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MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Adrián Rabadán

Higher Technical School of

Agricultural and Forestry

Engineering, University of

Castilla-La Mancha

Spain

Rodolfo Bernabéu
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Elaboration of Gluten-Free Cookies with Defatted Seed Flours: Effects on Technological,
Nutritional, and Consumer Aspects
Reprinted from: Foods 2021, 10, 1213, doi:10.3390/foods10061213 . . . . . . . . . . . . . . . . . . . 41
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Abstract: The current demand for healthy and sustainable foods has encouraged the development of
new alternatives even in traditional products. Improved foods may be produced by reducing the
amount of some ingredients, adding new ones, or replacing traditionally used ingredients for others.
By reformulating their products, manufacturers can offer healthier choices for an ever-growing
number of consumers interested in maintaining a balanced diet. In addition, the market demand
for more sustainable foods contributes to a lower environmental impact in their production. In this
regard, current areas of interest include the production of foods using a lower number of inputs, as
well as the utilization of food by-products, to improve the amount and quality of available foods.
Another aspect to be considered is that not all consumers are willing to eat foods produced with new
ingredients or novel technologies. Hence, the development of innovations in food products should
take into account the influence of so-called “consumer food neophobia”.

Keywords: novel foods; functional food; food by-product; sustainability; food neophobia

Consumers are increasingly aware of the composition of their food and the way in
which it is produced. These new demands have boosted food innovation. Within food
innovation studies, two main trends have dominated the studies developed in Western
countries in recent years [1]. The first is the connection between food and health, which
has encouraged the production of health-promoting foods. The second is the study of the
impact of food production on the environment and the identification of new strategies (e.g.,
meat replacement) in order to reduce this impact.

Although an increasing number of consumers are open to trying novel foods [2], food
innovation may face rejection from consumers that demand more natural food or foods
produced using traditional production schemes [3]. This is referred to as consumer neopho-
bia, which has been defined as the reluctance of consumers to try new or unfamiliar foods.
This expected rejection of novel foods is one of the main issues that the implementation of
food innovation strategies will have to face in the near future.

The current trend of innovations designed to develop more healthy and sustainable
foods includes a wide range of very different approaches. Two approaches that have
received major attention are the substitution of food components and the development
of new production technologies. In this regard, new starches and other hydrocolloids
have expanded the use and substitution of many ingredients [4], and traditional cereal
flours have been replaced by other flours such as pulse flours [5] or nut flours [6,7]. New
production methods include, for example, the use of critical CO2 to conduct the extraction
of different components [8] and the use of ultrasound assisted extraction or microwave
assisted extraction [9,10]. From the point of view of consumers, studies have focused
on consumers’ attitudes towards organic products [11], gluten-free products [6], and
the various kinds of innovations that result in the production of more natural or more
sustainable foods [3,12].

Foods 2021, 10, 2069. https://doi.org/10.3390/foods10092069 https://www.mdpi.com/journal/foods
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This Special Issue provides a multidisciplinary view of food innovation including
studies focused on the production of healthier and more sustainable foods by using novel
ingredients, food by-products, or new food production processes. Additionally, studies
about consumers’ perceptions of food innovation or innovative foods have also been
considered.

Rábago-Panduro et al. [13] investigated the effect of pulsed electric fields on the
extraction yield and stability of oils obtained from pecan nuts (Carya illinoinensis (Wangenh.
K. Koch)). In their study, the authors evaluated how three specific energy inputs affected oil
extraction yield, oil stability, the microstructure of kernels and their by-products’ phenolic
compounds and antioxidant capacity. The results show that the use of pulsed electric
fields does not improve oil extraction yield, showing that factors such as the moisture or
microstructure of kernels play a key role in their effectiveness.

Gómez-Saéz et al. [14] evaluated the effect of three concentrations of saffron on
vacuum-packed dry-cured ham. In this study, the authors evaluated several factors,
including pH, color, sensorial quality and the safranal content of ham, at 0, 7, 14, 28,
and 60 days of storage. Their results show that the addition of saffron did not affect the
pH or the color of ham stored for 28 days. However, the storage period affected pH values
with a decline observed from day 28. Regarding sensory analysis, significant differences
were found in visual appearance, flavor, and odor at different days of storage. The safranal
content also showed variations with the time at days 14 and 60.

Rabadán [15] studied consumers’ attitudes towards wine innovation using a sample
of 400 Spanish wine consumers using several scales, including the “Wine Neophobia
Scale”. His results show that four different segments of consumers exist, showing different
attitudes towards technological innovation in the wine sector. The group that shows more
positive attitudes towards technological innovation (product and process innovation) is
formed by consumers with the highest incomes and levels of education. With that in mind,
he concludes that innovations in the wine sector should be directed to consumers within
that segment.

In order to improve the nutritional and sensory characteristics of cookies,
Martínez et al. [6] studied the effect of the substitution of wheat flour by seed defat-
ted flours in cookies’ elaboration. Four different defatted flours were used: flax, sesame,
chia, and poppy. The results show that the use of defatted seed flours resulted in cookies
with a higher protein content and a lower content of carbohydrates. Regarding sensory
analysis, sesame and flax cookies obtained similar values than traditional cookies, while
cookies elaborated with chia and poppy flours received the least positive evaluations.

Hinestroza-Córdoba et al. [16] evaluated the use of vacuum impregnation and high-
pressure homogenization in order to obtain functional ingredients from lulo fruit (Solanum
quitoense Lam.). Specifically, they studied the physicochemical and antioxidant properties
of the lulo fruit and its juice. In their results, they found differences between the fruit
and the juice and concluded that high-pressure homogenization increases the antiradical
capacity of the juice and the diversity of polyphenols.

Zhang et al. [17] studied the willingness of consumers to pay for enhanced mandatory
labeling of genetically modified soybean oil using a large sample of Chinese consumers.
Their results show that Chinese consumers show positive attitudes towards traceability
codes, reporting a willingness to pay of RMB 8.92 and for the labelling of allergen presences
(RMB 6.57). In their conclusions, they state that policy strategies for enhanced mandatory
labelling in genetically modified soybean oil will benefit consumers.

Brugarolas et al. [18] analyzed the behavior of consumers during the COVID-19
pandemic in order to create innovative strategies for the agri-food sector to cope with this
new scenario. They found that 61% of consumers modified their buying behavior during
lockdown, with increasing food stockpiling being the most common observed change.
Regarding the degree of change in buying behavior, four different consumer segments
were identified. The authors propose new strategies that companies could implement
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in order to deal with this new scenario, including the creation of a larger stock of non-
perishable foods, increasing production capabilities, or boosting online sales.

Jiménez-Ortega et al. [19] evaluated the health-promoting properties of crocetin in
order to promote its consideration as a healthy natural colorant. Specifically, they evaluated
the ability of crocetin to reduce lipid accumulation during the differentiation of 3T3-L1
preadipocytes. In their results they state that 5 μM of crocetin decreased intracellular fat
by 22.6% without affecting viability or lipid droplet generation. This result encourages
the use of crocetin in dietary therapies intended to reverse adipose tissue accumulation in
obesity cases.

Rabadán et al. [20] studied the effect of a melon cultivar (Cucumis melo L.) and an
oil extraction method on the nutritional quality of melon seed oil. Nine different melon
cultivars and two oil extraction methods (hydraulic and screw press) were evaluated. The
results show that higher oil yields were obtained using the screw press. However, oils
obtained with the hydraulic press resulted in higher quality oils. The obtained oils showed
significant differences in their linoleic (51–69%) and oleic (15–34%) acids content. Vitamin
E content also showed significant differences among cultivars. γ-tocopherol was the main
isoform found in oils (range 99.81–456.73 mg/kg), followed by α- and δ-tocopherols. The
principal-component analysis concluded that cultivars Honew Dew and Blanco de Ribatejo
show the most promising characteristics to produce high-quality melon seed oils.

Roncero et al. [21] presented a review about almond kernel composition, making
specific reference to the non-lipid components that traditionally have received less attention
in the literature. They conclude that almonds are rich in proteins (8–35%), including
important concentrations of the globulin-albumin fraction. The carbohydrate fraction
(14–28%) is mainly compound by soluble sugars (such as sucrose) and starch. Regarding
mineral elements, relevant concentrations of potassium and phosphorus were reported.

All of the above studies result in a wide multidisciplinary approach about the current
state of the art in food innovation. The development of novel ingredients, foods, and
innovative food production technologies, while simultaneously considering consumers’
perception of food innovation, will be crucial in order to produce healthier, safer, and more
sustainable foods in the future.
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Abstract: Pulsed electric fields (PEF) have been reported to increase the total oil extraction yield
(OEYTOTAL) of fresh pecan nuts maintaining oil characteristics and increasing phenolic compounds
in the remaining by-product. However, there is no information regarding the PEF effect on dry
pecan nuts. Dry kernels were pretreated at three specific energy inputs (0.8, 7.8 and 15.0 kJ/kg) and
compared against untreated kernels and kernels soaked at 3, 20 and 35 min. OEYTOTAL, kernels
microstructure, oil stability (acidity, antioxidant capacity (AC), oil stability index, phytosterols and
lipoxygenase activity), along with by-products phenolic compounds (total phenolics (TP), condensed
tannins (CT)) and AC were evaluated. Untreated kernels yielded 88.7 ± 3.0%, whereas OEYTOTAL of
soaked and PEF-treated kernels were 76.5–83.0 and 79.8–85.0%, respectively. Kernels microstructural
analysis evidenced that the 0.8 kJ/kg pretreatment induced oleosomes fusion, while no differences
were observed in the stability of extracted oils. PEF applied at 0.8 kJ/kg also increased by-products
CT by 27.0–43.5% and AC by 21.8–24.3% compared to soaked and untreated kernels. These results
showed that PEF does not improve OEYTOTAL when it is applied to dry pecan nuts, demonstrating
that kernels′ moisture, oil content and microstructure play an important role in the effectiveness
of PEF.

Keywords: pulsed electric fields; pecan nut oil; oil extraction yield; microstructural analysis; oil
stability; enzyme activity

1. Introduction

Pulsed electric fields (PEF) involved the application of intermittent electric fields of
varying intensity (0.1–50 kV/cm) and short duration (μs–ms) [1]. Currently, this technology
has been used as a pretreatment to oil extraction from rapeseeds, sunflower seeds, sesame
seeds and olives enhancing oil extraction yield (OEY) and increasing oil acidity [2–5]. The
improvement of OEY has been attributed to the electroporation phenomenon, while the
increase of oil acidity was associated with triacylglycerols hydrolysis by lipase activity. In
a previous study, PEF were applied to fresh pecan nut kernels as a pretreatment employing
different specific energy inputs [5]. Results indicated that PEF-treated kernels yielded
21.4% more oil than untreated kernels. Nonetheless, pecan nuts are usually submitted to a
drying process for commercialization and the effect of this technology on the OEY of dry
kernels has not been reported yet. Furthermore, studies concerning the PEF effect on seeds
microstructure and oil acidity are scarce.

Pecan nut kernels (Carya illinoinensis (Wangenh. K. Koch)) are well-known for their
high concentration of phenolic compounds, mono- and polyunsaturated fatty acids, phy-

Foods 2021, 10, 1541. https://doi.org/10.3390/foods10071541 https://www.mdpi.com/journal/foods
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tosterols, and tocopherols [6,7]. Besides, pecan nut oil differentiates from other tree nut oils
due to its content of polyunsaturated fatty acids (PUFA), β-sitosterol and γ-tocopherol [8,9].
Thus, to extend kernels′ shelf-life and avoid oil oxidation, a drying process is carried out
reducing the moisture content (≤5.5%) and modifying kernels microstructure [10,11]. In
pecan nuts, fatty acids are stored as triacylglycerols within oleosomes. These organelles are
formed by a monolayer of phospholipids, proteins, and enzymes like lipoxygenase that is
the key enzyme in lipids oxidation [12–15].

During oxidative deterioration, lipids are oxidized to hydroperoxides and then to
secondary oxidation products that increment free radicals′ concentration. Hence, these com-
pounds are considered important biomarkers to measure oil oxidative deterioration [16].
Acidity is the measurement of free fatty acids concentration produced by ester bonds
hydrolysis of lipids by either enzyme action, heat or moisture [17]. Thus, its increment is
related with a loss of oil stability. Another method to evaluate oil stability is the oil stability
index (OSI). In the OSI method, oil is oxidized by air and high temperatures, producing
volatile acids that are dissolved in water to follow the change in electrical conductivity [15].
The OSI value expresses the time necessary to complete oil oxidation at given experimental
conditions being indicated by a drop of conductivity. Hence, a high OSI value implies a
high resistance to oxidation of the analyzed oil [17].

This study was carried out to investigate the effect of PEF on OEY, OEYTOTAL and
microstructure of dry pecan nuts. In addition, the stability of the extracted oil was evaluated
by determination of acidity, antioxidant capacity, OSI, phytosterols concentration and LOX
activity as well as phenolic compounds and antioxidant capacity of the generated by-
products hereinafter referred to as cakes.

2. Materials and Methods

2.1. Chemicals

Acetonitrile, ethyl acetate, methanol (MeOH), hexane, water HPLC grade (H2O),
β-mercaptoethanol (β-ME), 2,2-diphenyl-1-picrylhydrazyl (DPPH), boric acid (H3BO3),
hydrochloric acid (HCl), glutaraldehyde, osmium tetroxide, polyvinylpolypyrrolidone
(PVPP), potassium hydroxide solution (KOH 0.1 M), sodium acetate (CH3COONa), sodium
phosphate monobasic (NaH2PO4), sodium phosphate dibasic (Na2HPO4), Triton X-114
and uranyl acetate were acquired from Sigma-Aldrich (St. Louis, MO, USA) along with 6-
hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), linoleic acid, β-sitosterol,
stigmasterol, campesterol, catechin, gallic acid and vanillin. Epoxy EMbed 812 resin was
purchased from Electron Microscopy Sciences (Hatfield, PA, USA). Acetic acid (CH3COOH),
ethanol (EtOH), sodium carbonate (Na2CO3) and KOH were purchased from DEQ (Mon-
terrey, Nuevo León, Mexico).

2.2. Pecan Nuts

Kernel halves of dry pecan nuts (Carya illinoinensis) from Alesto brand were purchased
in a local market in Lleida (Spain). In this study, dry kernels were separated in three
experimental groups comparing PEF-treated kernels against reference and control kernels.
No soaking nor PEF processing was performed on reference kernels, while control kernels
were placed in tap water (1:3 w/w) for 3, 20 and 35 min to assess the effect of soaking
at each PEF pretreatment. Kernels pretreated by PEF were immersed in tap water and
processed. After a 10 min draining, control and PEF-treated kernels (1.0 g) were separated
for moisture and microstructural analysis. Before freeze-drying, kernel samples (2.0 g)
were taken for determination of lipoxygenase (LOX) activity. The remaining kernels were
frozen (−16 ◦C, 24 h), freeze-dried (−50 ◦C, 1 mbar, 72 h), and stored at −40 ◦C until
oil extraction.

2.3. Pulsed Electric Fields Application

The application of PEF was performed in a batch-system using a 20 × 8 cm methacry-
late container with stainless-steel parallel electrodes as the treatment chamber. The batch-
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system was equipped with a 0.1 μF capacitator (Physics International, USA), a pulse
generator (PT-55, Pacific Atlantic Electronics Inc., El Cerrito, CA, USA) and a TG-70 gas
control unit. Based on a previous study [18], dry kernels were immersed in tap water
(1:3 w/w) to apply 10, 99 and 192 monopolar exponential-wave pulses at an electric field
strength of 5.0 kV/cm. These electrical conditions equaled to specific energy inputs of 0.8,
7.8 and 15.0 kJ per kg of pecan nut kernels in wet basis (W, kJ/kg wb), respectively.

2.4. Oil Mechanical Extraction

Oil extraction was performed on freeze-dried kernels (85.0 g) employing a screw-type
press (YD-ZY-02A, Yoda Europe, Hangzhou, Zhejiang, China). Pecan nut oil was stored
in 50 mL centrifuge tubes flushing N2 into the headspace and the generated cakes were
placed in polyethylene bags and vacuum sealed. Oil and cake samples were stored at
−40 ◦C until analyses.

Oil Extraction Yield

Reference, control and PEF-treated kernels oil extraction yields (OEY, %) were calcu-
lated as follows:

OEY =
(mK × LK)− (mC × LC)

(mK × LK)
× 100, (1)

where mK and LK are kernels mass (g) and oil content (g/100 g), and mC and LC are cakes
mass and oil content, all in dry basis (db). Next, the oil extracted into the soaking water
(oSW) of control and PEF-treated kernels was determined using the oil content of reference
kernels (LReference):

oSW = (mK × LReference)− (mK × LK), (2)

Total oil extraction yield (OEYTOTAL, %) of control and PEF-treated kernels was
estimated using the oSW:

OEYTOTAL =
[(mK × LK)− (mC × LC)] + oSW

(mK × LK)
× 100, (3)

2.5. Kernels Analysis
2.5.1. Moisture

The AOAC Official Method 920.151 [19] was used to analyze kernels moisture. Results
were expressed as g per 100 g of kernels db (g/100 g db).

2.5.2. Oil Content

Oil content was analyzed as reported by Villarreal-Lozoya et al. [20]. Samples and hex-
ane (1:10 w/v) were homogenized (6000 rpm, 1.5 min) using an IKA® T25 ultraturrax (IKA,
Staufen im Breisgau, Germany), centrifuged (8500 rpm, 15 min, 20 ◦C) and supernatants
collected. This procedure was repeated three times. Hexane was evaporated from pooled
supernatants (25 rpm, 45 ◦C) and oil content was determined gravimetrically following the
AOAC Official Method 960.39 [19]. Oil content was expressed as g per 100 g of freeze-dried
kernels and cakes db (g/100 g db).

2.5.3. Microstructural Analysis

Control and PEF-treated kernels were fixed employing the procedure reported by
Kendall et al. [21] with modifications. Glutaraldehyde and osmium tetroxide solutions were
made using 0.1 M phosphate buffer (pH 7.2). Kernels were fixed in 2.5% glutaraldehyde
solution and left overnight. Next, samples were washed three times in 0.1 M phosphate
buffer and postfixed in 1.0% osmium tetroxide solution for 2 h. Subsequently, samples
were washed twice with 0.1 M acetate buffer, incubated with 0.5% uranyl acetate for 30 min
and rinsed two times in 0.1 M acetate buffer. Kernels were dehydrated in an acetonitrile
series (30–100%) before embedding in epoxy EMbed 812 resin and polymerizing (48 h,
60 ◦C). A Reichert Jung Ultracut E microtome (Leica Microsystems, Washington, DC, USA)
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was used to obtain semithin and ultrathin sections. These sections were stained with
Richardson blue [22] and examined at 20× and 100× by light microscopy in an Olympus
BX41 microscope (Olympus, Allentown, PA, USA).

2.5.4. Lipoxygenase Activity

Kernels enzymatic extracts were obtained as described by Christopoulos and Tsan-
tili [23]. An extraction solution was prepared by dissolving β-ME (5.0 mM), PVPP (1:100
w/v) and Triton X-114 (0.05:100 w/v) in 50 mM phosphate buffer (pH 6.6). Kernels (2.0 g)
and the extraction solution (10 mL) were homogenized (6000 rpm, 40 s), filtered using glass
wool and centrifuged (8000 rpm, 15 min, 4 ◦C). Supernatants were collected for determina-
tion of lipoxygenase (LOX) activity according to the procedure reported by Li et al. [24].
Solutions were made using 0.2 M borate buffer (pH 9.0). Linoleic acid dissolved in EtOH
and 0.2 M borate buffer (1:1:1000 v/v/v) was employed as substrate stock solution to
measure LOX activity. The stock solution (5 mL) was diluted completely in 20 mL of 0.2 M
borate buffer and 5 mL of distilled water. The diluted solution (2 mL) and 0.2 M borate
buffer (950 μL) were pipetted in a cell quartz and mixed by inversion. Next, enzymatic
extracts (50 μL) were added and mixed by inversion. Absorbance was measured at 234 nm
and registered every 10 s until 3 min of reaction in a Cecil CE 1010 UV-VIS spectropho-
tometer (Cecil Instruments Ltd., Cambridge, UK). LOX activity was calculated employing
the molar extinction coefficient (ε) of hydroperoxides (26,800/M·cm) to express it as μmol
of hydroperoxide produced per L of LOX per s (μmol/L·s) [25].

2.6. Oil Analysis
2.6.1. Acidity

Oil acidity was performed following the AOAC Official Method 940.28 [19] and results
were expressed as mg KOH per 100 g of pecan nut oil (mg KOH/100 g).

2.6.2. Antioxidant Capacity

The DPPH radical scavenging capacity method reported by Gao et al. [26] was used
to evaluate oil antioxidant capacity (AC). Pecan nut oil (1 mL) was diluted in ethyl acetate
(10 mL) and mixed with 2 mL of 0.50 mM DPPH solution. The mixture was vortexed and
left to react in darkness for 15 min. After this time, absorbance was measured at 515 nm.
A standard curve of Trolox was prepared (0.003–0.030 mg/mL) to express results as mg
Trolox equivalents per 100 g of pecan nut oil (mg Trolox EQ/100 g).

2.6.3. Oil Stability Index

The stability index (OSI) of extracted oils was measured in a Rancimat 679 apparatus
(Metrohm AG, Herisau, Switzerland) [27]. Oil samples (3.0 g) were heated at 110 ◦C while
air was bubbled at a flow rate of 20 L/h and volatile products were dissolved in deionized
water (60 mL). OSI values were obtained by Metrodata Version 1.0 software (Metrohm AG,
Switzerland) and expressed in hours (h).

2.6.4. Phytosterols Concentration

Extraction and quantification of phytosterols were done according to Domínguez-
Avila et al. and Nair et al., respectively [28,29]. HCl and KOH solutions were made using
EtOH as solvent. Oil was mixed with 6 M HCl (1:5 w/v) and incubated (1 h, 80 ◦C). The
mixture was cooled in a water bath and 5 mL of 1.3% KOH was added and left to react
(30 min, 80 ◦C). To phytosterols extraction, 2 mL of distilled water and 5 mL of hexane
were included to the mixture, vortexed for 1 min, and centrifuged (3750 rpm, 15 min,
20 ◦C). The addition of distilled water and hexane was performed twice. Hexane was
evaporated from pooled supernatants using a vacuum evaporator (2.5 h, 45 ◦C). Extracts
were reconstituted in 0.5 mL of hexane for chromatographic analysis. A HPLC-ELSD
system (Agilent 1200, Agilent Technologies, Santa Clara, CA, USA) equipped with a 5 μm,
4.6 mm × 500 mm Luna C8 column (Torrance, CA, USA) was employed to identify and
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quantify phytosterols from pecan nut oil. Column and ELSD temperature were maintained
at 40 ◦C and 50 ◦C, respectively. Aliquots (10 μL) were analyzed employing a mobile phase
consisted of MeOH:H2O (95:5 v/v) at a flow rate of 1 mL/min and the detector was set
at a gain of 16. Standard curves of β-sitosterol (0.2–1.2 mM), stigmasterol (0.2–1.2 mM),
and campesterol (0.05–0.25 mM) were prepared to quantification. Concentrations were
expressed as mg per kg of pecan nut oil (mg/kg).

2.7. Cakes Analysis

After the determination of cakes oil content, the defatted portion was used for phenolic
compounds analysis. Total phenolics (TP), condensed tannins (CT), and AC of reference,
control and PEF-treated cakes were performed following the procedures reported by
Rábago-Panduro et al. [18]. Results were expressed as mmol equivalents per 100 g of
defatted cake db: TP was expressed as mmol gallic acid EQ/100 g db, CT as mmol catechin
EQ/100 g db and AC as mmol Trolox EQ/100 g db.

2.8. Statistical Analysis

PEF pretreatments, oil extraction and LOX activity were performed by triplicate while
oil and cake analysis were done by duplicate to a total of six replicates per experimental
group. One-way ANOVA and Dunnett test were performed with the Minitab® Version 18.1
software (Minitab, USA).

3. Results

3.1. Pecan Nut Kernels
3.1.1. Moisture and Oil Content

The moisture of dry pecan nuts used as reference was 2.4 ± 0.1 g/100 g db, while
control kernels soaked at 3, 20 and 35 min had moisture contents of 13.5 ± 0.6, 21.1 ± 0.9,
and 21.7 ± 0.7 g/100 g db, respectively. In PEF-treated kernels moisture contents also
increased reaching values of 13.5 ± 1.0, 18.0 ± 0.1 and 19.3 ± 1.1 g/100 g db at 0.8, 7.8 and
15.0 kJ/kg pretreatments, respectively. However, the moisture of kernels processed at 7.8
and 15.0 kJ/kg was significantly lower than their respective control kernels (p = 0.004 and
p = 0.015, respectively). Regarding the oil content, reference kernels contained 69.4 ± 0.7 g/
100 g db, decreasing to 62.7 ± 0.0 g/100 g db in control kernels and 62.7 ± 0.7 g/100 g db
in kernels pretreated by PEF, containing 9.7% less oil than reference kernels. Likewise, the
oSW was 5.7 ± 0.0 g for both control and PEF-treated kernels.

3.1.2. OEY, OEYTOTAL and Microstructure

OEY and OEYTOTAL of dry pecan nuts are displayed in Figure 1. The highest OEY
was observed for reference kernels, being 88.7 ± 3.0%. Control kernels yielded 71.3 ± 1.0,
65.9 ± 3.1 and 72.3 ± 0.7% at 3, 20 and 35 min of soaking, respectively, while OEY of
PEF-treated kernels was 74.3 ± 1.1, 69.1 ± 2.1 and 70.6 ± 3.2% at 0.8, 7.8 and 15.0 kJ/kg
pretreatments, respectively. No statistical differences were observed between OEY of
control and PEF-treated kernels submitted to comparable soaking times.

After considering the oSW, OEYTOTAL of control kernels increased up to 82.0 ± 1.0,
76.5 ± 3.1 and 83.0 ± 0.7% for 3, 20 and 35 min of soaking, respectively, and OEYTOTAL of
PEF-treated kernels rose to 85.0 ± 1.1, 79.8 ± 2.1 and 81.3 ± 3.2% for 0.8, 7.8 and 15.0 kJ/kg
pretreatments, respectively (Figure 1). No statistical differences were observed between
control and PEF-treated kernels. Kernels processed at 0.8 kJ/kg were selected for the
microstructural analysis.
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Figure 1. Oil extraction yields and total oil extraction yields (OEYTOTAL) of dry pecan nuts. Reference
kernels were not soaked nor PEF processed. Control kernels (  ) were placed in tap water for
3, 20 and 35 min corresponding to PEF-treated kernels (  ) processed at 0.8, 7.8 and 15.0 kJ/kg,
respectively. OEYTOTAL is the oil extraction yield estimated with the oSW.

In order to compare the microstructure of PEF-treated and control kernels, a micro-
graph of the transversal section of dry kernels cotyledon tissue reported by Wakeling et al.
was employed (Figure 2) [30]. In this micrograph, cells delimited by the cell wall containing
intracellular oleosomes stained with toluidine blue were showed.

 

Figure 2. Light microscopy micrograph of cotyledon tissue of dry pecan nuts reported by
Wakeling et al. [30] employed to compare the microstructure of control and PEF-treated kernels.

In the light microscopy of control kernels (Figure 3a), the cotyledon tissue exhibited
similarities to the micrograph of Wakeling et al. [30] displaying delimited cells and oleo-
somes within the intracellular space stained with Richardson blue. However, at higher
magnification, it appeared that the cotyledon tissue was composed of both intact and dam-
aged cells. Additionally, oleosomes seemed to change their shape and aggregate within the
intracellular space (Figure 3b). Concerning kernels pretreated by PEF, micrographs showed
compaction of cells in testa and cotyledon tissues with a loss of delimited inclusions in
the intracellular space (Figure 3c). It seems that PEF processing, rather than inducing the
cell rupture, produced the rupture of intracellular inclusions. In Figure 3d, the higher
magnification of PEF-treated kernels cotyledon tissue showed no difference between intact
and damaged cells due to oleosomes fusion in the periphery of the cell.
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(a) (b) 

(c) (d) 

Figure 3. Light microscopy micrographs of testa and cotyledon tissue of dry pecan nuts. Control kernels (a,b) were placed
in tap water for 3 min while PEF-treated kernels (c,d) were processed at 0.8 kJ/kg. Ts, testa; Ct, cotyledon tissue; C, cell; Cd,
damaged cell; Cw, cell wall; Ol, oleosomes.

3.2. Pecan Nut Oil Stability

The acidity of oils extracted from dry pecan nuts ranged from 19.0 ± 0.9 to 21.8 ± 0.9 mg
KOH/100 g (Table 1). Only the oil extracted from kernels processed at 15.0 kJ/kg was
significantly different, being 14.2% higher than its control. Concerning AC of extracted
oils, it varied from 45.7 ± 2.2 to 49.0 ± 1.7 mg Trolox/100 g with no significant differences
between experimental groups (Table 1).

Based on acidity and AC results, OSI, phytosterols concentration and LOX activity
were determined for kernels pretreated at 0.8 kJ/kg, their control kernels, and reference
kernels. The OSI values were 10.4 ± 0.4, 10.9 ± 0.3 and 10.6 ± 0.5 h for reference, control and
PEF-treated oils, respectively. Neither soaking nor PEF processing significantly changed
the stability index of pecan nut oil. Regarding the phytosterols content, oil from reference,
control and PEF-treated kernels contained a β-sitosterol concentration of 929.0 ± 89.3,
858.2 ± 62.6 and 910.5 ± 132.2 mg/kg, respectively, while stigmasterol ranged from 324.4
± 48.5 to 501.5 ± 79.7 mg/kg (Table 2). Campesterol was not detected despite that it
has been reported in low concentration in pecan nuts [31,32]. Neither β-Sitosterol nor
stigmasterol significantly changed among extracted oils.
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Table 1. Acidity and antioxidant capacity (AC) of oils extracted from dry pecan nuts.

Reference

W (kJ/kg)
0.8 7.8 15.0

Control PEF Control PEF Control PEF

Acidity mg KOH/100 g 21.4 ± 1.1 19.1 ± 0.9 19.9 ± 1.0 20.5 ± 0.1 21.8 ± 0.9 19.0 ± 0.9 21.7 ± 1.0 *
AC mg Trolox EQ/100 g 48.6 ± 0.8 45.7 ± 2.2 47.8 ± 1.3 49.0 ± 1.7 48.3 ± 2.8 48.2 ± 1.7 47.1 ± 1.2

W, specific energy input. Reference kernels were not soaked nor PEF processed. Control kernels were placed in tap water for 3, 20 and
35 min corresponding to PEF-treated kernels processed at 0.8, 7.8 and 15.0 kJ/kg, respectively. Oil acidity and AC were expressed per 100 g
of pecan nut oil. Means with an asterisk indicated a significant difference from the control (α = 0.05).

Table 2. Phytosterols concentration of oils extracted from dry pecan nuts.

Reference

W (kJ/kg)
0.8

Control PEF

Phytosterols
mg/kg

β-sitosterol
Stigmasterol

929.0 ± 89.3 858.2 ± 62.6 910.5 ± 132.2
501.5 ± 79.7 352.1 ± 17.8 324.4 ± 48.5

W, specific energy input. Reference kernels were not soaked nor PEF processed. Control kernels were placed in
tap water for 3 min corresponding to PEF-treated kernels processed at 0.8 kJ/kg. Concentrations were expressed
per kg of pecan nut oil. Means were not significantly different from the control (α = 0.05).

The LOX activity of reference, control and PEF-treated kernels was 4.52 ± 0.14,
4.83 ± 0.10 and 4.41 ± 0.20 μmol/L·s, respectively. Reference and PEF-treated kernels
showed LOX activity values significantly lower than control kernels (p = 0.006 and p = 0.001,
respectively). It seemed that the application of PEF at 0.8 kJ/kg did not promote lipid
oxidation of pecan nut oil. These results agreed with acidity, AC, and OSI values of the oil
extracted from kernels processed at 0.8 kJ/kg. However, it should not be discarded lipid
oxidation via enzyme activation since the acidity of pecan nut oil increased at higher W.

3.3. Pecan Nut Cakes

TP, CT and AC of cakes generated from dry pecan nuts are presented in Table 3. The
reference cake showed TP, CT and AC values of 20.0 ± 1.0 mmol gallic acid EQ/100 g db,
15.4 ± 1.0 mmol catechin EQ/100 g db and 14.7 ± 1.0 mmol Trolox EQ/100 g db, respec-
tively. TP varied from 18.1 ± 0.7 to 20.6 ± 1.8 mmol gallic acid EQ/100 g db in control cakes
while, in PEF-treated cakes, TP decreased by 20.9% at 0.8 kJ/kg compared to its control
(Table 3). The application of 0.8 and 7.8 kJ/kg increased the CT content of cakes by 27.0 and
10.7%, respectively, compared to their respective control cakes. An overall improvement in
AC of cakes generated from PEF-treated kernels was observed with the highest increment
observed at 0.8 kJ/kg, increasing by 24.3% in comparison with its control.

Table 3. Phenolic compounds and antioxidant capacity (AC) of cakes generated from dry pecan nuts.

Reference

W (kJ/kg)
0.8 7.8 15.0

Control PEF Control PEF Control PEF

Total phenolics mmol
gallic acid EQ/100 g db 20.0 ± 1.0 20.6 ± 1.8 16.3 ±1.0 * 18.3 ± 2.1 17.9 ± 1.2 18.1 ± 0.7 16.5 ± 0.7 *

Condensed tannins
mmol catechin EQ/

100 g db
15.4 ± 1.0 17.4 ± 1.6 22.1 ± 2.1 * 13.1 ± 1.3 14.5 ± 0.8 * 13.3 ± 0.8 11.9 ± 1.0 *

AC mmol Trolox
EQ/100 g db 14.7 ± 1.0 14.4 ± 1.7 17.9 ± 1.5 * 18.5 ± 1.2 19.2 ± 0.6 16.3 ± 0.4 18.1 ± 1.3 *

W, specific energy input. Reference kernels were not soaked nor PEF processed. Control kernels were placed in tap water for 3, 20 and
35 min corresponding to PEF-treated kernels processed at 0.8, 7.8 and 15.0 kJ/kg, respectively. Total phenolics, condensed tannins, and AC
were expressed per 100 g of defatted cake. Means with an asterisk indicated a significant difference from the control (α = 0.05).
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4. Discussion

Dry pecan nuts used as reference kernels displayed moisture and oil content within
ranges reported in other studies [10]. Regarding kernels′ immersion in water, moisture
reductions observed in kernels pretreated at 7.8 and 15.0 kJ/kg could be associated with
the release of intracellular water as a result of electroporation of the cell membrane during
PEF processing [33,34]. Oil content reductions along with oSW values were comparable to
those reported for fresh kernels pretreated by PEF [18], being related to the exposure of
kernels cotyledon tissue to the soaking water provoking oleosomes release. An increment
of oleosomes extraction was expected for dry kernels compared to the fresh ones as a
result of the drying effect on kernels′ microstructure [11]. However, given that the oSW was
comparable among pecan nuts, it is proposed that kernels rehydration and water-soluble
compounds release were favored over oleosomes extraction.

Concerning oil extraction from dry pecan nuts, the OEY of reference kernels (88.7%)
was higher than those reported for pecan nut oil extracted by hydraulic pressing
(56.4–58.9%) [9,35,36] and higher than the OEY of fresh pecan nut kernels used as a refer-
ence in the previous study (63.8%) [18]. Dry kernels differed from fresh kernels in moisture
and oil content but also in kernels microstructure displaying more structural damage
compared to fresh pecan nuts [37–39]. Savoire et al. evaluated oil extraction processes
comparing seeds from the same type that only differed in moisture and oil content. The
authors reported an overall improvement of OEY in seeds with lower moisture and higher
oil content [40]. They also stated that varietal differences that influence seed characteristics
(moisture and oil content, hull and testa thinness, and pore number and size) could affect
oil extraction by modifying seed pressing behavior, oil flow and kernels permeability.

The PEF pretreatments did not increase oil extraction from dry pecan nut kernels,
contrasting with previous findings where the application of 0.8 kJ/kg increased OEYTOTAL
of fresh kernels up to 74.8% being higher than OEY of kernels without soaking nor PEF
pretreatment [18]. Sarkis et al. reported similar results where drying and grinding of
sesame seeds yielded higher values than the seeds pretreated by PEF [4]. Nikiforidis
stated that soaking of seeds causes cell swelling, changing oleosomes shape and diffusion
kinetics [12]. Consequently, the soaking of dry pecan nuts might hinder oil extraction by
the initial reduction of oil content caused by oleosomes release and the reorganization
of the remaining oleosomes within the cotyledon tissue trapping them within kernels
microstructure.

The analysis of oil stability showed that oils extracted from dry pecan nuts were
within the acidity range accepted by the Food and Agriculture Organization for cold-
pressed oils [41]. Furthermore, the AC of extracted oils was slightly lower than those
achieved in the study employing fresh kernels but higher than those reported for pecan
nut oil obtained by solvent extraction [18,28]. Regarding OSI values, Oro et al. reported a
similar OSI value for pecan nut oil also extracted by mechanical pressing [42]. Phytosterols
concentration of oil extracted from reference kernels was lower in comparison with other
studies where pecan nut oil was characterized [8,43,44]. Differences in acidity, AC, OSI
and phytosterols concentration might be related to varietal differences between pecan nuts
as well as tocopherols concentration since these compounds have been associated to the
antioxidant capacity of pecan nut oil [40,44]. Concerning the LOX activity of reference
kernels, this value was similar to those reported for different cultivars of walnuts [45]. In
tree nuts, LOX inactivation has been associated to moisture reduction [11,46]. Thus, it is
possible that the increment of LOX activity observed in control kernels could be related
to moisture increase by modifying cell and organelle structure. Instead, LOX activity
maintenance observed in PEF-treated kernels compared to control kernels might be due to
the improvement of condensed tannins which have been reported to inhibit LOX [47–49].

Total phenolics, condensed tannins, and antioxidant capacity of cakes generated from
dry kernels were lower than those reported for fresh kernels [18]. These differences could
be due to the effect of drying as this process has been demonstrated to decrease TP, CT
and AC of pecan nuts [50]. Despite that, the application of PEF increased not only the
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CT concentration but also enhanced AC of the cakes. Considering that pecan nuts AC is
closely related to their CT concentration, the increment of AC in cakes from PEF-treated
kernels might be attributed to the release of simple phenolic compounds while condensed
tannins are retained in the cake increasing its AC [50,51].

5. Conclusions

The application of PEF to dry pecan nuts did not increase OEY nor OEYTOTAL of
pretreated kernels (69.1–74.3% and 79.8–85.0%, respectively) in comparison with kernels
without soaking nor PEF processing (88.7%). These results could be due to changes in
oleosomes characteristics and their localization within the cotyledon tissue of dry kernels
submitted to water immersion. Kernels processed at 0.8 kJ/kg were used for the microstruc-
tural analysis showing a reduction of the cell size and oleosomes fusion in the intracellular
space. These changes might help oil flow during mechanical extraction. Comparable values
of acidity, AC, OSI and LOX activity between extracted oils showed that the application of
PEF did not negatively affect pecan nut oil quality. Furthermore, the 0.8 kJ/kg pretreatment
increased CT and AC of generated cakes compared to cakes from untreated kernels and
kernels soaked for 3 min. These results showed that the effectiveness of PEF to increase
OEYTOTAL of pecan nuts is dependent on not only kernels′ moisture and oil content but also
on the drying process. It appears that the rehydration of dry kernels produced a negative
effect on their microstructure and oleosomes characteristics. Thus, further research focused
on these variables is necessary along with other microscopy techniques and analytical
procedures to better understand the effect of PEF pretreatments on oil extraction from
pecan nuts.
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Abstract: This study determined the effect of adding three concentrations of saffron (A: high, B:
medium, and C: low) on vacuum-packaged dry-cured ham slices. The pH and the color coordinates
were assessed at 0, 7, 14, 28 and 60 days of storage, and sensorial quality (visual appearance, odor
and flavor) and safranal content were analyzed at 7, 14, 28 and 60 days. Saffron concentration did not
significantly affect the pH or color (except in a* (redness) and b* (yellowness) at day 28; p < 0.001).
Storage period affected pH values (p < 0.001) in all groups with a significant decline from day 28
(p < 0.05); the color coordinates showed a high stability (only L* (lightness) varied in the C group
samples; p < 0.01). Sensorial quality did not vary with the time in any group. Significant differences
were found among groups in visual appearance (p < 0.05) and flavor (p < 0.001) at day 14 and in odor
at day 14, 28, and 60. In general, the C group samples obtained the highest scores. Safranal content
varied significantly with the time in a different way in each group, with differences among groups at
day 14 and 60 (p < 0.001).

Keywords: ham; slices; Crocus sativus L.; pH; color; sensorial quality; safranal

1. Introduction

Spain ranks second in the European Union as regards pork production
(4530,480–24,075,087 t) [1]. Among Spanish pork products, the most popular is the dry-
cured ham (Jamón), the consumption per capita of which exceeds 1.60 kg [2]; it is typically
offered as cured ham slices sold in trays owing to the increasing consumer demand for
ready-to-eat products [3]. Dry-cured ham is a meat product highly appreciated by con-
sumers because of its sensory characteristics made with pig hind limbs processed under
traditional practices [4] that include salting, washing, draining, drying, and curing. This
meat product is available under four official labels: “Jamón Serrano Traditional Specialty
Guaranteed (TSG)”, “Jamón de Trévelez Protected Geographical Indication (PGI)”, “Jamón
de Serón Protected Geographical Indication” and “Jamón de Teruel Protected Designation
of Origin (PDO)”.

Meat product quality is determined by physicochemical, sensory, and hygienic-
sanitary properties [5], and many factors can affect these parameters in dry-cured ham,
such as raw material [6] or processing technologies [7] such as salting [8] cutting [9], and
drying, which has an effect on texture [10].

Seasoning is used to aromatize meat products and make them safe from a microbiolog-
ical and physicochemical perspective [11,12]. Unlike other Spanish meat products [13,14],
which are manufactured with the most popular spices (white and black pepper, garlic, and
paprika), dry-cured ham is typically seasoned only with salt. Other additives are sometimes

Foods 2021, 10, 1506. https://doi.org/10.3390/foods10071506 https://www.mdpi.com/journal/foods

17



Foods 2021, 10, 1506

used, such as sugar, antioxidants (E-301), preservatives (E-250 and E-252), and acidity cor-
rector (E-331iii). However, saffron (the dried stigmas of Crocus sativus L.), one of the most
important flavoring spices in Spain, has not yet been used. Some studies confirm that saf-
fron alleviates inflammatory diseases such as diabetes [15] and cardiovascular diseases [16]
and has preventive effects on cancer [17,18]. Saffron is composed of a group of carotenoids,
crocetin sugar esters, picrocrocin, and a wide array of ketones and terpenic aldehydes,
with safranal being the most important compound [19–23] that contributes to more than
70% of the aroma of Spanish saffron [22]. Safranal (2,6,6-trimethyl-1,3-cyclohexadiene-1-
carboxaldehyde), which results from the hydrolysis of picrocrocin [24], is credited with
specific bioactive effects, such as satiety-inducing, antidepressant, and neuroprotective ef-
fects [19,25] and protective effects on ischemia-induced PC12 cell injury through inhibition
of oxidative stress and apoptosis [26]; safranal may also be used in future research on the
treatment of schizophrenia [27].

Currently, saffron, which its use dates back to the Sumerians [28], is added to the main
food dishes in different Mediterranean countries [28] as a natural food additive for coloring
and flavoring [29], without limitation in culinary purposes (Regulation (EC) No 1333/2008
of the European Parliament and of The Council of 16 December 2008 on Food Additives).
Saffron has no toxic effects when is used in culinary quantities [30].

To date, there are no reports on the use of saffron to seasone meat products such as
dry-cured ham, however, saffron has been used to flavor cheese [31,32] and yoghurt [33].
When saffron is used to enhance the flavor of foods, it is used in very small concentrations
so as not to detract from the flavor of the main product. Therefore, this study was carried
out to investigate the effect of adding low concentrations of saffron by impregnation of
sliced cured ham on the sensorial acceptance and physicochemical quality during the
storage period. In addition, the transfer of aromatics from saffron to the product was
assessed by analyzing the safranal content using headspace-stir bar sorptive extraction–gas
chromatography/mass spectrometry (HS-SBSE–GC-MS).

The results of this study will contribute to the meat industry through the discovery of
innovative products that may provide added value and have favorable health effects on
consumers.

2. Materials and Methods

2.1. Experimental Design

In this study, 10 dry-cured hams (8 ± 1 kg and pH > 5.6)—from 5 Duroc female
pigs—belonging to the official label “Jamón Serrano TSG” were used. The pigs were
raised under intensive conditions and in compliance with animal welfare standard [34].
Transportation of hams from the slaughterhouse and cutting rooms to the manufacturing
industry (provider of Benibaldo S.A.U., Albacete, Spain) was conducted in refrigerated
vehicles at a temperature <3 ◦C. Then, the dry-cured hams were processed using the
following protocol: hams were pitted, peeled, polished, knocked out, and sliced in a slicer
(Model USA-280, José Bernad, S.L., Albacete, Spain). The slices (0.8 ± 0.1 mm thickness)
were placed on a coating base until 100 g was reached.

Because there are no previous studies on the addition of saffron to meat products, to
establish the concentrations of this spice in each group, first, a preliminary sensory analysis
was performed using a triangle test, to understand whether panelists can differentiate
between the visual appearance of samples spiced with the lowest saffron concentration
(0.015% w/w) and samples without saffron (control group). A sensory analysis was con-
ducted following the recommendations made in a previous study [35], and the results were
statistically analyzed according to [36]. According to a previous study in which 30 pan-
elists participated in such a sensory analysis, the minimum number of correct answers for
determining a perceptible difference should be 19 (∝ = 0.1%). In the present study, 28 of 30
panelists answered correctly. Thus, this concentration of saffron was considered the lowest
that should be added to the ham slices. Therefore, the following groups were compared:
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A (high: 0.055% w/w), B (medium: 0.035% w/w) and C (low: 0.015% w/w) and a control
group without saffron.

Ground saffron, under the PDO label “Azafrán de La Mancha” was directly pur-
chased from a producer (Agrícola Técnica de Manipulación y Comercialización, Minaya,
Albacete, Spain). Generally, this product is commercially available in stigma form and
not in powder form. Ground saffron was characterized according to ISO 3632:2011 [37]
(A1%

1 cm 440 nm = 230 ± 2, A1%
1 cm 257 nm = 95 ± 3, and A1%

1 cm 330 nm = 24 ± 1). Saffron was
evenly added to the samples using a stainless-steel dredger (Model KCFINE, Kitchen Craft,
7.3 × 7.3 × 9.1, 140 g, Amazon, Spain). The temperature during the manufacturing process
did not exceed 15 ◦C. Samples (sachets of ham slices of 100 g each) were packed under
vacuum conditions with a packaging machine (Model JB-350/M, José Bernad, S.L.) using a
base to plate ham (Model 16409, 26 cm, Manchaplas, S.L., Albacete, Spain) and vacuum
bags (Model 90M, 350 × 300 mm2, Gutplask, S.L., Getafe, Madrid, Spain) with an oxygen
permeability rate <70 cm3/m2/24 h, tensile strength at break of 21–43 MPa, elongation at
break of 400–600%, and a slow resistance to penetration >1 N. After packaging, samples
were stored in the dark at 2 ◦C until the analysis. Physicochemical quality was analyzed
at 0, 7, 14, 28, and 60 days of storage, whereas the sensory analysis was done after 7 days
of preparation. A total of 192 sachets were prepared, of which 20 and 160 were used in
the physicochemical and sensory analysis, respectively, and 12 were used to analyze the
transfer of aromatics.

2.2. Analysis of Samples
2.2.1. Physicochemical Quality (pH and Color Parameters)

To determine pH values, a pH meter (Crison GLP 22 + pH & Ion-meter-Crison In-
struments, S.A., Barcelona, Spain) connected to a penetration electrode was used. pH was
directly measured on five different slices randomly selected from each sachet.

Color coordinates (L*, lightness; a*, redness; and b*, yellowness) were evaluated using
a CR 400 chroma meter (Minolta, Osaka, Japan) with a D65 illuminant and 10◦ standard
observer, calibrated against a standard white tile. In all ham groups, five measurements
were randomly taken on the surface of the sample on each sachet, and the mean value
of three measurements was used. Chroma [C* = (a2 + b2)1/2] and hue angle (h* = tan−1

(b*/a*)◦ were calculated [38].

2.2.2. Sensorial Quality

To measure the degree of acceptance or rejection of the three groups of flavored ham,
a hedonic test was performed at 7, 14, 28, and 60 days of storage, at mid-morning in the
test room of the university for 45 minutes approximately. It was carried out by 30 panelists
(the same ones who participated in the triangular test described above; regular consumers
of dry-cured ham; between 20 and 70 years old, 48% women, belonging to the university
community). The attributes to evaluate were: Visual appearance: color assessment relating
to the red color and presence of saffron. Odor: assessment relating to the characteristic odor
associated with curing process and mixed with saffron. Flavor: assessment relating to the
characteristic taste associated with the salt and curing process mixed with saffron. Samples
were kept at environmental temperature for half an hour before the tasting. Three flavored
dry-cured ham slices, one from each group, were placed in plastic plates and codified
with three random numbers. Cold water and toasted bread were supplied to each panelist
before testing each sample for cleansing the palate. Panelists, untrained consumers, were
instructed at the beginning of each session for 15 minutes. The test they were to perform
and how to proceed after eating each slice of flavored ham was explained to them.

The samples were rated on a 5-point hedonic scale, as follow: 1 = “Do not like it”,
2 = “Slightly dislike it”, 3 = “Neither like it nor dislike”, 4 = “Like it” and 5 denoted “I
like it very much”. The consumers chose the expression in relation to their perception and
acceptance of the flavored group. Then, the panelists indicated the concentration they liked
the most overall.
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2.2.3. Analysis of Safranal in Dry-Cured Ham

The transfer of aromatics from saffron to the meat product—flavored dry-cured ham
with this spice—was analyzed by HS-SBSE–GC-MS. The volatile compounds were desorbed
from a polydimethylsiloxane-coated stir bar (0.5 mm film thickness × 20 mm length;
Twister, Gerstel GmbH (Mülheim an der Ruhr, Germany) using an automated thermal
desorption unit (TDU, Gerstel) mounted on an Agilent 7890A gas chromatography system
coupled to a quadrupole Agilent 5975C electron ionization mass spectrometric detector
(Agilent Technologies, Palo Alto, CA, USA) equipped with a fused silica capillary column
(BP21 stationary phase; 30 m length, 0.22 mm internal diameter, and 0.25 μm film thickness;
SGE, Ringwood, Australia). The carrier gas was helium with a constant column pressure
of 20.75 psi. From each group, 200 mg of flavored dry-cured ham was used (every sachet
was divided into four equal parts and 25 mg from each part was used) for each time point
(7, 14, 28, and 60 days of storage). These 200 mg were analyzed in triplicate to detect and
quantify the major component of saffron (safranal), which is the main compound that can
be used to distinguish and classify cured ham flavored with saffron [22]. Thus, 36 vials of
10 mL were used, and the method validated in a previous study [22] was used to analyze
the transfer of aromatics from saffron to dry-cured ham.

Mass spectrometry data acquisition was performed in the positive scan mode; how-
ever, to avoid matrix interferences, the MS quantification was performed in the SIM mode
using the major ion of safranal.

2.3. Statistical Analysis

Data were analyzed using the statistical package SPSS 24.0 version (SPSS Inc., Chicago,
IL, USA). To analyze the effect of saffron concentration (A: high, B: medium, and C: low)
on the physicochemical parameters (pH and color), sensorial quality (visual appearance,
odor, and flavor), and safranal transfer, a Shapiro-Wilk test was carried out to check the
normality and a Levene’s test of homogeneity of variance of all values, then, a one-way
analysis of variance (ANOVA) was performed. Moreover, within each group, ANOVA
was performed to check the effect of storage time. When the differences were statistically
significant (p < 0.05), a Tukey’s test was carried out to identify differences between pairs of
groups. Correlation between safranal and the sensorial and physicochemical parameters
was determined by estimating Pearson correlation coefficients.

3. Results

3.1. Physicochemical Quality (pH and Color Parameters)

Table 1 shows the pH and color parameters of each group (control, A: 0.055%, B:
0.035%, and C: 0.015% w/w), and the changes in these values in the dry-cured ham slices
during the storage period (0, 7, 14, 28, and 60 days). Throughout the storage period, pH
values ranged from 5.96 to 5.42. From day 7, there were no significant differences among
groups. In all samples, a gradual decrease in pH was observed with storage time, with
significant differences between groups from 28 days of storage.

L* values were similar in all groups, and no statistical differences were found among
samples at any time during storage. Notably, both in the control samples and in the flavored
sample with the lowest saffron concentration (C), this parameter gradually decreased until
28 days of storage and then increased significantly. However, the L* values showed high
stability in the A and B groups.

Redness, yellowness and Chroma did not vary with storage time. However, there was
a significant difference due to the added saffron concentration at 28 days (p < 0.01). At
this time point, the values of these color parameters followed the next order A ≥ B ≥ C ≥
control. In Hue (h◦) these differences (p < 0.01) were observed at 28 days and at the end
of the experiment and with the same above order. Huge angle showed a high stability in
control and A groups. Visual appearance of the samples in each group during the storage
time period is showed in Figure 1.
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Table 1. Effect of different added concentrations of saffron and storage period on the physicochemical characteristics (pH
and color; mean ± s.e.) of sachets of ham slices of ham.

Parameters
Storage Period

(Days)

Concentration
ANOVA

CONTROL (n = 5) A (n = 5) B (n = 5) C (n = 5)

pH

0 5.96 ± 0.12 y, c 5.95 ± 0.13 xy, c 5.77 ± 0.05 x, b 5.80 ± 0.10 xy, b *

7 5.76 ± 0.16 b 5.70 ± 0.03 ab 5.73 ± 0.03 b 5.68 ± 0.04 b NS

14 5.71 ± 0.04 b 5.73 ± 0.23 bc 5.71 ± 0.07 b 5.83 ± 0.25 b NS

28 5.69 ± 0.09 b 5.67 ± 0.02 ab 5.77 ± 0.07 b 5.69 ± 0.04 b NS

60 5.48 ± 0.05 a 5.48 ± 0.06 a 5.42 ± 0.05 a 5.44 ± 0.07 a NS

Effect of storage period *** *** *** ***

L*

0 42.37 ± 5.08 ab 45.05 ± 1.77 44.17 ± 7.08 47.28 ± 4.25 b NS

7 48.65 ± 5.22 b 49.15 ± 3.49 45.67 ± 3.44 45.02 ± 1.61 b NS

14 41.64 ± 4.61 ab 43.23 ± 5.67 45.54 ± 8.58 43.81 ± 4.61 ab NS

28 35.32 ± 1.95 a 40.94 ± 5.08 36.97 ± 4.63 35.55 ± 3.38 a NS

60 43.61 ± 3.73 b 45.45 ± 5.64 46.39 ± 6.34 46.09 ± 7.93 b NS

Effect of storage period ** NS NS **

a*

0 19.41 ± 2.98 23.83 ± 3.20 22.15 ± 5.93 18.89 ± 3.50 NS

7 19.22 ± 1.63 20.38 ± 1.82 21.67 ± 2.57 20.68 ± 1.69 NS

14 18.32 ± 2.97 20.00 ± 4.39 18.96 ± 5.73 20.48 ± 4.11 NS

28 17.85 ± 0.77 x 22.29 ± 2.21 y 22.28 ± 1.73 y 20.80 ± 2.38 xy **

60 18.97 ± 2.10 17.13 ± 5.53 15.45 ± 7.34 16.24 ± 7.26 NS

Effect of storage period NS NS NS NS

b*

0 21.34 ± 7.85 29.27 ± 7.26 23.38 ± 5.81 18.70 ± 3.74 NS

7 22.99 ± 6.48 31.62 ± 9.69 28.38 ± 3.84 24.91 ± 4.23 NS

14 20.47 ± 7.69 30.63 ± 6.65 30.65 ± 14.02 25.73 ± 10.12 NS

28 12.37 ± 1.59 x 28.40 ± 10.38 y 20.93 ± 4.27 xy 16.86 ± 6.32 xy **

60 16.23 ± 6.52 29.83 ± 4.73 28.91 ± 10.23 26.20 ± 9.66 NS

Effect of storage period NS NS NS NS

Chroma (C*)

0 29.00 ± 7.67 37.84 ± 7.32 32.66 ± 5.64 26.71 ± 4.22 NS

7 30.22 ± 5.07 37.80 ± 8.95 35.73 ± 4.42 32.45 ± 3.79 NS

14 27.63 ± 7.53 37.00 ± 4.98 36.62 ± 13.29 33.13 ± 9.94 NS

28 21.75 ± 0.99 x 36.37 ± 9.36 y 30.65 ± 3.88 xy 27.01 ± 5.46 xy **

60 25.41 ± 4.39 34.68 ± 5.31 32.91 ± 12.16 31.33 ± 10.32 NS

Effect of storage period NS NS NS NS

Hue (h*)

0 46.40 ± 6.72 50.35 ± 4.77 46.46 ± 10.99 a 44.61 ± 6.02 ab NS

7 49.23 ± 8.10 56.19 ± 5.79 52.61 ± 2.12 ab 50.02 ± 4.39 ab NS

14 34.66 ± 3.87 50.28 ± 8.06 42.86 ± 4.44 ab 37.95 ± 7.81 ab NS

28 46.81 ± 7.01 x 56.26 ± 9.81 y 55.78 ± 12.52 xy, a 49.48 ± 8.86 x, a **

60 39.18 ± 11.75 x 60.49 ± 8.37 y 63.29 ± 6.48 y, b 57.60 ± 11.95 y, b **

Effect of storage period NS NS ** *

CONTROL: sample without saffron; A: 0.055% w/w; B: 0.035% w/w; C: 0.015% w/w. NS: No significant. *, **, ***, indicates significance
levels at 0.05, 0.01 and 0.001, respectively. x,y, values in the same row with different superscript are significantly different due to the group
(CONTROL, A, B and C). a,b,c, values in the same column with different superscript are significantly different due to the different storage
period (0, 7, 14, 28 and 60 days). s.e.: standard error.
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Figure 1. Visual appearance of the samples in each group (CONTROL: sample without saffron; A: 0.055% w/w; B: 0.035%
w/w; C: 0.015% w/w) during the storage time period (0, 7, 14, 28 and 60 days). Scale (1:20).

3.2. Sensorial Quality

Table 2 shows the score given by the panelists to the spiced samples from day 7 of
storage to the end of the experiment (60 days). There were no differences due to the gender
of the panelists, and the results showed great stability in all groups, with values always
higher than 3 and close to 4, which indicate that the spiced ham is to the taste (visual
appearance, odor, and flavor) of consumers.

Table 2. Effect of different added concentrations of saffron on sensory characteristics (visual appearance, odor, and flavor;
means ± s.e.) of sachets of ham slices.

Parameters
Storage Period

(Days)

Concentration
ANOVA

A (n = 30) B (n = 30) C (n = 30)

Visual appearance

7 3.62 ± 0.85 3.74 ± 1.05 3.68 ± 0.98 NS

14 3.42 ± 1.02 x 3.71 ± 0.92 xy 3.98 ± 0.84 y *

28 3.71 ± 1.02 3.66 ± 0.97 3.91 ± 0.92 NS

60 3.75 ± 0.84 4.00 ± 0.76 3.53 ± 0.97 NS

Effect of storage period NS NS NS

Odor

7 3.76 ± 0.82 3.76 ± 1.01 3.68 ± 0.81 NS

14 3.53 ± 0.95 x 3.80 ± 0.78 xy 3.94 ± 0.87 y *

28 3.60 ± 0.81 x 3.57 ± 1.09 x 4.17 ± 0.86 y *

60 3.42 ± 1.27 x 4.14 ± 0.87 y 4.08 ± 0.77 y **
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Table 2. Cont.

Parameters
Storage Period

(Days)

Concentration
ANOVA

A (n = 30) B (n = 30) C (n = 30)

Effect of storage period NS NS NS

Flavor

7 3.50 ± 1.14 3.71 ± 0.87 3.79 ± 0.91 NS

14 3.46 ± 1.08 x 4.00 ± 0.82 y 4.20 ± 0.72 y ***

28 3.74 ± 0.95 3.91 ± 1.01 3.91 ± 0.78 NS

60 3.58 ± 0.94 4.00 ± 0.86 3.72 ± 0.85 NS

Effect of storage period NS NS NS

A: 0.055% w/w; B: 0.035% w/w; C: 0.015% w/w. NS: No significant. *, **, *** indicates significance levels at 0.05, 0.01 and 0.001, respectively.
x,y, values in the same row with different superscript are significantly different. 1: Do not like it; 2: I slightly dislike it; 3: Neither like nor
dislike; 4: Like it; 5: I like it very much. s.e.: standard error.

Significant differences due to saffron concentration were observed in visual appear-
ance (p < 0.05) and flavor (p < 0.001) at 14 days and in odor at 14, 28, and 60 days (p < 0.05
at 14 and 28 d; p < 0.01 at 60 days) with a similar trend for the three sensory parameters:
C ≥ B ≥ A, depending on the time of analysis and the parameter. Figure 2 presents the
percentage of panelists who considered a particular group favorite.

7 DAYS 14 DAYS 28 DAYS 60 DAYS

%
 P

A
N

EL
IS

TS

A B C

Figure 2. Percentage of panelists who considered a particular group favorite (A: 0.055% w/w; B:
0.035% w/w; C: 0.015% w/w) during the study period (7, 14, 28 and 60 days of storage).

3.3. Transfer of Aromatic Compounds from Saffron

Safranal content and its trend throughout the experiment is shown in Table 3. Only
at 14 and 60 days of storage, there were differences (p < 0.001) among groups, and the
groups were ordered according to safranal content as A > B > C and A > B = C, respectively.
Safranal content decreased from day 7 in all samples, but subsequently, the tendency was
different in each group with significant differences (p < 0.001 in A and B; p < 0.05 in C). It is
noteworthy that safranal content increased in all samples at 60 days. Correlation between
safranal content and other parameters is shown in Table 4. Only there was a significant
correlation (p < 0.05) with odor (r = 0.65) in group C.
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Table 3. Determination of safranal (μg/ 100 g ham; means ± s.e.) in sachets of sliced dry-cured ham during the storage
period.

Parameter
Storage Period

(Days)

Concentration
ANOVA

A (n = 3) B (n = 3) C (n = 3)

Safranal

7 4.45 ± 0.31 b 4.03 ± 0.18 b 3.22 ± 0.40 b NS

14 2.99 ± 0.12 z, a 1.36 ± 0.01 y, a 0.69 ± 0.07 x, a ***

28 2.89 ± 0.25 a 1.33 ± 0.29 a 3.00 ± 0.74 b NS

60 5.46 ± 0.27 y, b 2.08 ± 0.46 x, a 2.57 ± 0.26 x, ab ***

Effect of storage period *** *** *

A: 0.055% w/w; B: 0.035% w/w; C: 0.015% w/w saffron. NS: No significant. *, ***, indicates significance levels at 0.05 and 0.001, respectively.
x,y,z, values in the same row with different superscript are significantly different due to saffron concentration of saffron. a,b, values in the
same column with different superscript are significantly different for the different storage period (7, 14, 28 and 60 days). s.e.: standard error.

Table 4. Correlation coefficients between safranal content with the sensorial and physicochemical parameters in each group.

Group Visual Appearance Flavor Odor pH L* a* b* C* h*

A −0.13 −0.25 −0.16 −0.57 0.27 −0.26 0.06 0 0.24

B 0.12 −0.11 0.45 −0.03 0.31 0.12 0.53 0.4 0.35

C 0.3 0.34 0.65 * −0.49 −0.18 0.18 −0.11 −0.02 −0.15

A: 0.055% w/w; B: 0.035% w/w; C: 0.015% w/w. *, indicates correlation significant at the 0.05 level.

4. Discussion

4.1. Physicochemical Quality (pH and Color Parameters)
4.1.1. pH

The pH values found in our study were similar to those reported in previous stud-
ies [39,40] in dry ham after a similar storage time. The decline in this parameter is in
agreement with the findings of a previous study [41] on the effect of storage under vacuum
conditions for 8 months on dry-cured ham quality. In contrast, another study [39] on the
shelf life of sliced dry-cured ham packaged under vacuum with analysis performed in
the same storage period as the present study reported an increase in pH during storage
time. This increase has been associated with the release of amino acids and other basic
compounds during the dry-maturation stage [42].

pH is an important factor influencing the growth of microorganisms, with low pH
inhibiting the growth of pathogens [43]. However, there are pathogenic microorganisms
such as Listeria monocytogenes that can grow in the pH range observed in this study affecting
the ham quality [44]. Therefore, other factors may be crucial to prevent their growth,
such as low water activity and maintaining sliced ham at refrigeration temperatures [45].
According to [46] for cured meat product, such as ham, to be considered stable during
storage and distribution, one of the conditions is that the pH is less than 6.0. In our study,
this parameter was lower than this limit in all groups.

4.1.2. Color Parameters

Color is an important quality characteristic that contributes to the sensorial accept-
ability of dry-cured ham [47]. However, color is affected by many factors such as spices
added, packaging or processing [48]. Changes in color parameters have been studied in
dry ham [40,49–52].

The L* parameter has been associated with the thin layer of moisture on the muscle
surface [53] and lightness in these muscles depends on the water content (moisture) and
water movement (dehydration) towards the surface [42]. For some authors [47] is con-
sidered the most important parameter determining quality of meat products. According
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to [54] changes in this parameter in the sliced dry-cured ham could be negative since
modifications in the typical color of dry-cured ham could influence consumers. It is evident
that the addition of saffron with concentrations such as in A or B groups caused a high
stability in lightness. Nevertheless, the results in C and control group were contrary to the
results of authors such as [40,50] who determined that L* preserved color during similar
storage time in sliced dry-cured ham.

According to [49], redness is used as an indicator of color stability while yellowness
has been associated with rancidity. Authors such as [55] concluded that a* value was the
most important aspect of color. In our study, the a* and b* parameters did not vary with
storage time. Others [49] have also reported similar stability in a* and b* in ham slices after
8 weeks of storage in vacuum packaging. The obtained results could be attributed to the
presence of crocetin esters, also known as crocins, a group of water-soluble carotenoids
responsible for saffron’s color strength [23,28,56]. Crocetin is formed from crocins during
storage time [57]. Due to the fact crocetin is fat-soluble, it could cause the yellowness to
increase in dry-cured ham slices [58].

According to [59] the characterization of the color is achieved by means of the co-
ordinates of L*, a* and b*, but the main purpose in the measurements of the color is the
objective determination of their differences through the parameters of chroma (C*) and of
the tone (h*). Our results showed that the addition of saffron gives a greater C* and tone to
the ham slices, reaching significant differences among groups at 28 days in both parameters
and at the end of experiment in hue.Authors such as [60] have studied the chroma and hue
in Spanish saffron and dry-cured Duroc ham [61], but there are not previous references
which had studied the color parameters of dry-cured ham flavored with this spice.

4.2. Sensorial Quality

Sensory evaluation started developing with the growth of industry and processed
food [62]. Sensory characteristics are crucial in the development of new food products [63]
and influence consumer acceptance both before purchase (visual appearance) and at the
time of consumption (odor and flavor). Because of this, sensory analysis are one of the
most important methods in judging food quality [64]. Previous studies [52,65–70] have
reported these parameters in ham and indicated the importance of flavor in the overall
quality of dry-cured ham. However, the present study is the first to our knowledge to
determine the degree of satisfaction of cured ham spiced with saffron. The addition of
spices provide new tastes, colors and aromas to food that even gives culinary identity [71],
owing to the changes in the composition of volatile compounds [72] that affect the hedonic
characteristics [73] and may affect the acceptance of new products [74]. On the other hand,
spices could improve the quality of meat products due to their preservatives properties [75].

The addition of saffron provoked a great stability during time of study in each group.
In this work, all groups were accepted by consumers. It is evident that the panelists
preferred the group with the lowest concentration of saffron (Figure 2). Other studies [52,76]
that indicated the acceptability of dry-cured ham during storage obtained lower scores with
storage time, owing to increasing rancid odor and flavor in vacuum-packed ham [50,51,77].
Despite the fact the shelf life assigned to Spanish dry-cured ham is approximately one year,
this is significantly reduced when the dry-cured ham is sliced and vacuum-packaged [51,78].
The decrease of flavor, odor and even color is in accordance with the reduction of shelf
life of ham, not due to microbiological problems, but because of the decrease of sensorial
quality [51]. This rancidity is usually associated with a decrease in pH [79] and especially
in products rich in unsaturated fatty acids [80] such as ham. This may have occurred in
the present study (note that we did not analyze lipid oxidation) and affect the scores of
the panelists. However, these scores did not vary significantly during the experimental
period, a finding that may be attributed to the addition of saffron, which may have masked
the negative effect of lipid oxidation or decelerate it owing to its antioxidant power [81].
Significant differences due to saffron concentration could be attributed that safranal, the
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major aromatic component of saffron, changes over time increasing its concentration [82,83]
affecting to hedonic characteristics.

4.3. Transfer of Aromatic Compounds from Saffron

Because safranal is one of the major components of saffron [84] and represents 72%
of the flavoring composition of saffron [85,86], its content was determined to assess the
transfer of aromatic compounds from the spice to the ham. Such saffron compounds were
not found in the control group ham samples, which indicates that dry-cured ham and
saffron do not have common aromatics. The amount of safranal contained in dry-cured
ham was much lower (10−7) than the safranal content present in the spice itself [85]. This
gives a subtle saffron flavor to the dry-cured ham without masking its origin flavor but
enhancing it [28].

In all groups, there is a rapid decrease of 7 to 14 days, consistent with that detected
by the panelists as shown in Table 2, and a different increase at each group to 60 days.
These findings are consistent with previous findings [23,85] that indicated that safranal
concentration is higher in saffron stored longer than a month because of formation of
safranal from crocetin esters and picrocrocin during storage [28]. Previous studies reported
that the main compounds of saffron change over time [82,83].

The method used to determine the transfer [22] only analyses the safranal in the
surface layer of the slice. Therefore, as fat is a lipophilic medium that absorbs apolar
substances [85], it causes a decrease in the safranal content of the such layers. However,
during storage, the generation and the absorption of safranal compete, being the absorption
process faster than the generation process. It could be due to the fact that the internal layers
that have absorbed safranal became saturated with the compound generated after 28 days.
This could occupy the surface layers, recovering the initial values of 7 days. It is shown in
the evolution of A and C and the trend in B groups. Moreover, this is in agreement with
the significant differences between groups at day 14 (with lower concentration of safranal)
and 60 days (with higher concentration of safranal).

With decreasing concentration of saffron used to season the ham, the sensory scores
improved, and the correlation changed from negative in group A to positive in group C
(r = 0.30 with visual appearance, r = 0.34 with flavor, and r = 0.65 (p < 0.05) with odor).
This agrees with the highest organoleptic scores obtained by group C samples (Table 2).
Correlation between color parameters agrees with the previous results explained in Table 1,
due to the change of the main saffron compounds during storage. Correlation of safranal
content with pH (always negative) and with the color coordinates were not significant in
any group.

5. Conclusions

The results of this study suggest that (1) the pH of ham decreases throughout storage,
and (2) the color coordinates do not change over time even with the addition of saffron.
(3) It is advisable not to use a saffron concentration higher than that used in group C
because it negatively affects sensory acceptance. (4) The safranal content varies throughout
storage and shows a positive correlation with sensory parameters, especially when saffron
concentrations are lower. Future studies should analyze the effect of adding other spices to
ham slices, to offer new meat products to consumers.
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Abstract: Food innovation is crucial for food companies in order to produce healthier, safer, and
more convenient foods. However, there is a segment of consumers reluctant to accept new foods.
This attitude is even more important when those novelties are developed in products such as
wine that have habitually relied on heritage and traditional production as their main competitive
advantage. In this study, consumer attitudes toward innovation in the wine industry were evaluated
by simultaneously considering product neophobia and process neophobia. Based upon a sample of
400 personal interviews with Spanish wine consumers, the results showed that these two aspects
of neophobia were uncorrelated, meaning they are useful to measure different aspects of general
food neophobia. Cluster analysis showed that four different segments of consumers exist, with
different attitudes toward technological innovation in the wine industry. The consumer segment
that shows the most positive attitudes toward wine innovation (product and process innovation) is
that with the highest income and highest level of education. Moreover, greater involvement with the
product (wine) results in lower product neophobia. Therefore, future studies should consider product
involvement and exposure to cultural diversity as essential factors when evaluating food neophobia.

Keywords: product innovation; process innovation; neophobia; food technology neophobia; wine
neophobia scale

1. Introduction

The increasing interest of food companies in innovation in the search for competi-
tiveness has encouraged the development of innovations even in food sectors in which
tradition has long been established as their main competitive advantage [1]. Few food
sectors are as influenced by heritage and tradition as the wine production sector, especially
in the traditional wine-growing countries [2]. However, changing consumer tastes and
the emergence of nontraditional wine markets worldwide have encouraged wine makers
to adapt their products in order to succeed [3–6]. However, innovation in the production
of traditional food products must be evaluated carefully [1,7]. In a study conducted in
different European countries, Kühne, Vanhonacker, Gellynck, and Verbeke [1] concluded
that consumers were open to accepting innovation in traditional food products as long
as the traditional character of those foods was preserved. As a result, even if signifi-
cant consumers segments are interested in new wines [2,5], these innovations should be
considered carefully.

Although innovation in the food sector is mainly devoted to the development of
novel products [8], innovation within food companies should be understood as a wider
process [9]. Drawing on the Oslo Manual [10], two different types of innovation can be
identified: technological and nontechnological innovations. The former refers to the devel-
opment of new products or production processes, while the latter refers to the innovations
that companies implement in their marketing strategies or their management [11]. In the
wine sector, technological innovations include a range of possibilities, from the addition
of different extracts [5] to the use of fungus-resistant grapes [12] or changes in the wine-
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making process [13]. On the other hand, nontechnological innovations include changes in
marketing strategies [14] or the implementation of voluntary certification schemes [15].

Although food innovation is crucial to meet the increasing demand of safer, healthier,
and more convenient foods [16,17], the development of novel products faces the rejection
of consumers that perceive risks or disadvantages in these innovative foods [18,19]. Several
studies have reported that only a small percentage of launched novel food products suc-
ceed, while the vast majority continue to fail [7,20–22]. This negative perception increases
when production is perceived to be more industrial [23] as food innovation is sometimes
associated with processed products and unhealthiness [24]. With this in mind, the develop-
ment of new food products must consider the effects of so-called Food Neophobia (FN),
which was defined by Henriques et al. [25] as the personal reluctance to accept and/or
enjoy new or unfamiliar foods.

Due to the direct effect of FN on the success of food innovation, numerous tools have
been proposed to evaluate this attitude [26]. However, thirty years after its presentation,
the most successful tool to evaluate FN is still the Food Neophobia Scale (FNS) developed
by Pliner and Hobden [27]. This scale has been used as the basis for the development of
other scales to measure additional aspects of FN. This is the case of the so-called Food
Technology Neophobia Scale (FTNS), developed to evaluate consumers’ reluctance toward
foods produced using new technologies [28]. Various studies have reported that although
the FNS and the FTNS are related, the low correlations found on the scores of the two
scales (ranges from −0.12 to 0.33) [19] show that they measure different aspects of FN,
supporting the idea of general FN as a complex variable that can only be evaluated using a
combination of different instruments.

Wine is a complex product, and, for this reason, consumer wine consumer preferences
are influenced by a wide range of factors from the emotional and social to intrinsic quality
factors [29–31]. The importance attributed to each quality factor, from origin to wine barrel
aging, depends on consumer involvement with the product [32] but also on individual
attitudes that appear as a result of social background [5]. All these specific characteristics
of wine encouraged the creation of a specific Wine Neophobia Scale (WNS) [6] using
the existing FNS, to specifically evaluate wine neophobia (WN). Few studies have been
developed using the WNS, although there are some noteworthy exceptions. This is the case
of the study by Nguyen, Johnson, Jeffery, Danner, and Bastian [5], who, after evaluating
the level of WN in Australia, Vietnam, and China, found that WN is country-dependent.

After thirty years of studies on FN, some general conclusions have been reached,
while other areas are still open to debate [33]. Knaapila et al. [34] reported that up to two-
thirds of the variation in individual FN was genetically determined. Supporting the idea
of FN as a personal trait, lower FN scores have been associated with a higher individual
openness [35] and greater exposure to cultural diversity [36]. Following this association,
higher FN scores have also been reported for individuals living in rural areas [36,37]. In
this regard, most of the studies coincide in reporting higher levels of FN in individuals
with lower levels of education and income [37–42]. However, it is still unknown whether
the general conclusions reached for general FN might also apply to WN.

The current study aimed to evaluate consumer attitudes toward innovation in the
wine industry, including the combined study of WN and food technology neophobia (FTN).
The identification and characterization of consumers with the most positive attitudes
toward innovation is crucial to develop strategies that ensure wine companies committed
to wine innovation achieve higher profits than penalties as a result of their breaking with
the association between wine and tradition and heritage.

2. Materials and Methods

2.1. Database

The data used in this study were collected using survey personal interviews to con-
sumers when they were about to shop in different establishments. The survey was ad-
ministered in September 2019 in the cities of Madrid, Leganés, and Toledo (Spain) as
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representative examples of large, medium, and small-sized towns, respectively. A total of
400 individuals who reported to have drunk wine at least once in the previous month were
interviewed. A filter question was used for this purpose. The socioeconomic characteristics
of the consumers interviewed are shown in Table 1. The maximum sampling error was
below 5.0% for a confidence level of 95.5% (k = 2) under the principle of maximum inde-
termination (p = q = 50%). To confirm that the survey questions were well designed and
were easily understandable, the preliminary questionnaire was administered to 30 wine
consumers before the fieldwork.

Table 1. Socioeconomic characteristics of the sample (%).

Variables Percentage (%)

Gender
Men 56.9

Women 43.1

Age (in years)
18–24 14.0
25–34 21.0
35–49 20.0
50–64 25.0
>65 20.0

Education level
Elementary 28.5
Secondary 39.5
University 30.6

Postgraduate 1.5

Net monthly family income
<EUR 1500 17.5

EUR 1500–2100 22.8
EUR 2101–3000 35.6

>EUR 3000 24.2

2.2. Methodology

In order to evaluate consumer WN, the Wine Neophobia Scale (WNS) was adminis-
tered [6] (Table 2). The WNS is an 8-item scale developed to evaluate consumer neophobia
toward the acquisition of new wines, based on the well-known FNS originally developed
by Pliner and Hobden [27] to evaluate general food neophobia. As the questionnaire
was administered in Spanish, the translation proposed by Fernández-Ruiz et al. [43] was
used, changing the word “alimento” (food) to “vino” (wine). In the WNS, consumers are
asked to evaluate each of the proposed items on a 9-point Likert-type scale ranging from
“strongly disagree” (1) to “strongly agree” (9). The individual score on the WNS for each
consumer was calculated as the sum of the 8 items after reversing the negative items (items
2, 4, 5, and 8). As a result, consumers obtaining higher values indicate a higher level of
wine neophobia and, as a result, a lower tendency to try new wines. On the other hand,
consumers with lower scores are identified as wine neophilics, indicating a higher tendency
to try new wines.

To evaluate consumer attitudes toward foods produced using novel technologies,
the Abbreviated Food Technology Neophobia Scale (AFTNS) was used [44] (Table 2).
The AFTNS is an abbreviated 9-item version of the original 13-item Food Technology
Scale proposed by Cox and Evans [28]. The translation to Spanish provided by the study
of Schnettler et al. [45] was used. Specifically, consumers were asked to evaluate the
9 proposed items using a 6-point Likert-type scale. Individual scores for each consumer
were calculated as the sum of the scores for each item after reversing the negative item
(item 5). Within the possible range of the scale (9 to 54), higher values indicate a higher
level of food technology neophobia (FTN), meaning consumers with a low tendency to
accept products that have been produced using novel technologies (NT).
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Table 2. Items from the Wine Neophobia Scale (WNS) and the Abbreviated Food Technology Neophobia Scale (AFTNS).

WNS AFTNS

Item Statements Item Statements

1 I like going to places serving wines from
different countries. (R) 1 New foods are not healthier than traditional foods.

2 I will drink almost any wine. (R) 2 The benefits of new food technologies are often
grossly overstated.

3 I am afraid to drink wines I have never had before. 3 There are plenty of tasty foods around, so we do not need to
use new food technologies to produce more.

4 At social gatherings, I will try a new wine. (R) 4 New food technologies decrease the natural quality of food.

5 I like wines from different countries. (R) 5 New food technologies are unlikely to have long-term
negative health effects. (R)

6 If I do not know what wine it is, I won’t try it. 6 New food technologies may have long-term negative
environmental effects.

7 I do not trust new wines. 7 It can be risky to switch to new food technologies
too quickly.

8 I am constantly trying new and different wines. (R) 8 Society should not depend heavily on technologies to solve
its food problems.

9 There is no sense trying out high-tech food products
because the ones I eat are good enough.

Additionally, consumers provided information about the importance they attached to
different wine attributes (such as price or origin) using a 5-point Likert-type scale ranging
from very unimportant (1), neither unimportant nor important (3), to very important
(5). To identify the attributes included in the survey, previous studies evaluating factors
that determine wine purchase decision-making were used [5,46]. Consumers were also
required to indicate the frequency of their consumption of wine (four levels). Using a
9-point Likert-type scale from strongly disagree (1) to strongly agree (9), consumers were
also asked to indicate their attitudes toward statements linked to wine innovation and
their opinions on statements about individual openness. Moreover, to include information
on the consumers’ socioeconomic characteristics, they were asked to provide information
about gender, age, highest level of education completed, and net household income.

Similarly to Schnettler, Grunert, Miranda-Zapata, Orellana, Sepúlveda, Lobos, Hueche,
and Höger [44], a cluster analysis using hierarchical conglomerates was used with linkage
by Ward’s method and the squared Euclidian distance as the measure of similarity between
objects [47]. The aim of the segmentation was to identify consumer segments according to
consumer scores obtained on the WNS and AFTNS. Four different groups with different
attitudes were obtained. To describe the differences between the obtained segments, one-
way analysis of variance (ANOVA) with Tukey’s HSD post-hoc (significance level 5%)
comparison was used to examine responses about wine attributes and the results of the
scales, and Pearson’s chi2 test was applied to discrete variables. For the statistical analysis
of the data, the Statistical Package for Social Sciences IBM SPSS version 23 was used.

3. Results and Discussion

The results show that consumers interviewed in this study are more neophobic than
the average consumer in Australia [5]. In this regard, the deeper tradition of Spain as
a growing wine country could be the explanation for consumers’ less positive attitude
toward the acceptance of novel wines [2]. However, this explanation contradicts the widely
accepted idea of FN decreasing with the exposure to product diversity [36]. In European
countries in which viticulture is traditional, wine consumers are exposed from birth to
a wide range of different wines, yet their level of wine neophobia seems to be higher
than in other emerging markets such as Australia. Castellini and Samoggia [2] suggested
that in European countries in which viticulture is traditional, consumers are influenced
by their countries’ wine traditional heritage but, at the same time, excited about trying
novel or innovative wines. To our knowledge, only the study by Nguyen, Johnson, Jeffery,
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Danner, and Bastian [5] has evaluated the level of wine neophobia in several countries
simultaneously, concluding that consumers from Vietnam were more neophobic than those
from China and Australia.

The correlation found between the score obtained by consumers on the WNS and
the AFTNS was not significant, showing a value within the range reported for previous
studies between the FNS and the FTNS [19,28,44,48–51]. This result confirms the proposed
idea of the WNS and FTNS measuring different aspects of FN. Moreover, the average
score obtained on the WNS for Spanish consumers is similar to the values reported by
Fernández-Ruiz, Claret, and Chaya [43] for general FN using the FNS. In this sense, further
studies of the correlation between WN and general FN should be conducted to evaluate
whether one could be used as a proxy of the other.

The results of the consumer segmentation analysis using the scores obtained on the
WNS and the AFTNS are shown in Table 3. Four different consumer segments comprising
a similar number of consumers were obtained. Segment 1 is composed of those reported as
wine neophilics as they show the lowest values of WN and TFN. A segment of neophobics
was also identified (Segment 4). This segment was formed by consumers that showed
the highest values of WN and FTN, meaning they had the lowest interest in trying new
wines and also the lowest rate of acceptance of any product produced using innovative
technologies. Two consumer segments with intermediate characteristics between these two
groups were also identified. Segment 2 was formed by consumers with low values of WN
but high values for TFN. Opposite attitudes were reported by those consumers aggregated
in Segment 3.

Table 3. Consumer segmentation according to Wine Neophobia Scale (WNS) and Abbreviated Food Technology
Scale (AFTNS).

Segment 1
Neophilics

(n = 102)

Segment 2
Neophilics

Anti-NT
(n = 93)

Segment 3
Neophobics

Pro-NT
(n = 112)

Segment 4
Neophobics

(n = 93)

Scales
WNS (p = 0.000) 23.59 b 24.06 b 40.34 a 41.33 a

AFTNS (p = 0.000) 18.79 c 33.25 a 21.45 b 34.49 a

Consumption frequency (%)
A few times per week 20.6 21.5 9.8 18.3

Once per week 43.1 40.9 18.8 20.4
Once per two weeks 8.8 15.1 15.2 15.1

Once per month 27.5 22.6 26.3 46.2
Wine attributes

Type (p = 0.007) 4.32 ab 4.59 a 4.15 b 4.48 a

Grape variety (p = 0.000) 3.53 a 3.66 a 2.71 b 3.01 b

Barrel aging (p = 0.000) 4.09 a 4.01 a 2.95 b 3.31 b

Price (p = 0.068) 3.77 4.22 3.95 4.12
Origin (p = 0.001) 3.63 ab 3.88 a 3.31 c 3.32 bc

Brand image (p = 0.000) 3.94 a 3.90 a 3.27 b 3.56 ab

Bottle aesthetics (p = 0.010) 3.16 ab 3.30 a 2.71 b 2.85 ab

Quality labels (p = 0.001) 3.69 a 3.67 a 3.04 b 3.25 b

Organic (p = 0.000) 2.36 a 2.45 a 1.94 b 1.75 b

The means of the values for the consumers in each segment are shown for the scales and for the wine attributes. Different letters in the
same row mean significant differences for scales and wine attributes (p < 0.05). Chi-squared values for wine consumption frequency are:
X2 = 44.101, df = 9, p = 0.000.

Segments composed of consumers that show lower WN scores (Segments 1 and 2) are
also those that report a higher frequency of wine consumption (more than 60% of them
consume wine at least once a week). This result supports the idea that a greater exposure to
the product, in this case, a higher frequency of wine consumption, is associated with a lower
product neophobia [36]. Similar results were obtained by Nguyen, Johnson, Jeffery, Danner,
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and Bastian [5], who also found a correlation between consumption frequency and WN
in different countries. More involved consumers (the group of neophilics and neophilics
anti-NT) attach greater importance to most of the wine attributes considered, including
grape variety, wine barrel aging, or the presence of quality labels. When purchasing food
products, a higher involvement has also been associated with the evaluation of a wider
range of attributes in products such as fruits [52]. On the other hand, WN has no significant
effect on the importance consumers attach to the price when purchasing wine.

Table 4 shows the attitudes of the reported segments toward the statements linked to
the wine purchasing process. Wine neophilic segments showed more positive attitudes
toward online wine shopping. Regarding wine distribution, Casali et al. [53] found that
innovative wine companies opt more for direct distribution channels. Our results suggest
that innovative consumers could shop at innovative wineries using online sales as a
direct selling channel. Consumers that are more open to wine innovation also place more
trust in wine advertising more and pay greater attention to bottle aesthetics and winery
image when purchasing wine. This encourages wine makers to develop nontechnological
innovations (marketing and organizational innovations) also directed to these segments of
wine neophilics.

Table 4. Impacts of WN and FTN on wine consumers’ opinions toward statements linked to wine innovation.

Neophilics
(n = 102)

Neophilics
Anti-NT
(n = 93)

Neophobics
Pro-NT

(n = 112)

Neophobics
(n = 92)

I would like to buy more wine online (p = 0.000) 3.37 a 2.52 b 1.72 c 1.42 c

I would like to have my favorite wine accessible in more
retailers (p = 0.088) 1.63 2.13 1.63 1.72

I trust advertising about new wines (p = 0.000) 7.08 a 6.75 a 5.13 b 5.54 b

Wine bottle aesthetics are very important to me (p = 0.000) 6.02 a 6.02 a 3.96 c 5.04 b

I value the corporate image of the winery when purchasing a
wine (p = 0.000) 7.03 a 6.71 a 4.59 c 5.52 b

The means of the values for the consumers in each segment. Likert 9-point scale from strongly agree (1) to strongly disagree (9). Different
letters in the same row mean significant differences in the consumers’ opinions (p < 0.05).

Table 5 shows the socioeconomic characteristics of each designated segment. Signifi-
cant differences were found between consumer segments regarding income and education,
but not according to gender or age. No effect of gender on consumer neophobia was
expected as, although a study developed in very specific populations reported some ef-
fects [54], large-scale studies developed in countries such as Portugal [55] or Sweden [56]
have concluded that there is no association between gender and FN.

Although significant differences for age were not found, the age profile of the segment
of neophilic consumers showed slight differences compared to the profile of neophobics.
For example, the number of consumers over 65 years old was twice as large in the neophobic
segment as in the neophilic segment. In this sense, Castellini and Samoggia [2] reported
that in countries with a long tradition of wine consumption, young consumers show more
positive attitudes toward wine innovation [2]. However, in one of the most comprehensive
studies about evolution of FN with age, Dovey et al. [57] concluded that FN reaches
its highest point in childhood and then decreases during adolescence, is stable during
adulthood, and then increases slightly in older ages as health problems appear. As wine
consumption is mainly concentrated in adulthood, the reported absence of age-related
differences between segments is consistent with the model proposed by Dovey, Staples,
Gibson, and Halford [57].

On the other hand, significant differences were found for the variables of education
and income. The segment of neophilic consumers was composed of the consumers with
the highest income and level of education, while the segment of neophobic consumers
showed the lowest income and the lowest education level. Currently, there is a consensus
on the negative association between individuals’ FN scores and higher education level and
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income [33,37,40]. According to our results, this association between lower income and
education and higher neophobia also appears when WN is considered instead of general
FN. Flight, Leppard, and Cox [36] explained this association by considering that exposure
to greater cultural diversity is expected for consumers with a higher socio-economic status,
which results in lower neophobia.

Table 5. Socioeconomic characteristics of the segments (%).

Neophilics Neophilics Neophobics Neophobics
(n = 102) Anti-NT Pro-NT (n = 92)

(n = 92) (n = 112)

Gender (%)
Men 65.7 57 50 55.9

Women 34.3 43 50 44.1
Age (%)

18–24 11.8 11.8 17 15.1
25–34 20.6 23.7 20.5 19.4
35–46 25.5 22.6 17 15.1
50–64 28.4 23.7 24.1 23.7
65+ 13.7 18.3 21.4 26.9

Education level (%)
Elementary 20.6 29 28.6 36.6
Secondary 41.2 35.5 48.2 31.2
University 34.3 33.3 23.2 32.3

Postgraduate 3.9 2.2 0 0
Net family income (%)

<EUR 1500 9.3 33.8 7.2 21.9
EUR 1500–2100 13.5 9.3 38.1 29.3
EUR 2101–3000 39.6 32.6 41.2 28

>EUR 3000 37.5 24.4 13.4 20.7

Chi-squared values for the socioeconomic variables are: gender, X2 = 5.42, df = 3, p = 0.143; age, X2 = 26.79, df = 12,
p = 0.571; education level, X2 = 18.703, df = 9, p = 0.028; net family income, X2 = 72.580, df =12, p = 0.000.

In a recent study, Rabadán and Bernabéu [33] suggested that globalization tends to
reduce the level of FN worldwide as exposure to different cultures increases [36]. The
association between lower FN and higher individual openness was initially proposed by
Knaapila, Silventoinen, Broms, Rose, Perola, Kaprio, and Tuorila [35]. To evaluate the
association between personal openness and technological innovation in the wine sector,
consumers were asked to evaluate their degree of agreement with different statements
(Table 6). The results showed that according to the statistical differences reported for some
items, a higher openness could be attributed to the less neophobic segments, i.e., they are
more willing to travel and discover new cultures. However, in the statements covering the
self-reported attachment to tradition, a clear pattern did not appear.

Table 6. Impacts of WN and FTN on statements about individual openness.

Neophilics
(n = 102)

Neophilics
Anti-NT
(n = 92)

Neophobics
Pro-NT

(n = 112)

Neophobics
(n = 92)

I consider myself a traditional person (p = 0.006) 5.58 ab 6.30 a 4.93 b 5.89 ab

Religion is very important to me (p = 0.001) 4.84 ab 3.76 b 5.31 a 4.99 ab

I support the traditional values of the family (p = 0.000) 5.01 b 6.48 a 6.85 a 7.04 a

I like traveling and discovering new cultures (p = 0.000) 8.15 a 8.04 a 6.58 b 6.61 b

I believe that immigration is positive for my country (p = 0.351) 4.71 5.06 4.52 4.59

Means of the values for the consumers in each segment. Likert 9-point scale from strongly agree (1) to strongly disagree (9). Different letters
in the same row mean significant differences in the consumers’ opinions (p < 0.05).
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4. Conclusions

This study shows that wine consumers show different levels of WN and FTN. This
result supports previous findings stating that WN and FTN are useful to measure different
aspects of FN. Beyond this, the study suggests that wine consumers with a higher income
and level of education tend to be more open to trying new wines. This confirms that the
idea of lower education and income leading to higher FN scores is also applicable to the
wine sector. Results also state that WN reduces as product involvement increases. For this
reason, neophilic consumers consume wine more frequently and consider a wider range of
attributes when purchasing wine.

Regarding practical implications, obtained results encourage wine makers to develop
new wines and novel production techniques, focusing on consumers with higher socioe-
conomic status. Within wine attributes, wine makers should pay special attention to the
type of wine, the wine barrel aging, and the brand image as these are the key attributes
considered by this consumer segment in the purchasing process. Wine makers should also
consider that consumer segments eager to try innovative wines exist; however, not all of
them are open to the same kinds of innovations, and wines including specific innovations
intended for specific consumers segments would need to be developed.

Although wine is considered a traditional food product deeply linked to heritage, wine
innovation is crucial to ensure increased demand, mainly in the traditional wine producing
countries of Europe, and specifically in Spain, where wine consumption is significantly
lower than in surrounding countries. Consumers are accustomed to continuous innovations
in the food sector, and the wine sector cannot only rely on their strong connections with
terroir and culture to survive. Moreover, severe global competition and the positive attitudes
toward the innovation of consumers in emerging markets encourage these innovations.

There were some limitations to this work. First, surveys were only conducted in three
locations, while the results have been extrapolated to the whole country. It should also
be considered that due to the sampling method, some bias could appear. In addition, the
use of different Likert-type scales may have led to confusion for some of the interviewees.
Second, in market research, there may be a difference between what consumer respondents
say and what their real attitudes are. Third, it should be considered that the present study
has only evaluated consumer attitudes toward technological innovations (product and
process), while nontechnological innovations have been neglected.

Future studies should examine the specific innovations that wine consumers are more
willing to accept. Recent knowledge suggests that innovations considered too radical could
face rejection even among more pro-innovation consumers. In this regard, specific studies
about consumers’ acceptance of nontechnological innovations, including marketing and
organizational innovations, should be developed.
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Abstract: Cookies, which form the largest category of bakery snacks, are considered a good vehicle
to introduce nutrients into the diet. In this study, to increase the nutritional value of traditional
commercial cookies, wheat flour was substituted with defatted flours made from flax, sesame, chia,
and poppy, which are byproducts of the oil extraction industry. The differences in the technological
properties, nutritional composition, and consumer acceptance of the reformulated cookies were
evaluated. The results show that the wheat cookies used as the control showed a more elastic
behavior than the cookies elaborated with defatted seed flours, which showed a greater tendency to
crumble. The use of defatted seed flours yielded cookies with a higher content of protein and fiber,
and a lower content in carbohydrates than the wheat cookies. Consumer evaluations for the sesame
and flax cookies were similar to those for the traditional wheat cookies, with positive assessments on
all of the parameters evaluated. On the other hand, the cookies elaborated using chia and poppy
flours received the least positive evaluations from consumers. Thus, the use of some defatted seed
flours, mainly flax and sesame, is proposed as an interesting alternative to produce health-promoting
cookies in order to cover the current demand for gluten-free products.

Keywords: food innovation; chia; flax; proximate composition; sesame; poppy

1. Introduction

Cookies are baked products containing three major ingredients: flour, fat, and sugar.
They form the largest category of bakery snacks because of their low cost, good taste,
texture (crispness), and storability, and are considered an effective vehicle for nutrient
supply to consumers. Cookies are usually developed with wheat flour because it forms
unique visco-elastic dough when mixed with water, due to the presence of gluten [1].
However, in specific individuals, gluten may create autoimmune reactions. For this reason,
the demand for gluten-free products is increasing, leading to a considerable growth in the
gluten-free food market [2]. Even among gluten-tolerant individuals, a reduction in the
popularity of products with gluten has been observed in recent years [3]. Thus, it would
be interesting to substitute wheat for other gluten-free flours that enhance the nutritional
quality of the final product [4,5].

However, the nutritional profile of gluten-free bakery products available in the market
is often questioned [6,7]. It is thus advisable to replace wheat flour with other flours that
provide nutrients and other healthy compounds, and to thus produce cookies that may
contribute to the design of a healthy diet. In addition, the healthy properties of snacks
are currently a major concern [8,9]. For this purpose, the use of seed defatted flours,
which are byproducts of the oil extraction industry, may be appropriate. Several seeds that
are commercially available for human consumption as food supplements are considered
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functional foods because of their beneficial effects on health. This category includes flax,
sesame, chia, and poppy seeds. These contain high levels of oil (higher than 20%), which
can be extracted by pressure systems, resulting in an oil extraction industry that produces
high quality oils rich in polyunsaturated fatty acids. One byproduct of this industry is the
press cake, which, once ground, yields the defatted flour. Although these defatted flours
may be used for other purposes [10,11], they are generally considered as waste, with no
further use. Thus, the incorporation of defatted seed flours into the formulation of cookies
may be useful to increase the added value of this byproduct [12].

In addition, defatted seed flours may contain valuable compounds to improve the
nutritional properties of cookies. They show higher levels of proteins and total dietary fiber,
but a lower content of fat than the seeds [13,14]. However, the remaining fat content has the
benefit of seed oils, where polyunsaturated fatty acids are predominant [15]. Additionally,
these seeds contain a high proportion of bioactive compounds, such as polyphenolic
compounds, with antioxidant properties [16].

In this work, we evaluated the physical, nutritional, and sensory behavior of cookies
elaborated with defatted flour from chia, flax, sesame, and poppy seeds, in order to consider
the use of this valuable byproduct from the oil industry in the food chain.

2. Materials and Methods

2.1. Raw Materials

All of the seeds used in this study were acquired in local supermarkets. To prepare
the defatted flours, seeds from flax (Linum usitatissimum), sesame (Sesamum indicum),
chia (Salvia hispanica), and poppy (Papaver somniferum) were subjected to oil extraction
with a screw press (Komet Oil Press CA59G, IBG Monforts Oekotec GmbH and Co. KG,
Mönchengladbach, Germany) at 49 rpm and 75 ◦C [17].

2.2. Cookies Preparation

The recipe adopted for cookie preparation followed the process proposed by Jan et al.
(2018) [4], with slight modifications. First, 25 g brown sugar and 25 g of refined sunflower
oil as a fat source were mixed to obtain a creamy mixture. The rest of the ingredients were
then added to form the dough, as follows: flour 50 g, sodium bicarbonate 1 g, salt 0.5 g,
skimmed powder milk 2.5 g, and water 8 mL. The dough was rolled out with a rolling pin
to a uniform thickness of 0.6 cm and cut to form 5 cm diameter round cookies. These were
then baked at 200 ◦C for 10 min. The cookies were subsequently cooled before performing
the analysis.

For each type of cookie, the wheat flour as well as defatted flax, sesame, chia, and
poppy flours were used separately.

2.3. Physical Measurements

We measured the diameter and the height of 10 baked cookies of each type, using a
digital caliper. The spreading factor was calculated by dividing the diameter by the height.

The color was measured by reflection in five random points on the surface of the
cookies with a Minolta CR-200 colorimeter (Minolta Camera Co. Ltd., Osaka, Japan), using
D65 as the illuminant. The tristimulus values were used to calculate the CIELab chromatic
coordinates, as follows: L* (brightness), a* (red-green component), and b* (yellow-blue
component).

To measure the texture of the cookies, five cookies of each type were cut perpendic-
ularly with a Warner Bratzler blade with a rectangular slot blade at a constant velocity
of 2 mm/s, using a TA-XT Plus texture analyzer (Stable Micro Systems, Godalming, UK).
We recorded the maximum force needed to cut the cookie and the deformation before
breaking.
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2.4. Proximate Composition

The main nutritional components of the cookies were measured following Rabadán,
et al. [18]. Briefly, the protein content was calculated by multiplying the total nitrogen
content, obtained by the Kjeldahl method, by a conversion factor of 6.25. To determine the
ash content, the flours were ashed at 550 ◦C to a constant weight. Crude fat (ether extract)
was estimated gravimetrically using the filter bag technique after petroleum ether extraction
of the dried sample in an Ankom XT10 extraction system. To determine the content of
crude fiber, we applied the Weende technique, adapted to the filter bag technique. This
method determines the organic residue remaining after digestion with solutions of sulfuric
acid and sodium hydroxide, using an Ankom 220 fiber analyzer. The total carbohydrate
content was calculated by subtracting the sum of the crude protein, total fat, water, and ash
from the total weight of the flour [19]. The available carbohydrate content (nitrogen-free)
was calculated by subtracting the crude fiber from the total carbohydrate content [20].
The energy value of the cookies was estimated from the relative content of the protein
(N × 6.25), fat, and carbohydrates, using the Atwater general factors of 4.0, 9.0, and 4.0 kcal
g-1 for each component, respectively. The proximate analysis was performed in triplicate
for each cookie formulation.

2.5. Consumer Preferences

To measure consumers’ preferences for the cookies, 106 participants were selected
among staff and students at the University of Castilla-La Mancha. Only regular consumers
of cookies were involved in the study. With that purpose in mind, only individuals who
reported having eaten cookies at least once in the last month were selected for the study.
Consumers were asked to score on an 11-point scale how much they liked the recipe,
from least (0, I do not like it at all) to most (10, I like it very much). Each consumer spent
about 15 min evaluating the cookies. The considered parameters were color, odor, taste,
appearance, texture (crunchiness), and overall acceptability of the cookie.

2.6. Statistical Analysis

Statistical differences were estimated using an ANOVA test at a 5% level (p ≤ 0.05) of
significance. All of the statistical analyses were carried out using the SPSS program, release
23.0 for Windows.

3. Results and Discussion

3.1. Physical Parameters

The spread factor, measured by dividing the diameter of the cookies by their height, is
an important parameter to estimate the behavior of the dough during baking. A higher
spread factor and larger diameter are considered as crucial quality characteristics for
cookies [21]. Although it has been proposed that the gluten, sugar, or fiber content may
influence the spread factor [22], in this case, the behavior of cookies was unclear. The
spread factor varied from 8.97 in the flax cookies to 11.10 in the poppy cookies, while
the cookies made with wheat flour, with gluten, showed intermediate values (Table 1).
Significant differences were found in the values between the cookies made with sesame
and poppy seed flour. It has been proposed that gluten forms a web during the baking of
cookies, which increases the viscosity and stops the flow of cookie dough, leading to lower
cookie diameters [23]. However, the diameter of the wheat cookies showed no significant
differences with those obtained in the rest of the formulations. This could be explained by
the existence of other proteins that may also affect the viscosity of the dough. Regarding
the cookies made with defatted seed flours, no clear correlations between spread factor
and the rest of nutritional parameters measured were found. Regarding the diameter, the
sesame cookies showed significant differences compared with the chia and flax cookies,
which showed the lowest values.
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Table 1. Mean values for size parameters (diameter and height) and spread factor for all of the
cookies.

Diameter (cm) Height (cm) Spread Factor

Wheat 5.34 ± 0.27 ab 0.57 ± 0.03 ab 9.20 ± 0.13 b

Flax 5.22 ± 0.34 b 0.59 ± 0.02 a 8.97 ± 0.97 b

Sesame 5.62 ± 0.22 a 0.54 ± 0.01 abc 10.20 ± 0.16 ab

Chia 5.11 ± 0.21 b 0.51 ± 0.02 bc 9.78 ± 0.37 ab

Poppy 5.31 ± 0.21 ab 0.49 ± 0.06 c 11.10 ± 1.38 a

Numbers are means of multiple measurements. Different letters in the same column indicate significant differences
(p < 0.05).

Color was measured according to CIE L*a*b* parameters, where L* represents light-
ness, a* the value in the red-green axis, and b* the value in the yellow-blue axis. The use of
different ingredients has significant effects on the color of the cookies [24]. Surface color is
considered an important indicator of the degree of baking, and may play an important role
in consumer acceptance. The expected color for cookies is golden brown for the surface
and creamish white for the crumb [25]. However, in this case, the color of the cookies was
greatly affected by the color of the flour. Chia and poppy flours were darker, resulting in
cookie colors with lower L* values. Although baking tends to decrease the lightness of
cookies, reducing the difference between them, it is still possible to appreciate significant
differences in this parameter (Figure 1A). When the color of the cookies was measured, only
those elaborated with flax seed defatted flour showed a similar color to the ones elaborated
with wheat flour (Figure 1B). The cookies made from chia and poppy seed flours formed
another group with lower values of a* and b*, while the cookies made with sesame flour
showed intermediate values. Similar results have been observed when other gluten-free
flours are used to make cookies [26]. The lower values of L*, a*, and b* in the cookies elabo-
rated with defatted seed flour indicate less attractive colors for consumers [25]; although,
in the case of flax and sesame, the differences with the wheat cookies were smaller.

 

(A) (B) 

Figure 1. (A) Values of brightness (L*) of flour (light grey bars) and cookies (dark grey bars). (B) Values of CIELab color
coordinates a* (red-green) and b* (yellow-blue) of the cookies elaborated with the different defatted seed flours.

Regarding texture, we recorded the maximum force needed to break the cookies and
the deformation until the cookies broke (Figure 2). Different patterns were observed for
this parameter. The wheat cookies, used as the control, showed a more elastic behavior,
represented by the lower slope in Figure 2. This means that the cookies were deformed
to a greater degree when force was applied until breaking occurred. The other cookies
elaborated with defatted seed flours showed a more fragile behavior, as the deformation
was lower when the force was applied. Regarding the maximum force needed to break
the cookies, those elaborated with flax flour were the hardest (53.72 ± 11.01 N), followed
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by chia cookies (39.42 ± 11.42 N), leading to crispier cookies. The cookies elaborated with
defatted flours from sesame and poppy showed a similar breaking force to wheat cookies,
although deformation until breaking was lower, indicating a more fragile behavior.

Figure 2. Maximum force and deformation until breaking for cookies elaborated with defatted seed
flours. Points are the average value of five repetitions.

3.2. Proximate Composition

Table 2 shows the proximate composition of the cookies elaborated with the different
seed flours. Humidity was low in all of the cookies, and was lower than 2% in all cases. The
reduced values of humidity are adequate to ensure a long shelf-life, making the cookies a
long-life food if adequately packaged.

Table 2. Proximate composition of cookies elaborated with different defatted seed flours.

Wheat Flax Sesame Chia Poppy

Humidity (%) 1.6 1.0 1.4 0.8 1.8
Nitrogen (%) 0.96 2.47 2.68 2.55 2.74
Protein (%) 6.00 15.44 16.75 15.94 17.13
Ashes (%) 1.34 3.38 4.27 4.13 6.04
Fiber (%) 0.75 4.03 2.79 12.41 6.96
Fat (%) 4.29 5.93 14.11 5.22 7.07

Total carbohydrates (%) 88.37 75.25 64.87 74.11 69.77
Available carbohydrates (%) 87.62 71.22 62.08 62.30 62.81
Energy value (kcal/100 g) 416 416 453 410 411

Numbers are means of three independent measurements.

One of the main advantages of seed defatted flours is their high content of proteins [14],
which is an interesting source to enhance the nutritional characteristics of baked products.
The cookies elaborated with defatted seed flours showed a higher protein content than
the wheat cookies. The highest protein content was observed in poppy cookies (17.13%),
although no significant differences in flax, sesame, and chia cookies were revealed. In all
of the cases, the cookies yielded more than twice the protein content of wheat cookies.
Previous studies have reported the addition of defatted sesame seed as a useful addition
for increasing the protein content of cookies [27]. Although the main use of these seeds is
as oil, because of the elevated proportion of polyunsaturated fatty acids, the benefits of
their protein fraction in the defatted flours has also been evaluated [28].

In addition, the fiber content was also higher in all of the cookies elaborated with seed
defatted flours. Fiber intake remains low in Western societies, despite the health benefits
attributed to it, which are related to metabolic parameters, microbiome composition, and
metabolite production [29]. Thus, the fortification of foods with fiber is a major area of
interest in the food industry, and is an opportunity for food reformulation [30]. Fiber is an
important component of the studied seeds as it represents, for example, 24.65% of the total
composition in poppy seeds [31], 27.30% in flax seeds [32], and 34.4% in chia seeds [32]. In
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this sense, the cookies elaborated with defatted chia flour showed the highest fiber content
(12.41%), followed by poppy, sesame, and flax. All of the reformulated cookies showed
much higher values than those reported for the wheat cookies (Table 2).

Another important parameter in the proximate analysis is fat content. In this sense,
seed flour cookies showed an increase in fat content due to the fat remaining in the flour
after oil extraction. When pressure systems are used to extract oil, generally about 15–20%
of fat remains in the defatted flour, depending on the oil extraction method [33]. In any
event, seed oils show positive characteristics as they are rich in polyunsaturated fatty acids,
and this oil can also be considered a healthy source of fat [31]. They are especially rich in
α-linolenic acid, a fatty acid the body cannot synthesize and that is the biological precursor
to eicosapentaenoic acid and docosahexaenoic acid [34]. Sesame cookies were notable for
their fat content (14.11%), because of the lower yield in the oil extraction process and the
consequent higher fat content in the defatted flour.

The energy values were similar in all of the cookies, except those made with sesame,
due to their higher fat content. The higher protein and fat content in seed flour cookies
was counteracted by a lower total carbohydrate content. To reduce the energy value of
the sesame cookies, the oil extraction process should be optimized to obtain flour with a
reduced fat content [33].

Regarding these data, defatted flours from seeds represent an interesting ingredient
to fortify cookies from a nutritional point of view, as they increase the protein and fiber
content and reduce carbohydrates. The proximate analysis results suggest that all of
the reformulated cookies showed a better nutritional quality than the traditional wheat
cookies [35].

3.3. Consumer Evaluation

Regarding the consumer evaluation of cookies, each participant was asked to indicate
their preferences on several parameters, namely: color, odor, taste, appearance, texture,
and overall acceptance. The data are shown in Figure 3. The color of the cookies made with
chia and poppy seed flours was darker than the rest of cookies [24]. As previously reported,
consumers prefer golden brown cookies [25], and, consequently, these dark cookies were
scored lower by our consumers. On the other hand, the cookies made with flax and sesame
flours had positive evaluations, although there were significant differences with the scores
obtained by the wheat cookies. Drawing on previous studies, in order to obtain similar
values for color in reformulated cookies to those obtained for traditional cookies, traditional
flours should only be partially replaced [25]. A significant proportion of consumers are
reluctant to try novel foods that differ, in color, for example, to those they usually eat [36].

Figure 3. Sensory properties of cookies elaborated with defatted seed flours. Different letters in the
same column indicate significant differences (p < 0.05).
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Regarding odor, again the chia and poppy cookies scored the lowest. In this case,
poppy cookies showed values lower than 5, indicating that the odor of these cookies was
unpleasant for consumers. Being an odor that consumers are unused to, they consider it
a negative attribute. A similar behavior was found when taste was considered, with the
poppy cookies scoring lowest, with values below 5. The rest of cookies showed values over
5, indicating that consumers liked them. The sesame cookies showed a median value of 7,
the highest of the seed defatted flour cookies, although the highest scores were obtained
by the wheat cookies used as the controls. The high values reported for sesame compared
with the other seeds could be attributed to the higher fat content. Higher fat content tends
to increase consumer preference for various food products, compared with the low-fat
versions [37,38].

Regarding texture, cookies made with chia and poppy flours showed a high tendency
to crumble, again obtaining a low consumer evaluation. The other three cookies (wheat,
flax, and sesame) showed similar crunchy characteristics, leading to higher scores from
the consumers, with no significant differences. The global acceptability of sesame cookies
showed no significant differences from those of wheat, meaning that consumers could easily
change from traditional wheat cookies to 100% defatted flour sesame cookies. Previously,
other studies analyzing the overall acceptability of traditional and partially reformulated
sesame cookies have reported a similar acceptability in both types [27].

Flax flour cookies also showed positive evaluations in all of the categories tested. On
the other hand, the cookies made with chia and poppy defatted flour showed the lowest
values regarding sensory evaluation. In this case, other ingredients should be included in
the cookie recipe, for example other fat sources [38], to provide better sensory properties
that fit consumers’ preferences. These flours could also be mixed, in a low percentage, with
wheat flour or other flours to improve acceptance [39].

4. Conclusions

Here, cookies were made with seed defatted flour (flax, sesame, chia, and poppy),
a byproduct of the oil extraction industry. From a physical point of view, all the cookies
made showed a similar behavior when baked, with no clear differences regarding spread
factor. The color of the cookies was greatly influenced by the color of the flour, resulting in
darker cookies when chia and poppy flours were used. Regarding texture, seed defatted
flour cookies showed a higher tendency to crumble, while wheat cookies had a more elastic
behavior.

The use of flax, sesame, chia, and poppy defatted flours improves the nutritional
properties of cookies, with an increase in protein, fiber, and fat content, but with a decrease
in total carbohydrates. From a sensory point of view, the cookies elaborated with flax
and sesame defatted flours showed similar values to those of the wheat cookies used as
a control on all of the parameters evaluated (color, odor, taste, texture, appearance, and
global acceptability). Chia and poppy cookies showed lower values, especially poppy
cookies, which yielded values lower than 5 for odor and taste.

All these data suggest that seed defatted flours are an interesting ingredient for
improving the nutritional characteristics of cookies, although in the case of chia and poppy,
other ingredients, mainly other fats, should be included to improve sensory attributes.
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12. Şahin, S.; Elhussein, E.A.A. Assessment of sesame (Sesamum indicum L.) cake as a source of high-added value substances: From
waste to health. Phytochem. Rev. 2018, 17, 691–700. [CrossRef]

13. Fernández-López, J.; Lucas-González, R.; Viuda-Martos, M.; Sayas-Barberá, E.; Pérez-Alvarez, J.A. Chia Oil Extraction Coproduct
as a Potential New Ingredient for the Food Industry: Chemical, Physicochemical, Techno-Functional and Antioxidant Properties.
Plant Foods Human Nutr. 2018, 73, 130–136. [CrossRef]

14. Prakash, K.; Naik, S.N.; Vadivel, D.; Hariprasad, P.; Gandhi, D.; Saravanadevi, S. Utilization of defatted sesame cake in enhancing
the nutritional and functional characteristics of biscuits. J. Food Process. Preserv. 2018, 42, e13751. [CrossRef]

15. Ewerlin, M.; Bortolatto, R.; Torquato, A.; Steinmacher, N.; Rodrigues, A. Proximate Composition and Fatty Acids from Partially
Defatted Chia (Salvia hispanica) Flour. Rev. Virtual Química 2018, 10, 13–20. [CrossRef]

16. Pellegrini, M.; Lucas-Gonzalez, R.; Sayas-Barberá, E.; Fernández-López, J.; Pérez-Álvarez, J.A.; Viuda-Martos, M. Bioaccessibility
of Phenolic Compounds and Antioxidant Capacity of Chia (Salvia hispanica L.) Seeds. Plant Foods Hum. Nutr. 2018, 73, 47–53.
[CrossRef] [PubMed]

17. Rabadán, A.; Pardo, J.E.; Gómez, R.; Álvarez-Ortí, M. Influence of temperature in the extraction of nut oils by means of screw
pressing. LWT 2018, 93, 354–361. [CrossRef]

18. Rabadán, A.; Álvarez-Ortí, M.; Gómez, R.; Pardo-Giménez, A.; Pardo, J.E. Characterization of pistachio oils and defatted flours
regarding cultivar and geographic origin. J. Food Compos. Anal. 2018, 71, 56–64. [CrossRef]

19. Sullivan, D.M. Proximate and mineral analysis. In Methods of Analysis for Nutrition Labeling; Sullivan, D.M., Carpenter, D.E., Eds.;
AOAC International: Arlington, VA, USA, 1993.

20. González, J.; Alvira, P.; González, G. La cascarilla de arroz en la alimentación animal. II. Composición químico-bromatológica.
Rev. Agroquímica Tecnol. Aliment. 1987, 27, 139–149.

21. Panghal, A.; Chhikara, N.; Khatkar, B.S. Effect of processing parameters and principal ingredients on quality of sugar snap
cookies: A response surface approach. J. Food Sci. Technol. 2018, 55, 3127–3134. [CrossRef]

22. Yamsaengsung, R.; Berghofer, E.; Schoenlechner, R. Physical properties and sensory acceptability of cookies made from chickpea
addition to white wheat or whole wheat flour compared to gluten-free amaranth or buckwheat flour. Int. J. Food Sci. Technol.
2012, 47, 2221–2227. [CrossRef]

23. Ganorkar, P.; Jain, R. Effect of flaxseed incorporation on physical, sensorial, textural and chemical attributes of cookies. Int. Food
Res. J. 2014, 21, 1515–1521.
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Abstract: Lulo (Solanum quitoense Lam.) is a Colombian fruit that is mostly used in the preparation of
homemade juice as well as natural remedy for hypertension. The aim of this study was to determine
physicochemical and antioxidant properties (antioxidant capacity, total phenols, flavonoids and sper-
midine content, and polyphenolic compounds profile by liquid chromatography—mass spectrometry
(LC-MS)) of the lulo fruit and its juice. Additionally, vacuum impregnation (VI) properties of the fruit
and the effect of high homogenization pressure (50, 100, and 150 MPa) on the juice properties were
studied. The results revealed a good availability and impregnation capacity of the pores in fruits with
similar maturity index. The main differences observed between the juice and fruit derive from remov-
ing solids and bioactive components in the filtering operation. However, the effect of high-pressure
homogenization (HPH) on particle size and bioactive compounds increases the antiradical capacity
of the juice and the diversity in polyphenolics when increasing the homogenization pressure.

Keywords: LC-mass spectrometry; antioxidant capacity; vacuum impregnation; polyphenolic profile;
lulo fruit juice; spermidine

1. Introduction

Having great fruit diversity, Colombia is worldwide considered one of the main
producers of tropical fresh fruit with advantageous possibilities for the development of
healthy food products from regional wild species [1].

One of Colombia’s territorial departments with great natural wealth is Chocó, which
is characterized by its mega diverse and complex ecosystems with high primary produc-
tion and little agrifood system transformation. On the other hand, according to a health
situation analysis carried out and published by the Ministry of Health and Social Protection
(MINSALUD) in 2018 [2], around 25.7% of the adult population in this region suffers from
hypertension problems. According to the World Health Organization (WHO), noncom-
municable diseases such as cancer, diabetes and hypertension are the main death causes
worldwide [3]. Among them, hypertension has become the leading cause of death not only
in Colombia but around the world, where it has reached up to 1.13 million sick people.
In this context, the development of functional foods to prevent cardiovascular risk from
highly consumed local fruits is a challenge.

Lulo (Solanum quitoense Lam.) is one of the most important tropical fruits in Colombia.
Known as naranjilla in Ecuador and as lulum in Peru, this crop from the Solanaceae family
is grown in Colombia, Ecuador, Peru, Venezuela, Guatemala, Mexico, Costa Rica, Domini-
can Republic, and Panama. The plant produces a spherical fruit with a diameter that varies
between 3 and 8 cm [4]. In the last years, the lulo fruit has raised considerable interest in
the global market due to its organoleptic characteristics, pleasant aroma, and acidic and
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refreshing taste [5]. Consequently, its exportation has undergone a remarkable increase,
particularly reaching the United States and Europe. The fruit has considerable nutritional
potential due to its high content of vitamins such as thiamin, riboflavin, vitamin A, proteins,
minerals, and spermidine [6]. A recent study has demonstrated the potential antihyperten-
sive use of lulo [7]. For the first time, these authors found N1,N4,N8-tris (Dihydrocafeoil)
spermidine and N1,N8-bis-(Dihydrocafeoil) spermidine to be bitter bioactive amines in
lulo fruit samples. These compounds confer some functional characteristics to lulo for the
control of hypertension.

Technological transformation processes are needed to produce innovative fruit deriva-
tives with a long shelf life and, as much as possible, preserved functional attributes and
acceptable physical and sensorial characteristics. In this sense, some nonthermal tech-
nologies allow for the improvement or maintenance of relevant properties. Compared to
traditional heat treatments, the application of high- and/or moderate- pressure homoge-
nization (HPH) to fruit juices has been shown to be less destructive for food compounds of
low molecular weight. Likewise, this result may be related to sensory and nutritional quali-
ties and to the sufficient inactivation of different microorganisms. Moreover, it can improve
the efficiency and performance of other processes when applied as pretreatment [8,9].

Additionally, food engineering operations like vacuum impregnation (VI) allow for
the incorporating of physiologically active compounds to fruit matrices; the structure of
which performs as a natural protection, thus resulting in fresh functional foods [10,11].
Fruit juices with improved properties have been incorporated into adequate fruit matrices,
leading to functional foods with better composition and high potential to soften some
health problems [12].

Due to the valuable and characteristic aroma of lulo fruit and its richness in antioxidant
components, some studies regarding volatile profile, antioxidant capacity, and composition
in carotenoids, polyphenols, or other micronutrients have been done. In addition, it is
possible to find some works in the literature focused on pulp-drying to obtain a powder
for industrial use. However, as far as the authors know, no work has been carried out
determining the possibilities of using the fruit in VI treatments or analyzing the effect of
HPH on the physicochemical and antioxidant properties of juice.

Considering everything mentioned above, it was considered relevant to study physic-
ochemical and antioxidant properties (antioxidant capacity, total phenols, flavonoids and
spermidine contents, and polyphenolic compounds profile) of the lulo fruit and its juice.
Additionally, VI properties of the fruit and the effect of HPH (50, 100, and 150 MPa and
one pass) on the lulo juice properties were studied too. The end goal is to provide knowl-
edge contributing to the use of the indigenous agrifood resources of the region of Chocó
(Colombia) in order to improve the health of its population.

2. Materials and Methods

2.1. Food Materials and Sample Preparation

Colombian fresh lulo fruits (Solanum quitoense Lam.) were purchased at the Central
Market of Valencia (Spain) and stored at 4 ◦C until processing.

The whole fruits were processed as follows for their analysis: after removing the
peduncle, they were washed and cut into pieces, which were crushed in a mortar. This
whole crushed fruit is hereafter called “fruit”.

The procedure for obtaining the lulo juice was as follows: after removing the peduncle,
the whole fresh fruit was washed and blended (Phillips Advance Collection Standmixer,
800 W, 2 L) for 10 min. Then, the blend was filtered and sieved with a 500 μm stainless-steel
mesh sift (200/50, CISA). The filtered liquid thus obtained is hereafter called “juice”.

The sample preparation for VI experiments was as follows: the fruit was washed and
cut transversally into 5 mm thickness and 64 mm diameter slices (FAGOR CF-150 slicer).
The fruit skin was not removed, so as to prevent any absorption of materials through
the lateral surface of the slices, which allowed assuming unidirectional matter flow. The
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impregnation experiments were carried out on three lulo fruit batches at a very similar
ripeness stage, and three samples per batch were characterized.

Figure 1 summarizes in a flow chart the sample preparation and treatments.

Figure 1. Flow chart summarizing sample preparation and treatments.

2.2. HPH Treatment

Juice samples were homogenized with one pass (Gea Niro Soavi-Panda Plus 2000
homogenizer, Parma, Italy) at 50, 100, and 150 MPa. Homogenized and nonhomogenized
juices were refrigerated at 4 ◦C under aseptic conditions until later analysis.

2.3. VI Experiments

The VI experiments were carried at a pilot plant scale in the Institute of Food Engineer-
ing for Development at Universitat Politècnica de València (Spain). The equipment used
was described by Fito et al. [13]. In all trials, the sliced fruit samples were immersed in
isotonic sucrose aqueous solutions (aw = 0.994 ± 0.003), and a vacuum pressure of 50 mbar
was applied for 10 min. Subsequently, atmospheric pressure was restored, keeping the fruit
slices immersed in the impregnation liquid for 10 min more. The impregnation parameters
allow us to quantify the volumetric fraction of liquid incorporated into the porous structure
and the volumetric deformation of the sample after the vacuum stage (X1 and γ1) and at
the end of the process (X and γ). The effective porosity (εe) provides information on the
volumetric fraction of pores that are filled during the VI experiments. All the parameters
were calculated using the model equations proposed by Fito et al. [14].

2.4. Physicochemical Characterization

In fruit, the moisture content was quantified by vacuum drying at 60 ◦C until constant
weight [15]. Water activity was measured using a dew point hydrometer (DECAGÓN
Aqualab CX-2, ±0.003, Pullman, WA, USA). Brix were determined in a refractometer
(ABBE ATAGO BT, NAR T3, Tokyo, Japan) at 20 ◦C. pH values were measured with a
potentiometer (Mettler Toledo Inlab, Schwerzenbach, Switzerland) at 20 ◦C. The apparent
density was obtained through the volume displacement method, using a solids pycnometer
and toluene as reference liquid.

In homogenized and nonhomogenized juice, density was determined with a liquid’s
pycnometer. Particle size distribution was determined using a Malvern Mastersize 2000
system (Malvern Instruments Limited, Worcesterhire, UK) equipped with a blue light
source (470 nm wavelength; 0.02–200 micron measuring range). A small amount of sample
was diluted in deionized water in the diffractometer cell under moderate agitation until it
reached 8–9% darkness. The refractive index values of the juice (cloud) and the dispersant
(water) were 1.5 and 1.33, respectively. These measurements were taken using a short-
wavelength blue light source in conjunction with forward and backscatter detection to
enhance sizing performance in the 0.01–1000 μm range. The particle size distribution of
the juice was characterized by percentages in volume (D[4,3]) and in area (D[3,2]) based
diameters, and by percentiles d10, d50, and d90, which represent the characteristic diameters
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under which 10%, 50%, and 90% of the particles are within the distribution. Each analysis
was repeated ten times. The rheological behavior was determined by obtaining a flow
curve from a rotary rheometer (HAKKE RheoStress 1—RS1 Thermo Electron Corporation,
Karlsruhe, Germany), using a Z34 DIN coaxial cylinder sensor system and a temperature
bath at 20 ± 1 ◦C (HAKKE Phoenix 2 controller, Thermo Electron Corporation, Kalsruhe,
Germany). The samples were subjected to three ascending and three descending sweeps
with a velocity gradient from 0 to 300 s−1. Since all the samples exhibited a non-Newtonian
pseudoplastic behavior, samples’ flow behaviors were modeled using the Ostwald–de
Waele model.

σ = K·
.
γn

The parameters K (consistency index (Pa·sn)) and n (flow behavior index (dimension-
less)) for the model were obtained by regression using the software HAAKE RheoWin Data
Manager v.3.61.0004. The results stated are the average of triplicates.

Color coordinates were obtained through a reflection spectrum between 400 and
700 nm, using a MINOLTA brand spectrocolorimeter (Model CM-3600D, Minolta, Osaka,
Japan) with D65 illuminant and a 10 ◦C observer as references. The resulting CIE-L*a*b*
color coordinates allowed for the calculating of the psychometric coordinates: tone (h*ab)
and chrome (C*ab). The color difference (ΔE) between each homogenized juice and the non-
homogenized one (reference) was calculated. All determinations were made by triplicate.

2.5. Antioxidant Properties

Antioxidant capacity by DPPH and ABTS methods, total phenols, flavonoids and
spermidine content, and polyphenolic compounds profile of the lulo fruit and homogenized
and nonhomogenized juices were determined.

For determination of total phenols and flavonoids content and antioxidant capacity by
DPPH and ABTS method, antioxidants were extracted from fruit or from juice by diluting
the samples in an 80:20 (v/v) methanol-water solution at a 1:10 ratio (w/v) and centrifuged
at 10,000 rpm and 20 ◦C for 5 min (Selecta, “Medifriger BL-S”). Subsequent analyses were
carried out on the supernatant (extract) by triplicate.

Total phenol content was determined following the Folin–Ciocalteu method [16,17].
For this procedure, 0.125 mL of extract, 0.125 mL of Folin–Ciocalteu reagent (Sigma-Aldrich,
Saint Louis, MO, USA), and 0.5 mL of double-distilled water were mixed and allowed to
react for 6 min. After that, 1.25 mL of 7% (w/v) sodium carbonate solution and 1 mL of
double distilled water were added. Absorbance was measured in a spectrophotometer
(Thermo Scientific, Helios Zeta U/Vis, Loughborough, UK) at 765 nm after 90 min. A stan-
dard gallic acid curve ranging from 0 to 500 mg/L was obtained. Results were expressed
in milligrams of gallic acid equivalent (GAE) per gram of sample.

Flavonoid content was determined following the method described by Luximon-
Ramma et al. [18]. In this case, 1.5 mL of extract and 1.5 mL of a 2% (w/v) aluminum
chloride solution in methanol were mixed and left in the dark for 10 min. Absorbance was
measured on a spectrophotometer (Thermo Scientific, Helios Zeta U/Vis, Loughborough,
UK) at 368 nm. The resulting data were compared to a standard quercetin curve ranging
from 0 to 350 mg/L. The results were expressed in milligrams of quercetin equivalent (EQ)
per gram of sample.

Antioxidant capacity by DPPH (2.2-diphenyl-1-picrylhydrazyl) radical was deter-
mined following the method described by Kuskoski et al. [19] and Stratil et al. [20], with
some modifications. A blend made up of 0.1 mL of the extract, 0.9 mL of methanol, and
2 mL of a 100 μM methanol–DPPH (39.4 μg/mL) solution was prepared. After 60 min of
reaction time, absorbance was measured at 517 nm in a spectrophotometer (Thermo Scien-
tific, Helios Zeta UV/Vis, Loughborough, UK). The results were expressed as milligrams
of Trolox equivalent (TE) per gram of sample, using the Trolox calibration curve within a
0 to 500 mg/L concentration range.

Antioxidant capacity by ABTS (2.2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid)
radical was evaluated following the method described by Re et al. [21]. A solution contain-
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ing 7 mM of ABTS radical and 2.45 mM of potassium persulfate was prepared and left in
the dark at room temperature for 16 h. ABTS+ was mixed with phosphate buffer to reach
an absorbance of 0.70 ± 0.02 at 734 nm. Then, 0.1 mL of extract was added to 2.9 mL of
ABTS+ solution. Absorbance was measured at 734 nm in a spectrophotometer (Thermo
Scientific, Helios Zeta UV/Vis, Loughborough, UK) after 0, 3, and 7 min of reaction time.
The results were expressed as mg of Trolox equivalent (TE) per gram of sample.

Polyphenolic compounds profile and spermidine content were determined by liquid
chromatography—mass spectrometry (LC-MS) analysis. First, phenolic compounds were
extracted according to the procedure described by Rodrigues et al. [22] and Svobodova [23],
with some modifications. In brief, 5 g of sample were mixed with 20 mL of methanol/water
(80:20 v/v) solution by stirring (Ultra-Turrax, Staufen, Germany) at 150 rpm and room
temperature for 1 h. This mix was centrifuged (Beckman Coulter AvantiTM J-25, Hamburg,
Germany) at 3864× g and 20 ◦C for 5 min and the supernatant taken. The extraction
procedure was repeated five times. Finally, the supernatant was filtered using a Whatman
No. 1 paper filter and, subsequently, a 0.45 μm nylon filter and then directly injected into
the HPLC equipment.

The equipment used for separation and identification of phenolic compounds was
an (Agilent 1290 HPLC Technologies series infinity System LC, Santa Clara, CA, USA)
system with a MS detector and a C18 (1.7 μm, 2.1 × 50 mm, Waters) UHPLC (Ultra High-
Performance Liquid Chromatography) column. A flow rate of 0.4 mL/min and an injection
volume of 5 μL at 30 ◦C were applied. The solvents employed were 0.1% formic acid in
water (A) and 0.1% formic acid in methanol (B). The applied gradient elution was 10% B
(0 min), 10% B (5 min), 100% B (12 min); 100% B (18 min), 10% B (18.5 min), 10% B (25 min).
An automated calibration was performed using an external calibrant delivery system (CDS)
which infuses calibration solution prior to sample introduction. The selected system was
an (AB SCIEX Triple TOF™ 5600 MS, Santa Clara, CA, USA) which was used for data
acquisition in both positive and negative modes over a mass range of 80–1000 m/z, under
the following conditions: both negative and positive ion modes; ion source gas 1 (GC1):
55 psi; ion source gas 2 (GC2): 55 psi; gas curtain 1:25 psi at 400 ◦C; negative ion spray
voltage (ISVF): −4500; collision energy (CE): −50; positive ion spray voltage (ISVF): 5500;
collision energy (CE): 30; accumulation time for both positive and negative modes set at
100 ms. The MS used the IDA (Information-Dependent-Acquisition) acquisition method,
the survey scan type (TOF-MS, Time of Fligh-Mass- Spectrometry) and the dependent
scan type (product ion) with collision energy set at 50 V/30 V. Likewise, spermidine was
quantified using the LC-MS/MS (Liquid Chromatography—Mass Spectrometry) method
by means of direct extrapolation on the standard curve. The results were expressed in
mg/L. Determinations were done by triplicate.

2.6. Statistical Analysis

The statistical analysis of the data was performed in a Statgraphics Centurion XVII
software package, making use of simple or multifactorial analysis of variance (ANOVA) at
a 95% confidence level (p < 0.05).

3. Results and Discussion

3.1. Vacuum Impregnation Properties of Lulo Fruit

Lulo fruit impregnation parameters provide information on the volume of external
liquid that can be incorporated into the fruit tissue by controlled VI. This, in turn, informs
us on the viability of incorporating protectants, preservatives, physiologically active com-
pounds, or other additives in the porous structure of the fruit, aiming at its preservation
or the formulation of new functional foods [10]. According to Fito et al. [14], the physico-
chemical properties of the impregnation liquid (mainly viscosity) affect the impregnation
parameters, but it is the structural features of the impregnated tissue that are decisive. It is
necessary that the tissue have sufficiently big intercellular and hollow spaces which, upon
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slicing, ensure the presence of open pores and, hence, the flow of the impregnating liquid
into the porous structure of the fruit.

Table 1 shows the mean and standard deviation values of the VI parameters cor-
responding to three different lulo batches impregnated with an isotonic sucrose aque-
ous solution.

Table 1. Vacuum impregnation parameters of lulo fruit slices (mean ± standard deviation).

Batch aw
◦Brix X1 γ1 X γ εe

1 0.995 ± 0.001 a 8.73 ± 0.06 a 5 ± 7 a 5 ± 4 a 8.8 ± 1.6 a 3 ± 3 a 6 ± 4 a

2 0.996 ± 0.003 a 8.93 ± 0.06 a 2 ± 4 a 5 ± 2 a 11 ± 2 a 3.7 ± 0.9 a 8 ± 2 a

3 0.994 ± 0.002 a 8.70 ± 0.17 a 2.5 ± 1.3 a 7.1 ± 1.0 a 8.6 ± 0.9 a 2.9 ± 0.8 a 6.3 ± 1.2 a

Different letters in the same column indicate statically significant differences (p ≤ 0.05).

The obtained values reveal the technical feasibility of this type of unitary operation on
lulo fruit. No significant differences (p > 0.05) were observed in parameters X1, γ1, γ and
εe, while they were observed indeed in parameter X. A linear relation (R2 = 0.736) between
Brix and X can be observed, allowing one to state that the riper the fruit, the higher the
impregnation of its porous matrix.

The observed differences are fundamentally due to the morphological and structural
variability of the fruit, which certainly deserves attention when it comes to the VI process.
Positive average values for parameters X1 (1–5%) and X (8.6–16%) in all batches indicate the
incorporation of the impregnation liquid into the porous structure of the fruit during the
vacuum stage and total process, respectively. Likewise, the positive volume deformation
records registered during the vacuum stage and total process, respectively, expressed by
γ1 (3.9–7.1%) and γ (2.9–6.6%), indicate a volumetric expansion of the fruit matrix, mainly
affected by vacuum application [24].

The effective porosity (εe) provides information on the volumetric fraction of pores
that are filled during the VI experiments. It shows favorable values between 6–9%, which
makes the lulo matrix appropriate for the VI process. Interesting observations result from
comparing these results to the values obtained for several fruits and vegetables. The current
lulo results are much lower than those reported by Betoret et al. [9] and Fito et al. [25] for
Granny Smith apple (21 ± 0.9) and Soraya eggplant (64.1 ± 2), but higher than those of
Chandler strawberry (6.4 ± 0.3), Hayward kiwi (0.7 ± 0.5), and Bulida apricot (2.2 ± 0.2).
Regarding a likely significant batch effect (aw and Brix) on εe, it can be observed that there
are no significant differences due to the apparent homogeneity between the studied fruit
samples. Differences in Brix and aw may be associated with different degree of ripeness
that bring with them a different structural behavior of the samples during the impregnation
process. In this way, selecting fruits with the same degree of ripeness would allow obtaining
fruits with a very homogeneous response to the impregnation process.

3.2. Physicochemical Characterization

Table 2 shows the water content, Brix, water activity, pH and density values of the
studied fruit, and homogenized and nonhomogenized juice samples.

The only significant differences (p ≤ 0.05) are observed between fruit and juice soluble
solids content (Brix) and density, regardless of HPH treatment. This is due to the fact that
some fruit soluble solids remain in the bagasse after juice preparation.

Comparing the density values of homogenized and nonhomogenized juices, a slight
increase is produced by the homogenization pressure. This effect can be associated to a
decrease in the particle size of the suspended solids and an increase in the stability of the
cloud observed in homogenized fruit juices [26–28].

Particle size distribution of homogenized and nonhomogenized juice samples is pre-
sented in Figure 2. A monomodal distribution ranging from 1 to 1000 μm can be observed
in all juice samples, with a small irregular peak between 10 and 50 μm in the nonhomoge-
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nized juice. Although there is a remarkable reduction in particle size as a consequence of
homogenization, all curves exhibit a similar particle size distribution pattern.

Figure 2. Effect of homogenization pressure on the particle size distribution of homogenized and
nonhomogenized juice.

The above is corroborated by statistical analysis of the volume (D[4,3]) and area
(D[3,2]) based diameters, which reveals a significantly negative correlation between ho-
mogenization pressure and particle size. The maximum and minimum diameters were,
respectively, observed in the nonhomogenized juice (251 ± 5 μm) and the one homogenized
at 150 MPa (57.94 ± 0.14 μm).

Comparing these results with those reported by Salustiana orange juice (150.1 ± 4.8,
107.7 ± 4.1 μm) and Ortanique mandarin (372.1 ± 1.9, 122.9 ± 2.2 μm) exhibits slightly
similar values to those obtained for diameter (D[4,3]) in the present study. However,
the (D[4,3]) and (D[3,2]) diameter values found by Castagnini et al. [29] in cranberry
juice are much lower. Both authors claim particle size reduction in juices treated with
homogenization pressure.

Particle size values below 10%, 50%, and 90% of the particles present in the lulo juices
studied in the present work are much higher than those reported by Castagnini et al. [29]
for homogenized cranberry juice.

Values of rheological properties show a pseudoplastic behavior in homogenized and
nonhomogenized lulo juices (Table 2). Non-Newtonian behavior of fruit juices results from
complex interactions between soluble sugars, colloidal pectic substances, and suspended
solids. Pseudoplastic behavior reflects a structural reorganization of fluid particles as
the velocity gradient increases, not reaching an asymptotic viscosity value. In general,
in fruit juices, the higher the soluble solids content, the higher the consistency index.
Nonhomogenized lulo juice have a low consistency index (K) and a lower than 1 value
of the flow behavior index (n), reflecting the deviation from Newtonian behavior (n = 1)
and a good capacity to be pumped and circulated in industrial plants. A significant
influence of homogenization pressure on the rheology of the lulo juice as compared to
the nonhomogenized one is observed. Yet, no significant differences can be observed
across the homogenized samples (50 and 150 MPa). It can also be noted that there is
no clear increasing or decreasing trend in the consistency index (K) after increasing the
homogenization pressure.
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Table 2. Physicochemical characterization, water activity (aw), moisture content (xw), (g water/100 g), soluble solids, particle
size, rheological properties, and CIE L*a*b* coordinates of the lulo fruit and homogenized and nonhomogenized juice.
Mean ± standard deviation of three repetitions. (Different letters in superscripts mean significant differences (p < 0.05)).

Fruit Nonhomogenized 50 MPa 100 MPa 150 MPa

Xw (%) 91.2 ± 0.4 - - - -
aw 0.994 ± 0.003 a 0.994 ± 0.003 a 0.997 ± 0.003 a 0.995 ± 0.001 a 0.996± 0.000 a

Brix 8.88 ± 0.17 b 6.57 ± 0.12 a 6.4 ± 0.4 a 6.33 ± 0.15 a 6.4 ± 0.4 a

pH 3.13 ± 0.16 a 3.31 ± 0.01 a 3.12 ± 0.02 a 3.18 ± 0.03 a 3.18 ± 0.03 a

� (g/cm3) 1.16 ± 0.07 b 1.036 ± 0.018 a 1.06 ± 0.04 a,b 1.07 ± 0.02 a,b 1.090 ± 0.013 a,b

Particle size

D [4,3] - 251 ± 5 d 124 ± 3 c 75.5 ± 1.2 b 57.94 ± 0.14 a

D [3,2] - 102.3 ± 0.5 d 49.9 ± 1.5 c 35.28 ± 0.07 b 26.83 ± 0.19 a

d10 (μm) - 75.8 ± 0.3 d 25.7 ± 1.1 c 18.94 ± 0.11 b 15.63 ± 0.03 a

d50 (μm) - 184.2 ± 1.6 d 99.82 ± 0.09 c 60.01 ± 0.11 b 45.02 ± 0.19 a

d90 (μm) - 524 ± 17 d 247 ± 3 c 153.7 ± 2.0 b 114.2 ± 0.5 a

Rheological properties

K (Pa.sn) - 0.39 ± 0.12 a 0.9 ± 0.4 b 0.79 ± 0.02 a,b 1.3 ± 0.5 b

n - 0.44 ± 0.06 b 0.37 ± 0.04 a 0.37 ± 0.00 a 0.34 ± 0.04 a

R2 0.99 0.98 0.96 0.98

Color

L* - 40.4 ± 0.4 b 40.16 ± 0.11 a,b 39.409 ± 0.012 a 39.44 ± 0.08 a

a* - 9.5 ± 0.2 b 9.08 ± 0.07 a 9.15 ± 0.01 a,b 8.829 ± 0.011 a

b* - 34.9 ± 1.4 a 35.4 ± 0.5 a 34.54 ± 0.01 a 33.8 ± 0.2 a

Cab* - 36.2 ± 1.3 a 36.5 ± 0.5 a 35.73 ± 0.01 a 34.9 ± 0.2 a

hab* - 74.7 ± 0.2 a 75.61 ± 0.09 b 75.16 ± 0.01 a,b 75.37 ± 0.13 a,b

ΔE - - 0.8 ± 0.2 a 1.250 ± 0.014 a,b 1.74 ± 0.13 b

Although sifting the juice drags a considerable amount of soluble solids, when the
juice is subjected to HPH, particle size is reduced, the stability of suspended solids in-
creased, and the juice behavior modified as if it increased in soluble solids content (higher K
value). While some authors have reported similar results in terms of particle size reduction
due to homogenization, others have found contrasting results for factor K. In studying the
effect of homogenization on the properties of mixed peach-and-carrot juice, the authors
of [26] observed a drop in the consistency index (K) and the flow behavior index. Similar
trends were observed by Leite et al. [30] in orange juice and by Silva et al. [31], who studied
the effect of homogenization on pineapple pulp, finding that it reduced pseudoplastic be-
havior (i.e., it increased the flow behavior index n and reduced the index of consistency K).
Probably accounting for these contrasts, the authors of [32] have shown that the cell walls
of each plant behave differently when subjected to HPH. That is to say, each fruit juice
requires a different shear effort, suggesting that HPH may produce contrasting effects
on different products, being mainly conditioned by the chemical nature of the compo-
nents that are suspended in the juice. In studying blueberry juice, Castagnini et al. [29]
obtained a consistency index of 0.57 ± 0.03 Pa.sn and a flow behavior index of 0.33 ± 0.02.
Chiralt et al. [33] reported a K value of 2 Pa.sn and an n value of 0.43 for tomato juice with
12.8% solids and a K value of 6.48 Pa.sn and an n value of 0.74 for concentrated orange
juice homogenized at high pressures. According to these reported data, the consistency of
homogenized and nonhomogenized lulo juice is similar to that of blueberry juice, which is
of commercial use.

Table 2 shows the parameters L*, a*, b*: L* for perceptual lightness, and a* and b*
for the four unique colors of human vision. Coordinate a* is relative to the green–red
opponent colors, with negative values toward green and positive values toward red. The
b* coordinate represents the blue–yellow opponents, with negative numbers toward blue
and positive toward yellow. In addition, the psychrometric coordinates chrome (Cab*), hue
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(hab*) and ΔE (total color change), as functions of homogenization pressure ranging from
homogenized to nonhomogenized lulo juice have been included. A slight reduction can be
observed in all parameters under increased homogenization pressure.

The analysis of variance revealed a significant effect of homogenization pressure on
all variables except for b* and Cab*, and L* values show significant differences between
the nonhomogenized juice and the homogenized ones, the former being slightly brighter
than the latter. As for parameter a*, the nonhomogenized juice exhibits the highest value.
On the other hand, hue (hab*) exhibits differences between the nonhomogenized juice
and the one homogenized at 50 MPa, the former one showing a less orange coloration.
No significant differences were observed between the values of the studied color parameters
among the homogenized juices. Thus, it can be said that juice color was not affected by
pressure intensity.

Global color differences were found between the juice homogenized at 150 MPa and
the nonhomogenized one used as reference. However, the visual perception of the color
changes in the analyzed juices, described by the ΔE value, was not appreciated.

3.3. Antioxidant Properties

Figure 3 show the effect of the homogenization pressure on total phenol content,
flavonoid content, and antioxidant capacity by DPPH• and ABTS radical methods.

The DPPH• method is more sensitive to hydrophobic flavanones, while the ABTS+

method is more sensitive to hydrophilic antiradicals [34]. The ABTS+ free radical decol-
oration and the DPPH• free radical-scavenging assays have been reported as useful tools
to evaluate antiradical activities of different fruits [9].

In comparing obtained values through statistical analysis, significant total phenol
differences can be observed between the nonhomogenized juice and that homogenized at
150 MPa. Juices homogenized at 50 MPa and 100 MPa show intermediate values approach-
ing the value of the fruit with increasing the pressure. Total flavonoids content present
significant differences between fruit and juices, but this difference is more pronounced
when applying the homogenization treatment.

Figure 3. Total phenolic content, total flavonoids content, and antioxidant capacity of lulo fruit and nonhomogenized and
homogenized lulo juices by the DPPH (2.2-diphenyl-1-picrylhydrazyl) and ABTS+ (2.2′-azino-bis-3-ethylbenzothiazoline-6-
sulfonic acid) methods. Different letters for the same determination indicate significant differences (p ≤ 0.05).
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In both cases, obtaining juice decreases the content of total phenols and flavonoids
from fruit. It would be associated with the removal of the solid fraction, especially from
the skin which is very rich in these compounds [35]. However, the application of an
HPH produces a phenol recovery, as the pressure value applied increases while the same
treatment reduces flavonoids content. As it has been explained by other authors [36],
food matrix properties and processing can promote a different effect on bioactive com-
pounds. The forces and temperature stresses created in the homogenization valve in HPH
treatment could lead to a degradation of flavonoid during homogenization in this case.
However, in those cases in which degradation of bioactive compounds has not been oc-
curred yet, particle size decrease can facilitate the extraction, as it is observed in the case of
phenolic compounds.

The values found in the current fruit samples do not differ much from those obtained
by Contreras-Calderón et al. [1] (0.583 ± 0.024 mg GAE/g, fresh sample); by Igual et al. [37]
(0.811 ± 0.016 mg GAE/g, fresh sample); and by Vasco et al. [38] (0.91 ± 0.17 mg GAE/g,
fresh sample), also in lulo. On the other hand, the flavonoid content values reported by
Igual et al. [37] were 0.16 ± 0.02 mg RE equivalents/g, which is a lower value than those
obtained in this study (mg of quercetin equivalent).

The results of antioxidant capacity vary from 1.44 ± 0.02 mg TE/g (82.40 ± 1.41%
inhibition) to 1.35 ± 0.06 mg TE/g (76.8 ± 0.8% inhibition) for the assays by DPPH•; and
from 1.88 ± 0.03 mg TE/g (89.0 ± 1.5% inhibition) to 1.86 ± 0.01 mg TE/g (87.9 ± 0.3%
inhibition) for the ABTS+ assays.

The values obtained by the ABTS+ method in both fruit and juice samples do not show
significant differences. However, by the DPPH• method, the juice homogenized at 100 MPa
shows the highest value being significantly different from all other samples. The decrease
observed in the content of total phenol and flavonoid contents in the juice compared with
the fruit is not reflected when analyzing the antiradical activity. This could be explained
by the fact that the liquefaction and HPH treatment may cause unbounding or chemical
changes in some phenolic compounds of the fruit, giving rise to other compounds with
antiradical capacity that compensate for the loss associated with sieving [39].

Authors like Forero et al. [5] and Contreras-Calderón et al. [1] in analyzing the same
fruit have reported values of 71.0 ± 2.3 mg TE/g solid and 3.05 ± 0.21 mg TE/g fresh
weight, respectively. The former authors obtained a fairly high value, while the latter
reported a value even higher value than the one found in this study for the fruit and
homogenized and nonhomogenized juices. Contrastingly, in applying the DPPH• method,
Vasco et al. [38] found records of 0.80 ± 0.22 mg TE/g of fresh sample, with this value being
lower than those reported in this study, which vary from 1.34 to 1.44 mg TE/g of sample.

3.4. Profile of Phenolic Compounds by High-Performance Liquid Chromatography Coupled to Mass
Spectrometry (LC-MS/MS)

Figure 4 shows the percentage distribution class of polyphenolic compounds in the
lulo fruit and its homogenized and nonhomogenized juices.

A greater variety of phenolic components has been identified in homogenized juices
than in nonhomogenized ones, and this variety increases with increasing homogenization
pressure. Results are consistent with the results on the total phenol content previously
shown in Figure 3.

In general, hydroxycinnamic acids and flavonoids were the main phenolic subclass
found. It is coherent with a previous study reported by Gancel et al. [6] showing that
hydroxycinnamic acids and flavonoids (i.e., quercetin glycosides, kaempferol derivatives,
and 5-O-caffeoylquinic acid) are the dominant phenolic compounds in all parts of the lulo
fruit [6].

Suárez-Jacobo et al. [40] also detected an increase in hydroxycinnamic acids in clarified
apple juice when pressures of 100, 200, and 300 MPa were applied, although the general
differences between the studied antioxidant activity assessment methods were not signifi-
cant. Velázquez-Estrada et al. [41] have shown that orange juice homogenized at 200 and
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300 MPa increased the content of flavonoids which, in this beverage with high hesperidine
content, precipitate forming crystals that intertwine with proteins and other compounds.

Figure 4. Percentage distribution of phenolic compounds identified in lulo fruit, nonhomogenized, and homogenized
lulo juice.

On the other hand, it is important to mention the absence of flavonoids in the nonho-
mogenized lulo juice. Nevertheless, flavanones have been identified. It can be attributed to
the fact that, during its elaboration, some phenolic groups (flavonoids) are bound to sugars
or other molecules, thus remaining integrated in the cloud fraction and making them less
accessible. Therefore, their release requires physical phenomena related to, in this case, the
HPH treatment [8,42–44].

Some studies have shown that the Solanaceae family, especially the genus Solanum,
are rich sources of antioxidants, such as phenolic compounds and flavonoids, and alkalis.
The presence of these compounds in food has a positive impact, mainly as free radical
scavengers. In addition to their nutritional benefits, they have also been associated with
various biological activities such as anti-inflammatory, antitumor, and benefits related to
cardiovascular diseases that include hypertension [45–48].

Tables S1–S6, included as supplementary files present the identified compounds
by LC-MS/MS in the fresh fruit extracts and their nonhomogenized and homogenized
juices at different pressures and their retention time, experimental m/z, theoretical mass,
molecular formula, and MS/MS fragment data. A SCIEX OS software was used for the
neutral molecule and error (ppm) data, which were compared to the literature. Regarding
LC-MS/MS, a total of 288 compounds were identified, including 91 hydroxycinnamic acids,
22 phenolic acids, 57 flavonoids, 38 flavanones, 21 flavones, 1 flavanol, 40 anthocyanins,
7 other phenolics, 3 stilbenes, and 4 dihydrochalcones. Qualitatively speaking, flavonoids
(flavanones, flavons, and flavonols) represent the main phenolic class in this analysis,
wherein 116 compounds were found in the fresh fruit and its juices homogenized at
different pressures (50, 100, and 150 MPa). For their part, hydroxycinnamic acids were the
second class, followed by other phenolics and phenolic acids. Hence, it can be said that
fresh lulo fruit contains phenolic compounds of interest.

Table S6 shows [M-H]−-derived ions, MS2 fragments, and molecular formula for
identified compounds. Compound 1 was identified as caffeic acid with [M-H]− 179 and
MS2 fragment m/z 135, 134, 89, reported by other authors [49–51]. Compounds 2, 3,
and 4 presented the same molecular ion [M-H]− 353 with a MS2 fragment m/z 191/179.
These were described by [6,23,52–56].

Previous studies Park [57] showed that the presence of 5-caffeoylquinic acid and
caffeic acid in fruits reduces the risk of suffering cardiovascular diseases through the
suppression of p-selectin.
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Compounds 5, 6, and 7 were assigned as p-coumaroylquinic acid, 4-p-coumaroylquinic
acid, and 5-p-coumaroylquinic acid, respectively, with molecular mass [M-H]- = 337 and with
a MS2 fragment at m/z 191,163 as reported by Pereira et al. [58], Gutiérrez Ortiz et al. [59],
Brahem et al. [52], Mikulic-Petkovsek et al. [60], Gómez-Romero et al. [55], and Rodríguez-
Medina et al. [61]. Compounds 8 and 9 were, respectively, identified as quercetin-3-O-
rhamnoside ([M-H]− = 447 MS2 fragment at m/z 301) and quercetin-3-O-rutinoside ([M-H]−
= 606 MS2 fragment at m/z 300). These compounds have also been reported by Liu et al. [62],
Kolnaik-Ostek et al. [53], Dorta et al. [63], and Fu et al. [64]. Compounds 10 and 11 correspond
to isorhamnetin-3-O-rutinoside; isorhamnetin-3-O-rutinoside, respectively. Likewise, com-
pounds 12 and 13 corresponding to kaempferol 3-O-rutinoside and kaempferol 3-O-glucoside;
compounds 14, 15, and 16 were identified as narirutin, phloridzin, and p-coumaroyl glucose,
in that order. Similarly, the compounds coumarin, sesamol, naringenin, malvidin 3-O-(6-
acetyl-glucoside) were also identified and reported by Brahem et al. [52], Diaz-García et al. [51],
Kolniak-Ostek et al. [53], and Phenol-Explorer Database [65]. Baret et al. [66] reported that
polyphenols and flavonoids, such as resveratrol, quercetin, epigallocathechin-3-gallate, and
curcumin, help reduce fat storage, blood pressure, blood glucose, and hemoglobin-A1c, as
well as reducing insulin resistance. They showed that some compounds such as caffeic acid,
gallic acid, myricetin, and catechin protect oxidative stress and help prevent cardiovascular
diseases. Furthermore, Asgary et al. [67] reported that consuming pomegranate juice, which
has a very similar compound to the lulo fruit juice samples studied, for 2 weeks exerts a
positive effect on hypertensive individuals, and these same authors found that pomegranate
juice can be considered as an effective complement to antihypertensive medications and as a
component of the daily regimen for patients at high risk of hypertension.

Table S6, also included as a supplementary file, show the polyamines identified in
fruit and juice samples. The same compounds were identified by Svobodova et al. [23] in
peaeggplant, Wu et al. [68] in eggplant, and Rodrigues et al. [22] in mana-cubiu.

Forero et al. [7] demonstrated the potential of the lulo as an antihypertensive
due to its free bioactive amines: N1,N4,N8-tris(dihydrocaffeoyl) spermidine and N1,N8-
bis(dihydrocaffeoyl) spermidine. The inhibitory activity of the fresh and dried fruit with
angiotensin I-converting enzyme confirmed beneficial effect on hypertension. In another
study, Gancel et al. [6] identified the same bioactive compounds in the lulo.

Polyamines are present in food, such as milk and some plants, taking part in a wide
range of biologically process, such as, cellular proliferation, free radicals scavenging, the
differentiation of immune cells, and neurotransmission [69].

Bomtempo et al. [70] evaluated the presence of polyamines and other bioactive amines
in four varieties of the passion fruit species, reporting high spermidine concentrations and
emphasizing the potential of the passifloras with functional properties relevant for the
plant and human health.

However, the analytical determination of bioactive compounds in any food is required
but not sufficient. Nutritional and healthy effect of food is determined by its content in
macro- and micro-nutrients, their release at the target site in the adequate form, and its
suitable assimilation. These three aspects considered together define the functionality
of a food and are reflected separately in digestibility, bioaccessibility, and bioavailability
properties. It would be necessary to carry out in vitro digestion studies or in vivo studies
to quantify these properties which may be affected both by the food matrix and by the
treatments applied.

4. Conclusions

The results obtained have shown lulo as a fruit with advantageous physicochemical
and functional properties for the development of healthy food products from fresh native
crops of the Colombian Pacific region. Lulo fruit can provide the bases of a new fruit juice
flavor as well as other products derived from its richness in polyphenols, polyamines, and
other antioxidant components.
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Its structural characteristics determined indirectly from the impregnation parame-
ters would allow the incorporation of protectants, preservatives, physiologically active
compounds, or other additives. This incorporation would be slightly influenced by the
maturity index but not by the variability among fruits.

From the phytochemical profile as obtained by LC-MS, 288 compounds belonging
to different phenolic classes were found in the fruit and its homogenized and nonho-
mogenized juices (mainly flavonoids and hydroxycinnamic acids). Increasing pressure of
HPH treatment increase the diversity in polyphenols from juice. Additionally, bioactive
amines such as N1,N4,N8-tris(dihydrocaffeoyl) spermidine and N1,N8-bis(dihydrocaffeoyl)
spermidine, whose effect against hypertension has been shown in previous studies, have
been identified in fruit and juice samples.

In relation to the antiradical capacity provided by antioxidant compounds, it decreases
in fresh juice compared to fruit, due to the retention of part of the solids in the filtering
operation. However, it is worthwhile mentioning that the HPH at 100–150 MPa is adequate
for preserving the antiradical capacity of the fruit increasing the antioxidant value of
fresh juice.

However, the potential beneficial effect of the lulo fruit or of any of the analyzed juices
should be assessed through in vitro studies that provide information on the bioavailability
and bioavailability of the analyzed components.
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Abstract: This study investigates consumers’ preferences for mandatory labelling conveying the
health and safety attributes of genetically modified soybean oil. The enhanced mandatory labelling
includes allergen presence labelling, nutrient and compositional change labelling and traceability
codes. The data were collected from a consumer survey in the eastern, central and western regions
of China, with a total sample size of 804 respondents. We evaluated consumer willingness to pay
(WTP) for enhanced mandatory labelling using a choice experiment approach. The results show
that Chinese consumers are most favorable to traceability codes with a WTP of RMB 8.92, followed
by allergen presences labelling, with RMB 6.57. Eastern consumers would like to pay a higher
premium for the three types of enhanced mandatory labelling information, while central consumers
only show a positive preference for traceability codes. The results imply that the efforts and policy
strategies for enhanced mandatory labelling will benefit residents. Further studies can be expended
to other genetically modified (GM) foods. This study provides information for the agency to improve
mandatory GM food labelling management. This paper contributes to the growing body of the GM
food literature by explicitly investigating consumer preference and WTP for mandatory labelling
conveying the health and safety attributes of the GM foods.

Keywords: GM foods; food labelling; soybean oil; willingness to pay; choice experiment

1. Introduction

As a fast developing country, China is the largest consumer and importer of genet-
ically modified (GM) soybean [1]. The import of soybeans to China reached more than
95 million tons in 2017, which were used as processing materials [2]. Chinese consumers
oppose GM foods due to their concerns about food safety [3]. Concerns of the potential
risks of the GM foods are growing, particularly among civil society groups [4]. The lack of
effective communication on GM foods leads to asymmetric information [5,6]. Mandatory
labelling is considered a practical way to address the issue of asymmetric information in
food labelling [7]. In order to disclose foods that are or may be bioengineered, the National
Bioengineered Food Disclosure Law of U.S., passed by Congress in July 2016, directed the
U.S. Department of Agriculture to establish the national mandatory standard. The National
Bioengineered Food Disclosure Standard, which was announced in 2018, is simply a market-
ing label, and does not convey any information about the health, safety, or environmental
attributes of the GM foods in comparison with their non-GM counterparts [8]. Similarly,
China currently adopts qualitative mandatory labeling according to the catalogues, and
the labelling catalogue includes 17 kinds of GM products within five categories, including
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soybeans, rape, corn, cotton, and tomato. As one of the directly processed GM agricultural
products, the label of the GM soybean oil merely tells customers “the raw materials are
GM soybeans.” The usefulness of the simple GM food label is limited for consumers,
because the current labelling only allows differentiating GM foods from non-GM food
products [9]. Better information could increase consumers’ support for GM foods, which
further determines the implementation and success of the mandatory labelling policy [10].
However, mandatory labelling conveying the health and safety attributes for the improved
transparency and openness of information inevitably leads to an increase in production
cost, such as detecting cost. Therefore, this study investigates consumers’ preferences for
mandatory labelling conveying the health and safety attributes of the GM soybean oil.

Focusing on the developed countries, i.e., the US and European countries, much
research has investigated consumer attitudes towards the mandatory labelling of the GM
foods [11,12]. A research consensus has been reached that consumers may have greater
demands for the mandatory labelling of the GM foods [11–14]. However, there are limited
systematic studies on consumers’ willingness to pay for the extra cost associated with the
mandatory labelling information, especially on consumer preference and willingness to
pay (WTP) for mandatory labelling conveying health and safety attributes. To the best of
the authors’ knowledge, no empirical study has been reported on WTP for the mandatory
labelling of the GM foods in China.

Given the importance of mandatory labelling, this paper contributes to the literature
by empirically analyzing urban consumers’ preferences for mandatory labelling conveying
health and safety attributes. Additional insights are provided for public service by evaluat-
ing consumers’ WTP for the enhanced labelling of the GM soybean oil, including allergen
presence labelling, nutrient and compositional change labelling, and traceability codes.

2. Literature Review

2.1. Debate on GM Food Labelling

Academia is divided on the pros and cons of the GM food labelling. On the one
hand, some scholars holding a positive view believe that labelling can effectively tackle
the problem of asymmetric information, which is of great benefit to forming a market with
a remarkable separation of the GM and non-GM foods [14,15]. Mandatory labelling also
contributes to GM food management, highlighting information such as place of origin,
allergen presence, and detailed food ingredients, which are conducive to government
regulation. Especially, the government can take timely and effective actions if any GM
food safety problems occur [16,17]. The labelling policy has been found to be superior to
an embargo in terms of consumer welfare and producer benefits [18]. In addition, GM
labelling is closely related to consumers’ right-to-know and assists consumers in making
better informed purchase decisions [5].

On the other hand, other scholars holding a negative view believe that mandatory
labelling obviously adds extra costs to the production and society, such as the adjustment
cost, implementation cost, and monitoring cost [15,17]. For instance, upon the introduction
of mandatory labelling in Europe and US, production costs increased by 17% and 6%,
respectively [19]. If the GM food labels were added, each US household would pay an
estimated USD 100 more on food every year [20].

2.2. Consumer Attitude towards GM Labelling

Relevant studies on consumer attitudes towards mandatory GM food labelling have
reported findings in both developed and developing countries. In general, consumers have
a strong preference for mandatory GM food labelling [11]. Marchant and Cardineau [21]
analyzed the labelling debates in the US. Public opinion polls consistently show that
90 percent or more of Americans want foods to be labeled. Luck et al. [22] reported that
over 80 percent of American consumers are supportive of implementing the mandatory
labelling policy on GM products. Nep and O’Doherty [14] used data from a deliberative
public engagement in British Columbia of Canada. In their survey, participants discussed
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the social and ethical implications of salmon genomics. The public called for mandatory
labelling of transgenic salmon, and demanded labelling as a minimum requirement to allow
consumers to choose whether to purchase GM foods. Participants showed strong distrust
in the current supervision of the GM foods, and the perceived reluctance of biotechnology
companies serves to fuel this distrust.

Further, much research has been conducted in developing countries. Huang and
others [23] investigated 400 participants in Wuhan, China, and they found that more
than four-fifths Chinese consumers demanded implementing mandatory GM food la-
belling policies. Deng et al. [24] found more than 90 percent of participants supported
mandatory labelling, based on a survey of 260 participants from 11 provinces in China.
Zhao et al. [25] investigated 1730 Chinese respondents’ attitudes toward five different GM
food labelling methods including no GM label, labels of meat fed by GM feeds, labels
of cooking oil containing GM oil, labels of the GM condiments, and labels of non-GM
ingredients. They found that those who were more familiar with genetically modified
organisms (GMOs) or who trusted the government were more positive about GM labels.
Kajale and Becker [13] conducted an interview among a sample of 298 students in India.
They found that about 58 percent of college students supported mandatory GM food
labelling, and about 44.63 percent believed the increased price should be jointly paid by
consumer, producer and government.

2.3. Information Credibility and Adequacy of the GM Food Labels

U.S. consumers desire GM food labels to provide sufficient information relating
to potential benefits and risks, which implies that the usefulness of a simple GM food
label is limited for the public. As simple labels just allow consumers to differentiate
GM food products from their non-GM counterparts, they do not include enough of the
benefit and risk information that consumers desire to know [9]. Teisl and others [9]
indicated that a simple GM label actually may not be beneficial to consumers who are
anxious about GM contents but may be willing to accept the GM foods if the genetic
modification provides any benefits. Moreover, excessive information on a GM food label
may negatively affect consumers if they have limited knowledge of genetic engineering
and GM foods [26]. Roe and Teisl [27] presented US consumers with some sample labels
that contained different statements concerning the presence of the GM ingredients, and
the consumers evaluated the credibility and adequacy of the information content. The
result showed that a simple GM label just saying a product contains GM ingredients was
considered more credible than the simple non-GM labels saying a product contains no GM
ingredients. However, the consumers were more likely to judge the simple non-GM label
as having provided an adequate amount of information for informed decisions to be made.
They also found several significant improvements in the adequacy of simple GM labels
when they mentioned the purpose of the GM usage, which significantly eroded the label’s
credibility rating. Hence, label credibility and label adequacy may remain opposite, but the
provision of contact information may help resolve the credibility–adequacy trade-off.

2.4. Consumers’ WTP for GM-Labeled Foods

Wolfe and others [11] found a significant premium for non-GM edamame even if there
is no obvious difference between the overall sensory impression of the GM edamame and
the non-GM counterparts in the US. This finding was similar to Huffman et al. [28] where a
14% premium was reported for non-GM vegetable oil, tortilla chips and potatoes compared
to the GM-labeled counterparts. Likewise, Lusk et al. [29] found a premium of 25 cents per
ounce for non-GM corn chips. Other scholars also reported similar findings and explained
WTP for several kinds of the GM foods based on various functional GM foods (i.e., yield
increasing, ripening controlling, protective, processed, nutrition improving GM foods),
and crop classification (i.e., GM rice, GM vegetables, GM fruit, GM edible oil, etc.) [30–33].
However, there are limited systematic studies on the WTP for the extra cost associated with
the mandatory labelling information, especially for the preference and WTP for mandatory
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labelling conveying health and safety attributes. In particular, no empirical research has
been reported in China.

3. Choice Experiment

3.1. Identifying GM Labelling Policies

Currently, the GM organism labelling policies around the world fall into two types.
One type is voluntary labelling, such as in Canada; the other is mandatory labelling,
such as in the US, the EU, and China. In order to determine the exact rules applicable
to labelling in the international and national context, we analyze the compilation of the
codex committee on food labelling (CCFL), Canada’s labelling policies, and the labelling
legislation in the EU and its implementation in England. Since 1993, CCFL has begun
to discuss the issue of the GM food labelling (1997 Text, 2001 Text, 2004 Text, 2008 Text,
2009 Text, 2010 Text and 2011 Text). Although it has yet to form a generally accepted
international standard, the above text in the mandatory labelling has reached a consensus:
there must be mandatory labelling in the presence of allergens [34]. Nevertheless, neither
the regulations regarding the mandatory labelling of the GM food nor the provisions
relating to the thresholds, exemptions and implementation are the same. The voluntary
labelling model adopted in Canada requires labelling in the event of the presence of
allergens or changes in the nutritional value or components [35]. The EU traceability
and labelling regulation 1830/2003296 seeks to address the concerns about the lack of
information to enable the labelling of the GM foods, and sets out the requirements for a
document audit trail to account for and identify approved GM products throughout the
marketing chain. This regulation summarizes the purpose: the traceability requirements
for food and feed produced from GMOs should be established to facilitate the accurate
labelling of such products. Its objective is to enable postmarket monitoring of health and
the environment [35].

3.2. Experimental Design

A choice experiment (CE) approach was used to evaluate urban consumers’ WTP
for the attributes of enhanced mandatory labelling of the GM soybean oil. The CE model
relies on random utility theory and factor value theory, and they indicate that the utility is
from the attributes possessed by the item rather than item itself [36]. As for the enhanced
mandatory GM food labelling, the combination of the labelling attributes and choice
scenarios are formulated in the CE. Specifically, the consumer can obtain the utility vk from
the k-th labelling attribute, and the utility V, obtained from enhanced mandatory GM food
labelling, equals to the sum of the utility vk (k = 1, 2, . . . , K).

V = λ1v1 + λ2v2 + . . . + λkvk (1)

where λk is the unknown parameter, referring to individual’s preference for utility vk.
Consumer i must evaluate the utility Uimn from the enhanced mandatory GM food labelling
associated with the alternative m = 1, 2, . . . , M in the n-th choice set. Within a given
group of alternatives relating to a choice set, the consumer selects the utility-maximizing
alternative. Uimn is a random variable that can be expressed as:

Uimn = Vimnα + μmn (2)

where αmn refers to the estimated parameter vector. μmn is the random disturbance term.
The vector Vimn means sum of the utility obtained from the mandatory labelling attribute
and payment vehicle associated with the alternative m = 1, 2, . . . , M in the n-th choice
set [36].

This study adopts a choice experiment model on the GM soybean oil sales and la-
belling in China Including Regulations on Administration of Agricultural Genetically
Modified Organisms Safety and Administrative Measures for Agricultural GMOs Labeling
issued by the Ministry of Agriculture and Rural Affairs of P. R. China. This study follows
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the relevant literature [26,27,35,37–40], and the representative GM organism safety manage-
ment policies. The CE model contained three labelling attributes and the payment vehicle
(Table 1), that is, allergen presence labelling, nutrient and compositional change labelling,
traceability codes, and price.

Table 1. Attributes and levels in the choice experiment.

Attributes Levels Description Basis

(1). Allergens presence
labelling

Disclosure,
nondisclosure Disclose the presence of allergens in GM soybeans oil a, b, c

(2). Nutrient and
compositional change

labelling

Disclosure,
nondisclosure

Disclose the changes in nutritional value or composition of the GM
soybean oil, compared with non-GM counterpart. b, c

(3). Traceability codes Disclosure,
nondisclosure

Traceability systems document the entire process of the GM soybean
oil production. The systems allow for the separation of the GM

soybean oil and non-GM products “from farm to fork,” and serve the
purpose of marketing and health protection.

d, e

(4). Price (RMB) 46, 53, 60 Price of a 5L jug of the GM soybean oil.

a: Seven texts drafted by the Codex Alimentarius Commission (CAC) on Food Identification Subcommittee in the past decades. b: Food
and Drugs Act, Food and Drug Regulations, and Consumer Packaging and Labeling Act by Canada; c: Draft Guidance for Industry:
Voluntary Labeling Indicating Whether Foods Have or Have Not Been Developed Using Bioengineering by US; d: Traceability and
Labelling Regulation and Regulation (EC) on Novel Foods and Novel Food Ingredients issued by EU; e: Genetically Modified Organisms
(Traceability and Labelling) (England) Regulation 2004.312; RMB 6.80 = USD 1.

Each of the first three attributes include two levels (disclosure or nondisclosure), and
the price includes three levels. Thus, there were 24 possible combinations in total. We
can constitute 276 CE scenarios by pairing those combinations. After eliminating both
the overlapping and theoretically contradictory CE scenarios, we conduct the screening
experiment, and obtain twelve CE scenarios. These scenarios are randomly divided into two
groups, with each contain six CE scenarios. A sample CE scenario is shown in (Figure 1).

Figure 1. Example choice scenario.

In the experiment, GM soybean oil is selected as the analysis unit for four reasons.
Firstly, the studies showed that Chinese consumers preferred to accept foods derived
from bioengineered food rather than directly edible GM foods like GM soybean oil [41].
Therefore, it can be inferred that consumer demand for labelling information for the directly
edible GM foods is the most urgent. Secondly, according to the GM organism safety
certificates for both commercial planting and GM organisms imported as raw materials
approved by the Ministry of Agriculture and Rural Affairs of China, currently there are
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only three kinds of directly edible GM foods on the Chinese market; that is, locally grown
GM papaya, GM soybean oil and GM canola oil made from imported GM soybeans or
rapeseed. The GM oil is labeled “The processing material is GM soybeans or rapeseeds.”
Thirdly, soybean oil is not only the most daily consumption edible oil in the majority of
Chinese cities, but also the most popular with food processing enterprises and the catering
industry. Fourthly, there are a wide range of alternatives to GM soybean oil and non-GM
soybean oil available on the Chinese market, such as non-GM peanut oil, non-GM corn
oil, non-GM sunflower oil, non-GM canola oil, non-GM rapeseed oil, and many kinds of
oil blends. There are a variety of brands of edible oil in the Chinese market. Some only
sell non-GM soybean oil (such as the Northeast soybean oil, Xinheshun and Qiansuihao,
etc.), while some only sell GM soybean oil (such as Fortune, Jinlongyu, YuanBao, Fivelakes,
etc.). Most enterprises produce only one or a few of the edible oils (such as only producing
soybean oil, peanut oil, corn oil, sunflower oil, olive oil, rapeseed oil, or blended oil). In
order to ensure the GM soybean oil, non-GM soybean oil and oil blends are identical in the
brand, capacity and other aspects, this section uses “X” brand edible oil as the experimental
unit, which is one of the top ten well-known brands of edible oil in China. Except for
peanut oil, all other soybean oil substitutes are supplied in a 5-liter jug.

The prices of all kinds of “X” brand 5-liter edible oil are shown in (Table S1), which
was presented to the respondents in the experiment. In this study, the price of 5L GM
soybean oil (RMB 45.8, 1 USD=6.80 RMB) is set as the lower limit, and the price of 5L
non-GM soybean oil (RMB 66.8) is set as the upper limit. According to the principle of
isometric and rounding, the price is set at three levels: RMB 46, RMB 53, and RMB 60.

Additionally, the CE model follows a “randomized design” developed by Sawtooth
Software, Inc. [42]. Compared to the fixed design, the randomized design can eliminate
order and psychological context effects [43]. Additionally, the randomized designs are more
efficient in asymmetric choice experiments when not all attributes have equal levels [44].

3.3. Mixed Logit Model

The mixed logit (ML) model is used to analyze the data collected in the choice experi-
ment. The ML model (specified in the Equation (3) below) relaxes the independent of irrel-
evant alternative (IIA) assumption and allows individual variations in the attributes [45].
Meanwhile, the conditional logit model is typically used if the random terms follow
independently identically distribution (IID) and assumes respondents having the same
preference for the attributes. The likelihood ratio (LR) tests can be used to compare the two
models [46]. If the null hypothesis that there is no difference between the two models is
rejected, this indicates the ML model is more appropriate. In addition, a probability density
function, g(α), is introduced for the coefficient of the presumed heterogeneous attributes.
Namely, correlations between preferences are allowed and different respondents show dif-
ferent preferences for the attributes of enhanced mandatory labelling. The non-conditional
probability Pimn of consumer i who chooses the m-th alternative in the n-th choice scenario
can be get by calculating the integral of g(α) with respect to α.

Pimn =
∫ exp(Vimnα)

∑M
m=1 exp(Vimnα)

(3)

The model assumes that g(α) functions of all nonpayment attributes follow normal
distributions. The price attribute with a fixed coefficient equals the given market price and
the other two reference prices are slightly higher than the market price. The parameter
α refers to scaled marginal utility for a mandatory labeling attribute or price, due to
scale normalization. Therefore, we can only interpret the relative magnitude of the other
attributes and statistical significance by the parameter estimates. The WTP can be calculated
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from the negative marginal utility divided by the coefficient (αp) of the price attribute [47].
Therefore, they are comparable across the results.

WTP = − αk
αp

(4)

4. Data

4.1. Survey Administration

The survey contained questions designed for the experiment and socio-demographic
inquiries including gender, age, educational attainment, occupation, child, and income. The
respondents were first provided with some detailed information on GM soybean imports
and their connection to public interest. Each attribute was interpreted by the enumerators
to make sure the respondents understood the survey. All the nonpayment attributes and
price attributes in (Table 1) were shown to the respondents, who were asked whether they
were willing to pay for the mandatory enhanced labelling of the GM soybean oil. They
were also shown a sample of a CE scenario (see Figure 1) before the start of the experiment.
We showed them what it would mean if “Product A” was chosen. The prices of all kinds
of “X” brand 5-liter edible oil are shown in (Table S1), which were also presented to the
respondents in the experiment. Two versions were developed to reflect the differences in
the CE scenarios. Each respondent only took one version of the survey, assigned to six
choice scenarios.

Adhering to the stratified random sampling, a self-administered questionnaire was
utilized to collect data in the provincial capitals of the eastern, central and western regions.
The eastern regions include Jinan of Shandong province, Nanjing of Jiangsu province,
Shanghai, and Guangzhou of Guangdong province. The central regions include Changchun
of Jilin province, Zhengzhou of Henan province, Hefei of Anhui province, Wuchang of
Jiangxi province. The western regions include Lanzhou of Gansu province, and Guiyang
of Guizhou province. This investigation was conducted at supermarkets and large-scale
shopping malls by sixty-four undergraduates from Nanjing Agricultural University in 2017.
Different social classes were sampled to avoid sample selection bias owing to sampling at a
single site [48]. The survey enumerators approached potential respondents and invited
them to participate if they wanted. The following steps were followed: (1) each respondent
was confirmed to be an urban resident; (2) the selected respondents had food purchasing
experience; (3) soybean oil was the family’s main edible oil and was obtained through
purchasing rather than through squeezing their own beans. After completing the survey,
each respondent was offered a RMB 10 gift.

4.2. Descriptive Statistics

This analysis is based on 804 samples collected in the survey. The samples in the
eastern, central and western regions account for 45.02%, 35.07% and 19.90%, respectively.
Specially, there are 2172, 1688, and 960 choice scenarios in the eastern, central and western
regions, respectively, because each respondent responds to six choice scenarios. A statistic
summary of socio-demographics of the sampled urban consumers is shown in (Table 2).
Compared with the population, i.e., the national urban and rural residents, from the 2017
China statistical yearbook, the sample includes fewer males and shows a better education
attainment, with 63.18% attending a professional school or holding a college or higher
degree. The sample includes more young people under 45 years old. In addition, about 8%
of the respondents have a job relating to biotechnology, and 56.47% of the families have
minors. The average monthly household disposable income roughly follows a normal
distribution, with the categories RMB 4001–6000, RMB 6001–8000, and RMB 8001–10,000
accounting for 31.84%, 16.92%, and 12.69%, respectively.
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Table 2. Definition and descriptive statistics of the demographic variables.

Variable Description Sample Mean a Population Mean b

Gender 0 = male; 1 = female. 0.500 (0.500) 0.499

Age 0 = young people (18–44); 1 = middle-aged or senior people (≥45). 0.254 (0.435)

Education
attainment

0 = senior high school or below; 1 = professional school, college
degree or above. 0.632 (0.483) 0.401

Occupation Whether your work is related to biotechnology? (0 = no; 1 = yes) 0.079 (0.271)

Child Whether your family has minors (≤15)? (0 = no; 1 = yes) 0.435 (0.496)

Income
Monthly household disposable income (1 = RMB RMB 2001–4000;

3 = RMB 4001–6000; 4 = RMB 6001–8000; 5 = RMB 8001–10,000;
6 = RMB 10,001–12,000; 7 = RMB 12,000 or above)

3.398 (1.537)

a Standard deviation in the parentheses. b The population includes urban and rural residents based on information of 31 provinces from
“2017 China Statistical Yearbook”. b RMB 6.80 = USD 1.

Table 3 shows a statistical summary of the variables used in the ML regressions. The
consumers who are willing to pay for the enhanced mandatory labelling of the GM soybean
oil account for 67.40%, 58.90%, and 57.50% in the eastern, central and western regions,
respectively. From the nationwide perspective, the means of the three attributes are −0.087,
−0.044, and −0.011, respectively. The average of the prices is RMB 35.21.

Table 3. Definition and descriptive statistics of the variables used in mixed logit model.

Variable Description
Nationwide
Consumers

(Na = 14,472)

Eastern
Consumers
(Na = 6516)

Central
Consumers
(Na = 5076)

Western
Consumers
(Na = 2880)

Stated intention 0 = unwilling to pay;
1 = willing to pay

0.624
(0.484)

0.674
(0.469)

0.589
(0.492)

0.575
(0.494)

Whether to choose the option 0 = no; 1 = yes 0.333 0.333 0.333 0.333
(0.471) (0.471) (0.471) (0.471)

Allergen presence labelling
0 = no; 1 = yes;

−1 = I do not choose either
option A or B

−0.087 −0.095 −0.082 −0.076
(0.757) (0.751) (0.760) (0.765)

Nutrient and compositional
change labelling

−0.044 −0.084 −0.023 0.007
(0.788) (0.759) (0.802) (0.821)

Traceability codes −0.111 −0.111 −0.111 −0.111
(0.737) (0.737) (0.737) (0.737)

Price
RMB 46; RMB 53; RMB 60; 0 if

option C is chosen
35.210 35.370 35.120 34.990

(25.360) (25.480) (25.290) (25.200)
a N means the number of options. Standard errors in the parentheses.

5. Estimation Results

We conducted the mixed logit regressions using the simulated maximum likelihood
estimator. Firstly, the correlation test shows that there is correlation between each pair of
the attribute variables. For example, the correlation coefficient between allergen presence
labelling and nutrient and compositional change labelling is 0.74. Obviously, the correlation
test result is in conflict with the IID assumption of the conditional logit model. Therefore,
we run the ML model with correlated normally distributed coefficients. The result of the LR
test for the nationwide sample is 3858 and significant at p < 0.001, which indicates that the
null hypothesis is rejected. In other words, the respondents have heterogeneous preferences.
Therefore, the conditional logit model has a poorer fit compared to the ML model.

Table 4 provides the estimation results of respondents’ preferences for the enhanced
mandatory labelling of the GM soybean oil. The results show that price has a negative effect
in all equations, indicating an increase in GM soybean oil price decreases the probability of
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a consumer choosing the oil. More importantly, most proposed enhanced GM mandatory
labelling information is positive.

Table 4. Estimation results of the mixed logit model.

Nationwide Consumers Eastern Consumers Central Consumers Western Consumers

All
Samples

Stated
Intention = 1

All
Samples

Stated
Intention = 1

All
Samples

Stated
Intention = 1

All
Samples

Stated
Intention = 1

Allergen presence
labelling

0.427 *** 1.074 *** 0.725 *** 1.359 *** 0.286 0.994 *** 0.115 0.528 ***

(0.112) (0.081) (0.170) (0.130) (0.189) (0.135) (0.237) (0.172)

Nutrient and
compositional

change labelling

0.104 0.502 *** 0.530 *** 0.754 *** −0.181 0.404 *** −0.242 0.015

(0.101) (0.067) (0.138) (0.103) (0.187) (0.121) (0.230) (0.145)

Traceability codes 0.579 *** 1.118 *** 0.919 *** 1.382 *** 0.411 ** 1.010 *** −0.094 0.744 ***

(0.115) (0.092) (0.166) (0.142) (0.202) (0.156) (0.320) (0.213)
Price −0.065 *** −0.061 *** −0.082 *** −0.079 *** −0.055*** −0.054 *** −0.040 *** −0.030 ***

(0.005) (0.005) (0.007) (0.007) (0.008) (0.008) (0.011) (0.010)

Coefficient covariance

v11 1.314 *** 0.682 *** 1.471 *** 0.893 *** −1.230 *** 0.502 *** 0.988 *** 0.591 ***
(0.111) (0.085) (0.172) (0.125) (0.175) (0.111) (0.201) (0.133)

v 21 0.696 *** 0.200 0.419 ** −0.093 −1.055 *** 0.210 0.815 *** 0.688 ***
(0.127) (0.140) (0.207) (0.179) (0.219) (0.242) (0.251) (0.140)

v 31 0.852 *** 0.194 0.914 *** 0.366 ** −0.999 *** 0.499 ** 0.336 −0.958 ***
(0.120) (0.121) (0.157) (0.145) (0.208) (0.194) (0.308) (0.269)

v 22 1.031 *** 0.911 *** 1.054 *** 0.983 *** 1.029 *** 1.055 *** −0.410 −0.032
(0.096) (0.095) (0.173) (0.133) (0.172) (0.148) (0.272) (0.379)

v 32 −0.574 *** −0.666 *** −0.509 *** −0.470 *** −0.992 *** −0.804 *** 0.944 ** −0.584
(0.117) (0.115) (0.192) (0.141) (0.163) (0.168) (0.369) (0.470)

v 33 0.984 *** 0.683 *** 0.865 *** 0.671 *** 0.406 0.053 1.655 *** 0.758 **
(0.130) (0.124) (0.172) (0.142) (0.287) (0.422) (0.289) (0.303)

Log likelihood −5118.33 −4397.01 −2353.36 −2054.82 −1741.35 −1477.03 −990.21 −831.17
LR chi2(6) 3858.12 *** 835.34 *** 1739.81 *** 464.86 *** 1352.73 *** 241.50 *** 717.31 *** 135.14 ***

P value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Number of

options 14472 9036 6516 4392 5076 2988 2880 1656

The parameters in the bottom panel of the output are the elements of the lower-triangular matrix L. Standard errors in the parentheses.
*** and ** denote statistical significance at the 0.01, 0.05 and 0.10 levels, respectively.

The coefficients of the three variables of labelling attributes are 0.427 (p < 0.01), 0.104,
and 0.579 (p < 0.01) on a national scale (Table 4). The results suggest that Chinese urban
consumers are in favor of the enhanced mandatory labelling of the GM soybean oil. The
most attractive and influential labelling attribute is traceability codes, followed by allergen
presence labelling with a smaller effect. The least important labelling is nutrient and
compositional change labelling, and consumers are more likely to select an alternative
based on other enhanced labelling included.

To better understand consumers’ preference for mandatory labelling conveying health
and safety attributes, we estimate the WTP values using the parameter estimates from
the ML model. The WTP values for each attribute are shown in Table 5. The magnitude
of WTP and their ranks are consistent with that of the coefficient estimates from the ML
model (Table 4). Positive WTP values represent the amount of money that the consumers
are willing to pay for the specific labelling attributes. The highest WTP value is found for
the traceability codes. Specifically, the consumers are more likely to pay for the traceability
codes nationwide, with a payment of 8.92 RMB, followed by the allergen presence labelling
with a value of 6.57 RMB. Regionally, eastern consumers show a positive preference for
all three attributes, with the payment amounts of 11.24 RMB, 8.87 RMB, and 6.48 RMB for
traceability codes, allergen presence labelling, and nutrient and compositional change la-
belling, respectively. Central consumers only show a positive preference for the traceability
codes, i.e., 7.41 RMB. However, western consumers show no preference.
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Table 5. Willingness to pay for a premium for enhanced mandatory labeling information of the GM soybean oil.

Attribute

Nationwide Consumers Eastern Consumers Central Consumers Western Consumers

All
Samples

Stated
Intention = 1

All
Samples

Stated
Intention = 1

All
Samples

Stated
Intention = 1

All
Samples

Stated
Intention = 1

Allergen
presence
labelling

6.57 *** 17.50 *** 8.87 *** 17.23 *** 5.15 18.28 *** 2.85 17.58 ***

(3.72, 9.42) (15.85, 19.15) (5.66, 12.09) (15.18, 19.28) (−0.59, 10.89) (15.17, 21.38) (−7.82, 13.52) (10.12, 25.03)
Nutrient and
compositional

change
labelling

1.60 8.17 *** 6.48 *** 9.56 *** −3.27 7.42 *** −5.99 0.51

(−1.34, 4.54) (6.35, 10.00) (3.42, 9.55) (7.20, 11.93) (−10.36, 3.83) (3.73, 11.10) (−18.96, 6.98) (−8.73, 9.76)
Traceability

codes 8.92 *** 18.22 *** 11.24 *** 17.52 *** 7.41 *** 18.57 *** −2.33 24.76 ***

(5.98, 11.86) (16.34, 20.09) (8.20, 14.28) (15.53, 19.52) (1.17, 13.63) (14.88, 22.26) (−18.37, 13.71) (11.91, 37.61)

Lower bound and upper bound for 95% confidence interval in the parentheses. *** denote statistical significance at the 0.01, 0.05 and
0.10 levels, respectively.

Furthermore, the survey results show that about 62.44% of the urban consumers state
that they are willing to pay for the enhanced mandatory labelling (Table 3). For those
who are willing to pay, the average WTP is RMB 18.22 for traceability codes, followed by
RMB 17.50 for allergen presence labelling. The WTP for nutrient and compositional change
labelling is the smallest with a payment amount of RMB 8.17.

6. Discussion

Chinese urban consumers show a positive preference for mandatory labelling convey-
ing some information about the safety attributes of GM foods. This is largely because a
simple GM food label, such as “the raw material is GM soybeans,” only allows differentiat-
ing GM foods from their non-GM counterparts. Most consumers would like to see more
detailed information about the potential benefits and risks on GM food labels [9]. Urban
consumers are more likely to pay for traceability codes, followed by allergen presence
labelling, while nutrient and compositional change labelling is least important. Our results
are consistent with the findings of Roe and Teisl [27] who suggested that providing contact
sources that consumers can use to obtain more information could resolve the credibility–
adequacy trade-off. They also proposed several improvements in the adequacy of simple
GM labels, such as adding the purpose of the GM ingredients’ usage. While this addition
on the label also greatly erodes the label’s credibility and retains the opposition of label
credibility and adequacy [27].

Our results show moderate regional heterogeneity in the preference and WTP. Among
those who are willing to pay, the western consumers show a strong preference for allergen
presence labelling and traceability codes with the values of RMB 17.58 and RMB 24.76,
respectively, while central consumers also have a stronger preference for both allergen pres-
ence labelling and traceability codes, and the WTP values are RMB 18.28 and RMB 18.57,
which are higher than the eastern levels. On average, the per capita disposable income in
the eastern cities is higher than that in the central cities, which is turn higher than that in the
western cities [49]. Meanwhile, the consumers in the higher income region would not like to
pay a premium for the enhanced mandatory labelling of the GM soybean oil. Additionally,
we found that compared to the respondents who are unwilling to pay, the respondents
who are willing to pay have a lower per capita disposable income. This is consistent with
the findings of Wolfe and others [11] who reported that the urban households with a higher
income can afford the non-GM oil. In general, the higher income households are more
cautious about food choice [50,51]. Thus, they are more likely to purchase the non-GM oil
rather than being willing to pay for the enhanced labelling of the GM foods. For lower
income consumers, GM oil may be their main edible oil because of the low price. They
would like to know more about GM foods, and have a stronger demand for right-to-know.
Mandatory labelling may be a practical way to address the issue of asymmetric information
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in food labelling [7]. Hence, consumers from western China would like to pay a higher
premium for the enhanced mandatory labelling of the GM soybean oil.

On average, the eastern consumers have a higher education level than those from the
central region, whose education level is in turn higher than that of consumers from the
western region. Educational attainment may determine food preference; therein lies a useful
pointer for the policy makers [52]. Well-educated consumers may be more concerned about
GM foods, because they may be worried about the uncertainty of transgenic technology,
but they may be not in fact be aware of GM products [53,54].

7. Conclusions

This paper contributes to the growing body of the GM food literature by explicitly
investigating consumer preference and WTP for mandatory labelling conveying the health
and safety attributes of the GM foods. The results signify that consumers recognize the
importance of investing in the mandatory labelling conveying safety information. This
suggests the efforts and policy strategies for enhanced mandatory labelling will benefit
Chinese citizens. This is encouraging because financial and technical assistance from the
government can target certain interest groups, rather than distributing the resources to
satisfy all groups. It may be more interesting to agency leaders to consider the specific
WTP amounts for the three types of enhanced mandatory labelling information. Allergen
presence labelling and nutrient and compositional change labelling can better help con-
sumers understand the potential risks and benefits of the GM foods, but neither is highly
ranked in terms of the WTP values. Instead, the traceability codes show the highest WTP
value. This is interesting because the traceability codes may help consumers know where
the products come from, but it would not inform them of the potential risks and benefits.
Conversely, it may be the nature of the right-to-know of traceability codes that makes them
more valuable to the public. While government agencies are responsible for improving
mandatory GM food labelling management for the benefit of the public, it is critical to
include publicly linked policies, such as consumer WTP for enhanced labelling, to gain
more support from the public.

Policies encouraging consumers to make purchase decisions that match personal
preference are inherently desirable, regardless of the end-user characteristics or process
attributes. These policies should be cost-effective. Unfortunately, our results do not present
the costs or benefits of instituting an enhanced mandatory labelling program. A policy
decision to impose enhanced mandatory labelling should recognize both its benefits and
costs, while considering whether the practitioners are equipped or facilitated to implement
the policy. The research does not conclude that an enhanced mandatory labelling program
should be instituted. Rather, the findings provide guidance on how an enhanced mandatory
labelling program should look like if such a program is warranted. Nevertheless, further
research is needed, including calculating the additional costs and evaluating the benefits.
Additionally, this paper is restricted to GM soybean oil, while future research can expand
this approach to other GM foods.
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Abstract: Health, financial, and social crises cause variations in the buying behaviour of food
consumers as well as in the value they assign to food attributes and the place of purchase, leading to
consumers with profiles that are more susceptible to these changes than others. Thus, it was observed
that 61.4% of consumers modified their buying behaviour at the onset of the COVID-19 pandemic,
with those who modified it the most being the people who stockpiled the most food and went panic
buying more often. This has made it possible to establish the profile of different significant consumer
segments, and as a response, food production/distribution companies can implement different
innovative strategies aimed at decreasing the impact of stockpiling and, therefore, the shortage of
food. The possible strategies that companies can put into effect are creating a stock of non-perishable
foods, increasing production capabilities in a sustainable way and, especially in light of the results
obtained, boost the online sale and distribution of foods, with the goal of decreasing the amount of
people in shops (which decreases the spreading of the pandemic and favours health) and preventing
consumers from observing possible circumstantial shortages that would only encourage stockpiling
and panic buying, even among consumers who have not changed their buying behaviour.

Keywords: agri-food marketing; consumer behaviour; economic and social crisis; health; innovation

1. Introduction

Black swan is a term coined by investor Nassim Nicholas Taleb in 2007 and it has been used to
designate unpredictable events with a high economic and social impact [1]. Some researchers have
defined the current health crisis as a black swan [2,3]. However, others, Taleb included, consider that
this pandemic situation could have been predicted. In fact, experts in infectious disease/public health
protection have been warning us for decades that a global pandemic involving a highly infectious
respiratory disease virus was a plausible scenario [4–6].

There have been noteworthy precedents for other pandemics triggered by viruses or bacteria with
a disastrous effect on human history [7–11]. Despite that, humanity has once again shown that it was
not prepared to tackle these situations, even though being prepared for disasters can minimize damage
to our health, lives, and property [12].

The current outbreak has been caused by severe acute respiratory syndrome coronavirus 2
(SARSCOV-2). Apart from the severe health problems [13], this pandemic has had a ripple effect on
every aspect of human life as we know it, shaking our current society and affecting social, political and
economic issues in a terrible way [3].

In this context, governments around the world have issued unprecedented policies and guidelines
to save lives by reducing the pace and extent of COVID-19 infections (“flatten the curve”) [14,15].
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Lockdown has been one of the most common measures in the beginning of the pandemic in a large
number of countries, and it is considered the best public health containment strategy available [16].
Without exception, national lockdowns throughout the world have caused considerable disruption to
individuals, families, households, communities, national economies, and societies as a whole [17,18]
and in most countries, governments announcing lockdowns has led to the panic buying of food as well
as premature shortages of goods and services [3,19–21].

Food is a basic need, and preserving the supply is essential during crises. The identification of
the most influential variables on consumer behaviour is essential for companies in order to satisfy
the demands of increasingly sophisticated and demanding food consumers [22]. Until now, different
researchers developed models to explain consumer behaviour in the food selection process [23–25],
which have been widely implemented.

Nevertheless, despite the common patterns of consumption being well known, the extraordinary
situation that mankind has found itself immersed in is not conventional at all. Classic behavioural
theories explaining consumer behaviour may not apply in this context [26].

The goal of this study was to analyse the food buying changes that have taken place in Spain in
two time periods, with the reference point separating them being the declaration of state of alarm
on 14 March 2020 due to the health crisis caused by COVID-19. The first time period is the week
just before the state of alarm was declared, and the second is the first week after said declaration
(lockdown), in order to compare them to regular buying behaviours.

In addition, the study also sought to learn the profile of food consumers, identifying those who
are more sensitive to stressful situations and will change their regular buying behaviour the most,
therefore being more susceptible to go panic buying.

With knowledge of the buying behaviour and profile of consumers in black swan situations
(such as the COVID-19 pandemic, for example), agri-food companies will be able to plan ahead
with business innovation strategies that allow them to, on one hand, decrease the troublesome
behaviours of consumers, and on the other, guarantee the market supply in foreseeable economic,
social, and health crises.

1.1. Panic Buying

Faced with the “fear of the unknown”, consumers took precautionary actions, stockpiling essential
products to mitigate the risk of a possible stock shortage, which is often called “panic buying” [27].
The term is defined as the phenomenon that occurs when consumers buy unusually large amounts of
products in anticipation of, during or after a disaster or perceived disaster, or in anticipation of a large
price increase or shortage. It is a specific herd behaviour that is mainly triggered by a disaster or health
crisis [26].

It has the potential to disrupt the supply chain with increased demand [27]. This disruption leads
to more panic buying, thus creating a vicious circle. Moreover, panic buying reduces supply and
creates higher demand, leading to higher price inflation. This increase in demand leads to a shortage
of the product.

There are three mechanisms that can cause panic buying [28]. Firstly, it could be a manifestation
of conflict between the desire to maintain routines versus uncertainty regarding the duration of the
pandemic limiting access to daily necessities. Secondly, when a high risk is perceived, it is more likely
for consumers to carry out panic buying in order to minimize their stress. In this regard, panic buying
can be viewed as a self-protection mechanism to satisfy their safety needs [26]. Lastly, it could be a
reaction in response to one’s loss of control of the future, causing people to react by conducting social
behaviours that are similar to that of other consumers.

The recent cases of panic buying were not a novelty. There are previous pandemics or natural
disasters such as earthquakes or hurricanes, that have prompted waves of panic buying [29–32].
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1.2. The Food Attributes and Situational Factors That Influence Panic Buying

Several approaches have been adopted to model the buying behaviour of food consumers.
Of these, the multi-attribute approaches are based on the assumption that quality is a multidimensional
phenomenon [33]. Intrinsic cues are those that are associated with the physical properties of the
product such as taste and flavour, whereas extrinsic attributes are all others, such as brand name and
the reputation of the seller [34].

When panic buying, the importance that consumers assign the different product attributes is
modified [35]. Thus, quality properties are usually less important than the amount [2], and consumers
tend to be more accepting of high prices for the products [36], as long as they can secure the supply.

The situational factors that often affect shopping are altered [2]. Thus, the information transmitted
by “reliable” sources is considered “cheap talk” and sometimes contributes to increase panic, meaning
that the most “credible” information can be people’s experience when seeing empty shelves. Authors
suggest that there can be two types of problems with this type of buying: coordination failure
(all consumers buy at the same time) and information failure (consumers do not know the supply chain
and they believe that the shortage can last a long time). Furthermore, in this digital era, information
is readily available and can be quickly disseminated to masses over multiple channels that are also
susceptible to abuse [26].

On the other hand, consumers’ buying decisions are often influenced by the choices of their peers,
and this is more obvious in panic buying [37] where substitute products can be more readily accepted [38].

Panic buying is also affected by the measures that, both to mitigate stockpiling as well as to decrease
the risk of contagion, may have been implemented at the places of purchase [39]. Among the measures
established to prevent stockpiling are limiting the items that a single person can buy, shorter opening
hours and information campaigns to deter stockpiling. Furthermore, to prevent possible contagion in
the establishment, the most noteworthy measures are the distance between people, separation with
screens, the recommendation to go shopping alone, following signs on the ground that keep the person
shopping from going backwards, paying with credit cards, or distributing cleaning and protection
material among the customers [29].

One of the situational factors that most affects buying and which has been modified by the
implemented measures, is the time that can be allocated to it. Thus, it has been verified that time
pressure changes the factors that affect buying food [39]. Shoppers under time pressure are less likely
to make unplanned purchases compared to those who are not under time pressure [40], and this factor
is an important determinant of aspects such as reading labels [41]. Under time restrictions, consumers
have more trust for high-priced products and high-quality brands [42].

Furthermore, new technologies have really boomed during this crisis, and as well as enabling
access to different sources of information [43], they have also modified distribution channels. The online
channel, which had hardly been used for food until now, has become popular [20]. Moreover, it has
been a very useful tool that limits the physical contact which is common when shopping [44].

1.3. The Consumer and Panic Buying

The panic buying behaviour does not affect all consumers equally. In general, it increases if
consumers have previously experienced similar issues, and it decreases as the stock builds up [45].
Having experienced these issues previously is not essential however, as the effect of observing what
happens to others is decisive [46].

It has also been observed that people with high levels of anxiety can go panic buying more often
and stockpile more products. However, people with low levels of anxiety can also be dangerous because
they are less likely to conduct the necessary actions to contain the pandemic [47]. Fear motivates
people to go shopping because it gives them a sense of security and it alleviates their stress. It is a way
of keeping their negative emotions under control [48,49].

Panic buying happens after numerous personal decisions in a short amount of time, which makes
them especially difficult to research. However, it is important to do so because they can have a very
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negative effect. Panic buying is troublesome, and its consequences mainly affect vulnerable groups of
people who cannot access essential goods such as food or water [3,26,27].

Furthermore, they also affect companies in the sector and supply chains. The food sector faced an
increased demand due to the panic-buying and stockpiling of food. Disruptions have been minimal
thus far, as food supply has been adequate, and markets have been stable. However, we have already
seen challenges in terms of logistic bottlenecks, and there is likely less food of high-value commodities
(i.e., fruits and vegetables) being brought to the market [50]. The supply of some products has been
affected, forcing food companies and distribution chains to make significant efforts.

2. Materials and Methods

2.1. Database

For this study, Spanish buyers were surveyed using social networks Facebook and WhatsApp between
2 and 14 April 2020. It is a non-discriminatory exponential snowball sampling. The characteristics of
the study and the state of alarm in Spain made it difficult to apply other sampling methods. A single
questionnaire was submitted to each consumer during the lockdown, posing questions linked to the
pre-lockdown week as well as the first week of the lockdown. The different sections that were in the
questionnaire are listed in the methodology section.

We collected 528 valid responses. A confidence interval of 95.5% (k = 2) was selected, as this value
is the most common one used in socioeconomic studies. The sample error was calculated within an
infinite population (total food consumers in Spain) and assuming maximum indetermination (as it is
usually done, with p = q = 0.5).

Before the fieldwork, a preliminary questionnaire was sent to 10 consumers to confirm that the
questions of the survey were well designed and easily understandable.

A questionnaire with five parts was designed. The first included general buying habits before
COVID-19. The second included questions on the level of concern and information on the health
crisis. In the third, the questions addressed buying food the week prior to the state of alarm (7 to
13 March), and in the fourth, buying food during the first week of lockdown (14 to 20 March). Lastly,
Section 5 includes the socio-economic data of the people polled, such as their gender, age, level of
education, net monthly family income, and location of residence. The questionnaire used is included
in the Supplementary File.

Answers from almost all the autonomous communities of Spain were gathered, except for the
Canary Islands and Asturias. However, the answers from the communities of Murcia, the Valencian
Community, and Castile-La Mancha stand out because, by using snowball sampling, it has been
affected by the location of origin of the researchers, who posted the questionnaire on their social
networks. Figure 1 shows the distribution of the sample according to the community of origin.

Figure 1. Sample distribution by autonomous community of origin.
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In general, the people in charge of household shopping are mainly characterised by being women
aged 35 to 49, with university studies, net monthly family incomes between €1000 and €1999 and who
live in areas of high urban population concentration (Table 1).

Table 1. Socio-economic characteristics of the sample of people who are in charge of shopping.

Variables %

Gender
Male 32.0

Female 68.0

Age (in Years)
18–24 5.1
25–34 20.6
35–49 44.5
50–64 26.5
>65 3.3

Education Level
Elementary 2.1
Secondary 13.6
University 84.3

Income
<€1000 6.4

€1000–€1999 30.9
€2000–€2999 28.0
€3000–€3999 20.3
>€4000 14.4

Area of Residence
Rural (<30,000 inhab.) 19.8

Urban (30,000–100,000 inhab.) 16.2
High urban population concentration (100,001–500,000 inhab.) 53.4

Metropolitan area (>500,000 inhab.) 10.6

2.2. Statistical Analysis

A segmentation of the sample population was conducted to analyse the information. The variable
selected for segmentation was the variation of the importance of purchase attributes in this pandemic
situation. To create this new variable, the importance that every individual consumer gave to the
perceived importance of different food purchasing attributes in the pre-lockdown week and during the
lockdown were compared. The attributes included were price, origin, place of purchase, type and size
of packaging, commercial brand, organic certification, and designation of origin. The people polled
were required to rate the importance attributed to the reported purchase attributes on a 5-point Likert
scale, with 1 being the least important and 5 the most important in their day-to-day shopping. With that
information, a new variable was established for each attribute, with three possible scores depending
on the amount it changed: 1, if it did not change (a 3 rating on the Likert scale); 2, if it changed
slightly (rating of 2 and 4 on the Likert scale, slightly less and slightly more, respectively); and 3, if it
changed significantly (rating of 1 and 5 on the Liker scale, a lot less and a lot more, respectively). In this
regard, three segments were identified in accordance with the variation in the assessment of purchase
attributes of consumers due to the pandemic. Segment 1: No change in purchase attributes; Segment 2:
Slight change in purchase attributes; and Segment 3: Major change in purchase attributes.

Previously, other studies have used the purchase attribute assessment to determine consumer
segments [51–53]. Only extrinsic attributes have been considered in this case, as the study asks about
food in general, and not a single product. Extrinsic attributes are product-related attributes which
are not a part of the physical product, meaning they can be changed without altering the properties
of the physical product [34]. Selecting these attributes was done by taking into account those which
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generally have a greater influence when buying food and which are most susceptible to be modified by
panic buying. The attached table shows a summary of the extrinsic attributes taken into account and
their consideration in other research papers (Table 2).

Table 2. Extrinsic attributes considered in some food research studies.

Attribute References

Price [54–61]
Origin [57,58,62–68]

Place of purchase [69–76]
Type and size of packaging [77–85]

Commercial brand [55,59,86–93]
Organic certification [54,55,64,86,92,94–98]

Designation of origin (guarantee label) [63,76,87,99–107]

In order to look for differences among segments, we created a cross-tabulation table with a
column proportions test for nominal variables and an Anova test to analyse scale and ordinal variables.
The statistical tool used to contrast the hypothesis of independence between categorical variables was
Pearson’s chi-squared test. Specifically, the cross-tabulation tables and chi-squared test were used to
analyse the existence of significant differences between segments regarding different variables.

Results were analysed using the Statistical Package for Social Sciences IBM SPSS version 25.

3. Results and Discussion

The pandemic changed the importance that some consumers gave to different food purchasing
attributes. Our segmentation identifies three different groups of consumers attending to the importance
of those changes. The first segment, with 38.6% of the sample, included consumers who had not
modified the importance assigned to the food purchasing attributes before and during the lockdown.
The second segment, with 47.5% of the sample was comprised by consumers who showed slightly
modifications. Finally, the third segment of consumers, with 13.9% of the sample, included those who
showed severe changes.

3.1. Amount Purchased of Different Food Items

The variation of the amounts of different food items purchased by the consumer segments the
week prior and after the state of alarm are shown on Table 3. This table shows the average scores for
the amounts purchased before the state of alarm compared to those purchased in a normal situation.
Thus, a one means that they buy much less than usual and a five means that they buy a lot more than
usual. Therefore, scores over three indicate that more has been bought, and lower scores indicate that
less has been bought.

In general, the food items purchased the most in the week prior to the state of alarm were rice,
pasta and legumes, dairy products, meat, fresh fruit and/or vegetables, baked goods, and frozen
foods. These are basic necessity foods and many of them are easily storable. Of these, in week 1 of
the lockdown, the increase in dairy products, meat, fruit and vegetable and baked goods remained
the same and the purchase of rice, pasta and legumes, and frozen products fell. The least purchased
food items before the lockdown were soft drinks and juices, spices, condiments and sauces, snacks,
bottled water, and beer, wine, and spirits. Of these, the purchase of beer and snacks increased in week
1. The purchase of bottled water and soft drinks remains the same. Lastly, the foods that remained the
same before the lockdown are coffee and infusions, olive oil, fish, and canned products. All of the
latter fell in week 1 of the lockdown. Regarding olive oil, an essential part of the Mediterranean diet,
it was not added in a significant way when panic buying before the state of alarm, as all segments have
ratings of around 3.
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Table 3. Amount of different food groups purchased in the pre-state of alarm week and in which
direction the change went in the first week post-state of alarm for each of the consumer segments.

Food
Seg. 1

No Change
(38.6%) 1

Seg. 2
Slight Change

(47.5%) 1

Seg. 3
Major Change

(13.9%) 1
Total

Rice, pasta, legumes *** 3.30 *** ↓ 3.52 ** ↓ 3.56 *** ↓ 3.44 *** ↓
Dairy products ** 3.18 3.36 ** ↑ 3.37 3.29 ** ↑

Meat ** 3.14 * ↑ 3.28 3.38 3.24 * ↑
Fresh fruit and vegetables *** 3.10 3.27 *** ↑ 3.36 3.22 *** ↑

Baked goods * 3.12 3.21 *** ↑ 3.29 3.18 *** ↑
Frozen foods 3.08 3.11 * ↓ 3.04 3.09 *** ↓

Coffee and infusions 2.98 3.06 3.04 ** ↓ 3.03 *** ↓
Olive oil 3.00 * ↓ 3.02 2.96 * ↓ 3.00 *** ↓

Fish 2.99 ** ↓ 2.94 2.90 2.95 ** ↓
Canned food 2.93 ** ↓ 2.98 *** ↓ 2.93 ** ↓ 2.95 *** ↓

Beer, wine, and spirits *** 2.94 * ↑ 2.93 2.59 2.89 ** ↑
Bottled water 2.92 2.86 2.84 2.88

Snacks * 2.90 * ↑ 2.92 * ↑ 2.64 2.88 ** ↑
Spices, condiments, and sauces * 2.77 2.76 2.55 ** ↓ 2.74 ** ↓

Soft drinks and juices *** 2.71 2.76 2.33 2.68
1 Size of the segment; ***, ** and * indicate significant differences with a 1%, 5%, and 10% margin of error; the asterisks
shown on the food column reflect differences among segments. The asterisks shown in the segment column refer to
the differences between the week prior and the first week after the state of alarm for each segment; the arrows mark
the direction of the variation ↓ the amounts purchased decreased in week 2 compared to week 1. ↑ The amounts
purchased increased in week 2 compared to week 1.

In segment 1, which comprised 38.6% of consumers, the most purchased foods in the pre-lockdown
week were the same as for the total population, although the amount purchased was slightly lower
in all cases: dairy products, baked goods, meat, fruit, rice, pasta, and legumes. Of these, in week 1
of the lockdown, only the purchase of meat increased, whereas rice, pasta and legumes decreased,
with this fall being more significant than for other segments. Of the least bought products, snacks and
beer, their purchase increased the following week, and it did so in greater proportion than for the total
population. For the foods that remained the same, the amount purchased decreased in week 1 of the
lockdown for oil, fish, and canned food, whereas for coffee it remained similar.

In segment 2, which comprised 47.5% of consumers, the food items that were purchased the most
were similar to the total population, and the amounts purchased were slightly higher than the total
population. The variation in week 1 of the lockdown was also similar. Regarding the products whose
amount purchased dropped, they were also similar, and in week 1 the only group that increased were
snacks, with the amount purchased for all other products remaining the same. For the food items that
remain more stable, the only group that was purchased less was canned food, with all other categories
remaining the same. This is the intermediate segment, which reacted by modifying the amounts
purchased, but in a more moderate way than segments 1 and 3.

Lastly, segment 3, which comprised 13.9% of consumers, is the most sensitive to change.
The increase in the amount purchased the week prior to the lockdown took place for the same
groups of products as for the total population, but in this case, the increase was more pronounced.
In week 1 of the lockdown, the amounts purchased were similar for all groups of products, except for
rice, pasta, and legumes. The products purchased at a lesser rate were similar to the rest of the
population, but it is worth noting that the purchase of beer, wine, and snacks was much lower during
the week prior, and these levels were maintained in week 1 of the lockdown. This segment also
purchased less spices, condiments, and sauces, and during week 1 they purchased even less of these.
In the categories of more stable products, there was a decrease in the amounts of coffee, oil, and canned
food purchased. The amount of fish purchased remained lower than normal but stable during that
period of time.
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3.2. Food Buying and Places of Purchase

As regards shopping, a majority of consumers leave the home to do it, but this proportion was
noticeably lower in segment 3, where the online or telephone option was much more prominent than
for the other segments. When asked if they conducted these ways of shopping before COVID-19,
the answers were very similar in all segments, and the percentage of those who did it often or on a
regular basis was very low. However, this crisis boosted these ways of shopping, especially among
consumers in segment 3. However, when asked whether they will continue using online shopping,
in this segment there was a smaller percentage of consumers that will do so compared to others,
where almost 30% of consumers said they will use the online channel to buy food. These results can be
found in Table 4.

Table 4. Traditional shopping versus online food shopping for home.

Food Shopping for Home
Seg. 1

(38.6%) 1
Seg. 2

(47.5%) 1
Seg. 3

(13.9%) 1 Total

Buying Food ***

Yes, I leave home to shop 89.2% a 87.3% a 72.6% b 86.0%
No, I make a list and a friend/relative brings it to me 7.8% a 7.6% a 9.6% a 8.0%

No, I do it over the Internet 2.5% a 3.2% a 12.3% b 4.2%
No, I do it over the telephone 0.5% a 2.0% a,b 5.5% b 1.9%

Online Food Purchasing (Before the State of Alarm)

Never 63.7% a 61.0% a 72.6% a 63.6%
Rarely 18.6% a 19.1% a 8.2% b 17.4%

Sometimes 15.2% a 17.5% a 17.8% a 16.7%
Most of the time 2.0% a 1.6% a 0.0% 1.5%

Always 0.5% a 0.8% a 1.4% a 0.8%

Online Food Purchasing (After the State of Alarm) 30.40% a 35.10% a 47.90% b 35.00%

Consumers that Will Continue Buying Online

Definitely not 33.9% 27.3% 45.7% 33.0%
I don’t know 37.1% 45.5% 40.0% 41.6%

Definitely will 29.0% 27.3% 14.3% 25.4%
1 Size of the segment; *** note significant differences with a 1% margin of error, respectively; Different letters in the
same row mean significant differences for the segments (p < 0.05).

Regarding the places of purchase (Table 5), the scale used was an ordinal scale of five items,
where 1 means that the person never purchased at that type of establishment, and a five means
that they always did. The establishment of choice was the supermarket or hypermarket, followed
by traditional shops, indoor markets and, lastly, buying straight from the producer, and there
were hardly any differences among segments. Regarding the differences in behaviour between the
week prior to the lockdown and during the lockdown, there were differences in almost all cases.
The supermarket/hypermarket as the preferred choice increased mainly for segment 1, whereas it
decreased for segment 3, although not significantly. All other places of purchase suffered a drop
in importance.
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Table 5. Place of purchase of food for home.

Place of Purchase
Seg. 1

(38.6%) 1
Seg. 2

(47.5%) 1
Seg. 3

(13.9%) 1 Total

Supermarket/Hypermarket

Pre-state of alarm 4.06 * 4.05 4.21 4.08
Post-state of alarm 4.24 * 4.06 4.03 4.12

In Traditional Shops

Pre-state of alarm 2.94 * 3.13 * 3.14 * 3.06
Post-state of alarm 2.61 * 2.79 * 2.71 * 2.71

In Indoor Markets/Markets

Pre-state of alarm *** 2.15 * 2.36 * 2.10 * 2.24
Post-state of alarm 1.50 * 1.73 * 1.62 * 1.63

Directly from the Producer

Pre-state of alarm 1.39 * 1.38 * 1.34 1.38
Post-state of alarm 1.16 * 1.21 * 1.27 1.20

1 Size of the segment; *** and * note significant differences with a 1% and 10% margin of error, respectively;
the asterisks in the segment boxes refer to the change between considered periods (t-test of related samples).
The asterisks on the variables column refer to the differences between segments (ANOVA).

3.3. Purchase Attributes

The most highly valued attribute was the origin, followed by the price, place of purchase, size of
the packaging, the protected designation of origin (PDO) label, the type of packaging, and the organic
certification of the food. The brand proved to be less important. The attributes that show significant
differences between the consumer segments were the price, brand, and organic nature of the product.
Consumers in segment 1 valued the price less and the organic nature slightly less, whereas, regarding
the brand, they were in line with the rest of the population. Segment 2 consumers valued the organic
nature and brand more, whereas those in segment 3 stood out for assigning greater value to the price,
and less to the brand (Figure 2).

*** and * significant differences with a 1% and 10% margin of error. 

Figure 2. Attribute value by consumer segments.

Regarding the direction of the change in importance assigned to the attributes, segment 1 has
not been considered, as it did not modify the value it assigns to the attributes (Figure 3). In general,
in segment 3 there was a greater decrease in the importance assigned to purchase attributes.
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If we analyze them individually, the brand is the attribute that most decreased in importance,
especially for segment 3. However, regarding the designation of origin, although its decrease was also
majoritarian, there was a 24.7% of consumers in segment 3 who assigned it greater importance after
the lockdown. This also happened with organic certification.

The place of purchase was the attribute with the most significant increase. In segment 2, there was
a high percentage of people who maintained its importance, and in segment 3, compared to the other
attributes, its importance decreased for a smaller percentage of consumers.

The size of packaging is the second attribute for which a greater proportion of consumers increase
its importance. Regarding the origin, there was a large percentage of people in segment 3 who said its
importance decreases. However, in segment 2, the percentage of people who assigned it the same level
of importance was very high.

The price is the attribute that most decreased in importance for segment 2, whereas for segment 3,
there was a greater percentage of people who maintained its importance compared to the other attributes.

 
*** and ** notes significant differences with a 1% and a 5% margin of error. 
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Figure 3. Change in the value assigned to the attributes.
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3.4. Level of Concern for COVID, Impact, and the Search for Information

The level of concern was very high and there were no significant differences in this variable
(Table 6). Regarding the impact, it was fairly negative for all segments, especially for segment 3.
Consumers in segment 1 were more optimistic.

Table 6. Level of concern and impact of the COVID-19 crisis in Spain.

Level of Concern and Impact of the
COVID-19 Pandemic

Seg. 1
(38.6%) 1

Seg. 2
(47.5%) 1

Seg. 3
(13.9%) 1 Total

Level of Concern

Not at all concerned 1.0% 0.0% 1.4% 0.6%
Slightly concerned 2.5% 0.8% 1.4% 1.5%

Somewhat concerned 14.2% 9.6% 8.2% 11.2%
Moderately concerned 32.4% 36.7% 28.8% 33.9%
Extremely concerned 50.0% 53.0% 60.3% 52.8%

Impact on the Family Economy ***

Very negative 13.7% a 24.3% b 35.6% b 21.8%
Somewhat negative 55.4% a 47.0% b 37.0% b 48.9%

Neutral 27.9% a 23.1% a 20.5% a 24.6%
Somewhat positive 2.5% a 4.8% a 4.1% a 3.8%

Very positive 0.5% a 0.8% a 2.7% a 0.9%
1 Size of the segment; *** notes significant differences with a 1% margin of error; Different letters in the same row
mean significant differences for the segments (p < 0.05).

The results reveal a high concern for the pandemic, and only 1.5% of consumers were not interested
in the information. Consumers in segment 3 were more concerned and also spend more time seeking
information, especially through the news programs on TV and official sources. The opinion of friends
and family and social networks are less important, although they are taken into account by segment 2
(Table 7),

Table 7. Time spent seeking information on COVID-19 (h/day) and preferred sources of information.

Time and Sources of Information
Seg. 1

(38.6%) 1
Seg. 2

(47.5%) 1
Seg. 3

(13.9%) 1 Total

Time Spent Seeking Information (hrs/day)

I’m not interested in being informed 2.5% a 1.2% a 0.0% 1.5%
Less than 1 h 37.3% a 35.9% a 35.6%a 36.4%

Between 1 and 2 h 44.6% a 40.6% a 34.2% a 41.3%
Between 2 and 4 h 9.8% a 15.5% a,b 21.9% b 14.2%

More than 4 h 5.9% a 6.8% a 8.2% a 6.6%

Sources of Information

TV news *** 3.49 3.70 3.36 3.57
Newspapers (in paper or online) 3.29 3.49 3.45 3.41

Relatives and/or friends 3.11 3.22 2.99 3.15
Official sources *** 2.95 3.18 3.29 3.10

Social networks 2.97 3.14 2.93 3.05
1 Size of the segment; *** notes significant differences with a 1% margin of error; Different letters in the same row
mean significant differences for the segments (p < 0.05).

3.5. Socio-Economic Characteristics of People Polled by Segments

Only the socio-economic characteristics with significant differences among segments are shown
(Table 8). Only differences in age and family size emerged. Regarding age, in segment 3 there
was a larger of percentage of younger consumers (aged 18 to 34). The segment of people whose
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behaviour did not change has a smaller family size. Regarding gender and work activity there were no
significant differences.

Table 8. Age and family size of the consumer segments by their assessment of the purchase attributes.

Age and Family Size
Seg. 1

(38.6%) 1
Seg. 2

(47.5%) 1
Seg. 3

(13.9%) 1 Total

Age (in Years) **

18–24 5.4% a,b 3.6% b 9.6% a 5.1%
25–34 19.6% a 17.9% a 32.9% b 20.6%
35–49 44.6% a 48.6% a 30.1% b 44.5%
50–64 25.5% a 27.9% a 24.7% a 26.5%
>65 4.9% a 2.0% a 2.7% a 3.2%

Family Size (members) * 2.84 3.12 3.01 2.99
1 Size of the segment; ** and * note significant differences with a 5% and 10% margin of error, respectively; Different
letters in the same row mean significant differences for the segments (p < 0.05).

4. Discussion

The results of the survey have made it possible to learn how food consumers behaved right before
the lockdown and in the first week of the lockdown in Spain, and which consumer profiles changed
their behaviour the most. This section analyses the results taking other research into account.

In our study, 61.4% of consumers modified their buying behaviour. Other studies, such as one
conducted in China after the COVID-19 outbreak, showed that the pandemic had a psychological
impact on 54% of consumers [108]. People with higher levels of anxiety can conduct panic buying
more often and stockpile more products. This can have a harmful effect on the community, which may
need these resources for other purposes. On the other hand, people who modify their behaviour less
can also be dangerous because they are less likely to conduct the necessary actions to contain the
pandemic [47].

During the period of time analysed, the amounts purchased have changed. This can be due to
the fact that consumers react when they believe that products will be scarce in order not to have their
ability to choose limited [26]. Furthermore, other authors say that an increase in shopping can decrease
stress before an unknown situation [48,49].

Stockpiling products the week before the lockdown also occurred in other countries, but it was
slightly different. In Italy, the storable products that were in plastic packaging, which are perceived as
being safer, were also bought more often [19]. However, the purchase of fresh products decreased,
which did not happen in Spain. Concern for a healthy diet may be behind this behaviour [43]. However,
the purchase of rice, pasta, and legumes and frozen products fell, possibly due to the fact that they
were already stored in the homes. On the other hand, there were products that were purchased less in
the week before the lockdown, but which were purchased more during the lockdown, such as beer or
snacks. These are products that were usually consumed in bars or restaurants and are now consumed
at home, and it may be because their consumption is linked to their symbolic value and the tendency to
continue some external socialisation habits at home [19]. In our segments, segment 3 (panic buyers) is
the one that buys the least snacks, beer, and wine, meaning it has not transferred social activities to the
household or has not made prize product purchases. On the contrary, segment 1 modified its behaviour
the least, except for beer and snacks, meaning it could be the segment that, while experiencing the least
amount of alarm, needed to take its socialisation habits home the most. On the other hand, beer and
snacks are products that can be considered “prize products”, whose purchase increases as a result of
a disaster [32]. Further noteworthy, is the drop in the purchase of olive oil in the first week of the
lockdown, which could be due to it being a product with a high caloric value and consumers trying to
decrease its intake [43].
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Regarding the places of purchase, online purchasing, which until now had been a seldom used
channel by food buyers, shows a significant increase at the expense of the conventional channels.
This result is in line with those obtained in studies conducted on previous crises [109–111] as well as
more recent ones focused on the COVID crisis [19,20]. The loss of importance of all other purchasing
establishments has also been documented in other countries such as Italy [19].

In general, food attributes have fallen in importance, especially for panic buyers, which can be
in line with the studies that say that, when panic buying, substitute products are more acceptable,
in other words, consumers are more content with the products they find and do not carry out “specific
searches” [38]. When analysing the evolution of these attributes individually, it is observed that the
place of purchase of the attribute that has increased its importance for a greater proportion of consumers.
This can be linked to other attributes derived from shopping. In general, consumers seek less contact,
which is why they try to go shopping less often and seek safe places to do so [111]. During the two
periods of time analysed, there is a loss of importance of the brand as a purchase attribute. Even though
this contradicts one study [42], can be in line with another [38], which reveals the better acceptance of
substitutes in panic situations. On the other hand, both the designation of origin and the organic label
increased in importance during the lockdown for a significant percentage of consumers. It could be
that established brands, which are well positioned regarding the perception of quality of their products,
work better than private brands, and that the result is in line with some authors [29], which says that
well-positioned brands will have an advantage during pandemics. Furthermore, authors [112] says
that in situations of risk, consumers prefer to buy organic products. The price, which decreased in
importance for segment 2 and remained stable for segment 3, in other studies [42] was seen as an
indicator of the quality of the product, meaning it is a significant attribute, while revealing that a high
price increases consumer confidence. Furthermore, when a product shortage is predicted, the consumer
tends to be more accepting of higher prices for products [36]. The changes in the importance assigned to
the size of the packaging can also be linked to the lower frequency with which people go shopping [111].
On the other hand, if we take into account that people often go shopping in order to store the food,
both the type of packaging and its size can be very important. Lastly, the decrease in importance of the
origin attribute for panic buyers and its preservation among consumers in segment 2 are in line with
the findings of other studies [20,111].

Regarding the level of concern for Covid, a study [112] believes that those consumers who perceive
greater risks change their buying behaviours more, which has also been observed in our results
(Table 7). However, the fact that consumers in segment 3, who perceived a greater risk, still consider
the price important, can be in line with the consideration that price restrictions are a consequence of
the foreseeable economic crisis [29].

Regarding the sources of information, media outlets play a very important role to provide credible
information to consumers on how the supply chain works, and thus alleviate the issues derived
from stockpiling [2] as well as favouring an increase in confidence among consumers in the public
authorities, while possibly encouraging a return to the normal buying behaviour [46]. On the other
hand, social networks and the opinion of friends and family, despite being less important in this study,
is direct information that can have a great influence on behaviour [46]. How prepared people are
for disasters should take into account the disastrous events that are likely to happen and what/who
is likely to be affected in different parts of countries and cities [12]. This can be done with suitable
information from official channels, but also using social networks, which are gaining traction as media
outlets among consumers.

The results obtained regarding socioeconomical variables show that in the segment of panic buyers
there is a greater proportion of young people, which is consistent with the fact that the COVID crisis has
an effect regarding changing behaviour that is less significant among older people [112]. In segment 1,
which includes those who experience less changes in their behaviour, the size of the family is smaller,
which is in line with the concern of the consumers with their family becoming infected [108]. Lastly,
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in our study there were no differences regarding gender and work activity, whereas in another study
there were differences in these variables, having a greater impact on women and students [108].

5. Conclusions

The work conducted has made it possible to detect three significant segments of consumers based
on their food buying behaviour, which also made it possible to establish the variations experienced
both regarding the place of purchase as well as the extrinsic attributes of the food items, as well as the
profile of the consumers in both analysed periods.

Up to 61.4% of consumers modified their buying behaviour, with the consumers that most
modified the value they assign to the attributes being those who stockpiled the most (panic buying),
whereas those who changed it the least, shopped as usual (38.6%).

The most valued attributes were the origin, followed by price, place of purchase, size of packaging,
protected designation of origin label, type of packaging, and organic certification of the food, in this
order. It is worth noting the low importance that consumers assigned to the brand, maybe due to the
fact that what was important was having supplies.

Regarding the attributes with significant differences among consumer segments, we see that
whereas consumers in segment 1 (38.6% of consumers) assigned less value to the price and organic
certification, and more to the brand, consumers in segment 2 (47.5% of consumers) assigned greater
value to the organic certification and the brand. Lastly, consumers in segment 3 (13.9% of consumers)
assigned greater value to the price and less to the brand.

In this sense, the study has verified that the importance assigned to purchase attributes has been
modified to a greater or lesser extent, especially for the brand, which can indicate that the consumer
has more readily accepted substitute products. However, attributes such as the protected designation
of origin or organic certification, which are linked to quality assurance and food safety increased their
importance, especially among consumers who were more prone to change, but not the price, which was
different for each segment, gaining importance among consumers who were more prone to panic
buying, possibly because they also perceived greater risk from the health, economic and social crisis.

Further noteworthy, is the change in place of purchase of the food, as it is observed that
supermarkets and hypermarkets, where it is more feasible to find a broader range and in greater
amounts for storing, benefited. In this sense, online food buying, which until before the pandemic had
very limited importance, has now gained traction and many consumers expressed their willingness to
continue using this way of shopping.

Lastly, it has been verified that the official channels of information and written press (in paper
and online) are the most reliable sources of information that reach consumers and also modify their
buying behaviour the most, whereas over social networks it is possible to reach consumers who have
maintained a more stable buying behaviour.

The characterization of the profile of the different consumer segments can allow food production
and/or distribution companies to implement different innovative, customized, and more effective
strategies, aimed at decreasing the impact of stockpiling, and therefore of food shortage. To do so,
the alternative strategies they can implement include a stock of non-perishable foods as a strategic
reservoir in their warehouses in preparation for eventual increases in demand, to increase production
capabilities in a sustainable way, and especially, to promote the online sale and distribution of food,
with the objectives of lowering the amount of people in shops (which decreases the spreading of the
pandemic and favours health) and preventing consumers from encountering possible circumstantial
shortages that would only encourage stockpiling and panic buying, even among consumers who do
not change their buying behaviour.

The goal was for the results of the research to discover the changes in buying behaviour of food
consumers in situations of severe stress, due to the COVID-19 pandemic, compared to their regular
behaviour. In turn, this situation has led to an economic and social crisis that only the income policy
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of the government has attempted to alleviate, in order to prevent it from becoming a financial and
credit crisis.

Unfortunately, this crisis has shown countries, such as Spain and others in Europe that do not
suffer major natural disasters like other countries in the world that routinely witness hurricanes,
earthquakes, major fires, floods, droughts, epidemics, etc., that they must be prepared, as they are
increasingly frequent in other parts of the world where they did not use to happen, having a significant
impact on agricultural production, which is the basis for the production of foods.

Without a doubt, the increased frequency of natural disasters is caused by climate change,
as has been revealed by the Intergovernmental Panel on Climate Change (IPCC). Furthermore,
the transportation of people around different parts of the world has contributed to disseminate what
were once local epidemics, making them global pandemics, as has happened this year with COVID-19,
and the possibility that other pandemics may occur in the future cannot be ruled out..

Having said this, the goal of this study is not just to be prepared for future pandemics, but also
to be vigilant for future situations that may occur and cause stress among consumers, panic buying,
food stockpiling and, potentially, shortages. Being prepared is the responsibility of the private sector
(from the standpoint of logistics), as well as the public authorities (from the standpoint of truthful
information for the population). The ultimate goal is to care for the basic needs of the population,
one of which is eating.

Only when ready is it possible to respond appropriately. What is very probable is that many of
these changes in the buying behaviour of consumers will happen again in situations of health, economic,
financial and/or social crises. Knowing and identifying when they take place will make it possible to
plan for them in advance, making quick and useful decisions from the field of the agri-food sector.
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Abstract: Saffron, as a food colorant, has been displaced by low-cost synthetic dyes. These have
unhealthy properties; thus, their replacement with natural food colorants is an emerging trend.
Obesity is a worldwide health problem due to its associated comorbidities. Crocetin esters (crocins)
are responsible for the red saffron color. Crocetin (CCT) exhibits healthful properties. We aimed to
broaden the existing knowledge on the health properties of CCT isolated from saffron, to facilitate
its consideration as a healthy natural food colorant in the future. We evaluated the ability of CCT
(1 and 5 μM) to reduce lipid accumulation during the differentiation of 3T3-L1 preadipocytes.
Intracellular fat was quantified by Oil Red O staining. CTT cytotoxicity was measured using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The number and size
of lipid droplets were analyzed using WimLipid software. The expression of adipogenic genes
(CCAAT/enhancer-binding protein (C/EBPβ, C/EBPδ, C/EBPα), and peroxisome proliferator-activated
receptor γ (PPARγ)) was analyzed using quantitative real-time PCR (qRT-PCR). CCT 5 μM decreased
intracellular fat by 22.6%, without affecting viability or lipid droplet generation, via a decrease
in C/EBPα expression, implicated in lipid accumulation. Thus, CCT is a potential candidate to be
included in dietary therapies aimed at reversing adipose tissue accumulation in obesity.

Keywords: saffron; crocetin; obesity

1. Introduction

Additive colorants are found in large quantities in food because consumers often associate them
with the flavor, safety, and nutritional value of the foodstuff, thus making it more attractive [1].
The food industry uses synthetic food colorants to a large extent, mainly due to their low cost and
high stability [2]; however, most of them contain azo functional groups and aromatic ring structures,
which can be harmful to human health [3], with additional environmentally harmful effects during
food processing [4]. Thus, an acceptable daily intake (ADI) of authorized food additives is continuously
evaluated by regulatory bodies, such as the European Food Safety Authority (EFSA) in Europe and the
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Food and Drug Administration (FDA) in the United States (US), to adequately protect consumers [5].
Even so, consumers remain cautious with regard to the safety of synthetic dyes, whereas they are also
aware that many natural colorants provide health benefits; thus, the replacement of artificial food
colorants with natural ones is a current market demand [2].

Naturally occurring color additives from vegetable and mineral sources were used to color foods,
drugs, and cosmetics in ancient times. Paprika, turmeric, and saffron are some examples obtained from
vegetables. From the second half of the 19th century onward, artificial colors rapidly replaced natural
colorants. Artificial colorants are used in a wide variety of foods, mainly to make them more attractive
to consumers; in fact, their intake by consumers has increased since 1950 [2]. Currently, consumers
prefer natural colorants in foodstuff or for cookery since almost all of them are hypoallergenic and
nontoxic, while displaying salutary properties in humans, which is a significant advantage over many
artificial dyes. In addition, their production, use, and elimination is environmentally friendly and
can contribute to sustainable development [6]. The current market trend involves the replacement of
artificial dyes with natural ones [2].

The most important use of saffron (Crocus sativus L.) is in cookery; its dried stigmas constitute
the saffron spice. This spice is greatly valued for its coloring, flavoring, and aromatizing properties
in some traditional dishes, as well as in modern cuisine. In addition to its use as a spice, saffron has
long been considered a medicinal plant for its therapeutic properties [7]. However, for years, the use
of this spice as a food colorant, due to its high price, has been replaced by low-cost synthetic dyes
(e.g., tartrazine (TTZ)) [8]. The consumption of TTZ can produce adverse metabolic effects [3,9–11].
Indeed, TTZ has been banned in some countries including Norway and Austria [12]. Turmeric
(whose main coloring component is curcumin) has excellent heat stability, and it is often used as a
replacement for TTZ; however, this pigment is unstable when exposed to light and it is susceptible to
oxidation [2]. In contrast, saffron pigments are quite light- and heat-resistant [13].

Saffron contains several bioactive compounds, of which crocins (crocetin esters), a group of
water-soluble carotenoids derived from crocetin (CCT, the aglycon of crocin), are responsible for the
intense color that saffron provides to aqueous solutions [14]. Saffron displays numerous functional
and bioactive properties. Therefore, research into the effects of saffron and its components is necessary
to achieve a more widespread use of the spice. Today, along with the current trend of using natural
colorants, there is a growing interest in therapeutic diets, which include culinary herbs or spices to
support therapies for chronic diseases, including obesity [14]. Obesity is a global health problem that is
acquiring an enormous epidemiological relevance due to its increasing prevalence rate [15]. The World
Health Organization defines obesity as an abnormal or excessive accumulation of fat (adiposity) that
can be harmful to health, and it is a risk factor for diabetes, cardiovascular disease, and cancer [16].

Recently, the most important therapeutic effects of saffron were attributed to CCT in its free-acid
form [17]. Typical carotenoids contain 40 carbon atoms (C40); however, CCT is a C20 apocarotenoid
(C20H24O4; molecular weight 328.4 g/mol), and it is generated via the hydrolysis of crocin glycosides.
Crocin is crocetin digentiobiase ester, whereas CCT is 8,8′-diapo-ψ,ψ′-carotenoic acid. CCT contains a
carboxyl group at each end of the polyene chain; when ionized, it can function as an acid (anionic)
dye for biological staining [18]. On the other hand, CCT has high antioxidant power and possesses
a wide range of beneficial properties for humans including anti-inflammatory, antiatherosclerotic,
antihypertensive, and anticancer activities [19–22].

Adipose tissue function is essential for health; it is pivotal in the synthesis and storage of
triacylglycerol in lipid droplets (lipogenesis) and the release of fatty acids into systemic circulation
during periods of scarcity. In addition, adipocytes are a source of numerous proteins and hormones
with actions relevant in practically every aspect of human physiology, including cardiovascular
physiology. A crucial process for the homeostatic maintenance of lipid metabolism is the generation of
new adipocytes from preadipocytes, a process known as adipogenesis. The process of adipogenesis
involves growth arrest, mitotic clonal expansion, early differentiation, and terminal differentiation [23].
In vitro, adipogenesis takes place in two sequential stages: (1) the early stage, dependent on the
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activation of early transcription factors: CCAAT/enhancer-binding protein (C/EBP)β and C/EBPδ,
which in turn activate the transcription factors of the (2) late stage, dependent on the activation of
late genes: C/EBPα and peroxisome proliferator-activated receptor γ (PPARγ) [24–26]. In this way,
preadipocytes differentiate into an adipocytic phenotype, causing morphological changes in the cell,
including lipogenesis [27]. An exquisitely accurate adipogenesis process preserves lipid health [28],
with increased lipid accumulation caused by an altered adipogenic process being a key factor in
obesity. Thus, intervention in the regulation of adipogenesis, in terms of reducing fat mass, has been
proposed as a possible therapy to prevent adipose tissue development and obesity [29]. In this sense,
several studies have shown that CCT could play a preventive or even therapeutic role in some
aspects related to the comorbidities that accompany obesity. Indeed, CCT has been shown to prevent
visceral fat accumulation and insulin resistance induced by a hypercaloric diet in rats [30]. In addition,
CCT regulates the expression of adiponectin in the adipose tissue of fructose-fed rats [31].

We observed in previous studies that different components of saffron, such as CCT and crocins,
on some occasions, have opposite vasoactive properties [21]. Therefore, during this trend of a change
toward healthier and more sustainable natural products, coinciding with the rapid advance of obesity
in the world, we aimed to study CCT isolated from saffron (C. sativus L.) to broaden the existing
knowledge on its beneficial properties and to promote its use as a healthy natural food colorant in the
future. Specifically, our aim was to test the ability of CCT to reduce adipocytic lipid accumulation.
We examined the ability of the CCT to induce differentiation in cultured murine 3T3-L1 preadipocytes
by studying the amount of intracellular fat, the number and size of lipid droplets, and the viability and
expression of the main early (C/EBPβ and C/EBPδ) and late (C/EBPα and PPARγ) genes involved in
differentiation from preadipocytes to adipocytes. CCT decreased intracellular fat in mature adipocytes,
showing potential antiadipogenic properties. Additionally, CCT did not affect lipid droplet generation
or cellular viability. On the other hand, we report here that CCT diminished the messenger RNA
(mRNA) levels of the transcription factor C/EBPα, which is implicated in lipid accumulation. Therefore,
we propose that CCT reduces intracellular fat by decreasing C/EBPαmRNA levels.

2. Materials and Methods

2.1. Plant Material and Isolation of CCT

Saffron was obtained from the “Agrícola Técnica de Manipulación y Comercialización” company
(Minaya, Albacete, Spain) during the 2014–2015 harvest. These dried stigmas belonged to the Protected
Designation of Origin (PDO) “Azafrán de La Mancha”, which complies with ISO 3632:2011 (Category I)
and guarantees their origin and freedom from fraud. Saffron with a very low moisture level was stored
in the dark at 4 ◦C until further use.

CCT was obtained via the hydrolysis of aqueous solutions of saffron acquired using a protected
internal method of the “Verdú Cantó Saffron Spain” company (Novelda, Alicante, Spain) [22].
CCT purity was checked through the reverse-phase (RP)-HPLC–diode array detection (DAD) technique
according to [32]. Twenty microliters of aqueous extracts of CCT were filtered through a syringe with a
polytetrafluoroethylene (PTFE) filter, 0.45 μm pore size (Millipore, Bedford, MA, USA), and injected
into an Agilent 1200 chromatograph (Palo Alto, CA, USA). Chromatographic determination was
achieved using a Phenomenex Luna C18 column (150 × 4.6 mm, 5 μm) (Le Pecq CEDEX, France)
equilibrated at 30 ◦C. Acetonitrile (ACN) and Milli Q water (mQW) were used as the mobile phase at
a flow rate of 0.8 mL/min. HPLC-grade ACN was obtained from Panreac® (Barcelona, Spain) and
ultrahigh-purity water mQW was produced using a Milli-Q system (Millipore, Danvers, MA, USA).
The elution gradient was set up for the ACN solvent as follows: 20%, 0–5 min; 20–80%, 5–15 min; 80%,
15–18 min; and 20%, 18–30 min. The DAD detector (Hewlett Packard, Waldbronn, Germany) was
set to 440 nm for cis/trans-CCT detection. The chromatographic purity of cis/trans-CCT according to
HPLC–DAD at 440 nm was 99% (86% trans-CCT, retention time: 16.64 min; 13% cis-CCT, retention time:
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17.86 min). CCT was stored at −20 ◦C until further use. Before using CCT to carry out the experiments,
purity was determined again obtaining the same chromatographic purity before it was employed.

2.2. 3T3-L1 Cell Culture and Adipocyte Differentiation

The cell line of embryonic fibroblasts, 3T3-L1, was acquired in 2016 from the ATCC (American
Type Culture Collection, Manassas, VA, USA). 3T3-L1 preadipocytes were cultured, maintained,
and differentiated according to the supplier’s instructions. In all experiments, cells were used within
the sixth passage. Briefly, 3T3-L1 cells were expanded in a 75 cm2 flask at 37 ◦C under a humidified
5% CO2 atmosphere in preadipocyte expansion medium (EM; Dulbecco’s modified Eagle’s medium
(DMEM, 90%) supplemented with l-glutamine (1%), penicillin/streptomycin (0.5%), and inactivated
bovine calf serum (BCS, 10%). When the cells reached 70–80% confluence, they were seeded on six-
or 96-well sterile plates and grown in EM for 48 h or until the culture reached 90% confluence. Then,
differentiation of adipocytes was induced in the absence (as a control of differentiation) or presence
of CCT (1 or 5 μM). Stimulating and inhibiting controls of differentiation were also established with
rosiglitazone (10 μM, an agonist of PPARγ that activates adipogenesis [33,34]) or genistein (12.5 μM, an
isoflavone that inhibits adipogenesis [35,36]), respectively. Genistein at this concentration inhibits lipid
accumulation while preserving the viability of preadipocytes [36]. For this, post-confluent cells were
treated for 48 h with differentiation medium (DM). The DM was prepared using the same components as
the EM, instead replacing CBS with inactivated fetal bovine serum (FBS, 10%) and adding an adipogenic
cocktail (AC), containing substances to induce differentiation (0.5 mM 3-isobutyl-1-methylxanthine
(IBMX), 0.25 μM dexamethasone, and 1 μg/mL insulin (INS)). The DM was subsequently replaced with
adipocyte maintenance medium (MM), which was composed of DMEM containing 1 μg/mL INS and
10% FBS. Cells were maintained in MM for 6 days, with the medium replenished every 2 days. At this
point, the cells developed large lipid droplets and were considered mature adipocytes (Figure 1).

 
Figure 1. Schematic representation of the differentiation procedure to analyze the effects of crocetin
(CCT). Fibroblasts achieved confluence after 48 h of treatment with expansion medium (EM). Then,
the differentiation of confluent fibroblasts was induced with differentiation medium (DM; with or
without CCT (1 or 5 μM)) for 48 h. Subsequently, preadipocytes were maintained with maintenance
medium (MM) for 6 days. ID, initial differentiation; FD, final differentiation.

To check the effect of CCT on the early and late genes of differentiation, cells were collected
at two time-points: 48 h after induction (initial differentiation, ID) and 6 days after differentiation
(final differentiation, FD).

Two concentrations of CCT (1 and 5 μM) were tested in this work. This choice was based on our
experience in previous studies [22] and on the work of Chryssanthi et al. [37]. These were prepared
from a stock CCT solution, dissolved in sterile dimethyl sulfoxide (DMSO) and added to DM (the final
concentration of DMSO in the culture medium was 0.001% (v/v)). Rosiglitazone and genistein stock
solutions were also prepared in DMSO and added to the DM to reach a working concentration (the final
volume of DMSO in the well was 0.001% (v/v)). The differentiation of adipocytes was also carried out
in the presence of sterile DMSO (0.001%) as the solvent control. DMSO is usually well tolerated with
no observable toxic effects on cells at a 0.1% final concentration. This compound is widely used as a
solvent for various pharmacological agents at concentrations of 0.05–1.5% [38].
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2.3. Quantification of the Intracellular Fat by Oil Red O Staining

Cells differentiated in 96-well sterile plates (cellular density, 4 × 103 cell/well) were stained with
Oil Red O (OR) at the FD time-point, according to the method developed by Kraus and colleagues [39]
with slight modification. Oil Red O is a dye that strongly stains lipids, specifically triacylglycerol,
often used for the quantitative analysis of adipocyte differentiation [39].

The OR stock solution was prepared the day before as follows: 0.2 g OR was dissolved in 100 mL
of isopropanol for 24 h at room temperature under agitation. The OR working solution was prepared
by mixing six parts of OR stock solution and four parts of double-distilled water (ddH2O). The solution
was filtered through a two-layer Whatman paper to remove any precipitate.

To stain cells with the OR working solution, they were first washed three times with phosphate-
buffered saline (PBS) and fixed in 4% formaldehyde for 1 h at room temperature while avoiding any
shaking of the plate. Formaldehyde was removed, and the cells were washed once with cold PBS and
air-dried for 10 min. The freshly prepared OR working solution was added to the plates to cover the
cell surface. After 10 min, the solution was aspirated, and the cells were washed three times with
cold PBS and air-dried for 15 min. OR was eluted with 100% isopropanol for 10 min, and absorbance
was measured using a spectrophotometer (ASYS UVM 340, Cambridge, United Kingdom, Microplate
Readers) at 450 nm. Data obtained from at least 10 replicates of each condition from three independent
experiments were used for analysis. The amount of color produced is directly proportional to the
amount of intracellular fat.

Reagents, unless specified otherwise, were acquired from Sigma-Aldrich.

2.4. Determination of the Number and Size of Lipid Droplets

The number and size distribution of lipid droplets were evaluated by Wimasis (Edificio Centauro,
14014 Córdoba, Spain) using a WimLipid image analysis software. For this, photomicrographs
(20X) of the wells at the FD time-point were taken using a phase-contrast microscope (Olympus
1X51). Parameters such as the circularity, convexity, and elongation were included in the analysis to
discriminate drops. The following criteria were used: area ≥ 10 pixels (Px); circularity > elongation;
convexity > 0.95. Drops that failed to meet these criteria were removed.

2.5. Quantification of Cellular Viability

2.5.1. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Assay

To perform the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay,
cells were grown on 96-well sterile plates at a cellular density of 4 × 103 cell/well. The MTT viability
assay was carried out as previously described [40] with slight modification. The MTT assay measures
mitochondrial activity in metabolizing cells and, therefore, can be used as an approximate measurement
of cell viability. The assay relies on the reduction of MTT, a yellow water-soluble tetrazolium
dye, primarily by mitochondrial dehydrogenases, to purple-colored formazan crystals. An MTT
stock solution in PBS was freshly prepared and assessed in all experimental conditions. At the FD
time-point, cells were washed with red phenol-free DMEM without FBS. Then, 100 μL of MTT solution
(red phenol-free DMEM with MTT 0.5μg/μL) was added to each well, mixed gently, and incubated for
45 min at 37 ◦C. Media were immediately aspirated and discarded; then, in order to solubilize formazan
crystals, 100 μL of DMSO was added to each well before gently stirring for 3–5 min. Absorbance was
determined spectrophotometrically at 570 nm using a reference wavelength of 630 nm (ASYS UVM 340,
Cambridge, United Kingdom, Microplate Readers). The color intensity is directly proportional to the
number of viable cells. Data obtained from at least 10 replicates in each experimental condition from
three independent experiments were used for analysis. Absorbance was measured for wells containing
the control differentiated cells (DM-differentiated cells) and the DM + CCT (1 or 5 μM)-differentiated
cells. Furthermore, differentiated cells in the presence of solvent (DM + DMSO (0.001%)) and an
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activator (DM + rosiglitazone 10 μM) or inhibitor (DM + genistein 12.5 μM) of adipogenesis were
also measured.

2.5.2. Trypan Blue Assay

The MTT assay detects viable cells but does not take into consideration cell loss caused by cell
death; thus, the percentage of viable cells was additionally determined using a dye exclusion test with
trypan blue (TB) dye, which is based on the principle that living cells possess intact cell membranes
that exclude TB, whereas dead cells do not. The TB test was performed as previously described [41].
Briefly, an aliquot of cell suspension was centrifuged (950 rpm during 5 min, Eppendorf Centrifuge
5804, Hamburg, Germany), and the pellet was resuspended in PBS or serum-free complete medium.
Then, 10 μL of cell suspension corresponding to each experimental condition was mixed with 10 μL of
TB (0.4%). After incubating the mixture for 3 min at room temperature, the cells were examined using
an automated cell counter (TC10TM, Hercules, CA, USA, BioRad).

2.6. Expression of Main Genes Related to Early and Late Differentiation

To analyze the expression of early and late genes, cells were collected at the ID and FD time-points,
respectively. Total RNA was extracted from cells differentiated in sterile six-well plates (at a cellular
density of 8 × 104 cell/well) using the extraction kit PureLink™ RNA Mini Kit (Waltham, MA USA,
ThermoFisher Scientific), according to the manufacturer’s instructions. The extracted RNA was verified
and quantified spectrophotometrically using NanoDrop (Thermo Scientific). Complementary DNA
(cDNA) was synthesized from 1 μg of RNA using the RevertAid H Minus First-Strand cDNA synthesis
kit (Fisher Scientific), according to the manufacturer’s protocol. Gene expression was assessed using
quantitative real-time PCR (qRT-PCR) in a LightCycler 480 II thermocycler with Fast Sybr Green Master
Mix (Waltham, MA USA, Applied Biosystem). β-Actin was used as an endogenous control. The primer
sequences used for amplification are presented in Table A1 (Appendix A).

The reaction mixtures were incubated for an initial denaturation at 95 ◦C for 10 min, followed by
45 PCR cycles (95 ◦C for 15 s, 60 ◦C for 1 min, 95 ◦C for 15 s, and 60 ◦C for 1 min). The ΔΔCT method was
used to measure relative quantification, and the levels of transcripts were normalized to that of β-actin.
The levels of each mRNA were calculated as relative expression to the basal condition (designated
as 1). 3T3-L1 cells treated for 48 h with the AC, without CCT, were considered representative of the
basal condition. Three independent experiments were performed, each in duplicate.

Calibrated ΔCt values from undifferentiated and control differentiated cells were used to evaluate
the expression of genes. Fold changes in gene expression were calculated using the 2−ΔΔCt method [28].
Expression of the aP2-1 gene was used as a specific adipocyte marker. aP2 is widely used as a marker
of differentiated adipocytes [42].

2.7. Data Analysis

All data were presented as the mean ± SD. One-way ANOVA and a post hoc Bonferroni’s
multiple-comparison test, using GraphPad Prism version 5.0 software, were used to identify differences
between groups. The results were considered to be significant at a p-value < 0.05.

3. Results

3.1. Crocetin Reduced Intracellular Fat in 3T3-L1 Adipocytes

Oil Red O (OR) staining at the FD time-point allowed visualizing the effect of CCT on the storage
of intracellular lipid in differentiated 3T3-L1 adipocytes. OR staining allows estimating the amount of
intracellular fat. The maximum intracellular fat detected in the control differentiated cells (CCT 0 μM) at
the FD time-point was set to 100%, and the relative intracellular fat levels at the two CCT concentrations
at the same time-point are depicted in Figure 2. As shown in this figure, CCT-differentiated cells at
5 μM showed a significant decrease in the content of intracellular fat (77.4 ± 11.2%, p < 0.01) compared
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to control differentiated cells. No significant effect was observed on the content of intracellular fat in
cells differentiated with 1 μM CCT (97.4 ± 5.4%) or with DMSO (101 ± 10%), with respect to control
differentiated cells. As expected, rosiglitazone significantly enhanced intracellular fat (219 ± 42%)
as compared to control and CCT-differentiated cells (p < 0.001), whereas genistein significantly reduced
intracellular fat (78 ± 7%) as compared to the control (p < 0.05). The effect of 5 μM CCT did not present
a significant difference compared to genistein.

Figure 2. Effect of CCT on lipid accumulation. The maximum intracellular fat detected in control
differentiated cells (CCT 0 μM) was set to 100%; the relative intracellular fat levels of CCT-differentiated
cells are shown. Values were obtained at the FD time-point. Data from at least 10 replicates in each
condition from three independent experiments are expressed as the mean ± SD. ** indicates a significant
difference compared with the control differentiated cells (p < 0.01); aa indicates a significant difference
compared with 1 μM CCT (p < 0.01).

3.2. Crocetine Did Not Affect the Total Number of Lipid Drops or Their Size

Additionally, we evaluated whether the presence of CCT during the induction of differentiation
resulted in a reduction in the number or size of lipid droplets, which could explain the lower lipid load
seen in Figure 2. This was analyzed at the FD time-point using the aforementioned WinLipid software.
It was observed that the induction of differentiation in the presence of the two CCT concentrations
did not affect the total number of lipid droplets (Figure 3A). Regarding the size of the lipid droplets,
there was no statistical difference after the induction of differentiation in the presence of CCT; however,
a slight shift to the left was observed in the size distribution frequency curve. Thus, after the induction
of differentiation in the presence of CCT, the highest droplet percentage was found within a smaller
interval size (60–109 Px) than that of the control differentiated cells (110–159 Px) (Figure 3B).

Figure 3. Effect of CCT on the number and size of lipid droplets. (A) Final lipid droplet number.
Box-and-whisker plot depicting the minimum to maximum values, with the middle line representing
the mean ± SD. (B) Intervals of frequency–area distribution. The vertical dotted line indicates the size
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range in which most lipid droplets were found. Droplets were analyzed at the FD time-point using
WinLipid software with 1–2 photomicrographs per well from three independent experiments; 0 μM
CCT (control; n = 15), 1 μM CCT (n = 11), 5 μM CCT (n = 10), where n represents the number of
analyzed photomicrographs. Px, pixels.

Thus, this result indicates that the reduction in intracellular fat produced by CCT was neither due
to a lower generation of lipid droplets nor a reduction in their size.

3.3. Crocetin Did Not Affect 3T3-L1 Cell Viability

In order to assess the safety of CCT, two cell viability assays were conducted at the FD time-point.
Figure 4A displays the percentage cellular metabolic activity of the 3T3-L1 adipocytes obtained using
the MTT assay. This assay uses metabolic activity as an indicator of cell viability by evaluating the
efficiency of mitochondrial enzymes. Mitochondrial activity generates a change in color measured
by spectrophotometry. The amount of color produced is proportional to the metabolic activity,
thus estimating cell viability. Our results indicate no statistically significant difference in cellular
viability between the control differentiated cells (CCT 0 μM) and CCT-differentiated adipocytes.
Therefore, the viability of 3T3-L1 adipocytes was not affected by the concentration of CCT (1 or 5 μM:
107 ± 8% or 97 ± 8%, respectively) or DMSO (106 ± 17%). Additionally, the percentage of viable cells
was determined using TB dye. Figure 4B displays the percentage of live cells with respect to total cells.
Similarly, to the results obtained with MTT, no statistically significant difference in the percentage of
living cells was found between the control differentiated cells (CCT 0 μM) and CCT-differentiated
adipocytes. Thus, the viability of 3T3-L1 adipocytes was not affected by the concentration of CCT
(1 or 5 μM: 90 ± 13% or 103 ± 13%, respectively) or DMSO (95 ± 12%); furthermore, their viability was
neither affected by rosiglitazone (111 ± 8%) nor genistein (102 ± 8%).

 

Figure 4. Effect of CCT on cell viability. The maximum viability detected for control
differentiated cells (CCT 0 μM) was set to 100%; the relative viability of CCT-differentiated cells
is shown. Values were obtained at the FD time-point. Data are expressed as the mean ± SD.
(A) 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay: data were obtained
from at least 10 replicates in each condition from three independent experiments. (B) Trypan blue
(TB) assay: two readings were performed per well using an automated cell counter. The percentage of
viable cells (alive cells with respect to total cells) was averaged. Data were obtained from at least two
replicates in each condition from three independent experiments.

In summary, our results indicate that neither CCT nor DMSO decreased the adipocyte mass due
to cell death; thus, the decrease in intracellular fat observed in CCT-differentiated adipocytes was
independent of nonspecific cell toxicity.
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3.4. Crocetin Altered the Expression of Early and Late Genes during the Adipogenic Process

To determine the effect of CCT on the induction of the adipogenic process at a molecular level,
the expression of early (C/EBPβ and C/EBPδ) and late (PPARγ and C/EBPα) genes of adipogenesis was
quantified using qRT-PCR at the ID and FD time-points, respectively.

As shown in Figure 5 (panel A), 5 μM CCT significantly decreased C/EBPβmRNA levels by 48.2%
compared to control differentiated cells; however, this concentration of CCT did not alter C/EBPδ
mRNA levels. On the other hand, 1 μM CCT modified the mRNA levels of both genes. As for the
late genes, both doses of CCT (1 and 5 μM) significantly decreased C/EBPαmRNA levels (by 36.4%
and 35.7%, respectively), without affecting the levels of PPARγ (Figure 5, panel B). The expression of
aP2-1 as a specific adipocyte marker was also evaluated at the FD time-point, showing no statistical
difference in mRNA level with respect to control differentiated cells (Figure 5, panel B).

 

Figure 5. Effect of CCT on messenger RNA (mRNA) expression levels of genes regulating the
adipogenic process. The relative quantitative real-time PCR (qRT-PCR) values were corrected to actin
expression levels and normalized to control differentiation (0 μM CCT). Data were obtained from three
independent experiments and are expressed as the mean ± SD. The maximum mRNA expression
level for 0 μM CCT was set to 1 (dashed line); the relative mRNA expression levels obtained with the
two CCT concentrations (1 and 5 μM) at the same time-point are depicted. (A) Cells were collected
at the ID-time-point for the expression of early genes, CCAAT/enhancer-binding protein (C/EBP)β
and C/EBPδ, evaluated using qRT-PCR with specific primer pairs. (B) Cells were collected at the FD
time-point for the expression of late genes, peroxisome proliferator-activated receptor γ (PPARγ) and
C/EBPα, evaluated using qRT-PCR with specific primer pairs; the expression of aP2-1 (as a specific
adipocyte marker) was also evaluated. ** indicates a significant difference compared with control
differentiated cells (p < 0.01).

4. Discussion

In the present study, we showed that CCT could dose-dependently exert an antiadipogenic effect
by decreasing lipid accumulation, a hallmark of antiobesity action. Our results showed that 5 μM
CCT, but not 1 μM CCT, added at the early stage of cell differentiation reduced lipid accumulation.
CCT exhibited the same efficacy as genistein in reducing intracellular fat. However, this result did not
allow discriminating whether this decrease was the result of a lower generation of lipid droplets and,
hence, a lower lipid load or if it was a cytotoxic effect of CCT on adipocytes via cell death, leading to
a reduction in adipocyte mass and intracellular fat. To rule this out, lipid droplet metrics and cell
viability were evaluated, with no differences observed in either analysis in the presence or absence
of CCT.

Thus, we also investigated the effects of CCT on the expression of essential adipogenesis-related
transcription factors involved in coordinating the adipogenic process. We analyzed the effect of CCT
on the expression of early (C/EBPβ and C/EBPδ) and late (C/EBPα and PPARγ) genes which play key
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roles in adipogenesis. In this context, regulating the expression of these factors can modulate the
differentiation capacity of adipocytes [43].

Typically, the mRNA levels of C/EBPβ and C/EBPδ increase during early differentiation,
subsequently declining after the removal of adipogenic cocktail (AC), at which point the levels
of C/EBPα and PPARγ increase [44,45]. It is known that C/EBPβ and C/EBPδ promote adipogenesis,
at least in part, by inducing C/EBPα and PPARγ.

Interestingly, our results, at the ID time-point, indicate that adipocyte differentiation in the
presence of the highest concentration of CCT led to a decrease in C/EBPβmRNA levels, while those of
C/EBPδ were not affected. However, at the FD time-point of differentiation, both tested concentrations
of CCT diminished C/EBPαmRNA levels, while those of PPARγ remained unchanged.

The antiadipogenic effect of 5 μM is in line with reports showing that a knockdown of C/EBPβ
inhibited adipocyte differentiation in 3T3-L1 preadipocytes [45]; however, in our work, CCT did not
affect C/EBPδ expression. It is possible that an unaltered C/EBPδ expression can compensate for the
decrease in C/EBPβ at the early stages of differentiation [46], thus playing a role in the induction of
PPARγ expression. Most carotenoids inhibit the adipogenic process via the repression of PPARγ [47,48];
however, CCT did not alter PPARγmRNA levels at the FD time-point. In this sense, as mentioned in
Section 1, CCT is unlike β-carotene and other carotenoids, potentially exerting its effects via another
mechanism [49]. On this note, it is known that β-carotene added during the differentiation of NIH
3T3-L1 preadipocytes reduced the triacylglycerol content, as well as the number and size of lipid
droplets, compared with control differentiated cells by diminishing PPARγ expression [50]. On the
other hand, Gul T et al. [51] reported that crocins at a concentration of 30 μM (treatment for 48 h) were
able to diminish intracellular fat in 3T3-L1 cells, albeit producing a decrease in viability. PPARγ is not
only crucial for adipogenesis but is also required for the maintenance of differentiated adipocytes [52].
It is known that knockdown of PPARγ compromises adipose tissue function, accompanied by insulin
resistance, inflammation, angiogenesis, and fibrosis [53]. Thus, it appears that, by not altering PPARγ
mRNA levels, CCT guarantees the culmination of the preadipocyte differentiation.

The decrease in C/EBPβmRNA level seems to be CCT-dose-dependent, in contrast to that of C/EBPα.
This suggests that CCT is an efficient carotenoid in that it selectively downregulates C/EBPαmRNA
levels with no change in PPARγ expression. It has been reported that mice adipocytes in which the
C/EBPα gene was disrupted showed defects in lipid accumulation [54]. Furthermore, various bioactive
compounds reduce lipid accumulation in adipocytes by downregulating the expression of C/EBPα [55].
In line with these observations, the inhibition of C/EBPα reported herein could be involved in the
decrease in intracellular fat caused by CCT during the induction of differentiation.

Taking our findings into consideration, further research should be conducted in this regard to
determine the exact mechanism of CCT in combination with other standard therapeutic approaches
applied to the obese population. This could contribute to the development of new strategies to improve
the treatment of obesity.

Through our study, we have broadened the knowledge related to the health properties of CCT
isolated from saffron as an antiadipogenic compound. Our research provides evidence that CCT
efficiently reduces lipid accumulation in adipocytes, presumably via downregulation of C/EBPα
expression. We can conclude that CCT is more potent than genistein in reducing lipid accumulation,
with a similar effect produced at a lower concentration. It has been reported that genistein has a
therapeutic effect on obesity [56], whereas several studies showed that its administration may be
effective for adipocyte differentiation [57]. Thus, CCT’s greater efficacy than genistein suggests that
this natural compound is a potential candidate to be included in dietary therapies aimed at reverting
adipose tissue accumulation in obesity.
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Appendix A

Table A1. Mouse primer sequences (5′-3′) used for amplification.

Forward Reverse

β-Actin AGGGAAATCGTGCGTGACAT GGAAAAGAGCCTCAGGGCAT

aP2 TCACCTGGAAGACAGCTCCT AATCCCCATTTACGCTGATG

C/EBPβ TTATAAACCTCCCGCTCGGC CTCAGCTTGTCCACCGTCTT

C/EBPδ AGAACCCGCGGCCTTCTAC GTCGTACATGGCAGGAGTCG

C/EBPα CCCTTGCTTTTTGCACCTCC TGCCCCCATTCTCCATGAAC

PPARy CCAGAGTCTGCTGATCTGCG- GCCACCTCTTTGCTCTGCTC
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Abstract: Fruit-processing industries annually discard large volumes of fruit by-products. Thousands
of tons of melon seeds could be recovered through the year from melon production. These seeds are an
excellent source of vegetable oil with significant health-promoting properties due to their unsaturated
fatty acid profile and high content of specific bioactive compounds. However, little information exists
about the influence of melon cultivars and oil-extraction methods on oil characteristics. In this study,
oils from nine different melon cultivars were evaluated. Additionally, two oil-extraction methods
(screw and hydraulic press) were studied. Results showed that melon seeds may be used as a novel
source of healthy oils. Higher-quality oils were obtained with the hydraulic press; however, low
yields reduced industrial interest in this method. Oils extracted from the different cultivars showed
high variability in the content of linoleic (51–69%) and oleic (15–34%) acids. Regarding vitamin E,
γ-tocopherol was the main isoform found in melon-seed oils (99.81–456.73 mg/kg), followed by α-
and δ-tocopherols. Significant concentrations of tocotrienols (α, β, and γ) were also found. Although
all cultivars showed positive attributes, principal-component analysis (PCA) showed that Honey
Dew and Blanco de Ribatejo could be specifically considered as a potential source of polyunsaturated
oils with high concentrations of vitamin E.

Keywords: melon-seed oil; fruit waste; tocopherols; tocotrienols; unsaturated fatty acids; screw press

1. Introduction

The melon fruit (Cucumis melo L.) belongs to the Cucurbitaceae family, and it is grown in tropical and
subtropical regions of the world. Global melon production has continuously risen in the last decade,
reaching the current annual production of about 31.2 × 106 tons. Melon processing in the industry
generates large quantities of by-products that are usually discarded. Within those by-products, melon
seeds account for 10% of total melon weight [1]. However, melon seeds are not considered as waste in
all regions of the world. In some Arabian countries, they are roasted and directly consumed [2], and in
India they are dried and used to add flavor to traditional dishes and desserts [3]. This traditional
use of seeds is not applied to melon production in Europe, where melon seeds are rarely used in the
food chain.

Previous studies carried out mainly on melons grown in some developing countries confirmed
the interest in melon seeds as a possible functional ingredient [3–5]. In this regard, the nutritional
composition of melon-seed cultivars grown in different countries, including Egypt [6], Brazil [7–9],
Tunisia [10], and China [11], was studied. With regard to its nutritional content, melon seeds were
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found to be a rich source of proteins (14.9–27.4%), lipids (25.7–30.8%), fiber (19.0–25.3%), carbohydrates
(20.8–24.8%), and ashes (3.2–4.8%) [5,8,10]. Within proteins, melon seeds contain essential amino acids
such as phenylalanine, isoleucine, and leucine [7,8]. However, results show important differences
in the proximate and chemical composition of seeds depending on the studied melon cultivar. This
is the case of Chinese hybrid ChunLi, which shows protein percentages of up to 29.9% and small
concentrations of carbohydrates (5.6%) [11].

The oil content of melon seeds and the current demand for new vegetable oils have led to an
excellent opportunity for the industrial production of vegetable oil from melon seeds. The selection of
an appropriate extraction method is crucial for producing high-quality oils. Most previous research
studied melon-seed oils extracted using solvents [5,7,9–12]. However, the use of solvents, mainly
hexane, reduces oil quality and avoid their classification as virgin oils. On the other hand, the most
modern method for seed-oil extraction consists of the use of supercritical fluids [3], but the production
costs of this method are high, reducing its viability for industrial production. Within this framework,
cold extraction based on the use of mechanical presses for oil extraction from seeds and nuts has
resulted in the production of high-quality oils at affordable prices, encouraging its use for commercial
purposes [13–16].

Oils from melon seeds are mainly composed of unsaturated fatty acids, where linoleic and oleic
acids are predominant. Most studies reported a content of linoleic acid ranging from 64.1% to 69.0%,
and oleic acid from 13.7% to 19.4% [8,10,17]. However, these percentages may differ in some cultivars
whit lower levels in linoleic acid and higher in oleic acid, like those reported by da Silva and Jorge [9],
where 59.0% of linoleic acid and 26.4% of oleic acid were found in an undetermined cultivar, or those
obtained by De Mello, Bora, and Narain [7], where similar percentages were found in the Daimiel
cultivar (cv.). Regarding saturated fatty acids, melon-seed oil generally shows low percentages, ranging
from 8.7% to 10.2% [7–10,17], although in some cultivars like ChunLi, a concentration of palmitic acid
of up to 23.9% was reported [11].

Beyond the well-known beneficial effects of polyunsaturated oils for human health [18], analysis
of bioactive compounds in oils is crucial. Within minor components, significant amounts of tocopherols
were reported in melon-seed oils. Tocopherols and tocotrienols are part of vitamin E, a potent
antioxidant that was reported to protect against cancer and bone, cardiovascular, eye, nephrological,
and neurological diseases [19]. In previous studies, the average total tocopherol content in melon-seed
oils was variable, with amounts between 270 and 720 mg/kg [9,10,20]. γ-tocopherol was the main
tocopherol isoform described in melon oils, while δ-tocopherol was reported in the Canary melon and
in cv. Maazoun, but not in other cultivars [9]. For α-tocopherol, which is the most active homologous
in humans, minor concentrations (22.0–68.8 mg/kg) were reported [9,10]. With regard to tocotrienols,
little information exists, as they account for roughly 1% of the total studies on vitamin E [21]. The only
information about tocotrienols in melon oil was provided by Górnaś, Soliven, and Seglin, a [20],
who reported a total concentration of 13.7 mg/kg, with the dominance of γ-tocotrienol.

Considering the high variability of the results described in the different analyzed cultivars, further
analysis of the main melon cultivars grown in Europe is needed, encouraging the return of these
agroindustrial residues into the food chain. In this study, nine different C. melo cultivars, including three
types of traditional Spanish cultivar Piel de Sapo, are evaluated. Furthermore, two pressure-extraction
methods were used, and the obtained results were compared regarding their availability for the
industrial extraction of high-quality oils.

2. Materials and Methods

2.1. Plant Material

Nine different melon cultivars were analyzed: Amarillo Oro Canario, Arizo, Blanco de Ribatejo,
Charentais, Honeydew, Piñonet, Tendral Valenciano, Tendral Verde Tardío, and Piel de Sapo. Seeds
from cv. Piel de Sapo were obtained from three different conditions: traditional cultivation, organic
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cultivation, and seeds from Protected Geographical Indication (PGI) Melon de la Mancha, kindly
supplied by the Regulatory Board of the PGI (Tomelloso, Spain). Commercial melon seeds were
obtained from local suppliers in Albacete (Spain). Seeds were cleaned and washed to remove sugars
and any adhered residues. Then, seeds were dried at room temperature for several days until the seeds
from all cultivars reached a moisture of less than 10%.

To evaluate the proportion of the peel with respect to the total weight of the seeds, 100 seeds were
selected from each cultivar and manually peeled. The peels were weighted, and the proportion of the
peel was calculated as the peel weight divided by the total seed weight.

2.2. Oil Extraction

Oil extraction was carried out by using a Komet Oil Press CA59G screw press (IBG Monforts
Oekotec GmbH & Co. KG, Monchengladbach, Germany). One kilogram of unpeeled seeds was
introduced directly into the press once the barrel was heated to 100 ◦C to ensure the correct extraction
of oil [14]. Medium rotational-speed conditions were selected (49 rpm). Additionally, seeds from cv.
Piel de Sapo PGI were subjected to extraction by using a hydraulic press (MECAMAQ model DEVF 80,
Vila-Sana, Lleida, Spain). For extraction with the hydraulic press, 1 kg of ground unpeeled seeds was
placed on the press, and the seeds were subjected to a pressure of 150 bar for 10 min. After pressing,
oil was centrifuged to remove remaining solids. Oil samples were stored in dark glass bottles at 5 ◦C
to avoid degradation until analysis.

2.3. Regulated Quality Parameters

Regulated quality parameters consist of free acidity and peroxide values. To determine free
acidity, expressed as % of oleic acid, a solution of melon-seed oil dissolved in ethanol/ether (1:1) was
titrated with a 0.1 mol/L potassium hydroxide ethanolic solution [22]. On the other hand, the peroxide
value, expressed in milliequivalents of active oxygen per kilogram of oil (meq O2/kg), was measured
according to European Union (EU) regulations [22]. Briefly, chloroform and acetic acid were added to
an oil sample, mixed vigorously, and left to react with a solution of potassium iodide in the darkness.
Then, the free iodine was titrated with a sodium thiosulfate solution [22].

2.4. Fatty Acid Profile

Fatty acid profile was measured according to Santos et al. [23]. Briefly, 2 mL of n-hexane was added
to 0.02 g of oil to obtain fatty acid methyl esters (FAME) by cold transmethylation with methanolic
potassium hydroxide. Then, 200 μL of methanolic potassium hydroxide solution (2 N) was added
and vigorously mixed. Then, the supernatant was carefully transferred to a glass vial and analyzed
by gas chromatography in a Shimadzu GC-2010 Plus Gas Chromatograph (Shimadzu, Tokyo, Japan).
This was performed using a CPSil 88 fused silica capillary column (50 m × 0.25 mm i.d.), 0.20 μm film
thickness (Varian, Middelburg, The Netherlands), and helium was used as the carrier gas (120 kPa).
The used temperature program was a first step of 5 min at 140 ◦C, followed by an increase of 5 ◦C/min
from 140 to 220 ◦C, and then maintaining at 220 ◦C for 15 min. The temperature of the injector and
detector was 250 and 270 ◦C, respectively, and the split ratio was 1:50 with an injection volume of
1 μL. Lastly, each FAME was identified by direct comparison with a standard mixture (FAME 37,
Supelco, Bellefonte, PA, USA). All analyses were performed in duplicate, and results are expressed as
the relative percentage of each FA on the basis of relative peak areas.

2.5. Vitamin E Determination

Analogously, vitamin E values were determined by HPLC analysis in oil samples according to
Alves et al. [24]. Briefly, about 20 mg of oil was diluted in 1 mL of n-hexane (HPLC-grade, Merck,
Darmstadt, Germany), where 20 μg/mL of tocol was added as internal standard. Then, 20 μL was
injected to perform the separation on a normal-phase SupelcosilTM LC-SI column (3 μm; 75 × 3.0 mm;
Supelco, Bellefonte, PA, USA). The used equipment was an HPLC system (Jasco, Tokyo, Japan) equipped
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with an AS-2057 automated injector, a PU-2089 pump, and an MD-2018 multiwavelength diode array
detector (DAD) coupled with an FP-2020 fluorescence detector (Jasco, Japan). They were programmed
for excitation at 290 nm and emission at 330 nm. Lastly, the identification of the compounds was
accomplished by a comparison with commercial standards. Analyses were performed in duplicate,
and results are expressed as mg/kg of oil.

2.6. Color Determination

Oil samples were filtered, and color was measured using a UV/Vis Jasco V-530 spectrophotometer
(Jasco Analytical, Madrid, Spain). Basically, oil samples were placed in quartz cuvettes (1 cm path
length) for analysis, using N-hexane as the blank reference. The obtained values were used to calculate
CIELAB chromatic coordinates: L* (brightness), a* (red–green component), b* (yellow–blue component)
as recommended by the Commission Internationale de l’Eclairage (CIE, Wien, Austria) [25].

2.7. Statistical Analysis

Data are expressed as mean ± standard deviation of the obtained results for the selected cultivars.
Data were analyzed using the t-test and Duncan’s test. Statistical significance was defined for p < 0.05
(95% confidence level). Pearson’s correlations were examined. To perform principal-component analysis
(PCA) for melon-seed cultivars, those variables that had previously shown significant differences were
used. The Kaiser–Meyer–Olkin (KMO) test for sampling adequacy was used. All statistical analyses
were carried out using the SPSS program v. 23.0 for Windows.

3. Results and Discussion

3.1. Oil-Extraction Yield

First, for a clearer idea about oil yield, it is important to consider seed parts that do not contain a
significant composition in oil, which may contribute to reducing the yield value. In this sense, seed peel
is mainly composed of carbohydrates, especially fiber [10]. The melon-seed peel constitutes about
30–40/100 g of seed weight. Significant differences were found between cultivars (Table 1). Cv. Piel
de Sapo grown under conventional production (not organic) showed the lowest proportion of seed
peel (30.65/100 g) followed by the organic Piel de Sapo. Cv. Piel de Sapo grown under PGI conditions
showed one of the highest proportions of seed peel (39.00/100 g).

Table 1. Proportion of seed peels and oil-extraction yields obtained with screw press in selected melon
cultivars. PGI, Protected Geographical Indication.

Cultivar
Peel

(g/100 g seeds)
Oil-Extraction Yield

(g/100 g seeds)

Amarillo Oro Canario 36.02 ± 0.47 e 21.43 ± 1.65 de

Arizo 39.51 ± 0.33 ab 16.95 ± 1.26 g

Blanco de Ribatejo 37.41 ± 0.49 d 19.64 ± 0.77 ef

Charentais 32.79 ± 1.19 f 21.43 ± 1.21 de

Honeydew 38.15 ± 0.12 cd 21.67 ± 0.79 d

Piñonet 33.00 ± 0.21 f 29.90 ± 0.54 a

Tendral Valenciano 38.45 ± 0.34 bcd 19.36 ± 1.72 f

Tendral Verde Tardío 39.85 ± 0.23 a 18.92 ± 0.84 f

Piel de Sapo conventional 30.65 ± 0.10 g 24.59 ± 0.73 bc

Piel de Sapo organic 32.89 ± 0.20 f 24.08 ± 0.81 c

Piel de Sapo PGI 39.00 ± 1.36 abc 26.23 ± 1.08 b

Mean ± standard deviation; a–g different letters in same column represent significant differences, p < 0.05
between samples.

Melon seeds were identified as a good source of oil, with percentages of lipids about 30.7%–32.3% [8–10].
Oil yields from melon seeds were high enough to encourage their use for oil-production purposes when a
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screw press is used (Table 1). Obtained yields using the screw press were statistically different depending
on the considered cultivar. Cvs. Piñonet and Piel de Sapo PGI showed the highest values, 29.90 and 26.23 g
per 100 g, respectively. The lowest values were reported in the Arizo cultivar (16.95/100 g seeds). Negative
but not statistically significant (r = −0.576, p = 0.64) correlation was found between peel proportion and oil
yield obtained with the screw press.

3.2. Oil-Extraction Methods, Oil Quality, and Color

To evaluate the differences regarding extraction systems, seeds from cv. Piel de Sapo PGI were
subjected to oil extraction with two presses, a hydraulic and a screw press. Extraction with the hydraulic
press was performed under room temperature, while extraction with the screw press requires previous
heating to obtain optimal performance. The data regarding oil yield, regulated quality (acidity and
peroxide index) and color of the oils obtained are shown in Table 2. The pressure system selected for
oil extraction had significant influence on oil quality and yield. Oil extraction in cv. Piel de Sapo PGI
using the screw press resulted in an oil yield of 26.23/100 g, while extraction with the hydraulic press
was almost four times smaller (6.80/100 g). This low yield makes the hydraulic press unsuitable for
obtaining an economic benefit. Therefore, for analysis of the profile of fatty acids and vitamin E for the
rest of the cultivars, only oils extracted with the screw press were used, since this could be the most
appropriate method for obtaining commercial oils in the industry.

Table 2. Oil yield, parameters of regulated quality, and color of melon-seed oils (cv. Piel de Sapo PGI)
according to extraction method.

Parameters Hydraulic Press Screw Press

Oil yield 6.80 ± 0.63 b 26.23 ± 1.08 a

Regulated quality - -
Acidity 0.30 ± 0.04 b 0.41 ± 0.05 a

Peroxide Index 0.00 0.00
Color - -

L* 91.28 ± 0.59 b 92.75 ± 0.60 a

a* −4.70 ± 0.41 a −7.40 ± 0.90 b

b* 20.97 ± 1.44 b 29.62 ± 1.46 a

Mean ± standard deviation; a,b different letters in the same line represent significant differences p < 0.05
between samples.

Regarding oil quality, Codex Alimentarius [26] does not have specific regulation for melon-oil
quality standards. Results showed that oils obtained with the hydraulic press were of slightly better
quality than that of oils obtained with the screw press. In all cases, the values in oils obtained using
pressure systems were significantly lower than the values reported for melon-seed oils obtained using
solvent extraction [7,11].

Melon oils show a light yellow color. Nevertheless, CIELAB color parameters showed differences
attending to the used extraction method. Oils obtained with the screw press showed more intense
yellow colors, with higher values for the b* parameter (Table 2). Oil extraction using the screw press
requires high temperatures applied on the barrel to ensure proper oil extraction [27]. The processing
temperature of screw press compared to room temperature used in hydraulic extraction may affect oil
pigment content [28]. Previous studies on plant oils showed that lutein, which provides the yellow
color to oils, is more resistant to high temperatures than other pigments are, such as chlorophylls [29].
Furthermore, some studies even reported an increase in the content of lutein after the thermal processing
of food products due to the inactivation of enzymes responsible for oxidizing carotenoids [30]. Although
the total content of carotenoids in melon oil was reported to be low [9], the balance of carotenoids
in melon oil could be the reason for the observed change of color in melon oils depending on the
extraction method.
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3.3. Fatty Acids

As previously reported, melon-seed oils are mainly composed of linoleic (50.67%–69.22%) and oleic
(15.23%–33.96%) acids. Saturated fatty acids, mainly palmitic and stearic, accounted for less than 15.62%
in all studied cultivars (Table 3). Our data support previous results about the high variability of the fatty
acid profile in melon-seed oils [5,7,8,10,11]. Some cultivars, such as Tendral Valenciano and Tendral Verde,
showed a high content of linoleic acid, 69.22% and 69.15%, respectively, in comparison with cv. Piel de Sapo
PGI, which showed the lowest values. As widely reported in other unsaturated plant oils, linoleic and oleic
content were negatively correlated [31,32].

Extraction method had no effect on the fatty acid composition of the oils. When seeds from cv. Piel de
Sapo PGI were used, oils extracted with the screw and hydraulic presses showed slight differences in fatty
acid profile (Table 3). Similarly, small differences in the content of linoleic acid were found when the results
for cv. Honey Dew were compared to those of the study of Bora, Narain, and de MeIio [5], who used solvent
extraction for the same cultivar. In all cases, the differences reported from the cultivars were determinants
compared to those small differences that could be attributed to the oil-extraction method.

3.4. Vitamin E

Regarding vitamin E content, the studied melon-seed oils showed significant differences (Table 4).
Cvs. Honey Dew and Blanco de Ribatejo showed the highest contents of vitamin E, with 530.62 and
468.19 mg/kg, respectively. γ- and α-tocopherols were the main components of vitamin E. The amounts of
α-tocopherol (37.42–74.71 mg/kg) was significantly higher than those in some previous studies for specific
cultivars [9,10], but were in accordance with the data reported by Górnaś and Rudzińska [12]. α-tocopherol
is crucial for oil quality, as it is the form preferentially absorbed and accumulated in humans. Cv. Tendral
valenciano, which showed a small concentration of vitamin E, was, however, the one with the highest
content in α-tocopherol. As reported with regard to oils from dicotyledonous plants, tocotrienol content was
low compared to tocopherol content [33]; however, it was higher than that reported in some oils with similar
fatty acid profiles, such as walnut oil [34,35]. γ-tocotrienol was the main tocotrienol found, in agreement
with the study of Górnaś, Soliven, and Seglin, a [20]. The total concentration of vitamin E in melon oils and
the content of the specific isoforms could be used for the authentication of products containing melon oils
and flours as functional ingredients.

Oil-seed extraction methods significantly affect the concentration of tocopherols in oils, especially if
solvent extraction is compared to pressing [36–38]. Our results showed that significant differences appear in
the concentration of tocopherol and tocotrienol forms, and in the total content of vitamin E. The vitamin
E content of the Piel de Sapo PGI cultivar, extracted by hydraulic pressing, was lower than the content
obtained with screw pressing; however, as reported for fatty acids, cultivar had a larger effect on vitamin E
content than extraction method did.

3.5. Principal-Component Analysis

The reported variability in the oil composition of cultivars is reflected in principal-component analysis
(Figure 1). Principal Component 1 (PC1) was mainly composed of fatty acids (C18:2n6c; C18:1n9c; C18:0)
and tocotrienols (β-T3), while Principal Component 2 (CP2) was composed of tocopherols (α-T; γ-T).
The negative correlation between linoleic and oleic acid was clear. Similar negative correlation could be
observed for the α- and γ-tocopherols. As γ-tocopherol is the main component of vitamin E in melon-seed
oils, and major interest exists for oils with a high content in unsaturated fatty acids, the cultivars in the
top right of Figure 1 are the most interesting for melon-seed-oil production. These are cvs. Charentais
and Honey Dew. However, the provided information also encourages the production of oils with more
monounsaturated fatty acids and with a higher concentration of the most active homologous α-tocopherol.
In this case, the use of cvs. Piñonet and Piel de Sapo PGI, in the bottom left of Figure 1, is preferable.
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Table 4. Tocopherol and tocotrienol contents (milligrams per kilogram) of studied cultivars. All oils
samples were extracted with screw press except the last row, which shows results of tocopherols and
tocotrienols of oil from cv. Piel de Sapo (PGI) extracted with hydraulic press.

Cultivar α-T α-T3 γ-T β-T3 γ-T3 δ-T Total Vit E

Amarillo Oro Canario 56.04 ± 1.81 e 11.38 ± 0.42 c 278.26 ± 4.63 d 13.94 ± 1.12 de 11.31 ± 0.62 d 25.84 ± 0.88 b 396.76 ± 1.45 d

Arizo 37.42 ± 1.16 h - 358.45 ± 0.07 b 18.90 ± 0.86 b 12.34 ± 0.02 bc 22.43 ± 0.08 c 449.55 ± 2.00 c

Blanco de Ribatejo 59.95 ± 1.50 d 12.62 ± 0.57 ab 341.15 ± 7.53 c 17.52 ± 0.63 c 13.64 ± 0.58 a 23.33 ± 0.88 c 468.19 ± 3.37 b

Charentais 38.61 ± 1.24 h - 217.39 ± 1.44 e 21.26 ± 0.34 a 11.91 ± 0.65 cd 27.17 ± 0.58 a 316.33 ± 1.38 e

Honey Dew 41.63 ± 0.51 g - 456.73 ± 1.30 a 18.93 ± 0.72 b - 13.34 ± 0.11 h 530.62 ± 2.43 a

Piñonet 61.58 ± 0.21 d 12.63 ± 0.63 ab 128.28 ± 0.28 h 11.53 ± 0.28 f - 17.82 ± 0.40 e 231.83 ± 1.24 jk

Tendral Valenciano 74.71 ± 3.05 a 12.87 ± 0.34 a 99.81 ± 1.43 i 17.20 ± 0.23 c 12.79 ± 0.16 b 17.80 ± 0.78 e 235.18 ± 6.00 j

Tendral Verde Tardío 55.11 ± 0.43 e 11.91 ± 0.18 bc 143.84 ± 1.10 g 20.79 ± 0.13 a 12.26 ± 0.53 bc 19.48 ± 0.51 d 263.40 ± 1.51 h

Piel de sapo conventional 59.91 ± 0.21 d - 180.49 ± 4.35 f 20.37 ± 0.53 a 13.04 ± 0.53 ab 16.26 ± 0.29 f 290.06 ± 3.85 g

Piel de sapo organic 52.47 ± 0.99 f - 212.81 ± 0.52 e 14.24 ± 0.04 d 12.99 ± 0.07 ab 14.78 ± 1.08 g 307.29 ± 0.39 f

Piel de sapo PGI 64.86 ± 0.30 c 12.60 ± 0.27 ab 128.44 ± 1.77 h 13.02 ± 0.10 e 13.69 ± 0.15 a 9.40 ± 0.22 i 241.99 ± 1.67 i

Piel de sapo PGI HP 68.86 ± 0.46 b - 125.35 ± 2.03 h 13.45 ± 0.02 de 12.70 ± 0.48 bc 9.33 ± 0.79 i 229.70 ± 1.24 k

Mean ± standard deviation; a–k different letters in the same column represent significant differences; p < 0.05
between samples.

 

Figure 1. Principal-component analysis of oils from selected melon-seed cultivars.

4. Conclusions

Melon-seed oil is proposed as a highly valuable product that can be obtained from the byproducts
of the agroindustrial processing of melons. This oil showed a high content of polyunsaturated fatty
acids, mainly linoleic, and a high concentration of vitamin E. However, the effect of cultivar and
oil-extraction method must be considered, as they have crucial influence in melon-oil characteristics.
The oil-extraction method influences oil-quality parameters and oil due to the processing temperature
in screw-press extraction. However, low yields obtained by hydraulic-press extraction could be
inconvenient for industries to obtain an economic benefit. On the other hand, the use of different
cultivars results in oils with different degrees of unsaturation and vitamin E content. Regarding
vitamin E content, melon-seed oil may be considered as a rich source of tocopherols and tocotrienols.
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The industrial extraction of oil from melon seeds is a feasible option to obtain high-quality oil in order
to meet the current demand of vegetable oils for human nutrition.
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Abstract: This work presents a bibliographic review about almond kernel non-lipid components,
in particular about the protein fraction, the carbohydrates and the mineral fraction. In addition,
other fat-soluble phytochemicals which are present in minor concentrations but show important
antioxidant activities are reviewed. Almond kernel is a rich protein food (8.4–35.1%), in which the
globulin–albumin fraction dominates, followed by glutelins and prolamins. Within the almond
kernel protein profile, amandine dominates. Free amino acids represent a small amount
of the total nitrogen quantity, highlighting the presence of glutamic acid and aspartic acid,
followed by arginine. Carbohydrates that appear in almond kernels (14–28%) are soluble sugars
(mainly sucrose), starch and other polysaccharides such as cellulose and non-digestible hemicelluloses.
Regarding the mineral elements, potassium is the most common, followed by phosphorus;
both macronutrients represent more than 70% of the total mineral fraction, without taking into
account nitrogen. Microminerals include sodium, iron, copper, manganese and zinc. Within the
phytochemical compounds, tocopherols, squalene, phytosterols, stanols, sphingolipids, phospholipids,
chlorophylls, carotenoids, phenols and volatile compounds can be found.

Keywords: tree nuts; chemical composition; proteins; carbohydrates; minerals; phytochemicals;
polyphenols; antioxidants; volatile compounds

1. Introduction

The almond is the most cultivated nut in the world, where the estimated annual production
exceeds 3 million tons [1]. Most of the world’s production is concentrated in three regions,
which include California, the Mediterranean Basin and the Middle East, although almond cultivation
is also increasing in the Southern Hemisphere, in countries such as Australia or Chile.

Almond tree, Prunus dulcis, belongs, taxonomically, to the Amygdalus subgenus inside the
Prunus genus, the Rosaceae family and the order Rosales [2]. Its cultivars are classified depending
on the hardness of the shell. Soft and medium-hard shell cultivars, like Non Pareil and Guara,
respectively, show low resistance to attacks by pests and are more susceptible to rancid oxidation,
but show high kernel yields (55% and 35–40%, respectively) [3]. On the other hand, hard shell
varieties present the lowest kernel yield (<25%), but they maintain in a better way the organoleptic and
commercial characteristics, highlighting the importance of Marcona and Desmayo Largueta cultivars.
Physical parameters are useful for cultivar determination even when the nuts are grown in the
same conditions.

Foods 2020, 9, 1646; doi:10.3390/foods9111646 www.mdpi.com/journal/foods127
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From the botanic point of view, the almond tree nut is a drupe. It is formed by the evolution of the
ovary walls, which develop into the pericarp (hull), an outer layer that is formed by a pulpy and very
fibrous tissue, that can be divided into the exocarp (thin and pubescent) and the mesocarp (thickest);
and a lignified interior layer that creates a heavy to less heavy coat, the endocarp (shell). At maturity,
the pulpy mesocarp dries and opens by its ventral suture, releasing the lignified endocarp. The seed,
which constitutes the edible kernel and the commercial part of the nut, occupies the inner part,
surrounded by the endocarp. The kernel contains the embryo coated by the teguments [2].

Almond consumption has been found to be associated with many health benefits [4],
especially related to the reduction of the cardiovascular diseases risk, but also with effects on
other pathologies, such as hypertension, diabetes mellitus or metabolic syndrome. These activities
are generally attributed to the lipid fraction, where the fatty acid profile has a predominant role,
but also minor compounds such as polyphenols and phytosterols may be involved. Moreover,
recent studies have explored the effect of other nutritional compounds like fiber on gut microbiota [5]
or the antioxidant capacity of the protein fraction [6].

Regarding the chemical composition of almond kernels, the fatty acid profile has been extensively
studied and characterized. However, the information about other minor compounds and the
non-lipid fraction, in which a large quantity of nutrients are found, is more scarce, and is generally
presented separately, so it is difficult to find those gathered to obtain an overall view of the content of all
these compounds in the almond kernel. Therefore, this review aims to present data on the composition
of the non-lipid fraction as well as other less studied minor compounds in almond kernels, to provide
an overview of all these compounds with potential benefits on human health.

2. Chemical Composition of Almond Kernel

The main fractions that can be found in almond kernels, other than water, are the lipid fraction,
the protein fraction, carbohydrates and the mineral fraction. A numerous group of compounds called
phytochemicals should also be added, because even though they appear in low quantities, they have a
main role in almond quality. The proportion of these compounds changes according to the cultivars,
the cultivation system and the geographical origin [7–12] (Figure 1).

Figure 1. Chemical composition of almond kernel.

Precise knowledge about almond kernel composition is of great interest from the commercial,
industrial and nutritional points of view, especially taking into account the variability that exists
between different cultivars. In Yada et al. [8], total lipid values between 40 and 67 g/100 g of dry almond
weight and between 35 and 66 g/100 g of almond fresh weight (f.w.) were reported. Almond oil is
mainly composed of mono- and diunsaturated fatty acids [13]. In the case of total proteins (considering
a conversion N factor of 5.18), the values oscillated between 14 and 61 g/100 g of almond fresh weight,
and in the case of soluble sugars, values between 1.8 and 7.6 g/100 g of dry almond and between
2.5 and 12 g/100 g of fresh almond have been reported.
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Regarding phenotypic correlations, a negative correlation was found between the oil and the total
protein content [14]. This interdependence can be explained biochemically, because both fractions are
formed during the ripening process from carbohydrates, which are abundant in the early stages of
seed development but decrease over the ripening process [15].

In the existing literature, a clear evolution of the topic treatment can be observed. The first
works about the chemical composition of almond kernels started appearing in the 1950s [16,17],
providing data about the main fractions, without discrimination between cultivars and origins. In the
decades of the 1970s and 1980s, works about the chemical composition appeared, referring to defined
cultivars and providing information about fatty acids, amino acids, mineral salts and soluble sugars
compositions [15,18,19]. Works studying the influence and effect of different labor systems, the place
of origin and the harvest year on almond chemical composition also appeared.

From 1990, a step forward can be observed, related to the use of advanced statistical treatments,
in such a way that not only composition data are given, but it is also tried to bring together genotypes
that have a similar response and present close values to commercial effects [7,20–22]. In addition,
food origin determination appears as a main target in food quality control and safety [23].

In the new century, the approach to the chemical composition of almond kernels, which can be
applied to the rest of nuts, is focused on minority components, called phytochemicals. It has been
shown that almond kernels present a wide range of substances with high nutritional value or with
effects on health on one side [24–26] and with antioxidant effects on the other [27–29]. The interest
aroused by these substances has boosted the development of new methods for their determination,
increasing exponentially the published articles about them. Another important source of data is due to
the recent interest in almond oil extraction as virgin edible oil [11–13,30–35]. In this sense, almond oil
has been widely characterized, but oil extraction industries generate a by-product derived from the
grinding of the pressing cake, which originates a partially defatted flour where the non-lipidic fraction
takes on a special relevance. These flours have been reported to have promising uses in the culinary
industry to enhance the nutritional properties of various products [36,37], or in mushroom cultivation,
where it can be added as a nutritional supplement [34].

3. Protein Fraction of Almond Kernel

Almond kernel is a protein-rich food (second fraction in importance after the lipid
fraction), but its content presents differences depending on the cultivar, weather conditions and
cultivation area [9,14,16,32,34,38–42].

Table 1 shows the protein content of almond kernel samples with different origins found in relevant
published articles. The percentage of variation ranges from 8.4%, found in Spanish samples [14],
to 35.1%, found in Moroccan samples [42]. The differences in the protein content found in different
samples may be related to the methods used in the analysis. To calculate the protein content, typically
a specific conversion factor of nitrogen to protein of 5.18 is used [43], since amandine, which is the
dominant protein in almond, is a globulin that contains 19.3% of nitrogen [44]. However, other studies
use the general conversion factor (6.25), based on the nitrogen content of most common proteins,
which could lead to overestimate the protein content. This point could explain some discrepancies
found within the data. For this reason, data regarding total nitrogen would be more useful to compare
samples from different origins.
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Table 1. Macronutrients content (%) of almond samples with different origins.

Nutrient Range of Variability
(g/100 g)

Origin
Source of Variability Studied

References
V * E ** Ap ***

Protein, total (N × 5.18)

16.4–22.1 USA - - - [38]

18.5–24.0 California Yes Yes - [9]

20.7–23.3 USA Yes - - [45]

15.8–25.1 Spain Yes Yes - [18]

14.5–29.2 Spain Yes Yes - [39]

8.4–24.7 Spain Yes - - [14]

14.1–26.5 Spain - - - [3]

21.0–24.0 Portugal Yes Yes - [46]

9.6–28.5 France, Italy
and Greece Yes Yes - [41]

20.0–32.8 Spain and
Morocco Yes Yes - [39]

14.1–35.1 Morocco Yes Yes - [42]

16.7–31.5 Turkey Yes Yes - [47]

12.7–16.3 Turkey Yes - - [40]

20.4–25.8 Turkey Yes Yes - [48]

11.52 ± 1.1 Nigeria - - - [49]

23.8 India - - - [50]

20.0 South Africa - - - [51]

17.36–23.02 Serbia Yes - Yes [52]

Carbohydrates, total

14–21 Portugal Yes Yes - [46]

23.6–27 USA Yes - - [45]

28 Nigeria - - - [53]

28.0 South Africa - - - [51]

Sugars, soluble

2.6 Turkey Yes - - [54]

7.9 Spain Yes - - [15]

1.74–4.31 Greece Yes - Yes [55]

Sucrose

2.5–5.1 California Yes Yes - [9]

1.42–3.62 Greece Yes - Yes [55]

1.15–2.22 Portugal Yes - - [56]

3.67–7.09 Spain - - Yes [57]

1.21–3.08 Portugal Yes - - [58]

Starch

0.4–1.4 Italy - - - [59]

Fiber, total dietary

9.8 California - - - [60]

7.9–16 California Yes Yes - [9]

3.3–8.6 Spain Yes Yes - [22]

4.73–6.01 Spain - - Yes [57]

11–14 Italy - - - [59]

* Variety; ** Environment/crop year; *** Agronomic practices (irrigation, fertilization, etc.).
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Font i Forcada et al. [61] found that two quantitative trait loci (QTL) controlled the total
protein content. The first marker LG6, located in the lowest part of the almond linkage groups, had a
logarithm of the odds (LOD) values of 3.21 and explained a phenotypic variance of 17%. The second
QTL was found in the lowest part of LG7 and had a similar effect, with an LOD of 3.18 explaining a
phenotypic variance of 16.6%.

Nitrogen total content of almond samples has shown different percentages: 3% [15], 4.06% [62],
4.23% [54] and 4.62% [63].

3.1. Protein Profile

Proteins are classified depending on their solubility in albumins (soluble in water and
dilute solutions), globulins (classified into euglobulins—soluble in dilute solutions, acids and alkalis and
insoluble in water, and pseudoglobulins—moderately soluble in these solutions), prolamins (soluble
in solutions with 50–90% ethanol), glutelins (soluble in dilute acids and alkalis) and scleroproteins
(insoluble in all mentioned solvents).

Saura et al. [15] found that the protein dominant fraction was that composed by globulins–albumins,
with about 90% in all studied samples. On the other hand, glutelins accounted for between 4 and 11%
of total proteins, while prolamins were found below 0.4% in all cases.

Within the protein profile, amandine is dominant, also known as the almond major protein (AMP),
which represents 65% of total proteins of almond that can be extracted in aqueous medium [64]. This
protein is the main component responsible for food allergies caused by almonds, due to the antigenic
activity that it presents. It is an ideal marker to detect traces of almond in foods [24].

3.2. Free Amino Acids

Together, free amino acids (AAs) represent a small quantity of total nitrogen matter (1%),
which matches with the low content of non-protein nitrogen; consequently, the total amino acids
content in almond kernel is a good approximation of the total protein content. The main free amino
acids found in almond kernel are glutamic acid and aspartic acid (including glutamine and asparagine),
followed by arginine. Phenylalanine, alanine, serine and threonine are also present although with
lower quantities [15,65]. Amrein et al. [66] also found that aspargine was the main free amino acid in
raw almond kernel (20–50% of total free amino acids).

The free amino acids fraction has been used for the characterization of almond cultivars [65,67].
These free amino acids are important due to their contribution to food taste and for being precursors of
aromatic components and colored substances that are produced during the obtention, preparation and
storage of food.

Esteban [18] found a higher content in almost all AAs in cultivars grown in northwest Spain
compared to those grown in the southwest, which was related to the lower content of fats in the
northwest cultivars.

3.3. Essential Amino Acids

Humans are unable to synthesize eight AAs that need to be necessarily obtained through diet,
and these are known as essential amino acids. Arginine and histidine must be included in this
group with essential amino acids (threonine, methionine, valine, isoleucine, leucine, phenylalanine,
tryptophan and lysine) because they are considered essential for children but not for adults. In addition,
cysteine and tyrosine are considered semi-essential amino acids, due to the sparing effect they have on
methionine and phenylalanine, respectively.

Esteban [18] and, later, Saura et al. [15] found that the most abundant essential amino acid in
almond kernel was arginine, with an average value of 524 mg/g of N. Essential AAs represent 28% of
total amino acids. Regarding the limiting amino acids in almond kernel, comparing to egg, they found
that the first one would be lysine, followed by threonine. Ahrens et al. [45] found that methionine
together with cysteine was the limiting amino acid, followed by lysine and threonine. More recently,
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House et al. [68] considered that Ahrens et al. had underestimated the total sulfur AA content due to a
method issue. They found lysine as the limiting AA.

On the other side, the inhibitory activity of trypsin was evaluated, as well as the
hemagglutinating activity, not being detected in analyzed samples.

The digestibility of the protein and ultimate utilization of the constituent AAs for metabolic
functions are equally important in assessing protein quality [68]. Amino acid score (AAS) together
with digestibility is a parameter that allows calculating the protein digestibility-corrected amino
acid score (PDCAAS), which can be used to properly establish the protein quality index. In this sense,
although almond kernel proteins show a high degree of digestibility, higher than 80% in all analyzed
samples measured as protein digestibility in vivo, when the protein digestibility index is corrected
by the AAS, it results in low quality [45]. On the other hand, House et al. [68] obtained better values.
This kind of study has not been contemplated in the rest of the previously cited research.

4. Carbohydrates in Almond Kernel

The carbohydrates from almond kernel are soluble sugars, starch and other polysaccharides such as
celluloses and hemicelluloses that are non-digestible, but they have physical effects in the intestinal tract
with benefits for human health [8]. The total carbohydrates content ranged from 14% to 28% (Table 1).
The sugars that can be found in almond kernel, although not found in high concentrations, are enough
to provide the sweet flavor to almonds.

4.1. Sugars

Nuts are characterized by low quantities of soluble sugars, that range from 2.6% to 7.9% (Table 1).
The soluble sugars fraction suffers important quantitative variations depending mainly on the cultivar,
but also on the origin and even harvest time [9,18,69,70]. Most sugars are not reducing, with sucrose
representing more than 90% of the total sugars. Raffinose, inositol, sorbitol, fructose and glucose
were also detected [55,56,71]. Differences found between commercial and regional cultivars about
sugars composition, especially sucrose, may be used to establish a sugar profile as an indicator of
almond kernel quality.

Moreover, Nanos et al. [69] found galactose (reducing sugars), melezitose (tri-saccharide)
and stachyose (tetrasaccharide). Late-harvested almonds had lower total amounts of these sugars than
early-harvested ones.

The fact that the main sugar is sucrose is due to its preferential production and its accumulation
in almond kernel during ripening and to the fact that many minor sugars constitute a substrate for the
synthesis of sucrose [57]. Kazantzis et al. [55] observed that almond kernels early-harvested (green
mesocarp surface at 90%) had a lower content in sucrose and higher content in inositol than more
ripened almonds (brown mesocarp surface at 90%). Trees subjected to irrigation and compost treatments
also produce almond kernels with the highest content in sucrose and glucose. This could reduce their
water content, causing a higher concentration of compounds such as sugars [57]. In contrast, a recent
study by Lipan et al. [72] showed that almost all morphological and physical-chemical parameters
were unaffected by water stress.

Regarding the total sugars, a value of 4.63 g/100 g of peeled almonds was found, distributed as
4.46 g of sucrose, 0.03 g of glucose and 0.14 g of maltose [43]. A review of a worldwide collection
of almond samples found a soluble sugars content ranging from 1.80 to 7.60 g/100 g f.w. [8]. On the
other side, when data are referred to almonds with skin, total values fall to 4.35 g/100 g, and are
distributed as follows: 3.95 g of sucrose, 0.17 g of glucose and 0.04 g of maltose, appearing with 0.11 g
of fructose and 0.07 g of galactose.

4.2. Starch

Although starch is the main reserve carbohydrate in many fruits and seeds, in almond kernel, it does
not reach remarkable values. Thus, this compound has not attracted much attention among researchers.

132



Foods 2020, 9, 1646

Ruggeri et al. [59] found a percentage of 0.4% to 1.4%. The Agriculture Department of the U.S.A.
indicated a starch value of only 1.0 g/100 g of skin peeled almond kernels [43].

4.3. Fiber

Fiber is a heterogeneous mix of polysaccharides (cellulose, hemicelluloses, gums and mucilages
and pectin substances) and non-polysaccharides (lignin, non-digestible proteins and other).
Terms commonly used to define it are as follows: crude fiber, composed of cellulose (50–80%),
hemicellulose (~20%) and lignin (10–50%); neutral detergent fiber (NDF), consisting of cellulose,
hemicellulose and lignin; acid detergent fiber (ADF), consisting of cellulose and lignin; and acid
detergent lignin (ADL) [73]. On the other side, dietary fiber can be defined as a group of components
that are not digested by enzymes in the human gastro-intestinal tract, and as being mainly composed
of cellulose, hemicellulose, lignin, pectin and non-digestible proteins.

The content in neutral detergent fiber, whose fundamental components are cellulose,
lignin and hemicellulose, provides the value of dietary fiber, while acid detergent fiber,
whose fundamental components are cellulose and lignin, provides the crude fiber value.

Barreira et al. [46] reported data of neutral detergent fiber between 2.9% and 3.2%, depending on
the selected cultivar. However, dietary fiber content in almonds ranged from 3.3% to 16% (Table 1).
Kodad [22] calculated a variation coefficient of 9.81% for dietary fiber. Significant differences between
selected cultivars, years and the interaction “genotype” × “year” have been found regarding dietary
fiber content, which confirms the large variability of this character between genotypes and years.
Yada et al. [9] found that the effect of harvest year on dietary fiber was highly significant (P < 0.01),
to the point of having blocked the observation of cultivar differences. In addition, some other
agronomic treatments may have an effect on the content of dietary fiber. For example, when organic
fertilizers were applied, higher fiber content was observed in the fruit than when an inorganic fertilizer
was employed [57].

Crude fiber concentration in almond kernel also shows high variability. First references indicated
low crude fiber contents, about 2% or 3% of dry matter [15,16], while other recent results reached
contents of 5.81% [22], probably due to improvements in analytical techniques.

5. Mineral Fraction of Almond Kernel

5.1. Ashes

Mineral content is sometimes expressed as the ash content, which is the inorganic residue that
remains after the incineration of the plant tissues. Almond kernels contain approximately 3 g ash/100 g
of fresh weight [74,75]. These values may vary depending on the study considered (Table 2), between
2.3% [9] and 5.0% [51].
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The sum of mineral elements is sensibly lower than the ash content, with percentages around 60%,
which is fundamentally explained because the oxygen associated with these minerals is not counted
in the ashes obtained by calcination [15]. According to Esteban [18], the percentge of all minerals,
excluding nitrogen, represents between 51.3% and 55.2% of total ash content.

5.2. Macrominerals

Macrominerals refer to those minerals that are needed in quantities higher than 100 mg/day.
On the other hand, those that are needed in small quantities are called microminerals, oligo elements
or trace elements. Table 2 shows the average value of the main mineral elements (macrominerals and
microminerals) found in almond kernel.

Potassium is the major element in all studies, except the one carried out by Prats [7], followed
by phosphorus. Both elements represent 70% of the mineral fraction, not counting nitrogen. The next
in importance are calcium and magnesium with very close values, in such a way that in some samples,
one is higher and in others the opposite happens [15,18]. Globally, the mean magnesium values are
higher than calcium values, and both represent half the phosphorus content, or even less [15].

Sulfur also appears in high amounts, although it is an element that is not commonly analyzed in
comparison with the previous ones. Its values vary greatly depending on the study, probably due to
the different methods applied for its determination. Prats [7] found higher values, comparable
to phosphorus values. Macronutrients aggregation, not counting nitrogen, represents large
percentages which are almost identical between cultivars, ranging from 98.0% to 98.7% of total
minerals. Among Chinese wild almond species, potassium contents between 534 and 663 mg/100 g,
calcium contents between 80 and 229 mg/100 g and magnesium contents between 194 and 239 mg/100 g
have been found [77].

5.3. Microminerals or Trace Elements

Main microminerals or trace elements found in almond kernel are sodium, chlorine, iron, copper,
manganese and zinc (Table 2). Sodium and chlorine are those that appear in higher proportion [15,16,54],
followed by iron and zinc contents, which also show important values. In this case, as it happened with
calcium and magnesium, for some authors, the content of iron is higher, and for others, the zinc content,
but generally the quantity, is lower than 5.5 mg/100 g. Nevertheless, attention should be paid to
the high contents in iron and zinc found by Ozcan et al. [40] and Aslantas et al. [54], respectively.
Among Chinese wild almond species, iron contents between 4.6 and 6.0 mg/100 g and zinc contents
between 4.1 and 5.6 mg/100 g have been found [77].

Other elements found in almond kernel, although in minor concentrations, include molybdenum
that ranges from 4 to 30 μg/100 g, boron which ranges between 0.18 and 2.9 mg/100 g [15,16,78],
chromium ranging between 0.04 [79] and 0.17 mg/100 g [78], aluminum ranging between 0.83 [79] and
2.2 mg/100 g [78], nickel with 0.034 mg/100 g [79] and selenium with 0.004 mg/100 g [51].

Some references to toxic heavy metals have also been found [50,51,79]. Even though some
heavy metals such as cobalt, copper, chromium, manganese and nickel are needed for humans in
small proportions, others may be carcinogenic or toxic, affecting the central nervous system (manganese,
mercury, lead, arsenic), kidney or liver (mercury, lead, cadmium, copper), or the skin, bones or teeth
(nickel, cadmium, copper, chromium).

6. Phytochemical Compounds of Almond Kernel

Phytochemicals, also known as bioactive compounds, are mainly additional nutritional compounds
that can be found in certain foods, and that show an important and interesting physiological activity
with positive effects on human health, which makes them very valuable elements for the scientific
community and the food industry.
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Several thousands of phytochemicals have been reported, some of them having a strong antioxidant
activity (catechin, quercetin, tannin, ellagic acid, chlorogenic acid, cyanidin, etc.) [80], which are added
to the already known antioxidant nutrients (vitamins A, C, E, selenium, etc.).

Phytochemicals comprise the following chemical groups: carotenoids, phenolic compounds,
organosulfur compounds, some nitrogen compounds and alkaloids. Bolling et al. [81] added a
carbohydrates group to this classification, the phytates, and together with the carotenoids, they include
other unsaponifiable compounds of the lipid fraction.

6.1. Tocopherols (Vitamin E)

Tocopherols, or vitamin E, are a group of soluble compounds that includes four tocopherols
(designated as α, β, γ and δ) and four tocotrienols (designated as α, β, γ, y and δ) [80]. Tocopherols are
natural mono-phenolic components with different antioxidant activity, which have several homologues
depending on the position and number of methyl radicals. Their main biochemical function is probably
the protection of polyunsaturated fatty acids against peroxidation. A good number of scientific
studies focused, in the first instance, on the tocopherol content and its effect on the maintenance of
oil properties. Almond kernel is considered one of the richest foods in α-tocopherol [82,83].

Tocopherol content in almonds shows a wide range of variability, as summarized in Table 3.
The form with higher concentration in almond kernel oil is α-tocopherol. Variability depends on
almond genotypes (cultivars), climatic conditions and environmental conditions. Kodad et al. [10], in a
study about 44 Spanish cultivars, for two consecutive years, found a large variability in tocopherol
concentrations, in almond oil, with a significant effect of both the genotype, the year and the interaction
genotype × year. The main source of variability appeared due to the genotype. The geographical
origin was significant with higher concentrations of tocopherols in almond populations with a
mountainous origin, probably due to the empiric selection to increase the shelf life, since tocopherol
retards the rancidity appearance. Abiotic stress leads to higher tocopherol contents due to its
protective role. Similar conclusions reached Zhu [28], after analyzing samples of cultivars from Australia,
Spain and the United States, and Yada et al. [9], with Californian cultivars from different regions.
Besides, as the trees matured from one year to the next, the vitamin E concentration increased [10].
The obtained results also show that the homologues α and δ are those that present higher variability.
Higher concentrations found by Maestri et al. [30] in the Argentine Northeast, where the kernel
development matches mainly with spring and summer, with medium temperatures that are warmer to
those typically observed in the Mediterranean region, can explain these values.

Table 3. Vitamin content in almonds.

Nutrient Range of Means Origin Variability Sources References

mg/100 g
Almonds

mg/100 g
Almond Oil

Variety Environment
Extraction
Method

Vitamin E homolog

Total
tocopherols 50.1–49.0 Spain Yes Yes - [12]

α-tocopherol 24.2 - - - - [84]

17.4 - - - - [85]

37.0–57.1 Argentina Yes Yes - [30]

18.0–32.0 California Yes Yes - [9]

30.9–65.7 Morocco Yes Yes - [42]

31.3–54.6 Morocco Yes Yes - [86]
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Table 3. Cont.

Nutrient Range of Means Origin Variability Sources References

mg/100 g
Almonds

mg/100 g
Almond Oil

Variety Environment
Extraction
Method

34.9 California - - - [83]

5.96–19.42 Portugal Yes - - [58]

27–38 Portugal Yes Yes - [46]

42.0–54.2 Spain Yes - - [35]

23.7–37.4 Spain Yes - - [35]

14.18–17.96 Yes - Yes [87]

β -tocopherol 3.1 - - - - [84]

1.7 - - - - [85]

0.18–0.24 Portugal Yes Yes - [46]

Υ-tocopherol 3.1 - - - - [84]

5.7 - - - - [85]

0.54–4.25 Morocco Yes Yes - [86]

0.7–2.1 Portugal Yes Yes - [46]

1.4 California - - - [83]

0.67–2.79 Spain Yes - - [35]

0.17–1.4 Spain Yes - - [35]

δ-tocopherol n.d. - - - - [84]

1.7 - - - - [85]

0.017–0.24 Morocco Yes Yes - [86]

0.02–0.05 Portugal Yes Yes - [46]

α-tocotrienol Traces - - - - [85]

0.04–0.2 Portugal Yes Yes - [46]

0.3–0.5 Spain Yes - - [35]

Υ -tocotrienol 0.11–0.24 Portugal Yes Yes - [46]

Other vitamins

Biotin 0.01–0.05 California - - - [17]

0.12–0.90 Italy - - - [88]

Folate 0.10–0.13 California - - - [17]

Niacin (B3) 3.3–3.7 California - - - [17]

1.5–3.4 Italy - - - [88]

1.40–5.02 California Yes Yes - [9]

Pantotenic
acid 0.36–0.38 California - - - [17]

Pyridoxine
(B6) 0.16 California - - - [17]

0.186 California - - - [83]

Riboflavin
(B2) 1–1.1 California - - - [17]

0.58–2.27 California Yes Yes - [9]

1.432 California - - - [83]

Thiamine (B1) 0.19–0.25 California - - - [17]

0.192 California - - - [83]

137



Foods 2020, 9, 1646

6.2. Vitamins

Most studies about vitamin content in almond have been focused on vitamins with an
antioxidant effect, particularly vitamin E. However, almond kernels are a good source of vitamins
B1 (thiamine), B2 (riboflavin), B6 (pyridoxine) and niacin (Table 3). Some kernel processing operations,
like roasting or blanching (to a lesser extent), may result in vitamin loss due to the temperature effect
on vitamin degradation [89].

6.3. Squalenes

Squalenes are polyunsaturated acyclic hydrocarbons with a triterpenoid lipophilic structure,
similar to the vitamin E structure, and they contribute to the oxidation stability of vegetable oils because
they prevent peroxidation of fats acting mainly against peroxyl radicals.

Squalene acts as a biosynthetic precursor to all steroids in plants and animals. However,
Cherif et al. [90] detected a dramatic decrease in sterols at the 10–12th maturation week that suggested
there was the absence of the synthesis of novo sterols from squalene which was maintained an
enzymatic activity until the end of maturity. Squalene has important beneficial effects on health, such as
decreasing the risk for various cancers and reducing serum cholesterol levels [91]. Squalene contents
in almond oils ranged from 37.9 to 114.2 μg/g of oil (Table 4).

Table 4. Minor compounds: phytosterols, terpenic alcohols, squalene, aliphatic alcohols and tocopherols.

Compound μg/g (%) References

Desmethylsterols

Cholesterol n.d.–7.18 (0.25) [85,92–94]

24-Methylene-cholesterol 1.15 (0.04)–3.9 [93,94]

Campesterol 49–134 (2.46–16.7) [11,12,85,92–95]

Campestanol 3.73 (0.13)-33 [94,96]

Stigmasterol 3.9–50 (0.41–6,9) [85,92–96]

Δ7-Campesterol 22.39 (0.78) [94]

Δ5,23-Stigmastadienol +
Clerosterol 30.8–40.19 (1.40) [93,94]

β-Sitosterol 580–2290 (72.4–95.5) [11,12,85,87,92–96]

Sitostanol 32–54.83 (1.91) [93,94,96]

Δ5-Avenasterol 32–283.89 (3.52–9.89) [85,92–96]

Δ5,24-Stigmastadienol 6.05–42.48 (0.29–1.48) [92–94]

Δ7-Stigamasterol 9.74–55.69 (0.43–1.94) [12,93,94]

Δ7-Avenasterol 5.42–39.90 (0.26–1.39) [11,93,94]

Total μg/g 1222–2870 [11,12,85,92–94,96,97]

Methylsterols

Obtusifoliol 7.90 (26.57) [94]

Gramisterol 4.00 (13.46) [94]

Citrostadienol 17.83 (59.96) [94]

Dimethylsterols

Dammaradienol 0.62 (7.44) [94]

Taraxerol 0.38 (4.55) [94]

α + β Amyrin 2.08 (24.97) [94]
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Table 4. Cont.

Compound μg/g (%) References

Cycloartenol 0.99 (11.91) [94]

24-Methylencycloartanol 4.27 (51.13) [94]

Total sterols 2908.56 [94]

Squalene μg/g 37.9–114.2 [30,90,94,98]

Terpenic alcohols

Phytol (71.65) [94]

Geranylgeraniol (28.35) [94]

Total μg/g 9.74 [94]

Aliphatic alcohols

C22-OH (23.13) [94]

C23-OH (2.56) [94]

C24-OH (29.66) [94]

C25-OH (7.70) [94]

C26-OH (40.31) [94]

Total μg/g 5.55 [94]

In parenthesis: samples origin country/region; in brackets: source of variability studied. [a] variety; [b]
environment/crop year; [c] extraction method. [94]: (Brazil); [92]: (Iran); [85]: (Sweden); [30]: (Argentina) [a,b];
[93]: (Turkey) [c]; [95]: [c]; [87]: (Turkey) [c]; [96]: (USA); [11]: (Spain) [a,b]; [12]: (Spain) [c]; [90]: (Tunisia) [a,b].

6.4. Phytosterols and Stanols

Phytosterols or plant sterols have a structure similar to cholesterol, while stanols are
saturated sterols. They can be found in almond kernel, in free form or esterified with fatty acids [80].
β-sitosterol lowers cholesterol levels, enhances immunity and has anti-inflammatory, antipyretic and
anti-carcinogenic effects (prostate essentially) [92].

Sterols are the most abundant class of compounds in the unsaponifiable matter. Desmethylsterols
are the most commonly analyzed group, being β-sitosterol the main desmethylsterol with values of
95.5 % of total phytosterols [12], although with significant differences among genotypes [70,90,94].
As regards methylsterols, citrostadienol is the main compound, and regarding dimethylsterols, the
total amount was around 30 μg/g [94].

β-sitosterol and campesterol are the dominant sterols in almond kernel. Δ5-Avenasterol,
Δ7-Stigamasterol and stigmasterol are well represented in almond oils. Campestanol is the main
stanol (Table 4). β-sitosterol is fundamentally found in almond kernel skin, while stigmasterol
predominates in mesocarp [99].

Some studies have focused on the physiological phenomenon of phytosterols accumulation:
biosynthesis and evolution, finding that the phytosterols amount depended on the harvest time [90,93].
Cherif et al. [90] found a relationship between the biosynthetic compounds of the glyceridic fraction
of almond oil (mainly fatty acids) and those of the unsaponifiable fraction (particularly sterols).
This relation may be established by 24-methylene cholesterol.

Ozcan et al. [87] compared varieties and extraction methods (cold press and Soxhlet methods).
Both affected β-Sitosterol composition of the oil obtained. Neither extraction temperature nor extraction
speed affected the total content of sterols in oils from the screw press, but higher temperatures caused
a reduction in the content of Δ7-stigmasterol [12].
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6.5. Sphingolipids and Phospholipids

Both components are polar lipids. Sphingolipids are complex lipids that are derived from
sphingosine (unsaturated amino alcohol with 18 carbons), which is joined to a long-chain fatty
acid by an amide bond forming the ceramide. Sphingolipids of plants are mainly cerebrosides
(mono- and oligohexosilceramides) with a sugar molecule such as glucose, galactose, mannose and
inositol. They are commonly found in cell walls, lipoproteins and other lipid-rich structures [99].
Phospholipids are a kind of lipid made up of a glycerol molecule, two fatty acids (1,2-diacylglycerol)
and a phosphate group.

There are few studies about polar lipids in almond oil. Phospholipids and sphingolipids
are the main classes of polar lipids with approximately 78% and 22%, respectively [100].
Between phospholipids, lecithin or phosphatidylcholine (45%), phosphatidylethanolamine or
cephalin (45%), phosphatidylinositol (8%) and fosfatidiglycerol acid (2%) are the main compounds [101].
Fang [102] studied the sphingolipids content in almond kernels and found that the concentration of
cerebroside (d18:2-C16:0h-glucose) was 0.068 mg/g of almond.

Compared with other nuts, almonds might not be the first choice for phospholipids, with
relatively low compounds abundance and content [103]. Only 1.67% of the total fat is phospholipids,
in comparison with 3.81% found in pistachios. The fatty acids of 16:0, 18:0, 18:1 and 18:2 are the
most common structures of the fatty acyl moiety in almonds; phosphocholine, phosphoetanolamine
and phosphoinositol are three major phospholipids species detected in almonds, representing 84% of
total phospholipids.

6.6. Chlorophylls and Carotenoids

Tree nuts contain very low amounts of carotenoids [27]. Marginal pigments content has been
found in wild almond kernels [92], and the only study that indicates the chlorophyll and carotenoid
content for cultivated almond kernels is due to Ojeda-Amador et al. [35], who found 8.5–18 mg/kg of
chlorophyll and 5.3–8.8 mg/kg of carotenoids in almond oils. Carotenoids concentration in almond
kernels is low; consequently, it does not constitute an important dietary source of these substances [97].

6.7. Phenols

Phenols are the main phytochemical group and comprise the broad term “polyphenols”, which are
molecules with one or more phenolic groups and one or more hydroxyl groups and comprise a large and
heterogeneous group of secondary plant metabolites. They are synthesized from carbohydrates and are
generally produced as defense mechanisms against pathogens and the excess of ultraviolet radiation
and to attract pollinators [104]. A general description of the biosynthetic pathways and regulation of
phenolic compounds in stone fruits appears in the review by Lara et al. [105]. They are responsible for
the sensorial and nutritional quality and antimicrobial, antiviral and anti-inflammatory properties are
also attributed to them. Beyond antioxidant properties, they also have a variety of biological activities,
including antioxidant, anti-inflammatory, vasodilatory and anticarcinogenic actions and also reduce
cholesterol [82,97]. In recent years, there has been an increasing interest in biological properties of
natural phenolic compounds as actors in the prevention of diseases in which oxidative stress reactions
are involved [106].

In an extensive review, Bolling [107] reported a total phenolic content in whole almond that ranged
from 0.47 to 13.40 mg/g gallic acid equivalents (GAE); meanwhile, skinless kernels varied between
0.64 and 0.71 mg/g (GAE). Approximately 130 different polyphenols have been identified in almond,
although not all of these have been quantitated. Table 5 shows the range of variability found in the
scientific literature about total phenolic content, total flavonoids content and total proanthocyanidins
content, and Table 6 reflects the main quantitative results about phenolic compounds in almonds.
Unpeeled almond kernels have a content of total phenols higher than peeled almond kernels [97,108].
The skin represents approximately 4% of the total almond weight and contains 70–100% of total
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phenols present in the nut [109]. The residual cakes could be expected to possess an added value for
applications in food formulations since they are a good source of phenolic compounds that concentrate
in the by-product due to their polar properties [35].

The phenolic content of almond skins depends on the industrial processing used. High temperatures
(i.e., blanching, drying, roasting) could promote degradation of polymeric compounds such as
proanthocyanidins, hydrolysis of glycosylated flavonoids and the decomposition of aglycones, which
could explain the increase observed in the content of monomeric and oligomeric flavan-3-ols after drying
or roasting, and the decline in flavonol and flavanone aglycones found after these treatments [110].
The total contents of phenolic compounds identified were significantly (P < 0.05) higher (about 2-fold)
in the roasted samples than in the blanched almonds (freeze-dried). Roasting is the most suitable
type of industrial processing of almonds to obtain almond skin extracts with the greatest antioxidant
capacity [111].

Cultivars, climate and geography can affect total phenols concentration in
almond kernels [57,58,112,113]. For Rabadán et al. [12,70], the variability of total polyphenol
content depended mainly on the crop year. The use of pesticides reduces the phenols content, so
it is advisable to implement organic production [114]. Among cold-pressed oils, the press system
(screw or hydraulic) and the different extraction conditions considered did not generate significative
differences [11,31].

Inside the phenol groups, mainly tannins, flavonoids, phenolic acids and stilbenes can be found.

Table 5. Total phenolic content (mg/g) gallic acid equivalents (GAE), total proanthocyanidins (mg/100 g)
and total flavonoids (mg/100 g) in almonds, almond oil and defatted almond cake.

Range of Means Origin Variability Sources References

Almonds
Almond

Skins
Almond Oil

Defatted
Almond

Cake
Variety Environment

Extraction
Method

Total phenolic content (mg/g) gallic acid equivalents (GAE)

4.18 USA - - - [115]

1.27–2.41 0.099–0.268 California Yes - - [109]

1.30–4.56 Austria Yes - - [84]

0.45–0.49 a Austria Yes - - [84]

1.10–2.90 [97]

0.09–1.63 Portugal Yes Yes - [112]

27.1–59.1 Morocco Yes - - [113]

0.019–0.022 b Spain Yes [31]

0.0085–0.0324 Spain Yes Yes Yes [11]

0.019–0.026 Spain Yes Yes [12]

0.03–0.81 Portugal Yes - - [58]

0.71–1.26 0.003–0.006 0.82–2.06 Spain Yes - Yes [35]

0.20–1.39 Serbia Yes - - [116]

Total proanthocyanidins (mg/g)

0.15–48.80 Spain - - Yes [117]

5.81–28.80 Spain - - Yes [118]

0.70–2.90 c - - - - [62]

5.00–25.00 - - - Yes [119]

Total flavonoids (mg/g)

6.24–25.02 Portugal Yes - - [112]
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Table 5. Cont.

Range of Means Origin Variability Sources References

Almonds
Almond

Skins
Almond Oil

Defatted
Almond

Cake
Variety Environment

Extraction
Method

84.68–237.20 d Portugal Yes - - [56]

14.1–25.7 Morocco Yes - - [113]

n.d.–5.45 [120]

12.88–19.49 Portugal Yes - - [58]

a: blanched kernels without skin; b: caffeic acid equivalents; c: total tannins; d: hull extract; n.d.: not detected.

Table 6. Phenolic compounds quantified in almonds and almond skins (mg/100 g).

Compound Almond skin References

Flavonoids

Flavan-3-ol (+)-Catechin 0.1–36.6 0.69–18.4 [52,109–111,116,118,
120–125]

(-)catechin gallate 0.68–1.04 [52,126,127]

Dihydrokaempferol 0.04–9.8 4.99–6.02 [111,118,126]

Dihydroquercetin 0.51–1.60 n.d.–1.61 [110,111,118,128]

(-)-Epicatechin 0.03–26.6 0.13–11.0 [52,58,109–111,118,
120–123,128,129]

Epicatechin gallate 1.34–2.60 [52,126,127]

Gallocatechin gallate n.d.–0.104 [58]

(-)epigallocatechin
gallate 1.04–1.60 [52]

(-)epigallocatechin 8.07–8.87 [52]

(-)gallocatechin 1.17–3.26 [52]

Flavanone Eriodictyol n.d.–0.46 n.d.–0.78 [58,110,111,118,120,
126,128]

Eridictyol-7-O-glucoside n.d.–0.49 0.04–3.38 [58,110,111,118,120]

Naringenin 0.01–9.74 0.03–20.6 [58,110,111,116,118,
120,126,127,129]

Naringenin-7-O-glucoside 0–5.88 0.04–14.3 [58,110,111,118,120,
126,127,129]

Flavonol Isorhamnetin 0.005–3.20 0.40–4.55 [58,110,111,118,120,
124–130]

Isorhamnetin-3-O-galactoside 0.30–0.92 [111,118]

Isorhamnetin-3-O-glucoside n.d.–14.9 0.20–16.9 [58,110,120,126,127,
129]

Isorhamnetin-3-O-rutinoside n.d.–74.1 0.53–75.7 [58,110,111,118,120,
126–129]

Kaempferol n.d.–0.49 0.01–1.25 [110,111,116,118,120,
123–126,128–130]
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Table 6. Cont.

Compound Almond skin References

Kaempferol-3-O-galactoside n.d.–2.17 0.72–1.15 [111,118,126]

Kaempferol-3-O-glucoside n.d.–3.77 n.d.-39.0 [58,110,111,118,120,
126,128,129]

Kaempferol-3-O-rutinoside n.d.–23.3 0.10–23.9 [58,109–111,118,120,
126–129]

Quercetin n.d.–3.58 0.03–0.70 [110,111,118,120,123–
126,128–130]

Quercetin-3-O-galactoside 0.24–1.37 n.d.-1.34 [109–111,118,120,126]

Quercetin-3-O-glucoside 0.04–0.16 n.d.-0.90 [109–111,118,120,129]

Quercetin-3-O-rutinoside n.d.–1.66 n.d.-41.2 [58,111,118,120,126,
127,129]

Phenolic acids/aldehydes

Hydroxybenzoic
acid

p-Hydroxybenzoic
acid n.d.–1.23 0.03–1.90 [58,110,111,116,118,

120,126,129,131]

Gallic acid 0.05–1.61 n.d.–1.61 [58,123,131]

Protocatechuic acid n.d.–6.19 0.04–4.46 [58,110,111,116,118,
120,131]

Vanillic acid n.d.–0.30 0.01–5.81 [58,110,111,116,118,
120,124,125,130,131]

Ellagic acid n.d.–0.135 [116]

Hydroxybenzoic
aldehyde

Protocatechuic
aldehyde 2.52–5.77 0.25–2.17 [110,111,118]

Hydroxycinnamic
acid Chlorogenic acid n.d.-2.29 0.17–9.57 [58,110,111,116,118,

120,123]

Caffeic acid 0.11–3.21 n.d.–3.21 [116,123,125]

o-Coumaric acid 0.22–0.69 [120,123–125,130]

p-Coumaric acid 0.01–0.59 n.d.–0.37 [58,110,111,116,118]

Ferulic acid 0.02–2.15 [116,125]

Proanthocyanidins

A-type trimers 0.16–0.53 [111,118]

Procyanidin B1 1.69–7.28 [111,118,121],

Procyanidin B2 0.03–8.30 0.23–3.39 [110,111,118,122]

Procyanidin B3 0.19–0.45 [111,118,121,124,127]

Procyanidin B3+B1 0.30–2.96 [110,111,118,121,122,
124,125]

Procyanidin B5 n.d.-0.43 0.23–1.51 [110,111,118,121,122,
124]

Procyanidin B7 0.28–1.43 0.37–2.47 [110,111,118,121,122,
124]

Procyanidin C1 0.11–2.55 [110,121,122,124]

Tannins

PAC dimers 4.00–18.7 [110,122,124]

PAC trimers 2.70–14.0 [122,124]

PAC 4–6 mers 7.00–51.4 [122,124]

PAC 7–10 mers 9.60–52.0 [122,124]

PAC polymers 43.9–121 [122,124]
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6.7.1. Tannins

Proanthocyanidins are mixtures of oligomers and polymers of flavan-3-ol linked through
carbon bonds, mainly C4 → C8. Tannins are divided into two groups, hydrolysable tannins and
condensed tannins or proanthocyanidins (PAC). Hydrolysable tannins are derived from gallic acid and
include gallotannins and ellagitannins. PACs are mixtures of oligomers and polymers of flavan-3-ol.
Depending on the interflavan carbon–carbon bond, PACs could be A-type or B-type; depending on the
degree of polymerization (DP), they are known as oligomeric (≤10) and polymeric proanthocyanidins
(>10). In almond, most PACs are polymeric [130]. In addition, flavan-3-ol composition should be
considered to determine PACs. The intrinsic complexity and diversity of almond proanthocyanidins,
as well as a lack of available standards, pose analytical challenges [107].

Information about tannins is very limited and only a few studies quantify these compounds [81,107],
even though PACs are the most abundant polyphenols in almond kernel, followed by flavonoids
and phenolic acids. No references have been found about the presence of soluble tannins. Almond
proanthocyanidins consist mainly of epicatechin and catechin, with lesser amounts of epiafzelechin.
In the opinion of Bolling et al. [81,107], the cis–transconfiguration, A-/B-type ratios and flavan-3-ol
types of almond PACs have not been adequately characterized.

PACs consisting exclusively of epicatechin are procyanidins (PCs). PACs containing epiafzelechin
as subunits are named propelargonidins (PPs). When subunits are epigallocatechin, they are named
prodelphinidins (PDs) [124].

Gu et al. [124] presented the concentrations of monomers, dimers and trimers separately because
these low-molecular weight PACs oligomers (DP ≤ 3) could be absorbed intact in the gastrointestinal
tract; meanwhile, PACs with DP > 3 appear not to be absorbed directly from the gastrointestinal lumen.

Table 6 summarizes the variability in tannins found in the reviewed papers published.

6.7.2. Flavonoids

At least 25 different flavonoids have been identified in almonds. Anthocyanidins, flavan-3-ols,
flavonols, flavanones and a biflavone have been identified in almond, almond skins, or almond
blanch water [107].

Most flavonoids of almond kernel appear exclusively in the skin, while non-flavonoids phenols
appear in the seed. Flavonoids of almond skin act as phytoalexins, protecting dry seeds against
bacteria, fungi and other environmental stressors [132]. The flavonoids group can be divided in
seven categories that include flavonols, flavones, isoflavones, flavanols, flavanones, anthocyanins
and dihydrochalcones.

Flavonols were the most abundant flavonoid class in almond and include
isorhamnetin-3-O-glucoside, isorhamnetin-3-O-rutinoside, kaempferol-3-O-glucoside,
quercetin-3-O-glucoside, quercetin-3-O-rutinoside, galactosides and rutinosides [107]. They have
been identified, but rarely quantified (Table 6).

Flavonoid composition in plants is influenced by genetic factors and environmental conditions,
excluding exposure to fungi and bacteria, parasites, climate and UV light [81,112,118].

6.7.3. Phenolic Acids

The presence of phenolic acids is associated with astringency, discoloration and inhibition of
enzymatic activity and antioxidant properties. Phenolic acids identified in almond kernel have
been caffeic, p-coumaric, ferulic, sinapic, syringic, vinyl, gallic, protocatechuic and p-hydroxybenzoic,
which are fundamentally derivated from benzoic acid or cinnamic acid.

Senter and Horvat [131] found that protocatechuic acid is the dominant phenolic acid in the
edible part of almond kernel, followed by p-hydroxybenzoic acid and vinyl acid. Wijeratne et al. [108]
observed that the total quantity of free phenolic acids was 163 mg/100 g in the skin, while total quantities
of esterified phenolic acids obtained from skin, shell and whole seed were 2796, 1671 and 400 mg/100 g,
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respectively. Monagas et al. [111] compared the polyphenol concentration in the almond skin of
Spanish and American almonds (Table 6).

Bolling [107] reported the almond skin content of protocatechuic acids. The hydroxycinnamic acids,
chlorogenic acid, ferulic acid, caffeic acid, sinapic acid and two diferulates have been identified in
almond skin, although only chlorogenic acid, caffeic acid and p-coumaric acid have been quantitated.

6.7.4. Stilbene

Among stilbenes, resveratrol dominates, acting as a phytoalexin. Recently, Xie and Bolling [25]
characterized stilbenes in Californian almond cultivars, concretely resveratrol-3-β-glucoside, in
concentrations of 7.19 to 8.52 mg/100 g almonds. Similar to other polyphenols, stilbenes were
concentrated in skins.

7. Volatile Compounds

Seventeen aroma compounds were detected in raw almonds [133], including six aldehydes,
two ketones, two nitrogen-containing compounds, one sulfur-containing compound, two acids,
one furanone and three unknown compounds. Six of these compounds were quantitated in raw almonds,
where vanillin with 830 ng/g was the most abundant and acetic acid (137 ng/g) and nonanal (72 ng/g)
were found in high abundance.

Ojeda-Amador et al. [35] analyzed volatile compounds which are related to sensory notes, such as
fruit/banana (hexanol), oily/green–sweet (hexanal), fruity (pentanol) and bitter almonds (benzaldehyde).
The most important family found in all the varieties studied was that of aldehydes (1.35–7.52 mg/kg).
Benzaldehyde was the main aldehyde (52–74% of total), followed by hexanal (0–10%).

Alcohols were the second major family, accounting for 14% to 30% of the total volatiles. Hexanol
was the main contributor and was most abundant in “Marcona” (1.89 mg/kg). Acids (mainly acetic acid),
hydrocarbons, ketones and terpenes showed close concentrations to each other, indicating about
0.30 mg/kg for each family.

8. Conclusions

Almond kernel contains a considerable amount of good-quality proteins, mainly globulins,
essential minerals and fiber with a low content in sugars, in addition to many phytochemicals with
potential health benefits. The presence of large variability in nutritive compounds has been reported,
although most pre- and postharvest factors may have a significant effect on their content. However
deeper studies about drying, blanching, storage or roasting processes and genetic, agricultural and
environmental conditions are necessary to clarify their influence on the quality and quantity of
almond phytochemicals.

As regards the bibliography consulted, practically no work has been found focused on the study
of the phenotypic correlations that occur between the different components of the almond.

The complexity in the phytochemical composition makes the use of standard methods for
extracting and quantifying almond phytochemicals difficult. Non-conventional extraction techniques
are gaining major interest, especially methods based on microwave, supercritical fluids and ultrasound,
combined with well-known and safe solvents such as ethanol, water and ethanol−water mixtures.
Other methods such as sonication and hydrolysis are barely cited in scientific papers.

In another direction, more studies are needed to understand the impact of almond processing on
protein and AA digestibility. Furthermore, increasing efforts to establish a new method for assessing
protein quality, based on the Digestible Indispensable Amino Acid Score (DIAAS) system, are necessary.

The valorization of non-lipid compounds from almond has been scarcely treated in the
scientific literature. Most papers focus on compounds identification and quantification and rarely on
industrial extraction methods, as opposed to oil extraction. However, the nutritional composition of
the non-lipid fraction of almond kernel makes the by-products obtained in the oil extraction process
interesting candidates for food applications, to be used as a source of protein, fiber and minerals.
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