obtained in the
vegetable oil industry, the rank of antioxidant capacity ranged from −209.46 to 184.20. The
highest relative antioxidant capacity index was observed in grape seed flour; the lowest
was in walnut flour, with a value of −209.46. Each antioxidant activity used in this study
was correlated with RACI. In this study, the most sensitive methods in developing RACI
were FRAP and DPPH (r = 0.5795; r = 0.5766), followed by CUPRAC (r = 0.5578) and ABTS
(r = 0.4449) (Figures 6–9).

Figure 6. Correlation between RACI and DPPH activity.

185



Foods 2022, 11, 253

Figure 7. Correlation between RACI and ABTS activity.

Figure 8. Correlation between RACI and FRAP activity.

Figure 9. Correlation between RACI and CUPRAC activity.
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3.5. Determination of Antioxidant Capacity Using the PHOTOCHEM Device in an ACL System

In the present study, the ACL concentration was expressed as equivalent antioxidant
activity in mg Trolox per gram of extract.

The inhibition of photochemiluminescence (PCL) of luminol (5-amino-2,3-dihydro-
l,4-phthalazinedione) in methanol by constituents of the phenolic-containing byproduct
extracts was monitored using the PHOTOCHEM (Figure 10).

Figure 10. Antioxidant capacity using the PHOTOCHEM device in an ACL system.

Lipid soluble antioxidant capacity data of the 14 byproducts obtained in the vegetable
oil industry were between 107.25 and 9269.32 mg Trolox/g.

As can be seen in Figure 10, the highest value was determined in the grape seed
flour sample. This value exceeded other measured data several-fold. The walnut flour
(2039.42 mg Trolox/g), rapeseed meals (1712.39 mg Trolox/g), and sunflower meals
(1429.32 mg Trolox/g) were the next samples with ACL values above 1000 mg Trolox/g.
Obtained data for the black sesame meals, golden flax meals, sesame groats, coriander
groats, and sunflower groats were the lowest at just over 100 mg Trolox/g. Senila et al. [85]
analyzed total antioxidant capacity of four types of seeds (sunflower, flax, hemp, and
sesame) using the photochemiluminescence assay. The antioxidant capacity varied be-
tween 7.5 and 112.5 mg Trolox/g. The results were lower than those presented in this
study.

Sielicka et al. [86] analyzed six samples of flaxseed, walnut, rapeseed, pumpkin seed,
evening primrose, and black cumin cold-pressed in terms of lipid-soluble antioxidant
capacity analysis. They used hexane as the extraction solvent. The values ranged between
1.0 and 7.7 mM Trolox/L oil. The antioxidant capacity of flaxseed, walnut, and rapeseed
pressed cold oils presented the lowest values.

Strong positive correlations between the antioxidant capacity of lipid-soluble com-
pounds measured by photochemiluminescence assay (PCL) and the other methods used
for determining antioxidant activity were found (Table 5).

Table 5. Correlation coefficients between ACL and DPPH, ABTS, FRAP, and CUPRAC.

Method DPPH ABTS FRAP CUPRAC

ACL 0.9952 0.9735 0.9874 0.9930
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It was observed that the highest correlation is between ACL and DPPH (r = 0.9952),
followed by ACL and CUPRAC (0.9930). In order to determine the antioxidant capacity
of lipid-soluble compounds of different cold-pressed oils, Sielicka et al. [86] used the
photochemiluminescence and DPPH method. Similar to our results, they found a high
correlation between these methods, with a correlation coefficient of 0.91.

All methods exhibited similar trends of antioxidant capacity of the analyzed byprod-
ucts obtained from the vegetable oil industry, but the obtained values differed, which might
be attributed to the dissimilar measurement principles, as described by Prevc et al. [87].
In the PCL assay, optical excitation of a photosensitizer results in the generation of the
superoxide radical, and then the ability to scavenge the radicals is evaluated by chemilu-
minescence. In contrast, the DPPH assay analyzes the ability to reduce the stable radical
through determination of a decrease in absorbance. The CUPRAC assay measures the
reducing power of antioxidants to convert cupric (Cu2+) to cuprous (Cu+) ion. The other
cause of lower values of antioxidant capacity obtained by DPPH, CUPRAC, FRAP, and
DPPH methods may be due to the use of ethanol instead of methanol.

It is known that the solvent used as an extraction medium can influence the degree of
oxidation reaction [88]. Sielicka et al. [86] reported that pumpkin, sesame, rapeseed, and
flaxseed oil samples dissolved in ethyl acetate presented much lower antioxidative capacity
in the DPPH method than after solubilization of oils in other solvents.

4. Conclusions

In this study, the phenolic content, flavonoid content, and the lipid-soluble antioxidant
capacity of 14 byproducts obtained in the vegetable oil industry were measured. Results
confirm that the byproducts analyzed are a good source of many biological functional
substances having considerable amounts of total phenolic content.

For determining the antioxidant activity, DPPH, ABTS, FRAP, and CUPRAC methods
were used. The ACL method was used for determining the antioxidant capacity. The
samples showed varied antioxidant capacities depending on the seed origin. In all methods
performed, the highest antioxidant capacity was for the grape seed flour. Walnut flour,
sunflower meals, and rapeseed meals are an excellent source of antioxidant substances
with high antioxidant capacity. The polyphenol content and the antioxidant capacity of the
byproducts from the vegetable oil industry are influenced by the variety and the method
of obtaining the waste. The flour of the analyzed byproducts has a higher antioxidant
activity than meals and groats. Photochemiluminescence analysis and DPPH, ABTS,
FRAP, and CUPRAC assays were fully applicable to the evaluation of the antioxidant
capacity of lipophilic fraction of byproducts obtained in vegetable oil industry samples,
with correlation coefficients of 0.9952, 0.9735, 0.9874, and 0.9930, respectively. The results
indicate that byproducts obtained from the vegetable oil industry (flour, meal, and groats)
could be an inexhaustible source of phenolic compounds, especially flavonoids, with
antioxidant properties as valuable functional ingredients with beneficial effects on human
health. The byproducts obtained from the vegetable oil industry can be used as ingredients
for new bakery products to improve their nutritional properties and antioxidant quality.
Further studies are needed to determine the optimal concentration of the byproducts’
addition into wheat flour in order to achieve an improvement in the nutritional and sensory
properties and to increase the antioxidant capacity of the bakery products.
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Abstract: In an era characterized by land degradation, climate change, and a growing population,
ensuring high-yield productions with limited resources is of utmost importance. In this context,
the use of novel soil amendments and the exploitation of plant growth-promoting microorganisms
potential are considered promising tools for developing a more sustainable primary production. This
study aimed at investigating the potential of bread, which represents a large portion of the global
food waste, to be used as an organic soil amendment. A bioprocessed wasted bread, obtained by an
enzymatic treatment coupled with fermentation, together with unprocessed wasted bread were used
as amendments in a pot trial. An integrated analytical plan aimed at assessing (i) the modification of
the physicochemical properties of a typical Mediterranean alkaline agricultural soil, and (ii) the plant
growth-promoting effect on escarole (Cichorium endivia var. Cuartana), used as indicator crop, was
carried out. Compared to the unamended soils, the use of biomasses raised the soil organic carbon
content (up to 37%) and total nitrogen content (up to 40%). Moreover, the lower pH and the higher
organic acid content, especially in bioprocessed wasted bread, determined a major availability of Mn,
Fe, and Cu in amended soils. The escaroles from pots amended with raw and bioprocessed bread had
a number of leaves, 1.7- and 1.4-fold higher than plants cultivated on unamended pots, respectively,
showing no apparent phytotoxicity and thus confirming the possible re-utilization of such residual
biomasses as agriculture amendments.

Keywords: wasted bread; bioprocessing; lactic acid bacteria; soil amendment

1. Introduction

Many agricultural soils are characterized by a low content of organic matter (OM)
that represents a limiting factor for crop growth and production [1]; moreover, the OM
decomposition rate also increases with a warm climate and intensity of cultivation [2]. In
the perspective of sustainable agriculture, the reuse of organic waste as soil amendments is
a promising tool to recover soil fertility [3]. Several soil properties, such as pH, nutrient
availability, structure and water infiltration, long-term carbon sequestration, and soil
biological activity, are positively influenced after the addition of organic amendments [4].

A wide range of food waste and by-products with high content of OM represent an un-
derutilized resource for agronomic applications [5], i.e., among some Mediterranean countries,
bread and bakery products represent up to 20% of the total daily food waste produced by
some surveyed consumers [6]. Melikoglu and Webb [7] estimated that the bread wasted daily
worldwide is around hundreds of tons, and only a little quantity is reused mainly to feed
livestock. The loss of bread occurs through the entire supply chain, not only at the household
level: for example, during sandwich production, crusts and external layers removed from
loaves represent up to 40% of the products [8]. Recently, the possibility of reusing wasted
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bread (WB) as a substrate for the cultivation of lactic acid bacteria (LAB) to be used as starters
for the food industry was investigated [8]. Since LAB causes fast acidification through the
production of organic acids, an acidified biomass, employed as a soil amendment, could be of
interest for alkaline soils, such as Mediterranean ones. In such pH conditions, many essential
plant nutrients are not available for crops, e.g., phosphorous precipitates as Ca phosphates [9],
but the competition for the sorption sites between P and organic acids helps to increase P
availability [10]. The same occurs for another important nutrient, iron, that in alkaline and
oxygenated soils precipitates as iron oxides [11].

Recent scientific evidence confirmed LAB as plant growth-promoting microorganisms
(PGPM); besides indirectly improving nutrient acquisition, they can act as biocontrol agents,
improving the ability of the host plant to withstand biotic and abiotic stress, or by producing
compounds that directly stimulate plant growth [12]. As for most PGPM, plant growth
promotion is the simultaneous result of multiple biochemical mechanisms [12]. In addition,
former Lactobacillus spp. is among the bacterial species able to bioaccumulate metals.
Maintaining crop production within a context of land degradation, changing climate, and
a growing population is of utmost significance. A rapid and more efficient transformation
of the agricultural system that guarantees high-yield production with continually limited
resources is therefore required.

In this framework, this study aimed at investigating the potential of wasted bread to
be used as an organic soil amendment. A bioprocessed wasted bread (bWB), obtained by
an enzymatic treatment coupled with fermentation and containing viable LAB cells at high
cell density, together with a biomass of unprocessed wasted bread, were included in this
study and used in a pot trial. As an effect of either the organic soil amendment or the viable
microorganism supplementation, the physicochemical properties of a typical Mediterranean
alkaline agricultural soil could be modified by bioprocessed wasted bread supplementation;
additionally, a growth-promoting effect on escarole, used as an indicator crop, could be
achieved. To confirm the above-mentioned hypothesis, an integrated analytical approach
aimed at assessing the main characteristics of both soil and plants was carried out.

2. Materials and Methods

2.1. Bread-Based Amendments Preparation and Characterization
2.1.1. Raw Material, Enzymes, and Microorganisms

Wasted white wheat bread (surplus from the production) was kindly provided by the
industrial bakery Vallefiorita Srl (Ostuni, Italy). Bread, having the following composition:
moisture, 12.08%; proteins, 12.89%; fats, 1.55%; carbohydrates, 70.82%; and dietary fibers,
5.21%, was ground into small crumbs (<1 mm), mixed with distilled water (65%), and
homogenized to obtain the WB.

Veron® Mac, a maltogenic amylase used in the bakery industry and purchased from
AB Enzymes (Darmstadt, Germany), was added to the bread homogenate for bioprocessing.
Lactiplantibacillus plantarum H64, belonging to the Culture Collection of the Department of
Soil, Plant and Food Sciences (University of Bari, Italy), was used as a starter for biomass
fermentation. The strain was routinely propagated on De Man, Rogosa, and Sharpe (MRS)
(Oxoid, Basingstoke, Hampshire, UK) at 30 ◦C. When used for fermentation, cells grown
until the late exponential phase of growth (circa 12h) were harvested by centrifugation at
9000× g for 10 min at 4 ◦C, washed twice in a sterile physiological solution (NaCl 0.9%,
w/v), and resuspended in distilled water.

2.1.2. Bioprocessing

Bioprocessed wasted bread (bWB) was prepared by mixing ground bread (35%),
distilled water (65%), amylase Veron® Mac at the concentration recommended by the manu-
facturer (3 mg/100 g), and the selected LAB strain at the final cell density of ca. 7 log cfu/g.
The biomass was then incubated at 30 ◦C for 24 h, characterized, and used in pot trials. WB
was also characterized and used as a control in all the experiments.
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2.1.3. Characterization of Wasted Bread Biomasses

The pH of the biomasses was determined by a pH meter (Model 507, Crison, Milan,
Italy) with a food penetration probe, and total titratable acidity (TTA) was determined
according to the AACC method 02–31.01 [13] and expressed as the amount (mL) of 0.1 M
NaOH necessary to reach pH of 8.4.

Presumptive LAB were enumerated, before and after fermentation, using MRS agar
medium (Oxoid) supplemented with cycloheximide (0.1 g/L). Plates were incubated at
30 ◦C for 48 h, under anaerobiosis (AnaeroGen and AnaeroJar, Oxoid). WB and bWB were
also characterized for the presence of yeasts, molds, and Enterobacteriaceae. Yeasts and
molds were cultivated on Yeast Peptone Dextrose Agar medium (Sigma-Merck, Darmstadt,
Germany), supplemented with 0.01% chloramphenicol, through pour and spread plate enu-
meration, respectively, and incubated at 25 ◦C whereas Enterobacteriaceae were determined
on Violet Red Bile Glucose Agar (Oxoid) at 37 ◦C for 24 h.

Water/salt-soluble extracts (WSE) from wasted bread biomasses were prepared accord-
ing to the method originally described by Osborne and modified by Weiss et al. [14] using
50 mM Tris–HCl (pH 8.8). After centrifugation, the supernatants were used to determine
sugars, organic acids, peptides, and total free amino acid (TFAA) concentration.

Glucose and maltose were measured using the D-Fructose D-Glucose Assay Kit K-
FRUGL and the Maltose-Sucrose-D-Glucose Assay Kit K-MASUG (Megazyme International
Ireland Limited, Bray, Ireland), respectively, following the manufacturer’s instructions.

Organic acids were quantified by High Performance Liquid Chromatography (HPLC),
using an ÄKTA Purifier system (GE Healthcare, Buckinghamshire, UK) equipped with
an Aminex HPX-87H column (ion exclusion, Biorad, Richmond, CA), as described by
Rizzello et al. [15].

For the analysis of peptides, WSE were treated with trifluoroacetic acid (0.05% wt/vol),
centrifuged (10.000× g for 10 min), and subjected to dialysis (cut-off 500 Da) to remove
proteins and free amino acids, respectively. Then, peptide concentration was determined
by the o-phtaldialdehyde method as described by Church et al. [16], and dialysates were
analyzed through Reversed-Phase Fast Performance Liquid Chromatography (RP-FPLC)
using a Resource RPC column and ÄKTA FPLC equipment with the UV detector op-
erating at 214 nm (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) as described by
Rizzello et al. [15]. TFAA was analyzed by a Biochrom 30+ series Automatic Amino Acid
Analyzer (Biochrom Ltd., Cambridge Science Park, United Kingdom), equipped with
a Li-cation-exchange column (4.6 × 200 mm internal diameter) [17].

WB and bWB were analyzed for moisture, ash content, pH, and electrical conductivity
(EC) according to the methods previously proposed by Trinchera et al. [18]. In detail, the
moisture, expressed as a percentage of the initial weight, was determined by drying samples
at 105 ◦C overnight; the ash content, expressed as a percentage of the dry matter, was
determined by combustion in a Controls 10-D1418/A muffle furnace at 550 ◦C for 12 h.
The EC was measured using a Hanna Edge® EC instrument on sample/water extracts
(1:10 w/v) after shaking for 30 min. Total N (TN) content was determined by the Kjeldahl
method, while the organic carbon (OC) content was determined by dichromate oxidation
and subsequent titration with ferrous sulfate according to Ciavatta et al. [19]. This method
is suitable for samples characterized by high OC levels. The total P content was measured
spectrophotometrically at 650 nm after incinerating biomass samples at 550 ◦C, suspending
ashes in 10% hydrochloric acid solution, and developing the blue color in the filtered solution
according to the Olsen method [20].

2.2. Pot Trial
2.2.1. Experimental Design

An alkaline soil, classified Calcic Luvisol according to IUSS Working Group WRB [21],
was collected from a stone fruit orchard, air-dried, and used for the pot experiment. The
particle size composition of the soil used for the pot trial was 173 ± 2, 356 ± 3, and
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471 ± 3 g kg−1 of sand, silt, and clay, respectively, corresponding to clayey texture accord-
ing to the Soil Survey Staff methodology [22].

For the pot trial, two experiments were carried out, one with plants and one without,
aiming at assessing whether the changes observed in the soil features were a consequence
of the amendment addition or the soil ecosystem interaction with the plant (rhizosphere
effect). Treatments included in the pot experiment were: (i) not amended soil, without
a plant (CTA); (ii) soil amended with WB, without a plant (WBA); (iii) soil amended with
bWB, without a plant (bWBA); (iv) not amended soil, with a plant (CTP); (v) soil amended
with WB, with a plant (WBP); (vi) soil amended with bWB and with a plant (bWBP). Pots
(0.4 L each) were distributed in a completely randomized design with three replications
for each treatment, for a total of 18 experimental pots. The trial was performed in a cold
greenhouse at the University of Bari (South Italy). The amended pots received WB or bWB
at a dose of about 25,000 kg ha−1, according to the good local agricultural practices [3].

Thirty-day-old seedlings of Cichorium endivia var. Cuartana, a variety of escarole, were
transplanted at the end of the first period of February 2020 and the trial was stopped at the
beginning of April. The first irrigation was performed immediately after the transplanting
for the rooting and establishment of the plants. During the trial, the temperature ranged
from 5 ◦C at night to 23 ◦C at mid-day.

2.2.2. Soil Characterization

The soil was characterized at the beginning of the trial (T0) by means of pH, EC, TN,
available phosphorous (Pava), Mn, Fe and Cu, and OC content. The pH was measured
in deionized water (pHH2O) and in 1 M KCl (pHKCl) suspensions at 1:2.5 soil to liquid
ratio, whereas the electrical conductivity (EC) was measured in filtrates from a 1:2 soil to
water ratio. The TN content was determined by the Kjeldahl method. The OC was mea-
sured by dichromate oxidation and ferrous sulfate titration according to the Walkley-Black
method [23]. The Pava was extracted with a 0.5 M NaHCO3 solution and determined spec-
trophotometrically at 650 nm [20]. Diethylenetriaminepentaacetic acid (DTPA)-extractable
fractions of Mn, Fe, and Cu were obtained from a 1:2 soil to DTPA solution. DTPA extracts
were filtered by gravity through Whatman No. 42 filter paper, and the solutions were then
analysed using an inductively coupled plasma iCAP 6000 Series ICP-OES Spectrometer
(Thermo Electron Corporation, Walthman (MA), USA). The soil texture was identified
using the Soil Survey Staff methodology [22].

At the end of the experiment, all soils were characterized again to investigate the
effects of WB, bWB, and/or plants on the soil parameters with respect to T0.

2.2.3. Plant Characterization

To verify the effects of WB and bWB on the soil/plant system during the test, indirect
measurements of the chlorophyll content were carried out using SPAD-502 (Konica Minolta,
Japan). At the end of the test (50 days from transplanting), the total number of plant leaves
and the fresh weight of the plant were determined to calculate the yield of each treatment.
Moreover, leaf samples were analyzed for their P, Mn, Fe, and Cu content, aiming at verifying
the effects of each treatment on leaf composition, the total P was obtained as described above
for the wasted biomasses. The total Mn, Fe, and Cu content were determined using the
microwave-assisted acid digestion method, adding a Suprapur® HNO3:H2O2:HCl mixture
(6:1:1, v:v:v) to each sample. At the end of the digestion, the samples were cooled, filtered
through Whatman No. 42 filter paper, and diluted with distilled Milli-Q Reagent grade water
and, finally analyzed by means of an inductively coupled plasma iCAP 6000 Series ICP-OES
Spectrometer (Thermo Electron Corporation).

2.3. Statistical Analysis

Experimental data were tested against the normal distribution of variables (Shapiro
—Wilk test) and the homogeneity of variance (Bartlett test) using R studio. The variables
normally distributed with homogeneity of variances verified were subjected to an ANOVA
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and HSD test. Data not normally distributed were subjected to the Levene test and a no-
parametric ANOVA analysis (Kruskal-Wallis test) and Dunn test.

3. Results

3.1. Amendment Characterization

In bWB, the initial cell density of presumptive LAB corresponded to the targeted
inoculum and increased after 24 h of fermentation approximately 2 log cycles, reaching
9.35 ± 0.36 log cfu g−1.

The amendments were also characterized for the presence of yeasts, molds, and
Enterobacteriaceae. Yeasts and molds in WB were 3.8 ± 0.1 and 2.9 ± 0.0 log cfu g−1,
respectively, whereas Enterobacteriaceae were 4.1 ± 0.2 log cfu g−1. After bioprocessing, all
microbial species investigated were in a notably lower range, compared to WB. Yeasts and
molds remained below 2 log cfu g−1, whereas Enterobacteriaceae were not detected.

Relevant acidification was obtained after fermentation. The pH decreased from 5.92 ± 0.09
of WB to 3.89 ± 0.16 of bWB, with a production of 56 and 2 mmol kg−1 of lactic and acetic
acid, respectively, which were detected in traces in unprocessed WB. As expected, the TTA
value was significantly higher in bWB (8.46 ± 0.48 mL) compared to WB (1.54 ± 0.08 mL).
Glucose and maltose, present in small amounts in WB (0.95 and 2.79 mg g−1, respectively),
were also found at higher concentrations in bWB (12.87 and 7.83 mg g−1, respectively).

Peptide content in WB was 101.36 ± 4.29 mg g−1 and increased by ca. 38% during
fermentation. This trend was confirmed by the FPLC chromatograms, where although no
differences among peak area/total area ratios were observed at different percentages of
acetonitrile, the total area and the number of detected peaks increased by roughly 20% in
bWB compared to WB. On the contrary, TFAA slightly but significantly (p < 0.05) decreased
after fermentation (ca. 700 mg g−1). Nevertheless, γ-aminobutyric acid (GABA) content
was higher in bWB (149.68 ± 1.36 mg g−1) compared to WB (116.39 ± 3.12 mg g−1).

WB bioprocessing slightly increased the OC content (7%) compared to unprocessed WB
(Table 1). In contrast, WB biomass showed significantly higher EC and TN content than bWB, up
to 6% and 9%, respectively. Accordingly, the C/N ratio was significantly higher in bWB than WB.
Finally, even though bWB resulted in a numerically higher total P content (2150 ± 15 mg kg−1)
compared to WB (1716 ± 246 mg kg−1), they were not significantly different.

Table 1. Chemical and physicochemical characteristics of the amendment. WB wasted bread; bWB,
bioprocessed wasted bread (treated with amylase and fermented with Lactiplantibacillus plantarum H64).

Samples
Moisture

(%)
Ash
(%)

EC
μS cm−1

OC
(%)

TN
(%)

C/N
Total P

mg kg−1

WB 61.81 ± 6 0.73 ± 0.05 1950 ± 50 a 40.7 ± 1 b 2.47 ± 0.04 a 16.4 ± 0.07 b 1716 ± 246
bWB 65.04 ± 5 0.86 ± 0.06 1820 ± 60 b 43.7 ± 2 a 2.25 ± 0.02 b 19.4 ± 0.03 a 2150 ± 15

ns ns * * * ** ns ¥

Data are the means of three independent experiments ± standard deviations (n = 3). a–b Values in the same column
followed by a different letter are significantly different according to the HSD test or Dunn test (¥). * Significant at
p ≤ 0.05; ** Significant at p ≤ 0.01, ns: not significant.

3.2. Soil Characterization

The physicochemical properties of cultivated and uncultivated soils treated with the
biomasses in comparison to CTP and the soil at the beginning of the trial (T0) are reported
in Table 2.
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Table 2. Chemical and physicochemical properties of cultivated (P) and uncultivated (A) pots. CT,
control soil; WB, soil amended with wasted bread; bWB; soil amended with bioprocessed wasted
bread (treated with amylase and fermented with Lactiplantibacillus plantarum H64).

Samples pHH2O pHKCl
EC

μS cm−1
OC

g kg−1
TN

g kg−1
Pava

mg kg−1

Uncultivated pots
T0 8.20 ± 0.15 a 7.20 ± 0.08 200 ± 7 b 16.0 ± 0.45 b 1.60 ± 0.10 bc 45.5 ± 1.0 ab

CTA 8.20 ± 0.08 a 7.30 ± 0.08 319 ± 57 b 15.2 ±0.51 b 1.5 ± 0.07 c 46.9 ± 1.9 a

WBA 7.70 ± 0.07 b 7.30 ± 0.04 805 ± 109 a 20.3 ± 1.47 a 2.1 ± 0.18 a 37.3 ± 2.5 bc

bWBA 7.70 ± 0.07 b 7.20 ± 0.02 764 ± 22 a 20.8 ± 0.23 a 1.9 ± 0.12 ab 36.1 ± 2.0 c

*** ns *** *** ** **
Cultivated pots

T0 8.20 ± 0.15 a 7,20 ± 0.08 200 ± 7 c 16 ± 0.45 b 1.60 ± 0.10 bc 45.5 ± 1.0
CTP 8.07 ± 0.05 a 7.25 ± 0.01 417 ± 103 b 17.5 ± 0.49 b 1.31 ± 0.26 c 46.1 ± 2.2
WBP 7.67 ± 0.09 b 7.25 ± 0.11 685 ± 109 a 22.4 ± 1.23 a 1.96 ±0.11 ab 48 ± 7.9

bWBP 7.57 ± 0.01 b 7.23 ± 0.07 786 ± 56 a 22.4 ± 0.83 a 2.17 ± 0.16 a 41.9 ± 1.8
*** ns *** *** ** ns ¥

Data are the means of three independent experiments ± standard deviations (n = 3). a–c Values in the same
column, among cultivated or uncultivated pots data group, followed by a different letter are significantly different
according to HSD test or Dunn test (¥). ** Significant at p ≤ 0.01; *** Significant at p ≤ 0.001; ns: not significant.

The pHH2O of T0 and CTP was alkaline and ranged from 8.07 ± 0.05 to 8.20 ± 0.15,
while bWB and WB supplementation significantly reduced the pHH2O by roughly 8%, even
if they did not show significant differences between each other. No significant differences
were observed for the pHKCl among all treatments as well (Table 2).

The EC value of cultivated pots of escarole (CTP) significantly increased (417 ± 103 μS cm−1)
compared to T0, and was further enhanced by the addition of the two biomasses. However,
the two amended soils did not show significant differences between each other.

The soil was positively and significantly influenced by the amendments since the
treated soils had higher OC and TN content, reaching up to 23% higher values at the end of
the trial compared to the soil at T0, whereas CTP showed the lowest TN and OC content
(Table 2). The Pava, on the other hand, was not significantly influenced by the amendments.

As observed for the cultivated soils, the absence of the plants resulted in very similar
trends of pH, EC, OC, and TN, meaning that those parameters were influenced mainly
by the biomasses. The availability of P was significantly and negatively influenced by the
treatments since, compared to CTA and the soil at the beginning of the trial, a decrease of
up to 23% and 20%, respectively, was observed in uncultivated pots (Table 2). Nevertheless,
Pava content did not show any statistical difference among samples in cultivated soils.

The bioavailability of Mn, Fe, and Cu in soils with and without plants was also
studied (Table 3). In the amended but not cultivated soils, biomass supplementation led
to an increase in the availability of Mn and Fe, which were almost 3- and 2-fold higher
compared to CTA, while no significant differences were observed for the available Cu
among treatments.

The cultivated pots showed the higher availability of the selected elements, up to 36%,
34%, and 13% higher concentrations for Mn, Fe, and Cu, respectively, with bWBP showing
the highest values between the amendments.
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Table 3. Soil availability of selected micronutrients (mg kg−1) in cultivated (P) and uncultivated (A)
pots. CT, control soil; WB, soil amended with wasted bread; bWB; soil amended with bioprocessed
wasted bread (treated with amylase and fermented with Lactiplantibacillus plantarum H64).

Samples Mn Fe Cu

Uncultivated pots
CTA 8.06 ± 0.34 b 2.02 ± 0.05 b 1.23 ± 0.01
WBA 22.04 ± 6.20 a 2.88 ± 0.48 a 1.37 ± 0.07

bWBA 20.88 ± 1.90 a 2.85 ± 0.32 ab 1.49 ± 0.31
** ¥ * ns

Cultivated pots
CTP 10.72 ± 0.85 b 2.08 ± 0.08 b 1.24 ± 0.02 b

WBP 16.77 ± 1.65 a 2.87 ± 0.32 a 1.36 ± 0.05 ab

bWBP 16.68 ± 2.83 a 3.15 ± 0.21 a 1.43 ± 0.07 a

* ** *

Data are the means of three independent experiments ± standard deviations (n = 3). a–b Values in the same column,
among cultivated or uncultivated pots data groups, followed by a different letter, are significantly different according
to HSD. test or Dunn test (¥). * Significant at p ≤ 0.05; ** Significant at p ≤ 0.01, ns: not significant.

3.3. Plant Characterization

Table 4 reports the mean biometric features of plants at the end of the experiment.
The escaroles from WB and bWB amended pots had a number of leaves 1.7- and 1.4- times
higher, respectively, than plants cultivated on CTP pots. In particular, WBP and bWBP pots
had a yield of 1.95 and 1.70 times higher than CTP, respectively.

Table 4. Biometric features of escarole plants at the end of the trial.

Samples
Number of Leaves

per Plant
Treated/CTP
Leaves Ratio

Average Head Escarole
Fresh Weight (g)

Treated/CTP
Yield Ratio

CTP 13 ± 1.15 b - 6.6 ± 0.47 b -
WBP 22 ± 3.78 a 1.7 ± 0.40 12.9 ± 0.95 a 1.95 ± 0.22

bWBP 19 ± 3.05 ab 1.4 ± 0.15 11.2 ± 1.36 a 1.70 ± 0.11
* ns *** ns

Data are the means of three independent experiments ± standard deviations (n = 3). a–b Values in the same
column followed by a different letter are significantly different according to the HSD test. * Significant at p ≤ 0.05;
*** Significant at p ≤ 0.001; ns: not significant.

The indirect measurement of the chlorophyll content (Spad units) confirmed the
biometric results (Figure 1). During the first 25 days after transplantation (DAT), all
treatments did not show significant differences in the spad values even if an increasing
trend could be observed for the bWB amended pots already from 22 DAT. From 27 to
29 DAT, bWB pots showed the highest spad values, followed by WB, while CTP escaroles
had the lowest chlorophyll content. From 32 DAT until the end of the trial, plants amended
with both biomasses resulted in the highest spad values, while CTP showed a slow decline
of the chlorophyll content.

Lastly, the P, B, Mn, Fe, and Cu content of escarole leaves at the end of the trial, was also
measured (Table 5). As observed for the available P of the corresponding soils, the application
of WB and bWB significantly decreased the P concentration in escarole leaves by 63% and
59%, respectively, compared to those collected from the CTP pots. Similarly, the B content was
2 and 7 times higher in leaves from CTP compared to WBP and bWBP, respectively. Mn, Fe,
and Cu concentration did not differ significantly among leaves of all treatments.
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Figure 1. Effect of the biomasses on chlorophyll content of escaroles grown in control soil (CTA), soil
amended with wasted bread (WB), and soil amended with bioprocessed wasted bread (bWB, treated with
amylase and fermented with Lactiplantibacillus plantarum H64). a–b Different letters indicate significant
differences among the data according to the HSD test. Vertical bars represent the standard deviation.

Table 5. Micronutrients and phosphorous content expressed as mg kg−1, of escarole leaves grown
in control soil (CTP), soil amended with wasted bread (WBP), and soil amended with bioprocessed
wasted bread (bWBP, treated with amylase and fermented with Lactiplantibacillus plantarum H64).

Sample B Mn Fe Cu P

CTP 15.45 ± 3.85 a 0.74 ± 0.25 14.77 ± 6.60 0.16 ± 0.03 358 ± 111 a

WBP 7.36 ± 0.96 b 0.76 ± 0.06 15.31 ± 2.93 0.15 ± 0.01 131 ± 50 b

bWBP 2.13 ± 2.52 b 1.06 ± 0.26 10.61 ± 3.24 0.13 ± 0.01 144 ± 29 b

** ns ns ns *

Data are the means of three independent experiments ± standard deviations (n = 3). a–b Values in each column
followed by a different letter are significantly different according to HSD.test. * Significant at p ≤ 0.05; ** Significant
at p ≤ 0.01, ns: not significant.

4. Discussion

The long-term sustainability of food chains and the management of high levels of
food loss and waste are among the challenges the global agri-food system have been
facing in recent decades [24]. Bread, whose predicted production volume in 2021 was
209,874.8 million kilograms [25], represents a large portion of the global food waste, with
economic and environmental repercussions [26]. The valorization of bakery waste as a food
ingredient has been largely investigated recently, and different innovative biotechnological
protocols have been proposed aiming at obtaining glucose syrup [27,28] or beer [26,29].
Recently, bioprocessing, e.g., enzymatic treatments and microbial fermentation, have been
used to convert bread waste into valuable food ingredients, aiming at the improvement
of the technological and sensory characteristics of the biomass, but also to the in situ
enrichment of functional compounds such as dextran (with a positive impact on food
texture) [30], antimicrobial compounds [31], and GABA [32].

Bioprocessed wasted bread, thanks to its suitability to be converted into a substrate for
the growth of several microorganisms, was successfully used for the production of a medium
for food industry starter cultivation [8]. Nevertheless, a major part of the wasted bread is no
longer edible, not eligible for human consumption, and therefore disposed of as waste, thus
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representing an environmental issue due to the very high organic load. Only a small part of
the wasted bread is employed for ethanol production or re-used as feed [7,26].

In this work, the potential of wasted bread to be used as a soil amendment was inves-
tigated. In addition to untreated wasted bread, bread biomass pretreated with enzymes
and fermented with selected lactic acid bacteria was considered.

Overall, valorisation of food waste by conversion into products such as biofertilizers
and biochar that can be added to the soil for increased nutrient inputs and fertility is
gaining attention by the scientific community and industry [33]. Food waste fertilizers can
be a relatively cheap source of nutrients compared to commercial inorganic fertilizer sources
due to their large availability and the possibility of mass-scale and low-cost production. In
addition to the nutrient role of the organic biomasses in soil, food waste can sometimes act
as soil amendments, since they are able to affect the PGPM growth and survival, reduce
pathogens, release nutrients, reduce leaching, increase water retention, and improve soil
structure [34,35]. It was already observed that, as soil amendments, food waste-derived
biomasses can increase plant yield and soil productivity [36].

The role of PGPM in soil fertility appears to be crucial; nevertheless, past research
only focused on a few groups of common symbiotic rhizosphere microorganisms, such as
rhizobia, Bacillus, Pseudomonas, and mycorrhizal fungi [37]. The functional role of other
groups of potential PGPM, including LAB, has not been largely investigated [12], although
such microorganisms could represent a genetic and metabolic resource for the development
of biochemical solutions to pressing agricultural issues [12]. LAB are ubiquitous members
of many plants, soil, and compost microbiomes, but little is known about the functional
interactions between the LAB and their hosts.

LAB were shown to solubilize phosphate [38,39], likely through the production of
organic acids, and it was also hypothesized that they can fix atmospheric nitrogen [39]
or produce siderophores [38]. LAB could act as biocontrol agents; through the produc-
tion of antimicrobial compounds, reactive oxygen species, and bacteriocins; by excluding
pathogens by pre-emptively colonizing plant tissues vulnerable to infection and by altering
the plant immune response [12]. Among LAB features, of interest not only from an agro-
nomic but also from environmental purposes, the ability of Lactiplantibacillus plantarum to
absorb Ni2+ and Cr2+ (from industrial wastewater) on the surface and inside their cells was
proposed by Ameen et al. [40]. The superficial adsorption is possibly due to the electrostatic
interaction of metals with the functional groups of the bacterial cell wall [41].

In this framework, the inoculum of wasted biomasses with properly selected LAB
could guarantee the dominance of the LAB compared to other microbial groups, thanks to
their capability to rapidly acidify the substrate and to produce antimicrobial compounds.
In particular, the bioprocessed wasted bread harboured a very high population of the
starter L. plantarum H64. The strain, previously selected for the ability to biosynthesize
GABA in a matrix composed of wasted bread and wheat bran, allowed the repurpose
of two of the main by-products of the cereal industry, promoting their application as
a bread ingredient [32]. As expected, because of the starter carbohydrate metabolism, the
bioprocessing enabled the production of organic acids which are in line with those previ-
ously reported in fermented surplus bread matrices [31,32]. On the contrary, proteolysis
was not as pronounced if compared to common flour, which is explained by the fact that
the proteases of the original flour, composing the bread dough, are degraded during the
baking process. Indeed, unlike dairy LAB, most sourdough lactobacilli do not possess
a cell-envelope-associated proteinase and depend on cereal-associated proteinase [42].
Hence, in surplus bread matrices, to ease the release of peptides available during LAB
fermentation for their catabolism to amino acids or small bioactive sequences, the use of
proteases should be considered, as previously reported [31,32]. Although a decrease in the
total free amino acid content was observed in bioprocessed wasted bread, GABA content
was 28% higher in bWB compared to WB. Additionally, one of the main advantages of
the use of fermentation is the ability to prevent the proliferation of other microorganisms,
either bacteria or molds, potentially spoiling bread. Indeed, a significant reduction of
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yeasts, mold, and Enterobacteriaceae, was observed after bioprocessing. This is an aspect
particularly appealing in terms of the industrial application of bioprocessed biomass since
it can guarantee a longer shelf-life of the amendment.

To better understand the principal changes occurring during cultivation, the biomasses
were characterized for their main physicochemical properties. The relatively high EC
values observed for WB and bWB are probably related to the presence of sodium chloride,
commonly added to the bread formulation at 1–2% (w/w), however, bioprocessing slightly
but significantly reduced the EC value of WB, most likely a consequence of sodium lactate
formation in presence of a high concentration of lactic acid produced by LAB metabolism.
Wasted bread bioprocessing also led to a slight but significant increase and decrease of
OC and TN content, respectively. As a result, fermentation determined a positive balance
between the C fixed in microbial biomass and the C lost in heterolactic fermentation as
CO2, whereas a major N loss as NH3 through LAB catabolic pathways involving free amino
acids could be responsible for the lower TN content in bWB compared to WB [43].

When the biomasses were used as amendments, the soil pHH2O decreased because
of the organic acids brought especially by bWB. The higher EC value of the biomasses
reflected on that of treated soils, in fact, biomass mineralization could potentially release
osmotically active compounds that could have contributed to the EC increase.

The use of biomasses raised the soil OC and TN content compared to the unamended
soils. Among cultivated soils, CTP showed the lowest TN content at the end of the trial
because of the uptake of nitrogen from the crop against no input. Since the physicochemical
parameters (pH, EC, OC, and TN) showed the same trend in cultivated and uncultivated
pots, it is safe to assume the biomasses, rather than the plants, were responsible for such
changes. On the contrary, the availability of P was influenced by the crop since the absence
of plants in amended pots resulted in a reduction of the Pava content compared to all
other treatments. The possible explanation for such behaviour is that the application of
biomasses enhanced the microbial activity resulting in the immobilization of phosphate as
microbial biomass and phytate, the dominant organic P form in soils, that accumulates due
to the deficiency of hydrolytic enzymes and precipitates with metal ions [44]. In contrast,
the presence of the plants produced a rhizosphere effect which provided phosphatases,
responsible for the solubilization of organic P, and suitable organic acids that compete with
phosphates for the sorption sites [10]. Indeed, among organic acids the most efficient in
solubilizing soil P are the di- and tricarboxylic ones, mainly oxalic and citric acid, while
L. plantarum H64 employed in the present study mainly produced monocarboxylic acids,
such as lactic, acetic, and γ-aminobutyric acids. The lower pH and the higher organic
acid content also led to a major availability of Mn, Fe, and Cu in amended soils. These
elements, through the ligand exchange, were solubilized from their precipitated oxides,
as a consequence of the biomass’s addition as well as the soil microbial community and
rhizosphere activities [9].

To evaluate whether soil improvements transmuted to beneficial changes in the plants,
escarole growth and composition were monitored. Biometric parameters of escarole plants
indicated that WB and bWB promoted plant growth. Even though during the first 25 DAT
no significant differences were observed among treatments, probably because of the rooting
and establishment of the plants, the following days revealed a trend. Soil amended with
bWB was the first to prompt a better chlorophyll content compared to the other treatments
because of its higher TN content and the larger supply of GABA that is correlated to
several beneficial effects for plants. Indeed, GABA was found to (i) defend roots against
pathogens, (ii) serve as an N reservoir, (iii) cryoprotect the tissues, and (iv) synthesize plant
hormones [45]. In contrast, the control plants showed the lowest significant SPAD values
from 27 DAT until the end of the trial presumably due to nutrient limitation.

The elemental composition of escarole leaves did not reflect the soil availability of
the studied elements. In fact, CTP plant leaves showed a P content more than double that
of WB and bWB possibly due to the immobilization of P in organic matter. Regardless,
this result did not negatively influence the yield of the crop but rather the nutritional
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value of escarole. To avoid this inconvenience, transplanting should occur later than soil
amendment to allow for better mineralization of the organic P. Regarding Mn, Fe, and Cu,
their leaf content did not change among treatments although their soil content was higher
in amended pots. It is hypothesized that their soil availability was already satisfied in the
CTP pots since they are micronutrients, and/or those elements have been accumulated
preferentially in the roots.

5. Conclusions

In our study, the application of wasted bread, raw or bioprocessed, resulted in higher
escarole yield compared to the unfertilized control without any apparent phytotoxicity,
thus confirming the possible re-utilization of such residual biomasses in agriculture as
amendments. Although the effects could be transient, it is noteworthy that WB and bWB
application resulted in a significantly higher soil OC and lower pHH2O value, a feature that
can ameliorate the cultivation of alkaline soils (typical of the Mediterranean area) through
beneficial effects on the bioavailability of several nutrients. Nevertheless, such biomasses
are not suitable for application in acidic soils (in which the excessive bioavailability of
micronutrients and the release of Al from mineral weathering could be favoured).

It was previously reported that LAB promote growth in different crops, even though
the underlying mechanisms behind this bio-stimulation remain unclear. The use of wasted
bread fermented with Lactiplantibacillus plantarum resolved the transplantation stress sooner
and further investigation is needed to study the effects of such pre-treatment on the
standardization of biomass characteristics and its shelf-life. Additionally, WB can be
subjected to contamination during storage making the effects of such biomass on soil
quality unpredictable.

Even though further studies are necessary to fully exploit the potential of wasted bread
as an amendment, the feasibility of its large-scale production is undeniable. Companies
currently producing fertilizers could easily handle the collection of the bread from bakeries
and large retailer networks thanks to the abundant and widespread availability of this
wasted food product. Although a proper technological transfer is needed, the bioprocess
proposed is cost-effective and implementable on an industrial scale. The supply to farmers
might follow the current sale and distribution channels. In return, bakeries would not have
to assume the disposal costs for managing bread waste (also no longer edible or reusable for
feed purposes). It can be assumed that the entity of amendment treatment (approximately
corresponding to 250 q/ha) could effectively offer a solution to food waste management
and the economic and environmental sustainability of agricultural productions.
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Abstract: The aim of this work was to valorize the by-product derived from the ricotta cheese
process (scotta). In this study, ovine scotta was concentrated by ultrafiltration and then subjected to
enzymatic hydrolyses using proteases of both vegetable (4% E:S, 4 h, 50 ◦C) and animal origin (4% E:S,
4 h, 40 ◦C). The DPP-IV inhibitory, antioxidant, and antibacterial activities of hydrolysates from
bromelain (BSPH) and pancreatin (PSPH) were measured in vitro. Both the obtained hydrolysates
showed a significantly higher DPP-IV inhibitory activity compared to the control. In particular, BSPH
proved to be more effective than PSPH (IC50 8.5 ± 0.2 vs. 13 ± 1 mg mL−1). Moreover, BSPH showed
the best antioxidant power, while PSPH was more able to produce low-MW peptides. BSPH and
PSPH hydrolysates showed a variable but slightly inhibitory effect depending on the species or strain
of bacteria tested. BSPH and PSPH samples were separated by gel permeation chromatography
(GPC). LC-MS/MS analysis of selected GPC fractions allowed identification of differential peptides.
Among the peptides 388 were more abundant in BSPH than in the CTRL groups, 667 were more
abundant in the PSPH group compared to CTRL, and 97 and 75 of them contained sequences with a
reported biological activity, respectively.

Keywords: ovine scotta; bioactive peptides; bromelain; pancreatin; dipeptidyl peptidase IV inhibition;
ovine second whey cheese; enzymatic hydrolysis

1. Introduction

“Scotta”, also called “ricotta cheese exhaust whey” (RCEW) or “second cheese whey”
(SCW) is the residual liquid by-product of the ricotta cheese production process, obtained
by thermal flocculation of whey proteins, and heating the whey at a temperature of
85–90 ◦C and 78–85 ◦C for bovine or buffalo and ovine or goat whey, respectively [1]. Whey
composition, the treatments performed during ricotta production process (i.e., adding
milk, whey protein extraction method), and ricotta yield (depending on the temperature of
protein coagulation, pH, and ionic strength of the whey) are the main factors that affect the
physicochemical characteristics of scotta [2].

In Italy, scotta is mainly produced from bovine and ovine milk and, in less quantity,
from buffalo and goat milk. During 2019 about 900,000 tons [3] of whey were transformed
into ricotta cheese in Italy, representing about 16% of total whey produced, giving rise to
more than 750,000 tons of scotta.

The production of scotta from ovine whey is mainly concentrated in Sardinia, which
hosts about 22% of Italian dairy ewes [4] and where is produced more than 65% of Italian
ovine milk. The Sardinian dairy system produces about 320,000 tons of ovine milk [5],
which is almost completely destined for cheese production. About 12,000 tons of ricotta
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are produced in Sardinia, with a potential production of more than 250,000 tons of scotta.
The disposal of scotta poses serious environmental concerns due to its high biochemical
oxygen (BOD) and chemical oxygen demand (COD) [6–8]. Therefore, its valorization is
becoming crucial for the dairy industry.

For many decades whey, and especially scotta, were underused or treated as waste,
due to poor knowledge of their valuable components and the unavailability of adequate
technologies to valorize such components. Over the years, several approaches to its val-
orization have been developed [9–11], since scotta still retains significant amount of useful
compounds from whey, such as lactose, minerals, oligosaccharides, vitamins, proteins,
soluble peptides, and free amino acids [9]. Scotta has been employed using biotechno-
logical approaches as a growth substrate for some selected Lactic Acid Bacteria (LAB) for
the production of lactic acid [12], or yeasts such as Chlorella protothecoides for the produc-
tion of carotenoids, chlorophyll [13], and bioethanol [6,14], as ingredient to fortify ricotta,
including bioactive peptides with antioxidant and anti-tyrosinase activities [15], bioac-
tive peptides with angiotensin-I-converting enzyme (ACE)—inhibitory [16] biodegradable
bioplastic [17], fermented drink [18] and hydrogen [19,20].

Furthermore, the interest in the application of enzymes of animals or plant sources
applied to food matrices has grown during over the years [21,22], with the aim of valorizing
by-products and reducing environmental impact [23]. The hydrolysis of whey proteins is a
widespread practice, and the hydrolyzed whey protein (WPH) has had an important impact
as functional or nutraceutical ingredient. WPH is produced by enzymatic hydrolysis of
whey proteins, mainly from whey protein concentrates (WPC) or isolates (WPI), which leads
to an increase in solubility and digestibility, reducing whey protein allergenic properties.
Peptides obtained by enzymatic hydrolysis of whey proteins have shown interesting
biological activities, with potential benefit for human health [24,25]; however, scientific
studies specifically addressed to the valorization of scotta proteins and derived peptides
are still poor [15].

Recently, several authors studied the potential of whey protein hydrolysates as in-
hibitors against dipeptidyl peptidase-4 (DPP-IV) [26–29]. DPPI-IV inhibitors play a key
role in the treatments of type 2 diabetes (T2D), a worldwide diffused disease that affects
415 million people and in Italy accounts for more than 3 million patients, i.e., about 5% of
the population [30].

The DPP-IV inhibitors adopted as oral antidiabetic agents act by promoting glucose
homeostasis through the inhibition of the enzyme DPP-IV involved in the mechanism of
degradation of glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like
peptide-1 (GLP-1), two key glucoregulatory hormones. DPP-IV inhibitors can reduce
glucagon levels and at the same time stimulate insulin release.

The antioxidant potential of peptides derived from milk and whey proteins is
well-reviewed [31]. However, up to now, just two works have focused on the antioxidant
activity of scotta. Sommella et al. [11] reported bovine scotta peptides with antioxidant
activity derived from αs1-casein and β-casein. Monari et al. [15] tested different proteases
on bovine scotta, observing in vitro the antioxidant potential of the obtained hydrolysates.

The antibacterial activity of biopeptides encrypted into the protein fraction of ovine
milk and whey has been already shown [32–34]. Several peptides of the C-terminal region
of the ovine αs2-casein were shown to possess antibacterial activity against Gram-positive
and Gram-negative bacteria, with the first group of bacteria more susceptible than the
second group [33]. El-Zahar et al. [32] found that the peptic hydrolysates of whey protein
inhibited, in a dose-dependent manner, the growth of Escherichia coli, Bacillus subtilis, and
Staphylococcus aureus. Regarding scotta, recent work [11,15] showed the presence of several
antibacterial peptides in the protein fraction of scotta.

Regarding the available proteases, bromelain and pancreatin were previously applied
in the hydrolysis of dairy products and by-products to produce peptides with DPP-IV
inhibitory [35] and antioxidant activity [15]. In addition, bromelain was reported to release
antibacterial peptides from goat milk and whey [36].
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While the literature has been mainly focused on the bioactive properties of peptides
obtained from milk and whey proteins, the available data on scotta are limited to the
bovine source [9] and, to the best of our knowledge, the present study is the first conducted
on the ovine scotta as a potential source of bioactive peptides. Conversely, this matrix
could represent an important source of such peptides, due to its higher amount of nitrogen,
compared with bovine whey and scotta. The research conducted in this field could lead both
to an adequate valorization of this by-product and an improvement of the sustainability of
the dairy farms. Therefore, the aim of the present study was to evaluate the possibility of
producing peptides with DPP-IV inhibitory, antioxidant and antibacterial activities from
ultrafiltered ovine scotta by enzymatic hydrolysis with bromelain (BSPH), and pancreatin
(PSPH), and evaluate their biological activity by in vitro tests. Furthermore, an in-depth
characterization of peptide mixtures obtained from the hydrolysis with the two enzymes
by gel permeation chromatography (GPC) and LC-MS/MS was performed.

2. Materials and Methods

2.1. Chemicals and Reagents

Analytical grade chemicals were obtained from Carlo Erba (Milano, Italy). Bromelain
was obtained from Nutraceutica (Bologna, Italy) (2400 GDU g−1) and from Enzyme Devel-
opment Corporation (New York, NY, USA). Pancreatin from porcine pancreas (4 USP) was
purchased from Sigma-Aldrich (St. Louis, MI, USA).

Synthetic peptides used for Gel Permeation Chromatography (GPC) calibration were
bought from Sigma-Aldrich (St. Louis, MI, USA) (i.e., bovine serum albumin (BSA),
β-Lactoglobulin (β-Lg), α-lactalbumin (α-La), aprotinin, bacitracin, tetrapeptide (Leu-Trp-
Met-Arg), Asp-Glu, Tyr).

2.2. Scotta Concentrate Preparation

Ovine scotta was freshly collected from a dairy plant located in north Sardinia (Italy) after
the manufacturing of ovine Ricotta cheese, and immediately refrigerated to 4 ◦C, delivered to
the lab and stored at −20 ◦C. Scotta was thawed to 20 ◦C immediately before the concentration
step. The mean chemical composition, determined according to the literature [37] was as
follows: pH 6.19 ± 0.11; total solids, 6.73 ± 0.28% (w/w); fat, 0.05 ± 0.02% (w/w); total
nitrogen (TN), 0.14 ± 0.01% (w/w); nitrogen soluble in water (NS), 0.08 ± 0.05% (w/w);
non-protein nitrogen (NPN), 0.07 ± 0.05% (w/w); ash, 0.34 ± 0.23% (w/w).

Scotta (5 L) underwent a preliminary continuous skimming at 15,000× g using a
lab-scale cream separator (TLE 100, Tecnolatte, Lodi, Italy), then was consecutively filtered
through 5, 1.2, and 0.65 μm on conventional cartridge filters (Sartopure PP3 Midicap,
Sartorius, Goettingen, Germany) with a surface area of 0.21, 0.15, and 0.15 m2 respectively,
fed by a SartoJet Membrane Pump (Sartorius, Goettingen, Germany). The 0.65 μm filtered
skimmed scotta underwent tangential filtration at 20 ◦C through a 10 kDa Hydrosart
membrane (Sartocon Slice Cassette, Sartorius, Goettingen, Germany), keeping a constant
transmembrane pressure of 0.5 bar, and monitoring the removed permeate weight, which
was precalculated in order to obtain a nitrogen concentration factor of 4×. The retentate
was then reconstituted to the original weight by adding ultrapure (UP) water and subse-
quently underwent a diafiltration step using the same membrane, in order to reduce the
mineral fraction and lactose. The collected retentate was sampled at the end of the process
for total nitrogen (NT) determination and then stored at −20 ◦C until the subsequent
hydrolysis steps.

2.3. Enzymatic Hydrolysis of Retentate Scotta Samples

The retentate obtained in Section 2.2, with a total nitrogen of 0.50 ± 0.01% (w/w), was
split between two experiments to be hydrolyzed with bromelain (BSPH) and pancreatin
(PSPH), respectively. For each experiment, three hydrolyses on 50 g (n = 3) of retentate were
performed. Lab-scale enzymatic reactions were performed for 4 h. Enzymatic hydrolysis
were performed, as recommended by the manufacturer, at 50 ◦C for bromelain and at 40 ◦C
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for pancreatin. The enzyme-substrate (E:S) ratio was fixed at 4% (enzyme weight to protein
weight) for both experimental groups. Further three 50 g retentate control samples (CTRL)
underwent the same procedure without enzyme addition, setting the temperature and
duration to 50 ◦C and 4 h, respectively. The enzymatic reactions were performed in a water
bath at constant temperature (±0.05 ◦C) and continuous magnetic stirring at 500 rpm using
an AREX-6 Digital PRO Hot Plate Stirrer (Velp Scientific, Bohemia, NY, USA) equipped
with a VTF EVO digital thermoregulator. All the reactions were stopped by heating the
mixtures at 90 ◦C for 10 min to inactivate the proteases. Afterward, the mixtures were
centrifuged twice at 14,000× g (Neya 16 R, Remi Elektrotechnki LTD, Vasai, India) for
15 min at 4 ◦C, and the precipitate was discarded. The obtained supernatants of bromelain
scotta protein hydrolysate (BSPH), pancreatin scotta protein hydrolysate (PSPH) and of the
control were freeze-dried (Labconco, Kansas City, MO, USA) and stored at −20 ◦C until
further analysis, such as DPP-IV inhibition, antioxidant capacity and an antibacterial assay,
as well as gel permeation chromatography (GPC) and LC-MS/MS characterization.

2.4. DPP-IV Inhibitory Activity

A DPP-IV drug discovery kit was used to measure the ability of hydrolysates to
inhibit DPP-IV activity (Enzo Life Sciences Inc., Farmingdale, New York, NY, USA). The
assays were conducted according to the manufacturer’s instructions. Briefly, the kit con-
tained human recombinant DPP-IV enzyme, a chromogenic substrate (H-Gly-Pro-pNA,
MW = 328.8, 10 mM in DMSO), a calibration standard (p-nitroaniline, MW = 138, in assay
buffer), an inhibitor as positive control (P32/98, MW = 260.4, 1 mM in DMSO), and an
assay buffer (50 mM Tris, pH 7.5). All the reagents of the kit were stored at −70 ◦C; the
analyses were conducted at room temperature. The freeze-dried protein hydrolysates were
dispersed in ultrapure water in concentrations from 0.78 to 12.5 mg mL−1. Assays were
performed at 37 ◦C, in a 96-well microplate provided by the manufacturer and the reading
was performed in a microplate reader every minute for a total of 30 min at λ 405 nm. Fi-
nally, absorbance values were plotted against time, and the “best fit” lines for data points
and slope of the curves were obtained. Two technical replicates for each sample were
performed. The % of inhibition was calculated with the formula:

% activity remaining (with inhibitor) = (slope of inhibitor sample/control slope) × 100

The obtained data were analyzed by a one-way analysis of variance (ANOVA) using
a Statgraphics Centurion XVI for Windows software package (version 16.2.04; Statpoint
Technologies, Inc. Warrenton, Virginia, VA, USA). Fisher’s least significant differences
(LSD) test was applied to assess the difference between each pair of means (p < 0.05).

2.5. ABTS Radical Scavenging Activity

Antioxidant capacity was evaluated by colorimetric assay measuring the activity of the
sample to scavenge the radical ABTS according to the method described by Petretto et al. [38].
The ABTS radical scavenging activity is based on the production of the radical cation (ABTS·+),
prepared by reacting ABTS and potassium persulfate (2.45 mM) to reach a final concentration
of 7 mM. Briefly, the solution obtained was kept in the dark at 25 ◦C for 12–16 h before the
analysis. The ABTS radical solution was properly diluted with ethanol 70% to obtain an
absorbance (λ = 734 nm) of 0.7 ± 0.02. The freeze-dried protein hydrolysates were dispersed
in ultrapure water at concentrations ranging from 0.78 to 12.5 mg mL−1. The reduction of
radical ABTS was monitored at the start and after 50 min from the beginning of the reaction.
Two technical replicates for each sample were performed. The antioxidant power of samples
was expressed as a percentage of inhibition, and an IC50 value was calculated from the
regression curve plotting different concentrations of hydrolysates against the percentage of
activity, and expressed as the mean ± SD. Data were analyzed as described in Section 2.4.
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2.6. Antibacterial Assays

The antibacterial activity of scotta hydrolysates was tested against six bacterial strains
(see Table 1) belonging to three different species, namely, Listeria monocytogenes (four strains),
Staphylococcus aureus and Salmonella bongori. The strains, stored at −80 ◦C, were thawed
and precultured in Brain Heart infusion broth medium (BHI, WVR, Milano, Italy) for 24 h
at 37 ◦C. Overnight cultures were then used to prepare microbial inoculation used for
the test. One milliliter of overnight culture was centrifuged at 14,000× g for 2 min, then
the pellets were resuspended in saline solution until reaching 0.2 optical density (OD)
(~8 log10 CFU mL−1).

Table 1. List of microorganisms, medium and culture condition for testing the antimicrobial activity
of enzymatic hydrolysate of Scotta 1.

Tested Organisms Source Medium
Temperature and

Time of Incubation

Staphylococcus aureus 20,231 DSMZ DSMZ BHI 37 ◦C × 24 h

Listeria monocytogenes B
Listeria monocytogenes C DAFS BHI 37 ◦C × 24 h

Listeria monocytogenes E DAFS BHI 37 ◦C × 24 h

Listeria monocytogenes 20,600 DSMZ DSMZ BHI 37 ◦C × 24 h

Salmonella bongori 13,772 DSMZ DSMZ BHI 37 ◦C × 24 h
1 DSMZ, Deutsche SammLung von Mikroorganismen und Zellkulturen, German Collection of Microorganism
of Cell Cultures; DAFES, Collection of Microorganisms of Dipartimento di Agraria of the University of Sassari,
Section of Food and Environmental Science.

The lyophilized hydrolysates (BSPH, PSPH) and non-hydrolysate (CTRL) were weighed
and dissolved in Brain Heart Infusion broth (BHI), giving a final concentration of 100 mg mL−1.
The solutions were then filter-sterilized on a 0.22 μm filter (Sartorius). Aliquots of 100 μL of
filtered BSPH, PSPH, CTRL, and BHI without hydrolysates (BHI-WH) as positive control were
dispensed on 96-wells microtiter plates and inoculated with 5 μL of the bacterial suspension
as previous prepared. Four wells for each strain and for each solution (BSPH, PSPH, CTRL
and BHI-WH) were set up. The antibacterial assay was performed separately on separate
microtiter plates for each sample and for each batch.

As blank samples, 100 μL BHI-hydrolysate and BHI-WH solutions before incubation
were used. The microtiter plates were then incubated at 37 ◦C for 24 h and growth was
measured automatically every 30 min at OD600 using a SPECTROstar nano microplate
spectrophotometer reader (BMG Labtech, Ortenberg, Germany). Each growth curve was fit-
ted by the primary model of Baranyi and Roberts [39] wrapped in DMFit Excel add-in [40],
that was utilized also to evaluate the maximum specific growth rate (μ), the duration of
lag phase (λ) according to Petretto et al. [38]. The 1000XOD absorbance values were log
transformed to calculate the growth parameters with DMFIT add-in. Analysis of variance
(ANOVA) was performed separately for each bacterial strain tested, using as factor the
four treatments: BSPH, PSPH, CTRL, and BHI-WH to evaluate the influence of the two
hydrolysates on the values of maximum specific growth rate (μmax) and lag phase (λ).
When a significant effect was observed (p < 0.05), the differences between means were
separated using the Tukey-Kramer multiple comparisons test. SPSS software, version 22,
was used to conduct the statistical analyses.

2.7. Gel Permeation Chromatography

The freeze-dried scotta hydrolysates and control samples were reconstituted in water
at 6 mg mL−1 and filtered on a 0.2 μm filter, then analyzed by Gel Permeation high
performance liquid Chromatography (GPC) using an Agilent 1260 HPLC system equipped
with a DAD detector. The separation was performed at 25 ◦C in isocratic mode with
a mobile phase composed of 70:30 ACN:H2O with 0.1% TFA, flowing continuously at
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0.5 mL min−1 through a Phenomenex Yarra SEC-2000 column (300 × 7.8 mm; pore size
3 μm). Samples were filtered through 0.2 μm nylon filter and 20 μL were injected. The
analytical signal was acquired for 30 min at 214 nm. A calibration of molecular weights
(MW) was obtained by acquiring the retention volume of the following pure standards
covering a MW range from 181.19 to 66,500 Da: Tyr, Asp-Glu, Leu-Trp-Met-Arg, bacitracin,
aprotinin, α-La, β-Lg, BSA. The obtained linear model was adopted to determine the MW
distribution of the hydrolysates. The results were expressed as relative abundance by
summing the areas of the peaks detected at different molecular weight (obtained by the
calibration curve) ranges (1 kDa, 1–5 kDa, 5–10 kDa and >10 kDa), as previously reported
by [41]. Data were analyzed as described in Section 2.4.

A semi-preparative GPC step was further performed on the above-described samples
by injecting 100 μL in the same conditions above described. The fraction corresponding to
a calculated MW between 5000 and 330 Da was collected for further LC-MS/MS analysis.

2.8. LC-MS/MS Analysis

Fractions obtained from nine different semi-preparative GPC runs (three of CTRL,
three of BSPH and three of PSPH hydrolysates) were brought to dryness and reconstituted
in 0.2% formic acid. The peptide mixture concentration was estimated by measuring ab-
sorbance at 280 nm with a NanoDrop 2000 spectrophotometer (Thermo Scientific, San Jose,
CA, USA), using dilutions of the MassPREP E. coli Digest Standard (Waters, Milford, MA,
USA) to generate a calibration curve. Peptide concentration was adjusted to 1 μg μL−1.
Two technical replicates for each sample were performed.

LC-MS/MS analyses were carried out using a Q Exactive mass spectrometer (Thermo
Scientific) interfaced with an UltiMate 3000 RSLCnano LC system (Thermo Scientific). After
loading, peptide mixtures (4 μg per run) were concentrated and desalted on a trapping
precolumn (Acclaim PepMap C18, 75 μm × 2 cm nanoViper, 3 μm, 100 Å, Thermo Scientific),
using 0.2% formic acid at a flow rate of 5 μL min−1. The peptide separation was performed
at 35 ◦C using a C18 column (EASY-Spray column, 50 cm × 75 μm ID, PepMap C18, 3 μm,
Thermo Scientific), using a linear gradient of 245 min from 5% to 37.5% of eluent B (0.1%
formic acid in 80% acetonitrile) in eluent A (0.1% formic acid), at a flow rate of 250 nL min−1.
MS data were acquired using a data-dependent Top12 method dynamically choosing the
most abundant precursor ions from the survey scan, under direct control of the Xcalibur
software (version 1.0.2.65 SP2, Thermo Fisher Scientific), where a full-scan spectrum (from
300 to 1700 m/z) was followed by tandem mass spectra (MS/MS). The instrument was
operated in positive mode with a spray voltage of 1.8 kV and a capillary temperature of
275 ◦C. Survey and MS/MS scans were performed in the Orbitrap with resolution of 70,000
and 17,500 at 200 m/z, respectively. The automatic gain control was set to 1,000,000 ions and
the lock mass option was enabled on a protonated polydimethylcyclosiloxane background
ion as an internal recalibration for accurate mass measurements. The dynamic exclusion
was set to 30 s. Higher Energy Collisional Dissociation (HCD), performed at the far side of
the C-trap, was used as fragmentation method by applying a 25 eV value for normalized
collision energy. An isolation width of m/z 2.0. Nitrogen was used as the collision gas.

Peptide identification was performed using Proteome Discoverer (version 1.4; Thermo
Scientific), with Sequest-HT as the search engine for protein identification, according
to the following criteria: Database: custom, obtained by merging Bos Taurus and Ovis
aries downloaded from UniprotKB, (release 2019_01); Precursor mass tolerance: 10 ppm;
Fragment mass tolerance: 0.02 Da; Dynamic modification: methionine oxidation, As-
paragine/Glutamine, Arginine deamidation, Serine/Threonine/Tyrosine phosphoryla-
tion), and Percolator for peptide validation (FDR < 1% based on peptide q-value). Results
were filtered in order to keep only Rank 1 peptides, and protein grouping was allowed ac-
cording to the maximum parsimony principle. Protein abundance was expressed by means
of the normalized spectral abundance factor (NSAF). NSAF was calculated to evaluate the
relative abundance of each protein and peptide, and “log ratio (log R)” values (log2 NSAF
group a/NSAF group b) were obtained to estimate the fold changes of peptides between
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experimental groups expressed as base 2 on a logarithmic scale [42,43]. In this approach,
the spectral counts of each peptide were divided by its length and normalized to the
average number of spectral counts in a given analysis. In order to eliminate discontinuity
due to SpC = 0, a correction factor, set to 0.01, was used.

Peptides showing log ratio >1.5 or <−1.5 were considered as differentially abundant
between groups. A two-tailed t-test was applied, using in house software to evaluate
the statistical significance of differences between groups. The differentially abundant
peptides were then evaluated using the “profiles of potential biological activity” analysis,
available on BIOPEP [44] to find within them any sequence with known DPP-IV inhibitory,
antioxidant and antibacterial activity.

3. Results and Discussion

3.1. DPP-IV Inhibitory, Antioxidant Activity and GPC Profile of the Selected Hydrolysates

The DPP-IV inhibitory and ABTS activity of the obtained hydrolysates and of the
control samples are showed in Table 2. The P32/98 positive control showed a IC50 of
1.395 ± 0.007 × 10−3 mg mL−1. In contrast, the retentate control samples (CTRL) did
not show a measurable inhibition. BSPH had a significantly higher DPP-IV inhibitory
activity compared to PSPH (p = 0.0381). The obtained DPP-IV inhibitory activity was
lower than that previously described for milk and whey hydrolysates obtained from
WPC, WPI of different species [45–50]. However, the observed activity was just about
one order of magnitude less than that measured on hydrolysates obtained from pure
β-lactoglobulin [41]. In addition, a DPP-IV inhibitory activity on hydrolysates from scotta
has never been measured before, leading to the consideration of this matrix as a candidate
substrate for the industrial production of DPP-IV inhibitory peptides.

Table 2. DPP-IV and antioxidant activity of hydrolysates, and control 1.

Run BSPH PSPH CTRL

DPP-IV IC50 (mg mL−1) 8.5 b ± 0.2 13 a ± 1 n.d.

ABTS IC50 (mg mL−1) 0.79 b ± 0.03 0.87 ab ± 0.01 1.06 a ± 0.18
1 Values are mean ± standard deviation (n = 3). Within rows, values with the same letter do not differ significantly
from each other according to LSD test (p < 0.05). n.d.: absence of inhibition.

Further, the obtained data confirmed that enzymatic hydrolysis is a suitable way to
increase the radical scavenging ability of sheep milk by-products [51]. In fact, BSPH showed
a higher antioxidant activity compared to the control. Despite that, the hydrolysates did
not differ regarding this property. A similar pattern was found by Monari et al. [15] for
bovine scotta hydrolysates, which showed that the antioxidant activity of hydrolysates
obtained using bromelain and pancreatin enzymes, did not differ significantly, even using
different E:S ratios, both in unconcentrated bovine scotta and retentates.

Figure 1 shows the peptide distribution in terms of relative abundance according to the
molecular weight obtained by gel permeation chromatography (GPC), and the comparison
among BSPH, PSPH and CTRL.

As expected, most of BSPH and PSPH components were low molecular weight pep-
tides (<1 kDa), whilst the high and medium molecular weight peptides (>10 kDa, 5–10 kDa,
and 1–5 kDa) were more abundant in the control samples, which conversely showed a
very low contribution of components with MW < 1 kDa (2.82 ± 0.21%). The amount of the
1–5 kDa fraction, even lower than the control, was significantly higher in BSPH (31 ± 0.9%)
than in PSPH (23.56 ± 0.02%). Conversely, pancreatin in our system was more effective in
producing peptides with low MW (74 ± 1%), compared to bromelain (66 ± 1%). Since pan-
creatin contains a mixture of proteases including chymotrypsin, trypsin and elastase [52],
we suppose that in our system it exerted a more generalized proteolytic behavior than
bromelain, which conversely has been reported to be less effective in producing free amino
acids [15]. The specificity of bromelain may be responsible of the higher DPP-IV inhibitory
activity measured in our hydrolysates.
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Figure 1. Distribution of the relative abundance (%) according to molecular weight obtained by gel permeation chromatogra-
phy (GPC), and the comparison among BSPH, PSPH and CTRL. Values (n = 3) with the same letter do not differ significantly
from each other according to LSD test (p < 0.05).

3.2. Antibacterial Activities of Hydrolysates

The enzymatic hydrolysates obtained from ovine scotta tested did not show a com-
plete inhibitory or bactericidal effect on the target microorganisms at the concentration
tested (100 mg mL−1). However, the hydrolysates showed a variable but slightly inhibitory
effect depending on the species or strain of bacteria tested. In particular, PSPH decreased
significantly (p < 0.001), the maximum specific growth rate (μmax) respect to control being
half the values in all bacteria tested except for Salmonella bongori 13,772 DSMZ strain, where
the difference of its growth rate respect to control was not significant (see Figure 2A–F).
The influence of BSPH was strain-dependent, decreasing significantly the μmax of Listeria
monocytogenes B, Listeria monocytogenes D and Staphylococcus aureus 20,231 DSMZ, whereas
the BSPH did not influence the μmax of L. monocytogenes 20,600 DSMZ, L. monocytogenes B
and Salmonella bongori 13,772 DSMZ. An intriguing result was obtained with the CTRL, that
decreased the μmax of Listeria monocytogenes B, L. monocytogenes C and L. monocytogenes
E. All three strains were isolated from ovine ricotta cheese. Regarding the effect of scotta
hydrolysates tested, no effect was observed on the lag time (λ) of L. monocytogenes C, L. mono-
cytogenes E, S. aureus 20,231 DSMZ and S. bongori 13,772 DSMZ. An opposite effect of PSPH
on lag time with respect to μmax was observed on L. monocytogenes 20,600 DSMZ (λ: 3.96 h)
and L. monocytogenes B (λ: 1.42 h) strains, with a lag time for each bacterial strains that did
not differ significantly from the control (3.83 h and 3.39 h for L. monocytogenes 20,600 DSMZ
and L. monocytogenes B control respectively), but was significantly different from the other
two treatments (BSPH and CTRL). Overall, all treatments reduced the bacterial density,
confirming that scotta hydrolysates negatively influenced the growth of the bacteria tested.
Contrasting with our results, Lestari et al. [36] revealed a strong antimicrobial activity of
goat milk protein hydrolysate by using bromelain as a hydrolyzing agent. Indeed, the
minimum inhibitory concentrations of these hydrolysates against S. aureus and Escherichia
coli were below 100 ppm. Bovine β-LG and α-LA were previously treated with pancreatin,
and the resulting hydrolysates were shown to possess antimicrobial activity [53].
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Figure 2. Effect of the different scotta-hydrolysates at concentration of 100 mg mL−1 on the maximum growth rate (μmax) of
bacteria strains target. BHI-WH, Brain Heart infusion broth medium without hydrolysates; BSPH, Bromelain filter sterilized
hydrolysate; PSPH, Pancreatin filter sterilized hydrolysate; CTRL, Scotta not hydrolysate filter sterilized). (Panel (A–F):
Listeria monocytogenes B (A); L. monocytogenes C (B); L. monocytogenes 20,600 DSMZ (C); L. monocytogenes E (D); Staphylococcus
aureus 20,231 DSMZ (E), Salmonella bongori 13,772 DSMZ (F)). Different lowercase letters above the bar indicate statistically
significant differences between different treatments (p < 0.001).

3.3. LC-MS/MS Analysis of Scotta Hydrolysates

The LC-MS/MS analysis of the GPC fraction of the hydrolysates (BSPH, PSPH and CTRL) de-
scribed in Section 2.8 allowed acquisition of 12,000 spectra from each run. A total of 58 ± 7 proteins
and 547 ± 24 peptides were identified in BSPH, while 75 ± 6 proteins and 559 ± 33 peptides
were identified in PSPH and further 83 ± 15 proteins and 1506 ± 381 peptides were identified in
the CTRL samples (see Supplementary Materials, Sheet S1).

Considering BSPH vs. CTRL, a total of 29 proteins showed significant differences
(p ≤ 0.05). Twenty-one of them were more abundant in BSPH, while eight were more
abundant in CTRL (see Supplementary Materials, Sheet S2). The differential analysis
of BSPH vs. CTRL highlighted 751 significant peptides (p ≤ 0.05). Of these, 388 were
more abundant in BSPH samples, whilst 363 were more abundant in CTRL samples (see
Supplementary Materials, Sheet S3).

Considering the available literature, differential peptides in BSPH were investigated
to find sequences with reported DPP-IV inhibition, and antioxidant and antibacterial
activity. The candidate peptides were further evaluated using the tool “profiles of potential
biological activity” analysis, available on BIOPEP [44].
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This approach highlighted 97 differential peptides containing at least one of the fol-
lowing sequences with known biological activity: LPQNI, VLGP, VLVLDTDYK, IPAVF,
IPA, LKPTPEG, YPVEPF, YQEPVLGPVR, YVEEL, LDTDYKK, IDALNENK, KVAGT, AAS-
DISLLDAGSAPLR, and ALK (see Table 3). All these peptides were attributable to β-
lactoglobulin protein (P67976), except for LPQNI, VLGP, YPVEPF, YQEPVLGPVR derived
from β-casein protein (P11839), and the tripeptide IPA originating from k-casein (P02669).
In the following text and in the tables the active sequences contained in the identified
peptides will be highlighted with bold characters.

The differential peptides within the DPP-IV sequence showed a length ranging from
eight to twenty-eight amino acid residues. The shortest peptide was LDTDYKKY from
β-lactoglobulin with an estimated MW of 1044.52 Da (Log R = 2.38), whilst the longest was
AIPPKKDQDKTEIPAINTIASAEPTVHS released from k-casein with an estimated MW of
3051.55 Da (Log R = 2.78).

Considering PSPH vs. CTRL, a total of 32 proteins showed a significant difference
(p ≤ 0.05). Twenty-five of them were more abundant in PSPH samples, while seven were
more abundant in CTRL samples (see Supplementary Materials, Sheet S4). The peptide
differential analysis of PSPH vs. CTRL highlighted 667 significant peptides (p ≤ 0.05). Of
these, 294 were differential in PSPH, and 373 were more abundant in the CTRL profile (see
Supplementary Materials, Sheet S5).

The “profiles of potential biological activity” analysis on BIOPEP revealed
75 differential peptides containing at least one of the sequences previously observed
in BSPH (see Table 4). The sequences with DPP-IV inhibitory activity were encrypted
in peptides of 9 to 22 amino acid residues. In detail, KIDALNENK and ALKALPMHI
appeared the shortest peptides originating from β-lactoglobulin with an estimated MW of
1044.56 Da (Log R = 2.84) and MW of 992.59 Da (Log R = 2.03) respectively. Furthermore,
the longer peptide identified was KDQDKTEIPAINTIASAEPTVH deriving from k-casein,
with an estimated MW of 2884.55 Da (Log R =5.07).

Venn diagrams were used to evaluate the number of differential peptides, more
abundant in BSPH vs. CRTL and PSPH vs. CRTL (Figure 3A,B, respectively), with potential
biological activities.

Figure 3. Distribution of the differential peptides more abundant in BSPH vs. CRTL (A) and PSPH
vs. CRTL (B), according to their putative biological activities (DPP-IV inhibition, antioxidative and
antibacterial properties).

Venn diagrams highlighted that none of the peptides contained sequences with only
antibacterial or antioxidant known activity (Figure 3A,B). Interestingly, the 72% of the
peptides in PSPH compared to the CTRL, contained sequences associated with antioxidant
and DPP-IV inhibitory activity (Figure 3B). Moreover, a 5.6-fold higher number of peptides
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containing sequences with only DPP-IV inhibitory activity was found in BSPH vs. CTRL
compared to PSPH vs. CTRL.

Furthermore, the differential analysis of BSPH vs. PSPH showed 82 proteins in total
and 29 differentials (p ≤ 0.05). Among them, 21 were more abundant in BSPH, while
eight were more abundant in PSPH (see Supplementary Materials, Sheet S6). The peptide
analysis indicated 1181 peptides, and 752 were significantly differential (p ≤ 0.05). Among
them, 388 peptides were more abundant in BSPH, while 364 were more abundant in PSPH
(see Supplementary Materials, Sheet S7).

A total of 208 differential peptides contained sequences with known DPP-IV inhibitory
activity (see Table 5).

Figure 4 groups differential peptides (BSPH vs. PSPH) generated by the same protein
and dividing the components according to reported biological activity. Histograms show,
for each protein (β-casein, k-casein, and β-lactoglobulin), the peptides more abundant in
BSPH or in PSPH, respectively.

n.
 o

f i
de

nt
ifi

ed
 p

ep
tid

es

Figure 4. Number of differential peptides (BSPH vs. PSPH) grouped by the proteins and
biological activities.

Sixty-four differential peptides were derived from β-casein, 52 of which were more
abundant in PSPH, and 12 were more abundant in BSPH (Figure 4). Fifty-eight differential
peptides were originated from k-casein 24, of which were more abundant in BSPH and 34
were more abundant in PSPH.

Interestingly, the number of differential peptides derived from β-lactoglobulin was
differently distributed between BSPH and PSPH. In fact, a total of 86 differential peptides
derived from β-lactoglobulin were identified, 80 of them more abundant in BSPH and six
in PSPH. This result could help to interpret the higher DPP-IV inhibitory activity showed
in vitro by BSPH compared to PSPH. Moreover, none of the identified peptides derived
from α-lactalbumin. Power et al. [50], found in silico a three-fold higher content of peptide
sequences with potential DPP-IV inhibitory activity in β-lactoglobulin compared to α-
lactalbumin. Furthermore, Tulipano et al. [54] found by in silico analysis that bovine
β-lactoglobulin was a better source of DPP-IV inhibitory peptides compared with α-
lactalbumin after treatment with digestive proteases.
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Table 3. Analysis of differential peptides of BSPH vs. CTRL (Log R ≥ 1.5 and Log R ≤ −1.5).

ID Protein Identified Peptide
Log2

BSPH vs. CTRL
Activity Reference

β-casein GPIPNSLPQNILPLT79–94

GPIPNSLPQNILPLTQ79–95
3.82
3.78

Antioxidative;
DPP-IV inhibitory; [55,56]

β-casein YQEPVLGPVR206–215 2.1 Antioxidative;
DPP-IV inhibitory; [57–65]

β-lactoglobulin

VLVLDTDYK110–118

VLVLDTDYKK110–119

VLVLDTDYKKY110–120

VLVLDTDYKKYL110–121

VLVLDTDYKKYLL110–122

KVLVLDTDYKKY109–120

ENKVLVLDTDYKK107–119

ENKVLVLDTDYKKY107–120

ENKVLVLDTDYKKYL107–121

DALENKVLVLDTDYKK104–119

DALENKVLVLDTDYKKY104–120

IDALENKVLVLDTDYKK103–119

IDALENKVLVLDTDYKKY103–120

2.21
3.05
3.42
2.72
2.17
1.67
2.48
3.45
2.18
1.90
2.43
2.33
3.05

Antioxidative;
Antibacterial;

DPP-IV inhibitory;

[66–73]

β-lactoglobulin IPAVFKIDALNENK96–109

TKIPAVFKIDALNENK94–109
2.43
1.83

Antioxidative;
Antibacterial;

DPP-IV inhibitory;
[26,67,68,71,74–76]

k-casein

DQDKTEIPAINTIASAEPTVHS134–155

AIPPKKDQDKTEIPAINT128–145

EIPAINTIASAEPTVHS139–155

IPPKKDQDKTEIPAINTIA129–147

IPAINTIASAEPTVHS140–155

IPPKKDQDKTEIPAIN129–144

IPPKKDQDKTEIPAINT129–145

PPKKDQDKTEIPAINTIAS130–148

AIPPKKDQDKTEIPAINTIA128–147

AIPPKKDQDKTEIPAIN128–144

KDQDKTEIPAINT132–145

KDQDKTEIPAINTIA132–147

EIPAINTIASAEPTVH139–154

DQDKTEIPAINTIAS134–148

IPAINTIASAEPTVH140–154

DQDKTEIPAINTIASAEPTVH144–154

TEIPAINTIASAEPTVHS138–155

PPKKDQDKTEIPAInTIASAEP130–151

AIPPKKDQDKTEIPAINTIASAEPTVHS128–155

DQDKTEIPAINTI134–146

KDQDKTEIPAINTIASAEPTVHS133–155

PPKKDQDKTEIPAINTIA130–147

KDQDKTEIPAIN133–144

DQDKTEIPAINTIA134–147

5.40
5.39
5.28
4.69
4.62
4.49
4.46
3.96
3.90
3.84
3.59
3.46
3.37
3.29
3.22
3.14
2.99
2.87
2.78
2.59
2.33
2.31
1.84
1.50

DPP-IV inhibitory; [26,41,75,77,78]

β-lactoglobulin

VYVEELKPTPEG59–70

ELKPTPEGNLEILLQ63–77

EELKPTPEGNL62–72

VYVEELKPTPEGNL59–72

VYVEELKPTPEGNLE59–73

EELKPTPEGNLEILL62–76

2.10
2.03
1.99
1.74
1.69
1.67

Antioxidative;
DPP-IV inhibitory; [31]
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Table 3. Cont.

ID Protein Identified Peptide
Log2

BSPH vs. CTRL
Activity Reference

β-casein

EMPFPKYPVEPFT123–135

MPFPKYPVEPFTE124–136

EMPFPKYPVEPFTE123–136

MPFPKYPVEPFT124–135

MPFPKYPVEPFTES124–137

EMPFPKYPVEPFTES123–137

MPFPKYPVEPF124–134

EMPFPKYPVEPF123–134

4.23
4.01
3.96
3.90
3.39
3.15
1.93
1.90

Antibacterial;
DPP-IV inhibitory; [27,65,79–81]

β-casein YQEPVLGPVR208–212 2.10 DPP-IV inhibitory;
Antioxidative; [58,60,62,64]

β-lactoglobulin
VYVEELKPTPEG59–70

VYVEELKPTPEGNL59–72

VYVEELKPTPEGNLE59–73

2.10
1.74
1.69

DPP-IV inhibitory;
Antioxidative;
Antibacterial

[24,82,83]

β-lactoglobulin

ENKVLVLDTDYKKY107–120

VLVLDTDYKKY111–120

LDTDYKKYL113–121

VLVLDTDYKK112–120

IDALNENKVLVLDTDYKKY102–120

LVLDTDYKKY111–120

VLVLDTDYKKYL112–121

VLDTDYKKY112–120

LVLDTDYKKYL111–121

LDTDYKKYLL113–122

ENKVLVLDTDYKK107–119

DALNENKVLVLDTDYKKY103–120

LDTDYKKY113–120

IDALNENKVLVLDTDYKK102–119

LVLDTDYKK111–119

ENKVLVLDTDYKKYL107–121

VLVLDTDYKKYLL112–122

DALNENKVLVLDTDYKK103–119

KVLVLDTDYKKY109–120

3.45
3.42
3.18
3.05
3.05
2.94
2.72
2.62
2.52
2.48
2.48
2.43
2.38
2.33
2.23
2.18
2.17
1.90
1.67

Antioxidative;
Antibacterial;

DPP-IV inhibitory;
[44,84]

β-lactoglobulin

IPAVFKIDALNENK96–109

IDALNENKVLVLDTDYKKY102–120

IDALNENKVL102–111

TKIPAVFKIDALNENK94–109

IDALNENKVLVLDTDYKK102–119

KIPAVFKIDALNENK95–109

KIDALNENK101–109

VFKIDALNENK99–109

IDALNENKV102–110

3.09
3.05
2.60
2.46
2.33
2.30
2.21
1.99
1.96

DPP-IV inhibitory;
Antioxidative;
Antibacterial;

[44,85]

β-lactoglobulin LDIQKVAGTWHS27–39 1.92 DPP-IV inhibitory;
Antioxidative; [86]

β-lactoglobulin

AASDISLLDAQSAPLR43–59

LAMAASDISLLDAQSAPLR39–59

MAASDISLLDAQSAPLR42–59

AASDISLLDAQSAPLRV43–59

2.57
2.37
1.88
1.53

DPP-IV inhibitory; [68,71]

β-lactoglobulin

TPEVDNEALEKFDKALK143–159

TPEVDNEALEKFDKALKA142–160

DNEALEKFDKALK147–159

EVDNEALEKFDKALK145–159

4.03
2.92
2.38
2.01

DPP-IV inhibitory;
Antioxidative; [76]

The active sequences contained in longer peptides are highlighted with bold characters.
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Table 4. Analysis of differential peptides of PSPH vs. CTRL (Log R ≥ 1.5 and Log R ≤ –1.5).

ID Protein Identified Peptide
Log2

PSPH vs. CTRL
Activity Reference

β-casein TGPIPNSLPQNILPL78–92 2.53 DPP-IV inhibitory;
Antioxidative; [55,56]

β-casein

QEPVLGPVRGPFPI207–220

QEPVLGPVRGPFP207–219

YQEPVLGPVRGPFPI206–220

LYQEPVLGPVRGPFPI205–220

EPVLGPVRGPFPI208–220

4.06
3.44
2.45
1.91
1.85

DPP-IV inhibitory; [57–65]

β-lactoglobulin

KIDALNENKVLVLDTDYK101–118

KIDALNENKVLVLDTDYKK101–119

VLVLDTDYKKY112–120

IDALNENKVLVLDTDYKK102–119

VLVLDTDYKKYL112–121

KIDALNENKVLVLDTDYKKY101–120

2.83
2.50
2.20
2.04
1.93
1.57

DPP-IV inhibitory;
Antioxidative;
Antibacterial;

[66–73]

β-lactoglobulin IPAVFKIDALNENK96–109 1.76
DPP-IV inhibitory;

Antioxidative;
Antibacterial;

[26,67,68,71,74–76]

k-casein

KDQDKTEIPAINTIASAEPT133–152

KDQDKTEIPAINT133–144

TEIPAINTIASAEPTVH138–154

KDQDKTEIPAINTIA133–146

KDQDKTEIPAINTIASAEPTVH133–154

DQDKTEIPAINTIASAEPT134–152

DQDKTEIPAINTIASAEPTVH134–154

KDQDKTEIPAIN133–143

KDQDKTEIPAINTIAS133–147

KDQDKTEIPAI133–142

EIPAINTIASAEPTVH139–154

KDQDKTEIPAINTI133–145

DQDKTEIPAINTIAS134–147

DQDKTEIPAINTIA134–146

DQDKTEIPAINTI134–145

MAIPPKKDQDKTEIPA127–142

AIPPKKDQDKTEIPAIN128–144

AIPPKKDQDKTEIPAINTIA128–147

PPKKDQDKTEIPAIN130–144

MAIPPKKDQDKTEIPAINTIA127–147

AIPPKKDQDKTEIPA128–142

5.99
5.85
5.17
5.13
5.07
5.05
5.04
4.39
3.96
3.92
3.91
3.90
3.65
3.42
3.32
2.95
2.70
2.64
2.32
2.09
1.68

DPP-IV inhibitory;
Antioxidative; [26,41,75,77,78]

β-lactoglobulin

VEELKPTPEGNLE61–73

VEELKPTPEGNLEI61–74

VEELKPTPEGNLEILLQK61–78

VEELKPTPEGNLEIL61–76

YVEELKPTPEGNLE60–73

VEELKPTPEGDLE
VYVEELKPTPEGN59–71

VYVEELKPTPEGNLE59–73

YVEELKPTPEGN60–70

YVEELKPTPEGNLEI59–74

YVEELKPTPEGNLEILLQK59–78

YVEELKPTPEGNLEIL59–75

VYVEELKPTPEGNLEILLQK58–78

VEELKPTPEGNL60–72

RVYVEELKPTPEGNLEILLQK58–78

VYVEELKPTPEGNL58–72

3.51
3.35
2.97
2.96
2.89
2.64
2.64
2.63
2.61
2.45
2.28
2.27
2.02
1.93
1.87
1.76

DPP-IV inhibitory;
Antioxidative; [31]

β-casein EMPFPKYPVEPF129–134 1.93 DPP-IV inhibitory;
Antibacterial; [27,65,79–81]

220



Foods 2021, 10, 3137

Table 4. Cont.

ID Protein Identified Peptide
Log2

PSPH vs. CTRL
Activity Reference

β-casein YQEPVLGPVRGPFPI208–217

LYQEPVLGPVRGPFPI206–215
2.45
1.91

DPP-IV inhibitory;
Antioxidative; [58,60,62,64]

β-lactoglobulin

VYVEELKPTPEGN59–71

VYVEELKPTPEGNLE59–73

VYVEELKPTPEGNLEILLQK59–78

RVYVEELKPTPEGNLEILLQK58–78

VYVEELKPTPEGNL59–72

2.64
2.63
2.02
1.87
1.76

DPP-IV inhibitory;
Antioxidative; [24,82,83]

β-lactoglobulin

KIDALNENKVLVLDTDYKK101–119

VLVLDTDYKKY112–120

VLDTDYKKYL112–121

IDALNENKVLVLDTDYKK102–119

VLVLDTDYKKYL112–121

KIDALNENKVLVLDTDYKKY101–120

2.50
2.20
2.12
2.04
1.93
1.57

DPP-IV inhibitory;
Antibacterial;
Antioxidative;

[44,84]

β-lactoglobulin

KIDALNENKV101–110

KIDALNENK101–109

KIDALNENKVLVLDTDYK101–118

KIDALNENKVLVLDTDYKK101–119

IDALNENKVLVLDTDYKK102–119

IPAVFKIDALNENK96–109

KIDALNENKVLVLDTDYKKY100–120

3.39
2.84
2.83
2.50
2.04
1.76
1.57

DPP-IV inhibitory;
Antioxidative; [44,85]

β-lactoglobulin GLDIQKVAGTWH27–38 1.73 DPP-IV inhibitory;
Antioxidative; [86]

β-lactoglobulin SLAMAASDISLLDAQSAPLRV39–59

SLAMAASDISLLDAQSAPLR39–58
2.56
2.21

DPP-IV inhibitory;
Antibacterial; [68,71]

β-lactoglobulin ALKALPMHI157–165 2.03 DPP-IV inhibitory;
Antioxidative; [76]

The active sequences contained in longer peptides are highlighted with bold characters.

Table 5. Analysis of differential peptides of BSPH vs. PSPH (Log R ≥ 1.5 and Log R ≤ −1.5).

ID Protein Identified Peptide
Log2

BSPH vs. PSPH
Activity

β-casein

GPIPNSLPQNILPLT79–93

GPIPNSLPQNILPLTQ79–94

LVYPFTGPIPNSLPQNILPLTQTPVVVPPFLQPEIMGVPK73–112

SLPQNILPLTQTPVVVPPFLQPEIMGVPKVKET72–116

TGPIPNSLPQNILPLTQTPVVVPPFLQPEIMGVPKVKETMVPKH78–121

SLPQNILPLTQTPVVVPPFLQPEIMGVPKVKETMVPKH72–121

SLPQNILPLTQTPVVVPPFLQPEIMGVPKVK72–114

SLPQNILPLTQTPVVVPPFLQPEIMGVPK72–120

FTGPIPNSLPQNILPLTQTPVVVPPFLQPEIMGVPKVKETMVPKH77–121

FTGPIPNSLPQNILPLTQTPVVVPPFLQPEIMGVPKVKETMVPK77–120

SLPQNILPLTQTPVVVPPFLQPEIMGVPKVKETMVPK72–120

TGPIPNSLPQNILPLTQTPVVVPPFLQPEIMGVPKVKETMVPK78–120

3.82
3.78
−1.54
−1.62
−1.69
−1.91
−1.92
−1.98
−2.44
−3.44
−3.47
−3.53

DPP-IV inhibitory;
Antioxidative;

β-casein

YQEPVLGPVR206–215

YQEPVLGPVRGPFP206–219

VLPVPQKAVPQRDMPIQAFLLYQEPVLGPVRGPFP185–219

LSLSQPKVLPVPQKAVPQRDMPIQAFLLYQEPVLGPV178–214

AVPQRDMPIQAFLLYQEPVLGPVRGPFPI192–220

SLSQPKVLPVPQKAVPQRDMPIQAFLLYQEPVLGPVRGPFPILV179–222

AVPQRDMPIQAFLLYQEPVLGPVRGPFP192–219

EPVLGPVRGPFPIIV208–222

EPVLGPVRGPFPILV208–222

EPVLGPVRGPFPI208–220

FLLYQEPVLGPVRGPFP203–219

2.10
−1.61
−1.64
−1.71
−1.75
−1.77
−1.80
−1.89
−1.89
−2.01
−2.10

DPP-IV inhibitory;
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Table 5. Cont.

ID Protein Identified Peptide
Log2

BSPH vs. PSPH
Activity

VLPVPQKAVPQRDMPIQAFLLYQEPVLGPVRGPFPILV185–222

VLPVPQKAVPQRDMPIQAFLLYQEPVLGPVRGPFPI185–220

YQEPVLGPVRGPFPIIV206–222

YQEPVLGPVRGPFPILV206–222

VLPVPQKAVPQRDMPIQAFLLYQEPVLGPVRGPFPIL185–221

EPVLGPVRGPFPII208–221

EPVLGPVRGPFPIL208–221

EPVLGPVRGPFP208–219

−2.14
−2.24
−2.31
−2.31
−2.33
−2.59
−2.59
−2.98

β-lactoglobulin

ENKVLVLDTDYKKY107–118

VLVLDTDYKKY110–120

VLVLDTDYKK112–119

IDALNENKVLVLDTDYKKY102–120

VLVLDTDYKKYL112–120

ENKVLVLDTDYKK107–119

DALNENKVLVLDTDYKKY103–120

IDALNENKVLVLDTDYKK102–119

VLVLDTDYK112–118

ENKVLVLDTDYKKYL107–121

VLVLDTDYKKYLL112–120

DALNENKVLVLDTDYKK103–119

KVLVLDTDYKKY109–120

3.45
3.42
3.05
3.05
2.72
2.48
2.43
2.33
2.21
2.18
2.17
1.90
1.67

DPP-IV inhibitory;
Antioxidative;
Antibacterial;

β-lactoglobulin
IPAVFKIDALNENK106–109

TKIPAVFKIDALNENK104–109

KIPAVFKIDALNENK105–109

3.09
2.46
2.30

DPP-IV inhibitory;
Antioxidative;
Antibacterial;

k-casein

DQDKTEIPAINTIASAEPTVHS134–155

AIPPKKDQDKTEIPAINT128–145

EIPAINTIASAEPTVHS139–155

IPPKKDQDKTEIPAINTIA129–147

IPAINTIASAEPTVHS140–155

IPPKKDQDKTEIPAIN129–144

IPPKKDQDKTEIPAINT129–145

PPKKDQDKTEIPAINTIAS130–148

AIPPKKDQDKTEIPAINTIA128–147

AIPPKKDQDKTEIPAIN128–144

KDQDKTEIPAINT133–145

KDQDKTEIPAINTIA133–147

EIPAINTIASAEPTVH139–154

DQDKTEIPAINTIAS134–148

IPAINTIASAEPTVH140–154

DQDKTEIPAINTIASAEPTVH134–154

TEIPAINTIASAEPTVHS138–155

PPKKDQDKTEIPAINTIASAEP130–151

AIPPKKDQDKTEIPAINTIASAEPTVHS128–155

DQDKTEIPAINTI134–146

KDQDKTEIPAINTIASAEPTVHS133–155

PPKKDQDKTEIPAINTIA130–147

KDQDKTEIPAIN133–144

DQDKTEIPAINTIA134–147

FMAIPPKKDQDKTEIPAINTIASAEPTVH126–154

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVVNAVDNP127–169

KTEIPAINTIASAEPTVH137–154

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVV127–163

IPPKKDQDKTEIPAINTIASAEPTVH129–154

MAIPPKKDQDKTEIPAINTIASAEPTVHSTP127–157

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVVNAV127–166

MAIPPKKDQDKTEIPAINTIASAEPTV127–153

MAIPPKKDQDKTEIPAINTIASAEP127–151

MAIPPKKDQDKTEIPAINT127–144

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVVNA127–165

AIPPKKDQDKTEIPAINTIASAEPTVH128–154

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVVNAVDNPE127–170

PPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVVNAVDNPEA129–169

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVVNAVDNPEA127–169

PPKKDQDKTEIPAINTIASAEPTV129–153

5.40
5.39
5.28
4.69
4.62
4.49
4.46
3.96
3.90
3.84
3.59
3.46
3.37
3.29
3.22
3.14
2.99
2.87
2.78
2.59
2.33
2.31
1.84
1.50
−1.53
−1.71
−1.94
−2.01
−2.18
−2.36
−2.37
−2.39
−2.42
−2.66
−2.77
−2.98
−3.04
−3.16
−3.19
−3.42

DPP-IV inhibitory;
Antioxidative;
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Table 5. Cont.

ID Protein Identified Peptide
Log2

BSPH vs. PSPH
Activity

MAIPPKKDQDKTEIPAINTIASAEPTVHST127–156

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEA127–161

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTT127–159

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVVN127–164

MAIPPKKDQDKTEIPAINTIASAEPT127–152

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAV127–162

MAIPPKKDQDKTEIPAIN127–144

MAIPPKKDQDKTEIPAINTIAS127–148

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVVNAVDN127–168

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVVNAVDNPEASS127–173

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVVNAVDNPEAS127–172

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTE127–160

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVVNAVD127–167

MAIPPKKDQDKTEIPAINTIASA127–149

MAIPPKKDQDKTEIPAINTIASAEPTVHSTPT127–158

MAIPPKKDQDKTEIPAINTIASAE127–150

MAIPPKKDQDKTEIPAINTIASAEPTVHS127–155

MAIPPKKDQDKTEIPAINTIASAEPTVH127–154

−3.52
−3.69
−3.69
−3.73
−3.90
−3.95
−3.96
−4.01
−4.04
−4.11
−4.28
−4.40
−4.64
−4.80
−4.81
−4.82
−5.60
−6.28

β-lactoglobulin

VYVEELKPTPEG59–70

ELKPTPEGNLEILLQ63–77

EELKPTPEGNL62–72

VYVEELKPTPEGNL59–72

VYVEELKPTPEGNLE59–73

EELKPTPEGNLEILL62–76

2.10
2.03
1.99
1.74
1.69
1.67

β-casein

EMPFPKYPVEPFT122–135

MPFPKYPVEPFTE123–136

EMPFPKYPVEPFTE122–136

MPFPKYPVEPFT123–135

MPFPKYPVEPFTES123–137

EMPFPKYPVEPFTES122–137

MPFPKYPVEPF123–134

EMPFPKYPVEPF122–134

VKETMVPKHKEMPFPKYPVEPFTESQSLTLTDVE113–156

HKEMPFPKYPVEPFTESQ121–138

HKEMPFPKYPVEPFTESQSLTLTDVEKLH121–149

HKEMPFPKYPVEPFTESQSLT121–141

HKEMPFPKYPVEPFTESQSLTLTDVE121–146

HKEMPFPKYPVEPFTESQSLTLTDVEKLHLPLPLVQ121–156

HKEMPFPKYPVEPFTESQS121–138

HKEMPFPKYPVEPFTESQSL121–139

VKETMVPKHKEMPFPKYPVEPFTESQSL113–140

HKEMPFPKYPVEPFTESQSLTLTDVEK121–147

VKETMVPKHKEMPFPKYPVEPFTESQS113–139

EMPFPKYPVEPFTESQSLTLTDVEKLHLPLP122–153

HKEMPFPKYPVEPFTESQSLTLTDVEKLHLPLP121–153

4.23
4.01
3.96
3.90
3.39
3.15
1.93
1.90
−1.50
−1.57
−1.59
−1.64
−1.73
−1.74
−1.75
−1.90
−2.55
−2.66
−2.67
−2.75
−3.66

DPP-IV inhibitory;
Antibacterial;

β-casein

YQEPVLGPVR206–215

YQEPVLGPVRGPFP206–219

VLPVPQKAVPQRDMPIQAFLLYQEPVLGPVRGPFP185–219

AVPQRDMPIQAFLLYQEPVLGPVRGPFPI192–220

SLSQPKVLPVPQKAVPQRDMPIQAFLLYQEPVLGPVRGPFPILV178–222

AVPQRDMPIQAFLLYQEPVLGPVRGPFP192–219

FLLYQEPVLGPVRGPFP203–219

VLPVPQKAVPQRDMPIQAFLLYQEPVLGPVRGPFPILV185–222

VLPVPQKAVPQRDMPIQAFLLYQEPVLGPVRGPFPI185–220

YQEPVLGPVRGPFPIIV206–222

YQEPVLGPVRGPFPILV206–222

VLPVPQKAVPQRDMPIQAFLLYQEPVLGPVRGPFPIL185–220

2.10
−1.61
−1.64
−1.75
−1.77
−1.80
−2.10
−2.14
−2.24
−2.31
−2.31
−2.33

DPP-IV inhibitory;
Antioxidative;

β-lactoglobulin
VYVEELKPTPEG59–70

VYVEELKPTPEGNL59–72

VYVEELKPTPEGNLE59–73

2.10
1.74
1.69

DPP-IV inhibitory;
Antibacterial;
Antioxidative;
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Table 5. Cont.

ID Protein Identified Peptide
Log2

BSPH vs. PSPH
Activity

β-lactoglobulin

ENKVLVLDTDYKKY107–120

VLVLDTDYKKY110–120

LDTDYKKYL113–121

VLVLDTDYKK110–119

IDALNENKVLVLDTDYKKY102–120

LVLDTDYKKY111–120

VLVLDTDYKKYL110–121

VLDTDYKKY112–120

LVLDTDYKKYL111–121

LDTDYKKYLL113–122

ENKVLVLDTDYKK107–119

DALNENKVLVLDTDYKKY103–120

LDTDYKKY113–120

IDALNENKVLVLDTDYKK102–119

LVLDTDYKK111–119

ENKVLVLDTDYKKYL107–121

VLVLDTDYKKYLL109–122

DALNENKVLVLDTDYKK103–119

KVLVLDTDYKKY109–120

3.45
3.42
3.18
3.05
3.05
2.94
2.72
2.62
2.52
2.48
2.48
2.43
2.38
2.33
2.23
2.18
2.17
1.90
1.67

DPP-IV inhibitory;
Antibacterial;
Antioxidative;

β-lactoglobulin

IPAVFKIDALNENK106–109

IDALNENKVLVLDTDYKKY102–120

IDALNENKVL102–111

TKIPAVFKIDALNENK94–109

IDALNENKVLVLDTDYKK102–119

KIPAVFKIDALNENK95–109

KIDALNENK101–109

VFKIDALNENK99–109

IDALNENKV102–110

3.09
3.05
2.60
2.46
2.33
2.30
2.21
1.99
1.96

DPP-IV inhibitory;
Antioxidative;

β-lactoglobulin

IPAVFKIDALNENK106–109

IDALNENKVLVLDTDYKKY102–120

IDALNENKVL102–111

TKIPAVFKIDALNENK94–109

IDALNENKVLVLDTDYKK102–119

KIPAVFKIDALNENK95–109

KIDALNENK101–109

VFKIDALNENK99–109

IDALNENKV102–110

3.09
3.05
2.60
2.46
2.33
2.30
2.21
1.99
1.96

DPP-IV inhibitory;
Antioxidative;

β-lactoglobulin

IPAVFKIDALNENK106–109

IDALNENKVLVLDTDYKKY102–120

IDALNENKVL102–111

TKIPAVFKIDALNENK94–109

IDALNENKVLVLDTDYKK102–119

KIPAVFKIDALNENK95–109

KIDALNENK101–109

VFKIDALNENK99–109

IDALNENKV102–110

3.09
3.05
2.60
2.46
2.33
2.30
2.21
1.99
1.96

DPP-IV inhibitory;
Antioxidative;

β-lactoglobulin LDIQKVAGTWHS28–39

IIVTQTMKGLDIQKVAGTWH19–38
1.92
−2.06

DPP-IV inhibitory;
Antioxidative;

β-lactoglobulin

AASDISLLDAQSAPLR43–58

LAMAASDISLLDAQSAPLR40–58

MAASDISLLDAQSAPLR42–58

AASDISLLDAQSAPLRV43–59

2.57
2.37
1.88
1.53

DPP-IV inhibitory;
Antibacterial;

β-lactoglobulin

TPEVDNEALEKFDKALK143–159

TPEVDNEALEKFDKALKA143–160

DNEALEKFDKALK147–159

EVDNEALEKFDKALK145–159

NEALEKFDKALK148–159

EALEKFDKALKALPMH149–164

NEALEKFDKALKALPMH148–164

NEALEKFDKALKALPMHIR148–166

EALEKFDKALKALPMHIR149–166

4.03
2.92
2.38
2.01
−1.62
−1.77
−2.37
−2.65
−2.96

DPP-IV inhibitory;
Antioxidative;

The active sequences contained in longer peptides are highlighted with bold characters.
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4. Conclusions

Due to its higher content of nutrients compared to other species, ovine scotta is a pre-
cious substrate that can be valorized through a multidisciplinary biotechnological approach
with the aim of producing ingredients with specific biological activities. The enzymatic
hydrolyses performed both with bromelain and pancreatin on retentate of scotta allowed
enhancement of its DPP-IV inhibitory and antioxidant activities, bromelain being more
promising in such an aim. Likewise, the antibacterial activity of hydrolysates slightly
increased with respect to control, even if an inhibitory effect against some Listeria mono-
cytogenes strains of the non-hydrolysates scotta was also noticed. LC-MS/MS analysis
allowed identification among the experimental groups of several differential peptides that
contain sequences with known activities among those here studied. Further studies are
needed to optimize reaction conditions, in order to maximize such biological activities in
relation to the specific objective.
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Abstract: While Aurantiochytrium sp. is an increasingly popular source of polyunsaturated fatty acids
(PUFAs), its extraction generates high amounts of waste, including the spent, defatted residue. The
composition and bioactivities of this by-product could prove to be a major part of the sustainable
valorisation of this organism within the framework of a circular economy. In this study, the defatted
biomass of commercial Aurantiochytrium sp. was nutritionally characterised, and its amino acid
profile was detailed. Additionally, the antioxidant and prebiotic potentials of an enzymatically
digested sample of defatted Aurantiochytrium sp. were evaluated under a set of miniaturised in vitro
assays. The nutritional profile of the spent Aurantiochytrium biomass revealed a protein and dietary-
fibre rich product, with values reaching 26.7% and 31.0% for each, respectively. It also held high
concentrations of glutamic and aspartic acid, as well as a favourable lysine/arginine ratio of 3.73.
The digested samples demonstrated significant Weissela cibaria and Bifidobacterium bifidum growth-
enhancing potential. Residual ferric reducing antioxidant power (FRAP) activity was likely attributed
to antioxidant amino acids or peptides. The study demonstrated that some of the nutritional and
functional potential that reside in the defatted Aurantiochytrium sp. waste encourages additional
studies and the development of food supplements employing this resource’s by-products under a
biorefinery framework.

Keywords: spent biomass; prebiotic potential; enzymatic digestion; biorefinery; circular economy;
by-products

1. Introduction

Aurantiochytrium sp. is a Thraustochytrid that has recently gained attention due to its
high production of eicosapentaenoic acid and docosahexaenoic acid. They have emerged
lately as an efficient economic alternative compared to other fish and microalgal oil sources
by virtue of their simpler polyunsaturated fatty acids (PUFA) profiles and cost-effective
culture conditions [1,2]. While the recovery of microbial oils avoids many of the problems
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associated with the traditional sources of PUFAs, the leftovers generated by such large-
scale bioprocesses can still pose an environmental threat. A vast array of strategies and
applications have been tested thus far in an attempt to add value to otherwise discarded
microbial waste, with a large focus on the recycling of nutrients as a substrate for other
economically feasible fermentations as well as the recovery of bioactive products [3–5].
Authors such as Medina (2015), Aida (2017), and Deshmukh (2021) have published distinct
valorisation strategies applied to defatted microalgal or Thraustochytrid biomass, includ-
ing the use as functional ingredients in biodegradable films, extraction of protein-rich
antioxidant fractions, and direct use as nitrogen and phosphorous-rich additives to biofuel
substrates [4,6,7]. The use of spent microalgal biomass has also been extended to livestock
feed as either a soy or corn replacement as well as a nutritional supplement to traditional
mixes [8].

Some of these applications fit under the designation of functional foods, which is a
term that has acquired significant popularity in both social and scientific spheres. A recent
definition given by Granato et al. (2020) states that functional foods, when regularly and
efficaciously consumed as part of a diverse diet, can convey a positive effect on health
beyond basic nutrition [9]. Said claims are regulated in most Western countries, limiting the
classification to foods whose effects are verified via randomised, double-blind, and placebo-
controlled clinical trials [10]. The potential held by functional foods in the prevention of
many diseases deemed important in the 21st century, including obesity, type-2 diabetes,
and several forms of cancer, has led to an enduring research interest over the course of
the last 20 years [11–13]. The discovery of new functional foods is a large part of this
effort, both as a way to find more bioactive ingredients and as a means to exploit new food
resources in the form of new, high added-value products [13].

Due to the ever-growing demand for food of an expanding human population and
their presence in an underexploited environment, marine food resources have found
themselves under increased demand over recent years [14]. Among these, microalgae
have confidently found their way into the niche market of food supplements. This was
mostly due to exceptional amino-acid profiles in some cases comparable to terrestrial
animal-sourced protein, as with the cyanobacteria Arthrospira platensis (commercial name
“Spirulina”) and the green algae Chlorella [6,15]. High dietary fibre content is also a highly
desired feature in certain types of functional foods. These long-chain polysaccharides
are incapable of being digested by the human digestive process and have been linked
to numerous gastrointestinal health benefits [16,17]. Certain types of dietary fibre can
be fermented by the gut microbiota, selectively promoting the growth of beneficial Bifi-
dobacterium, Lactobacillus, Bacillus, Streptococcus, Saccharomyces and Lactococcus strains [18].
In turn, the proliferation of these strains has been associated with improvements to gut
health via the suppression of pathogenic bacteria, improved gastro-intestinal flow, and
short-chain fatty acid-driven immunomodulation, which are factors that are currently
deemed essential in preventing intestinal and colonic cancers [18,19]. Carbohydrates that
can reach the caeco-colon undigested and demonstrate the microbiota-enhancing effects
described fall under the designation of prebiotics [20].

Given the recognition of how important gut health is in the prevention of serious
human disease, the study of prebiotics is currently at the height of its development [18].
The complexities of digestion and the changes it incurs on the chemistry and function of
dietary compounds has led researchers to develop increasingly elaborate in vitro models
when assessing the prebiotic potential of foods and supplements [19]. While these advances
have greatly improved the authenticity of the attributed label of prebiotics and led to great
new insights on the bioavailability of certain nutrients, they are often difficult to reproduce
without highly specialised, often custom-made equipment or access to clinical samples
of human faeces [18,21]. Thus, quick assessments of the prebiotic potential of new foods
are difficult to execute with these methodologies. Simpler, in vitro batch fermentations
are still considered valuable screening tools for this very reason, despite their inadequate
simulation of the digestion process [17].
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With the removal of its lipid content, the spent biomass of Aurantiochytrium sp. still
holds the potential of a nutritionally and functionally valuable food product. Considering
that these organisms can accumulate approximately 50% of their weight in lipids, the defat-
ted and dried remainder is a highly concentrated mixture of proteins and carbohydrates
of exotic origin and whose nutritional and functional potential remains unexplored [22].
The present study seeks to confirm these claims via chemical analysis of the spent Auranti-
ochytrium biomass in addition to a screening of its antioxidant and prebiotic potentials.

2. Materials and Methods

2.1. Recovery of Spent Aurantiochytrium sp. Biomass

Aurantiochytrium sp. biomass under the commercial label Algamac 3050 was pur-
chased from Pacific Trading–Aquaculture Ltd. (Dublin, Ireland). The biomass was supplied
in vacuum-sealed plastic bags and as coarse flakes approximately 1.5 mm in length and
0.5 mm in thickness. Removal of the lipid fraction was carried out to simulate its indus-
trial processing for the recovery of PUFAs using a lab-scale Soxhlet extraction apparatus.
Samples of 5 g of biomass were loaded in a Soxhlet cartridge and extracted with n-hexane
for 6 h. At the end of the extraction, the spent biomass was recovered from the cartridge
solvent and dried overnight in a 50 ◦C oven.

2.2. Chemical Analysis of the Spent Aurantiochytrium sp. Biomass

Protein content was estimated using a LECO FP-528 DSP nitrogen analyser (LECO, St.
Joseph, MI, USA). Fat content of both whole and spent Aurantiochytrium was determined
according using the Bligh and Dyer technique with the modifications employed by Burja
et al. (2007) applied to the standard method [23]. Ash and fibre content were determined
according to the Association of Official Analytical Chemists (AOAC) standard methods
942.05 and 985.29, respectively [24,25]. A protein-rich fraction obtained from the defatted
Aurantiochytrium sp. was prepared according to the procedure detailed by Vallabha et al.
(2016), with some modifications [26]. These included a more prolonged extraction time
(overnight) and the combination of all precipitated protein fractions. These were analysed
using reverse-phase high-performance liquid chromatography following the method of
Bidlingmeyer et al. (1984) after being subjected to a 24 h acid hydrolysis with 6N HCl with
0.1% phenol under vacuum and derivatisation with phenyl thiocarbamoyl [27].

2.3. Enzymatic Digestion of the Spent Aurantiochytrium sp. Biomass

A two-step simulated digestion of the defatted Aurantiochytrium sp. biomass was
performed with a procedure adapted from Gawlik-Dziki et al. (2009) [28]. A solution of
simulated saliva was prepared by dissolving 2.38 g Na2HPO4, 0.19 g KH2PO4, and 8 g NaCl
in 1 L of distilled water and adjusting its pH to 6.75. Then, the solution was supplemented
with 200 U of α-amylase (EC 3.2.1.1.). The simulated gastric digestion solution was an
acidic (pH 1.2) 0.32% pepsin (porcine stomach mucosa, pepsin A, EC 3.4.23.1) dilution in
0.03 M NaCl. In 50 mL plastic centrifuge tubes, an approximate weight of 10 g of defatted
Aurantiochytrium sp. flakes were mixed with 50 mL of simulated saliva and incubated
in a 37 ◦C water bath for 10 min with occasional stirring using a steel spatula. Then, the
slurry was brought to a pH of 1.2 using 5 M HCl, after which 50 mL of the simulated
gastric solution were added. Then, a 120 min, 37 ◦C water bath incubation took place with
occasional manual stirring. Afterwards, the digestion was halted via a short exposure to
a 70 ◦C water bath (approximately 60 s), and the pH was brought up to 6.0 with a 1 M
solution of NaHCO3. Then, the entire digested slurry was treated as the digested defatted
Aurantiochytrium sp. sample, from which 2 mL aliquots were gathered and stored at −20 ◦C
prior to analysis.

2.4. In Vitro Prebiotic Potential Assay

The digested samples’ potential to promote the growth of probiotic lactic acid bacteria
was evaluated using a simplified and miniaturised method based on publications of
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Wichienchot (2010) and Liu et al. (2016) and represented in Figure 1 [29,30]. The three
bacterial strains selected for this assay include Lactobacilus delbrueckii subspecies bulgaricus
DSMZ 20081, Bifidobacterium bifidum DSMZ 20456, and Weissella cibaria DSMZ 14295. Pre-
cultures of W. cibaria, 48 h, 30 ◦C and pre-cultures of B. bifidum and L. delbrueckii, 72 h, 37 ◦C
were prepared in MRS agar plates, with the latter two cultures having been maintained
under anaerobic and oxygen-depleted atmospheres respectively using Mini Anaerocult A
and C kits (Merck, Darmstadt, Germany). All pre-culture plates were prepared in triplicate
as independent replicas. From these, 2.5 × 106 CFU/mL (W. cibaria) and 5.0 × 106 CFU/mL
(L. delbruecki and B. bifidum) cellular suspensions were prepared in saline solution (0.85%
NaCl; VWR). A set of master mixes were prepared encompassing all the necessary sample,
blank, and control conditions in a 3:1:1 ratio of MRS medium, inoculum suspension, and
sample, respectively. Digested Aurantiochytrium sp. samples were used without any further
dilution, and digestion blanks provided a measure of growth induced by the enzymatic
mixture (vehicle). Negative controls used the appropriate volume of saline solution instead
of the digested sample. Then, 200 μL of each mixture were transferred to sterile round-
bottom 96-well microplates and incubated for 72 h, with optical density (OD) readings
occurring every 24 h at 600 nm using a microplate reader (EPOCH 2, BioTek Instruments,
Winooski, VT, USA). Incubation of W. cibaria was conducted in aerobic conditions at 30 ◦C,
while B. bifidum and L. delbrueckii microplates were enclosed in sealed bags under anaerobic
and oxygen-depleted atmospheres at 37 ◦C as stated above.

A validation trial was performed using a 5.0 × 106 CFU/mL suspension of L. delbrueckii
and inulin as a reference probiotic. Inulin concentrations ranging from 0.01 to 1% (w/v)
were prepared in master mixes with identical MRS media and inoculum ratios as the
main assay.

2.5. Antioxidant and Lipid Oxidation Protective Assays

The digested and defatted Aurantiochytrium sp. sample was subjected to a set of
three antioxidant potential assays. Ferric-reducing antioxidant potential (FRAP) activity
assay was performed according to Dudonné et al. (2009) with slight modifications to
sample dilution rates [31]. First, 195 μL of ferric 2, 4, 6-tri (2-pyridyl)-s-triazine (TPTZ)
along with 5 μL of either sample or iron sulphate standard were incubated for 30 min
at 30 ◦C. The concentrations of the latter ranged from 20 to 1000 μM. A minimum of
three independent assays were performed for each extraction condition tested. The 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical reduction assay used a 96-well microplate-
adapted protocol [32,33]. The working reagent was prepared by dissolving DPPH radical
in absolute ethanol at a concentration of 0.1 mg/mL. The assay was conducted by pipetting
10 μL of each standard’s or sample’s concentration and of the digestion vehicle as control
per well (8 wells each). In four wells, 190 μL of working reagent was added, and in the other
four, 190 μL of ethanol was added. The plate was incubated in the dark for 60 min at room
temperature, after which its absorbance (Abs) was read at 515 nm (EPOCH 2 microplate
reader, BioTek® Instruments, Winooski, VT, USA). The amount of DPPH radical reduced
by the standard per samples was calculated using a standard curve previously obtained,
following the formula:

[DPPH](mM) =
AbsSample − 0.0391

5.1238
. (1)
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Figure 1. Flowchart representation of the miniaturised prebiotic potential assay employed in this study. Bacterial cultures
were pre-grown in their respective optimal conditions for up to 72 h prior to the assay. The first step of the serial dilutions was
performed identically for all cultures, with the following step adjusting for the required concentration. Inulin concentrations
listed under “Tested mixtures” are higher than the tested concentrations as to account for the dilution occurring in the
microplate well. Oxygen-depleted and anaerobic conditions were achieved using Merck’s Mini Anaerocult A and C kits
following manufacturer specifications. The incubations were prolonged for up to 72 h.
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For each sample, Abs (515 nm) was calculated by subtracting the mean absorbance
of the wells containing the sample and ethanol to the mean absorbance of the wells
containing the sample and working reagent. The assay was performed in triplicate. The
lipid peroxidation inhibitory potential (LPIP) was evaluated by a method adapted from
Félix et al. (2020) and Yen and Hsieh (1998) [32–34]. The method was designed based on
the auto-oxidation of a pure suspension of PUFAs in contact with air, in which case the
only peroxides present are the lipid peroxides, which are quantifiable by the thiocyanate
method. Briefly, a linoleic acid (LA) suspension was prepared (20 mM LA in Tween 20 at
5.6 mg/mL prepared in phosphate-buffered saline (PBS) at 20 mM, pH 7.1) and used as
substrate. Then, 25 μL of extract at 1 mg/mL were pipetted onto a 2.0 mL microtube, in
triplicate, and 125 μL of LA suspension and 100 μL of PBS (same as above) were added. As
blanks, tubes with extract but with LA suspension’s solvent (Tween 20 in PBS) instead of
LA suspension were used (to determine peroxides native to the extract and subtract them
from final result). As positive control (maximum peroxidation), 25 μL of extract vehicle
(extract’s solvent) and 125 μL of LA suspension were used (along with 100 μL of PBS), and
as negative control, 25 μL of vehicle as 125 μL of LA suspension’s solvent with 100 μL
of PBS was used. All microtubes were incubated at 37 ◦C for 48 h in the dark and well
capped. The experiment was performed in triplicate. Then, each tube was used to quantify
peroxides by the thiocyanate method. From each tube, 20 μL (in triplicate) were sampled
and added to a tube containing 940 μL of ethanol at 75% (v/v) and 20 μL of ammonium
thiocyanate at 30% (w/v). Then, 20 μL of iron (II) chloride at 20 mM prepared in HCl at
3.5% (w/v) were added to each tube, and the mixture was properly homogenised using a
vortex. Afterwards, each tube was used to read the absorbance in a microplate reader by
pipetting 4 wells of 200 μL with the mixture. The absorbance was read at 500 nm, and the
inhibitory potential was calculated:

LPIP (%) = 100
1 − AbsSampleBlank

AbsPos.Ctrl − AbsNeg.Ctrl
(2)

2.6. Statistical Analysis

All experiments were performed with at least three replicas and are presented as mean
± standard error. All graphical representations, descriptive statistics, one-way analysis of
variance (ANOVA), and multiple comparisons tests (Tukey’s honestly significant difference
(HSD)) were all performed in GraphPad Prism v6.01 (GraphPad Software, Inc.; 2012, San
Diego, CA, USA). Residual plots were used for all model assumptions, including normality,
homoscedasticity, and independence. The type I error rate was at 0.05 for all statistical
tests performed.

3. Results and Discussion

3.1. Chemical Analysis

Table 1 displays the macronutrient composition of both whole and defatted Auranti-
ochytrium sp. used in this study. A total lipid content of approximately 43% positions the
samples used among the higher range of this parameter among other published results.
Trovão et al. (2020) situated their set of Aurantiochytrium sp. within the 14 and 24% fat
content range in their studies, while Ryu et al. (2013) achieved approximately 38.1% of
lipidic weight growing Aurantiochytrium sp. in spent brewer’s yeast [35,36]. Regardless,
percentages as high as the ones presented here were previously achieved [37]. The protein
content is within the expected values for cultured Aurantiochytrium sp., with authors such
as Sami et al. (2013) and Moran et al. (2019) reporting this parameter at around 15% [38,39].
Fibre content was found to be about 31% of its dry weight, which is a percentage that
stands far higher than most published results for Aurantiochytrium sp. Moran et al., 2019
found a maximum fibre content of around 3.4% in Aurantiochytrium limacinum. Such high
values are not common even in other thraustochytrids [22].
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Table 1. Macronutrient analysis performed on the whole Aurantiochytrium sp. (WA) and on its
defatted counterpart (DA), shown as a percentage of dry weight. Each result is the average of at three
measures ± standard error.

Sample ID
Lipid Content

(g/100 g)
Protein Content

(g/100 g)
Ash Content

(g/100 g)
Fibre Content

(g/100 g)

WA 42.7 ± 0.8 15.3 ± 0.7 10.7 ± 0.1 17.8 ± 1.5
DA 2.4 ± 0.8 26.7 ± 1.8 16.9 ± 0.9 31.0 ± 1.1

Looking at the macronutrient profile in isolation, Aurantiochytrium sp. in its defatted
form already presents itself as a highly promising food product, with unusually high
protein and dietary fibre contents. Similar profiles are found in marine organisms used as
supplements, such as Spirulina and Chlorella [6]. With the loss of its lipid fraction, valued
for its high PUFA content, the spent Aurantiochytrium sp. biomass may lose some of its
nutritional richness. In turn, this depleted biomass is now much lighter in caloric content
and thus much more compatible as a protein and dietary fibre supplement that is easily
incorporated in a variety of diets.

3.2. Amino Acid Profile

The amino acid profile of the undigested spent Aurantiochytrium is shown in Table 2,
listing the concentrations of 16 amino acids. Among these amino acids, eight essential
amino acids were found. The major amino acids were glutamic acid (18 g/100 g) and
aspartic acid (7.0 g/100 g), followed by serine, lysine, leucine, and proline. Cysteine, valine,
and histidine were the among the least prevalent amino acids. The total amount of essential
amino acids was higher than that of non-essential amino acids, with the high levels of
leucine hinting at a potential use of this biomass in mid-workout energy snacks that aids
muscle recovery and build-up [4]. While histidine levels were relatively low, they remain
above the relative values of common plant or algae-based protein-rich supplements such
as spirulina, soybean, and flaxseed. Histidine is a nutritionally essential amino acid that is
also a precursor for several hormones (e.g., thyrotropin-releasing hormone), and critical
metabolites affecting renal function, neurotransmission, gastric secretion, and the immune
system [40]. The lysine/arginine/(Lys/Arg) ratio has been shown to positively affect the
metabolic pathways of hypertension and have a positive effect on hypercholesterolemia,
imparting lipidemic and atherogenic effects in rats even though the effects on humans
were modest [26,41]. Although the exact mechanisms that lead to its positive effects
are unknown, Yang et al. (2011) proposed that this amino acid ratio could limit the
absorption rate of cholesterol [42]. The authors proposed either the slowdown of lipid
absorption or promotion of 7 α-hydroxylase activity, which is a hepatic enzyme that
limits the rate of cholesterol to bile acid conversion, as the mechanisms for this effect.
In this study, the Lys/Arg ratio was found to be 3.73, which is quite similar to that of
flaxseed (3.90) and a favourable ratio to be a useful protein ingredient in formulations
intended to improve human health [40]. It should also be noted that the comparatively
high amounts of glutamic and aspartic acid will likely contribute to an intensely umami
flavour, which could grant any spent Aurantiochytrium-based supplement with desirable
flavour-enhancing characteristics [43]. Such potential would need to be further investigated
via sensory analysis.
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Table 2. Amino acid profile of the defatted Aurantiochytrium sp. biomass in g/100 g of extracted protein and as a
percentage of total detected amino acids. A collection of comparable values reported in the literature was included for both
Aurantiochytrium sp. and other Thraustochytrids.

Amino Acid
Aurantiochytrium sp.

Spent Biomass
(g/100 g)

% of Total AA
Aurantiochytrium sp.

from Literature
(g/100 g)

References
(Auranti-

ochytrium)

Thraustochytrids
from Literature

(g/100 g)

References
(Thraus-

tochytrids)

Min Max Min Max

Essential
Alanine 2.2 4.0 0.8 3.9

[4,40]

0.53 7.5

[38,40,44]

Arginine 1.1 2.0 5.5 12.3 0.67 12.3
Aspartic acid 7.0 12.7 5.6 7.1 2.91 14.7
Glutamic acid 18 32.5 11.2 11.4 1.74 42.0

Glycine 2.2 4.0 1.3 1.5 0.38 7.0
Histidine 1.1 2.0 8.6 10.3 0.23 1.1

Serine 4.2 7.6 2.6 3.2 0.46 10.8
Threonine 1.8 3.3 0.3 0.8 0.38 1.5

Non-essential
Cysteine 0.79 1.4 0.3 0.4

[4,40]

0.14 1.4

[38,40,44]

Isoleucine 1.6 2.9 1.8 2.4 0.22 2.3
Leucine 3.3 6.0 3.7 4.8 0.56 6.8
Lysine 4.1 7.4 3.9 5.0 0.5 7.2

Methionine 2.4 4.3 1.1 1.1 0.05 1.8
Phenylalanine 1.4 2.5 2.1 2.7 0.36 3.7

Proline 3.2 5.8 2.6 2.7 1.38 3.6
Valine 0.93 1.7 2.7 3.4 0.34 4.0

3.3. Antioxidant and Lipid Protective Activities

Table 3 lists the results of the three antioxidant assays performed on the digested de-
fatted Aurantiochytrium sp. sample. There was no lipid oxidation prevention demonstrable
using the LPIP method, which is unsurprising given the nature of the spent Auranti-
ochytrium sample. The majority of bioactive compounds, including those with antioxidant
potential, whose presence in Aurantiochytrium sp. was previously reported, are lipophilic
carotenoids and sterols [45]. These are expected to be mostly absent from the defatted
biomass. Any residual activity, such as that which was detected in the FRAP assay, was
likely caused by amino acids containing sulphur side chains, such as cysteine and me-
thionine, or aromatic side chains, such as tyrosine, phenylalanine, and tryptophan [46,47].
The contribution of these effects to the overall antioxidant activity is heightened by the
lipid-removal process. DPPH radical reduction activity was, similarly to the LPIP assay,
indicative of a lack of lipophilic antioxidant compounds. In this instance, the ethanolic
nature of the reaction medium results in the precipitation of most protein, and thus, any
amino acid-driven activity is unrepresented [47].

Table 3. Antioxidant potential of the post-digestion defatted Aurantiochytrium sp. biomass, ac-
cording to the DPPH radical reduction potential, ferric-reducing antioxidant potential (FRAP), and
lipid peroxidation inhibitory potential (LPIP) assays. Each result is the average of at least three
measures ± standard error.

Sample ID
DPPH

(mM DPPH/mL)
FRAP

(Fe(II) eq (mM)/mL)
LPIP

(% of Ctrl)

Digested
DA 0.025 ± 0.022 152.5 ± 6.2 162.1 ± 6.2

The presence of compounds with antioxidant activity in foods, regardless of their
status as either functional or nutritious is, in most cases, highly desired. While the effects
of dietary antioxidants in human health is still a contentious topic, their contribution as
a positive factor in food preservation is generally well understood [48,49]. The presence
of antioxidants in fatty foods, either as an ingredient or additive, is particularly desired,
as these can greatly delay the loss in quality related to the oxidation of lipids [50]. While
there are other compounds vulnerable to degradation under oxygen exposure, the defatted
nature of the samples studied here means that lipid peroxidation phenomena are not as
significant a concern for their long-term stability, and thus, a loss of antioxidant compounds
may not be as sorely missed in a product based in defatted Aurantiochytrium [34]. Regard-
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less, the presence of antioxidant proteins suggested by the FRAP activity assay could still
provide a health benefit and warrants further research to determine their true chemical
nature and concentrations.

3.4. Prebiotic Potential
3.4.1. Method Validation

The results of the prebiotic potential method validation trial are shown in Figure 2.
The assay was successful in demonstrating noticeable changes in growth both with and
without the presence of additives in its media. While the higher concentrations of the
reference probiotic led to higher optical density readings after 72 h of incubation, it is
interesting to note that this trend was not constant throughout the intermediate measures.
Growth readings after 24 h suggested a preference for lower or null concentrations of
inulin, which is likely associated with a breach in its maximum tolerable presence for this
organism. Prolonged incubation revealed a reverse trend, with the growth of organisms
under higher concentrations overtaking those previously mentioned. It is possible that
inulin concentrations somewhere above 0.05%, together with the tested concentration of
MRS media, provided an overabundance of soluble sugars, resulting in unfavourable
osmotic pressures. These stressors were eventually overcome by the organism, which
then made use of the higher abundance of nutrients to surpass the growth in the other
conditions. Since these dynamics were easily verified in the conditions tested here, the
testing of probiotic growth effects was carried on using this method.

Figure 2. Growth of Lactobacilus delbrueckii under the effect of rising concentrations of inulin. Each
point represents the average of at least three determinations ± standard error.

3.4.2. Growth Effect on Probiotic Cultures

Figure 3 shows the influence of the digested spent Aurantiochytrium solution (sample)
and the digestion blank (vehicle) in the growth of B. bifidum, W. cibaria, and L. delbrueckii
via a measure of optical density. For the first two microorganisms mentioned, the presence
of the digested sample was favourable in promoting their growth, although the kinetics of
each revealed differences that may influence the effectiveness of this sample as a prebiotic
agent. The presence of digested defatted Aurantiochytrium solution had an immediate
benefit on the growth of W. cibaria, as can be verified in the OD recorded after 24 h. This
sudden growth appeared to consume nearly all the available substrate, and no further
changes, worth noting, in cell density were observed over the course of the assay. Weissela
cibaria has proven to be fastidious when compared to other lactic acid bacteria (LAB) [51].
Its accelerated growth kinetics and adaptability to harsh mediums has led to an increased
interest in using it as a majority culture in sourdough starters [51]. Bifidobacterium bifidum
revealed an equally favourable outcome for the probiotic growth enhancement potential of
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the digested defatted Aurantiochytrium solution, having reached 72 h of incubation with a
significant DO difference between this sample and its digestion blank and growth control.
In accordance with the features of a less fastidious anaerobic culture, the steepest increase
in growth was observed between 24 and 48 h past medium inoculation, contrasting with
the immediate spike in growth seen with W. cibaria immediately at 24 h. In contrast to the
results commented so far, the growth of L. delbrueckii was unaffected by the presence of the
digested defatted Aurantiochytrium sample or the digestion solution (vehicle). The scarcity
of information regarding the non-lipid fraction of Aurantiochytrium sp. makes it difficult to
point to specific causes for the selectivity of its prebiotic potential. Several studies testing
the prebiotic potential of select compounds have also reported relatively lower growth of
L. delbrueckii, but the authors did not establish likely causes [16,52,53]. Further studies of
the non-lipidic fraction of Aurantiochytrium sp. might reveal hints about the selectivity of
its prebiotic activity.

Figure 3. Growth of the probiotic strains Bifidobacterium bifidum, Weissella cibaria, and Lactobacillus delbrueckii under the
presence of the digested defatted Aurantiochytrium sp. (Sample), the enzymatic digestion mixture (Vehicle), and the negative
control saline solution (0% inulin). Each point represents the average of at least three determinations ± standard error.
* and ** group measures are statistically identical within the same time point (either 24, 48, or 72 h).

The differences in kinetics between W. cibaria and B. bifidum are unlikely to reflect in a
significant manner within in vivo conditions, given the extensive amount of biotransfor-
mations induced by digestion, as well as the influence of the remaining gut microbiota [19].
Selective or delayed growth of different gut bacteria is a hot topic of current-day prebiotic
research, but the results shown here are more indicative of the differences between the
growth characteristics of the studied strains rather than conclusive evidence of the selectiv-
ity of the substrate [54]. The results do show a significant increase in the growth of both W.
cibaria and B. bifidum under the presence of digested spent Aurantiochytrium sp. Given the
comparatively high amount of fibre content revealed by the chemical analysis, it is safe to
say that this biomass, currently seen as industrial waste, may hold potential as a prebiotic
supplement, with a stronger endorsement depending on further studies.
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4. Conclusions

This study attempts an early exploration of functional food-related uses of spent
Aurantiochytrium sp. biomass, which is a significant part of the industrial waste associ-
ated with the production of high added-value PUFAs from this source. Doing so could
attribute this waste with value comparable to its lipid fraction and thus greatly increase
the profitability and sustainability of all industrial exploitation of Aurantiochytrium. The
chemical characterisations performed on the defatted biomass show a highly protein and
dietary fibre-rich product that is simultaneously rid of most of its most caloric fraction. The
amino acid profile revealed a fairly balanced distribution of essential variants, though it
was not enough to warrant the use of this product as a protein supplement individually.
High levels of glutamic and aspartic acid suggest it could be used as a source of flavour-
enhancing umami compounds. The spent Aurantiochytrium was depleted of most of its
lipophilic antioxidant compounds, but some residual activity was still registered by the
FRAP assay, which was likely caused by antioxidant amino acids. The prebiotic potential
assays revealed that after an in vitro enzymatic digestion, the sample held the capacity
to enhance the growth of important probiotic strains. Together with its high dietary fibre
content, these results point to a promising prebiotic supplement as one of the potential
uses for the depleted biomass.

The results presented warrant a great deal of follow-up research, as many of its
conclusions could be built upon a better understanding of the elemental composition of
Aurantiochytrium sp., particularly of its non-lipid fractions. Additionally, the prebiotic
potential demonstrated here is the result of a screening that is limited in scope and can be
followed by either the testing of more strains and/or the use of a more in-depth digestion
simulation and gut microbiota consortia from clinical samples. With these next steps
fulfilled, a valuable application of the main by-products of Aurantiochytrium cultivation
could be quickly implemented in both existing industries and upcoming biorefineries
looking to maximise their profit and sustainability.
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Abstract: The goal of this study was to establish the nutritional value and compositional properties
of the brains of crossbred pigs (Landrace–Large white–Duroc (LLD)), in order to realize the zero-
waste concept and increase the use of by-products in the sustainable meat industry. Fat (9.25%
fresh weight (fw)) and protein (7.25% fw) were the principal dry matters of pig brain, followed
by carbohydrate and ash. Phospholipid and cholesterol had a 3:1 ratio. Pig brain had a red tone
(L* = 63.88, a* = 5.60, and b* = 15.43) and a high iron content (66 mg/kg) due to a total heme protein
concentration of 1.31 g/100 g fw. The most prevalent macro-element was phosphorus (14 g/kg),
followed by potassium, sodium, calcium, and magnesium. Zinc, copper, and manganese were among
the other trace elements discovered. The most prevalent nitrogenous constituents were alkali-soluble
protein, followed by water-soluble protein, stromal protein, salt-soluble protein, and non-protein
nitrogen. Essential amino acids were abundant in pig brain (44% of total amino acids), particularly
leucine (28.57 mg/g protein), threonine, valine, and lysine. The total lipid, neutral, and polar lipid
fractions of the pig brain had different fatty acid compositions. The largest amount was observed in
saturated fatty acids (SFA), followed by monounsaturated fatty acids (MUFA) and polyunsaturated
fatty acids (PUFA). Stearic acid and palmitic acid were the most common SFA. Oleic acid was the
most prevalent MUFA, while docosahexaenoic acid was the most common PUFA. Thus, the pig brain
can be used in food formulations as a source of nutrients.

Keywords: pork; fatty acid; amino acid; mineral; meat; by-product; sustainability

1. Introduction

Pork consumption is currently on the rise among the world’s population. China,
the European Union, the United States, Brazil, and Russia are the world’s top five pork
producers [1]. Thailand’s pig production was estimated to be over 20.5 million heads in
2020, with pork consumption estimated to be around 1.3 million tons [1]. By-products,
such as blood, bone, bristle, fat trimmings, viscera, and brain, are created as a result of
increased pig consumption [2–4]. By-products constitute between 60% and 70% of the
butchered carcass, with roughly 40% being edible and 20% being inedible [4]. Some of
these by-products are widely used in many countries around the world in a variety of
traditional dishes [3] and can have value effectively added using additional processes,
such as thermal, chemical, centrifugation, washing, and combined processes to produce
lard, flavor concentrate, plasma, red blood cell, gelatin, protein hydrolysates, and other
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products [4–7]. However, a range of factors, such as religion, culture, income, and personal
taste, have an impact on the utilization of meat by-products. Depending on the country
and local traditions, various meat by-products can be considered edible in certain locations
but inedible in others. In reality, high-nutrient by-products such as liver, heart, blood,
lung, spleen, kidney, brains, and tripe are used in the cuisines of some countries around
the world [3]. Naturally, the nutritional makeup of each by-product is dependent on the
animal type from which it is derived [3]. The basic composition and nutritional worth of
these by-products should be assessed first, in order to find approaches to boost their value.

Although pig brain is an important by-product of slaughtering and pork processing,
it has not yet been extensively used, particularly for human consumption. There is also no
academic knowledge on how to increase the value of pig brain. Only traditional cookery,
such as soup, gravy, stew, curry, and fried food, has been recognized as a primary manner
of using the pig brain. When using pig brain as food, not only should the issue of safety,
particularly of prion diseases, be considered, but the chemical compositions and nutritive
value must also be assessed in order to provide nutritional information and pave the way
for improved exploitation of the pig brain [8]. As a result, the goal of this study was to
determine the nutritional value and compositional features of pig brain. The findings may
be valuable in boosting pig brain intake and subsequent exploitation in the sustainable
meat sector in order to achieve zero waste.

2. Materials and Methods

2.1. Chemicals

All chemicals and reagents used in this study, e.g., trichloroacetic acid (TCA), sodium
dodecyl sulfate (SDS), potassium hydroxide (KOH), and potassium chloride (KCl), were
acquired from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Collection and Preparation of Pig Brains

Ten brains of crossbred pigs (Landrace–Large white–Duroc, LLD) at 4 months of
age were collected from the Shaw Processing Food Co., Ltd. in Nakhon Si Thammarat,
Thailand. The brains came from healthy pigs, approved by Thailand’s Bureau of Livestock
Standards and Certification. Within 1 h, the obtained samples were delivered to Walailak
University’s Food Technology and Innovation Laboratory in ice with a sample-to-ice ratio
of 1:2 (w/w). The brains were then rinsed in cold water (4 ◦C), drained, and chopped with a
Talsa Bowl Cutter K15e (The Food Machinery Co., Ltd., Kent, UK) to create a homogeneous
composite sample. After vacuum packing (DZQ-400, Afapa Vacuum Equipment Co., Ltd.,
Shanghai, China), ground samples were kept at −80 ◦C for no more than 1 month before
being utilized experimentally.

2.3. Proximate Composition

Moisture (A.O.A.C method number 950.46), crude protein (A.O.A.C method number
928.08, Kjeldahl factor of 6.25), fat (A.O.A.C method number 963.15), ash (A.O.A.C method
number 920.153), and carbohydrate (calculated by the difference) were all investigated in
the proximate composition of pig brain [9]. The results were expressed in grams per 100 g
of fresh weight (fw).

2.4. Determination of Total Phospholipid and Total Cholesterol Contents

Bligh and Dyer’s method [10] was used to extract lipid from the pig brain. Samples
(25 g) were homogenized with 200 mL of a mixture of chloroform, methanol, and distilled
water (1:2:1, v/v/v) at 9500 rpm for 2 min at 4 ◦C using an IKA Labortechnik homogenizer
(Selangor, Malaysia). Then, 50 mL chloroform was added to the homogenate, and the
mixtures were homogenized at the same speed for 1 min. After that, 25 mL distilled
water was added, and the mixtures were homogenized at the same speed for 30 s. The
homogenate was centrifuged at 3000× g for 15 min at 4 ◦C using an RC-5B plus centrifuge
(Sorvall, Norwalk, CT, USA) and then transferred to a separating flask. The chloroform
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phase was drained into a 125 mL Erlenmeyer flask containing around 2–5 g of sodium
sulfate, agitated well, and filtered through Whatman No. 4 filter paper (GE Healthcare
Bio-Sciences Corp., Pittsburgh, PA, USA) into a round-bottom flask. A rotary evaporator
(Model N-100, Eyela Ltd., Tokyo, Japan) was used to evaporate the solvent at 40 ◦C.

The total phospholipid content of the extracted oil was determined using a modified
Stewart method [11]. Oil samples (20 μL) were dissolved in chloroform to obtain a final
volume of 2 mL. Then, 1 mL of thiocyanate reagent (a mixture of 0.10 M ferric chloride hex-
ahydrate and 0.40 M ammonium thiocyanate) was added. The lower layer was removed
after 1 min of vigorous mixing and the absorbance at 488 nm was determined. Phos-
phatidylcholine (0–50 ppm) was used to create a standard curve. The total phospholipid
content was measured in g/100 g fw.

The cholesterol content of the oil samples was determined using a modified version
of Beyer and Jensen’s method [12]. The oil sample (0.1–0.2 g) was saponified using 2%
alcoholic KOH for 10 min. The unsaponified fraction was extracted with 2 × 10 mL
hexane. The extracts were rinsed with 5 mL distilled water and dried at 45 ◦C in a W350
Memmert temperature-controlled water bath (Schwabach, Germany). The dried extract
was resuspended in 3 mL of glacial acetic acid, and 2 mL coloring reagent was added. To
prepare the coloring reagent, the stock reagent of 10% (w/v) FeCl3·6H2O in glacial acetic
acid was made and then 1 mL of the stock reagent was diluted with 100 mL of concentrated
H2SO4. The absorbance of the reaction mixture was read at 565 nm against a glacial acetic
acid blank using a UV–Vis spectrophotometer (UV-1900, Shimadzu, Kyoto, Japan). A
standard curve was prepared using cholesterol in glacial acetic acid at 0 to 120 mg/L. The
total cholesterol content was measured in g/100 g fw.

2.5. Total Heme Protein Content and Color Measurement

Using Chaijan and Undeland’s method [13], the total heme protein content was
assessed and stated in g of hemoglobin per 100 g of sample. A sample and 3 volumes of
0.1 M phosphate buffer, pH 7 containing 5% SDS (w/v) was homogenized at 13,500 rpm for
20 s. The homogenate was heated in a water bath (85 ◦C) for 1 h and cooled under running
tap water for 10 min. The solution was then centrifuged (5000× g/15 min/25 ◦C). The
absorbance of the supernatant was read at 535 nm using a UV–Vis spectrophotometer with
phosphate buffer as a blank. A standard curve of bovine hemoglobin (0–20 μM) was used.

A portable Hunterlab ColorFlex® EZ device (Hunter Assoc. Laboratory; Reston, VA,
USA) was used to collect colorimetric data of the pig brain in triplicate. A white and
black standard were used to calibrate the device. The measurement modes tristimulus L*
(lightness), a* (redness/greenness), and b* (yellowness/blueness) were chosen. According
to Chen et al. [14], the redness index (a*/b*) was computed.

2.6. Mineral Composition

The mineral composition including phosphorus (P), potassium (K), sodium (Na),
calcium (Ca), magnesium (Mg), iron (Fe), zinc (Zn), copper (Cu), manganese (Mn), and
chromium (Cr) was determined [9]. Samples (4 g) were mixed with 4 mL of strong nitric
acid and vigorously shaken for 5 min. The mixtures were heated on a hot plate until
digestion was completed. The digested samples were transferred to a volumetric flask and
filled to a capacity of 10 mL with deionized water. An inductively coupled plasma optical
emission spectrophotometer was used to analyze the solution (PerkinElmer, Model 4300DV,
Norwalk, CT, USA). The flow rates of argon to plasma, auxiliary, and nebulizer were kept
at 15, 0.2, and 0.8 L/min, respectively. The sample’s flow rate was set at 1.5 mL/min. The
mineral content was determined and expressed in mg/kg.

2.7. Protein Fractionation

The protein composition of pig brain was fractionated according to Hashimoto et al. [15].
The non-protein nitrogenous (NPN) compound fraction, water-soluble protein fraction, salt-
soluble protein fraction, alkali-soluble protein fraction, and stromal protein fraction were
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separated from the pig brain proteins due to their varied solubilities. Briefly, the ground
sample (20 g) were homogenized in 200 mL of phosphate buffer (15.6 mM Na2HPO4,
3.5 mM KH2PO4), pH 7.5 with an IKA Labortechnik homogenizer. The homogenate
was centrifuged (5000× g/15 min/4 ◦C) using an RC-5B plus centrifuge. The residue
was homogenized and centrifuged again after being mixed with 200 mL of the same
buffer. These two supernatants were combined, and TCA was added to obtain a final
concentration of 5% (w/v). The resulting precipitate was collected by filtration and referred
to as the water-soluble protein fraction. The filtrate was used as the NPN fraction. For
the above residue, 10 vol of phosphate buffer (15.6 mM Na2HPO4, 3.5 mM KH2PO4)
containing 0.45 mM KCl, pH 7.5 was added. The mixture was homogenized and centrifuged
(5000× g/15 min/4 ◦C). The procedure was carried out twice more. Both supernatants
were combined and used as the salt-soluble protein fraction. The precipitate obtained
was added with 5 vol of 0.1 M NaOH and stirred for 10 h at 4 ◦C. The mixtures were
then centrifuged (5000× g/15 min/4 ◦C). The supernatant was given as the alkali soluble
protein fraction. The final precipitate was used as the stromal protein fraction. The nitrogen
distribution was estimated after each fraction by the Kjeldahl method [9].

2.8. Amino Acid Profile and Fourier Transform Infrared (FTIR) Spectroscopy

According to Chinarak et al. [16], the amino acid profile of the pig brain was measured.
In a 10 mL crimp seal glass vial, freeze-dried samples were combined with 5 mL of
hydrolysis solution (6 M HCl, 5% thioglycolic acid, and 1% phenol) and tightly sealed. One
1 mL of the sample was centrifuged at 10,000× g for 10 min) after being hydrolyzed at 110 ◦C
for 18 h. The supernatant (100 μL) was then neutralized with 1 M sodium carbonate. An
aliquot of 25 μL was transferred to a 2 mL GC glass vial, which was then filled with 50 μL of
200 nM norleucine as an internal standard. After drying for around 1–2 h at 60 ◦C, 50 μL of
dichloromethane was added and dried for another 30 min to eliminate any remaining water.
Then, a derivatizing agent, N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide, with 1%
tert-Butyldimethylchlorosilane (50 μL) and acetonitrile (50μL), were mixed with the samples
and subjected to incubate in a hot-air oven (100 ◦C/4 h). The sample (2 μL) was analyzed
using a Shimadzu GCMS-TQ8050 NX (Kyoto, Japan) after cooling to room temperature.

A horizontal attenuated total reflectance (ATR) trough plate crystal cell (45◦ ZnSe;
80 mm long, 10 mm wide and 4 mm thick) (Pike Technology, Inc., Madison, WI, USA),
equipped with a Bruker Model Vector 33 FTIR spectrometer (Bruker Co., Ettlingen, Ger-
many), was used to perform FTIR analysis on the freeze-dried pig brain and pig brain lipid.
In the mid-infrared region (500–4000 cm−1), 16 scans, at a resolution of 4 cm−1, were used
to capture FTIR spectra at room temperature (26–29 ◦C). A reference air spectrum was
acquired as a background. Analysis of spectral data was carried out using the OPUS 3.0
data collection software program [17].

2.9. Fatty Acid Profile of Total Lipid, Neutral Lipid Fraction, and Polar Lipid Fraction

According to Estefanell et al. [18], the neutral and polar fractions of total lipids were
fractionated by adsorption chromatography on silica cartridges (Sep-pak; Waters S.A.,
MA, USA) using 30 mL chloroform and 20 mL chloroform/methanol (49:1, v/v) as neutral
lipid solvents, followed by a 30 mL methanol rinse to yield the polar fraction. Fatty acid
methyl esters (FAME) in the samples (total, neutral, and polar lipids) were determined
using a gas chromatography/quadrupole time of flight (GC/Q-TOF) mass spectrometer
(GC 7890B/MSD 7250, Agilent technologies, USA) coupled to the PAL auto sampler system
(CTC Analytics AG, Switzerland). The MassHunter software was used to collect MS data
(Version 10.0, Agilent Technologies, Santa Clara, CA, USA). The complete method and
optimal condition can be obtained from the report of Chinarak et al. [16].
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2.10. Statistical Analyses

All analyses were run in triplicate. An analysis of variance was performed on the data.
Duncan’s multiple-range test was used to compare the means. SPSS 17.0 for Windows
(SPSS Inc., Chicago, IL, USA) was used to conduct the statistical analysis.

3. Results and Discussion

3.1. Proximate Composition

The approximate analysis of the pig brain is shown in Table 1. Moisture was the most
abundant composition in the pig brain sample, accounting for 79.96% (fw), alike to other
pork by-products [19]. Among the dry matter, fat was the most abundant composition
(9.25% fw), followed by protein (7.25% fw), carbohydrate (2.21% fw), and ash (1.33% fw),
respectively. Lipids and their intermediates are important parts of the brain’s structure and
function. Behind adipose tissue, the brain has the second largest lipid content, with lipids
accounting for half of the brain’s dry weight [20]. Krafft et al. [21] reported that brain tissue
is composed of around 70–83% water, 7.5–8.5% protein (fw), and 5–15% lipid (fw). Brain
tissue contained high content of lipid, which was mainly divided into three major groups,
including neutral lipids, phospholipids, and sphingolipids [21]. Pig brain had considerably
higher total lipid content than fresh pork loin (1.27–3.41% fw) [22] and pork by-products,
such as heart, liver, lung, stomach small intestine, large intestine, spleen, uterus, and
pancreas (0.28–7.18% fw) [19]. The protein content of the pig brain, on the other hand, was
lower than that of fresh pork (19.80%, fw) [23] and other pork by-products, particularly
viscera portions (8.45–22.05% fw), which have been reported in the literature [19]. The
results revealed that the pig brain could be a rich source of nutrients, especially lipid and
protein. The total protein and lipid content of the original material are both important
factors in deciding how to use and recover by-products [24,25].

Table 1. Chemical composition of pig brain.

Compositions (g/100 g Fresh Weight) Values

Moisture 79.96 ± 0.19
Fat 9.25 ± 0.32

Protein 7.25 ± 0.96
Carbohydrate 2.21 ± 0.42

Ash 1.33 ± 0.16
Total phospholipid 0.86 ± 0.00

Total cholesterol 0.30 ± 0.01
Total heme protein 1.31 ± 0.03

Values are given as mean ± standard deviation from triplicate determinations.

3.2. Total Phospholipids and Cholesterol Contents

Phospholipids are functional and structural components of cell membranes that are
easily absorbed by the body and therefore perform their functions. Phospholipids are a
dietary supply of lipoproteins, which play a significant role in lipid metabolism. Dietary
phospholipid has been shown, in mammalian studies, to limit lipid deposition in the
liver by blocking lipid absorption and oxidation [26,27]. Phospholipid is one of the most
abundant lipids in brain tissue [21]. From this study, the phospholipid content of the oil
extracted from pig brain was 0.86 g/100 g fw. The phospholipid content of crude lipid from
pig brain was similar to that of alternative foods such as sago palm weewil (Rhynchophorus
ferregineus) larvae (2.6–9.3 g/100 g lipid) [28], but it was lower than that of popular ingre-
dients, such as fish oil (13.7–32.9 g/100 g lipid) [29] and krill oil (32.5 g/100 g lipid) [30].
Phospholipid is a natural surfactant that may be used to prepare emulsions and has high
emulsifying characteristics in general [31]. Phospholipids can also act as an antioxidant [32].
Phospholipids can form associations with cholesterol in cell membranes [33]. Cholesterol
is also a significant constituent of brain cell membranes [34]. The typical quantity of choles-
terol found in an animal is around 2.1 g/kg of body weight [35]. Table 1 shows that the total
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cholesterol concentration of the pig brain was 0.30 g/100 g fw, resulting in a phospholipid
to cholesterol ratio of around 3:1. Pig brain lipids had a lower cholesterol level (3.27 g/100 g
lipid) than certain typical foods, such as cooked duck egg (6.4 g/100 g lipid) and raw squid
(16.9 g/100 g lipid) [28]. Cholesterol is a lipid produced by the liver of animals and found
in all animal-based foodstuffs, including eggs, red meat, and fish [36]. Cholesterol, which
is one of the main structural components of cell membranes and is turned into hormones,
is essential to good health at a normal level [37]. Hypercholesterolemia, cardiovascular
disease, and coronary heart disease are all linked to a high-cholesterol diet [37]. The adult
population should consume no more than 300 mg of cholesterol each day [28]. Although
pig brain lipids are high in phospholipids, the cholesterol content should be considered
when consuming pig brain. Separating cholesterol from pig brain oil could be an approach
for increasing the oil’s use as a functional ingredient.

3.3. Total Heme Protein and Color

The pig brain has a total heme protein concentration of 1.31 g/100 g fw. This was
attributed to the presence of a blood vessel in the brain, which is evident in Table 1. Blood
vessels, particularly capillaries, form a dynamic and intricate architecture that transports
oxygen and nutrients to the brain [38]. As food, the presence of heme protein in form of
blood may influence the storage stability, specifically, discoloration, rancidity development,
and microbial growth [13,39,40]. Positive a* (5.60) and b* (15.43) values with a redness index
of 0.36 indicated that the presence of heme protein caused the pig brain to be reddish brown
in color (Table 2). The high moisture content in the pig brain (Table 1) was represented
by a high L* (63.88) value (Table 2). The elevated redness levels could be explained by
the presence of heme proteins. The amount of moisture, membrane protein, connective
tissue, lipid, and heme proteins in pig brain may affect its color. Moisture, membrane
protein, and connective tissue can cause lightness; lipid can give yellowness; heme proteins
(e.g., hemoglobin) can cause redness; and hemoglobin oxidation/denaturation can cause a
yellow-brownish color.

Table 2. Color attributes and appearances of pig brain.

Attributes Values

Color
L* 63.88 ± 0.25
a* 5.60 ± 0.40
b* 15.43 ± 0.63
Redness index 0.36 ± 6.95

Appearance

Whole

Ground

Values are given as mean ± standard deviation from triplicate determinations. L* = lightness, a* = red-
ness/greenness, b* = yellowness/blueness.

3.4. Mineral Composition

As shown in Table 3, pig brain is a source of macro and trace elements. Minerals’
value as dietary ingredients is based on more than just their nutritional and physiological
functions. By stimulating or suppressing enzyme-catalyzed and other reactions, minerals
contribute to food flavor, color, and texture [41]. P (14.0 g/kg) was found to be more
abundant than the other macro-elements, followed by K (9.6 g/kg), Na (5.6 g/kg), Ca
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(2.2 g/kg), and Mg (0.7 g/kg). Mineral concentrations in pig brain were higher than those
seen in other pork by-products [19]. Free element, salt, phosphoproteins, and phospholipids
are all examples of P. Pig brain phosphoproteins with calcium-binding capacity have been
isolated [42]. K is required for the maintenance of cell membrane potentials, and a lack
of it is linked to hypertension and an increased risk of cardiovascular disease [43]. The
major extracellular osmolyte, serum Na, is the most essential predictor of serum osmolality,
including the central nervous system of the brain [44]. The pig brain had a lower Ca
concentration than the major Ca source in human diet—cows’ milk [43]—but it could be
another source of Ca. Mg is important for nerve transmission and muscle conduction from
a neurological standpoint. It also protects neurons against excessive excitement, which can
cause neuronal cell death, and has been linked to a variety of neurological illnesses [45].

Table 3. Mineral profile of pig brain.

Mineral Contents (mg/kg)

Macro-element
Phosphorous (P) 14,021.76 ± 97.20

Potassium (K) 9635.85 ± 132.18
Sodium (Na) 5624.04 ± 23.28
Calcium (Ca) 2196.99 ± 53.57

Magnesium (Mg) 699.39 ± 3.91
Trace-element

Iron (Fe) 65.79 ± 0.66
Zinc (Zn) 37.90 ± 0.51

Copper (Cu) 12.42 ± 0.13
Manganese (Mn) 0.99 ± 0.01
Chromium (Cr) nd

nd: not detected. Values are given as mean ± standard deviation from triplicate determinations.

Fe had the highest concentration of trace elements observed, followed by Zn, Cu,
and Mn. Cr was not found in the pig brain (Table 3). Fe was found to be the most
abundant trace element in pig visceral by-products, according to Seong et al. [19]. These
trace minerals are necessary for human health, and a lack of them can cause nutritional
deficiency symptoms [46]. Trace elements are molecular micronutrients that are needed in
minute amounts but are crucial for the viability of many physiological functions in living
tissues [41]. Pig brain Fe, Zn, and Cu levels were higher than those seen in other pork
by-products [19]. Fe is the most abundant essential trace element in the human body, and
it is a necessary micronutrient for brain development. Normal brain growth, myelination,
and neurotransmission all require Fe [47]. The overall amount of Fe in the body is around
3–5 g, with the majority of it in the blood and the rest in the liver, bone marrow, and
muscles [41]. Fe is one of the key nutrients for blood’s optimal function; anemia, especially
in pregnant women and children, is caused by a lack of Fe [48]. The pigment level in
the pig brain may be caused by high Fe concentrations. The prostate, portions of the
eye, the muscle, brain, bones, kidneys, and liver all store zinc [49]. After Fe, Zn is the
second most prevalent transition metal in organisms [41]. Cu is found in practically all
physiological tissues and is mostly stored in the liver, as well as the brain, heart, kidneys,
and muscles [50]. Mn is a mineral that aids in the growth of the body, metabolism, and
enzymatic defense mechanisms [51].

3.5. Distribution of Nitrogenous Constituents and Amino Acid Profile

Table 4 shows the distribution of nitrogenous constituents in pig brain. The ratio
of NPN to protein N was roughly 1:28. Alkali-soluble protein accounted for 47.79% of
the protein N, followed by water-soluble protein (21.60%), stroma (21.10%), and salt-
soluble protein (9.49%). The presence of alkali-soluble protein in the membrane has been
identified [52]. Proteins undergo modifications in alkaline conditions, which drive them
apart by repulsion, allowing for associations with water and therefore solubilization [53,54].
In the cytosolic fluid of the brain, water-soluble and salt-soluble proteins may be found [55].
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Complexins, for example, are a cytosolic protein family [56]. Collagen has been discovered
in the brain as one of the principal stroma [57], particularly in the capillary walls [38,58].

Table 4. Distribution of nitrogenous constituents and amino acid compositions of pig brain.

Compositions Values

Nitrogenous constituents (mg N/g fresh weight)
Protein nitrogen

Alkali-soluble protein 15.15 ± 0.40 (47.79%) *
Water-soluble protein 6.85 ± 0.00 (21.60%)

Stromal protein 6.69 ± 0.00 (21.10%)
Salt-soluble protein 3.01 ± 0.40 (9.49%)

Non-protein nitrogen (NPN) 1.15 ± 0.40
Amino acid compositions (mg/g protein)

Essential amino acid (EAA)
Leucine 28.57 ± 0.46

Threonine 25.50 ± 0.19
Valine 17.76 ± 0.17
Lysine 16.06 ± 0.02

Phenylalanine 12.89 ± 0.07
Isoleucine 12.57 ± 0.11
Histidine 8.70 ± 0.11

Methionine 7.56 ± 0.10
Non-essential amino acid (NEAA)

Glutamic acid/glutamine 44.11 ± 0.40
Aspartic acid/asparagine 31.09 ± 0.32

Serine 18.90 ± 0.17
Arginine 18.38 ± 0.16
Glycine 15.72 ± 0.15
Alanine 15.45 ± 0.88
Proline 11.69 ± 0.06

Threonine 9.43 ± 0.09
Cysteine 1.13 ± 0.00

EAA (% of total amino acid) 43.86
NEAA (% of total amino acid) 56.14

Umami-taste active amino acid (UAA, % of total amino acid) 35.99
Functional amino acid (FAA, % of total amino acid) 67.41

Hydrophobic amino acid (% of total amino acid) 33.85
Values are given as mean ± standard deviation from triplicate determinations. * Values reported in the parenthesis
represent the percentage respect the total protein nitrogen. The umami-taste active amino acid (UAA) index was
calculated by adding the individual values of glutamine, asparagine, glycine, and alanine. The functional amino
acid (FAA) index was calculated by adding the individual values of leucine, threonine, methionine, arginine,
glycine, alanine, proline, and cysteine. The hydrophobic amino acid index was calculated by adding the individual
values of leucine, valine, phenylalanine, isoleucine, alanine, proline, and cysteine.

The pig brain was found to be a good supply of essential amino acids (EAA), based
on the findings (Table 4). The nutritional quality of food proteins is governed by the
composition, quantity, and availability of EAA [59]. The total EAA of pig brain protein was
around 44% of total amino acid, which was higher than the joint WHO/FAO/UNU expert
consultation’s recommendation of around 29% [60]. The most abundant EAA in pig brain
was leucine (28.57 mg/g), followed by threonine, valine, lysine, isoleucine, phenylalanine,
histidine, and methionine. Valine, phenylalanine, lysine, histidine, leucine, and isoleucine
were the most common EAA in pig liver and heart [19]. EAA profiles of pig brain protein
were similar to those of animal proteins such as milk, egg, fish, and meat [59,61].

The most prevalent non-essential amino acid (NEAA) was glutamic acid (44.11 mg/g),
followed by aspartic acid, serine, glycine, alanine, proline, threonine, and cysteine. Glu-
tamic acid, aspartic acid, glycine, and alanine are classified as umami-taste active amino
acids (UAA), which play a role in the umami flavor [59,62,63]. The UAA level of pig brain
was around 36% of total amino acid (Table 4). The UAA concentration of pig brain was sim-
ilar to that of farm-raised sturgeon caviar (37.44–38.04%) and seaweeds (37.59–42.50%) [59],
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but it was higher than that of wild edible mushrooms (7–22%) [64]. As a result, the umami
flavor of the pig brain could be detectable. Umami-relevant substances in pork longissimus
and biceps femoris muscles include glutamic acid, total free amino acid, inosine monophos-
phate (IMP), and soluble oligopeptides [65]. Functional amino acid (FAA) are amino acids
found in living beings that have a role in and control critical metabolic pathways [66]. FAA
can be EAA or NEAA and is composed of arginine, aspartic acid, cysteine, glutamic acid,
glycine, leucine, methionine, proline, tryptophan, and tyrosine [66]. FAA aids in the treat-
ment of some metabolic abnormalities and the modulation of the immune system [59,66].
The presence of FAA is significant due to their critical biological roles. In pig brain, FAA
was detected in significant amounts (67.41%) (Table 4).

The amount and arrangement of hydrophobic and hydrophilic amino acids, partic-
ularly the interfacial characteristics, are critical to protein techno-functionality [63]. The
hydrophobic amino acids made up 33.85% of the total amino acids in the pig brain. The
ability of a protein to operate as an emulsifying agent should be linked to its hydrophobicity.
Furthermore, the solubility profile of pig brain protein may be influenced by its amino acid
composition. Protein solubility has been shown to be influenced by hydrophilic amino
acids such as glutamic acid and aspartic acid [67]. As a result, pig brain can be exploited as
a nutritious source of protein with potential technical applications.

3.6. FTIR Spectra

Figure 1 shows the FTIR spectra of whole pig brain and its lipid. The whole pig brain
and its lipids have “fingerprint” spectra in the wavenumber range of 2700 to 3500 cm−1,
which are originated from stretch vibrations of CH, NH, and OH groups and related to
their chemical compositions [21]. In the range of 400 to 1800 cm−1, the spectra of whole
pig brain and lipid fraction differed, indicating the presence of distinct chemical bonds
and functional groups in the samples. In the whole pig brain, the various bands revealed
the presence of water, protein, lipid, and carbohydrate. Some peaks may, however, be
overlapping due to the combination of various compositions. According to Guillén and
Cabo [68] and Lerma-García et al. [69], the presence of the vibration OH stretching of
water allows the first band (3600–3200 cm−1) to function. The peaks at 2850–2950 cm−1

correspond to the CH stretching bonds of methyl and methylene. The peaks at 1738 cm−1

are due to the presence of triglyceride functional groups (C=O stretching). The amide
I peak at 1655 cm−1 (C=O stretching/hydrogen bonding paired with CN stretch and
CCN deformation), the amide II peak at 1547 cm−1 (NH ending mixed with CN stretch-
ing), and the amide III peak at 1452 cm−1 (CN stretching and NH deformation) are all
characteristic of proteins [70,71]. The amide A and amide B peaks were also identified
at 3282 and 2922 cm−1, respectively [63]. Finally, carbohydrates are responsible for the
peaks in the 900–1200 cm−1 range [72], with the most conspicuous saccharide band about
1370 cm−1 [21].

In the spectra of lipids, due to the purity of the lipid and their lipid composition
(e.g., triglyceride, phospholipid, cholesterol, sphingomyelin, and cerebrosides), the peaks
in the range 400 to 1800 cm−1 were different from those of the original whole pig brain.
Attributed to the existence of ester groups, Krafft et al. [21] found that the neutral lipid tria-
cylglyceride showed a peak at 1729 cm−1. The existence of phospholipids could explain the
presence of a high peak at 835 cm−1. It has been reported that phosphatidic acid, the parent
component of phospholipids, has an 860 cm−1 band [21]. Several phospholipid varieties,
including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine
(PS), and phosphatidylinositol (PI), were discovered in the brain, each with a different spec-
trum, due to differences in functional head groups or fatty acid residues [21]. According
to Krafft et al. [21], the cholesterol spectrum has multiple sharp bands ranging from 400
to 1200 cm−1, with the most intense ones at 429, 548, 608, and 702 cm−1. Furthermore,
the peak at 1440 cm−1 is attributed to cholesterol CH distortion. In the spectra of sphin-
gomyelin, choline bands are positioned at 718 and 875 cm−1, the same as in PC, because
sphingomyelin has a PC residue linked to the ceramide backbone [21].
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Figure 1. Fourier transform infrared (FTIR) spectra of the freeze-dried pig brain and pig brain lipid.

3.7. Fatty Acid Profiles

Lipids are important parts of the brain’s structure and function. Essential fatty acids
must be delivered into the brain from the circulation, despite the fact that some fatty acids
can be produced de novo [73]. Unlike adipose tissue, which stores fatty acids predomi-
nantly as triglycerides, the brain is thought to create phospholipids for cell membranes
primarily from acylated lipids [20]. The components of brain lipids can be separated into
two categories: neutral lipid and polar lipid [21]. As a result, the fatty acid composition of
total lipid was compared with that of neutral and polar lipid fractions. It was discovered
that there is a difference in fatty acid profiles in pig brain between the total lipid and its
fractions (Table 5). In general, the brain’s fatty acid makeup is distinctive, with a high
concentration of long-chain polyunsaturated fatty acids (PUFA), such as eicosapentaenoic
acid and docosahexaenoic acid (DHA) [73]. Mas et al. [74] and Seong et al. [19] reported on
the fatty acid content of several pork by-products and found that there was a considerable
variance in the fatty acid composition.

From the results, saturated fatty acid (SFA) was found to have the highest content,
followed by monounsaturated fatty acid (MUFA) and polyunsaturated fatty acid (PUFA)
(p < 0.05). The most prevalent SFAs were stearic acid (C18:0) and palmitic acid (C16:0).
The results were in agreement with Seong et al. [19], who reported that palmitic acid and
stearic acid were the main SFAs found in pork by-products. The most prevalent MUFA
was oleic acid (C18:1), while the most common PUFA was DHA (p < 0.05). DHA is a kind
of n-3 PUFA that provides a variety of health effects. DHA was only discovered in the
heart, liver, and spleen in a prior investigation by Seong et al. [19], with the liver having
the greatest quantity (3.47%). Therefore, pig brain had a higher DHA content than other
pork by-products.
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Table 5. Fatty acid profile of total lipid, polar lipid fraction, and neutral lipid fraction of pig brain.

Fatty Acids (% of Total Fatty Acid) Total Lipid
Polar Lipid

Fraction
Neutral Lipid Fraction

Saturated fatty acid (SFA)
Lauric acid (C12:0) 0.06 ± 0.09 b 0.17 ± 0.29 a 0.21 ± 0.33 a

Myristic acid (C14:0) 0.45 ± 0.31 b 0.57 ± 0.52 a 0.38 ± 0.13 b
Pentadecanoic acid (C15:0) 0.07 ± 0.02 b 0.10 ± 0.06 a 0.06 ± 0.02 b

Palmitic acid (C16:0) 14.30 ± 0.87 b 22.24 ± 10.37 a 15.49 ± 3.92 b
Heptadecanoic acid (C17:0) 0.84 ± 0.11 a 0.57 ± 0.08 b 0.52 ± 0.14 c

Stearic acid (C18:0) 17.92 ± 0.89 c 24.40 ± 14.61 a 23.12 ± 2.28 b
Arachidic acid (C20:0) 0.25 ± 0.04 a 0.23 ± 0.00 b 0.25 ± 0.06 a

Heneicosanoic acid (C21:0) 0.04 ± 0.04 c 0.08 ± 0.03 a 0.06 ± 0.03 b
Behenic acid (C22:0) 0.13 ± 0.07 c 0.21 ± 0.02 a 0.16 ± 0.11 b

Lignoceric acid (C24:0) 0.12 ± 0.07 b 0.24 ± 0.05 a 0.16 ± 0.30 b
Total SFA 34.18 ± 1.69 c 48.81 ± 2.27 a 40.43 ± 3.21 b

Monounsaturated fatty acid (MUFA)
Palmitoleic acid (C16:1 n-7) 1.09 ± 0.27 a 0.91 ± 0.58 b 0.72 ± 0.20 c

Elaidic acid (C18:1 n-9 trans) 0.06 ± 0.04 c 0.30 ± 0.10 a 0.10 ± 0.12 b
Cis-9-octadecenoic acid (C18:1 n-9) 20.40 ± 1.17 c 25.28 ± 13.38 b 27.35 ± 5.38 a
Cis-11-eicosenoic acid (C20:1 n-11) 2.02 ± 0.43 a 1.01 ± 1.11 c 1.59 ± 0.32 b

Total MUFA 23.60 ± 1.71 c 27.50 ± 10.15 b 29.76 ± 0.16 a
Polyunsaturated fatty acid (PUFA)

Cis-9,12-octadecadienoic acid (C18:2 n-6) 1.41 ± 0.27 a 0.82 ± 0.80 c 1.13 ± 0.31 b
Cis-9,12,15-octadecatrienoic acid (C18:3 n-3) 0.06 ± 0.03 a nd 0.07 ± 0.10 a
Cis-6,9,12-octadecatrienoic acid (C18:3 n-6) 0.05 ± 0.01 a 0.07 ± 0.47 a 0.05 ± 0.07 a

Cis-11, 14-eicosadienoic acid (C20:1 n-6) 0.26 ± 0.01 a 0.14 ± 0.04 c 0.18 ± 0.03 b
Cis-8, 11, 14-eicosatrienoic acid (C20:3 n-6) 1.57 ± 0.65 a 0.88 ± 2.33 b 0.93 ± 0.48 b

Cis-5, 8, 11, 14, 17-eicosapentaenoic acid (C20:5 n-3, EPA) 0.06 ± 0.35 a nd nd
Cis-4,7,10,13,16,19-docosahexaenoic acid (C22:6 n-3, DHA) 20.05 ± 1.14 a 9.13 ± 10.21 c 11.78 ± 5.78 b

Total PUFA 23.46 ± 1.78 a 11.06 ± 8.41 c 14.13 ± 2.45 b
Total n-3 PUFA 20.16 ± 1.15 a 9.07 ± 6.84 c 11.84 ± 2.27 b
Total n-6 PUFA 3.29 ± 0.95 a 1.93 ± 2.78 c 2.30 ± 0.72 b
Ratio n-3/n-6 6.12 ± 0.17 a 4.70 ± 0.21 c 5.15 ± 0.10 b

nd: not detected. Values are given as mean ± standard deviation from triplicate determinations. Different letters in the same row indicate
significant differences (p < 0.05).

MUFAs and PUFAs have long been thought to be beneficial fats, especially when used
to replace saturated fats in the diet. This helps to keep blood cholesterol levels in the normal
range and has been connected to a lower risk of coronary heart disease [75]. Total n-3 PUFA
to total n-6 PUFA ratios in polar lipid fraction, neutral lipid fraction, and total lipid were
4.72, 5.16, and 6.12, respectively. The pig brain contains a considerable number of important
n-3 fatty acids, as seen by the relatively high n-3/n-6 PUFA ratio. Because of their high
bioavailability, n-3 fatty acid-containing phospholipids have a considerable preventive
effect against cardiovascular disease, antioxidant activity, memory improvement, and other
possible health advantages [76].

4. Conclusions

Important nutrients, such as phospholipids, proteins, essential amino acids (leucine,
threonine, valine, lysine, phenylalanine, isoleucine, histidine, and methionine), DHA, and
minerals (e.g., P, K, Ca, Mg, Fe, Zn, and Cu), were found in the pig brain. The pig brain
in this experiment also included a significant amount of UAA, which can be employed
to improve the sensory qualities of pig brain-based products. As a result, the pig brain
could be used as a source of nutrients in food preparations. On the other hand, the pig
brain exhibited high quantities of SFA and cholesterol, which should be taken into account.
To properly investigate the usage of pig brain for human nutrition, such components may
need to be removed. To achieve the zero-waste goal, the cholesterol and SFA fractions,
on the other hand, may be used in cosmetics in the future. Using the optimal refining
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approach, the nutritious protein with techno-functionality from pig brain may be isolated,
along with the lipid separation for food sustainability.
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Abstract: This work aimed to evaluate the antioxidant effect determined by the addition of phenolic
extract on the oxidative stability and quality of vegan mayonnaise. Two different antioxidant extracts
containing 100 mg L−1 of hydroxytyrosol and obtained by olive mill wastewater were used in
the preparation. After preliminary studies, already evaluated in other works, on hydrophilic and
lipophilic food matrices, the results of this study could contribute to understanding the effects of
the enrichment on emulsified food systems with phenolic extracts. The functionalized mayonnaise
samples were monitored up to 45 days of storage at 10 ◦C in comparison with a control sample for
microbiological, physicochemical, antioxidant, sensory properties and for oxidative stability. The
results achieved through this work showed the efficacy of the use of phenolic extract as ingredients
for its positive effect on chemical properties of mayonnaise. The adding extracts lead to the increase
of oxidative stability with an induction period higher (about 24 h) than the control sample (about 12 h).

Keywords: antioxidant activity; mayonnaise; olive mill wastewater; oxidative stability; phenolic extract

1. Introduction

Food industries and, particularly, the olive oil industry produce large quantities of
by-products that can be a serious environmental problem. Olive mill wastewater could
be an economic and natural source of antioxidants due to its high content of phenolic
compounds with a wide array of biological activities [1,2]. Scientific researches have shown
that their recovery is important at the environmental level for the reduction of pollution;
and in food technologies for different aims such as: nutritious, functional agents and
for shelf life extension. Afkhami et al. [3] have studied the orange juice enriched with
encapsulated polyphenolic extract of lime waste; Romeo et al. [4,5] studied the using the
phenolic extract obtained by olive mill wastewater for the enrichment of hydrophilic model
system and the application of natural antioxidants in a lipid system (oil).

Mayonnaise represents one of the most widely consumed sauces in the world [6]: it is
a semisolid oil-in-water emulsion, prepared traditionally with egg yolk and 60–80% of oil.
The presence of egg in mayonnaise formulation is important both for emulsion and for the
taste and color but it is a critical point for the health aspect due to the cholesterol amount [7].
Nowadays an increasing number of people is following a vegetarian or flexitarian diet
to prevent cardiovascular diseases resulting from bad nutrition. Many scientific works
have been carried out on the possibility of the egg’s removal in mayonnaise and replace
them with soya, wheat, and milk proteins [8]. For example, soya milk and sunflower oil
are used to formulate a vegan mayonnaise. As for all the foods with a high oil content,
mayonnaise is susceptible to deterioration due to autooxidation of the unsaturated fats that
can negatively affect physicochemical and sensorial attributes of food [9]. Lipid oxidation
in mayonnaise causes the development of potentially toxic reaction products, undesirable
off-flavors and, simultaneously, it decreases the shelf life of mayonnaise [10,11]. In order to
manage these problems, various strategies can be used for avoiding or reduce oxidative
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processes. One of the common ways to delay lipid oxidation is the use of antioxidants.
The efficacy of an antioxidant is influenced by different factors, such as its interaction with
other ingredients and its ability to be located at the interface where oxidation takes place.

Generally, synthetic and commercial antioxidants, such as butylated hydroxy toluene
(BHT), butylated hydroxy anisole (BHA) and ethylene diamine tetraacetic acid (EDTA),
are widely used in mayonnaise to prevent rancidity. However, today the substitution of
chemical ingredients with natural ingredients is highly appreciated by the consumer for
the health effect and it shows also a great potential for improving food stability against
lipid oxidation. Natural antioxidants can act as retarders, when they protect target lipids
from oxidation initiators or hinder the propagation phase, the so-called chain-breaking
antioxidants [12,13]. For it, the use of plant extracts, rich in antioxidant constituents, such
as polyphenols, is an increasing trend in the food industry because they are an alterna-
tive to synthetic compounds with reducing and antimicrobial effect [14,15]. The olive
oil production generates a considerable amount of olive oil mill waste, rich in organic
compounds, mainly phenols. Only a small fraction of phenolic components is transferred
to olive oil (1–2%) while the remaining portion is lost in olive oil by-products [16]. This
work aimed to evaluate the effect of phenolic extracts obtained by olive mill wastew-
ater in physicochemical and antioxidant characteristics of a vegan mayonnaise during
storage period.

2. Materials and Methods

2.1. Phenolic Extract Preparation

Olive of Ottobratica cv were processed by a three-phase centrifugation apparatus in an
olive oil mill located in the province of Reggio Calabria. The obtained olive Mill Wastewater
(OMWW) were transferred in Food Technologies laboratory of the Mediterranean Univer-
sity of Reggio Calabria (Italy) where were submitted to two different extraction methods.

Method A: was carried out following the method reported by Romeo et al. [4]. An
aliquot of OMWW was acidified to pH 2 with HCl and washed three times with hexane (1:1,
v/v) in order to remove the lipid fraction. After shaken and centrifuged (Nüve, Ankara,
Turkey) the extraction procedure was carried out by means of ethyl acetate three times and
the solvent was recovered in a separating funnel (1:4 v/v). The ethyl acetate was separated
and evaporated using a rotary vacuum evaporator at 25 ◦C. Finally, the dry residues were
again dissolved in 100 mL of water, filtered using PTFE 0.45 μm (diameter 15 mm) syringe
filter. The obtained sample, named PEA, was then stored at 4 ◦C until subsequent analyses.

Method B: an aliquot of OMWW was acidified to pH 2 with citric acid. After 30 min
of shaken and 5 min of centrifugation (6000 rpm) the sample was filtrated with a paper
filter and concentrated in an oven at 50 ◦C. The final residue characterized by gelatinous
consistency was extracted with water (1:5, w/v) in an ultrasound system (Sonoplus Ul-
trasonic homogenisers, Series 2000.2, HD 2200.2. BANDELIN, Ultraschall seit 1955) for
30 min. Finally, the obtained extract was filtered using PTFE 0.45 μm (diameter 15 mm)
syringe filter. The sample, named PEB, was then stored at 4 ◦C until subsequent analyses.

2.2. Mayonnaise Preparation

A schematic overview of the vegan mayonnaise production process is reported in
Figure 1. The main ingredients used for the formulation were: soya milk, sunflower
oil, lemon juice, salt and phenolic extracts (PEA and PEB). All ingredients were mixed
using a lab-scale mixer (Bimby TM31, Vorwerk, Wuppertal, Germany) in a three-step
process in order to maintain a closely packed emulsion. 1st step: soya milk and salt
were mixed (1.100 g·min−1, 1 min, 37 ◦C); 2nd step: sunflower oil and lemon juice was
slowly added under continuous mixing (2000 g·min−1, 3 min) until a mayonnaise emulsion
had been formed; 3rd step: the PEA and PEB amounts corresponding to 100 mg L−1 of
Hydroxytyrosol (respectively, 50 and 45 g) were incorporating to the mixture (300 g·min−1,
1 min). Mayonnaise samples were stored in capped containers and refrigerated at 10 ◦C
for storage. All analyses were performed at 0, 15, 30 and 45 days of storage. The two
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enriched mayonnaises, EMPEA and EMPEB, were compared with a sample without PE,
named control.

 

Figure 1. Schematic overview of formulation of mayonnaise.

2.3. Antioxidant Characterization of Phenolic Extracts

The main antioxidant parameters, such as: total phenol content (TPC), ABTS and
DPPH assays, were performed spectrophotometrically following the method described by
De Bruno et al. [16], with some modifications.

For TPC analysis, 0.1 mL of the phenolic extracts (PEA and PEB), were placed in a
25 mL volumetric flask and mixed with 20 mL of deionized water and 0.625 mL of the
Folin Ciocalteau reagent. After 3 min, 2.5 mL of a saturated solution of Na2CO3 (20%) were
added. The content was mixed and diluted to volume with deionized water. Thereafter, the
mixture was incubated for 12 h at room temperature and in the dark. The absorbance of the
samples was measured at 725 nm against a blank using a double-beam ultraviolet-visible
spectrophotometer (Agilent 8453 UV–Vis, Germany) and compared with a gallic acid
calibration curve (concentration between 1 and 10 mg L−1). The results were expressed as
mg of GAE 100 mL−1.

For DPPH assay, 10 μL of PE extracts (PEA and PEB) were added to 2990 μL of a
6 × 10−5 M of methanol solution of DPPH (2.2-diphenyl-1-picrylhydrazyl, Carlo Erba, MI,
Italy) in a cuvette and left in the dark for 30 min (till stabilization). The decrement of
absorbance was determined by a spectrophotometer at 515 nm against methanol as blank
and at the temperature of 20 ◦C.

For ABTS assay, 10 μL of PE extracts (PEA and PEB) were added to 2990 μL of ABTS re-
action mixture (2.20-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid), and the absorbance
was measured after 6 min at 734 nm against ethanol as blank by a spectrophotometer. For
both the assays, the radical scavenging activity was plotted against Trolox concentration
(from 1.5 to 24 μM) and the results were expressed as μmol Trolox mL−1 of PE.

The quantification of the main phenolic compounds was carried out following the
method described by Romeo et al. [4], through a UHPLC-DAD analysis. 5 μL of PE was
injected in a UHPLC system that consisted of an UHPLC PLATINblue (Knauer, Berlin,
Germany) equipped with a binary pump system using a Knauer blue orchid column C18
(1.8 μm, 100 × 2 mm) coupled with a PDA-1 (Photo Diode Array Detector) PLATINblue
(Knauer, Berlin, Germany). The mobile phases were (A) water acidified with acetic acid
(pH 3.10) and (B) acetonitrile; the gradient elution program consisted of 0–3 min, 95% A;
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3–15 min, 95–60% A; 15–15.5 min, 60–0% A. Finally, returning to the initial conditions was
achieved during analysis keeping the column at 30 ◦C. External standards (concentration
between 1 and 100 mg L−1) were used for the quantification and the results were expressed
as mg 100 mL−1.

2.4. Physicochemical, Microbiological and Antioxidant Evaluation of Enriched Mayonnaise
Samples (EM)
2.4.1. Physicochemical Analysis

The pH of mayonnaise samples was measured at 25 ◦C using a digital pH meter
(Crison Basic 20, Spain) according to AOAC [17]. Total acidity (% oleic acid) was performed
according to Official and standard methods (AOCS, [18–20]). The moisture content (MC,
%) was tested in an Electronic Moisture Analyser MA37 (Sartorius, Goettingen, Germany).
The analysis was performed using 5 g of the sample at 105 ◦C. The color analysis was
evaluated using a reflection colorimeter (Minolta CR 300, Japan) with reference to a CIE
L*a*b* coordinates by using a D65 illuminant. Each sample was homogeneously distributed
into a glass vessel and the color was recorded at 10 different points.

2.4.2. Microbiological Analysis

The viable populations of the principal groups of microorganisms were determined
by plate inoculation and incubation at 32 ◦C up to 3 days before counting the colonies in
the following selective media: total mesophilic bacteria in Plate Count Agar (Plate Count
Agar, Conda-Pronadisa, Spain), lactic acid bacteria in MRS Agar (LAB) (Oxoid), yeasts and
moulds in OGYA (Oxoid).

2.4.3. Oxidative Stability in Accelerated Storage Test

To investigate the effect of PE extracts in delaying or inhibiting of fat oxidation,
mayonnaise samples with and without extract were subjected to high oxidative stress in
OXITEST reactor. Oxitest analysis allows to detect the time necessary to reach an end
point of oxidation that corresponds to a detectable rancidity or a rapid change in the
oxidation rate. An oxidation Test Reactor (VELP Scientifica, Usmate Velate, MB, Italy) was
used in order to evaluate the opposition to fat oxidation. This method is recognized by
AOCS International Standard Procedure (Cd 12c–16) for the determination of oxidation
stability of food, fats, and oils (AOAC, [21]). The analysis consists of monitoring the oxygen
uptake of the reactive constituent of food samples to determine the oxidative stability
under conditions of accelerated oxidation. Briefly, 5 g of oil sample were distributed
homogenously in a hermetically sealed titanium chamber; oxygen was purged into the
chamber up to a pressure of 6 bar. The reactor temperature was set at 90 ◦C. These reaction
working conditions allow obtaining the sample Induction Period (IP) within a short time.
The OXITEST allows to measure the modification of absolute pressure inside the two
chambers and, through the OXISoftTM Software (Version 10002948 Usmate Velate, MB,
Italy), automatically generates the IP expressed as hours by the graphical method.

2.4.4. Analysis of Antioxidant Compounds

The extraction of antioxidant compounds from Mayonnaise samples (EM) and the
evaluation of antioxidant parameters were carried out following the method reported
by Romeo et al. [5], opportunely modified. Two grams of EM were added with 2 mL of
methanol: water (70:30) and 2 mL of hexane and mixed with a Vortex for 10 min. The hydro-
alcoholic phase was separated from the oil phase in a refrigerated centrifuge apparatus
(NF 1200R, Nüve, Ankara, Turkey) at 5000 rpm, 4 ◦C for 10 min. Hydro-alcoholic extracts
were recovered with a syringe, filtered through a 0.45 μm nylon filter, diameter 15 mm
(Thermo Fischer Scientific, Waltham, MA, USA), and utilized for the phenolic compounds
quantification and antioxidant activity.

For the total phenolic determination in EM, an aliquot of the diluted extract was mixed
with 0.300 mL of Folin reagent and 0.25 mL of deionized water and, after 4 min, with 2.4 mL
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of an aqueous solution of Na2CO3 (5%). The mixture was maintained in a 40 ◦C water bath
for 20 min and TPC was determined at 750 nm. The results were expressed as mg of gallic
acid equivalent kg−1 of Mayonnaise. The total antioxidant capacity assays (DPPH and
ABTS) and the determination of the main bioactive phenolic compounds in EM samples
were analysed with the same methods reported in Section 2.3, with some modifications.
For DPPH and ABTS assays, the radical scavenging activity was expressed as μmol Trolox
100 g−1 of EM; while the individual phenolic compounds were expressed as mg kg−1 EM.

2.4.5. Sensory Evaluation

Sensory characteristics including colour, flavour “taste and odour”, consistency, ap-
pearance, overall acceptability was evaluated in EM. The test was performed by a panel
of 8 judges (males and females) from 25 to 50 years old, recruited among researchers and
technicians of the Food Science and Technology Unit of Reggio Calabria University with
previous experience in sensory analysis. The judges were trained before the sessions to
identify the attributes to be evaluated Sensory data were elaborated by calculating the
median of results.

2.5. Statistical Analysis

Results of the present study were expressed as mean ± SD of three measurements
(n = 3). Appropriate test statistics, Multivariate and One-way ANOVA with Tukey’s post-
hoc test, and t-test were at p < 0.05 were performed by SPSS Software (Version 15.0, SPSS
Inc., Chicago, IL, USA).

3. Results

3.1. Characterization of Phenolic Extracts

The main antioxidant parameters evaluated on the two phenolic extracts (PEA and
PEB) were reported in Table 1. Significant differences were noted between the extracts,
particularly for TPC and ABTS assays with higher results in PEA (TPC: 7895 mg GAE L−1

PE; ABTS: 28,604 μmol TE mL−1 PE) respect to PEB (TPC: 7258 mg GAE L−1 PE; ABTS:
25,716 μmol TE mL−1 PE).

Table 1. Antioxidant parameters and individual Phenolic Compounds of phenolic extracts.

Antioxidant Properties PEA PEB Sign

DPPH 1156 ± 18 1071 ± 9 *
ABTS 25,716 ± 35 28,604 ± 18 **
TPC 7895 ± 8 7258 ± 14 **

Hydroxytyrosol 759 ± 1 837 ± 4 **
Tyrosol 152 ± 2 148 ± 0.3 ns

Chlorogenic Acid 17 ± 0.1 16 ± 0.3 ns
Vanillic Acid 39 ± 0.0 40 ± 0.5 ns
Caffeic Acid 26 ± 0.2 21 ± 0.3 **

p-coumaric Acid 64 ± 0.3 61 ± 0.0 **
Oleuropein 28 ± 0.8 75 ± 0.3 **

Note: The data are presented as means ± SD. Student’s t test performed between the two phenolic extracts (PEA
and PEB): * significant difference at p < 0.05; ** significant difference at p < 0.01. ns not significant. μmol TE mL−1

PE for ABTS and DPPH and mg 100 mL−1 PE for TPC and single phenolics.

Considering the partition coefficient of wastewaters phenols mixture, the extraction
with ethyl acetate by different steps allows retaining most phenolic compounds soluble in
the organic phase, as reported by Soberón et al. [22]. This explains the results observed in
PEA. On the other hand, PEB was obtained by water extraction, so it was characterized by
phenols insoluble in the organic phase. The only problem linked to the extract PEA could
be represented by the typology of solvents used for the extraction, namely hexane and
ethyl acetate, but the extractive procedure was carefully carried out with the aim to use the
obtained antioxidant as functional ingredients in food matrixes. For this reason, the solvent
has been totally evaporated at the end of the extraction and the solutes had to be recovered
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with water. To verify if traces of solvent (hexane and Ethyl acetate) persisted in the phenolic
extract before the food application, we analyzed the headspace of the hydrophilic phase
(through a GC-MS) and have proved absent.

Similarly, differences in antioxidant activity of the phenolic extracts may be ascribed
to the polarity of extracting solvents and thus to the chemical characteristics of extracted
compounds [23]. The antioxidant activity measured by ABTS assay showed a higher value
for both extracts compared to DPPH assay. Likewise, Bibi Sadeer et al. [24] investigated
that ABTS cationic radical showed high solubility in organic and aqueous media, thus
it is capable to screen the activity of both lipophilic and hydrophilic compounds. In
contrast, DPPH radical dissolves in an organic medium reacting only with lipophilic
phenolics. The principal phenolics in the extracts were hydroxytyrosol (PEA: 759 and PEB:
837 mg 100 mL−1) and tyrosol (PEA: 152 and PEB: 148 mg 100 mL−1), in agreement with
literature [5,25]. Di Mattia et al. [26] reported that tyrosol and hydroxytyrosol are effective
in preventing primary and secondary oxidation in o/w emulsion ensuring the oxidative
stability during storage.

3.2. Qualitative and Quantitative Characterization of Enriched Vegan Mayonnaise (EM)
3.2.1. Physicochemical Aspects

The colour of enriched mayonnaise was evaluated after the phenolic enrichment,
considering that it is the main parameters which affect the consumer’s choice (Table 2).

Table 2. Colour parameters of mayonnaise during storage period (days).

Parameters Time Control EMPEA EMPEB Sign.

L*

0 89.03 ± 0.39 aA 82.10 ± 0.47 bB 76.26 ± 0.20 cB **
15 88.93 ± 0.54 aAB 82.33 ± 0.33 bB 76.29 ± 0.16 cB **
30 88.37 ± 0.37 aB 82.47 ± 0.29 bB 76.45 ± 0.36 cB **
45 87.59 ± 0.67 aC 83.12 ± 0.21 bA 76.82 ± 0.29 cA **

Sign. ** ** **

a*

0 −0.29 ± 0.07 c 3.41 ± 0.03 bA 3.83 ± 0.03 aA **
15 −0.28 ± 0.09 c 3.44 ± 0.05 bA 3.79 ± 0.08 aA **
30 −0.27 ± 0.05 c 3.17 ± 0.10 bB 3.48 ± 0.17 aB **
45 −0.25 ± 0.09 c 2.59 ± 0.05 bC 3.30 ± 0.05 aC **

Sign. ns ** **

b*

0 10.78 ± 0.12 cB 12.86 ± 0.11 bC 14.71 ± 0.07 aC **
15 10.68 ± 0.26 cB 12.89 ± 0.12 bBC 14.77 ± 0.12 aC **
30 10.89 ± 0.04 cB 12.98 ± 0.08 bB 15.13 ± 0.17 aB **
45 11.16 ± 0.28 cA 14.11 ± 0.06 bA 16.57 ± 0.19 aA **

Sign. ** ** **
Note: The data are presented as means ± SD. Means within a row with different letters are significantly different
by Tukey’s post hoc test. Abbreviation: ns, not significant. ** Significance at p < 0.01. Small letters show differences
among the different samples and capital letters show differences for the single sample during the storage period.

Moreover, the monitoring of its colour was considered crucial to verify the formation of
compounds following an oxidative deterioration. The replacement of ingredients compared
with the traditional formulation of mayonnaise, leads to a physical and chemical variation,
and can have an effect on colour of the final products [27], in particular in this study
which involved the use of brown extracts. The addition of phenolic extracts (PEs) and the
storage time promoted a significant variation of colour parameters (p < 0.05) of enriched
mayonnaise. Lightness decreased after phenolic extracts (PEs) addition, more with PEB,
whereas vegan mayonnaises denoted higher a* and b* parameters after the enrichment.
Storage time leads an increase of yellowness parameter and a decrease of redness parameter
showing a trend opposite to that proved by Altunkaya et al. [28]. In contrast, no variations
were observed for redness between the first and the last day of storage for Control sample.
Previous research has proved that colour parameters, in particular lightness, are related to
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fat droplet sizes [29]. Probably, the modification of fat droplet size that occurred following
the addition of phenolic compounds may produce the colour detected changes [30].

Food safety and quality are important to consumers. As it is well known, the pH,
acidity values and moisture content play an important role in chemical and microbiological
stability of fat foods. For this, in order to evaluate the potential application of PEs, all samples
were subjects to chemical and microbiological analysis. The pH values of mayonnaise samples
analysed at 1st time ranged from 2.92 to 5.01 (Control: 5.01 > EMPEA: 2.92 > EMPEB: 3.74),
therefore, the addition of PE allows an acidification of the enriched samples. slightly
lower pH value (Control: 4.97 > EMPEA: 2.97 > EMPEB: 3.85) were observed at the end of
storage period (45 days) according to Rasmy et al. [31]. The two enriched samples showed a
decrease of the TA during the time of storage (Figure 2), instead the control sample showed
increase of acidity. The highest measured value was in the sample EMPEA (9.41 g Oleic
acid 100 g−1 mayonnaise). The high acidity value is consistent with pH of PE (pH 2), that
induced a decrease of emulsion pH and an increase of TA value.

 

Figure 2. Changes in Total Acidity in the samples during storage time. Different letters show
differences for p < 0.05.

The highest moisture content value was determined in EMPEA sample (40.43%) at
1st time, this value decreased during the storage period, indeed at the 45th day was of
about 35.95% (Figure 3). In addition, the Control sample showed a significant variation of
the moisture content from 38.38 to 30.88%. EMPEB showed instead a slight, no significant
variation over time (35.18 to 35.72%).

Figure 3. Changes in Moisture content in the samples during storage time. Different letters show
differences for p < 0.05.
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3.2.2. Microbiological Parameters

All samples were evaluated for mesophilic aerobic, yeast, moulds and lactic bacteria
count. The results detected in all samples were below quantification limits (<1 cfu/mL,
data not shown) for 45 days, accordance with that reported also by Martillanes et al. [29].
Probably, the pH conditions of the mayonnaise samples prevented the growth of food
spoilage microorganisms [10], acting as an antimicrobial agent.

3.2.3. Sensory Parameters

The enrichment with PE, leads to a variation of sensory parameters compared to
the control sample (Figure 4). In general, all the tested samples showed differences for
descriptors among them, except for saltness. Flavour, bitterness, spreadability were affected
by the addition of PE; in particular, the increase of the perception of bitterness meant such
as acid and pungent taste, was linked probably to the high acidity of the PEB extract (pH 2),
as well as to the amount of oleuropein occurred in the enriched samples, acknowledged
as responsible of bitter tasting. The natural proteins present in soya milk, determine the
formation of the emulsion. Enriched Mayonnaise resulted less consistent than the control
sample, probably due to the partial substitution of soya milk with PE. As described by
Giacintucci et al. [32], the incorporation of PE in fact modifies the dispersion degree of
emulsion with consequences on hardness, consistency end elasticity of samples. Overall,
although the sensory evaluation reveals that the addition of PE interferes with the main
sensorial attributes, the overall acceptability of EMPEB can be considered good compared
to the control sample.

 
Figure 4. Spider plot of sensory attributes of mayonnaise samples.

3.2.4. Oxidative Stability and Antioxidant Activity of EM

The rate of lipid oxidation in an emulsion is influenced by several factors, including
the molecular structure of lipids, heat, light, physical characteristics of emulsion droplets
and processing conditions [33]. As it can see in Figure 5, at 1st day of production, enriched
samples showed the longer induction period (EMPEA: 25:15 h and EMPEB: 23:57 h)
compared to the control sample (13:05 h). Although, after 45 days of storage lower induction
periods were observed in all samples, PEs seems to exert a protective role on thermal
oxidative stability of emulsions. At the end of storage, the resistance to rancidity was found
to be of 33% and 58% higher rather than the Control for EMPEA and EMPEB, respectively.

266



Foods 2021, 10, 2684

 
Figure 5. Oxidation curves at 1st and 45th day of storage: red (EMPEA), dark grey (EMPEB), yellow (Control).

Likewise, Raikos, [34], showed that the addition of natural antioxidant can be a reliable
strategy to improve the resistance to lipid oxidation of fat emulsion. In a previous article
written by Paradiso et al. [35], it was reported that the catechol structure characterizing,
e.g., hydroxytyrosol and oleuropein exerts a marked inhibiting activity towards oxidation
in emulsion. To verify the actual formulation effect on the inhibition of rancidity processes,
chromatographic quantification and antioxidant evaluation were performed. UHPLC
analysis showed that the main compounds were transferred from extracts to emulsion.
The highest content of hydroxytyrosol was detected in EMPEA (82.75 mg kg−1) while
similar content of tyrosol was quantified in the two EMPE (EMPEA 19.28 and EMPEB
18.12 ± 0.16 mg kg−1). Even though, after 45 days, a significant decrease of Hydroxytyrosol
was detected equal to 46% for EMPEA sample and 41% for EMPEB. It is conceivable that
the concentration of bioactive compounds was still relevant in term of antioxidant efficiency.
However, it is important to point out that mayonnaise is a multiphase system. In this
regard, the polarity antioxidant of different compounds which in turn affects their partition
into the different phases, play a key role in antioxidant real effectiveness [36].

In view of the above, multiple assays, TPC, DPPH, and ABTS were performed to
allow a full insight into the antioxidant capacity of extracts. As reported in Table 3, the
scavenging effect of PEB extracts against ABTS radical cation showed the same trend of
TPC. Either way, no significant variations were observed during storage (p > 0.05). Only a
decrease of 9% in ABTS+ results were observed for samples enriched with PEA extract. The
addition of PEB extract had a radical scavenging potential against DPPH radical: 134 μmol
TE 100 g−1 after 1st day while. 78 μmol TE 100 g−1 were instead measured in MPEA at
the same storage time. Nevertheless, ANOVA data elaboration reveals a significant effect
of storage time on EMPEB. After 45 days a decrement of 25% of antioxidant activity was
detected for EMPEB while no significant variation was observed for EMPEA. The highest
results of antioxidant activity were showed by ABTS assay, particularly in EMPEB samples
with values greater than 610 μmol TE 100 g−1. The results obtained from different assays
can be correlated to the polarity of compounds present in the food matrix (hydrophilic or
lipophilic) for this reason, the antioxidant efficiency has responded better with ABTS test.
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Table 3. Variation of the mayonnaise antioxidant parameters at 1st and 45th day of storage.

Time (Day) EMPEA EMPEB Sign.

DPPH

1st 78 ± 14 134 ± 11 **
45th 74 ± 11 100 ± 1 *
Sign. n.s. **

ABTS

1st 463 ± 50 613 ± 74 **
45th 590 ± 38 752 ± 146 ns
Sign. ** ns

TPC

1st 323 ± 8 413 ± 18 **
45th 353 ± 18 404 ± 28 *
Sign. * ns

Hydroxytyrosol
1st 82.75 ± 1.06 66.63 ± 0.18 **

45th 44.00 ± 0.17 39.21 ± 0.08 **
Sign. ** **

Tyrosol
1st 19.28 ± 0.39 18.12 ± 0.16 ns

45th 12.61 ± 0.07 10.32 ± 0.04 **
Sign. ** **

Clorogenic Acid
1st 4.61 ± 0.02 1.93 ± 0.06 **

45th 3.18 ± 0.04 1.26 ± 0.01 **
Sign. ** **

Vanillic Acid

1st 0.43 ± 0.02 1.66 ± 0.08 **
45th 0.37 ± 0.02 0.34 ± 0.02 ns
Sign. ns **

Caffeic Acid

1st 2.95 ± 0.08 2.25 ± 0.06 *
45th 2.18 ± 0.18 1.90 ± 0.08 ns
Sign. * *

p−cumaric Acid
1st 6.50 ± 0.11 7.06 ± 0.08 *

45th 2.55 ± 0.06 4.36 ± 0.07 **
Sign. ** **

Oleuropein
1st 32.45 ± 0.20 32.55 ± 0.64 ns

45th 28.74 ± 0.13 25.16 ± 0.04 **
Sign. ** **

Note: The data are presented as means ± SD. Abbreviation: ns, not significant. ** Significance at p < 0.01;
* Significance at p < 0.05. μmol TE 100 g−1 PE for ABTS and DPPH and mg kg−1 for TPC and single phenolics.

4. Conclusions

Based on the results, the use of different extracts is a valuable choice to improve the
qualitative characteristics of O/W emulsions. The specific phenolic composition of extracts
plays a key role in the nutritional parameters of vegan mayonnaise. The concentration of
hydroxytyrosol and tyrosol transferred in the samples allows slowing down undesirable
oxidation process improving the shelf life of products. In addition, the parameters related
to the antioxidant capacity of extracts, TPC, DPPH and ABTS assays, evidenced that the
enrichment could have potential health—properties for consumers. Even so, all antioxidant
assays indicated that the phenolic extracts had high antioxidant activity and for this reason
could be considered suitable for use as a high value−added ingredient.

Finally, the results obtained with the use of the phenolic extract (PEB), recovered
with the use of only water as a solvent for mayonnaise formulation, opens the way to
green methodologies in the recovery of added value molecules from wastewaters. An
improvement of the recipe for vegan mayonnaise preparation, with the aim to increase the
acceptability of the consumer, could be acquired by adding some ingredients that allow
improving the color and taste at an aromatic level.
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Abstract: This study aimed to investigate the utilization of cold-pressed chia-seed oil by-products
(CSOB) in a low-fat ice cream formulation as a fat replacer and stabilizer. In the study, ice cream
emulsion mixtures were formulated by using 0.2–0.4% xanthan gum (XG), 2.5–12.5% fat, and 1–3%
CSOB. Optimization was performed using the response surface methodology (RSM) and full factorial
central composite design (CCD) based on the flow behavior rheological properties of the emulsions
obtained from 17 different experimental points. All of the emulsion samples showed non-Newtonian
shear-thinning flow behavior. The consistency coefficient (K) values of the emulsion samples were
found to be 4.01–26.05 Pasn and were significantly affected by optimization parameters (p < 0.05). The
optimum formulation was determined as 0.29% XG, 2.5% CSOB, 2.5% fat. The low-fat (LF-IC) and
full-fat control samples (FF-IC) were compared to samples produced with an optimum formulation
(CBLF-IC) based on the steady shear, frequency sweep, and 3-ITT (three interval thixotropy test)
rheological properties, thermal properties, emulsion stability, light microscope images, and sensory
quality. CBLF-IC showed similar rheological behavior to FF-IC. The mix of CBLF-IC showed higher
emulsion stability and lower poly-dispersity index (PDI) value and fat globule diameters than those
of FF-IC and LF-IC. The thermal properties of the samples were significantly affected by the addition
of CSOB in an ice cream mix. CBLF-IC exhibited a lower temperature range (ΔT), enthalpy of
fusion (ΔHf), and freezing point temperature (Tf) than those of FF-IC and LF-IC. While CBLF-IC
exhibited a higher overrun value than other samples, it showed similar sensory properties to the
FF-IC sample. The results of this study suggested that CSOB could be used successfully in low-fat ice
cream production. This study also has the potential to gain new perspectives for the evaluation of
CSOB as a fat substitute in a low-fat ice cream.

Keywords: by-product; rheological properties; optimization; melting profile

1. Introduction

Ice cream is a frozen milk-based dessert as a frozen aerated emulsion (O/W) containing
partially combined fat globules, air bubbles, and ice crystals. Ice cream includes milk, milk
cream, emulsifiers, sweeteners, stabilizers, and flavorings [1]. Ice cream generally contains
high dairy or non-dairy fat (10–16%) [2,3]. As one of the most important ingredients in ice
cream, milk fat interacts with other ingredients to improve texture, mouthfeel, creaminess,
and overall sensation of lubricity [4]. Ice cream is a popular dessert, especially during hot
weather, with an annual global consumption of around 2 L per person [5]. However, the
demand for low-calorie foods has increased in recent years. Therefore, many studies have
been carried out to develop new additives and new products in the food industry to meet this
demand. In order to ensure the stability of ice cream, some special additives with stabilizer
and emulsifier properties are required, and these additives are used in ice cream production.
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Stabilizers are preferred in ice cream production because they provide specific and
important functions such as increasing the viscosity and smoothness of the ice cream mix,
improving aeration, reducing ice recrystallization, and the rate of structural collapse during
melting [2,6]. Emulsifiers are substances that provide a fine dispersion of foods by reducing
surface tension [7]. Emulsifiers minimize the formation of ice crystals by increasing the
volume capacity of the ice cream and its resistance to melting. Stabilizers and emulsifiers
also provide the ice cream with dryness and hardness, as well as a smooth structure and
the desired oily feeling [8–10].

Chia (Salvia hispanica L.) seed, belonging to the Lamiaceae family, has a high amount of
oil (25–38%), carbohydrates (26–41%), high dietary fiber (18–30%), and protein (19–23%) [11].
Chia seeds have emulsifying and stabilizing properties due to their high protein content
and water-soluble branching polysaccharides. They have the potential to be used as a natu-
ral emulsifier and stabilizer in many food compositions [12,13]. Researchers have studied
the effect of chia seed gel mucilage on ice cream as a stabilizer and emulsifier [14–18]. In our
study, different from these studies, a cold press oil by-product was used in the preparation
of ice cream. In addition, in our study, the by-product ratio was determined under optimum
conditions, and comprehensive properties such as rheological, microstructural, emulsion
stability, thermal and sensory properties in the low-fat and high-fat control samples were
analyzed in this study. It was also used for the first time in this study for 3-ITT analysis
and thermal loop rheology of ice cream samples. Our research paper contains differences
from other studies both in terms of material and analysis methods.

Fat substitutes can be used to reduce the amount of fat in foods and replace it with
oil-like substances and reduce the caloric value with new additives. Fat substitutes can
provide many of the properties that fat gives to foods and be classified as carbohydrate-
derived fat substitutes, protein-derived fat substitutes, synthetic fat substitutes, and fat
compound substitutes. When these substances are used instead of fat in foods, the fat in
the food can be partially or completely reduced, and the energy from fat is minimized but
provides palatable products [19]. Recently, cold-pressed oil industry by-products have
also been used as fat substitutes [20–22]. Cold-press oil by-products such as cold-press oils
include a high amount of protein, carbohydrate, fiber contents, and nutritive components
without any solvent trace, and these by-products can be used as a natural fat replacer,
emulsifier, stabilizer, and a natural antioxidant source in food emulsions [23,24].

Chia-seed by-products derived from the cold-press oil industry have the potential
to be utilized as a building strengthener and fat replacer due to their ability to develop
relatively viscous solutions. Furthermore, Capitani et al. [25] reported that the residual
meal/by-product obtained from the oil-extracting process of chia seeds was determined as
a good source of total dietary fiber, consisting mostly of insoluble dietary fiber. Therefore,
chia seed by-products can improve food texture, utilize a role as texturing and stabilizing
agent due to high dietary fiber content. Akcicek and Karasu [20] used the cold-pressed chia
seed oil by-products as a fat replacer in a low-fat salad dressing. However, chia seed oil by-
products as a fat replacer, stabilizer, and emulsifier in a low-fat ice-cream formulation have
not been investigated. Many studies are present in the literature about the development of
low-fat ice cream formulations [7,26–30].

The main purpose of this study is to produce ice cream with an optimum feature
of low-fat content by using cold-pressed chia seed oil by-products without causing any
change in the rheological and melting properties of ice cream. In this study, the optimization
process was carried out based on the rheological analysis results of the ice creams produced
with different formulations. The rheological and melting properties of the ice creams
produced after the optimization process were investigated. Thus, production parameters
with optimum rheological and melting properties were determined.
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2. Material and Methods

2.1. Material

In this study, CSOB, xanthan gum (XG), egg yolk powder (EYP), milk cream (35%
milkfat), pasteurized milk (1.5% milk fat), sugar, and water were used for producing
ice cream samples. CSOB, 8.07% fat, 56.10% total carbohydrate including fiber, 23.50%
protein, 29.26% fiber, 5.21% ash, 6.85% moisture, was supplied from ONEVA Food Co.
(Istanbul, Turkey). XG and egg yolk powder (EYP) were obtained from Sigma-Aldrich
(Sigma Chemical Co., St. Louis, MO, USA), and the sugar, milk, and milk cream were
purchased from the local market.

2.2. Methods

The study was carried out in two stages. In the first stage, the responses were obtained
at 17 different points for ice cream samples through the Design Expert Software (Version 7;
Stat-Easy Co., Minneapolis, MN, USA), and the formulation was optimized according to
flow behavior characteristics. In the second stage, the dynamic rheological and melting
profile properties of the ice cream samples produced according to the optimum formulation
were examined and characterized.

2.2.1. Experimental Design

The formulation of ice cream samples was determined using the Design Expert
Software (Version 7; Stat-Easy Co., Minneapolis, MN, USA). Response surface method-
ology (RSM) was carried out for the study of three factors, namely fat concentration
(2.5–12.5 g/100 g) (X1), CSOB concentration (1–3 g/100 g) (X2), and gum concentration
(0.2–04 g/100 g) (X3), using an unblocked full factorial central composite design (CCD).
Seventeen different experimental points were obtained by using Design Expert Software
(Version 7; Stat-Easy Co., Minneapolis, MN, USA) to determine the optimum amount
of fat, CSOB, and gum content. For the estimation of the error, the design consists of
three of the factorial points. A quadratic model was fitted to the experimental data for
each response. Model applicability was evaluated based on the R2, R2-adj, lack of fit, F,
and p-values obtained from ANOVA. Response surface plots showing the effect of model
parameters on the K value were built by Design Expert Software. The optimization was
performed based on the highest desirability value. The formulation with the lowest fat
content with a desirability value of 1 was determined as the optimum formulation. Three
central points were used. Analysis of all points was performed in triplicate, and the results
were reported as mean values and standard deviations. The formulation of the samples
has been determined in accordance with the ice cream standard. Accordingly, 2.5% fat ratio
representing low-fat ice cream (0.5 ≤ milk fat < 3), 7.5% fat ratio representing semi-fat ice
cream (3 ≤ milk fat < 8), and 12.5% fat ratio representing fat ice cream (8 ≤ milk fat ≤ 13)
were used. Based on these fat ratios, the amount of milk and milk cream to be used has been
calculated. The percentage of fat, XG, and CSOB vary in formulations, and the amounts of
sugar (12%) and EYP (3%) remain constant. Seventeen formulations obtained in this way
are shown in Table 1.

2.2.2. Ice-Cream Preparation

Ice cream formulations consisted of 2.5–12.5% fat (derived from 1.5% milk fat and
98.5% milk cream), 12% sugar, 3% egg yolk powder (EYP) and 0.2–0.4% xanthan gum (XG),
1–3% CSOB. XG and milk were weighed according to the formulations determined in the
first stage of ice cream production. XG was slowly added in order to dissolve it thoroughly
and kept in a magnetic stirrer at 1000 rpm. Then, CSOB, which was weighted according
to the formulation, was added and mixed. Then milk cream was added sequentially. The
EYP and sugar were added and mixed. Then, the samples were homogenized with ultra
turrax (Daihan. HG-15D) at 1000 rpm for 3 min. After this process, the ice cream mixture
samples were kept at 0–4 ◦C for 2 days to mature. Afterward, ice cream was produced
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from the mixes using an ice cream machine (DeLonghi IL Gelataio ICK5000, Treviso, Italy).
Ice cream samples were stored at −18 ◦C for analysis.

Table 1. Steady shear power-law parameters of the ice cream mixtures contained CSOB with ingredi-
ent compositions.

Samples XG (%) Fat (%) CSOB (%) K (Pasn) n R2

C1 0.30 7.5 3 17.23 0.26 1.00
C2 0.20 12.5 1 10.95 0.29 1.00
C3 0.40 2.5 3 11.61 0.27 0.99
C4 0.40 2.5 1 9.46 0.23 0.99
C5 0.30 12.5 2 14.83 0.32 1.00
C6 0.20 7.5 2 7.51 0.35 1.00
C7 0.30 2.5 2 8.28 0.24 0.99
C8 0.20 12.5 3 12.57 0.35 1.00
C9 0.30 7.5 1 9.38 0.32 1.00
C10 0.30 2.5 1 4.01 0.26 0.99
C11 0.40 12.5 3 26.05 0.28 1.00
C12 0.40 7.5 2 20.69 0.37 0.99
C13 0.30 7.5 2 15.06 0.38 1.00
C14 0.30 7.5 2 15.01 0.38 1.00
C15 0.40 12.5 1 17.52 0.30 1.00
C16 0.30 7.5 2 15.62 0.37 1.00
C17 0.20 2.5 3 5.30 0.33 0.99

XG: xanthan gum, CSOB: chia seed oil by-product, K: consistency coefficient, n: flow behavior index, R2: regression
coefficient corresponding to the power law model.

2.2.3. Analysis of the Ice Cream Mix
Rheological Analyzes

Flow behavior, dynamic, and 3-ITT rheological properties of ice cream mixes were
determined using a stress and temperature-controlled rheometer (MCR 302, Anton Paar,
Australia). A parallel plate probe (PP50, Anton Paar, Australia) was used for rheological
measurement. All measurements were performed at 25 ◦C and duplicated for the accuracy
of the results.

Flow Behavior Rheological Properties

Flow behavior rheological properties of ice cream samples prepared using CSOB were
determined using a parallel plate probe (plate diameter 50 mm, gap size 0.5 mm) with
a shear rate in the range 0.1–100 (s−1). The measurement was carried out at a constant
temperature of 25 ◦C, and 3 parallel studies were carried out for each sample. The data
obtained from the rheological analysis were fitted to the power law model, and nonlinear
regression was used to calculate model parameters;

τ = Kγn (1)

In Equation (1), the τ value represents the shear stress (Pa), K the consistency coefficient
(Pasn), γ the shear rate (s−1), and n the flow behavior index.

Dynamic Rheological Properties

Parallel plate configuration was used for the dynamic rheological analysis of ice cream
samples. Initially, the amplitude sweep test was performed between 0.1% and 100% strain
to determine the linear viscoelastic region, and according to the result, the frequency sweep
test was studied in the frequency range of 0.1–10 Hz and angular velocity of 0.1–64 s−1

(ω). Elastic modulus (G′) and viscose modulus (G′′ ) corresponding to angular velocity and
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frequency values were determined. The parameters for dynamic rheological properties
were found using the power law model and nonlinear regression;

G′ = K′(ω)n′
(2)

G′′ = K′′ (ω)n′′
(3)

In Equations (2) and (3), the G′ value represents storage modulus (Pa), G′′ value loss
modulus (Pa), ωangular velocity value (s−1), K′, K′′ consistency coefficient values (Pasn)
and n′, n′′ flow behavior index values.

3-ITT

3-ITT rheological properties of ice cream samples that contained CSOB were deter-
mined as 0.5 s−1 as constant shear rate value and 150 s−1 as variable shear rate value. The
linear viscoelastic region has been taken into consideration in the selection of the values,
and the linear viscoelastic region of the samples ends at 50 s−1. The ice cream samples
were subjected to a very low shear rate (0.5 s−1) for 100 s during the first time interval. In
the second time interval, 150 s−1 was exposed to the determined cutting force for 40 s. In
the third time interval, the dynamic rheological behavior of the ice cream in the second
time interval was tested by subjecting the samples to the low shear rate level in the first
time interval. For this purpose, the change in the viscoelastic solid structure (G′) of the
samples was observed. The behavior of samples produced using CSOB in the third time
interval was modeled using a second-order structural kinetic model;

[
G′ − Ge

G0 − Ge

]1−n

= (n − 1)kt − 1 (4)

In the model, the G′ value indicates the change in the storage module (Pa), G0 indicates
the initial storage module value (Pa) in the 3rd time interval, Ge represents the storage
module at the moment when the product fully recovered, in other words, the storage
module (Pa) at the moment when the product is fully balanced, and k is the thixotropic
velocity constant.

Emulsion Stability Test

The emulsion stability of ice cream mix was determined by the thermal loop test
previously described by Tekin et al. [31]. The ice cream mix samples were subjected to ten
thermal cycles from 23 to 45 ◦C in a high-temperature stability test. An angular frequency
(ω) and strain value were 10 Hz and 0.5%, respectively. The heating and cooling rates were
set at 11 ◦C/min. The maximum points of all cycles were recorded by using the rheometer
software (Rheoplus for MCR 301) using the internal loop. The relative structural change
value (Δ) was calculated for G* values by dividing the maximum value of each cycle by the
value of the first cycle.

The Determination Particle Size

The size of the fat globules and zeta potential value of the samples was determined by
the particle size measuring device (Nanosizer, Malvern Instruments, Worcestershire, UK).
The samples were diluted 500-fold with ultrapure water before homogenization by stirring
in an ultrasonic water bath for 1 min. The particle size of the samples was determined
according to the dynamic light scattering technique [31].
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2.2.4. Analysis of the Ice Cream Samples
Overrun Measurement

The volumes of ice cream mixtures (just before freezing) and ice cream samples (immedi-
ately after freezing) were weighed, and values were recorded [15]. Overrun values of the ice
cream samples were calculated according to the formula described by Equation (5);

Overrun (%) =
W2 − W1

W1
× 100 (5)

where W1, and W2 represent the weight of a unit volume of ice cream mix and the weight
of a unit volume of ice cream after freezing, respectively.

Thermal Properties of Ice Cream Samples

The thermal properties of ice cream samples were analyzed by a differential scan-
ning calorimeter (DSC) by A DTA-DSC (differential scanning calorimetry) operating at
atmospheric pressure (STA44gf3, Netzsch, Germany) according to the method reported by
Hwang et al. [32]. Ice cream samples of 10 mg were placed in a pre-weighed aluminum
sample pan, the pan was sealed using a Quick Press pan crimper (Tzero), and the thermal
data were recorded from −20 to +50 ◦C in a nitrogen atmosphere with a heating rate of
1 ◦C/min. An empty pan was used as the reference. The flow rates of nitrogen gas for
cooling were 50 mL/min. The onset temperatures (T0), Tf, and ΔHf of the transitions of
ice formation and ice melting were determined. The onset temperatures are considered as
the intersection of the tangent and baseline to the left side of the melting peak. Freezing
points were determined by using the temperature of the steepest slope. The enthalpy of
fusion was calculated by extrapolating the baseline under the peak by connecting the flat
baseline before and after the melting peak and integrating the peak above the baseline. The
amount of ice formed per gram of sample (freezable water) was determined by the method
described by Soukoulis et al. [33] by dividing the melting enthalpy with the pure ice fusion
latent heat (S = 334 J/g).

Sensory Analysis of Ice Cream

A trained panel of 10 members (graduate students and academic staff from the Food
Engineering Department at Yildiz Technical University in Istanbul, Turkey) assessed the
sensory characteristics of ice cream samples. Panel members were instructed on the ice
cream samples prior to the commencement of the tests. The training consisted of a two-hour
thorough presentation to the panelists on the purpose of the study and the characteristics
of the samples. The panelists were asked to identify the optimal persimmon content for
the required enhanced ice cream in terms of look and color, odor, taste and flavor, texture,
melting resistance, and overall acceptability. Ice cream samples were evaluated using a
scaling method of descriptive attributes for all parameters (1 = undesired, 9 = desired) [34].

Color Measurement

The color parameters of ice cream samples were measured using a colorimeter (CR-400
Konica, Minolta, Tokyo, Japan). The CIELAB coordinate system was used, and the L*, a*
and b* parameters were evaluated. L*, a* and b* parameters represent whiteness/darkness,
redness/greenness, and yellowness/blueness, respectively.

2.3. Statistical Analysis

Ice cream samples were produced in three replications, and three parallel measure-
ments were performed from each replication. The mean and standard deviation values
were presented. Statistical applications were carried out with the Statistica software pack-
age (Stat Soft Inc., Tulsa, UK). The Duncan multiple comparison test was used to compare
the mean values of the parameters after optimization (p < 0.05). As a result of the applied
rheological analysis, power law model parameters were calculated with the help of non-
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linear regression analysis. The Statistica software program (Stat Soft Inc., Tulsa, UK) was
used for nonlinear regression analysis.

3. Result and Discussion

3.1. Determination of Steady Shear Rheological Properties of Ice Cream Mix for the Formulation Optimization

In this study, the data of the steady shear rheological properties were used for the
formulation optimization of ice cream mixtures. The flow curves of the ice cream mix
obtained from 17 different trial points are shown in Figure 1. There was a decrease in the
slope of the shear rate versus shear stress graphs of the ice cream mixes, indicating that the
viscosity of all samples decreased with increasing shear rate. The reduction in viscosity can
be explained by the structural breakdown of the intermolecular interaction [35]. The ice
cream mixes showed shear-thinning flow characteristics, which is typical flow behavior
for an ice cream mix. The shear-thinning behavior is an important factor in choosing the
pump size for mixing [35].
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Figure 1. Steady shear rheological behavior of the ice cream mixes.

Power law model parameters (K and n values) and determination coefficient (R2)
calculated for 17 different points created with the trial design are shown in Table 1. R2

values of the power law model were higher than 0.99. This shows that the power law model
is suitable for determining the flow behavior properties of ice cream mixes. According to
the ice cream formulations, K and n values differed and were found as 4.01–26.05 Pasn and
0.23–0.38, respectively. n values lower than 1 indicated that all ice cream mixtures exhibited
the non-Newtonian pseudoplastic flow behavior (Table 1). Dairy products generally exhibit
shear-thinning (pseudoplastic) behavior with flow behavior indexes of 0 < n < 1 [36]. As
seen in Table 1, the sample −10 (0.3% XG, 2.5% fat, 1% CSOB) showed the lowest K value
(4.01 Pasn), while the sample-11 (0.4% XG, 12.5% fat, 3% CSOB) exhibited the highest K
value (26.05 Pasn). The K value of the samples increased with increasing CSOB, gum, and
fat content. These results showed that increasing the K value with the increase in CSOB can
improve the shear-thinning properties of ice cream mixes. The desired consistency values
can be obtained by using CSOB even at low-fat and gum content. Thus, CSOB can be used
for improving rheological properties in low-fat ice cream.
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3.2. The Effect of Model Parameters on K and n Value and Determination Optimum Formulation

Figure 2 presents the impact of gum, fat, and CSOB in the formulation on K value.
The increase in fat, gum, and CSOB, as shown in Figure 2, resulted in an increase in the K
value of the ice cream mixes. The structure of CSOB, which contains polysaccharides with
high water-holding ability, can explain this phenomenon. This polysaccharide structure
offers excellent water retention and stabilizing capabilities. CSOB can be adsorbed at the
interface area and has surface-active qualities, in addition to its stabilizer action. Because
of these CSOB characteristics, the K value of the ice cream mixes increased. Furthermore,
increasing the amount of gum resulted in a considerable rise in the K value, particularly in
formulations including xanthan gum at a specific level. The increase in K value in both
increases in fat, CSOB, and gum content can be explained by the synergistic impact of the
ice cream mix’s components.

Figure 2. Response surface plot showing the effect of model parameters on the K value of ice cream mixes. (a): XG-CSOB,
(b): XG-Fat, (c): CSOB-Fat (A: XG (xanthan gum), B: CSOB (chia seed oil by-product), C: fat (milk fat), K: consistency coefficient).

Table 2 showed that the response surface method (RSM) and the quadratic model were
used to describe the influence of formulation components on the flow behavior parameters
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(K, n) of ice-cream mixtures. As seen in Table 2, the ANOVA analysis of variance was used to
statistically evaluate the influence of dependent variables on the K value of the ice cream mixes.

Table 2. Quadratic model parameter’s corresponding K value.

Source Sum of Squares df Mean Squares F-Value p-Value

Model 529.67 9 58.85 56.29 <0.0001 significant
A-XG 280.46 1 280.46 268.24 <0.0001

B-CSOB 86.69 1 86.69 82.91 <0.0001
C-Fat 138.80 1 138.80 132.75 <0.0001

AB 11.93 1 11.93 11.41 0.0118
AC 2.29 1 2.29 2.19 0.1824
BC 0.9184 1 0.9184 0.8783 0.3799
A2 1.91 1 1.91 1.83 0.2183
B2 0.0066 1 0.0066 0.0063 0.9391
C2 7.74 1 7.74 7.41 0.0297

Residual 7.32 7 1.05
Lack of Fit 7.09 5 1.42 12.18 0.0776 not significant

R2 0.9864
Adjusted R2 0.9688
Predicted R2 0.8918

Adeq Precision 30.5150

XG: xanthan gum, CSOB: chia seed oil by-product, K: consistency coefficient.

The R2 and Adjusted R2 values of the model used were determined as 0.9864 and
0.9618, respectively. The differences between Adjusted R2 and predicted R2 was lower than
0.2, and the lack of fit value was found as insignificant. These results indicated that the
quadratic model could be successfully used to describe the effect of formulation on the K
value of the samples. The p-value of the model was lower than 0.05, indicating that the
model terms significantly affected the K value. In this model, A, B, C, AB, C2 are significant
model terms. The linear effect of all independent variables was significant. The interaction
and model terms A and B, and the quadratic effect of C was also be found as significant.

Steady shear rheological analyzes showed that the increase in the amount of CSOB in
the formulation resulted in a significant increase in the K values of the samples. Chia seeds
affect fat binding and gel-forming properties due to the functional properties of dietary fiber.
Olivos-Lugo et al. [37] reported that chia seeds are high in dietary fiber (34.6%), oil contents
(32.2%), and protein (24.6%). Therewith, Akcicek and Karasu [20] suggested that CSOB could
be used as a fat replacer in a low-fat salad dressing. Considering the properties of CSOB in
this study, it is understood that it has a stabilizer feature due to its polysaccharide content
and that the proteins it contains can be adsorbed in the interface area and have emulsifier
quality. Proteins show surface-active properties and decrease the interfacial tension, which is
predicted to cause an increase in consistency coefficient. The stabilizer feature comes from
the branched polysaccharide structure in its content, and these polysaccharides can hold
water [12]. Based on these properties, CSOB causes an increase in consistency coefficient (K)
and can be used in the production of low-fat ice cream. With the increase in the K value of
the mixtures, the n value decreases and shows pseudoplastic behavior, which is the typical
flow behavior characteristic of ice cream. Due to the solid particles in CSOB, it significantly
increases the K value by affecting the viscosity of the ice cream mixture. The fat, emulsifier,
stabilizer, and CSOB used in ice cream mixtures significantly increase the K consistency
coefficient of the mixtures. The main reason for this is the synergistic interaction between the
components. The K value of the full-fat control sample was used to determine the optimum
formulation. The sample with the highest desirability value and minimum fat content was
selected as the optimum formulation. The optimum formulation was determined as 2.5% fat,
0.29% XG, 2.51% CSOB.
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3.3. Rheological Properties of Optimum and Control Ice Cream Mixtures

The steady shear, frequency sweep, and thixotropic properties of the samples pro-
duced based on optimum formulation were compared with the values of the full-fat and
low-fat control sample. The flow curves of optimum and control ice cream samples were
given in Figure 3. The ice cream mixtures performed a pseudoplastic (shear-thinning)
rheological behavior; that is, the shear stress increased with increasing shear rate (Figure 3).
Pseudoplastic rheological behavior is the typical behavior to characterize the flow proper-
ties of most ice cream mixtures [38,39]. The optimum and high-fat control samples showed
similar viscosity curves. The power law model was used to determine the consistency
coefficient (K) and flow behavior index (n) values of the optimal and control ice cream
mixtures. Table 3 represents the power law model parameters (K and n values) as well as
the determination coefficient (R2). K values varied from 3.46 to 5.66 Pasn, n values from 0.30
to 0.33, and R2 values higher than 0.99. While the K value of the full-fat control samples
and the K value of the sample containing CSOB were found to be statistically insignificant,
the K value of both samples was found to be significantly higher than the low-fat control.
This result showed that an ice cream mix similar to the consistency properties of full-fat ice
cream could be produced with the use of CSOB.
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Figure 3. Steady shear rheological behavior of ice cream mixes. FF-IC: full-fat ice cream, LF-IC: low-fat
ice cream, CBLF-IC: low-fat ice cream with chia seed oil by-product.

The dynamic rheological properties of ice creams produced from optimum and high-
fat and low-fat control ice cream formulations were investigated. The frequency sweep test
can simulate the liquid behavior of ice cream samples during chewing in the mouth [40],
which helps to comprehensively evaluate the impact of CSOB addition on ice cream quality.
Increasing G′ and G′′ values of samples with increasing frequency is evidence of gel-like
behavior in ice cream samples [41]. As seen in Figure 4, the value of G′ of all samples was
higher than the value of G′′, indicating that the solid character of all ice cream samples
is more dominant than the liquid character. As seen in Figure 4, the G′ value of FF-IC
(12.5% fat) and CBLF-IC (2.5% fat) samples were almost at the same level, which explained
that 10% fat can be compensated with 2.51% CSOB. As can be seen from the graph, the
LF-IC instance has the lowest G′ and the lowest G′′ . The G′ and G′′ values of the LF-IC
(2.5% fat, 0.35% XG) were lower than the G′ and G′′ values of the CBLF-IC (2.5% fat, 0.29%
XG, 2.51% CSOB). As it can also be seen in Table 3, the CBLF-IC has an elastic modulus
value similar to FF-IC with full-fat content (12.5%). Aziz et al. [42] investigated the effect of
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adding okra gum on the rheological, textural, and melting properties of low-fat ice cream
samples. It was stated that G′ values were higher than G′′ values for all ice cream samples.
Substituting the fat content in ice cream with okra gum increased the viscous modulus
(G′′ ) values of the samples. Previous studies on viscoelastic properties were consistent
with the results of our study in terms of G′ and G′′ values. Synergetic interactions between
CSOB and ice cream ingredients can lead to improved food quality and expanded food
applications due to enhanced functional properties. It may also have commercial potential
for cost reduction.

Table 3. Steady shear, dynamic, and 3-ITT rheological model parameters of FF-IC, LF-IC, and CBLF-IC.

Rheological Analysis Samples

FF-IC LF-IC CBLF-IC

Steady shear K (Pasn) 5.66 ± 0.07 a 3.46 ± 0.03 b 5.53 ± 0.09 a

σ = K × γn n 0.32 ± 0.01 b 0.36 ± 0.01 a 0.30 ± 0.02 b

R2 >0.99 >0.99 >0.99

Frequency
G′′ = K′′ × (ω)n′

K
′ 23.41 ± 0.18 a 3.09 ± 0.06 b 23.09 ± 0.24 a

n
′

0.268 ± 0.002 b 0.535 ± 0.003 a 0.268 ± 0.002 b

R2 0.993 0.979 0.9878

G′′ = K′′ × (ω)n′′
K

′′ 8.46 ± 0.12 a 2.46 ± 0.02 b 8.15 ± 0.35 a

n
′′ 0.212 ± 0.001 c 0.288 ± 0.002 a 0.268 ± 0.003 b

R2 0.979 0.983 0.978

3-ITT G0
′ 21.12 ± 0.08 a 8.42 ± 0.04 c 18.86 ± 0.05 b

Ge
′ 38.73 ± 0.15 a 14.81 ± 0.08 c 26.34 ± 0.11 b

k 0.027 ± 0.001 a 0.011 ± 0.000 b 0.025 ± 0.001 a

Ge
′
/ G0

′ 1.834 1.760 1.397
k × 1000 27.00 11.10 25.33

R2 0.983 0.995 0.996

ζ-potential (mV) −39.13 ± 1.041 a −32.03 ± 1.464 b −28.90 ± 1.058 c

d32 (μm) 1.305 ± 0.044 a 0.877 ± 0.024 b 0.494 ± 0.012 c

PdI 0.741 ± 0.127 a 0.493 ± 0.167 a 0.534 ± 0.174 a

FF-IC: full-fat ice cream, LF-IC: low-fat ice cream, CBLF-IC: low-fat ice cream with chia seed oil by-product. Different lowercase letters in
the same line indicate a statistical difference (p < 0.05).

The dynamic rheological parameters (K′, K′′, n′, and n′′ values) were also calculated
by using the power law model (Table 3). The R2 values of the model were found in the
range of 0.97–0.98. As can be seen in Table 3, the K′ and K′′ values of the samples were in
the range of 3.09–23.41 and 2.46–8.46, respectively; the values of n′ and n′′ were found in
the range of 0.268–0.535 and 0.212–0.288, respectively. The K′ values were higher than the
K′′ values for all samples. Accordingly, all of the ice cream samples showed a viscoelastic
solid character. When CSOB was added to low-fat ice cream, the K′ and K′′ values increased
when compared to the low-fat ice cream sample.

All ice cream samples in the third interval exhibited thixotropic behavior (Figure 5).
This result indicated that all ice cream samples could recover their viscoelastic character
after high sudden deformation during food processing, such as homogenization or pump-
ing. For ice cream combinations, this flow behavior is desirable. Akcicek and Karasu [20]
investigated the thixotropic behavior of salad dressing samples stabilized by chia seed oil
by-products and found that recoverable characteristics in the third interval are similar to
our findings. The current investigation found that CSOB enhanced the thixotropic behavior
of ice cream samples following rapid deformation.
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Figure 4. Dynamic rheological properties of the ice cream mixes. (A): Storage modulus (G′) vs. ω,
(B): loss modulus (G′′ ) vs. ω. FF-IC: full-fat ice cream, LF-IC: low-fat ice cream, CBLF-IC: low-fat ice
cream with chia seed oil by-product.

Parameters (G0
′, Ge

′, k, G0
′/Ge

′) were obtained with the second-order structural
kinetic model. G0

′, Ge
′, G0

′/Ge
′, k × 1000, and R2 values were 8.42–21.12, 14.81–38.73,

1.760–1.834, 11.10–27.00, and 0.995–0.996, respectively. FF-IC showed the highest G0
′, Ge

′,
G0

′/Ge
′, and k × 1000 values, indicating that the full-fat control sample (FF-IC) showed

the highest thixotropic behavior. The amount of fat in an O/W emulsion has a significant
impact on its rheological characteristics. Therefore, the decrease in the fat content of the ice
cream samples causes weak rheological properties, especially the recoverable character,
as the fat content of the ice cream samples decreases. Although CBLF-IC has low-fat
content (2.5%), FF-IC and CBLF-IC showed similar thixotropic behavior and viscoelastic
solid character so the higher recoverable behavior obtained with CSOB addition can be
explained by more intermolecular interactions by the formation of small aggregates of
hydrocolloid. These rheological properties indicate that CSOB can be utilized to enhance
the rheological properties and thixotropy of low-fat ice cream samples.

282



Foods 2021, 10, 2302

 

0

10

20

30

40

0 70 140 210 280

G
' (

Pa
)

t (s)

FF-IC LF-IC CBLF-IC

Figure 5. 3-ITT rheological properties of ice cream mixes. FF-IC: full-fat ice cream, LF-IC: low-fat ice
cream, CBLF-IC: low-fat ice cream with chia seed oil by-product.

3.4. Emulsion Stability and Microstructure Properties of Ice Cream Mixes

The emulsion stability of the ice cream mixes was determined by the thermal loop
test. The thermal loop test could be used as a fast method to measure emulsion stability
by subjecting to different numbers of thermal cycles. The temperature fluctuations during
processing, production, storage, and transportation stages were simulated in this test [31].
The structural or morphological changes due to the applied thermal stress are determined
by the change of modules (G*, G′) from cycle to cycle. Figure 6 shows the change in the G*
value after applied thermal stress. As can be seen, after 10 applied thermal cycles, a slight
increase in the G* value of all samples was observed. This insignificant change indicates
that all samples are resistant to thermal stress and have high emulsion stability. The percent
change (ΔG*) in the G* values of the samples was calculated as 14.37, 10.10, 8.37 for FF-IC,
LF-IC, and CBLF-IC, respectively. This may indicate that the sample containing CSOB may
show higher stability than other samples.

The fat particle size (d32), PDI value, and zeta potential values of the samples were found
as 0.494–1.305 μm, (−39.13)–(−28.90) mV and 0.493–0.741, respectively (Table 3). As can
be seen, the sample containing CSOB exhibited lower particle size and PDI value. These
results are consistent with the thermal loop test. A decrease was observed in the zeta potential
values of the samples as the water ratio increased. However, all samples have a sufficient
zeta potential value. Figure 7 shows the milk fat particle distribution. The high-fat control
sample and the sample containing CSOB have homogeneous droplet distribution and low-fat
droplet size. These results indicated that the use of CSOB could have a positive effect on the
fat droplet size and distribution, and emulsion stability in ice cream.
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Figure 6. The change in the G* value after applying the thermal loop. (a) CBLF-IC: low-fat ice cream
with chia seed oil by-product, (b) FF-IC: full-fat ice cream, (c) LF-IC: low-fat ice cream.
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Figure 7. Light microscopy pictures of the ice cream mixtures. FF-IC: full-fat ice cream, LF-IC: low-fat ice cream, CBLF-IC: low-fat
ice cream with chia seed oil by-product. Samples were characterized at room temperature at 20× magnification.

3.5. Quality Parameters of Ice Cream
3.5.1. Thermal Properties of Ice Cream

The thermal properties of the ice cream samples are presented in Table 4. The freezing
points (Tf) of FF-IC, LF-IC, and CBLF-IC were obtained as −3.66, −3.35, and −3.99 ◦C, respec-
tively. The freezing points of the ice cream samples were significantly differed (p < 0.05). The
freezing point temperature of ice cream is closely related to the serum phase concentration and
the soluble biopolymer concentration. Generally, the Tf value decreases as the serum phase
concentration increases or the molecular weight of the soluble biopolymers decreases [43,44].
Soukoulis, Lebesi and Tzia [33] investigated the effect of different fiber contents on the thermal
properties of ice cream. Similar to our study, a significant decrease was observed in the Tf
values of ice creams when 2% wheat and oat fiber were added. Researchers explained this
result by increasing the serum phase concentration due to the high water holding capacity of
wheat and oat fiber. They reported an increase in the Tf value with the addition of apple fiber
and inulin, which have higher soluble fiber content. The high water holding capacity of the
insoluble fibers in the CSBO content may have caused a decrease in the Tf value. In addition,
the use of less XG in the sample containing CSOB may have caused a decrease in the less
soluble biopolymer substance in the serum phase, thus significantly reducing the Tf value.
The higher Tf value obtained from LF-IC could be due to a decrease in solid concentration by
reducing fat contents.

Table 4. Thermal properties of the control ice cream mixtures and optimum ice cream mixture contained CSOB.

Sample
T0

(◦C)
Tend

(◦C)
Tf

(◦C)
ΔT

(◦C)
ΔHf

(J/g)
Wf

(%)
Overrun

(%)

FF-IC −11.67 ± 0.06 C 5.39 ± 0.04 A −3.66 ± 0.02 B 17.06 ± 0.05 A 166.01 ± 2.68 B 49.72 ± 0.28 B 75.41 ± 0.18 B

LF-IC −11.0 ± 0.15 B 4.95 ± 0.01 B −3.35 ± 0.05 A 15.95 ± 0.08 B 199.32 ± 2.45 A 59.51 ± 1.05 A 71.23 ± 0.31 C

CBLF-IC −10.18 ± 0.04 A 3.23 ± 0.02 C −3.98 ± 0.03 C 14.16 ± 0.10 C 146.85 ± 1.25 C 43.95 ± 0.74 C 86.31 ± 0.62 A

FF-IC: full-fat ice cream, LF-IC: low-fat ice cream, CBLF-IC: low-fat ice cream with chia seed oil by-product. Different letters in the same
column indicate a statistical difference (p < 0.05).
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The melting resistance of ice cream represents the ability of ice cream to resist melting
when exposed to high temperatures. The heating system in the DSC provides the tem-
perature that causes the formation of an endothermic peak. The melting enthalpy (ΔH)
is calculated by integrating with the area of the endothermic peak and is the amount of
energy leaving the system. It occurs as a change in the overall internal energy of food [45].
In our study, the melting enthalpy values of the samples were found as 166.0, 199.3, and
146.8 J/g for the FF-IC, LF-IC, and CBLF-IC, respectively. The freezable water amount
is a critical parameter affecting ice melting enthalpy in ice cream. Melting enthalpy is
less in ice creams with lower freezable water content [46]. The enthalpy value of the
sample CBLF-IC (containing CSOB) was found to be lower than that of FF-IC and LF-IC
(the full-fat and low-fat control samples, respectively). These results can be explained by
the interaction between water and CSOB. The addition of CSOB to ice creams mix could
increase the amount of bound water and reduced the amount of freezable water thanks to
its water-binding capacity, which may lead to a decrease in enthalpy. In addition, as the fat
reduction in ice cream samples was balanced by adding water, it caused high ice formation
in ice cream. However, the CSOB produced a balanced effect by chemically binding the
free water, preventing excessive ice crystal formation. The lower enthalpy value of ice
cream containing CSOB than FF-IC despite higher water content could be explained by the
higher water retention capacity and lowering amount of freezable water.

ΔT values were found as 14.16, 15.95, and 17.05 for the samples CBLF-IC, LF-IC, and
FF-IC, respectively. The sample containing CSOB had the lowest ΔT value than control
samples. The temperature range (ΔT) could be used as an indicator of the uniformity of the
size distribution of ice crystals. Therefore, a narrow melting temperature range indicates a
more homogeneous distribution of ice crystals melting in a smaller temperature range [47].
The enrichment of ice creams in terms of polysaccharides and protein with CSOB facilitates
the formation of tiny ice crystals, contributing to the improvement of texture perception
and stability of ice crystals during cold storage.

3.5.2. Overrun Properties of Ice Cream

The overrun values are shown in Table 4. There was a significant difference between
the overrun values of the samples. The sample containing CSOB exhibited the highest
overrun value, while the low-fat control sample exhibited the lowest overrun value. The
increase in the overrun value with the addition of CSOB may be due to the protein and
high molecular carbohydrates in the CSOB content. Proteins play an important role in
increasing foam stability thanks to their emulsification properties [48]. With the addition
of CSOB to the formulation, both the protein content is gained, and the high molecular
carbohydrate ratio is increased. Thus, an increase in the overrun value was observed
with the addition of CSOB. Akalın et al. [49] reported that dietary fibers obtained from
orange, apple, and wheat provided a significant increase in overrun values compared
to the control sample. On the other hand, Mansour et al. [50] reported that the addition
of datary fiber powder significantly reduced the overrun value of the ice cream samples.
Some researchers have suggested that there is a relationship between the overrun value
and the rheological properties [6,26]. Samakradhamrongthai et al. [51] reported that the
overrun value increased with increased ice cream mix viscosity. The higher overrun with
increasing viscosity could be explained by a more efficient breakdown of the incorporated
air cells to a smaller air cell size of ice cream mix during freezing [51,52]. Similarly, the
increase in the overrun value with the addition of CSOB in our study can be explained by
the increase in the consistency index of the ice cream mix.

3.5.3. Sensory and Color Quality of Ice Cream

Sensory scores of ice cream samples are shown in Table 5. As can be seen, a significant
difference was observed between the sensory scores of FF-IC and LF-IC. Whole-fat ice
cream showed the highest value in all criteria. Low-fat ice cream containing CSOB (CBLF-
IC), on the other hand, showed similar sensory properties to the full-fat sample (FF-IC),
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except for the color and appearance criteria. With the addition of CSOB, the change in
color values compared to the full-fat sample (FF-IC) is expected. There was no significant
difference in the overall acceptability criteria of the CSOB-containing sample (CBLF-IC) and
the full-fat control sample (FF-IC). This indicated that the color difference observed with
the addition of CSOB could not adversely affect the consumability of ice cream. Eskandari
and Akbari [53] and Akın et al. [54] reported that the addition of dietary fiber and other
fat replacers did not cause a negative change in sensory scores of ice cream, similar to
our study. In another study [51], the reduced fat ice cream prepared with inulin showed
an acceptable sensory score, similar to our study. These results indicated that with the
addition of CSOB, the tested quality properties of ice cream could be improved without
adversely affecting the sensory properties and that low-fat ice cream could be produced
in a similar way to achieve the quality properties of full-fat ice cream. L*, a* and b* color
values of the samples are presented in Table 6. L*, a* and b* values of the samples were
found as 77.08–83.42, 4.23–4.93 and 13.63–15.41, respectively. As can be seen, a significant
difference was detected between the color values of the samples. The highest L* value
was measured from the FF-IC sample, while the lowest L* value was obtained from the
CBLF-IC sample. The high L* value of the FF-IC sample can be explained by the higher fat
content than the other two samples. In addition, with the introduction of CSOB into the ice
cream formulation, a decrease in L*, a* and b* values was observed. This result shows that
CBLF-IC will cause a significant change in the color values of the ice cream samples.

Table 5. Sensory analysis of ice cream samples.

Sample
Color and

Appearance
Icy Structure and

Consistency
Foreign Taste

and Smell
Cream Taste

Melting
Resistance

General
Acceptance

FF-IC 7.90 ± 1.10 A 7.01 ± 1.10 A 7.20 ± 1.40 A 7.00 ± 2.26 A 7.15 ± 2.08 A 7.44 ± 1.50 A

LF-IC 6.75 ± 1.25 B 5.01 ± 1.73 B 6.10 ± 1.73 A,B 5.70 ± 1.51 A 5.13 ± 1.45 B 5.72 ± 1.85 B

CBLF-IC 6.21 ± 0.92 B 6.00 ± 1.42 A,B 5.50 ± 2.51 A,B 6.40 ± 1.25 A 6.11 ± 1.10 A,B 6.12 ± 1.35 A,B

FF-IC: full-fat ice cream, LF-IC: low-fat ice cream, CBLF-IC: low-fat ice cream with chia seed oil by-product. Different letters in the same
column indicate a statistical difference (p < 0.05).

Table 6. Color properties of the control ice cream mixtures and optimum ice cream mixture containing CSOB.

Sample L* a* b*

FF-IC 83.42 ± 0.23 A 4.93 ± 0.02 A 15.41 ± 0.08 A

LF-IC 79.07 ± 0.43 B 4.81 ± 0.12 A 15.11 ± 0.15 A

CBLF-IC 77.08 ± 0.58 C 4.23 ± 0.15 B 13.63 ± 0.01 B

FF-IC: full-fat ice cream, LF-IC: low-fat ice cream, CBLF-IC: low-fat ice cream with chia seed oil by-product.
Different letters in the same column indicate a statistical difference (p < 0.05).

4. Conclusions

The consumption of chia seed oil has been increasing in recent years due to its polyun-
saturated fatty acids, especially linolenic acid. As a result of the production of cold- pressed
chia seed oil, waste rich in carbohydrates, fiber and protein emerges. Evaluation of this
waste is an important issue for cold press manufacturers. In this study, the potential for the
use of CSOB in the production of low-fat ice cream was investigated. A significant increase
was observed in the K value of the ice cream mix samples with the increase in CSOB in
the formulation. The low-fat sample (CBLF-IC) containing CSOB, produced as a result
of the optimization, showed similar rheological properties to the full-fat sample (FF-IC).
Emulsion stability, fat globule size and distribution, thermal properties, and overrun ana-
lyzes indicated that the quality of ice cream mix and ice cream could be improved with the
addition of CSOB. According to the results of the sensory analysis, the addition of CSOB
did not cause a significant decrease in the sensory qualities of ice cream. This study has
shown that CSOB can be used successfully in the production of low-fat ice cream and can
provide a new perspective for the evaluation of this by-product with low economic value.
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