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Preface

The nature of foods, particularly their perishability and/or seasonality, as well as the new

demands of consumers who are increasingly exigent rearding the organoleptic and nutritional quality

of food and more concerned about the relationship between food and health make food processing

and storage an activity of growing scientific interest and commercial importance.

Knowledge and understanding of the chemical, physical and microbiological effects of the

treatments applied to raw materials, as well as the incorporation of new ingredients with different

purposes, are vital to obtaining increasingly safer, nutritious, and healthy foods that are capable of

surprising and fulfilling the needs and expectations of the most diverse consumers.

In recent years, research efforts in this domain have multiplied, and they have led to advances

that have made it possible to obtain increasingly satisfactory foods with increasingly advantageous

quality–price ratios.

Much progress has been made with regard to generating knowledge in this field. However, the

diverse nature and behaviour of food components, the complexity of the interactions and effects that

occur in such components as a consequence of the environmental conditions established during the

different technological processes and during storage, and new consumer trends and preferences mean

that research in this field should not cease; this is so as to achieve increasingly efficient economical

and sustainable processes.

As a continuation of a previous book that collected the results of 19 research works carried out

on this same topic, this volume aims to gather some of the latest advances in this field. We hope that

this book serves as a useful tool for students, researchers, and professionals working in this area.

Sidonia Martinez and Javier Carballo

Editors
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Editorial

Physicochemical, Sensory, and Nutritional Properties of Foods
Affected by Processing and Storage Series II

Sidonia Martínez * and Javier Carballo

Food Technology Area, Faculty of Sciences, University of Vigo, 32004 Ourense, Spain; carbatec@uvigo.es
* Correspondence: sidonia@uvigo.es

Food processing has several different purposes. First, it aims to increase the shelf life
of foods by protecting them from physical, chemical, and biological agents of deterioration
or to sanitize them by destroying the pathogens that can be present in raw materials and
compromise consumer health. However, nowadays, consumers are increasingly demanding
and better informed, and they are concerned with the quality of the foods they consume
and the consequent effects on their health; they also demand new, sensorially surprising
foods with new aromas, flavors, and textures. This new challenge facing food technology
to incorporate new ingredients and additives to obtain more nutritive, safe, and surprising
foods occupies a good part of the efforts of the current food industry. On the other hand,
food storage is a necessary practice due to the seasonal nature of the production of some
foods or the need to ensure their supply in other cases.

Food processing and storage are therefore normal and necessary activities to obtain
and enjoy the wide range of foods that we know, retaining their safety and diverse sensory
and nutritional profiles. However, sometimes these processes have negative effects that
result in a decrease in nutritional value, in an alteration of sensory properties, or even
in a generation of compounds that can be harmful to the health of the consumer. To
avoid undesirable effects and obtain increasingly nutritious foods that meet the needs
and expectations of consumers, it is necessary to constantly generate knowledge about
the effects of technological treatments and storage on food components and properties to
optimize these processes and minimize their negative effects.

In a previous Special Issue devoted to this same topic [1], 19 contributions were col-
lected, including different studies on food canning, dehydration, fermentation, irradiation,
marinating, and cooking, as well as on the use of preservatives and the effect of storage.
This new Special Issue is a continuation of the previous one and presents new advances in
and approaches to food processing and storage, the optimization of processes, and the in-
corporation of new components that allow the valorization of materials and the production
new foods, therefore adding value to the food industry.

Heat treatment is one of the oldest and most effective procedures used to reduce
the activity of microorganisms and enzymes and prolong the shelf life of foods. The
effectiveness of heat treatment and its effects on the organoleptic characteristics of foods
are conditioned by the environment in which it is applied. Daei et al. studied the effects
of two mild thermal treatments (63 ◦C or 40 ◦C for 3 min) and in two different packaging
media (brine with different NaCl concentrations or a vinegar solution) on some of the
physicochemical (weight loss, phenolic compounds, ascorbic acid, and firmness) and
microbiological (microbial load) characteristics of truffles (Terfezia claveryi) during 160 days
of storage. A control of unheated truffles was also studied. Rthe authors showed that both
methods were effective in reducing the microbial load. The 63 ◦C treatment in vinegar
reduced the weight loss and microbial spoilage and increased the firmness of truffles during
storage. However, the contents of antioxidant compounds (phenolics and ascorbic acid)
decreased as the intensity of heat treatment increased. Despite the loss of antioxidant

Foods 2024, 13, 156. https://doi.org/10.3390/foods13010156 https://www.mdpi.com/journal/foods
1



Foods 2024, 13, 156

activity, treatment at 63 ◦C for 3 min in a vinegar solution proved effective in increasing the
shelf life of truffles without appreciable damage in quality attributes.

Canning (heat treatment after packaging in hermetic containers) is a classical process
used for food preservation. After the initial study by Appert [2], researchers have not
stopped trying to optimize the treatments, packaging materials, and filling media. Marine
foods are typically canned, resulting in high quality fish and seafood, which is appreciated
by consumers. The chemical components and sensory attributes of marine foods are
differently affected by canning; accordingly, widely varying effects of canning have been
reported. In this Special Issue, two manuscripts offer valuable contributions to this topic.
Gómez-Limia et al. evaluated the effect of a filling medium (sunflower oil, olive, or spicy
olive oil) on the color (CieLab parameters) and sensory characteristics of European eel
(Anguilla anguilla) for different steps of the canning process (after frying, canning, and 2
and 12 months of storage). The authors found significant color changes during the process
both in the fish and in the filling medium They reported that the color changed the most
in eel packed in olive oil during sterilization, and spicy olive oil was the filling medium
that experienced the largest color changes, probably because of the migration of some spice
components into the oil during canning and storage. The sensory characteristics of the eel
were also influenced by the filling medium, with the eels packed in sunflower oil receiving
the highest consumer scores. Biogenic amines are important in canned seafoods as quality
indicators and because of their harmful effects on health. Qu et al. studied the effect of
the storage (temperature and time) on the biogenic amine content of five canned seafood
species (mud carp, sardine, mantis shrimp, scallop, and oyster). The levels of nine biogenic
amines (histamine (HIS), phenylethylamine (PHE), tyramine (TYM), putrescine (PUT),
cadaverine (CAD), tryptamine (TRY), spermine (SPM), spermidine (SPD), and octopamine
(OCT)) were analyzed in these canned seafoods along 12 months of storage at different
temperatures (4, 10, 25, and 30 ◦C). The authors detected HIS, PHE, PUT, and TYM in 100%
of the samples; CAD, SPM, and SPD were detected in 60%; and OCT was detected in 40%
of the samples. Additionally, they observed that the recommended maximum limits of
HYS an TYR were exceeded in the canned mud carp and scallop when stored at 30 ◦C.
They concluded that low storage temperatures inhibit the production of biogenic amine in
canned seafood.

Pulsed electric field (PEF) is an emerging and promising technology used for de-
stroying microorganisms at low temperatures in a continuous flow regime [3]. Extensive
research efforts have recently been devoted to the use of this technology to replace oth-
ers that are more harmful to the organoleptic characteristics of foods or to their safety.
Delso et al. [4] studied the use of PEF to decontaminate red wine, avoiding the use more
problematic classical techniques such as the addition of sulfur dioxide or the sterilizing
filtration. The authors evaluated the suitable of PEF for the decontamination of red wine
after alcoholic (elimination of Saccharomyces cerevisiae) and malolactic (elimination of Oeno-
coccus oeni) fermentation. Their results showed that the populations of these two microbial
species could be reduced up to 4.0 log10 cycles by applying PEF, and sublethal damage
and synergistic effects with SO2 were observed. After 4 months, wine treated with this
technology after alcoholic fermentation lacked viable yeasts, whereas that treated after
malolactic fermentation and 20 ppm of SO2 contained less than 100 CFU/mL of O. oeni.
No detrimental effects on the oenological or sensory parameters of treated wines were
observed after storage.

Cooking is possibly the oldest of the procedures used for preparing food for consump-
tion. Freeze-drying is an almost perfect dehydration method because the elimination of
water in situ via sublimation maintains the structure of the food, favoring its rehydration
and the conservation of textures, flavors, and aromas. Cambero et al. studied the textural
properties, sensory quality, and rehydration kinetics of three Spanish chickpea varieties to
identify the most suitable cooking conditions to obtain high-quality freeze-dried chickpeas
for use in the preparation of a traditional Spanish dish called cocido. The authors also
evaluated the post-rehydration sensory quality of various vegetables and meat portions
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(the other constituents of this dish), which were cooked under different conditions and
freeze-dried. The results show that by selecting the appropriate cooking and freeze-drying
conditions for the ingredients. the sensory quality of this traditional Spanish dish could
be reproduced after rehydration of the freeze-dried components with water, heating in a
microwave oven for 5 min, and letting them rest for 10 min.

Food storage is, in most cases, a necessary operation because some foods are seasonally
produced; in other cases, adapting the pattern of production to those of consumption is
difficult. Some food preservation procedures (i.e., canning, dehydration, and irradiation)
destroy or inhibit the biological agents that cause spoilage and allow the long-term storage
of food. However, such preservation procedures modify the organoleptic properties of
foods. Some foods should therefore be stored in the fresh state, and other strategies to mini-
mize their alteration during storage must be adopted. Such is the case of pomegranate, a
fruit that has recently received attention due to its healthy components. The shelf life of this
fruit ranges from 3–4 months when stored in air to 4–6 months when stored in a controlled
atmosphere. One of the alterations that can appear during storage and that limit the shelf
life of this fruit is husk scald (HS). This is a superficial brown discoloration that is restricted
to the husk and does not affect the interior of the fruit but substantially limits its acceptance
by consumers. Maghoumi et al. reviewed the factors involved in the development of HS,
the modes of action of these factors, and their association with postharvest treatments. The
authors discussed a hypothesis regarding the etiology and mechanism of development
of HS in view of research on this subject; they also considered the postharvest treatments
proposed for its control and the possible targets of these treatments.

Tomato is another fruit which is preferably consumed fresh and that is how it should
be kept. It is a climacteric fruit that typically has as shelf life of 7–11 days when stored at
room temperature. To extend the shelf life and maintain the quality it is crucial to control the
processes of respiration and transpiration, as well as microbial contamination. To achieve
these objectives, the application of edible coatings has emerged as an alternative in recent
years. In this special issue, Flores-López et al. evaluated the effect of an alginate/chitosan
nanomultilayer coating without (NM) and with Aloe vera liquid fraction (NM+Av) on the
postharvest quality of tomato fruit stored at 20 ◦C and 85% relative humidity. Authors
reported that both nanomultilayer coatings had comparable effects on firmness and pH
values. However, the NM+Av coating significantly reduced weight loss and molds and
yeasts counts compared to uncoated fruit. Moreover, it notably lowered O2 consumption
and CO2 production, also inhibiting ethylene synthesis. The usefulness of the NM+Av
coating was confirmed by visual evaluation and instrumental color measurement. In view
of their results, authors concluded that the NM+Av coating is a potential alternative to
improve tomato preservation.

Freezing followed by frozen storage is the most successful procedure for long-term
storage, producing after-thawing products that differ minimally from the fresh products.
However, for optimal results, the freezing, storage, and thawing conditions for each prod-
uct must be correctly adjusted. Wang et al. studied the effects of two different storage
temperatures (−18 ◦C and −55 ◦C) for 180 days of storage on three different parts (naked
body, big belly, and middle belly) of bluefin tuna. The effects were evaluated through de-
termining the tissues’ water-holding capacity, malondialdehyde content, color differences,
salt-soluble protein content, free amino acid contents, endogenous fluorescent protein
content, and water distribution and migration. The authors found minimal quality changes
during short-term storage, but storage at −55 ◦C significantly improved the tuna quality
parameters compared with those achieved with storage at −18 ◦C. The results showed
that the water-holding capacity, salt-soluble protein content, and water content of tuna
decreased as the storage time increased. The authors concluded that because the tuna
quality changed little during short-term frozen storage, a storage temperature of −18 ◦C is
suitable for short-term storage prior to sale.

As indicated at the beginning of this Editorial, consumers are becoming increasingly
concerned about the quality of the foods they consume and their effects on health. At
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the same time, they are also demanding and attracted to new foods with different and
surprising organoleptic properties. This demand has forced the food industry to strengthen
its efforts to incorporate new ingredients and additives and to develop new manufacturing
processes capable of generating different aromas, flavors, and textures. To overcome such
challenges, in-depth research is necessary to clarify the effects of new ingredients, additives,
and processes and of their interactions, as well as to develop analytical methods and quality
control procedures to monitor these new products. The last five articles contained in this
special issue are devoted to this research topic. The textural attributes of cooked rice are
the dominant indicators of eating quality. Their appropriate assessment is therefore critical
to obtain a satisfactory product. Kaewsorn et al. evaluated the precision and sensitivity
of a back-extrusion (BE) test to assess the texture of cooked germinated brown rice (GBR)
during the production process. They studied the effects of different soaking and incubation
durations on the hardness, toughness, and stickiness of Khao Dawk Mali 105 GBR, noting
the high precision of the BE test in the measurement of these properties, as indicated by the
repeatability and reproducibility results. The sensitivity was also satisfactory, as indicated
by the high coefficient of variation of the texture properties.

Rice is also widely used as source of starch, having several different destinations in
the food industry. Starch gels have many uses, such as for the development of gluten-
free starch-based products. To improve the gel structure and stability of the rice starch
(RS) used for this purpose, Xu et al. studied the effect of the addition of guar gum and
locust bean gum to rice starch gel on its pasting, rheological properties, and freeze–thaw
stability. Analyses were performed with a rapid viscosity analyzer, rheometer, and texture
analyzer. The authors found that both gums can modify the pasting properties, as indicated
by increases in the peak, trough, and final viscosities, thereby preventing the short-term
tendency of the retrogradation shown by RS. The measurements of dynamic viscoelasticity
also showed that the starch–gum system exhibited improved viscoelastic properties (higher
storage modulus (G’) values) compared with those of starch alone. Compared with the
control system, the hysteresis loop area of the systems containing guar gum or locust bean
gum was reduced by 37.7% and 24.2%, respectively, indicating that the addition of gum
could enhance the shear resistance and structure recovery properties. The thermodynamic
properties showed that both gums retarded the short- and long-term retrogradations of the
RS gels. The addition of galactomannans significantly improved the textural properties and
freeze–thaw stability of the RS gel, with guar gum being more effective than locust bean
gum, which could be attributed to the differences in the mannose-to-galactose ratio. The
results of this study provide alternatives for gluten-free recipes with improved freeze–thaw
stability and texture properties.

During legume processing, by-products with applications in the food industry are
generated. Among these is aquafaba, the liquid obtained after cooking legumes. Fuentes
Choya et al. studied the composition (total solid, protein, fat, and carbohydrate contents)
and culinary properties (foaming and emulsifying capacities, and foam and emulsion
stabilities) of Pedrosillano (a traditional Spanish variety) chickpea aquafaba produced with
different cooking liquids (water, vegetable broth, meat broth, and the filling liquid from
canned chickpeas). Then, using these aquafaba types as ingredients, they prepared and
studied French egg-free baked meringues, using meringues containing egg white as control.
The sensory characteristics of the meringues were analyzed using instrumental and panel-
tester techniques. The authors found that the nature of the cooking liquid and the intensity
of the heat treatment affected the composition and culinary properties of the aquafaba,
which showed appropriate foaming and intermediate emulsifying capacities in all cases,
with the aquafaba prepared using the filling medium of commercial canned chickpeas
producing the meringue the most similar to that produced with egg white in terms of
performance. Regarding the meringue characteristics, the aquafaba-based products had
fewer alveoli, higher hardness and fracturability, and minimal color changes after baking
compared with those manufactured using egg white. Those produced with aquafaba
prepared using meat and vegetable broths were rated the lowest by a panel of testers.
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Veganism is increasing among people, and new products are constantly being devel-
oped to satisfy vegan needs and preferences [4]. Mihaylova et al. reported the development
of healthy vegan bonbons enriched with lyophilized peach powder. They prepared three
different formulations containing 10%, 20%, and 30% lyophilized peach power (LPP). The
bonbons immediately after manufacturing were analyzed in terms of physical (size, weight,
moisture, ash, color, water activity, texture, and microscopic imagery), microbiological
(total aerobic mesophiles, and mold and yeast counts), and nutritional (contents in protein,
fat, sugars, fiber, monounsaturated fats, omega-3 fatty acids, energy) characteristics, as
well as in terms of parameters indicating antioxidant properties (antioxidant activity, and
flavonoid and phenolic contents). Analyses of texture and water activity were repeated
after 5 days, and microbiological analyses were repeated after 3 and 5 days of storage. All
the bonbons had the same weight, size, and ash content. The addition of LPP, however,
decreased the protein, sugar, fat, omega-3 fatty acid, energy, and total phenolic contents,
but increased the monounsaturated fatty acid and total flavonoid contents. The addition
of LPP reduced the antioxidant activity and increased the hardness, fracturability, and
adhesiveness of the bonbons, whereas color was not affected. Regarding the microbial
load, the addition of LPPC inhibited the microbial growth during storage. The results of
this study show the possibility of using lyophilized peach powder as an ingredient for the
manufacture of heathy raw vegan bonbons.

Plant-based bioactive compounds (BCs) and their incorporation into processed foods
have attracted attention from researchers and the food industry due being perceived as
safer and healthier by consumers. In the last paper in this Special Issue, Vilas-Boas et al.
compared the composition, antioxidant activity, and antimicrobial properties of polyphenol-
rich extracts obtained from Lavandula pedunculata (LP), a native Portuguese species, using
maceration (CE), or microwave-assisted (MAE) or ultrasound-assisted (UAE) extraction.
The authors found that rosmarinic acid (58.68–48.27 mg/g dry extract) and salvianolic acid
B (43.19–40.09 mg/g DE) were the representative phenolic compounds in the extracts. They
also reported that the three methods allowed them to obtain extracts with high antioxidant
activity, highlighting the ORAC results (1306.0 to 1765.5 mg Trolox equivalents (TE)/g
DE). The extracts obtained using MAE and CE showed outstanding growth inhibition of
Bacillus cereus, Staphylococcus aureus, Escherichia coli, Salmonella enterica, and Pseudomonas
aeruginosa (>50%, at 10 mg/mL). The MAE extract had the lowest IC50 (0.98 mg DE/mL) for
the inhibition of angiotensin-converting enzyme and the highest IC50 for the inhibition of α-
glucosidase and tyrosinase (87 and 73% of inhibition, respectively, at 5 mg/mL). Moreover,
these extracts were safe for caco-2 intestinal cells, where no mutagenic effects were detected.
UAE was less efficient in obtaining LP polyphenol-rich extracts. The efficiency of MAE
equaled that of CE, saving time and energy. From these results, the authors concluded that
LP shows potential as a sustainable raw material, allowing diverse extraction methods to
be used to safely obtain health-promoting food and nutraceutical ingredients.
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Abstract: This study investigated the effects of two mild thermal processing (MTP) (63 ◦C, 40 ◦C,
3 min) methods, in a brine storage medium (7–16% (w/v) NaCl) and a vinegar solution (5% vinegar,
1% salt, and 0.5% sugar), on some physicochemical properties of truffles (Terfezia claveryi). Weight loss,
phenolic compounds, firmness, ascorbic acid and microbial loads were evaluated during 160 days of
storage. It was demonstrated that a 5% vinegar treatment with 63 ◦C MTP was effective to reduce
the weight loss, microbial spoilage and increased firmness and of truffles during storage. However,
phenolic compounds and ascorbic acid content were decreased by heating. Both MTPs inhibited
the microbial load, but the 63 ◦C, 3 min MTP was most effective and resulted in an immediate
(3.05–3.2 log CFU/g) reduction in the total aerobic bacteria (TAB) and remained at an acceptable level
during storage, while the 40 ◦C, 3 min MTP reduced (1.12–2 log CFU/g) of the TAB. The results of
this study suggest that the 63 ◦C MTP and immersion in 5% vinegar increased the shelf life of the
truffles without perceptible losses in quality attributes.

Keywords: brine; mild thermal; preservation; quality; vinegar

1. Introduction

Truffles are polyphyletic soil fungi that belong to Ascomycota, Basidiomycota, and
Zygomycota [1]. Desert truffles are a subclass of mycorrhiza ascomycetes fungi, mainly
including species of the genus Terfezia, Tirmania, Delastria, Tuber and Picoa [2].

Currently, about 30 species of truffles are traded, and due to their unique aroma and
potential health benefits, they are one of the most expensive and valuable products in the
market [3]. Truffles have been a good source of natural antioxidants such as phenolic and
flavonoids compounds, protein, essential amino acids, fatty acids, terpenoids, polysac-
charides, minerals, carbohydrates and ergosterols, which have beneficial properties for
human health [4]. Some of the potential health benefits of truffles are known, such as anti-
tumor, antioxidant, antibacterial, anti-inflammatory, anti-mutagenic and hepatoprotective
activities [5].

Truffles are highly perishable and have short postharvest life because of their high
metabolic activity and also harvesting at the end of fruit ripening from natural soils, with
high pest and microbial load that lead to a short shelf life (7–10 days) [6].

Due to their high nutritional value as well as their popularity and high cost, various
methods are used to increase the storage time and shelf life. Various preservation techniques
have been studied to preserve the physicochemical properties of truffles [7]. These methods

Foods 2023, 12, 2212. https://doi.org/10.3390/foods12112212 https://www.mdpi.com/journal/foods
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cause major changes in the properties of truffles. Truffles used in the food industry require
the least amount of heat treatment to preserve their organoleptic properties [8]. Thus, mild
heat treatment is required to inactivate enzymes and stabilize the quality with minimal
tissue damage and organoleptic properties [9].

Pickling is a common method for preservation of perishable and seasonal leafy veg-
etables [10]. It has been used for many years to preserve food and extend shelf life. This
method involves preserving foods in high acid concentration to maintain texture and flavor
during storage [11].

Therefore, the aim of this research aimed to evaluate the effect of different preservation
methods including mild thermal processing, vinegar-pickling and immersion in different
concentrations of brine on the physicochemical properties and microbial quality of truffles.

2. Materials and Methods

2.1. Materials

In this experimental research, fresh truffles were collected at maturity from Khoy
(Western Azerbaijan Province, Iran) area, during April 2020 and randomly divided into
three sets of 3 kg truffle each. Iodized food-grade salt with 99.2% purity and sugar were
obtained from a local market (Tabriz, Iran). Commercial grape vinegar (5%) was purchased
from Varda Company (Tehran, Iran). All chemicals were analytical grade and purchased
from Merck KGaA (Gernsheim, Germany). The culture media of Plate Count Agar was
purchased from (PCA, Scharlau Spain) and Potato Dextrose Agar from Sigma-Aldrich Co.
(St. Louis, MO, USA).

2.2. Methods
Treatments and Storage Conditions

Fresh truffles were gently brushed under running tap water to remove soil and debris
and then rinsed with sterile water. In order to prepare the brine, sodium chloride and
distilled water were used. To prepare samples, cleaned truffles were immersed in different
concentrations of brine (7, 10, 13, and 16%) and also in a vinegar solution (5% vinegar, 1%
salt, and 0.5% sugar) in jars and sealed. A constant-temperature water bath was used to
prepare the MTP treatments. The truffles jars were filled with hot brine or/and hot vinegar
solution and then were heated in hot water pot at (63 and 40 ◦C) 3 min and immediately
cooled in an ice-water bucket [12].

2.3. Proximate Composition of Fresh Truffles

Proximate composition of truffle samples was determined according to the AOAC
methods [13]. In brief, oven-drying was used to determine dry matter of truffles, which
were dried at 105 ◦C for 72 h until constant weight. Crude proteins were measured
by the Kjeldahl method by calculating the total nitrogen × 4.38 (nitrogen factor). The
Fehling method was used to determine the carbohydrate content. The ash content was
also determined by combustion of the samples in a muffle furnace (Nabertherm Muffle
Furnace, L 1/12-LT 40/12, Germany) for 4 h at 550 ◦C. Crude fat was extracted by the
Soxhlet method using hexane as an extraction solvent [14].

2.4. Determination of the Phenolic Composition of T. claveryi

Phenolic compounds were analyzed according to the previously published litera-
ture [15]. Briefly, the samples were ground in a mixture of acetic acid and methanol (15:85)
for 24 h and extraction was then centrifuged. The supernatant was mixed with n-hexane
and vigorously mixed. Then the bottom solution was separated and 20 μL was injected
into the HPLC after filtration. An England CECIL model of high-performance liquid
instrument (Cecil CE-4900, Cambridge, England)„ equipped with dual pump (Cecil, Cam-
bridge, England)air bubble remover (Cecil) and ultraviolet detector (Cecil, 4201 UV/Vis)
with C18 column reversed phase and pore diameter of 5 μm, was used. The phenolic
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compound peaks were determined by comparing their retention times with that of their
reference standards.

2.5. Analysis of Ascorbic Acid

Vitamin C content was determined by iodometric titration at the first day (production
day) and days 40, 80, 120, and 160 of storage [16] The truffle sample (10 g) was crushed and
mixed with 150 mL of distilled water. The mixture was placed in a conical flask (wrapped
with aluminum foil) and filtered through a Whatman filter paper No. 4 to obtain a clear
extract. After adding 1 mL of starch solution (1%), it was titrated by the iodine solution
until the appearance of a blue-black color. The content of vitamin C was calculated by
multiplying the volume of iodine solution used for titration by 0.88 mg.

2.6. Weight Loss Percentage

The truffles were weighed before pickling and at days 1, 40, 80, 120, and 160 of storage.
Weight loss (WL) was determined according to the standard method of AOAC [13] as
described below and defined as the percentage of loss of weight of samples with respect to
the initial weight:

WL (%) = (IW − FW)/IW × 100

(IW): initial weight, (FW): final weights

2.7. Firmness Analysis

A penetration test was performed to determine the tissue firmness of truffles using
the previously described method [17]. Truffles were penetrated using a texture analyzer
(CF1-250150–STM-1, SANTAM, Tehran. Iran) with a 5 mm cylindrical probe with a speed
of 2.0 mm s−1. Firmness was defined as the force recorded in a force-time curve obtained
from the texture analyzer at a depth of penetration of 5 mm during the compression of the
truffle by the cylinder probe. The results of the penetration test were expressed from the
time vs. force curves in N mm−1. Firmness was determined as the maximum force.

2.8. Microbial Analysis

Total aerobic plate counts (APCs) and yeast and molds (Y&M) were determined
following the previously described method [18]. The number of total aerobic bacteria was
enumerated after homogenization of 5 gr truffle from each pickle jar in 45 mL 1% peptone
water with a stomacher at high speed for 2 min and then serially diluted by taking 1.0 mL in
9 mL of peptone water (10−1–10−9) and pour-plated by using the Plate Count Agar medium
(PCA, Scharlau, Spain). The plates were incubated at 35 ◦C for 48 h and enumerated every
40 days up to 160 days. The results were expressed as log CFU/g. Yeasts and molds (Y&M)
were estimated at the same preparation method by using the Potato Dextrose Agar medium
(PDA, Sigma-Aldrich). The plates were incubated at 25 ◦C for 5–7 days.

2.9. Statistical Analysis

Statistical analyses were performed using SPSS 18.0 (SPSS Inc., Chicago, IL, USA).
Significant differences were analyzed using ANOVA and Duncan’s multiple-range test at a
significance level of 0.05. All the experiments were carried out in triplicates.

3. Results and Discussion

3.1. Physicochemical Composition of T. claveryi

T. claveryi is a dark brown, oval and potato-shaped fruit body truffle with ivory interior
and thin veins with an approximate diameter of 4.5 cm and a length of about 6.5 cm. The
collected truffle samples had different weights and volumes. The average weight and
volume of Terfezia claveryi were 71.5 g and 75.5 cm3, respectively (Table 1).
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Table 1. Appearance characteristics and proximate composition of truffles (T. claveryi).

Factor Value

Weight (g) 71.5 ± 0.5
Volume (cm3) 75.5 ±0.4
Length (cm) 6.5 ± 0.3

Diameter (cm) 4.5 ± 0.2
Moisture (% in DW) 74.3 ± 0.5
Protein (% in DW) 11.7 ± 0.5

Carbohydrates (mg 100 g−1 DW) 14.6 ± 0.5
Vitamin C (mg/100 g) 4.2 ± 0.8

Fat (% in DW) 1.4 ± 0.5

T. claveryi contain various nutrients and have been well explored for its chemical
profile and nutritional content. The nutritional value of truffles differs from region to
region [19]. The average moisture content of the fresh truffle was 74.3 g/100 g, which is in
close agreement with the previously reported data for T. claveryi [20]. However, some other
studies found higher moisture content as high as 79.2–81.6% for truffles of Middle Eastern
countries and Arabian truffles [21]. This level of moisture content is also an indication that
truffles are highly perishable products.

Crude fat, crude protein and carbohydrates of samples were 1.4, 11.7 and 14.6%,
respectively. The content of crude fat was higher than that reported for T. claveryi (0.89 to
1.10%) [21]. A higher amount of crude fat content (3.9%) has been reported for T. claveryi of
the Iraq region [22] and in another study, it was from 3.5 to 5.5% for same species of truffle
harvested from the Northwest of Iran [5]. The protein content of the samples obtained
was about 11.7%, which was in agreement with those reported for black truffles (11.9
to 15.95%) [21,23], and which is close to the results reported for T. claveryi (13–17%) [5].
However, a lower amount of protein content (3.35%) was also reported previously [24].
The carbohydrate content of the samples obtained was 14.6%, which was lower than the
previously reported results (28%) [25]. These differences in nutrition values could be due
to the variation of the locations, soil characteristics and climate conditions.

3.2. Influence of Treatments on the Weight Loss

Weight loss occurs due to the transpiration and respiration of fruits and also, due to
the osmosis process as a result of the exchange with the storage solution. Truffles have
a moisture content of about 74% and thus they are very susceptible to rapid weight loss
accompanied by visible shriveling. After 160 days, a clear increase in weight loss was
observed in the control and treated truffles. This was because the membrane permeability
increases during the storage period and this led to a decrease in the strength of cell tis-
sue [26]. The results indicated that the rate of weight loss was significantly (p < 0.05) slower
in truffles processed at 63 ◦C compared to the control samples (Table 2). Weight loss of
the control samples significantly increased (p < 0.05), reaching values of 10.2 to 33.84% for
different concentration of immersion liquid at the end of storage, while this value was 6.36
to 10.24 in sample treatments at 63 ◦C. Moreover, the weight loss rate in the 40 ◦C treated
samples was higher than the 63 ◦C samples. The weight losses of the samples increased in
the brine stored samples with increasing the salt concentration. Increasing the concentration
of the brine increases the membrane absorption and transfer of the interstitial water to the
surrounding fluid due to the high ionic strength, and the reverse osmosis process increases
the weight loss of truffles. Additionally, with increasing the salt concentration of the brine
and during storage, the tissue strength decreases and the membrane permeability increases,
which reduces the weight of the truffles. Relative humidity of the environment and storage
temperature are also important because of their influence on the vapor pressure differences
between fruit and the surrounding medium.
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Table 2. Effect of different percentages of brine and type of processing and storage time on the weight
loss of truffle samples.

Storage Days (D)

Preservation
Method

Brine (Salt%) 1 40 80 120 160

Control

5% vinegar 0.01 Eb 3.09 Dd 5.92 Cd 8.29 Bf 10.2 Af

7% 0.01 Eb 3.49 Dcd 7.01 Cc 10.14 Be 13.41 Ae

10% 0.01 Eb 3.62 Dcd 7.84 Cc 12.27 Bd 15.79 Ad

13% 0.01 Eb 4.29 Dbc 9.20 Cb 14.44 Bc 18.65 Ac

16% 0.01 Eb 7.60 Da 15.85 Ca 24.49 Ba 33.84 Aa

MTP
40 ◦C-3 min

5% vinegar 0.008 Ec 2.19 Dd 4.04 Cef 6.39 Bg 8.19 Ag

7% 0.008 Ec 2.53 Dcd 4.72 Ce 7.29 Bf 9.64 Af

10% 0.009 Ec 2.60 Dc 5.15 Cde 8.14 Bf 10.41 Af

13% 1.01 Ea 3.59 Dc 5.64 Cd 12.21 Bd 15.5 Ad

16% 1.09 Ea 4.84 Db 10.34 Cb 19.84 Bb 26.77 Ab

MTP
63 ◦C-3 min

5% vinegar 0.003 Ec 1.46 Dd 3.57 Cf 5.19 Bg 6.37 Ah

7% 0.005 Ec 1.62 Dd 3.68 Cf 5.44 Bg 6.74 Ah

10% 0.005 Ec 2.09 Dd 3.98 Cf 6.27 Bg 7.14 Ag

13% 0.008 Ec 2.53 Dcd 4.72 Ce 7.29 Bf 9.01 Af

16% 0.009 Ec 4.69 Db 6.7 Ccd 8.14 Bf 10.25 Af

Different lowercase letters in each column and different uppercase letters in each row indicate a significant
difference at the 5% level.

Among the samples preserved with different methods, the truffles treated at 63 ◦C
and pickled in the 5% vinegar solution had the lowest values of weight loss compared to
the 40 ◦C treated and control non-treated samples during the storage.

3.3. Influence of Treatments on Phenolic Compounds

Phenolics compositions are very important from nutritional and stability points of view.
T. claveryi is rich in secondary metabolites and antioxidants such as phenolic compounds.
Due to the mentioned properties, determination of phenolic compounds is an important
factor for the evaluation of T. claveryi quality.

The results of the phenolic composition and content of the Terfezia claveryi samples are
presented in Table 3. Ten phenolic compounds from T. claveryi were identified in the fresh
truffle samples. Protocatechuic acid was the predominant phenolic acid (26.67 mg/g), fol-
lowed by gentisic acid, chlorogenic acid, p-hydroxy benzoic acid and other minor phenolic
compounds. It has been reported that the analysis of the phenolic contents in the acetone
extract of T. claveryi has resulted in the phenolic compounds, namely homogentisic acid,
protocatechuic acid, gentisic acid, 3,4-dihydroxybenzaldehyde, syringic acid, p-coumaric
acid, vanillic acid and some compound with lower amounts [27]. Generally, the obtained
results were in agreement with the previously published data [27].

Both methods of thermal processing resulted in a significant reduction (p < 0.05) in
all phenolic compounds. These compounds decreased significantly with heating and an
increase in the salt concentration of the brine. The reduction ranges at 40 ◦C and 63 ◦C
were 31.3–81% and 34.2–100% during storage, respectively (Table 3). The phenolic content
decreased during storage, but reduction was less in the non-heated truffles stored in the
vinegar solution. Also, a decrease in the phenolic contents was reported for kidney beans,
field peas and chickpeas during the thermal processing [28]. This decrease in the phenolic
compounds might be due to the breakdown of phenolics during the heat treatment and
leaching of phenolics into the medium solution.
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Table 3. Effect of different percentages of brine and type of processing and storage time on the
phenolic content (μg/g dry weight of T. claveryi).

Time Treatment Catechin
p-

Coumaric
Acid

Ferulic
Acid

Chlorogenic
Acid

Syringic
Acid

p-Hydroxy
Benzoic

Acid
Rutin

Proto
Catechuic

Acid
Eugenol

Gentisic
Acid

Day 1 8.29 A** 14.48 A 12.15 A 24.67 A 2.47 A 25.49 A 5.58 A 26.67 A 8.45 A 26.40 A

A * 5.70 BC 9.10 CD 8.05 C 19.25 CD 1.75 D 18.54 D 3.18
CD 19.87 C 6.11 C 16.70 DE

5%
vinegar B 5.45 C 8.29 D 7.10 D 17.48 E 1.00 I 16.20 G 2.88 D 16.45 F 5.03 E 14.55 G

C 6.15 B 10.18 B 9.40 B 20.85 B 2.12 B 20.05 B 4.10 B 22.20 B 6.80 B 20.35 B

A 4.64 CD 6.83 F 6.50 DE 16.20 FG 1.64 DE 17.64 F 2.30 E 18.30 D 5.85 D 14.78 G

7% Brine B 3.20 E 5.35 I 5.48 EF 13.10 H 0.96 I 14.18 I 1.96 EF 15.64 G 4.94 E 13.40 H

C 5.65 BC 8.45 D 7.87 CD 20.18 BC 2.05 C 19.40 C 3.70 BC 21.80 B 6.54 C 18.65 CD

A 3.75 E 6.10 FG 6.15 E 15.35 G 1.20 H 15.40 H 2.18 E 17.65 E 5.67 DE 14.25 GH

Day
160

10%
Brine B 2.48 F 5.18 GH 5.12 F 12.49 I 0.58 J 12.55 K 1.40 F 14.80 GH 4.48 FG 12.18 I

C 5.25 BC 8.10 DE 7.68 CD 19.46 C 1.87 CD 19.18 CD 3.45 C 21.18 BC 6.30 C 18.45 CD

A 3.64 E 5.84 G 5.45 EF 14.97 GH 1.10 H 13.45 J 2.06 E 16.30 F 5.10 E 12.40 I

13%
Brine B 1.83 G 4.96 I 4.55 FG 11.87 J 0.35 J 11.80 L 1.26 F 11.28 I 4.12 G 12.28 I

C 4.67 CD 8.03 DE 7.40 D 19.16 CD 1.63 DE 18.96 CD 3.28
CD 20.15 C 6.18 C 17.36 D

A 2.15 F 5.15 GH 4.98 FG 14.40 GH 0.45 J 12.15 KL 1.43 F 14.84 GH 4.65 F 12.19 I

16%
Brine B 1.10 H 4.80 I 4.10 G 11.25 J ND 10.50 M 1.10 FG 10.15 I 3.30 H 11.85 J

C 3.28 E 7.30 E 6.80 DE 18.38 D 1.50 F 18.80 CD 2.65
DE 19.43 CD 5.80 D 16.80 DE

*: (A) MTP at 40 ◦C-3 min, (B) MTP at 63 ◦C-3 min, (C) Unheated control samples. **: Different capital letters in
column indicate a significant difference in the probability level of 5%.

3.4. Influence of Treatments on the Texture

Texture is a vital indicator to evaluate the quality of pickled products that is extremely
important in overall consumer acceptance. Retention of firmness can be explained by the
delay in the breakdown of insoluble protopectin’s into pectic acid and more soluble pectic.
The firmness of all the samples decreased as the storage time increased. However, the
heated treatment samples remained firmer than the control samples. The firmness of the
control samples decreased by 77.8 to 96.6 % at 160 days. As can be seen from Table 4, the
firmness of all samples also decreased with increasing of the salt concentration. This is
due to the effect of the osmotic dewatering process as a result of the mass transfer in the
concentration gradient between the sample and the osmotic solution, which was in line
with the previously reported literature [29].

Table 4. Effect of different percentages of brine and type of processing and storage time on the texture
of truffle samples.

Storage Days (D)

Preservation
Method

Brine (Salt%) 1 40 80 120 160

Control

5% vinegar 6.78 Aa 4.78 Bbc 3.69 Bbc 2.48 Cd 1.5 Dd

7% 6.78 Aa 4.0 Bc 2.88 Ccd 2.29 Dd 1.19 Ed

10% 6.78 Aa 3.79 Bc 2.63 Ccd 1.83 Dde 0.96 Ed

13% 6.78 Aa 3.68 Bc 2.23 Cd 1.19 De 0.91 Dd

16% 6.78 Aa 3.41 Bd 1.9 Cd 0.93 De 0.23 De

MTP
40 ◦C-3 min

5% vinegar 6.78 Aa 5.81 Bab 4.29 Cb 3.69 Dbc 3.35 Dbc

7% 6.81 Aa 5.38 Bb 4.08 Cb 3.56 Dbc 3.18 Dbc

10% 6.79 A 4.63 Bb 3.78 Cbc 2.43 Dd 2.0 Dd

13% 6.73 Aab 4.13 Bcd 2.66 Ccd 2.23 CDd 1.83 Dd

16% 6.76 Aa 4.03 Bc 2.19 Cd 1.78 CDde 1.41 Dd

MTP
63 ◦C-3 min

5% vinegar 6.76 Aa 6.21 ABa 5.8 Ba 5.33 BCa 4.92 Ca

7% 6.73 Aab 5.78 Bab 5.38 BCab 4.96 Cab 4.74 Ca

10% 6.76 Aa 5.7 Bab 5.08 BCab 4.31 Cb 3.71 Db

13% 6.69 Ab 5.11 Bb 4.39 Cb 3.82 Dbc 3.22 Dbc

16% 6.73 Aab 4.1 Bc 3.48 Cc 3.09 Cc 2.53 Dc

Different lowercase letters in each column and different uppercase letters in each row indicate a significant
difference at the 5% level.
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Among the samples preserved with the different methods, the truffles processed
at 63 ◦C had a significant tissue score compared to those processed at 40 ◦C and the
control samples. This could be due to the reduced or eliminated activity of the pectin
methyl esterase and polygalacturonase enzymes breaking the hydrogen bonds of their
three-dimensional structure by heat [30]. After 160 days of storage at 4 ◦C, the hardness of
the vinegared truffles treated with 63 ◦C was 4.92 N, about 1.57 N higher (p < 0.05) than
that using the 40 ◦C heat treatment (3.35 N). This group of treatments achieved the best
effect with regard to hardness. Truffles firmness was better maintained during storage if
the samples had been pre-treated at 63 ◦C. Concerning the preservation method, the texture
of the samples kept in 5% vinegar and 7% NaCl were in good condition compared with the
other samples during storage (Figure 1).

Figure 1. Macro features of Terfezia claveryi at first day: (A) mature ascocarps, (B) white-creamy
texture and gleba of mature ascocarp, (C): at the end of storage.

Firmness of the unheated samples decreased almost 96.6% after 160 days of storage
and up to 79.1% in the samples treated at 40 ◦C, while firmness reduction was up to 58% in
the samples treated at 63 ◦C. These results were in agreement with previously published
data [31], which reported that mild heating improved the cell structure and firmness with
an increase in calcium amounts, leading to the crosslinking of pectin in the carrot samples.

3.5. Influence of Treatments on the Ascorbic Acid

The content of ascorbic acid in food products is an important nutritional factor that is
usually evaluated and monitored during processing and storage. It was about 4.2 mg/100 g
in the fresh truffles at the initial day, which reduced (p < 0.05) during the storage for all
the preservation treatments (Table 5). However, the reduction rate of ascorbic acid was
slower for the samples stored in the refrigerator in comparison to the ones stored at ambient
temperature. Ascorbic acid is one of the most unstable vitamins and its content can be
reduced during processing and storage due to degradation and Maillard reaction. Oxygen,
heat, light, storage time, and storage temperature are factors affecting the ascorbic acid
degradation rate [32].
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Table 5. Effect of different percentages of brine and type of processing and storage time on the content
of ascorbic acid of truffle samples.

Storage Time (Day)

Preservation
Method

Brine (Salt%) 1 40 80 120 160

Control

5% vinegar 4.43 Aa 3.48 Ba 2.83 Ca 2.41 CDa 1.66 Da

7% 4.41 Aa 3.5 Ba 2.68 Ca 2.24 CDa 1.51 Da

10% 4.38 Aa 3.33 Ba 2.38 Cab 2.03 Ca 1.18 Da

13% 4.41 Aa 3.08 Bab 2.13 Cb 1.88 CDab 1.1 Dab

16% 4.38 Aa 3.03 Bab 2.01 Cb 1.78 CDab 1.03 Da

MTP
40 ◦C-3 min

5% vinegar 4.48 Aa 3.28 Bab 2.44 Cab 2.10 Da 1.38 Ea

7% 4.48 Aa 3.13 Bab 2.28 Cab 1.98 Dab 1.23 Ea

10% 4.48 Aab 3.10 Bab 2.13 Cb 1.76 Dab 1.04 Ea

13% 4.48 Aa 3.08 Bab 2.00 Cb 1.61 Db 0.92 Eb

16% 4.48 Aa 2.82 Bb 1.92 Cbc 1.48 CDb 0.81 Db

MTP
63 ◦C-3 min

5% vinegar 3.78 Ab 3.13 Bab 2.30 Cab 1.94 CDab 1.33 Da

7% 3.38 Ac 3.03 Aab 2.16 Bb 1.72 BCab 0.98 Cb

10% 3.34 Ac 2.78 Bb 2.02 Cb 1.33 Db 0.92 Db

13% 3.36 Ac 2.43 Bb 1.81 BCbc 1.13 Cb 0.76 Db

16% 3.40 Ac 2.18 Bc 1.68 BCc 0.96 Cb 0.63 Cb

Different lowercase letters in each column and different uppercase letters in each row indicate a significant
difference at the 5% level.

The ascorbic acid content decreased significantly (p < 0.05) with the thermal processing
and also with increasing the salt concentration in the filling medium. The loss of the ascorbic
acid content with increasing the salt concentration could be explained by increasing the
osmotic gradient, which causes the transfer of soluble material such as ascorbic acid to the
brine [33]. As expected, the reduction in ascorbic acid in the MTP samples during storage
is due to the heat stress [34]. This reduction was higher in the samples processed at 63 ◦C
and 40 ◦C, respectively. Among the samples preserved with different methods, the truffles
pickled in the vinegar solution with no heat treatment had the highest ascorbic acid content
during the storage.

3.6. Microbiological Analysis

The effect of the salt concentration of the brine solutions and the change in aerobic
bacteria counts during storage are shown in Table 6. Mild thermal processing is an effective
method to eliminate microbial contaminants and extend shelf life. These gentle treatments
consist of placing the products at a temperature of 50–90 ◦C for a period of 1–5 min [35].
The results showed that both thermal treatments of truffles in all groups were able to reduce
the microbial flora in the fresh-made samples. However, from these results, 63 ◦C, 3 min
were the most effective to reduce 3.05–3.2 log CFU/g of the total aerobic bacteria (TAB)
when compared to the control, while 40 ◦C, 3 min caused a 1.12–2 log CFU/g reduction
of the TAB. The microbial counts were increased in all treatment samples during storage,
but the rate of increase in 63 ◦C MTP was slower than that over the two treated samples.
These results indicated that MTP at the 40 ◦C treatment applied in this study could not
have the protective and sufficient effects on the inhibition of microbial spoilage, which led
to a further increase in microbial loads during storage.
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Table 6. Effect of different percentages of brine and type of processing and storage time on the total
count of truffles of truffle samples.

Storage Days (D)

Preservation
Method

Temperature
Brine (Salt%) 1 40 80 120 160

Control

5% vinegar 4.08 Da 4.16 Db 4.78 Cbc 5.28 Bc 7.53 Ab

16% 4.13 Da 4.22 Db 5.29 Cab 5.98 Bb 8.83 Ab

13% 4.11 Ea 4.26 Dab 5.43 Cab 6.18 Bb 8.65 Ab

10% 4.16 Ea 4.78 Da 5.83 Ca 6.78 Bab 8.38 Ab

7% 4.13 Ea 4.92 Da 6.13 Ca 7.33 Ba 8.23 Aa

MTP
40 ◦C

5% vinegar 2.08 Ca 2.53 BCb 3.05 Bbc 3.86 ABc 4.15 Ad

16% 2.96 Ca 3.92 Ba 4.46 Bab 4.84 Ab 5.78 Ac

13% 2.88 Ca 3.78 BCa 4.33 Bab 4.66 ABbc 5.78 Ac

10% 2.76 Ca 3.63 Bab 4.18 BCc 4.58 ABbc 5.55 Ac

7% 2.63 Ba 3.56 Bab 3.96 Bc 4.24 ABbc 5.51 Ac

MTP
63 ◦C

5% vinegar 0.88 Cb 1.52 Bb 2.23 Bb 2.86 ABd 3.03 Ad

16% 1.26 Cb 2.73 Ba 3.50 ABab 3.73 Abc 3.83 Acd

13% 1.24 Cb 2.46 Bab 3.26 ABab 3.68 ABc 3.78 Acd

10% 1.16 Cb 2.33 Bb 3.15 ABb 3.58 Ac 3.73 Ad

7% 1.13 Cb 2.18 Bb 3.03 ABbc 3.53 Ac 3.70 Ad

Different lowercase letters in each column and different uppercase letters in each row indicate a significant
difference at the 5% level.

The effect of MTP and the salt concentrations of the brine on the yeast and molds of
the samples during storage is shown in Table 7. Similar results occurred in the yeast and
molds reduction. A temperature of 63◦ C was also able to reduce the yeast and molds load
to an acceptable and safe level.

Table 7. Effect of different percentages of brine and type of processing and storage time on the yeast
and mold count of truffles of truffle samples.

Storage Days (D)

Preservation
Method

Temperature
Brine (Salt%) 1 40 80 120 160

Control

5% vinegar 3.10 Da 3.66 Db 3.95 Cbc 4.00 Bc 4.15 Ab

16% 3.13 Ea 3.98 Da 4.84 Ca 4.73 Ba 4.85 Aa

13% 3.16 Ea0 3.98 Da 4.63 Ca 4.68 Bab 4.78 Ab

10% 3.11 Ea 3.96 Dab 4.45 Cab 4.56 Bb 4.68 Ab

7% 3.13 Da 3.92 Db 4.15 Cab 4.38 Bb 4.63 Ab

MTP
40 ◦C

5% vinegar 0.63 Ca 0.70 BCb 0.76 Bbc 0.86 ABc 0.92 Ad

16% 0.95 Ca 0.99 Ba 1.16 Bab 1.24 Ab 1.28 Ac

13% 0.88 Ca 0.95 BCa 0.98 Bab 1.06 ABbc 1.12 Ac

10% 0.76 Ca 0.83 Bab 0.86 BCc 0.98 ABbc 1.06 Ac

7% 0.68 Ba 0.76 Bab 0.85 Bc 0.91 ABbc 0.95 Ac

MTP
63 ◦C

5% vinegar 0.45 Cb 0.50 Bb 0.56 Bb 0.65 ABd 0.68 Ad

16% 0.65 Cb 0.73 Ba 0.77 ABab 0.82 Abc 0.88 Acd

13% 0.63 Cb 0.66 Bab 0.74 ABab 0.78 ABc 0.85 Acd

10% 0.56 Cb 0.60 Bb 0.65 ABb 0.68 Ac 0.78 Ad

7% 0.53 Cb 0.58 Bb 0.63 ABbc 0.67 Ac 0.75 Ad

Different lowercase letters in each column and different uppercase letters in each row indicate a significant
difference at the 5% level.

The results showed that with increasing the salt concentration, the growth of the
aerobic bacteria was delayed. After 160 days of storage, the aerobic bacteria count in the
thermal processed samples was significantly lower, while the unheated samples showed a
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sharp increase rate, and the colonies were uncountable at the end of storage with visible
spoilage (>8 log CFU/g).

The growth rate of the mesophilic population in the 5% vinegar treatment was lower
compared to the brine treatments during storage. It can be due to the antimicrobial role
of the high concentrations of vinegar and penetrating the cell wall and denaturing cell
plasma proteins. These results are in line with a previous study that reported that acetic
acid in vinegar can act as an antimicrobial agent and lead to bacterial cell death [36]. Based
on the obtained results, the combined effect of the MTP treatments and immersion in the
preservative solutions against microbial contaminations, combined the treatments at 63 ◦C
MTP and immersion in 5% vinegar, appears to be an efficient and sustainable method to
ensure microbial safety and to extend the refrigerated shelf life of fresh truffles.

4. Conclusions

As our main conclusion, mild thermal processing at 63 ◦C-3 min can be considered as
an efficient and sustainable technique that preserves the quality and organoleptic properties
of truffles. Moreover, due to the antimicrobial efficacy of the 5% vinegar and 1% salt solution
for the growth inhibition of yeast and mold and enhancement of shelf life up to 160 days,
this can be suggested as a safe preservation medium and method for truffles during storage.
These observations suggest that mild thermal processing, pickling in 5% vinegar solution
can substantially enhance the shelf life of truffles and can be suggested for the marketing of
this precious product.
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27. Kıvrak, İ. Analytical methods applied to assess chemical composition, nutritional value and in vitro bioactivities of Terfezia

olbiensis and Terfezia claveryi from Turkey. Food Anal. Methods 2015, 8, 1279–1293. [CrossRef]
28. Parmar, N.; Singh, N.; Kaur, A.; Virdi, A.S.; Thakur, S. Effect of canning on color, protein and phenolic profile of grains from

kidney bean, field pea and chickpea. Food Res. Int. 2016, 89, 526–532. [CrossRef]
29. Basiri, S.; Gheybi, F. The effect of osmotic dehydration and various methods of drying pumpkin on quality and color of final

product. J. Food Res. 2019, 29, 141–153.
30. Tanaka, A.; Hoshino, E. Similarities between the thermal inactivation kinetics of Bacillus amyloliquefaciensα-amylase in an

aqueous solution of sodium dodecyl sulphate and the kinetics in the solution of anionic-phospholipid vesicles. Biotechnol. Appl.
Biochem. 2003, 38, 175–181. [CrossRef]

31. Imaizumi, T.; Tanaka, F.; Uchino, T. Effects of mild heating treatment on texture degradation and peroxidase inactivation of carrot
under pasteurization conditions. J. Food Eng. 2019, 257, 19–25. [CrossRef]

32. Burdurlu, H.S.; Koca, N.; Karadeniz, F. Degradation of vitamin C in citrus juice concentrates during storage. J. Food Eng. 2006,
74, 211–216. [CrossRef]

33. Yalim, S.; Özdemır, Y. Effects of preparation procedures on ascorbic acid retention in pickled hot peppers. Int. J. Food Sci. Nut.
2003, 54, 291–296. [CrossRef]
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Abstract: The different vegetable oils used in canned fish as a filling medium have a preserving effect
and contribute to the palatability of the product. In this study, the colour of European eels and the
filling medium (sunflower oil, olive oil or spicy olive oil) was measured at different steps of the
canning process. The sensorial characteristics of canned eels packed in the different oils were also
evaluated. Colour scores (CieLab values) were higher in canned eels packed in sunflower and spicy
olive oil than in canned eels packed in olive oil. The changes in colour parameters depended on the
type of oil, the stage of the process and the storage time. Colour changes in canned eels packed in
olive oil were highest during the sterilization process. Spicy olive oil was the filling medium in which
the colour change was greatest, probably due to the migration of some of the spice components into
the oil. Organoleptic properties were directly related to the type of oil used as the filling medium.
The canned eels packed in sunflower oil were those awarded the highest scores in consumer tests,
although the preferences varied depending on the age and gender of the consumers.

Keywords: olive oil; sunflower oil; spicy olive oil; canned eel; colour; sensory analysis

1. Introduction

Sensory properties are one of the most important quality attributes of any product
and directly determines consumer satisfaction or overall acceptance based on colour,
taste, flavour and aroma. The level of acceptance by consumers plays a key role in the
development of new food products. Consumer decisions about food products largely
depend on their sensory profile [1].

The colour of food has an important influence on consumer opinion about the quality
of the product. Colour provides one of the most important visual cues regarding the
sensory properties (e.g., taste and flavour) [2]. Colour is correlated with other quality
parameters such as sensory and nutritional characteristics, and it can help to indicate
defects [3,4]. It can also be used as an indicator of the intensity of heat treatments and to
predict the deterioration resulting from heat exposure [5]. Colour can be determined by
visual inspection or through instrumental assessment. Visual inspection is rather subjective
and varies greatly from one person to another. Robust results can only be obtained by using
trained assessors. As the visual inspection method is time consuming and involves specially
trained observers, the instrumental method is recommended for conducting colour analysis.
Colour spaces and numerical values are usually used to construct models to represent
colours in two- or three-dimensional spaces [4,6].

The sensory qualities of food are very important in determining whether consumers
will accept or reject the product. The sensory quality of fish or a fish product can be estab-
lished by evaluation of various sensory attributes such as appearance, colour, taste, texture,
aroma and flavour. However, these attributes can undergo changes during processing.

Canning is one of the oldest methods of food processing. Canned fish are economically
important products in many countries, supporting a high market demand due to conve-
nience and affordability. Canned fish have a relatively long shelf life and are thus widely
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available at all times. The synergistic effects of heat treatment and the filling medium
plays an important role in the canning process. The procedures used to prepare raw fish
for canning, the pre-cooking process, type of heat treatment, filling medium and storage
conditions are carefully selected to lengthen the shelf life, preserve the quality and achieve
optimal sensory characteristics. The quality of canned fish can vary with different factors
such as the quality of the raw product, processing conditions, packaging material and
filling ingredients [7]. The sensory and nutritional characteristics are the result of complex
interactions between the fish and filling medium. Colour and sensory properties are among
the most important parameters for determining changes in food quality, and they have
an important impact on the acceptability of canned fish. In the canning process, brine
or oil are generally used to improve the taste, aroma and appearance of the fish and to
yield a compact product with a soft, juicy texture. The vegetable oils in which the fish are
packed have a preserving effect and contribute to the palatability of the product. On the
other hand, the oils can be used as part of a commercial strategy of adding value to canned
fish. The filling oil can dilute and/or partly extract some components, and lead to heat
transfer in fish muscle [8]. Processing can also cause changes in the sensory and physical
properties of the oils. Olive and sunflower oils are two of the most common filling media
used in canning.

Eels are commercially valuable in Europe (mainly Spain, Portugal, Italy and the
Netherlands) and Asia (mainly Japan, China, Korea and Taiwan). The eels can be processed
in different ways such as freezing, smoking, canning and jelling. Although canned eel is a
commercially important product in some countries, information on its quality parameters
is scarce. Eel populations have declined greatly because of various factors threatening
their survival, such as environmental impacts associated with the construction of diverse
obstacles in rivers and an increase in pollution of human origin [9]. Canning enables
eels to be consumed throughout the year, while respecting restrictions or quotas aimed
at protecting the species. Larger eels are least valued for fresh consumption, and their
exploitation, instead of smaller eels (the commercial weight is usually between 150 and
250 g, depending on the country of sale), could help to increase the reproductive success of
the species.

Although different filling media are widely used for canning fish, available information
on how different oils affect the sensory quality of fish is scarce, and the effects on the sensory
properties of canned eels have not been investigated.

In this context, the aim of the present study was to evaluate how the colour of Euro-
pean eels (Anguilla anguilla L.) and different filling media (vegetable oils) were affected at
different stages of the canning process by the type of oil used and by the storage time. The
sensorial characteristics of canned eels were also evaluated.

2. Materials and Methods

2.1. Samples and Fish Preparation
2.1.1. Samples Preparation

Eels (weighing between 200 and 400 g) were purchased from a local market (Mariscos
Vivos del Grove, Plaza de Abastos,) in Ourense (Galicia, NW Spain) after being captured in
the Ulla River (Galicia, NW Spain). The eels were eviscerated and transferred to the laboratory.

The fish was washed, packed in vacuum bags and stored at −20 ◦C until further processing.

2.1.2. Eel Canning Process

Before canning, frozen eels were thawed in 12% brine. The head and skin were
removed, and the fish were sliced. The fish slices were fried at 190 ◦C for 2 min in a
conventional frying pan to eliminate the water present and to prevent the formation of a
water-oil mixture in the cans. Two different frying media were used: refined sunflower and
an olive oil mixture (refined olive oil + virgin olive oil). The fried eel slices were cooled
(30 ◦C) and placed in glass jars (6 or 7 slices in each). The hot filling medium was then
added: refined sunflower oil (eel slices previously fried in this oil), olive oil (refined olive
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oil + virgin olive oil) or spiced olive oil (refined olive oil + virgin olive oil plus chilli and
pepper) (eel slices previously fried in olive oil) (Figure 1). In the case of the spiced olive oil,
approximately 0.20 g of dried chilli and 0.30 g of dried pepper were added inside the glass
jar before sterilization.

Figure 1. Flow chart of the canned eel production process.

The jars were vacuum-sealed and sterilized at 118 ◦C for 30 min, after which they were
cooled and stored at room temperature in a dark room.

For colour determination, the eels and the different oils were sampled at different
stages: before processing, after frying the fish and after the sterilization treatment.

2.1.3. Storage

The canned eels and oils were also sampled after two months and one year of storage
at room temperature. The jars were opened, and the filling medium was carefully drained
off through a 3 mm pore sieve. The sensory analysis of the canned eels was carried out
after one year of storage.

2.2. Colour Determination

Colour measurements were made with a portable colorimeter (Chroma Meter CR−400,
Konica Minolta Sensing, Inc., Osaka, Japan). The colour was expressed by the values of the
coordinates in the CIEL*a*b* space: L* (lightness), a* (balance between red and green) and
b* (balance between yellow and blue).

The colorimetric parameters hue angle (H◦) (colour of sample as defined by its location
in a 360◦ axis; 0 or 360◦ = red, 90◦ = yellow, 180◦ = green and 270◦ = blue), chroma
(C*) (colour saturation, increasing from 0) and total colour change (ΔE) were calculated
as follows:

H◦ = 180◦ + arctg (b*/a*), for a* < 0 and b* > 0

C∗ =

√
(a)2 + (b)2

ΔE =
√

[(L0 − L)2 + (a0 − a)2 + (b0 − b)2], colorimetric coordinates of raw eels indicated
by “0”.

All determinations were made at least in triplicate.

2.3. Sensorial Analyses
2.3.1. Descriptive Sensory Evaluation

The aim of the sensorial analysis was to identify the important sensory attributes of
canned eels in different filling media. A panel of 11 trained tastes recruited from the Faculty
of Science of Ourense (University of Vigo, Spain) was used to evaluate the intensity of
each attribute.
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The panellists were trained in sensory evaluation of fish according to International
Organization for Standardization (ISO) standards [10] and they were familiarized with the
questionnaire on the sensory parameters.

The different descriptive attributes were measured according to ISO [11,12] standards.
The final descriptions selected were defined according to UNE-EN-ISO 5492:2010/A1:2017 [13].
Sensory descriptive terms (15 attributes) were generated and agreed on among the panel
members. The descriptive attributes and their definitions are included in Table 1. The
descriptive parameters of fish (bitterness, acid, sweet, salty, metallic, pungent, colour, gloss,
appearance, aroma intensity, preference, hardness, adhesion, residual taste in the mouth
and aftertaste) were evaluated by the panellists on a scale ranging from 1 (absence of
sensation) to 10 (extremely intense sensation) (Figure 2). The sensory profile of the samples
was determined from the scores awarded in the descriptive analysis.

Table 1. Descriptive attributes and their definitions adapted from UNE-EN-ISO 5492:2010.

Descriptor Definition

External aspect

Colour Attribute of products inducing a colour sensation. Colour ranging from
white to brownish

Glossiness The amount of light reflected from the muscle, ranging from dull to glossy

Appearance All the visible attributes of fish

Texture in mouth

Hardness Force required to achieve a given deformation, penetration, or breakage of
the fish muscle.

Adhesiveness Force required to remove the muscle with tongue that sticks to the mouth or
to a substrate.

Residual taste Sensation perceived whilst the product was in the mouth.

Aroma

Preference Preference between two or more samples.

Intensity Perceived strength at differing concentrations of certain volatile compounds

Taste

Bitter The intensity of the taste associated with dilute aqueous solutions of various
substances such as quinine or caffeine

Acid Taste associated with aqueous solutions of most acid substances such as citric
acid.

Sweet Taste associated with aqueous solutions of sugar such as sucrose, or
aspartame.

Salty The intensity of the taste associated with salt solutions

Pungent An irritating, sharp sensation, or piercing sensation in the buccal and nasal
mucous membranes

Metallic Taste associated with flavour reminiscent of metal, slightly oxidized metal, or
salts.

Aftertaste Sensation that occurs after elimination of the product

 

Figure 2. Scores of intensity of each descriptor.
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A colour scale was created to enable the colour of the samples to be evaluated, taking
into account the different shades that the fish acquired during treatment (Figure 3).

Figure 3. Colour scale prepared for rapid assessment of the colour of eel muscle (1= lighter and
whitish to 10= darker and brownish).

2.3.2. Consumer Tests

Samples of canned eels packed in the different oils were also used for the consumer test.
The test consumer group was formed by 97 volunteers from the teaching staff, graduate
students and technicians of Faculty of Science (Ourense, Spain). The testers were of both
sexes (63 women and 34 men) and different ages (31 < 20 years; 46 from 21 to 35 years;
20 > 35 years). Prior to consumer testing, a supplementary questionnaire was filled out
to obtain more information about the age and gender of the testers and their weekly fish
consumption. The panellists ate fish products often and they were notified about the fish
that they had to taste.

The consumer study involved analysis to investigate the perceptions of consumers on
the previously selected attribute group, and degree of acceptance. The testers were divided
into two groups, with 5–6 individuals in each session. The testers evaluated three samples
identified with a three-digit code, corresponding to the three different types of canned eels
(packing in sunflower oil, olive oil or spiced olive oil) in each session. Testers ate pieces of
bread and sipped water to neutralize the taste between sample testing. The samples were
presented simultaneously to testers.

The parameters of flavour, aroma, texture, appearance and general appreciation were
evaluated by the testers in a 10-point hedonic scale test, with a score of 1 indicating extreme
dislike, and a score of 10 indicating excellent (Figure 4). The final scores reported were the
average scores for the 97 testers.

 

Figure 4. Hedonic 10-point scale.

2.4. Statistical Analysis

All analyses were conducted at least in triplicate. The data were examined by analysis
of variance (ANOVA). The least significant difference (LSD) test was applied, with a
95% confidence interval (p ≤ 0.05), for comparison of the mean values, using the statistical
software Statistica version 8.1 (Statsoft© Inc., Tulsa, OK, USA).

The sensory data were examined by Friedman analysis of variance, to test for any
differences between the overall preferences for canned eels. The significance of differ-
ences between samples was determined by the Fisher test (α = 0.05), modified for non-
parametric data.
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3. Results and Discussion

3.1. Colour

Vision is usually the first sense used in making purchasing decisions. The colour of
food products is a very important quality parameter for consumers.

The colour parameters measured in raw eels and in canned eels sampled at each stage
of the canning process (frying, sterilization, and after room storage for 2 and 12 months),
and packed in sunflower oil, olive oil or spiced olive oil (olive oil plus chilli and pepper)
are shown in Table 2.

Table 2. Colour parameters of raw and canned European eels packed in sunflower oil, olive oil or
spiced olive oil at the different steps of the canning process, and after 2 and 12 months of storage.
Values are means ± standard deviations of three replicates.

L* a* b* H◦ C* ΔE

Raw 74.05 ± 0.24 a −4.95 ± 0.13 ac 14.60 ± 0.18 a 108.74 ± 0.55 a 15.15 ± 0.35 a –

Frying
Sunflower oil 72.68 ± 1.63 b −5.12 ± 0.20 ab 16.69 ± 0.36 c 108.08 ± 1.67 a 17.56 ± 0.21 b 10.78 ± 0.30 ab

Olive oil 71.94 ± 1.89 b −4.72 ± 0.51 acd 19.56 ± 0.34 de 103.56 ± 1.18 b 20.13 ± 0.45 c 11.17 ± 0.23 a

Sterilization

Sunflower oil 77.61 ± 0.70 c −5.34 ± 0.11 b 18.88 ± 1.07 de 106.02 ± 0.86 c 19.64 ± 1.03 c 11.63 ± 0.06 ac

Olive oil 76.14 ± 1.27 c −4.68 ± 0.09 cd 21.78 ± 2.95 d 101.84 ± 1.02 bd 22.09 ± 3.22 c 13.31 ± 0.16 d

Spiced olive oil 71.31 ± 1.61 b −4.92 ± 0.40 acd 19.57 ± 1.48 de 103.74 ± 0.64 b 20.18 ± 1.54 c 11.46 ± 1.38 ac

2 months storage

Sunflower oil 76.30 ± 1.09 c −4.69 ± 0.24 cd 19.00 ± 0.56 de 103.88 ± 1.10 b 19.58 ± 0.49 c 10.88 ± 0.23 a

Olive oil 72.76 ± 0.73 b −4.57 ± 0.15 d 17.61 ± 0.81 ce 104.37 ± 1.21 b 17.59 ± 0.41 b 9.92 ± 0.25 b

Spiced olive oil 67.22 ± 1.58 d −4.82 ± 0.16 c 18.50 ± 1.24 de 104.08 ± 0.99 b 19.12 ± 1.24 c 12.43 ± 0.51 cd

12 months
storage

Sunflower oil 72.29 ± 1.63 b −4.35 ± 0.14 d 19.25 ± 0.50 de 102.98 ± 0.23 b 19.75 ± 0.49 c 10.69 ± 0.01 ab

Olive oil 67.22 ± 1.86 d −3.59 ± 0.21 e 20.02 ± 0.85 d 100.20 ± 0.96 d 20.34 ± 0.81 c 12.31 ± 0.88 cd

Spiced olive oil 70.93 ± 1.75 bd −4.44 ± 0.04 d 19.25 ± 0.50 de 102.98 ± 0.23 b 19.75 ± 0.49 c 10.70 ± 0.38 ab

a–e Means in the same column with different letters differ significantly (p < 0.05).

The L* coordinate represents the luminosity and varies between 0 (black) and 100 (white).
The raw eel presented a mean luminosity value of 74.05. This is higher than values reported
for other species. Huang et al. [14] reported an L* value of 45 in Pacific tuna. Fuentes-
Zaragoza et al. [15] reported a value of 47.96 in hake, and Sánchez-Zapata et al. [16] reported
a value of 57.47 for this same species. L* values are generally lower in fatty fish with high
proportions of dark muscle [17]. Greater luminosity is usually related to greater whiteness,
a parameter that is valued in some fish such as hake or cod. Lower luminosity is usually
associated with older and/or stale products. In fish with low concentration of pigments,
such as carotenoids or haemopigments, reflection of light is favoured, and the L* value will
therefore be higher.

The a* coordinate represents the variation between red (>0) and green (<0). High a*
values are usually related to a higher concentration of haemopigments, mainly myoglobin,
in the dark muscle and lower concentrations of carotenoids [18]. In the raw eel muscle, the
low a* values (mean −4.95) indicated a light colouration, with slightly greenish tones.

The b* coordinate represents the variation between yellow (>0) and blue (<0). In the
raw eels the mean b* value of 14.60 indicated slightly yellowish tones. Variations in this
value are usually due to the presence of a greater or lower amounts of red muscle [16].

Hue angle (H◦) is used to describe the difference of a certain colour with reference to
grey colour with the same lightness. It varies between 0 and 360◦. In this case, 90◦ represents
yellow, 180◦ represents blue-green and 270◦ represents blue [19]. In the raw eel, the mean
H◦ value of 108.74◦ indicated yellowish-greenish tones.

The C* coordinate, or chroma, represents the purity of the colour, and is used to define
the degree of difference of a hue in comparison to a grey colour with the same lightness.
The C* mean value in raw eels was 15.15. In previous studies, it has been pointed out that
the chroma parameter generally performs in a similar way to a* and b*, i.e., the factors that
modify these coordinates also affect the C* values [20].
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In food processing, colour serves as a cue for temperature and time control during
cooking/processing and is correlated with changes in aroma and flavour.

Frying caused a decrease in brightness (L*) relative to raw eels. This decrease may be
due to chemical reactions that take place in the frying oil, such as hydrolysis, oxidation,
polymerization and others [21].

Frying did not cause any significant changes in parameter a*. However, the b* and C*
values increased. This indicates a tendency towards yellowish colours. The b* and C* values
were higher in the eels fried in olive oil than in eels fried in sunflower oil. Frying caused
a decrease in hue angle (H◦) in eels fried in olive oil, but not in those fried in sunflower
oil. During frying, heat and mass transfer occurs between the fish and the oil, causing
physicochemical changes that affect the colour of the fish and the oil. Caramelization and
Maillard reactions also take place at the surface, and evaporation of water and absorption
of oil modify the colour of the fried product. Frying often results in darkening of the muscle
due to these reactions. The colour changes during frying are determined by the temperature
of the oil, the type of oil and the shape and size of the food [22]. Pérez-Palacios et al. [23]
reported more intense browning in hake fillets fried in olive oil than in those fried in
sunflower oil.

The sterilization treatment caused a significant increase in the luminosity of the canned
eels packed in sunflower oil and olive oil, but not in canned eels packed in spicy olive
oil. The a* coordinate did not vary significantly during the sterilization process, but the
b* and chroma values increased in the eel packed in sunflower oil. Hue angle decreased
during sterilization in eels packed in sunflower oil. In the spiced eels, b*, chroma and hue
angle did not vary during sterilization. The denaturation of myoglobin and the oxidation
of some pigments such as carotenoids cause changes in the colour of the muscle from red
to paler pinkish colours, which leads to an increase in luminosity. The increase in L* values
could also be due to the leaching of fish pigments or of white connective tissue containing
collagen between the segments of muscles [24]. In the canned eels packed in spicy olive oil,
the spices appear to significantly affect the colour parameters, probably due to the presence
of pigments or prevention or enhancement of certain reactions in the fish muscle.

In the canned eels packed in sunflower oil, the L*, b* and C* values remained stable
during the first two months of storage, but a* approached positive values and H◦ decreased.
After storage for 12 months, the L* value decreased in these canned eels. In the canned
eels packed in olive oil, the L*, b* and C* values decreased during the first two months of
storage. In this case, L* and H◦ continued to decrease until twelve months, and the value of
a*, b* and C* values increased. In canned eels packed in spicy olive oil, a decrease in L* was
observed after two months of storage. These changes can be explained by denaturation of
some pigments and haem-proteins inside the fish muscle [25]. The changes in colour in fish
during storage are also associated with oxidation of pigments and the decomposition and
polymerization of primary products of lipid oxidation [26]. Changes in filling medium also
affect the colour of the fish.

Canned eels packed in olive oil underwent the greatest global colour change (ΔE)
during the sterilization process (mean values of 13.31). The changes in all the colour
parameters are considered indicative of the modification of the colour in the fish and the
filling medium because of the heat treatments applied and processes (such as oxidation)
occurring during storage.

The colour of oils is influenced by the pigment content and has been widely used as a
quality index. The colour parameters measured in the raw sunflower oil and fresh olive oil
and in sunflower oil, olive oil and spicy olive oil after each step of the canning process and
after storage for 2 and 12 months are shown in Table 3.
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Table 3. Colour parameters in the raw oils and after each stage of processing and storage. Values are
means ± standard deviations of three replicates.

L* a* b* H◦ C* ΔE

Raw
Sunflower oil 75.53 ± 2.38 ab −3.85 ± 0.07 a 4.05 ± 0.06 a 133.50 ± 0.13 a 5.59 ± 0.09 a –

Olive oil 77.41 ± 1.83 b −10.49 ± 0.32 d 27.46 ± 1.87 b 110.95 ± 0.73 b 29.40 ± 1.86 b –

Frying
Sunflower oil 75.84 ± 3.03 ab −4.72 ± 0.04 b 7.17 ± 0.64 c 123.46 ± 2.11 c 8.59 ± 0.55 c 4.47 ± 0.35 a

Olive oil 73.08 ± 1.11 c −9.61 ± 0.06 e 27.78 ± 0.76 b 109.08 ± 0.37 b 29.40 ± 0.73 b 4.48 ± 1.09 a

Sterilization

Sunflower oil 78.99 ± 1.90 bd −4.16 ± 0.08 c 4.61 ± 0.46 a 132.66 ± 0.40 a 6.17 ± 0.40 a 4.55 ± 0.63 a

Olive oil 72.97 ± 0.88 c −9.90 ± 0.36 e 27.04 ± 1.11 b 110.10 ± 0.25 b 29.07 ± 0.92 b 4.53 ± 0.95 ab

Spiced olive oil 72.72 ± 2.13 c −9.36 ± 0.20 ef 25.62 ± 1.62 b 110.22 ± 0.91 b 27.67 ± 1.46 b 6.08 ± 0.90 b

2 months storage

Sunflower oil 78.18 ± 1.91 bd −4.13 ± 0.06 c 4.21 ± 0.43 a 134.58 ± 2.63 a 5.91 ± 1.33 a 4.66 ± 0.97 a

Olive oil 78.10 ± 0.99 bd −9.96 ± 0.19 e 25.04 ± 0.98 b 111.63 ± 0.41 b 27.04 ± 0.97 b 2.68 ± 0.56 c

Spiced olive oil 82.78 ± 2.13 d −8.87 ± 0.57 f 19.23 ± 2.66 d 114.63 ± 1.05 d 21.57 ± 1.24 d 10.81 ± 1.02 d

12 months
storage

Sunflower oil 76.79 v ± 1.14 b −4.89 ± 0.13 b 7.31 ± 0.65 c 124.12 ± 1.73 c 8.65 ± 0.60 c 4.49 ± 0.59 a

Olive oil 76.30 ± 0.99 b −10.77 ± 0.30 d 32.37 ± 2.27 e 108.46 ± 0.99 e 34.12 ± 2.67 e 2.16 ± 0.72 c

Spiced olive oil 72.89 ± 0.41 c −10.49 ± 0.17 d 36.25 ± 3.12 e 106.24 ± 1.58 e 37.75 ± 2.95 e 11.87 ± 0.71 d

a–f Means in the same column with different letters differ significantly (p < 0.05).

No significant differences were observed between raw sunflower oil and olive oil in
regard to luminosity (L*). In sunflower oil, the different steps during canning and storage
did not cause significant changes (p > 0.05) in this parameter. However, in olive oil, the
L* value was significantly lower (p < 0.05) after the frying process. The decrease in L* is
associated with darkening of the oil, due to the formation of polymers and dissolution of
non-polar compounds in the medium [20]. The loss of luminosity may also be associated
with the formation of the Maillard products resulting from interactions between food and
the frying oil [27]. Sterilization causes significant changes in L* values, relative to the fresh
oil, in olive and spiced olive oil. Storage for 2 months caused an increase in luminosity in
olive oil. With regard to spicy olive oil, the luminosity increased during the first months
of storage, but decreased after 12 months. These changes may be due to the exchange
of substances between the food and filling oil. Sánchez-Gimeno et al. [20] observed an
increase in luminosity of fish fried in olive oil, but a decrease in the same fish fried in
sunflower oil.

Regarding the greenness/redness (a* value), as expected the values were lower in
olive oil (−10.49) than in sunflower oil (−3.85) due to the greenish hue of the former. In
sunflower oil, the a* values decreased after frying (−4.72) and after sterilization (−4.16).
During storage, a* initially remained stable (2 months), but then decreased after 12 months
of storage. The a* values in olive oil and spicy olive oil were higher (redder colour) after
frying and sterilization and at the beginning of storage and decreased after 12 months
of storage. Positive a* values (a* > 0, redness), which would indicate a less greenish
colouration, were not observed in any of the samples. Reddish colouration is not acceptable
from the point of view of oil quality as it is related to combined oxidized fatty acid and
pyrolytic condensation products [28].

The b* value was lower in sunflower oil (4.05) than in olive oil (27.46). The colour of
oils is chiefly influenced by two groups of constituents: carotenoids and chlorophyll. A
yellow colour is associated with the presence of carotenoids in oils, while a green colour is
associated with the presence of chlorophylls. Carotenoids predominate in sunflower oil
and are responsible for the yellow colour of the oil [29]. Olive oil contains more chlorophyll
which gives the oil a greenish colour. In addition, the extraction technology and the
maturity of the fruit from which the oil is extracted determine the intensity of the colour of
the oil.

Regarding sunflower oil, an increase in the b* value was observed after frying. Brown-
ing reactions, which are caused by oxidation products in the frying oil, can change the
colour of the oil [27]. During the sterilization process and the first months of storage, the b*
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value remained stable and increased after 12 months. The increase in b* values may be due
to the oxidation of carotenoids and to the exchange of different components between the
eel and the filling medium. Sánchez-Gimeno et al. [20] reported that the b* values increased
in olive oil and sunflower oil after frying.

The H◦ values were higher in raw sunflower oil (133.50◦) than in olive oil (110.95◦).
The frying treatment decreased this parameter in sunflower oil, but not in olive oil. There
were no changes in H◦ values in olive oil or spicy olive oil after the sterilization process;
however, an increase in this parameter was observed in sunflower oil after this treatment.
After 12 months of storage, H◦ values decreased in the three types of filling media.

The changes in the C* values (chroma) followed the same trend as in b* values. The C*
value was lower in raw sunflower oil (5.59) than in raw olive oil (29.40). Frying produced
an increase in C* values in sunflower oil, while sterilization caused a decrease in these
values. No significant changes were observed in the C* values in olive oil after frying and
sterilization. The C* values increased after 12 months of storage.

ΔE represents the overall colour change. The greatest changes took place in the spicy
olive oil and mainly during storage. The more pronounced changes in the spicy olive oil
may be due to migration of some of the components of the pepper and/or chilli into the oil.

Vegetable oils are susceptible to oxidation. Oxidation is an important cause of deterio-
ration in oil quality during processing and storage [30]. A significant difference (p < 0.05) in
most colour parameters was observed in canned filling media relative to the control sample.
The thermal stability of oils depends on their chemical structure. Reda [31] reported that
saturated oils are more stable than unsaturated oils. Moreover, during storage, the colour
of the oil changes substantially over time. These changes may be due to the dilution and
partial extraction of some components [8]. Light, heat and oxygen cause the degradation of
pigments such as chlorophylls and carotenoids that give the oil its colour. Chlorophylls
and carotenoids play an essential role in the oxidative stability of oils [32]. The loss of
colouration during heat treatments is related to the thermolability of the pigments present
in the oils.

3.2. Sensorial Analysis
3.2.1. Sensory Description

The sensory quality of a food is the result of the interaction between the product
and consumer. Acceptance or rejection of food by humans is based on the sensations it
produces. The sensory quality of a food is evaluated by sensory analysis. Sensory analysis
is an organized assessment of the colour, aroma, flavour, texture and appearance of a food.
Different studies on fish consumption reveal that the principal factors responsible for the
acceptance or rejection of a product are sensory characteristics [33].

The differences observed in the descriptive tests, in relation to the intensity of each of
the attributes, can be observed in Figure 5, which shows the different sensory profiles of
the canned eels, according to the perceptions of the panellists.

Prior to consumption, the external aspect influences decisions on the intention of
purchase or consumption of a food by affecting expectations of palatability [34]. Colour
significantly affects food acceptance. Colour scales are available for evaluation of some fish,
such as salmon and tuna, and for the skin of some aquarium fish. However, colour scales
are seldomly used for fresh or processed muscle of other fish. In this work, a colour scale
was developed with the different colourations observed in the eel muscle after different
treatments (Figure 3). The colour parameters revealed differences between canned eels
due to the colour of each of the oils used as filling medium. Colour scores were higher
for canned eels packed in sunflower and spicy olive oil than for canned eels packed in
olive oil. These findings are consistent with the CieLab values obtained (Table 2), while the
values for canned eel packed in sunflower oil and spicy olive oil after 12 months of storage
were more similar to each other than those of olive oil. The canned eels packed in olive oil
were yellower-greener and canned eels packed in sunflower and spicy olive were pinker.
The olive oil used as filling medium, due to its characteristic organoleptic imprint, could
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had partially attenuated the typical eel colour. Colour scores were significantly negatively
correlated with a* (r = −0.99), b* (r = −0.98), C* (r = −0.97) and ΔE values (r = −0.97) and
positively correlated with H◦ (r = 0.97).
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Figure 5. Graphic expression of the sensory profiles of canned eel packed with different filling media.
(A): texture in mouth and aroma; (B): taste. Plotted values are the means of 11 observations. Different
letters indicate significantly different (p < 0.05).
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The highest scores for glossiness and appearance were also obtained for canned eels
packed in spicy olive oil.

Texture is an important parameter of fish also associated with consumer acceptabil-
ity [35]. The texture is strongly related to the amino acid composition and protein structure,
which undergo important changes during processing and storage. However, hardness
was lower in canned eels packed in olive oil than in canned eels packed in sunflower oil
and spicy olive oil. This may be due to the different changes that proteins and amino
acids undergo during the process of canning eels in different filling media [36]. No differ-
ences in aftertaste residual or adhesiveness were observed between the different canned
eel products.

Aroma is an important sensory property of fish products, and it can provide infor-
mation about any physical/chemical alterations that have occurred during handling and
processing. Canned eels packed in spicy olive oil were characterized by lower scores for
aroma intensity. Canned eels packed in sunflower oil were awarded higher scores for
preferred aroma. The oils used as filling media provide characteristic aromas to the fish.

As expected, the panel of assessors perceived significant differences in the pungency of
the canned eels packed in spicy olive oil and the other two canned eel products (Figure 5B).
The pungent taste is due to the chilli and pepper contained in spicy canned eels. Spicy
canned eels were also slightly more bitter and acidic. Capsaicinoids are responsible for the
spiciness of chili and peppers and are directly related to the pungency. On the other hand,
different studies have indicated that capsaicin can evoke a bitter taste [37]. Organic acids
present in spices can also contribute to the acidity of the canned fish.

No differences in basic taste were observed between canned eels packed in sunflower
oil and canned eels packed in olive oil.

These results revealed that the filling medium significantly affected the sensory prop-
erties of the canned eels.

The non-parametric Friedman’s test is usually used to analyse the data obtained from a
multiple-samples ranking test [38] and allows the establishment of the degree of probability
with which it can be shown that panellists recognize differences between the samples tested.
The F value was calculated according to the standard, yielding a value of 13.27. Taking
into account this value and the numbers of samples and panellists it is confirmed that the
participants in the sensory analysis were able to detect differences between the canned eels,
as the observed F value was higher than the estimated F value (5.99 for α = 0.05).

3.2.2. Consumer Preference

The average acceptance value scores awarded by 97 testers, expressed in %, are shown
in Figure 6. Participants responded on a scale between 1 (extreme dislike) and 10 (excellent).
A high proportion of the testers rated all canned eels with positive expressions on the
hedonic scale. The test product with the greatest number of positive evaluations was the
canned eels packed in sunflower oil, followed by the spicy canned eels.

In the case of the purchase intention, 45% of the participants would buy the canned
eels packed in sunflower oil, 24% would buy canned eels in spicy packed olive oil and 31%
would buy canned eels packed in olive oil.

The sense of taste may play an important role in food preferences and food choices. In
consumers, different factors, such as demographics and social factors, can affect the overall
scores regarding satisfaction with products. Numerous studies have attempted to clarify
the influence of gender and/or age on sensory perception of and preference for different
foods [39,40]. Age, gender, employment status and frequency of consumption of canned
fish or shellfish are very important factors. In this tasting, 76% of the participants were
regular consumers (once or twice a week) of this type of product. The average female and
male consumer preferences for canned eel attributes are illustrated in Figure 7A. The results
indicated that females preferred spicy canned eels packed in olive oil (41%) and canned
eels packed in sunflower oil (37%), while men mostly preferred canned eels packed in

28



Foods 2022, 11, 1115

sunflower oil (65%). Previous studies of the effects of gender on sensory function indicated
that females have more sensitive and more accurate sensory perception than males [41].

0 20 40 60 80 100

Dislike extremely

Dislike very much

Disslike moderately

Dislike slightly

Neutral/Neither like nor dislike

Like slightky

Like moderately

Like very much

Like extremely

Excellent

Sunflower oil Olive oil Spicy olive oil

Figure 6. Distribution of consumer acceptance scores for three candy bars. Average acceptance values
scores awarded by 97 testers expressed in %.

The age of the consumers varied as follows <20 years old (about 31.96%), between 21
and 35 (about 47.42%) and the remaining were over 35 years old (20.62%). It was found
that 63% of tasters under 20 years of age preferred canned eels packed in sunflower oil, and
only 20% preferred canned eels packed in olive oil. Those over 35 years of age also showed
similar preferences (55% preferred canned eels packed in sunflower oil and 20% canned
eels packed in olive oil). The middle group showed a similar preference for canned eels
packed in sunflower oil and canned eels packed in spicy olive oil.

Mojet et al. [42] studied the effect of gender and age on the threshold sensitivity of the
basic tastes in 22 young adults (11 males and 11 females) and 21 older adults (10 males and
11 females). They reported that age, but not gender, significant y affected the sensitivity.

The consumers generally considered that all of the canned eel products were ac-
ceptable, with moderately high scores awarded to all. However, canned eels packed in
sunflower oil were ranked the best of the three canned eels in sensory acceptation.

The type of filling medium played an important role in the formation of volatile
compounds during the preparation of canned fish. Some filling media can slightly alter the
typical fish sensory characteristics.
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Figure 7. Mean score of preferences by gender (A) and age group (B). Different letters indicate
significant differences (p < 0.05) in each type of canned eels.

4. Conclusions

Marked changes in the colour of canned eels and the filling medium were detected
as a result of the canning process and subsequent storage. The changes that took place
depended on the processing step, the filling medium and the storage time. Luminosity,
b* (variation between yellow and blue), hue angle and chroma were the parameters most
affected. The addition of spices (pepper and chilli pepper) to the filling medium caused
important changes in the colour of the medium. The changes in the spicy olive oil may be
due to migration of some of the components of the pepper and/or chilli into the oil. The
changes in the colour in the canned eels and filling medium during the manufacture of
canned fish products have an important effect on the perceived quality.

A sensory analysis of canned eels was carried out after the cans had been stored at
room temperature for one year. The canned eels packed in sunflower oil were awarded
the highest scores by testers, who indicated that this was the product that they were most
likely to purchase. Therefore, it is concluded that canning is a good option for larger eels,
due to the high level of acceptance. However, the preferences varied depending on the age
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and gender of the consumers. Females preferred spicy canned eels packed in olive oil and
canned eels packed in sunflower oil, while males mainly preferred canned eels packed in
sunflower oil. The youngest and oldest consumers preferred the eels canned in sunflower
oil and those of 21–35 years old equally preferred the eels canned in spicy olive oil and
those canned in sunflower oil.

The present results on colour and sensory quality provide valuable information re-
garding consumer acceptance of canned fish and the effect on sensory properties that may
be expected as a result of using different filling media in canned fish.
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Abstract: Biogenic amines in canned seafood are associated with food quality and human health. In
this study, a total of nine biogenic amines (histamine (HIS), phenylethylamine (PHE), tyramine (TYM),
putrescine (PUT), cadaverine (CAD), tryptamine (TRY), spermine (SPM), spermidine (SPD), and oc-
topamine (OCT)) were used as standards. The biogenic amines of five canned seafood species (canned
mud carp, canned sardine, canned mantis shrimp, canned scallop, and canned oyster) were investi-
gated every three months for 12 months at different storage temperatures (4, 10, 25, and 30 ◦C). The
biogenic amine contents were determined by the ultrasound-assisted dispersive solid-phase extrac-
tion method combined with reversed-phase high-performance liquid chromatography-photodiode
array detection (UADSPE-RPLC-PDA). These results showed a detection rate of 100, 60, and 40% for
HIS, PHE, PUT, and TYM; CAD, SPM, and SPD; OCT in all the samples, respectively. The contents of
histamine and tyramine exceeded the recommended maximum limits (50 and 100 mg kg−1) in the
canned mud carp and canned scallop when stored at 30 ◦C, indicating their potential health risks
(p < 0.05). This result also indicates that low temperatures could inhibit the BAs content of canned
seafood during storage. Overall, storage temperature and time can be used as the primary means to
monitor and control the quality and safety of canned seafood.

Keywords: biogenic amines; canned seafood; storage time; storage temperature

1. Introduction

Canned seafood is recommended due to its good nutritional value, ease of storing
at room temperature, and high stability [1]. Canned seafood is generally considered
safe, which is achieved through a heat treatment sufficient to kill the vegetative bacteria
and bacterial spores and being stored in closed vessels. However, many studies have
indicated that the storage environmental factors could significantly affect the quality and
safety of canned seafood. Aquatic raw materials are rich in protein; therefore, the protein
decomposition of canned aquatic products leads to the formation of biogenic amines (BAs)
by microorganism-induced amino acid decarboxylase or the transamination of aldehydes
or amino acid transaminases during processing and storage [2]. As such, a low BAs level
is acceptable for human health. However, excessive BAs accumulation by the human
body could be toxic, resulting in serious public health and food safety concerns [3,4]. The
common BAs found in food mainly include HIS, TYM, PUT, and CAD. HIS and TYR pose
severe acute effects on human health. PUT and CAD pose low toxicological properties that
can act as a precursor of carcinogenic N-nitrosamines under the presence of nitrite [5,6].
The sum of certain BAs are the primary indicators of the quality and safety of aquatic
products [6]. The formation of BAs in canned seafood might have significant effects on the
nutritional and quality and safety of canned products after yielding, which is mediated by
various factors, including the raw materials, microorganisms, and processing and storage
conditions, etc. [7,8]. The BAs contents of canned seafood vary to a great extent due to the

Foods 2022, 11, 2743. https://doi.org/10.3390/foods11182743 https://www.mdpi.com/journal/foods
33



Foods 2022, 11, 2743

differences in species, sex, season, stage of maturity, feeding, living environment, and the
style of raw materials. The USA Food and Drug Administration (FDA) stipulates that the
intervention level of HIS in fish products in the United States is 50 mg kg−1 based on the
toxicity of HIS at 500 mg kg−1 [9]. HIS is the only BA with regulatory limits. Hence, the
production and accumulation of excessive BAs content in canned seafood should be limited
during storage [10,11]. Thus, the storage temperature and time are of critical importance to
controlling BAs contents in canned seafood during storage.

However, the effect of storage conditions (storage temperature range, storage time, etc.)
on certain quality and safety characteristics on the quality and safety of canned seafood
species is very scarce and unsystematic, especially BAs. Moreover, the profile and content
of BAs vary from canned seafood species to species [12]. Although some studies have
focused on this aspect, those are limited to a few species, such as tuna, mackerel, sardines,
crustaceans, and mollusks [7,8]. This study aimed to investigate the changes in BAs content
in various canned seafood species (canned mud carp, canned sardine, canned mantis
shrimp, canned scallop, and canned oyster) stored under different conditions (4, 10, 25 and
30 ◦C) for 12 months and probed into the quality and safety changes during storage.

2. Materials and Methods

2.1. Samples

Commercially sterilized canned seafood (canned mud carp (Cirrhinus molitorella),
canned sardine (Sardinops melanostictus), canned mantis shrimp (Portunus trituberculatus),
canned scallop (Patinopecten yessoensis), and canned oyster (Carnis Ostreae) (n = 300)) without
damage and rust were purchased from the canned seafood manufacturers (latest production
batch) from the 1st to the 7th of August 2020. These are prevalent product in China market.

2.2. Determination of Biogenic Amines

A total of nine BAs (PUT, CAD, SPM, SPD, TYR, OCT, PHE, HIS, and TRM) were
determined in the canned seafood by the ultrasound-assisted dispersive solid-phase ex-
traction method combined with reversed-phase high-performance liquid chromatography-
photodiode array detection (RP-HPLC-PDA) (Waters 2695 Separations Module, Waters,
Milford, CT, USA) [13]. About 5 g of aliquot was weighed and placed in a 50 mL centrifuge
tube. Later, 20 mL of TCA (5%, w/v) was added, and the mixtures were homogenized for
3 min (Ouhor, Shanghai, China), followed by ultrasonication for 30 min (KO5200E ultra-
sonic bath, Kun Shan Ultrasonic Instruments Co., Shanghai, China), and finally centrifuged
at 5000 rpm for 10 min. The supernatant was transferred to a 50 mL brown volumetric
flask, and the volume was fixed to the scale with 5% trichloroacetic acid. Afterward, 10 mL
of n-hexane was added to the above sample extraction solution (10 mL) for complete fat
removal, and the ultrasonic treatment was repeated for 10 min. After static stratification, the
upper organic layer was discarded. About 5 mL of the degreased solution was transferred
to a 50 mL centrifuge tube. The pH was alkalized up to 12 by adding NaOH (2 mol L−1)
(Mettler Toledo, Greifensee, Switzerland). About 5 mL of n-butanol/chloroform (1/1)
mixed solution was added to purify the extracted solution. After being ultrasonicated for
10 min and centrifuged at 5000 rpm for 5 min, the upper organic layer was adjusted to
10 mL by adding the mixed solution of n-butanol/chloroform (1/1). Finally, 5 mL of the
above purified extracted solution was taken into the test tube and blown to dryness by
nitrogen in a 40 ◦C water bath. After being added to 1 mL of hydrochloric acid (0.1 mol L−1)
and ultrasonicated for 5 min, the extract could be used for derivatization and determination
according to the method reported by Ishimaru, et al. and Gong, et al., respectively [14–16].
All standards/compounds were separated and identified by their retention times. The
reagents were procured from Sigma-Aldrich (Goettingen, Germany) (amines and dansysl
chloride) or Sigma-Aldrich (St. Louis, MO, USA) (acetonitrile, acetone, n-butanol, and
n-hexane). The results are expressed in mg kg−1 wet weight.

The chromatograms containing BAs in the standard solutions showed a good peak
resolution, with selectivity, sharpness, and symmetry. The correlation coefficients of the
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linear regression lines were better than 0.999 for all compounds. The LODs and LOQs of
all BAs ranged between 0.08 and 0.25 mg kg−1 and 0.27 to 0.83 mg kg−1, respectively. The
precision, repeatability, reproducibility, recovery, and accuracy values of this method were
assessed according to the previously reported method [9]. These results were consistent
with the previous study results [9,17], demonstrating the feasibility of this method to detect
BAs content in canned seafood.

2.3. Storage Experiments

Canned seafood (canned mud carp, canned sardine, canned mantis shrimp, canned
scallop, and canned oyster, n = 300) was used as the samples for the storage experiment.
These samples were stored at 4, 10, 25, and 30 ◦C and the BAs content was determined every
three months during the storage for 12 months, respectively. Different canned seafood
species were randomly collected and mixed with three samples from each species at the
scheduling points to ensure the uniformity and representativeness of the samples.

2.4. Index Value

The synergism of various BAs induces toxicity in canned seafood, therefore, evaluating
the biogenic amine index (BAI) is necessary to determine its quality. The interrelationship
of HIS, PUT, CAD, SPD, and SPM was used to formulate a chemical index of decomposition
for canned seafood [17]. This index was consistent with the sensory evaluation scores,
confirming its adequacy for the quality evaluation of seafood products [18,19]. The rela-
tionship between the 5 amines was analyzed according to the 3 sensory quality classes,
with the following generated formula:

Chemical Index = (HIS + PUT + CAD)/(1 + SPM + SPD) (1)

where, PUT, CAD, HIS, SPD, and SPM are the contents (mg kg−1) of putrescine, cadaverine,
histamine, methylamine spermidine, and spermine, respectively. A chemical index of
BAs within 0–1 indicated the good quality of canned seafood, while a range higher than
10 would correspond to an unacceptable quality [20].

The chemical index level was not consistent for different species; the levels were even
different for two differently packed products of the same type. Therefore, the chemical
index should be studied along with other quality indicators. The amine index proposed by
Duflos, et al., (1999) [21] was used to assess the spoilage:

Amine Index = (HIS + PUT + CAD)/(HIS + PUT + CAD + TRM + TYR + PHE + SPD + SPM) × 100 (2)

where, PUT, CAD, HIS, TRM, TYR, PHE, SPD, and SPM are the contents (mg kg−1) of
putrescine, cadaverine, histamine, tryptamine, tyramine, phenylethylamine, spermidine,
and spermine, respectively. According to the defined reference limits, the amine index
values of below 25 indicate good quality, while the index values higher than 66 correspond
to inedibility.

2.5. Statistical Analysis

Statistical analysis was performed using Origin (OriginLab Inc., Northampton, MA,
USA) and SPSS 26.0 software (SPSS Inc., Chicago, IL, USA). Data were analyzed for the
degree of variation by calculating the mean of at least three determinations and standard
deviations (SDs) of the results. The significance of differences was evaluated using a one
way analysis of variance (one-way ANOVA). A p value of less than 0.05 was considered
statistically significant.

3. Results

3.1. Changes of BAs in Canned Mud Carp during Storage

The total BAs content in canned mud carp stored at 4, 10, 25, and 30 ◦C significantly
increased (p < 0.05) with prolonged storage time. A total of even BAs (TRM, PHE, PUT,
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HIS, TYR, SPD, and SPM) was detected in caned mud carp during storage, without the
occurrence of CAD and OCT (Table 1). After being stored at 4, 10, 25, and 30 ◦C, the
total BAs in canned mud carp increased from the initial values of 7.02 mg kg−1 to 40.56,
57.25, 79.64, 45.00, and 122.71 mg kg−1, respectively. The sum of all seven amines was
<300 mg kg−1 in all samples (maximum value: 122.71 mg kg−1). The higher the storage
temperature, the higher the total BAs in caned mud carp. This obtained value was much
lower than the results reported by Kim, et al. (2009) [22]. When canned mud carp was
stored at 4, 10, 25, and 30 ◦C for 12 months, the HIS content reached 15.32, 23.74, 27.36,
and 52.81 mg kg−1, respectively. Thus, based on the limit levels of HIS set by the USA
FDA (50 mg kg−1), canned mud carp is unsuitable for storage at 30 ◦C for 12 months.
When canned mud carp was stored at 4, 10, 25, and 30 ◦C for 12 months, the SPM level
reached 5.32, 8.74, 15.59, and 17.47 mg kg−1, respectively. TRM and PUT levels showed a
significantly increasing trend when stored at 4 and 10 ◦C, while SPD showed a significantly
increasing trend at 25 and 30 ◦C (p < 0.05). The SPM level changed the most when canned
mud carp was stored at 25 ◦C. This might have happened as the pH of canned seafood
content increased with the increased storage temperature. Previous studies have also
reported correlations between pH and BAs formation in seafood [23].

Table 1. Changes of BAs in canned mud carp during storage at different temperatures.

BA
Contents/(mg kg−1)

Temperature
(◦C)

Time (Month)

0 3 6 9 12

TRM

4 1.57 ± 0.08 c 3.84 ± 0.56 A,b 3.99 ± 0.82 A,b 5.17 ± 0.52 A,a 5.38 ± 0.36 B,a

10 1.57 ± 0.08 c 1.43 ± 0.32 C,c 1.69 ± 0.04 B,c 2.57 ± 0.35 C,b 5.82 ± 0.28 B,a

25 1.57 ± 0.08 e 2.58 ± 0.26 B,d 3.66 ± 0.31 A,c 4.96 ± 0.27 A,b 6.73 ± 0.23 A,a

30 1.57 ± 0.08 d 3.48 ± 0.24 A,b 3.45 ± 0.37 A,b 3.90 ± 0.42 B,b 6.92 ± 0.77 A,a

PHE

4 1.02 ± 0.09 b 1.33 ± 0.17 B,b 1.38 ± 0.04 C,b 2.43 ± 0.77 B,a 2.91 ± 0.09 C,a

10 1.02 ± 0.09 c 1.94 ± 0.93 B,bc 2.54 ± 0.36 B,b 3.83 ± 0.56 B,a 4.63 ± 0.12 B,a

25 1.02 ± 0.09 d 1.98 ± 0.17 B,c 2.76 ± 0.37 B,c 3.89 ± 0.34 B,b 4.99 ± 0.81 B,a

30 1.02 ± 0.09 e 3.02 ± 0.41 A,d 5.13 ± 0.79 A,c 11.86 ± 1.37 A,b 13.48 ± 1.02 A,a

PUT

4 1.31 ± 0.03 c 1.48 ± 0.98 c 2.13 ± 0.04 C,c 5.02 ± 0.47 B,b 6.28 ± 0.93 B,a

10 1.31 ± 0.03 d 1.64 ± 0.05 d 3.37 ± 0.83 B,c 5.18 ± 0.30 B,b 6.99 ± 0.61 B,a

25 1.31 ± 0.03 d 2.30 ± 0.46 cd 2.58 ± 0.37 BC,c 5.39 ± 0.92 B,b 7.12 ± 0.91 B,a

30 1.31 ± 0.03 e 2.39 ± 0.63 d 4.29 ± 0.21 A,c 7.03 ± 0.29 A,b 9.74 ± 1.05 A,a

HIS

4 ND d 3.75 ± 0.34 C,c 10.96 ± 1.99 B,b 12.38 ± 1.65 C,b 15.32 ± 2.05 C,a

10 ND d 2.43 ± 0.49 D,d 15.03 ± 1.42 AB,c 18.45 ± 2.42 C,b 23.74 ± 1.28 B,a

25 ND c 15.78 ± 0.29 A,b 17.47 ± 1.09 A,b 26.02 ± 3.09 B,a 27.36 ± 2.57 B,a

30 ND e 8.39 ± 0.12 B,d 20.58 ± 5.99 A,c 38.20 ± 6.20 A,b 52.81 ± 4.02 A,a

TYR

4 0.92 ± 0.09 bc 0.47 ± 0.05 C,c 0.36 ± 0.08 C,d 1.16 ± 0.63 C,b 2.21 ± 0.13 C,a

10 0.92 ± 0.09 d 1.23 ± 0.40 B,cd 1.58 ± 0.32 B,c 2.48 ± 0.29 BC,b 3.10 ± 0.22 C,a

25 0.92 ± 0.09 d 1.35 ± 0.49 B,cd 2.30 ± 0.63 B,c 6.43 ± 1.02 A,a 6.91 ± 0.37 B,a

30 0.92 ± 0.09 d 2.04 ± 0.12 A,cd 3.54 ± 0.88 A,b 3.06 ± 0.93 B,bc 8.31 ± 0.95 A,a

SPD

4 1.51 ± 0.07 d 1.66 ± 0.14 A,d 2.38 ± 0.08 B,c 2.82 ± 0.21 B,b 3.12 ± 0.17 C,a

10 1.51 ± 0.07 c 1.58 ± 0.09 A,c 1.85 ± 0.12 B,b 1.94 ± 0.12 B,b 4.28 ± 0.24 C,a

25 1.51 ± 0.07 d 2.07 ± 0.18 A,d 3.54 ± 0.32 A,c 8.09 ± 1.52 A,b 10.75 ± 0.32 B,a

30 1.51 ± 0.07 d 0.93 ± 0.48 B,d 4.05 ± 0.51 A,c 9.21 ± 1.62 A,b 13.98 ± 1.61 A,a
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Table 1. Cont.

BA
Contents/(mg kg−1)

Temperature
(◦C)

Time (Month)

0 3 6 9 12

SPM

4 0.69 ± 0.48 c 0.75 ± 0.51 c 2.74 ± 0.93 C,b 4.35 ± 0.61 B,a 5.32 ± 0.39 C,a

10 0.69 ± 0.48 c 2.39 ± 1.93 c 5.85 ± 0.23 B,b 8.39 ± 2.01 AB,a 8.74 ± 0.63 B,a

25 0.69 ± 0.48 d 1.59 ± 0.20 d 5.06 ± 0.09 B,c 12.49 ± 3.03 A,b 15.59 ± 0.37 A,a

30 0.69 ± 0.48 c 1.49 ± 0.18 c 8.08 ± 0.37 A,b 9.30 ± 3.21 A,b 17.47 ± 2.19 A,a

ND: not detected. Within each column and for each storage time of each amine, different capital letters (A–D)
indicate significant differences (p < 0.05); within each row and for each storage temperature, different lowercase
letters (a–e) indicate significant differences (p < 0.05). The absence of a letter indicates that no significant differences
were found (p > 0.05).

3.2. Changes of BAs in Canned Sardine during Storage

Fish is widely consumed among protein-rich foods [24]. The total BAs in the canned
sardine significantly increased with the storage temperature increasing for 12 months
(p < 0.05). A total of eight BAs (TRM, PHE, PUT, HIS, OCT, TYR, SPD, and SPM) were
detected in the canned sardine during storage without the occurrence of CAD, HIS, and
OCT (Table 2). After storage at 4, 10, 25, and 30 ◦C, the total BAs in canned sardine in-
creased from the initial values of 13.29 mg kg−1 to 71.21, 91.61, 146.00, and 158.52 mg kg−1,
respectively. Meanwhile, the content increased at a faster rate at 30 than at 4 ◦C. The sum of
all eight amines was <300 mg kg−1 in all samples (maximum value: 158.52 mg kg−1). HIS
significantly increased in all samples during storage and decreased slowly after 6 months
of storage. Similarly, SPD and SPM significantly increased (p < 0.05) when stored at 4 ◦C;
TRM and OCT significantly increased (p < 0.05) when stored at 10 and 25 ◦C; PHE, SPD,
and OCT significantly increased (p < 0.05) when stored at 30 ◦C. However, there was no
significant difference in TYR and CAD (p > 0.05) when stored at 4, 10, and 30 ◦C. Notably,
CAD was detected, which significantly increased (p < 0.05) when stored at 25 ◦C. This might
have happened because CAD could not be decomposed at room temperature. These eight
BAs showed an increasing tendency with increased storage temperature (Table 2), which
was consistent with the results of Gómez-Limia, et al. (2020) [7]. Bilgin and Gençcelep
also detected TYM in canned tuna, chunk canned tuna, marinated anchovies, canned
mackerel, and canned sardines at levels ranging between ND and 48.63 mg kg−1 [23].
Gómez-Limia, et al. (2020) reported that the hydrolysis reactions and the interactions of
the components in canned seafood continued when stored at room temperature [7].

Table 2. Changes of BAs in canned sardine during storage at different temperatures.

BA
Contents/(mg kg−1)

Temperature
(◦C)

Time (Month)

0 3 6 9 12

TRM

4 5.14 ± 0.34 b 5.60 ± 0.64 ab 6.48 ± 1.37 A,ab 7.03 ± 1.09 C,a 7.21 ± 0.96 C,a

10 5.14 ± 0.34 c 5.58 ± 0.66 c 5.90 ± 0.79 AB,c 9.45 ± 1.07 B,b 12.49 ± 0.18 B,a

25 5.14 ± 0.34 d 5.26 ± 0.45 d 6.23 ± 1.18 AB,c 13.06 ± 0.19 A,b 16.48 ± 0.85 A,a

30 5.14 ± 0.34 c 5.14 ± 1.04 c 5.87 ± 0.45 B,c 8.39 ± 0.34 BC,b 15.68 ± 1.45 A,a

PHE

4 1.30 ± 0.09 d 2.04 ± 0.28 B,c 2.95 ± 0.12 D,bc 3.48 ± 0.77 C,b 5.23 ± 0.83 C,a

10 1.30 ± 0.09 c 3.78 ± 0.15 A,b 4.32 ± 0.49 C,b 4.59 ± 1.21 C,ab 5.68 ± 0.38 C,a

25 1.30 ± 0.09 d 3.05 ± 0.05 A,c 5.88 ± 0.28 B,b 8.93 ± 1.24 B,a 8.98 ± 0.97 B,a

30 1.30 ± 0.09 e 3.69 ± 0.89 A,d 7.46 ± 0.84 A,c 12.73 ± 1.92 A,b 18.79 ± 0.91 A,a

PUT

4 1.82 ± 0.05 b 2.45 ± 0.51 AB,b 2.84 ± 0.38 B,b 8.24 ± 0.95 A,a 8.32 ± 0.59 B,a

10 1.82 ± 0.05 e 2.89 ± 0.37 A,d 3.77 ± 0.39 AB,c 8.48 ± 0.12 A,b 9.24 ± 0.74 B,a

25 1.82 ± 0.05 d 1.83 ± 0.26 B,d 3.50 ± 0.28 AB,c 7.72 ± 0.31 AB,b 9.34 ± 0.92 B,a

30 1.82 ± 0.05 d 3.09 ± 0.87 A,cd 4.28 ± 0.86 A,c 6.32 ± 1.12 B,b 12.27 ± 1.43 A,a
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Table 2. Cont.

BA
Contents/(mg kg−1)

Temperature
(◦C)

Time (Month)

0 3 6 9 12

HIS

4 ND c 6.94 ± 0.74 C,b 14.96 ± 1.90 B,a 16.82 ± 2.15 C,a 17.38 ± 2.01 D,a

10 ND d 13.54 ± 1.53 B,c 18.58 ± 1.96 B,b 20.14 ± 1.69 C,b 25.39 ± 2.96 C,a

25 ND c ND D,c 29.34 ± 1.53 A,b 35.87 ± 3.40 B,a 37.86 ± 4.83 B,a

30 ND c 28.48 ± 3.19 A,b 31.32 ± 3.50 A,b 42.02 ± 3.03 A,a 46.29 ± 3.01 A,a

TYR

4 0.95 ± 0.40 b 1.02 ± 0.04 B,b 0.93 ± 0.28 C,b 1.88 ± 0.13 C,a 2.40 ± 0.41 D,a

10 0.95 ± 0.40 c 1.33 ± 0.48 B,c 1.43 ± 0.53 BC,c 4.03 ± 0.21 B,b 5.23 ± 0.86 C,a

25 0.95 ± 0.40 d 1.97 ± 0.25 A,c 1.99 ± 0.20 B,c 3.24 ± 0.39 B,b 6.38 ± 0.41 B,a

30 0.95 ± 0.40 d 1.05 ± 0.09 B,d 3.11 ± 0.26 A,c 7.62 ± 1.22 A,b 9.29 ± 0.46 A,a

SPD

4 1.94 ± 0.17 c 3.05 ± 0.29 B,bc 4.55 ± 0.79 D,b 8.99 ± 1.28 B,a 10.42 ± 1.06 B,a

10 1.94 ± 0.17 d 2.41 ± 0.23 B,d 6.30 ± 0.21 C,c 8.32 ± 0.92 B,b 11.52 ± 2.21 B,a

25 1.94 ± 0.17 c 2.52 ± 0.35 B,c 9.02 ± 0.88 B,b 9.95 ± 1.40 B,b 12.75 ± 1.37 B,a

30 1.94 ± 0.17 d 6.03 ± 1.92 A,c 14.35 ± 1.16 A,b 19.01 ± 0.31 A,a 21.38 ± 2.22 A,a

SPM

4 2.14 ± 0.26 d 2.99 ± 0.28 C,d 7.24 ± 0.95 AB,c 12.49 ± 0.47 A,b 13.86 ± 0.77 A,a

10 2.14 ± 0.26 d 5.02 ± 0.38 A,c 5.94 ± 0.85 B,bc 7.92 ± 0.37 C,b 10.58 ± 2.57 B,a

25 2.14 ± 0.26 d 3.83 ± 0.57 B,c 6.26 ± 0.24 B,b 8.86 ± 0.62 BC,a 9.56 ± 1.35 B,a

30 2.14 ± 0.26 d 5.04 ± 0.42 A,c 9.06 ± 1.94 A,b 10.93 ± 2.01 AB,b 14.45 ± 1.47 A,a

ND: not detected. Within each column and for each storage time of each amine, different capital letters (A–D)
indicate significant differences (p < 0.05); within each row and for each storage temperature, different lowercase
letters (a–e) indicate significant differences (p < 0.05). The absence of a letter indicates that no significant differences
were found (p > 0.05).

3.3. Changes of BAs in Canned Mantis Shrimp during Storage

The total BAs in the canned mantis shrimp significantly increased with the increase
in temperatures for 12 months (p < 0.05). A total of seven BAs (TRM, PHE, PUT, CAD,
HIS, OCT, and TYR) were detected in canned mantis shrimp during storage (Table 3). No
SPD or SPM was detected during storage, which was different from canned mud carp,
canned sardine, and canned oyster due to the differences in species. The total BAs content
in canned sardine increased from the initial values of 8.59 mg kg−1 for 12 months to 50.21,
76.42, 123.57, and 145.14 mg kg−1, respectively, when stored at 4, 10, 25, and 30 ◦C. The sum
of all seven amines was <300 mg kg−1 in all samples (maximum value: 145.14 mg kg−1).
Among all BAs, HIS showed a significant increase (p < 0.05) during storage and reached
12.46, 22.47, 33.74, and 42.18 mg kg−1, respectively. The higher the storage temperature, the
higher the HIS content. It was found that PUT, CAD, OCT, and TYR significantly increased
(p < 0.05) when stored at 4 ◦C; PHE, PUT, CAD, and TYR significantly increased (p < 0.05)
when stored at 10 ◦C; with further increases in temperature, PHE, PUT, CAD, OCT, and
TYR significantly increased (p < 0.05) at 25 and 30 ◦C. Therefore, PHE, PUT, CAD, HIS, and
OCT could be used as the characteristic BAI of canned mantis shrimp during storage. These
seven BAs showed an increasing tendency with increased storage temperature (Table 3).
Zhai et al. reported that the total BAs content in different canned fish products ranged from
1.94 to 112.54 mg kg−1, with a mean value of 46.43 mg kg−1 [25], which was consistent
with the present study result.

3.4. Changes of BAs in Canned Scallop during Storage

As summarized in Table 4, only five BAs (TRM, PHE, PUT, CAD, and HIS) were
detected in canned scallops during storage, which was consistent with canned mantis
shrimp. Although the total BAs content in canned scallop was much lower than those
in canned sardine and canned scallop, they also showed a significantly increasing trend
with increasing storage temperature for 12 months (p < 0.05). The total BA in canned
sardine increased to 33.29, 59.94, 76.68, and 90.79 mg kg−1, respectively, when stored at
4, 10, 25, and 30 ◦C for 12 months. The sum of all five amines was <300 mg kg−1 in all
samples (maximum value: 90.79 mg kg−1). HIS showed a significant increase (p < 0.05) in
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all the BAs during storage and reached 23.05, 39.86, 49.57, and 52.39 mg kg−1, respectively,
which was more than the limit standard of FDA (50 mg kg−1). TRM, PUT, PHE, and CAD
significantly increased (p < 0.05) when stored at 10, 25, and 30 ◦C, while OCT, TYR, SPD,
and SPM were not detected. PHE showed no significant difference when stored at 4 ◦C
(p > 0.05), maintaining an overall growth trend [15]. These five BAs showed an increasing
tendency with increased storage temperature (Table 4). Nevertheless, the values reported
for total BAs content in samples are low, well below FDA-recommended levels at 4, 10, and
25 ◦C [19].

Table 3. Changes of BAs in canned mantis shrimp during storage at different temperatures.

BA
Contents/(mg kg−1)

Temperature
(◦C)

Time (Month)

0 3 6 9 12

TRM

4 ND d ND d 1.03 ± 0.08 B,c 1.48 ± 0.39 C,b 2.31 ± 0.21 C,a

10 ND d ND d 0.56 ± 0.07 B,c 1.99 ± 0.53 BC,b 3.28 ± 0.17 B,a

25 ND c ND c 2.75 ± 0.83 A,b 2.92 ± 0.28 B,b 3.75 ± 0.36 B,a

30 ND c ND c 2.58 ± 0.49 A,b 4.39 ± 0.62 A,a 4.81 ± 0.75 A,a

PHE

4 1.84 ± 0.16 c 2.27 ± 0.63 C,b 2.26 ± 0.09 C,b 2.50 ± 0.24 C,b 3.48 ± 0.28 D,a

10 1.84 ± 0.16 c 4.77 ± 0.85 B,b 4.85 ± 0.37 B,b 7.05 ± 0.99 B,a 7.54 ± 0.51 C,a

25 1.84 ± 0.16 e 6.11 ± 0.84 AB,c 3.26 ± 0.49 C,d 9.05 ± 0.36 A,b 12.48 ± 1.39 B,a

30 1.84 ± 0.16 d 6.59 ± 0.82 A,c 6.97 ± 1.38 A,c 9.33 ± 1.71 A,b 14.38 ± 1.13 A,a

PUT

4 2.24 ± 0.07 c 3.95 ± 0.55 b 4.75 ± 0.83 C,b 8.39 ± 0.87 C,a 8.82 ± 0.53 C,a

10 2.24 ± 0.07 b 3.42 ± 0.37 b 6.40 ± 0.29 B,a 7.82 ± 1.04 C,a 8.72 ± 1.38 C,a

25 2.24 ± 0.07 d 3.22 ± 0.06 d 8.77 ± 0.59 B,c 10.92 ± 0.89 B,b 20.47 ± 1.21 B,a

30 2.24 ± 0.07 c 3.62 ± 1.02 c 16.57 ± 3.03 A,b 17.10 ± 2.27 A,b 25.38 ± 1.79 A,a

CAD

4 3.37 ± 0.35 d 4.01 ± 0.19 cd 4.75 ± 0.27 D,c 5.87 ± 0.04 C,b 7.29 ± 1.18 C,a

10 3.37 ± 0.35 d 4.40 ± 0.59 d 8.54 ± 1.43 C,c 15.49 ± 3.82
AB,b 19.74 ± 2.81 B,a

25 3.37 ± 0.35 c 3.83 ± 0.25 c 11.82 ± 1.33 B,b 12.43 ± 2.01 B,b 19.31 ± 1.37 B,a

30 3.37 ± 0.35 d 4.02 ± 0.15 d 15.12 ± 2.85 A,c 18.84 ± 2.57 A,b 28.37 ± 2.15 A,a

HIS

4 ND d 1.31 ± 0.07 C,d 8.05 ± 1.01 C,c 10.84 ± 1.29 D,b 12.46 ± 0.82 D,a

10 ND d 10.19 ± 0.93 A,c 13.08 ± 3.97 B,c 18.23 ± 1.01 C,b 22.47 ± 1.82 C,a

25 ND d 10.94 ± 1.07 A,c 13.10 ± 1.81 B,c 28.65 ± 2.98 B,b 33.74 ± 2.39 B,a

30 ND c 4.58 ± 0.13 B,c 22.94 ± 3.22 A,b 37.10 ± 4.89 A,a 42.18 ± 2.57 A,a

OCT

4 ND c ND B,c 4.99 ± 0.95 B,b 5.03 ± 1.92 BC,b 8.47 ± 0.41 C,a

10 ND d ND B,d 2.55 ± 0.59 C,c 3.90 ± 0.21 C,b 9.95 ± 0.18 C,a

25 ND d 1.44 ± 0.28 A,d 4.56 ± 0.37 B,c 8.54 ± 1.93 B,b 13.56 ± 0.69 B,a

30 ND d ND B,d 8.11 ± 1.05 A,c 14.03 ± 2.69 A,b 19.47 ± 1.49 A,a

TYR

4 1.14 ± 0.17 d 1.85 ± 0.84 B,cd 2.59 ± 0.65 C,c 4.56 ± 0.74 B,b 7.38 ± 0.63 C,a

10 1.14 ± 0.17 d 1.28 ± 0.21 B,d 3.34 ± 0.67 C,c 7.95 ± 0.02 A,b 10.72 ± 1.58 B,a

25 1.14 ± 0.17 d 4.32 ± 0.36 A,c 4.88 ± 0.49 B,c 7.39 ± 0.96 A,b 15.37 ± 2.42 A,a

30 1.14 ± 0.17 c 2.10 ± 0.39 B,c 6.60 ± 0.58 A,b 7.02 ± 1.32 A,b 15.46 ± 1.51 A,a

ND: not detected. Different capital letters (A–D) indicate significant differences (p < 0.05); within each row and for
each storage temperature, different lowercase letters (a–e) indicate significant differences (p < 0.05). The absence
of a letter indicates that no significant differences were found (p > 0.05).

3.5. Changes of BAs in Canned Oyster during Storage

The total BAs in canned oyster significantly increased with the increase of storage
temperature for 12 months (p < 0.05), showing a faster rate at 30 than at 4 ◦C. As summarized
in Table S1, a total of seven BAs (TRM, PHE, PUT, CAD, HIS, SPD, and SPM) were detected
in the canned oyster during storage. TRM, PUT, CAD, HIS, OCT, TYR, and SPM were
detected in the initial phase. The total BAs content in canned oyster increased from the
initial value of 2.54 mg kg−1 to 52.11, 77.92, 100.97, and 122.62 mg kg−1, respectively, when
stored at 4, 10, 25, and 30 ◦C. The sum of all seven amines was <300 mg kg−1 in all samples
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(maximum value: 122.62 mg kg−1). HIS significantly increased in all BAs during storage
and decreased slowly after 3 months of storage. TRM and SPM significantly increased
(p < 0.05) when stored at 4 ◦C; TRM and CAD significantly increased (p < 0.05) when stored
at 10 ◦C; TRM, SPD, and CAD significantly increased (p < 0.05) when stored at 25 ◦C; TRM,
SPD, PUT, and CAD significantly increased (p < 0.05) when stored at 30 ◦C. However, TYR
and OCT were not detected during storage at 4, 10, 25, and 30 ◦C for 12 months. Notably,
CAD was detected, which significantly increased (p < 0.05) when stored at 10 ◦C. This might
have happened because CAD in canned oyster could not be decomposed at 10 ◦C. These
seven BAs (TRM, PHE, PUT, CAD, HIS, SPD, and SPM) showed an increasing tendency
with increased storage temperature. The total BAs content increased during storage for
12 months, which was consistent with Gómez-Limia, et al. (2020) [7].

Table 4. Changes of BAs in canned scallop during storage at different temperatures.

BA
Contents/(mg kg−1)

Temperature
(◦C)

Time (Month)

0 3 6 9 12

TRM

4 ND c ND c 1.04 ± 0.19 B,b 1.65 ± 0.38 D,a 1.72 ± 0.32 C,a

10 ND c ND c 3.09 ± 0.83 B,b 4.23 ± 0.54 C,b 9.49 ± 1.23 B,a

25 ND d ND d 3.14 ± 1.70 B,c 7.02 ± 1.12 B,b 10.42 ± 1.95 B,a

30 ND d ND d 5.92 ± 1.41 A,c 9.32 ± 0.92 A,b 13.83 ± 1.21 A,a

PHE

4 0.94 ± 0.06 b 2.49 ± 0.69 A,a 2.52 ± 0.08 A,a 3.21 ± 1.02 B,a 3.23 ± 0.32 B,a

10 0.94 ± 0.06 b 1.06 ± 0.11 B,b 1.19 ± 0.74 C,b 3.59 ± 0.24 B,a 3.77 ± 0.75 B,a

25 0.94 ± 0.06 d 2.25 ± 0.20 A,c 1.38 ± 0.03 B,d 5.46 ± 0.39 A,b 6.38 ± 0.92 A,a

30 0.94 ± 0.06 d 0.41 ± 0.12 B,d 2.04 ± 0.46 AB,c 5.85 ± 0.53 A,b 7.28 ± 0.48 A,a

PUT

4 ND c ND c 0.79 ± 0.07 C,b 1.32 ± 0.56 C,ab 1.98 ± 1.02 C,a

10 ND d ND d 0.58 ± 0.24 C,c 1.43 ± 0.26 C,b 2.32 ± 0.28 C,a

25 ND d ND d 1.39 ± 0.03 B,c 3.64 ± 0.19 B,b 5.38 ± 0.37 B,a

30 ND d ND d 3.54 ± 0.39 A,c 5.20 ± 0.92 A,b 9.37 ± 0.49 A,a

CAD

4 ND e 0.56 ± 0.13 d 1.04 ± 0.05 C,c 2.99 ± 0.17 B,b 3.31 ± 0.30 C,a

10 ND e 0.67 ± 0.09 d 1.27 ± 0.16 C,c 3.05 ± 0.21 B,b 3.57 ± 0.25 C,a

25 ND d 0.77 ± 0.20 d 2.21 ± 0.53 B,c 4.02 ± 0.02 A,b 5.86 ± 1.01 B,a

30 ND c 0.53 ± 0.18 c 4.02 ± 0.72 A,b 4.09 ± 0.81 A,b 7.92 ± 0.61 A,a

HIS

4 ND b ND C,b 20.67 ± 2.56 C,a 22.43 ± 2.21 C,a 23.05 ± 0.83 C,a

10 ND c 12.47 ± 1.31 B,b 34.75 ± 3.21 B,a 37.76 ± 4.18 B,a 39.86 ± 4.12 B,a

25 ND d 12.68 ± 1.52 B,c 43.75 ± 3.97 A,b 45.29 ± 4.76 A,ab 49.57 ± 2.01 A,a

30 ND d 27.13 ± 3.22 A,c 38.22 ± 3.05 AB,b 42.69 ± 5.29 AB,b 52.39 ± 3.59 A,a

ND: not detected. Different capital letters (A–D) indicate significant differences (p < 0.05); within each row and for
each storage temperature, different lowercase letters (a–e) indicate significant differences (p < 0.05). The absence
of a letter indicates that no significant differences were found (p > 0.05).

3.6. Formulas for BAs Content in Canned Seafood under Different Storage Conditions

The Chemical Index and Amine Index of all the samples were determined according
to Equations (1) and (2), and the results are summarized in Table S2. It can be seen that
the initial Chemical Index and Amine Index of canned fish were less than 2.5 and 60,
respectively, indicating good quality. Different varieties have different quality standards
due to the differences in raw materials, processing technology, and storage environment.
Therefore, the Chemical Index and Amine Index range of less than 55/55 and 75/90 might
correspond to good quality of canned shrimp and shellfish, respectively, while the range
higher than 30 and 68 might indicate the quality change of the samples. If one of the
two indicators meets the limited standards, the sample would be considered poor quality.
Therefore, more studies on the indicative correlation of BAs are demanded to gain insights
into the quality characteristics of canned seafood.

Moreover, the sensory properties stored at 4 and 10 ◦C were better than those stored
at 25 and 30 ◦C, indicating that low storage temperatures could better obtain the quality
of canned seafood. With prolonged storage, the Chemical Index and Amine Index of
canned mud carp, canned sardine, canned scallop, and canned oyster exceed the human
consumption limits recommended by FAO/WHO [26], indicating that different degrees of
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deterioration negatively affect the quality of these samples. Nevertheless, these samples
are still safe for human consumption due to BAs’ limited content. The canned mantis
shrimp and canned scallop had a more obvious response to storage time and temperature,
showing significant quality changes. The canned mantis shrimp and canned scallop samples
decomposed when stored at 25 and 30 ◦C for more than 6 months. There was no significant
change in the quality of canned oysters when stored at any temperature for one year. Thus,
temperature control could effectively inhibit BAs’ formation in canned seafood during
storage. The changes in BAs’ contents in the canned seafood were relatively low and
avoided possible harmful effects under low temperature storage. Therefore, further studies
on the storage conditions of canned seafood could guarantee the quality and safety of
canned seafood. Additionally, different species of aquatic canned products could affect
BAs’ formation. Canned scallop and canned oyster produced more HIS than canned mud
carp, canned sardine, and canned mantis shrimp at 4 ◦C. The correlation between BAs and
other quality characteristics should be studied further to construct the quality and safety
prediction model and reveal the changing tendency of BAs content in canned seafood
during storage.

4. Discussion

BAs levels of canned seafood depend on the intrinsic food factors, such as pH, aw
values, and nutrients, and the extrinsic factors, including storage time, temperature, etc., [6].
Shalaby (1996) reported that the BAs concentrations differ not only between different
food varieties but also within the same variety [27]. With storage time prolonged, BAs will
accumulate. Especially CAD and PUT in BAs increased with the increased temperature [28];
however, storage at low temperatures might induce PUT accumulation [29]. Thus, higher
BAs contents were detected in the canned seafood with higher storage temperatures.
Pinho et al. (2001) reported a higher BAs content at a storage temperature of 21 ◦C than
that stored at 4 ◦C [30]. Kim et al. (2002) demonstrated that the optimum temperature
for HIS production in fish product was 25 ◦C [31]. These results were consistent with
the present study results. This indicates that adjusting the storage environment factors
(storage time and temperature, etc.) during storage is the primary means of controlling the
quality and safety of canned seafood after manufacturing [32]. Other studies have reported
the effect of storage temperature on HIS formation in fish products, such as tuna and
anchovies [33,34]. Moreover, low HIS and TYR contents have been reported in crustaceans
such as shrimp [35]. These results were consistent with previous reports [36].

FAO/WHO stipulates a level of 200mg kg−1 for fish and fishery products, and EFSA
stipulates 400 mg kg−1 for fishery products, respectively, [19,36,37]. According to a previous
study, HIS and TYR exert severe acute effects on human health, while, PUT and CAD have
low toxicological properties [6]. According to EFSA, TYR values of 600 mg kg−1 or more
are good for healthy individuals [36]. The TYR contents in all the samples were less than
600 mg kg−1 (Tables 1–4), which was consistent with Prester et al., who reported a dietary
value of up to 800 mg kg−1 of TYR to be acceptable [35]. Other studies have also reported
that the acute toxicity levels of TYR and CAD are significantly greater than 2000 mg kg−1

and the oral toxicity level of PUT is 2000 mg kg−1 [38]. It is known that TYR has a stronger
and more rapid cytotoxic effect than HIS [39], while the bioactivities of PUT and CAD are
less potent. Furthermore, PUT and CAD significantly increased with increased storage
times, resulting in strong unpleasant decaying odors at very low concentrations [40]. These
results were consistent with previous studies that canned seafood should be considered as a
low-risk product based on the BAs contents [36]. Poveda (2019) reported that PUT is either
converted to SPD or SPM or is catabolized by succinate [41]. Gezginc et al. (2013) found
that arginine serves as a precursor of PUT, which can also be converted to SPD [42,43].
Furthermore, for the BAs used as the indicative of food quality, they are mostly produced
at the end of shelf-life of food. This index was also used to indicate the evaluation and
comparison of BAs contents in food [44]. Therefore, the storage temperature and time of
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canned seafood for different varieties should be studied more comprehensively to minimize
the BAs content and obtain good quality.

5. Conclusions

The present study evaluated the BAs content in canned seafood during storage at dif-
ferent temperatures and times. HIS exhibited the most significant changes under different
storage conditions. HIS content in the canned sardine and canned mantis shrimp increased
to 50 mg kg−1 when stored at 25 and 30 ◦C for one year, while it increased to more than
50 mg kg−1 in the canned mantis shrimp and canned scallop when stored at 30 ◦C. TRM,
PUT, and HIS could be used as the characteristic BAs of canned seafood during storage.
These findings provide deeper insights into the influence of storage time and temperature
on BAs level, which can be used to improve the quality and safety of canned seafood.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: New techniques are required to replace the use of sulfur dioxide (SO2) or of sterilizing
filtration in wineries, due to those methods’ drawbacks. Pulsed electric fields (PEF) is a technology
capable of inactivating microorganisms at low temperatures in a continuous flow with no detrimental
effect on food properties. In the present study, PEF technology was evaluated for purposes of
microbial decontamination of red wines after alcoholic and malolactic fermentation, respectively. PEF
combined with SO2 was evaluated in terms of microbial stability and physicochemical parameters
over a period of four months. Furthermore, the effect of PEF on the sensory properties of red wine
was compared with the sterilizing filtration method. Results showed that up to 4.0 Log10 cycles of
S. cerevisiae and O. oeni could be eradicated by PEF and sublethal damages and a synergetic effect
with SO2 were also observed, respectively. After 4 months, wine treated by PEF after alcoholic
fermentation was free of viable yeasts; and less than 100 CFU/mL of O. oeni cells were viable in
PEF-treated wine added with 20 ppm of SO2 after malolactic fermentation. No detrimental qualities
were found, neither in terms of oenological parameters, nor in the sensory parameters of wines
subjected to PEF after storage time.

Keywords: red wine; pulsed electric fields; microorganisms; inactivation; sulfur dioxide; shelf-life

1. Introduction

Wine is a fermented beverage with particular characteristics, such as a low pH (3.0–3.9)
and the presence of ethanol (8–16% v/v), which thereby restrain the proliferation of food-
borne pathogenic microorganisms and spore-forming bacteria. However, certain groups
of microorganisms are able to grow in wines and spoil them in different stages of the
winemaking process [1]. Such spoilage microorganisms are usually either the endoge-
nous microbiota of grape skins, or microorganisms stemming from contact surfaces and
equipment in wineries [2]. On the other hand, microorganisms that are essential in wine
production, such as Saccharomyces cerevisiae and lactic acid bacteria (LAB), responsible
for alcoholic and malolactic fermentation, respectively, may likewise be involved in wine
spoilage. These microorganisms therefore need to be controlled after fermentation to avoid
undesired re-fermentation, which, in turn, may lead to off-flavors, increments in volatile
acidity, or even the production of biogenic amines [3].

To obtain quality wines and avoid economic losses, it is essential to control all of the
involved spoiling microorganisms in grapes, must, and wine, as well as on surfaces in
wineries. Apart from rigorous standard cleaning and disinfection plans, the conventional
method for microbial control in wineries is the application of sulfur dioxide (SO2) [4].
Sulfur dioxide has bacteriostatic and antifungal activity but also plays an essential role as
an antioxidant: all of these functions make it a thoroughly convenient compound for wine
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preservation [5]. Sulfur dioxide is usually dosed along the production process: when grapes
are received, after alcoholic and malolactic fermentation, and usually prior to bottling in
order to ensure wine stability during distribution. When SO2 is incorporated into must or
wine, a fraction of it will react with sugars, aldehydes, or ketones [6]. Consequently, two
classes of sulfites are found in wine: free and bound. The free sulfites determine how much
SO2 is available in its most active, molecular form to help protect the wine from oxidation
and spoilage. The bound sulfites are those which have reacted with other molecules. Total
sulfite concentration is the sum of the free and bound sulfites.

However, the widespread use of sulfur dioxide in winemaking is currently being
called into question, due to its potential toxicity for human health, the sensitivity of certain
people allergic to SO2, and an increasing overall consumer rejection of chemical preser-
vatives [7]. Another procedure frequently conducted in wineries to guarantee complete
microbial decontamination is sterilizing filtration prior to bottling. However, filters with a
nominal pore size of 0.45 μm generally used in sterilizing filtration can be ineffective in
retaining certain smaller-sized bacteria. Furthermore, wine microfiltration usually implies
fouling, regeneration problems, and high operational costs [8]. Moreover, this procedure
is frequently controversial in wineries due to its deleterious effect on the chemical and
sensory characteristics of wine, especially red wine [9]. The industry is thus searching for
suitable alternative methods for microbial control that do not modify the properties of
wine. The capability of PEF for inactivating vegetative forms of microbial cells at lower
temperatures than those used in thermal processing [10–12] may prove to be thoroughly
useful for wineries as a physical procedure for microbial decontamination.

PEF technology consists in the application of short pulses (microseconds) of high volt-
ages (kV) to a product located between two electrodes. The electric field thereby generated
produces the electroporation of cells. Electroporation compromises the permeability of the
cytoplasmic membrane of microorganisms, leading to the loss of microbial homeostasis and,
ultimately, to cell death. The efficacy of PEF for microbial inactivation, together with the
prospect of applying it at high rates of continuous flow thanks to the availability of flexible
commercial devices on the market, makes this technology a reasonable potential method
for liquid food decontamination [13]. Several studies have demonstrated the effectivity of
PEF in inactivating diverse microorganisms in acidic beverages, such as fruit juices, but
with a noticeable variability in the amount of reported lethality [14–17]. Some research
has been performed regarding the use of PEF for microbial inactivation in wine. Puértolas
et al., (2009) [18] characterized the PEF resistance of some of the most common microorgan-
isms involved in wine spoilage in batch conditions; González-Arenzana et al., (2015) [19]
extended that approach to a greater number of microorganisms, performing the treatments
in continuous flow. These studies demonstrated that PEF treatments at intensities over
20 kV/cm were effective for all of the microorganisms investigated (yeasts, lactic acid
bacteria, and acetic acid bacteria) in the range of 3.0 to 4.0 Log10 cycles of inactivation.
Further studies have demonstrated that PEF treatments do not cause detrimental effects:
neither in terms of oenological parameters, nor on the sensory properties of wine, even after
long-term storage [20,21]. However, all of these studies were conducted at high electric
fields (which would be difficult to apply on an industrial scale with the current commercial
PEF units) and/or without reporting the free SO2 concentration present in wines, which
may exert an influence on the efficacy of PEF.

The objective of our study was to characterize the PEF resistance of Saccharomyces
cerevisiae and Oenococcus oeni in red wine after alcoholic and malolactic fermentation,
respectively. Once defined the most suitable PEF processing conditions, the impact of these
treatments on the microbial population, and the oenological parameters of wines after
4 months of storage were investigated.
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2. Material and Methods

2.1. Red Wine Samples

The Cooperative San Juan Bautista (Fuendejalón, Aragón, Spain) provided 50 L of
Grenache wine immediately after they had undergone alcoholic fermentation (AF), or
malolactic fermentation (MLF). Alcoholic fermentation was performed by the S. cerevisiae
var. bayanus (CHP Levuline, OENOFRANCE, Magenta, France) strain, and malolactic
fermentation by Oenococcus oeni (Viniferm OE AG-20, Agrovin, Ciudad Real, Spain). The
initial oenological parameters of the two wines after AF and MLF are shown in Table 1.
An aliquot of 10 L of each wine was used to characterize microbial resistance to PEF, and
the effect of combining PEF with SO2. The rest of the wine samples were kept under
refrigeration (4 ◦C) and no-light conditions in view of conducting an experiment on the
impact of PEF on their microbial population, as well as on oenological parameters after
AF and MLF during storage. Immediately after PEF treatments, SO2 was added, and
wine samples were distributed in sterilized glass bottles of 500 mL and stored at 18 ◦C for
4 months. PEF-treated and untreated wines with and without sulfites were monitored in
terms of their microbial population and chemical parameters over a period of 4 months.

Table 1. Initial oenological parameters of red wines after alcoholic (AF) and malolactic fermentation (MLF).

Alcoholic Fermented (AF)
Red Wine

Malolactic Fermented (MLF)
Red Wine

pH 3.80 ± 0.01 3.54 ± 0.01
Glucose-Fructose (g/L) 0.94 ± 0.02 0.29 ± 0.02

% Ethanol (v/v) 14.70 ± 0.04 14.35 ± 0.03
Total Acidity (g/L) a 4.34 ± 0.32 5.17 ± 0.14

Volatile Acidity (g/L) b 0.59 ± 0.03 0.45 ± 0.02
Free SO2 (ppm) c 19.2 ± 3.2 10.0 ± 3.2
Total SO2 (ppm) c 22.4 ± 3.2 16.0 ± 3.2

CI * (A.U.) 20.48 ± 0.36 13.07 ± 0.41
TPI ** (A.U.) d 67.3 ± 0.14 54.62 ± 0.52

TAC *** (mg/L) e 982.09 ± 8.05 532.21 ± 7.39
Values represent mean with standard deviation. * Color intensity. ** Total polyphenol index. *** Total anthocyanin
content. A.U.: absorbance units. a: expressed as tartaric acid. b: expressed as acetic acid. c: expressed as the
mean ± the deviation of the analytical method. d: expressed as tartaric acid. e: expressed as malvidin-3-glucoside.

2.2. PEF Processing

PEF treatments were applied in a continuous flow by means of a commercial generator
(Vitave, Prague, Czech Republic) able to deliver pulses of up to 20 kV. Square waveform
monopolar pulses were delivered in a parallel titanium electrode chamber with a 0.4 cm
gap (3.0 × 0.5 cm). Wines tempered at 20 ◦C in a heat exchanger placed prior to the
treatment chamber were pumped by a peristaltic pump (BVP, Ismatec, Wertheim, Germany)
at different flow rates into the chamber. After the treatments, wines were cooled down in
less than 5 s to under 20 ◦C in a second heat exchanger located after the treatment chamber.
The actual voltage during treatments was measured by a high voltage probe (Tektronik,
P6015A, Wilsonville, OR, USA) connected to an oscilloscope (Tektronik, TDS 220). Inlet
and outlet temperatures were measured by a type K thermocouple inserted in the circuit
(Ahlborn, Holzkirchen, Germany).

In preliminary studies, a matrix of different PEF parameters was tested with the aim of
identifying optimal conditions for microbial decontamination. Wines after AF (1.9 mS/cm)
and MLF (2.0 mS/cm) were pumped at 10 L/h, resulting in a residence time of 0.22 s in the
chamber. Pulses of 10 μs were delivered at electric field strengths of 15, 20, and 25 kV/cm,
and at a repetition rate ranging from 8.0 to 80 Hz, corresponding to effective treatment
times ranging from 20 to 175 μs. These treatments corresponded to total specific energies
of 35 to 120 kJ/kg, thereby implying an exit temperature in the range of 30 to 50 ◦C ± 2 ◦C.
For the storage study, the two PEF treatments selected for each red wine were applied at
15 kV/cm. Wine after AF was treated with total specific energies of 39 and 97.2 kJ/kg (exit
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temperatures of 30 and 45 ◦C, respectively), whereas for wine after MLF, energies were 77.8
and 116.7 kJ/kg (exit temperatures of 40 and 50 ◦C, respectively).

2.3. Sulfite Addition

Immediately after PEF treatments, wine samples were added with the corresponding
amount of SO2. A stock solution of 25 g/L of SO2 was prepared from potassium bisulfite
(Sigma, Burlington, MA, USA). PEF-treated and untreated wines were dosed with 0, 20,
and 30 ppm of SO2. The total free SO2 content at the starting point of the storage study was
the sum of the initial free SO2 content in wine after AF (19 ppm) and after MLF (10 ppm)
plus the corresponding doses of SO2 added in this step.

2.4. Microbial Analysis

Microbial survivors were measured by the corresponding plating of aliquots of wine
samples diluted in peptone water (Oxoid, Basingtok, Hampshire, UK) and plated onto
the appropriate agar medium. For yeast enumeration, Potato Dextroxe Agar (Oxoid) was
used, and plates were incubated at 25 ◦C for 48 h. Lactic acid bacteria (LAB) survivors were
enumerated in Mann Rogosa Sharpe (MRS) Agar (Oxoid) and the plates were incubated in
anaerobic conditions (<1% O2) at 30 ◦C for 24 to 72 h. After the plate incubation, the number
of counted colonies corresponds with the number of viable microorganisms expressed as a
colony form unit per milliliter (CFU/mL) or its decimal logarithm (Log10 CFU/mL). The
survival fraction was calculated by dividing the number of microorganisms that survived
the treatment (Nt) by the initial number of viable cells (N0).

2.5. Analysis of Oenological Parameters

The initial and final oenological parameters of all of the wine samples were measured.
The pH, glucose-fructose, % ethanol, and total and volatile acidity were analyzed by
FTIR spectroscopy using MIURA 200 and BACCHUS 3 MultiSpec models (TDI, Barcelona
Spain). Absorbance measurements were performed after centrifuging wine samples in an
Eppendorf AG centrifuge for 15 min at 3000 rpm (Eppendorf, Hamburg, Germany). All
spectrophotometric determinations were measured by spectrophotometer (DS-11, DeNovix,
Wilmington, DE, USA). The color index (CI) was determined as the sum of absorbance at
420, 520, and 620 nm. The total polyphenol index (TPI) was determined by measuring the
direct absorbance at 280 nm. Total anthocyanins (TAC) expressed in malvidin-3-glucoside
(mg/L) were calculated by determining the absorbance at 520 nm of samples diluted 1/10
(v/v) in 1% (v/v) of HCl, adapted from Maza et al., (2019) [22].

The determination of total and free sulfur dioxide (SO2) was performed by the Ripper
method, which is based on an oxidation-reduction titration using iodine as a reagent in an
acid medium in the presence of starch. Briefly, 1 mL of starch (1%) and 2 mL of sulfuric acid
1/3 w/v vinikit (PanReac, Barcelona, Spain) were added to 15 mL of wine. This solution
was titrated with an iodine solution (0.01 N) until a blue color appeared.

2.6. Sensory Evaluation of PEF Treatments in a Commercial Wine

To evaluate the impact of PEF on sensory properties, independent experiments were
performed in a finished red wine prior to being bottled. This red wine was treated by PEF
at two different intensities and compared with the same wine after sterilizing filtration in
the facilities of the winery. A total amount of 50 L of red wine (1.5 mS/cm) was processed
by PEF at a flow rate of 25 L/h. Pulses of 5 μs were applied at 107 and 190 Hz at 15 kV/cm
at the total specific energies of 77.8 of 155.6 kJ/kg that corresponded to exit temperatures
of 40 and 60 ± 2.0 ◦C, respectively. The cooling exchanger placed immediately after
the PEF chamber reduced the wine’s temperature to under 20 ◦C in less than 5 s before
bottling. After 1 month of storage, physicochemical and sensory analyses were performed.
Oenological parameters were measured as previously described (Section 2.5), and a sensory
evaluation was carried out by a complete sensory triangle discrimination test, performed
by 16 panelists from the Campo de Borja Appellation of Origin (nine men/six women ages
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26 to 58). Panelists were distributed in individual booths and were given no information
regarding the testing samples. Comparisons performed in the triangle test were between
the sterilized filtered wine and the PEF-treated wines, using a completely randomized
design. Samples were previously tempered to room temperature and 20 mL were served in
clear wine glasses (ISO NORM 3591) [23]. Panelists had to distinguish the one different
sample among the three samples presented in each batch, by taste and/or aroma.

2.7. Statistical Analysis

Samples were analyzed in three independent replicates and data are expressed as the
mean ± the standard deviation. When called for, one-way analysis of variance (ANOVA)
and Tukey tests using GraphPad Prism (Graph-Pad Software, San Diego, CA, USA) were
performed to evaluate the significance of differences among the mean values. Differences
were considered significant at p ≤ 0.05. The significant difference for the triangular test
was determined using statistical tables reported by Roessler et al., (1948) [24].

3. Results and Discussion

3.1. PEF-Resistance of Saccharomyces cerevisiae and Oenococcus oeni

Preliminary experiments were conducted to determine the resistance of S. cerevisiae
to PEF treatments of Grenache red wine after alcoholic fermentation, and of O. oeni after
malolactic fermentation. The ultimate objective of these experiments was to select PEF
processing conditions for subsequent study, aiming to evaluate the evolution of these
microbial populations in each wine during storage.

Survival curves corresponding to the inactivation of S. cerevisiae and O. oeni at different
electric fields (15, 20, and 25 kV/cm) are shown in Figure 1A,B, respectively. The numbers
next to the symbols indicate the outlet temperature of wine attained during PEF processing.
Due to the wine’s short residence time in the treatment chamber (0.22 s), no heat is ex-
changed with the surroundings. Consequently, all of the electrical energy delivered to the
treatment chamber to generate the electric field is transformed into heat, thereby increasing
the wine’s temperature. However, in the experimental approach used in this study, wine
was cooled below 20 ◦C within 5 s after the PEF treatment, independently of the outlet
temperature. As can be observed in the two graphs, the temperature increased with the
treatment time (number of pulses × pulse width).

Figure 1 shows that the inactivation kinetics of the two microorganisms is different.
In the case of S. cervisiae, the survival curve’s shape is concave upwards, whereas in the
case of O. oeni a linear behavior can be observed. The shape of the survival curves of
S. cerevisiae could be explained by the effect of temperature on the membrane’s stability
as a consequence of the phase transition of the phospholipids from gel to the liquid-
crystalline phase. A sudden change in inactivation kinetics can be observed when the
output temperature of the wine was over 40 ◦C. This change would indicate that above
40 ◦C the cytoplasmic membrane of S. cerevisiae is more vulnerable to the pore formation
caused by PEF [25]. The positive effect of treatment medium temperature on microbial
inactivation has been previously reported by several authors [10,26]. However, in the
case of O. oeni, no radical changes in the inactivation kinetics were observed in the same
range of outlet temperatures. This might indicate differences in the cytoplasmic membrane
composition of both microorganisms, which could vary in terms of the manner in which
the temperature affects the phase transition of the phospholipids.
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Figure 1. Survival curves in wine of S. cerevisiae (A) and O. oeini (B) after alcoholic (AF) and malolactic
(MLF) fermentation, respectively, at different electric field strengths. Numbers near the dots indicate
the outlet temperature achieved during treatments.

The inactivation of the two microorganisms increased with the electric field, whereby
shorter treatments at higher electric fields strengths were required to achieve a given level
of inactivation. For example, to inactivate 2.0 Log10 cycles of the population of S. cerevisiae,
the treatment time decreased from 140 to 52 μs when the electric field was increased
from 15 to 25 kV/cm. The same electric field increment reduced the treatment time from
180 to 40 μs to achieve a similar inactivation in O. oeni. In the case of S. cerevisiae, the
outlet temperature for both treatments applied at different electric field strengths was the
same (45 ◦C), thereby indicating that the total specific energy of the treatments applied at
different electric fields was equivalent (97 kJ/kg). Huang et al. (2014) and Puértolas et al.

50



Foods 2023, 12, 278

(2009) [18,27] also reported that the electric field did not modify PEF lethality on different
Saccharomyces strains suspended in must or wine when treatments of the same specific
energy were applied. However, in the case of O. oeni, the total specific energy required for
achieving an equivalent lethality was lower when the electric field strength was increased.
For example, in order to obtain 2.0 Log10 cycles, the total specific energy decreased from
117 to 49 kJ/kg when the electric field was increased from 15 to 25 kV/cm. Consequently,
whereas the outlet temperature of the treatment applied at 15 kV/cm was around 50 ◦C,
the outlet temperature of the treatment applied at 25 kV/cm lay in the range of 30.4 to
34.8 ◦C. The total specific energy of a PEF treatment depends on the applied voltage, total
treatment time, and the electrical resistance of the treatment chamber. Since total specific
energy is an integrate parameter that involves electric field strength and treatment time,
it has been proposed as a single parameter to define the intensity of a PEF treatment [28].
This approach could be considered in the case of the strain of S. cerevisiae used in this study,
upon which equivalent total specific energy delivered at different electric field strengths
had the same lethal effect. However, in most microorganisms observed in the O. oeni strain,
treatments of the same specific energy are more effective in terms of microbial inactivation
when the applied electric field strength is higher [29]. Therefore, in this case, to define the
intensity of a given PEF treatment, it is necessary to report both the electric field strength
and total delivered specific energy.

It has generally been reported that yeasts are more sensitive to PEF than bacteria [30–32].
The high PEF sensitivity of yeast has been associated with the fact that larger cells require
a lower critical electric field to achieve the transmembrane potential threshold for the
manifestation of electroporation. However, other intrinsic microbial factors in addition
to cell size seem to play a role in microbial resistance to PEF. Whereas at 15 kV/cm the
resistance of the two microorganisms to PEF treatments of different duration was similar,
at higher electric field strength O. oeni was slightly more sensitive than S. cerevisiae. For
example, a treatment of 20 kV/cm for 70 μs that corresponded with an exit temperature of
40 ◦C inactivated around 1.5 Log10 cycles of S. cerevisiae, and around 2.5 Log10 of O. oeni.
The higher resistance of S. cerevisiae to PEF might be explained by the fact that, in contrast
to other studies in which the wine was contaminated with yeast previously grown in
laboratory media, our investigation was conducted with the cells that had performed the
alcoholic fermentation. The presence of ethanol during the growth of those cells could
provoke changes in the composition or structure of their cytoplasmic membrane [33,34],
which, in turn, could lead to a cross-protection against the electroporation brought about
by PEF.

It is difficult to compare the PEF resistance of the strains used in this investigation with
reported data in view of the widely varying protocols employed for PEF application, the
differences among the investigated strains, their physiological state, and the variabilities
in the composition of wines. The PEF resistance of yeast and lactic acid bacteria in wine
has been reported in previous studies. Treatments at an electric field above 17 kV/cm
and 90 kJ/kg were required to achieve between 2.0 and 3.0 Log10 cycles of the inactivation
of the Saccharomyces population [18,19]. After alcoholic fermentation, intense PEF treat-
ments (33 kV/cm; 158 kJ/kg; 105 μs) inactivated between 3.7 and 7.2 Log10 cycles of the
population of yeast cells involved in the fermentation process [35]. Meanwhile, lethality
reported for O. oeni ranged from 1.5 to 3.2 Log10 when PEF treatments of 17–23 kV/cm and
60–100 kJ/kg were applied [19,20].

3.2. Inactivation of Saccharomyces cerevisiae and Oenococcus oeni by Combining Moderate PEF
Treatments with SO2

Several authors have reported that when PEF treatments are applied to a microbial
population, a proportion of cells is sublethally injured, and this is more evident when
moderate conditions are applied [36]. The final recovery or death of that injured population
is directly dependent on either optimal or adverse recovery conditions [37,38]. Preventing
the reparation of sublethal injuries caused by PEF by adding preservatives is a strategy
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that can increase the lethality of moderate PEF treatments [39–42]. Figure 2 illustrates
the inactivation of S. cerevisiae (Figure 2A) and O. oeni (Figure 2B) in the respective wines
after fermentation by combining PEF treatments of different durations at 15 kV/cm with
the addition of 20 ppm of SO2 evaluated 24 h after processing. The lethal effects of the
individual treatments are also shown in order to identify if the effect of the combined
treatments was additive or synergic. Figure 2A,B show that the added SO2 scarcely affected
the viability of the untreated cells of S. cerevisiae and O. oeni. On the other hand, the
inactivation of PEF-treated cells of S. cerevisiae maintained for 24 h in wine without added
SO2 increased significantly. For example, the inactivation detected just after the 140 μs PEF
treatment increased from 2.0 to 4.0 Log10 cycles after 24 h. This effect could be explained
by the supposition that the presence of ethanol and the content of free sulfites in the wine
(14.7%; 19.2 ppm, see Table 1) prevented the recovery of a proportion of the yeast cells that
had been sublethally injured as a consequence of the PEF treatment. The addition of 20
ppm of SO2 barely increased lethality compared with wines treated solely with PEF; the
difference is not statistically significant (p > 0.05). The yeast cells that survived in PEF-
treated wine during 24 h were thus unaffected by the addition of 20 ppm of extra sulfites.

 

Figure 2. Comparison of the Log10 cycles of inactivation of S. cerevisiae (A) and O. oeini (B) after
alcoholic (AF) and malolactic (MLF) fermentation, respectively, treated at 15 kV/cm and plated
immediately after PEF treatment, or plated after 24 h of incubation with 0 or 20 ppm of SO2. PEF
treatments 62 μs, 39 kJ/kg, exit temperature: 30 ◦C; 134 μs, 78 kJ/kg, exit temperature: 40 ◦C; 140 μs;
97 kJ/kg, exit temperature: 45 ◦C; 168 μs, 116,7 kJ/kg; exit temperature: 50 ◦C; 173 μs, 116.7 kJ/kg;
exit temperature: 50 ◦C.

The incubation of PEF-treated O. oeni cells for 24 h in wine without added SO2 did not
significantly increase the lethality of the treatments applied over different time intervals.
This observation confirms results obtained by other authors who reported that sublethal
injury did not occur when Gram-positive bacteria, such as O. oeni, were treated by PEF in
media of low pH [43,44]. Regarding the combination of PEF with SO2, the most effective
combination was observed 24 h after mixing 20 ppm of SO2 with wine treated for 173 μs.
The PEF treatment thus sensitized a proportion of the surviving population to SO2, whereby
the lethality of the combined treatment was over 2.0 Log10 cycles more than the sum of
the single treatments. The main mechanism involved in the antimicrobial effect of SO2 on
yeast is related to the diffusion of SO2 into the cytoplasm and the subsequent disturbance
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of metabolic processes by the binding of SO2 to essential molecules (proteins, nucleic acids,
coenzymes, cofactors, vitamins, etc.). Although the activity of SO2 against bacteria is still
unclear, the electroporation phenomenon triggered by PEF could enhance the diffusion of
SO2 into the cytoplasm of O. oeni, thereby exerting an effect similar to the one described for
yeast [4].

3.3. Evolution of the Microbial Population in Wine Treated by PEF after Alcoholic and Malolactic
Fermentation during 4 Months of Storage

Based on preliminary results obtained on the resistance of S. cerevisiae and O. oeni to
PEF treatments of different intensities and their combination with SO2, treatment conditions
with the aim of evaluating the evolution of the microbial population in wines during
4 months of storage were chosen.

Treatments at 15 kV/cm of a shorter (62 μs) and longer (140 μs) duration that corre-
sponded to a total specific energy of 39 and 97.2 kJ/kg and an outlet temperature of 30 and
45 ◦C, respectively, were selected for wine obtained after alcoholic fermentation. Table 2
shows the evolution of yeast populations in wine treated by the two selected PEF treatments
after alcoholic fermentation without adding SO2 or with the addition of 20 ppm of SO2. For
comparative purposes, the evolution of the yeast populations in the untreated wines with
and without 20 ppm of added SO2 is also included. The initial number of viable yeast cells
in the untreated wines was 3 × 106 CFU/mL. This initial number was maintained during
the first month of storage, even in the untreated wine dosed with 20 ppm of sulfites. After
4 months of storage, the yeast cell population decreased by about 3.0 logarithmic units.
These results indicate that the addition of 20 ppm of SO2 did not compromise the viability
of yeast cells that fermented a wine which already had 19 ppm of free SO2 by the end of
fermentation. The reduction of the yeast cell population observed between 1 and 4 months
might be the loss of viability that occurs in a microbial population when it is maintained
under conditions in which multiplication does not occur. In the case of PEF-treated wines,
a similar reduction in yeast viability as in the control wine after 4 months was achieved just
after the application of the most intense PEF2 treatment (97.2 kJ/kg; 171 μs), or after 1 day
of incubation in the wine treated at lower intensity PEF1 (39 kJ/kg; 83 μs). After 4 months
of incubation, no viable yeasts were detected in the two wines, even when SO2 was not
added to them.

Table 2. Evolution of Log10 CFU/mL of S. cerevisiae cells during the storage time of red wine after
alcoholic fermentation (AF) treated by PEF and added with different SO2 concentrations (0 or 20 ppm).
PEF1 (15 kV/cm, 39 kJ/kg, exit temperature: 30 ◦C) and PEF2 (15 kV/cm, 97.2 kJ/kg, exit temperature
45 ◦C).

0 Days 1 Day 7 Days 15 Days 1 Month 4 Months

Control 6.46 ± 0.04 a 6.47 ± 0.03 a 6.21 ± 0.05 a 6.28 ± 0.21 a 5.93 ± 0.06 a 3.69 ± 0.04 a
Control 20
ppm SO2

6.40 ± 0.02 a 6.46 ± 0.04 a 6.20 ± 0.06 a 6.18 ± 0.12 a 5.97 ± 0.10 a 3.93 ± 0.15 b

PEF1 5.94 ± 0.04 b 3.39 ± 0.01 b 3.24 ± 0.10 b 3.24 ± 0.04 b 3.10 ± 0.01 b n.d. c
PEF1 20

ppm SO2
5.89 ± 0.01 b 3.12 ± 0.03 c 3.08 ± 0.02 c 3.25 ± 0.11 b 2.32 ± 0.76 bc n.d. c

PEF2 2.36 ± 0.04 c 2.35 ± 0.04 d 2.31 ± 0.01 d 2.34 ± 0.08 c 2.38 ± 0.04 bc n.d. c
PEF2 20

ppm SO2
2.79 ± 0.08 d 3.03 ± 0.11 c 2.96 ± 0.03 c 2.39 ± 0.03 c 2.19 ± 0.01 c n.d. c

Values represent mean with standard deviation. Different letters within the same column indicate significant
differences (p ≤ 0.05). n.d. = not detected. <1.5 Log10 CFU/mL = below the quantification limit (30 CFU/mL).

In the case of the wine that had undergone malolactic fermentation, as sublethal injury
was not detected in O. oeni cells after PEF treatment, the two longer treatments (132 and
173 μs) that correspond to a total specific energy of 77.8 and 116.7 kJ/kg, respectively
(outlet temperatures of 40 and 50 ◦C), were selected. Moreover, in order to obtain synergetic
effects, the low-intensity treatment (PEF3) was combined with the addition of 30 ppm of

53



Foods 2023, 12, 278

sulfites, and the high-intensity treatment (PEF4) was combined with the addition of 20 ppm
of sulfites.

As the presence of yeast in addition to O. oeni was detected in the wine obtained
after malolactic fermentation, the evolution of the two microorganisms under the different
assayed conditions is shown in Table 3. It shows that the initial concentration of O. oeni after
malolactic fermentation (≈105 CFU/mL) slowly decreased during storage in untreated
wines with no added SO2, as well as in those with 20 or 30 ppm of SO2 added; the
decrease was slightly higher in the latter ones. After 4 months of storage, the differences
in concentration of viable cells between the untreated wine without added SO2 and with
30 ppm added was lower than 1.0 Log10 cycle. On the other hand, as had been observed in
the case of the yeast after alcoholic fermentation, the population of O. oeni decreased more
rapidly in wines treated by PEF. After 4 months of storage, the concentration of viable cells
was around 2 × 103 and 6 × 102 CFU/mL in wines without added SO2 but treated with
low and high intensity PEF, respectively. However, in wines with 20 or 30 ppm of SO2,
the number of viable cells of O. oeni was lower than 1 × 102 CFU/mL, independently of
the intensity of the PEF treatment applied. It is remarkable that in both PEF-treated wines
combined with added SO2, a pronounced synergetic effect could be observed, obtaining a
reduction of 2.0–3.0 Log10 cycles of the initial O. oeni population within just 24 h.

Table 3. Evolution of the Log10 CFU/mL of O. oeni cells and yeast cells during the storage time of
wine after malolactic fermentation (MLF) treated by PEF and added with different SO2 concentrations
(0, 20 or 30 ppm). PEF3 (15 kV/cm, 77.8 kJ/kg, exit temperature: 40 ◦C) and PEF4 (15 kV/cm,
116.7 kJ/kg, exit temperature: 50 ◦C).

0 Days 1 Day 15 Days 1 Month 4 Month

O. oeni Yeast O. oeni Yeast O. oeni Yeast O. oeni Yeast O. oeni Yeast

Control 5.14 ± 0.08 a 5.97 ± 0.08 a 4.98 ± 0.01 a 5.94 ± 0.02 a 4.64 ± 0.08 a 3.43 ± 0.01 a 4.42 ± 0.04 a 2.79 ± 0.21 a 4.31 ± 0.08 a 1.51 ± 0.03 ab
Control 20
ppm SO2

5.13 ± 0.04 a 5.98 ±0.09 a 4.52 ± 0.06 b 4.55 ± 0.04 b 4.04 ± 0.05 a 3.10 ± 0.01 b 4.43 ± 0.02 a 1.99 ± 0.11 b 3.95 ± 0.19 ab 1.43 ± 0.07 a
Control 30
ppm SO2

5.10 ± 0.06 a 5.96 ± 0.08 a 4.08 ± 0.01 c 3.43 ± 0.04 c 2.98 ± 0.14 b 3.04 ± 0.27 b 2.80 ± 0.20 b 1.80 ± 0.01 b 3.62 ± 0.06 bc 1.75 ± 0.23 b
PEF3 4.50 ± 0.01 b 2.02 ± 0.03 b 4.43 ± 0.01 b 1.78 ± 0.11 d 4.39 ± 0.54 a 0.80 ± 0.14 c 4.48 ± 0.06 a n.d. c 3.37 ± 0.06 c n.d. c

PEF3 30
ppm SO2

4.49 ± 0.01 b 1.94 ± 0.13 b 2.90 ± 0.07 d <1.5 e 2.35 ± 0.49 bc n.d. d 1.54 ± 0.22 c n.d. c 1.73 ± 0.31 d n.d. c
PEF4 3.57 ± 0.04 c 1.89 ± 0.16 b 2.15 ± 0.18 e <1.5 e 2.55 ± 0.10 b n.d. d 3.61 ± 0.17 d n.d. c 2.82 ± 0.25 e n.d. c

PEF4 20
ppm SO2

3.55 ± 0.05 c 1.83 ± 0.06 b <1.5 f <1.5 e 1.73 ± 0.02 c n.d. d 1.59 ± 0.16 c n.d. c 1.90 ±0.23 d n.d. c

Values represent mean with standard deviation. Different letters within the same column indicate significant
differences (p ≤ 0.05). n.d. = not detected. <1.5 Log10 CFU/mL = below the quantification limit (30 CFU/mL).

Regarding the evolution of yeast, Table 3 shows that the concentration of yeast pop-
ulations in wine after malolactic fermentation was around 0.5 log cycles lower than in
wine after alcoholic fermentation (Table 2). This confirms that yeast viability after alcoholic
fermentation decreases along time. Untreated yeast populations in wine after malolactic
fermentation decreased along storage time: the number of viable yeasts after 4 month of
storage was less than 1 × 102 CFU/mL. As occurred in the case of wine after alcoholic
fermentation, the addition of 20 ppm of SO2 did not significantly affect the yeasts’ viability
along storage as compared to the wine without added SO2 that contained 10 ppm of free
SO2 at the moment of the trial. After 15 days of incubation, viable yeast cells were not
detected in the wines treated by PEF at the two assayed intensities, independently of
whether SO2 had been added or not.

These results thus evidence the capacity of PEF, even applied at quite moderate
intensities, as a potential alternative alone or in combination with sulfites, for microbial
control at different steps of the red wine production process. The inactivation of yeast by
means of PEF after alcoholic fermentation would allow for the achievement of a lower
free SO2 content, thereby facilitating the implementation of LAB for further malolactic
fermentation. González-Arenzana et al., (2018) [35] reported a shortening of the malolactic
fermentation time for wines pre-treated by PEF, attributing this reduction of fermentation
time to the decrease in competitive pressure for lactic acid bacteria. Furthermore, the
complete decontamination of yeasts after alcoholic fermentation would be of special interest
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for sweet or semi-sweet wines with residual sugars, in order to prevent re-fermentation [45].
On the other hand, in addition to preventing re-fermentation by yeast, PEF alone, or in
combination with SO2 after malolactic fermentation, could contribute to the prevention
spoilage caused by lactic acid bacteria during storage in bottles, which generally leads to
phenomena such as a slimy appearance, undesirable off-flavors, and/or the production of
biogenic amines [3].

3.4. Effect of PEF Treatments on the Oenological Parameters of Wine after 4 Months of Storage

Any new technique that might be potentially introduced in wineries should guar-
antee zero drawbacks in terms of physicochemical parameters of wine. Furthermore, as
a potential alternative to SO2, which acts as an antioxidant, PEF technology should not
trigger oxidative reactions that compromise wine quality. Thus, once the effectivity of PEF
treatments for controlling different microbial populations along the winemaking process
had been observed, the effect of PEF on the oenological parameters of wines was evaluated.
After 4 months of storage, the oenological parameters of the untreated and PEF-treated
wines, with and without the addition of SO2 after alcoholic and malolactic fermentation,
are shown in Tables 4 and 5, respectively.

Table 4. Oenological parameters after 4 months of storage of red wine after alcoholic fermentation
(AF) treated by PEF and added with different SO2 concentrations (0 or 20 ppm). PEF1 (15 kV/cm, 39
kJ/kg, exit temperature: 30 ◦C) and PEF2 (15 kV/cm, 97.2 kJ/kg, exit temperature 45 ◦C).

Control PEF1 PEF2

SO2 SO2 SO2 SO2 SO2 SO2

0 ppm 20 ppm 0 ppm 20 ppm 0 ppm 20 ppm

pH 3.81 ± 0.02 3.80 ± 0.01 3.80 ± 0.00 3.82 ± 0.02 3.77 ± 0.02 3.80 ± 0.01
Glucose-Fructose

(g/L) 0.92 ± 0.01 0.96 ± 0.02 1.33 ± 0.03 1.41 ± 0.03 1.31 ± 0.02 1.35 ± 0.02

% Ethanol (v/v) 14.74 ±0.15 14.71 ± 0.04 14.69 ± 0.07 14.70 ± 0.03 14.72 ± 0.03 14.70 ± 0.02
Total Acidity (g/L) a 4.00 ± 0.22 4.40 ± 0.19 4.55 ± 0.10 4.40 ± 0.17 4.48 ± 0.22 4.48 ± 0.08

Volatile Acidity (g/L) b 0.61 ± 0.03 0.56 ± 0.03 0.63 ± 0.01 0.57 ± 0.03 0.58 ± 0.06 0.56 ± 0.02
Free SO2 (ppm) c 9.6 ± 3.2 12.8 ± 3.2 9.6 ± 3.2 12.8 ± 3.2 9.6 ± 3.2 12.8 ± 3.2
Total SO2 (ppm) c 22.4 ± 3.2 a 32 ± 3.2 b 22.4 ± 3.2 a 32 ± 3.2 b 22.4 ± 3.2 a 32 ± 3.2 b

CI * (A.U.) 16.17 ± 0.23 16.45 ± 1.18 17.77 ± 0.62 16.59 ± 0.49 17.33 ± 0.00 18.22 ± 1.00
TPI ** (A.U.) d 60.75 ± 1.48 61.10 ± 0.42 61.10 ± 0.85 60.65 ± 0.49 60.05 ± 0.07 60.60 ± 0.14

TAC *** (mg/L) e 645.25 ± 11.27 a 691.81 ± 9.18 b 633.87 ± 1.61 a 683.28 ± 11.36 b 636.14 ± 1.61 a 691.80 ± 10.68 b

Values represent mean with standard deviation. Different letters within the same row indicate significant
differences (p ≤ 0.05). * Color intensity. ** Total polyphenol index. *** Total anthocyanin content. A.U.: absorbance
units. a: expressed as tartaric acid. b: expressed as acetic acid. c: expressed as the mean ± the deviation of the
analytical method. d: expressed as tartaric acid. e: expressed as malvidin-3-glucoside.

Table 5. Oenological parameters after 4 months of storage of red wine after malolactic fermentation
(MLF) treated by PEF and added with different SO2 concentrations (0, 20 or 30 ppm). PEF3 (15 kV/cm,
77.8 kJ/kg, exit temperature: 40 ◦C) and PEF4 (15 kV/cm, 116.7 kJ/kg, exit temperature: 50 ◦C).

Control PEF3 PEF4

SO2 SO2 SO2 SO2 SO2 SO2 SO2

0 ppm 20 ppm 30 ppm 0 ppm 30 ppm 0 ppm 20 ppm

pH 3.54 ± 0.01 3.54 ± 0.01 3.54 ± 0.01 3.53 ± 0.00 3.52 ± 0.01 3.51 ± 0.01 3.52 ± 0.01
Glucose-Fructose (g/L) 0.27 ± 0.02 0.29 ± 0.02 0.30 ± 0.02 0.27 ± 0.03 0.30 ± 0.02 0.27 ± 0.02 0.29 ± 0.02

% Ethanol (v/v) 14.39 ± 0.05 14.35 ± 0.03 14.33 ± 0.04 14.37 ± 0.01 14.30 ± 0.04 14.32 ± 0.02 14.29 ± 0.04
Total Acidity (g/L) a 5.37 ± 0.14 5.15 ± 0.12 5.07 ± 0.14 5.22 ± 0.09 5.07 ± 0.07 5.15 ± 0.05 5.15 ± 0.00

Volatile Acidity (g/L) b 0.53 ± 0.02 0.44 ± 0.02 0.42 ± 0.04 0.48 ± 0.04 0.42 ± 0.02 0.48 ± 0.05 0.42 ± 0.02
Free SO2 (ppm) c 6.4 ± 3.2 12.8 ± 3.2 12.8 ± 3.2 9.6 ± 3.2 12.8 ± 3.2 6.4 ± 3.2 12.8 ± 3.2
Total SO2 (ppm) c 16 ± 3.2 a 22.4 ± 3.2 ab 25.6 ± 3.2 b 19.2 ± 3.2 ab 25.6 ± 3.2 b 16 ± 3.2 a 22.4 ± 3.2 ab

CI * (A.U.) 12.80 ± 0.12 12.16 ± 0.03 12.35 ± 0.18 13.51 ± 1.19 13.24 ± 0.28 13.40 ± 0.47 13.87 ± 0.22
TPI ** (A.U.) d 50.07 ± 2.11 50.25 ± 1.07 49.92 ± 0.80 50.89 ± 3.84 50.00 ± 0.40 49.63 ± 1.43 49.08 ± 0.03

TAC *** (mg/L) e 327.69 ± 10.41 345.12 ± 19.97 345.46 ± 11.41 309.72 ± 11.88 306.33 ± 22.89 314.95 ± 7.76 323.52 ± 8.16

Values represent mean with standard deviation. Different letters within the same row indicate significant
differences (p ≤ 0.05). * Color intensity. ** Total polyphenol index. *** Total anthocyanin Content. A.U.:
absorbance units. a: expressed as tartaric acid. b: expressed as acetic acid. c: expressed as the mean ± the
deviation of the analytical method. d: expressed as tartaric acid. e: expressed as malvidin-3-glucoside.
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The results in Tables 4 and 5 show no significant differences between the PEF-treated
wines and the untreated wines from a practical point of view in terms of pH, glucose-
fructose, % ethanol, and total and volatile acidity. Neither did PEF treatments significantly
affect indexes related to polyphenol content, such as color index, total polyphenol index,
and total anthocyanin content. These results support previous studies which reported that
PEF treatments applied at moderate intensities did not impair wine properties [20,46].

3.5. Evaluation of the Effect of PEF Versus the Sterilizing Filtration Method on the Oenological and
Sensory Properties of a Commercial Red Wine

Red wine is a valuable product in which, in addition to physicochemical properties, it
is especially vital to maintain sensory characteristics. Color, flavor, and aroma character-
istics are essential in wine quality. In order to prevent undesirable effects on the sensory
properties of wine, thermal treatments have traditionally been avoided in the wine industry
for microbial decontamination in comparison with other food industries. Consequently, be-
fore bottling, wine frequently undergoes a sterilizing filtration treatment to avoid microbial
spoilage during its subsequent shelf life.

As pointed out above, when a liquid food is processed by PEF in a continuous flow, a
temperature increment in the food occurs because all of the electrical energy required to
generate the electric field is transformed into heat. In order to ascertain whether that tem-
perature increment affected the oenological and sensory properties of wine, we compared a
commercial wine ready for bottling after sterilizing filtration with the same wine treated by
PEF at two different intensities that corresponded to outlet temperatures of 40 and 60 ◦C.
The oenological parameters of wines either untreated, PEF-treated, or sterilized by filtration
after 1 month of storage are presented in Table 6. In comparison to the untreated wine,
PEF treatments did not affect oenological parameters, even in the case of the more intense
treatment applied (155.6 kJ/kg; 60 ◦C). In contrast, the only difference found in Table 6
corresponds with the color index (CI) of the wine treated by means of sterilizing filtration,
which was significantly lower (p ≤ 0.05). This finding confirms that microbial sterilization
by means of a filtration process is a harsh procedure that affects wine color [47,48].

Table 6. Oenological parameters after 1 month of storage of untreated, PEF-treated, or sterilizing
filtrated red wine. PEF treatments: PEFA (15 kV/cm, 195 μs, 84.5 kJ/kg exit temperature: 40 ◦C) or
PEFB (15 kV/cm, 310 μs, 155.6 kJ/kg, exit temperature: 60 ◦C).

Untreated
PEFA

84.5 kJ/kg; 40 ◦C
PEFB

155.6 kJ/kg; 60 ◦C
Sterilizing
Filtration

pH 3.54 ± 0.05 3.53 ± 0.02 3.53 ± 0.04 3.53 ± 0.02
% Ethanol (v/v) 13.73 ± 0.12 13.75 ± 0.20 13.76 ± 0.14 13.70 ± 0.12

Total Acidity (g/L) a 4.85 ± 0.19 4.70 ± 0.22 4.70 ± 0.18 4.80 ± 0.22
Volatile Acidity

(g/L) b 0.49 ± 0.02 0.49 ± 0.01 0.49 ± 0.01 0.49 ± 0.02

Malic Acid (g/L) 0.07 ± 0.01 0.08 ± 0.01 0.08 ± 0.02 0.07 ± 0.03
Free SO2 (ppm) c 32.0 ± 3.2 32.0 ± 4.2 35.2 ± 5.3 36.0 ± 3.2
Total SO2 (ppm) c 80.0 ± 7.2 80.0 ± 3.2 80.0 ± 5.24 80.0 ± 3.1

CI * (A.U.) 11.6 ± 1.4 a 11.3 ± 0.2 a 12.9 ± 0.8 a 8.0 ± 1.2 b
TPI ** (A.U.) d 59.3 ± 1.4 59.8 ± 1.2 60.2 ± 1.0 57.9 ± 1.2

TAC *** (mg/L) e 291.4 ± 5.1 282.3 ± 10.1 282.9 ± 12.4 284.8 ± 14.1
Values represent mean with standard deviation. Different letters within the same row indicate significant
differences (p ≤ 0.05). * Color Intensity. ** Total Polyphenol Index. *** Total Anthocyanin Content. A.U.:
absorbance units. a: expressed as tartaric acid. b: expressed as acetic acid. c: expressed as the mean ± the
deviation of the analytical method. d: expressed as tartaric acid. e: expressed as malvidin-3-glucoside.

Regarding the effect of PEF on sensory properties of wine, Table 7 shows the results
of the triangle test comparing the aroma and taste of wines sterilized by filtration and
treated by PEF at two intensities. Results shown in Table 7 indicate that panelists were
not able to detect differences in aroma and taste between wine after sterilizing filtration
and the PEF-treated wines, even those treated at the highest intensity. More than 56%

56



Foods 2023, 12, 278

of correct responses are required for differences to be considered statistically significant
(p < 0.05) [24].

Table 7. Percentage of correct responses in a triangle test comparing untreated, PEF-treated, and
sterilizing filtrated red wine after 1 month of storage. PEF treatments: PEFA (15 kV/cm, 195 μs,
84.5 kJ/kg exit temperature: 40 ◦C) or PEFB (15 kV/cm, 310 μs, 155.6 kJ/kg, exit temperature: 60 ◦C).

Triangle Test
(Percentage of Correct Responses)

PEFA/PEFB 50.0%
PEFA/Sterilizing Filtration 22.2%
PEFB/PEFB 33.3%
PEFB/Sterilizing Filtration 38.9%
Sterilizing Filtration/PEFA 50.0%
Sterilizing Filtration/PEFB 44.4%

Therefore, results obtained in the sensory study demonstrated that the rapid, brief
temperature increment that occurred in a red wine as a consequence of the application of a
PEF treatment did not negatively impair its oenological and sensory properties, even when
the wine’s outlet temperature was 60 ◦C. This result is particularly relevant and underscores
PEF’s potential for implementation as a microbial control method in the wine industry.

4. Conclusions

This study reinforces the growing evidence that PEF is a technology that can be
potentially successful in helping to reduce the number of sulfites used in wineries, not
only due to its effectivity in inactivating different microorganisms, but also due to its zero
detrimental effect on wine quality.
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Abstract: The current trend in food consumption is toward convenience, i.e., fast food. The present
work aims to study the potential of incorporating freeze-dried cooked chickpeas into a complex and
traditional dish in Spanish gastronomy, such as Cocido, which has this legume as the main ingredient.
Cocido is a two-course meal: a thin-noodle soup and a mix of chickpeas, several vegetables, and
meat portions. The textural properties, sensory qualities, and rehydration kinetics of chickpeas of
three Spanish varieties were investigated to select the most suitable cooking conditions to obtain
freeze-dried chickpeas of easy rehydration whilst maintaining an adequate sensory quality for the
preparation of the traditional dish. The sensory quality of various vegetables and meat portions,
cooked under different conditions, was evaluated after freeze-drying and rehydration. It was possible
to reproduce the sensory quality of the traditional dish after rehydration with water, heating to boiling
in a microwave oven for 5 min, and resting for 10 min. Therefore, it is possible to commercialize
complex dishes based on pulses and other cooked and freeze-dried ingredients as reconstituted meals
with a wide nutrient profile. Nevertheless, additional research is required on the shelf life, together
with other economic and marketing issues such as design of a proper packaging, that would allow
consumption as a two-course meal.

Keywords: chickpea; freeze-drying; rehydration; instant meal; Cocido; easy-to-prepare; reconstituted
meal

1. Introduction

Today, consumer lifestyles require foods that can be prepared quickly. More than ever,
healthy, nutritional, and appetizing “instant/reconstituted meals”, meaning convenience
meals, are sought out by consumers. Instant or reconstituted meals (“easy-to-prepare”) are
characterized by minimal processing before eating. Mostly, these products are constituted
by a dehydrated base (soup, vegetables, pasta, etc.) and consumed in the container itself
after rehydration with boiling water [1].

In the current market, reconstituted meals based on instant noodles are widespread.
For decades, dried noodles and instant fried noodles have been the most consumed prod-
ucts due to their ease of preservation and cooking [2]. Nevertheless, the offer of a recon-
stituted meal based on a complex dish is almost non-existent. Research is being carried
out to increase both the quality and the variety of such products [2–4]. Chen et al. [5] ob-
served that the consumption of dry solid ingredients in instant soups in the modern era is
increasing rapidly. Therefore, the authors reviewed the recent changes in the quality of the
solid ingredients of instant soups. Pieniazek and Messina [6] analyzed the microstructure
and texture of legumes and other vegetables for instant meals using scanning electron
microscopy combined with an image processing technique. Anecdotally, even America’s
space agency, NASA (National Aeronautics and Space Administration) is interested in the
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preservation of vitamins, a low weight/volume ratio in packaging, and the retention of the
sensory quality of the instant/reconstituted meals [7].

In this line of work, freeze-drying is one of the ideal drying methods for the preserva-
tion of foods that are susceptible to alterations due to heat and/or oxidation. Freeze-dried
products have low moisture content and usually a porous structure and can be reconstituted
with a high rehydration speed [8,9]. The freeze-drying method allows food to preserve
its original color, flavor, aroma, and appearance to the maximum degree possible while
protecting its composition [10]. Nutritional value is not altered since protein denaturation
and vitamin loss do not occur [11].

Chickpeas are the most consumed leguminous crop in many countries around the
world, including Spain. They are characterized by having a low amount of lipids and a
significant amount of all the essential amino acids, except sulfur-containing ones, followed
by tryptophan and threonine [12,13].

Nevertheless, from a culinary point of view, they are usually combined with other
ingredients due to their mild flavor [14].

The chickpea is a legume that can be used together with other vegetables and different
types of meat to fulfill the nutrients of a balanced diet [15]. An example of such a combina-
tion is a traditional Spanish dish known as Cocido, of which there are different varieties,
such as Cocido Madrileño, Cocido Extremeño, Cocido Andaluz, Cocido Maragato, etc. All these
dishes have chickpeas in common as the main ingredient. This pulse is cooked together
with different types of vegetables and meat (beef, chicken, and pork). Cocido Madrileño is
usually eaten in two or three courses: once the chickpeas, meat portions, and vegetables
are cooked, the broth is separated and used to make a soup with thin noodles, which is
served as the first course. The remaining ingredients are then made into the second course.
Often, the chickpeas and vegetables are eaten first, followed by meat pieces [16,17].

This work studied the effect of cooking conditions on the rehydration kinetics of
different varieties of cooked and freeze-dried chickpeas. In addition, the effect of cooking
on the textural attributes and sensory characteristics of rehydrated chickpeas was studied.
Conversely, the sensory attributes of different vegetables and portions of meat of different
species, freeze-dried after cooking and subsequent rehydration, were analyzed. The final
objective of this work was to determine the potential use of chickpeas, vegetables and
meat portions, freeze-dried after cooking, for the assembly of a complex dish such as
Cocido Madrileño for its consumption as an easy-to-prepare dish, which only requires rehydra-
tion and heating for its consumption. The aim is to offer an alternative to bring traditional
gastronomy closer to the preparation of easy-to-prepare food.

2. Materials and Methods

2.1. Ingredients (Raw Products)

Regarding chickpea (Cicer arietinum L.), the three most known varieties in Spain were
considered: Pedrosillano (PD, ecotype guarantee mark from Pedrosillo el Ralo, in the region of
La Armuña, Salamanca, Spain), Castellano (CA, La Moraña, Ávila, Spain), and Blanco Lechoso
(BL, Marchena, Sevilla, Spain). In agreement with the literature, PD showed a caliber range
of 320–360 beans/100 g, whereas CA and BL showed 190–210 beans/100 g [18–21].

The procedure followed in this study is summarized in Figure 1. According to tra-
ditional Cocido recipes [16,17], the following ingredients, together with chickpeas, were
used (Figure 2): beef shank and flank, chicken leg-quarters, cow leg-bone, pork belly,
pig dry-cured ham bone, chorizo (spicy pork sausage), morcilla (pork blood sausage),
turnip (Brassica napus), potato (Solanum tuberosum), carrot (Daucus carota sativus), leek
(Allium ampeloprasum var. porrum), and cabbage (Brassica oleracea). Meat products were ob-
tained from a local butcher shop and vegetables from a local greengrocer (Madrid, Spain).
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Pedrosillano  (PD) Blanco lechoso  (BL) Castellano  (CA)

Chickpea (Cicer arietinum L.) variety

(soaked for 12 h, 2% NaCl solution)

Open Cooker, 80 °C Open Cooker, 100 °C Pressure Cooker (202.7 KPa)

Thermostatic water bath. 30 
chickpeas in mesh bag

30 chickpeas in mesh bag
120 °C (according to the 

manufacturer). 30 chickpeas in mesh 
bag

After reaching 80 ± 5 °C: 30, 60, 90, 
120, 150, 180, 210, 240, 270, 330, 360 

After reaching the boiling point: 30, 
60, 90, 120, 150, 180, 210, 240

After the steam formation begins: 15, 
20, 30, 60

Cooking
2 g/L NaCl solution

Thermal treatment parameters

Cooking times (min)

Cooling (water-ice bath, 5 min)

Texture Profile Analysis (TPA)
Sensory Analysis (Texture, flavour, and 

aroma)

Selection of the most appropriate thermal treatment conditions

Processed according to established conditions

Freeze-drying

Rehydration kinetics (Rehydration in water with/without NaCl and room temperature/heated)

Sensory Analysis
(Texture, flavour, and aroma)

Selection of optimal working conditions

Obtaining freeze-dried chickpeas (according to established conditions)

Dish assembly

Figure 1. Process followed for the selection of the preparation conditions of different Spanish varieties
of chickpeas (Cicer arietinum).
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Figure 2. Process followed for the selection of the preparation conditions of different ingredients
(meat and vegetables) of the dish. OC = open cooker; PC = pressure cooker.

2.2. Cooking Conditions
2.2.1. Chickpea Processing

The chickpeas were soaked in a 2% NaCl aqueous solution for 12 h and rinsed
with fresh water before the thermal treatment. Afterward, mesh bags with 30 chickpeas
were prepared to be extracted from the cooker at each evaluated temperature and time:
Open cooker (OC, atmospheric pressure): temperature of 80 ◦C with times of 30 (OC-30),
60 (OC-60), 90 (OC-90), 120 (OC-120), 150 (OC-150), 180 (OC-180), 210 (OC-210), and
240 (OC-240) min; and temperature of 100 ◦C with the same times. Pressure cooker
(PC, 202.7 KPa, 120 ◦C, according to manufacturer) with times of 15 (PC-15), 20 (PC-20),
30 (PC-30) and 60 (PC-60) min. In all cases, after cooking, the mesh bags were submerged
for 5 min in an ice-water solution to stop the cooking process. Each group was split into
three portions: two were prepared for textural and sensorial analyses, and the third was
frozen and freeze-dried (see below).

2.2.2. Processing of Meat and Vegetables as well as Broth Preparation

Both OC and PC processed/cooked, with 1 L of distilled water with 2 g NaCl,
about 200 g beef shank, 120 g chicken leg-quarters, 90 g beef flank, 70 g cow leg-bone,
60 g pork belly, 30 g pig dry-cured ham portion with bone, 90 g turnip (Brassica napus),
100 g potato (Solanum tuberosum), 70 g carrot (Daucus carota sativus) and 70 g leek
(Allium ampeloprasum var. porrum). After the designated cooking times, the ingredients
were quickly extracted, separated, and cooled to room temperature (20–22 ◦C) and then
packed in plastic bags to be frozen for freeze-drying. The broth was cooled to 4 ◦C and
filtered (1 mm mesh) to separate the solidified fat. The defatted broth was also packed in
plastic bags and frozen for subsequent freeze-drying (Figure 2).
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In addition, cabbage (Brassica oleracea) was cooked alone (400 g/L of distilled water
with 2 g of NaCl, for 60, 90, and 180 min). Spicy pork sausage (Chorizo) and pork blood
sausage (Morcilla) were cooked together but separately from the other ingredients (80 g of
each meat product/L distilled water, no NaCl, for 15, 30, and 60 min) (Figure 2). After the
cooking times, these products were extracted, and they were cooled and frozen using the
same method as indicated above. In these cases, the cooking water was discarded. Ten rep-
etitions were carried out for each cooking condition, processing the amounts corresponding
to 4 L of distilled water in each of them.

2.3. Texture Profile Analysis of Chickpeas

Texture profile analysis (TPA) was carried out using a TA.XT2i SMS Stable Micro
Systems Texture Analyzer (Stable Microsystems Ltd., Surrey, England) with the Texture
Expert program. Textural tests were carried out at 20–22 ◦C. A double compression cycle
test was performed up to 50% compression of the original portion height with an aluminum
cylinder probe of 2 cm diameter (5 s were allowed to elapse between two compression
cycles). Force–time deformation curves were obtained with a 50-kg load cell applied
at a crosshead speed of 2 mm/s. Hardness (the maximum force required to compress
the sample, N), springiness (the ability of the sample to recover its original form after
deforming force was removed, m), adhesiveness (the area under the abscissa after the first
compression, N×s) and cohesiveness (the extent to which the sample could be deformed
before rupture) were quantified according to Segura et al. [22].

2.4. Freeze-Drying and Rehydration Studies

Frozen samples (chickpeas, broth, and the other vegetable and meat ingredients)
at −80 ◦C were freeze-dried under vacuum in a Lyoquest Lyophilizer (Telstar, Terrasa,
Spain) with a chamber pressure of 0.03 bar, −70 ◦C condenser temperature, and 20 ◦C shelf
temperature. During sublimation drying, the temperature was kept below eutectic. In the
desorption drying, the temperature was kept below 24 ◦C.

Freeze-dried samples were placed inside a glass container and vacuum-packed (20 kPa)
in plastic bags (10 cm2; laminated film: polyamide and polyethylene; thickness of 90 μm;
low gas permeability: O2 and CO2 transmission rates of 35 cm3/24 h m2 bar) to avoid any
damage to the structure of the solid ingredients, and stored at −20 ◦C.

Chickpeas were rehydrated by soaking in two different media: distilled water and
2% (w/v) NaCl solution. In both cases, the studies were carried out at room (20–22 ◦C)
and close to boiling (90–100 ◦C) temperatures. The chickpea rehydration kinetics were
developed by weighing them every 2 min for 25 min (the time at which no statistically
significant differences (p > 0.05) were detected between consecutive measurements). At
specific times, 10 chickpeas were extracted and blotted free of excess surface moisture by
being placed separately on a stainless-steel mesh (1 mm hole diameter) with a Reshma
paper filter at room temperature for 3 min and then weighed. For rehydration of the
broth, the substrate obtained after freeze-drying was reduced to a powder using a mortar.
This operation was performed immediately before rehydration using distilled hot water
(90–100 ◦C). The ratio of powder to water was 2.5% (w/v). Rehydration of the other cooked
ingredients was performed with 2% (w/v) NaCl water solution (90–100 ◦C) or in the hot
rehydrated broth.

2.5. Sensory Evaluation

Eight semi-trained panelists (four females and four males) with knowledge of the
product were asked to carry out a rank order test [23,24] in a taste panel area equipped with
individual booths according to the methodology guidelines for sensory analysis from the
International Standards Organization 6658:2017 [25]. Panelists analyzed the chickpeas, the
vegetables, and the meat ingredients separately, as well as the broth, after different cooking
and rehydration procedures. The samples were maintained in a water bath at 35 ± 5 ◦C for
no more than 1 h. For the sensory evaluation of these products, the panelists were instructed
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to rank samples by their liking/satisfaction level considering the texture, the taste/flavor,
and the aroma, by taking as reference the expected characteristics in a whole Cocido dish or
each of its ingredients individually. Each sample was given a different score; the sample
with the least appropriate sensory characteristics was allocated a score of 1, and the sample
with the most satisfactory sensory characteristics and close to the Cocido dish was assigned
the highest score, which coincided with the number of samples tasted. To obtain the final
score of each sample, the sum of ranks was calculated corresponding to the sum of scores
of the sample sensory characteristics. This was estimated by calculating the sum of the
products of the values given to each sample by the number of times each sample was
allocated to a specific score: (1 × n1) + (2 × n2) + (3 × n3) + . . . + (g × ng), where n1 = the
frequency that the sample receives score 1 (worst sensory characteristics), n2 = frequency of
score 2, etc., and ng = frequency of the highest score (g, best sensory characteristics).

Together with the ranking, panelists were asked to indicate the causes of each score and
were offered the possibility to point out possible weaknesses or defects in a
“descriptive” section.

The complete culinary preparation was tasted after rehydration using a descriptive
test of each sensory attribute (flavor, aroma, texture) of the Cocido Madrileño dishes (soup,
chickpeas, vegetables, and meats).

2.6. Statistical Analysis

The statistical analysis was carried out using Statgraphics Plus version 5.1. Data were
brought forward as the mean ± the standard deviation (SD) of each treatment. After
determining the goodness of fit of the data to a normal distribution (95% confidence)
using the Shapiro–Wilks test, Duncan’s test for multiple mean comparisons was applied to
ascertain differences among means. Multifactor ANOVA was conducted to determine the
significant effects produced by chickpea variety, cooking time and temperature associated
with the culinary treatment (OC and PC), and their combinations, on the textural parameters
of chickpeas. Analyses were carried out in triplicate. The significance level (p < 0.05) of
data obtained in the rank order test was determined by Friedman’s rank addition using the
tables for multiple comparison procedures for the analysis of ranked data [26].

3. Results and Discussion

3.1. Texture Profile and Sensory Analyses of Cooked Chickpeas

The statistical analysis of hardness, adhesiveness, springiness, and cohesiveness of
chickpeas, depending on the cooking temperature, time, and chickpea variety, together
with the cooking procedure (OC and PC), is shown in Table 1. The multifactor ANOVA
results indicated significant interactions (p < 0.05) between the effect of cooking conditions
(temperature and time) and chickpea variety on hardness, adhesiveness, and springiness.
It should be noted that, as customary, before cooking, a 12 h soaking in a NaCl solution was
carried out. According to Fabbri et al. [27] and Wood [28], soaking with salt, discarding the
water, rinsing, and boiling was the best procedure to remove anti-nutrients and increase
iron absorption, reduce cooking time and gastric issues, and improve the protein quality,
texture, and appearance of pulses.

For OC-30 at 80 ◦C, CA chickpeas showed the highest hardness value, followed by BL
and PD. Still considering cooking at 80 ◦C, the highest decrease with time in harness values
was detected for BL (89.5%), followed by CA (81.5%) and PD (65.9%). Consequently, at
OC-240 at 80 ◦C, BL showed a lower value of hardness than CA and PD, but no difference
was observed between CA and PD (3.64 N and 11.2 N, respectively). When cooking at
100 ◦C, no statistical differences in hardness values, which were lower than 1 N, were
observed after 120 min (0.22 N; p > 0.05). When using PC, no statistical differences were
detected in hardness (0.18 N; p > 0.05) among the chickpea varieties. Nevertheless, cooking
time showed a statistical tendency to lower hardness values when the cooking time was
longer (p = 0.095; 0.19 N vs. 0.17 N; 10.7% difference).
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Chickpea seeds are usually cooked above the gelatinization temperature to soften
the grain and improve the nutritional quality and aroma development, resulting in the
improvement of overall palatability [29,30]. The hydrothermal cooking process of chickpeas
involves water absorption through the seed coat, until reaching an equilibrium condition,
followed by structural changes in the seed by heat, such as separation of cells, gelatinization
of cell starch of the cotyledons, protein denaturation, and deformation of the spherical
granules [31]. Starch gelatinization occurs between 60 and 95 ◦C [32]; however, it will only
occur when the cotyledon moisture content is sufficiently high.

The main conventional cooking method for legume seeds is boiling them in water for
an extended period in either OC or PC conditions. During PC, heat is evenly, deeply, and
quickly distributed, and faster cooking than OC has been described [33]. The higher inten-
sity of the heat treatment in PC may be the reason for not finding significant differences in
hardness among the chickpea varieties. However, in OC, the heating at lower temperatures
and the slower heating would allow observing the effect of the thermal treatment on the
chickpea structures and, consequently, a dependence of hardness on the chickpea variety.

Güzel and Sayar [33] found a higher percentage of seed coat splits in OC than PC,
although the amounts of solid lost were higher when the legumes were PC processed. In
addition, higher levels of resistant starch and lower levels of slowly digestible starch were
detected when PC was used.

No differences in adhesiveness were detected in OC at 80 ◦C for the different cooking
times and chickpea varieties (−0.004 N×s). Nevertheless, higher absolute values were
detected when cooking at 100 ◦C than at 80 ◦C (77.0% difference in BL and CA but 97.5% in
PD; p < 0.0001). When cooking at 100 ◦C, adhesiveness absolute values tended to increase
with cooking time. Furthermore, PD showed six times higher absolute values than BL
and CA (−0.138 vs. −0.023 N×s, respectively; p < 0.0001). In the case of PC, higher (in
absolute value) values were detected in adhesiveness directly related to cooking time.
In addition, such an increase was higher for PD than for BL and CA (68.2% vs. 42.0%
difference, respectively; p < 0.0001). Accordingly, Wani et al. [34] described that swelling
capacity had a positive correlation with cooking time and water uptake ratio but a negative
correlation with cooked seed hardness and adhesiveness.

Related to springiness, a dependence on the cooking temperature was observed; OC
at 100 ◦C showed higher values than OC at 80 ◦C (18.7% difference; p = 0.0401). In addition,
CA springiness of OC at 80 ◦C showed 21.8% higher values than BL and 45.5% higher
values than PD, and BL OC at 80 ◦C values were 30.3% higher than PD (p < 0.0001). Whereas
CA and BL values of OC at 100 ◦C were 25.9% higher than PD (0.34 vs. 0.25 cm; p < 0.0001).
Therefore, the highest value of springiness was obtained for CA OC-180 and OC-210 when
cooking at 100 ◦C (0.46 cm), and the lowest for PD-30 at 80 ◦C (0.11 cm).

In terms of cohesiveness, lower values at 100 ◦C than at 80 ◦C (p = 0.0016) and a value
decrease with cooking time (p = 0.0157) were observed. Specifically, OC-240 at 100 ◦C
cohesiveness showed the lowest value (0.12; p = 0.0163).

Considering PC, no differences were detected in springiness related to the cooking
time between 20 and 30 min, but values at 15 min were lower than others (0.36 vs. 0.29 cm;
p < 0.0001). In addition, PD springiness was lower than BL and CA (0.28 vs. 0.36 cm,
respectively; p < 0.0001). With regard to cohesiveness, a higher value of PD was detected,
but only when cooking for 15 and 20 min (15.8% and 17.6% difference, respectively; p < 0.05).
In addition, the cohesiveness of chickpeas cooked for 30 min showed a 70.7% lower value
than those cooked for 15 or 20 min (0.16 vs. 0.05, respectively; p < 0.05; Table 1).

The differences found in the effect of heat treatment on the textural characteristics of the
different chickpea varieties used in this study can be attributed to their different structural,
morphological, and compositional characteristics. The PD chickpeas are categorized as desi
(small, wrinkled, and dark-colored) [35,36], whereas BL and CA are kabuli varieties (large,
smooth-coated, and white to cream-colored). PD chickpeas, due to their smaller diameter,
reached the temperature of the cooking medium more quickly than larger chickpeas,
thus affecting their structure and textural attributes, such as adhesiveness (greater in PD).
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However, PD chickpeas presented greater hardness in OC and required longer cooking
times for softening, which is attributed to the characteristics of their seed coat and cotyledon
structure, where the starch aggregates are embedded in the protein structure [37].

As is well known, the seed coat can prevent seed swelling during cooking; it is a
physical obstacle to hydration capacity [38,39]. Wood et al. [28] reported that kabuli seeds
had a thinner seed coat associated with the thinner palisade and parenchyma layers, which
contained fewer pectic polysaccharides and less protein. The outer palisade layer varied in
thickness from one to two cells, leading to a textured and sometimes wrinkled appearance
of the seed surface. In contrast, the desi palisade layers were rigid and extensively thickened.

It is worth mentioning that Kaur et al. [40] and Singh et al. [41] studied the dependence
on genotype and cultivar conditions of the physicochemical and textural properties of
soaked and cooked chickpeas. They concluded that the lower the seed weight and/or
volume, the more compact the structure (seed coat and cotyledon) and the lower the
hydration ability. Several authors [40,41] have reported that, together, the swelling capacity
and the swelling index are directly correlated to hardness and cohesiveness and indirectly
to springiness. An inverse relationship was observed between hydration and cohesiveness.
This agrees with our results and could explain the lower elasticity and higher hardness of
PD vs. CA and BL.

In addition to the differences attributable to morphology, especially of the seed coat
and the cotyledon, a strong relationship between changes in TPA variables and the chickpea
biochemical composition has been described. A dependence of rheological parameters on
hydration amount, protein and starch contents, and amylose/amylopectin ratio has been
previously described by Gómez-Favela et al. [42] and Costa et al. [43]. However, disparity
among studies has been also found. Kalefetoğlu et al. [44] described that kabuli varieties are
characterized by a higher protein amount than desi varieties. Whereas Ipekesen et al. [45]
and Sahu et al. [46] found no difference in protein content, only in selected amino acids,
when comparing desi and kabuli varieties. Remarkably, Xiao et al. [36] described a higher
starch amount in kabuli than in desi, but, again, no difference in protein concentration.

According to the existing literature, the analysis of the rheological behavior of different
chickpea varieties seems to be a complex problem involving multiple factors.
Koskosidis et al. [47] and Ozaktan et al. [48] described a strong dependence of chick-
pea composition with the genotype and sowing, and with climate and soil composition,
respectively. Therefore, food processors should be aware of the different components of var-
ious chickpea species in order to select specific species for better preparation of pulse-based
food products [36].

The cooked chickpeas were evaluated in a sensory analysis to establish the most
suitable cooking conditions for the development of the most satisfactory sensory attributes
without affecting the integrity of the legume. Wood [28] carried out a literature review on
the evaluation of cooking time in pulses, observing a lack of a standard method. The major
direct measures used to evaluate cooking time include sensory analysis, tactile methods,
spread area ratio, use of the Mattson bean cooker, and white core and glass slide methods.

In the sensory analysis, by a rank order test and descriptive observation, the pan-
elists evaluated the level of satisfaction, taking into account the saltiness and aroma of
the chickpeas and considering the integrity of chickpeas in terms of preserved skin. Con-
cerning the texture characteristics, hardness values were used as limiting factors, together
with low cohesiveness (sample disintegration while cooking) but not adhesiveness, which
has been described as a less limiting factor for the acceptance of the products by con-
sumers [27]. Overall, the softness in the mouth and the soft inner mass of the chickpeas
were mainly considered.

In the first sensory analyses, cooked chickpeas that presented a hardness higher than
1.5 N were considered unsuitable for consumption, due to their high chewing resistance.
OC chickpeas cooked at 80 ◦C showed hardness values higher than 3 N, even when cooking
was prolonged up to 360 min (data not shown), resulting in a product that was far from
“buttery” and flavorful; this may be associated with an incomplete starch gelatinization
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in cotyledons. Klamczynska et al. [49] reported that the hardness of seeds decreased
continuously with increased cooking time. These authors found that all legume starch
was fully gelatinized after heating at the boiling point for 70 min. Retrogradation of
starch in the legume seeds occurs relatively quickly during cooking and is promoted by
extended cooking.

Table 2 shows the results of the sensory analysis corresponding to cooking conditions
(discarding OC chickpeas cooked at 80 ◦C).

Table 2. Sensory analysis of chickpeas cooked under different systems and times.

Cooking
Parameters 1

Sum of Ranks 2

Chickpea Variety 3

System t (Min) PD BL CA

OC

90 10 c 11 c 10 c

120 17 bc 17 bc 18 bc

150 35 ab 27 ab 26 ab

180 49 a 53 a 51 a

210 45 a 39 ab 43 ab

240 33 ab 42 ab 41 ab

PC

15 27 ab 28 ab 28 ab

20 36 a 35 a 34 a

30 18 bc 17 bc 19 bc

60 9 c 10 c 9 c

1 OC = open cooker; PC = pressure cooker. 2 Sum of ranks; values without a common letter within the same column
for the same cooking system differ significantly (p < 0.05). 3 Chickpea varieties from Spain: PD = Pedrosillano;
BL = Blanco Lechoso; CA = Castellano.

The highest score was assigned, independently of the chickpea variety, to OC-180
at 100 ◦C (p < 0.05). With regard to PC, the highest score was given to 20 min, also
independently of the chickpea variety (p < 0.05, Table 2). Interestingly, no panelist issued a
negative judgment related to the texture or taste. In addition, in the case of PC chickpeas
cooked for longer than 30 min, skin and/or integrity loss was observed in a high percentage;
therefore, they were also eliminated from further study. In addition, PC-30 and PC-60
chickpeas showed the lowest cohesiveness values.

Besides cooking, other factors, such as growing conditions and variety/cultivar, can
affect sensory parameters [27]. Cobos et al. [50], together with Chigwedere et al. [51],
observed that the genotype effect was the greatest source of variability in all grain quality
studies; hence, a high genetic gain of grain quality is expected for nutritional, physical, and
sensory traits in chickpea. In addition, no clear relationship was found between the sensory
and physicochemical properties. The authors concluded that buttery texture, graininess,
and hardness were the specific variables adequate to evaluate sensory quality in chickpeas
to minimize the required time for panel testing.

The objective of this part of the study is to select cooked chickpeas that are intact,
have sensory characteristics suitable for consumption, and could be subjected to freeze-
drying for their preservation and subsequent use in various preparations after rehydration.
Therefore, considering the sensory evaluation results, it was decided to continue the study
with the three varieties of chickpeas, but only with the treatments: OC-180 at 100 ◦C and
PC-20, whose TPA characteristics were as follows: hardness: ≤0.18 ± 0.010 N, springiness:
≥0.30 ± 0.010 cm, and cohesiveness: ≤0.15 ± 0.012. Nevertheless, chickpeas cooked under
OC-210 conditions also presented satisfactory sensory characteristics, although the bean
cohesiveness and integrity tended to decrease with increasing cooking time. This same
tendency was also observed in PC chickpeas cooked longer than 20 min.

69



Foods 2023, 12, 2339

3.2. Rehydration Kinetics of Cooked Freeze-Dried Chickpeas

The freeze-dried chickpeas were kept vacuum packed at −20 ◦C to avoid changes in
the remaining moisture content and in the oxidative stability. The rehydration process,
including weight gain and its time dependence, was non-linear. Independently of the
chickpea variety, selected cooking conditions (OC-180 at 100 ◦C and PC-20), and the
rehydration conditions (distilled water or 2% NaCl solution at 20–22 ◦C or 90–100 ◦C), three
stages of rehydration were seen (Figure 3). Firstly, a sudden weight gain can be observed (R1;
t1 = 0–2 min), related to a quick inclusion of water by the external structure of the chickpea
(the highest sorption velocity corresponding to the highest slope value). Secondly, a
medium velocity of rehydration was seen, which could be related to a subsequent inclusion
of water within the internal structure of the chickpea, with the degree of incorporation of
external water lower than R1 but still considerable (R2; t2 = 2–10 min). Thirdly, a low weight
gain period was observed, which could be related to a structural reorganization to a higher
extent and to water inclusion as a secondary process (R3; t3 = 10–20 min). The third period
was followed by an equilibrium (t4 > 20 min), in which no significant changes in weight
gain were detected. Consequently, the maximum weight gain at the end of rehydration
can be estimated at 20 min. Similar curves of rehydration have been previously observed
by several authors in different vegetables and pulses [42,52]. It has been reported that the
rehydration is associated with hysteresis due to cellular and structural disruption [52].
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Figure 3. Rehydration curve model of different varieties of cooked and freeze-dried chickpeas.
Chickpea varieties from Spain: PD = Pedrosillano; BL = Blanco Lechoso; CA = Castellano.

When only considering the chickpea variety, it was observed that the percentage
weight gain of the BL variety was 7.77% and 6.05% higher than CA and PD at R1 (p < 0.05)
and 4.89% and 2.86% at R2 (p = 0.0713), respectively. At the end of the rehydration process
(R3), CA chickpeas showed slightly lower rehydration values (% weight gain) than the
other chickpea varieties (Figure 3).
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Water absorption kinetics have been widely studied to evaluate the changes in the
microstructure and physicochemical properties of food matrices. In fact, specifically for
chickpeas, the rehydration process has been previously described by several authors who
established Peleg’s [42,53], Weibull’s [54,55], or Fick’s [56] models as the most accurate for
rehydration process prediction. Nevertheless, to compare results, it is necessary to consider
the differences between experimental models. For legumes, most published studies analyze
the rehydration of seeds during soaking or the cooking process [42], whereas the present
work deals with the rehydration of previously cooked and then freeze-dried chickpeas.

Figure 4 compares, for each chickpea variety, the mean value of weight gain at the
end of stage R1 (2 min), R2 (10 min), and R3 (20 min), considering the selected cooking
conditions (OC-180 at 100 ◦C vs. PC-20, Figure 4a), the temperature (20–22 ◦C vs. 90–100 ◦C,
Figure 4b), and the rehydration medium composition (distilled water vs. 2% (w/v) NaCl
solution, Figure 4c). In all chickpea varieties, PC rehydrated at a faster rate at the R1 stage
than OC, although the differences in weight gain of each variety at the end of R3 were not
statistically significant (Figure 4a).

Independently of the chickpea variety and the cooking procedure, considering R1,
higher values of weight gain were observed when the rehydration was carried out with
2% NaCl (16.6% difference, Figure 4c) solution and/or with a heated medium (11.0%
difference; p < 0.05, Figure 4b). With regard to R2, higher values of weight gain were
obtained when using a heated (90–100 ◦C) rehydration media as compared to a room-
temperature (20–22 ◦C) one (12.4% difference; p < 0.05), and a statistical tendency was
detected regarding rehydrating solution (14.4% difference; p = 0.088) (Figure 4c).

The differences among chickpea varieties could be related to differences in seed
morphology and physico-chemical characteristics such as the size and shape of the seed,
rate of starch gelatinization, the ratio of the soluble/insoluble pectates, lignification of
middle lamella, seed coat characteristics, and lipid structure, among others [42]. In addition,
the nature and amounts of non-starch constituents, which act as a physical barrier to the
swelling of starch granules, may influence the rate of water uptake during the cooking and,
perhaps, also during rehydration after a freeze-drying process. Additionally, genotype and
cultivar conditions have been described to affect rehydration parameters [42], which is in
line with our results from different chickpea varieties from different locations.

The differences between the rehydration rate of chickpeas treated in OC and PC can
be attributed to the higher intensity and homogeneity of the cooking treatments performed
at high pressure [33]. Thus, the rate of hydration, hydrogen bond disruption, and other
phenomena associated with the cooking process of the seeds will be enhanced in PC and,
consequently, in subsequent rehydration after freeze-drying of the cooked product. In
addition, the thickness of the palisade layer and the lignin and cellulose content of the seed
coat and the cotyledon cell walls, relevant structures involved in the cooking quality, will be
affected in a higher proportion in PC. A more intense heat treatment should imply a higher
degree of hydrolysis (or other breaking-down processes of macromolecules). The more
the macromolecules are degraded, the easier the water inclusion (diffusion) should be. An
equilibrium exists between water inclusion (depending on membrane/skin permeability,
starch structure, and seed size) and loss of components [43,56].

Regarding the impact of the temperature of the rehydration medium, our results
agree with Krokida and Marinos-Kouris [57]. These authors established that, in general,
the water temperature positively influenced the rehydration rates and the equilibrium
moisture content of dehydrated products. In this line, Monteiro et al. [58] described a linear
relationship between water temperature and weight gain of chickpeas during rehydration.

Concerning the increased rehydration rate of chickpeas rehydrated with 2% NaCl, it
has been reported that sodium salts increase water absorption, leach solids and result in
softness in the cooked beans, and increase pectin solubilization, decreasing Ca and Mg
(ions that bind pectin), when compared to distilled water or the other salts [59].
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Figure 4. Weight gain of freeze-dried chickpeas considering cooking conditions, rehydration tem-
perature, and solution. Chickpea varieties from Spain: PD = Pedrosillano; BL = Blanco Lechoso;
CA = Castellano. Values without a common letter within the same rehydration time differ signifi-
cantly (p < 0.05).

From the data obtained in the present work, it can be deduced that, although differ-
ences were observed in the water sorption rate at the beginning of rehydration, in general,
all seeds showed a high degree of water uptake at the end of the rehydration process. This
fact could be due to the high porosity, low density, and spongy structure induced by the
freeze-dying process, facilitating rehydration. On the other hand, the freeze-drying process
induces limited changes in the cell network, which would also facilitate rehydration [60].
Therefore, it is considered that, although there are differences in seed structure derived
from factors specific to chickpea variety and the applied thermal process, the freeze-drying
process would result in suitable matrices for water uptake during rehydration. Aravindak-
shan et al. [60] reported that the type of drying process together with the temperature of
rehydration, the nature of pores, and the state of water-imbibing constituents influenced
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the rehydration characteristics of dried beans. Liu et al. [8] reported that freeze-drying was
the best drying procedure as compared to others.

The results of the sensory analysis are shown in Table 3. In terms of rehydration
weight gain, rehydration at 0–100 ◦C and with NaCl solution, independently of the cooking
conditions (OC and PC), were given higher scores than room temperature and only-water
rehydration protocols (p < 0.01), as samples had a softer texture and a more intense flavor.
However, all rehydrated chickpeas were described as having the characteristics of cooked
legumes. These results can be related to the findings of Ulloa et al. [61], who reported that
the rate of absorbed water determines the sensory properties.

Table 3. Sensory analysis of chickpeas cooked under selected conditions, freeze-dried, and rehydrated
under different conditions.

Cooking
Parameters 1

Rehydration
Parameters

Sum of Ranks 2

Chickpea Variety 3

System t (Min) % NaCl T (◦C) PD BL CA

OC 180

0 20–22 9 c 10 c 10 c

2 20–22 19 bc 19 bc 17 bc

0 90–100 26 ab 26 ab 28 ab

2 90–100 36 a 35 a 35 a

PC 20

0 20–22 11 c 10 c 12 c

2 20–22 16 bc 18 bc 18 bc

0 90–100 29 ab 26 ab 25 ab

2 90–100 34 a 36 a 35 a

1 OC = open cooker; PC = pressure cooker. 2 Sum of ranks; values without a common letter within the same column
for the same cooking system differ significantly (p < 0.05). 3 Chickpea varieties from Spain: PD = Pedrosillano;
BL = Blanco Lechoso; CA = Castellano.

As is well known, the basic objective of drying food products is the elimination of
water from solids to a level at which microbial spoilage is minimized. In this line, freeze-
drying has considerable advantages. Chen et al. [62] observed that freeze-drying-based
processing technologies are especially suitable for producing products containing abundant
nutrients and functional ingredients due to a drying environment with lower temperature
and oxygen content. In fact, several studies regarding the development of dehydrated
chickpea snacks obtained by sequential hydration, cooking, and drying processes have
been found in the literature [58,63]. Ulloa et al. [61] established that instant whole beans
obtained by drying could represent a good-quality bean-based product for new market
opportunities in the functional food and nutraceutical industry. The authors described that
the rehydration characteristics of a dehydrated product reflect the physical and chemical
changes that occurred during dehydration, thus being suitable to be used as a quality index.
These changes are influenced by the composition, the conditions during drying, and any
pre-treatment to which the products have been subjected. Remarkably, the authors also
established that the amount and rate of absorbed water determine the sensorial properties
and the preparation time required by the consumer.

Therefore, more research is required to determine alternative ways to incorporate
chickpea-based ingredients into products and understand their behavior when used in
different food categories (beverages, snacks, dairy-like products, etc.). In the present study,
after testing the acceptance of cooked freeze-dried, and rehydrated chickpeas, their use
is proposed in the preparation of a quick cooking dish based on a traditional culinary
preparation in Spain, Cocido Madrileño. However, this use is only intended as an example of
how complex traditional dishes with several ingredients could be prepared from freeze-
dried cooked chickpeas.
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3.3. Analysis of the Cooking and Rehydration Parameters and Sensory Characteristics of the Other
Components of the Cocido Dish

Table 4 shows the results of the sensory analysis of other ingredients of a traditional
Cocido Madrileño dish [16,17] (different pieces of beef and chicken meat, dry-cured ham
and pork belly, and vegetables) after cooking (OC 100 ◦C and PC, at different times),
freeze-drying, and rehydration (2% NaCl solution) (Figure 2).

Table 4. Sensory analysis of the several ingredients cooked under different conditions, freeze-dried,
and rehydrated.

Ingredients Cooked
Together for Broth

Obtention
Sensory Analysis *

Open Cooker, 100 ◦C Pressure Cooker

t (min) t (min)
60 90 180 30 60 90

Chicken (quarters)

Sum of ranks 9b 19ab 26a 12b 19ab 23a

Descriptive after
cooking

Tough texture.
Poor

development of
taste and aroma

Cohesive and
maintains integrity.

Not juicy. Mild
taste and aroma but

pleasant

Texture: soft and
juicy. Chicken broth

flavor. Pleasant
aroma and
appearance

Texture: tough.
Mild flavor and

aroma to chicken
broth. Pleasant

appearance

Texture: soft but
compact and mildly
dry. Pleasant taste

and aroma to
chicken broth

Texture: soft and
disintegrated, lack

of cohesion.
Pleasant taste and

aroma

Descriptive after
freeze-drying and

rehydration

Texture, flavor
and appearance

similar to the
cooked product

Texture: compact
and dry. Taste and

aroma similar to the
cooked product

Texture: soft and
juicy. Flavor, aroma

and appearance
similar to the

cooked product

Texture, flavor and
appearance similar

to the cooked
product

Texture: compact
and dry. Taste and
aroma: similar to

the cooked product

Texture: soft and
disintegrated, lack
of cohesion. Meat
crumbled during

mastication. Flavor
and appearance

similar to the
cooked product

Beef: flank and shank
cuts

Sum of ranks 9b 18ab 27a 10b 17ab 27a

Descriptive after
cooking

Excessively
tough meat, hard

to chew. Poor
flavor

development,
very slightly

umami. Pleasant
appearance

Tough meat.
Pleasant taste,

aroma and
appearance, slightly

meaty, umami

Doneness desired.
Soft and juicy meat.
Intense sapid and

aromatic
development, very
pleasant, umami

and meaty touches

Hard, compact
meat. Little but

pleasant sapid and
aromatic

development

Tender meat.
Pleasant taste, smell

and appearance.
Soft sapid and

aromatic
development

Doneness desired.
Very soft meat. Soft
sapid and aromatic

development

Descriptive after
freeze-drying and

rehydration

Tough and
leathery meat,
hard to chew.

Nice appearance.
Taste and aroma

similar to the
cooked product

Hard, compact
meat. Nice look.
Little sapid and

aromatic
development.

Pleasant

Maintains structure.
Smooth and juicy

meat. Very pleasant
tasty and aromatic

development,
similar to the

cooked product

Texture, flavor and
appearance similar

to the cooked
product

Texture, flavor,
aroma and

appearance similar
to the cooked

product

Doneness desired.
Soft and juicy meat.
Disintegrates easily,

frayed. Good
flavorful and

aromatic
development

Turnip (Brassica
napus), Carrot
(Daucus carota

sativus), Leek (Allium
ampeloprasum var.
porrum) and Potato

(Solanum tuberosum)

Sum of ranks 9b 19ab 26a 9b 18ab 27a

Descriptive after
cooking

Texture: tough.
Pleasant

appearance,
flavor and aroma

Smooth, somewhat
rough texture.

Pleasant taste, smell
and appearance

Texture: soft and
juicy. Pleasant

flavor, aroma and
appearance

Hard texture. Little
sapid and aromatic

development.
Pleasing

appearance

Slightly rough and
fibrous texture.
Mild flavor and
aroma. Pleasing

appearance

Smooth texture.
Good flavor and

aromatic
development.

Pleasing
appearance

Descriptive after
freeze-drying and

rehydration

Dry texture and
appearance

similar to the
cooked product

Rubbery texture,
but juicy. Flavor

and aroma
characteristics very
similar to those of

the cooked product

Maintains structure.
Soft and juicy.

Maintains flavor
and aroma

Texture, flavor and
appearance similar

to the cooked
product

Fibrous, juicy
texture. Similar

flavor and aroma to
the freshly cooked

product

Maintains tissue
integrity. Soft and
juicy texture. Taste
and aroma similar

to the freshly
cooked product

Broth

Sum of ranks 9b 18ab 27a 9b 20a 25a

Descriptive after
cooking

Little sapid and
aromatic

development.
Light umami and

meaty flavor

Pleasant sapid and
aromatic

development, but
mild umami and

meaty flavor.
Aroma and taste
associated with
plain beef broth

Very nice sapid
development.

Meaty, tasty, similar
to the traditional
product. Dense

Little sapid and
aromatic

development. Light
umami and meaty

flavor

Pleasant sapid and
aromatic

development, but
mild umami and

meaty flavor.
Aroma and taste
associated with
plain beef broth

Meaty, tasty, similar
to the traditional
product. Dense.

Certain
"overheated"

aftertaste

Descriptive after
freeze-drying and

rehydration
N/A

Maintains the sapid
and aromatic

characteristics of
the cooked product

Maintains the sapid
and aromatic

characteristics of
the cooked product

N/A

Maintains the sapid
and aromatic flavor

and aroma
characteristics of

the cooked product

Maintains the sapid
and aromatic

characteristics of
the cooked product

.
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Table 4. Cont.

Ingredients cooked
independently

Open Cooker, 100 ◦C Pressure Cooker

t (min) t (min)
15 30 60 15 30 60

Cabbage (Brassica
Oleracea)

Sum of ranks 10b 26a 18ab 25a 18ab 11b

Descriptive after
cooking

Texture: tough.
Flavor and

aroma: poorly
developed.

Pleasant
appearance

Smooth texture.
Nice taste and

appearance

Pleasant flavor and
appearance but soft

texture

Smooth texture.
Maintains integrity.

Nice taste and
appearance

Texture:
disintegrated,
extremely soft

Texture:
disintegrated,
extremely soft

Descriptive after
freeze-drying and

rehydration

Similar texture
and flavor to the
cooked product

Maintains integrity.
Similar flavor and

aroma to the
cooked product

Maintains integrity.
Similar flavor and

aroma to the
cooked product

Similar flavor and
aroma to the

cooked product
N/A N/A

Spicy pork sausage
(Spanish chorizo)

Sum of ranks 27a 17ab 10b

Descriptive after
cooking

Texture: compact,
soft and juicy.
Appearance,

flavor and aroma
typic of the

product

Texture: compact
and juicy. Typic
(characteristic)

flavor and aroma of
the product

Compact but dry
texture.

Characteristic flavor
of the product but

with aftertastes
with slight touches

of rancid. Nice
appearance

Descriptive after
freeze-drying and

rehydration

Soft texture but
fatty.

Characteristic
flavor and aroma

of the product,
with rancid

nuances. Nice
appearance

Texture: compact
and dry. flavor and
aroma: similar to

the cooked product

Texture: compact
and dry. flavor and
aroma: similar to

the cooked product

Pork blood sausage
(Spanish morcilla)

Sum of ranks 27a 15ab 12b

Descriptive after
cooking

Texture: compact,
soft and juicy.
Appearance,

flavor and aroma
typic of the

product

Texture:
disintegrated, lack

of cohesion.
Appearance, flavor
and aroma typic of

the product

Texture: dry and
disintegrated, lack

of cohesion.
Appearance, flavor
and aroma typic of

the product but
with slight hints of

rancidity

Descriptive after
freeze-drying and

rehydration

Texture: soft.
Pleasant

appearance,
flavor and aroma;

typic of the
product

Texture: compact
and dry. flavor and
aroma: similar to

the cooked product

Texture: compact
and dry. flavor and
aroma: similar to

the cooked product

* The sum of ranks corresponds to the analysis of the freshly cooked samples. The same ranking was obtained
after freeze-drying and subsequent rehydration. Values without a common letter within the same row for the
same cooking system differ significantly (p < 0.05).

Juicy chicken meat with a good appearance and flavor was obtained with OC-180;
however, OC-60 led to poor development of aroma, taste, and appearance, and the meat
texture was defined as tough. Similar to chickpeas, PC cooking shortened the time re-
quired for the development of adequate organoleptic characteristics. Samples cooked for
30 min presented a tough texture, poor development of flavor and aroma, and significantly
(p < 0.05) lower sensory evaluation values than samples cooked for 90 min, which presented
a soft but dry and disintegrated texture, with a lack of cohesion and less pleasant flavor and
aroma. In all cases, the cooked freeze-dried samples presented sensory characteristics after
hydration very similar to those shown when freshly cooked. In all cases, a greater develop-
ment of flavor and aroma was shown with longer cooking times. Additionally, after 60 min
in PC and 90 min in OC, rehydrated chicken meat showed satisfactory sensory qualities.

Overall, in agreement with our results, related to cooking conditions, it has been
described that the higher the temperature and the lower the moisture, the more heterocyclic
flavor compounds that will be formed. In addition, PC chicken meat has been described to
be closer to roasted or grilled chicken meat than boiled [64]. It should be noted that our
results agree with the higher temperature and time, but that, in the case of PC, although
the literature has reported better flavor compounds, the panelists described the chicken
meat as less succulent both before and after freeze-drying.

Regarding beef flank and shank sensory analyses, shorter cooking times (OC-60 and
PC-30) led to tough and barely chewable meat. Whereas meat cooked for longer times
(OC-180 and PC-90) was soft and juicy and had greater flavor development. Unlike PC-90
meat, the panelists described an intense sapid and aromatic development of meat flavor
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for OC-180 products. However, in the descriptive analysis of PC-90, a tender, juicy, and
smooth texture was described. OC-60 and OC-90 led to poor development of aroma, taste,
and appearance, and the meat texture was defined as tough and barely chewable. The
differences in flavor intensity and cooking times could be due to the progress of the primary
lipid degradation and Maillard reaction products, associated with beef flavor [65]. The
results obtained are in line with Juárez et al. [66] regarding the importance of endpoint
temperature in beef cookery, which greatly impacts consumer satisfaction. Again, the
cooked freeze-dried samples presented sensory characteristics after hydration that were
very similar to those shown when freshly cooked. In agreement with the literature, the
obtained results strengthen the consideration of freeze-drying as a high-quality preservation
method that maintains the organoleptic characteristics of meat and meat products [60,67,68].

Regarding the meat texture, in both OC and PC, deficient collagen hydrolysis could
explain the described behavior, according to Etheritong and Sims [69] and Sims and
Bailey [70].

When meat is cooked at a slow rate of heating, tenderness and juiciness are improved,
although cooking losses increase. Juiciness is affected by exudation and diffusion in moist
heat cookery (e.g., stewing or braising). In general, the muscle structural composition
determines the cooking effect on tenderness. In the case of muscles with high connective
tissue content, such as the meat pieces used in this study, this meat profits from moist
cooking due to collagen gelatinization [66].

Although the purpose of incorporating a portion of bone-in cured ham in the tra-
ditional dish [16,17] is less about consumption than about contributing to the sapid and
aromatic development of the cooking broth, the cured ham cooked at longer times (≥90 min
in OC and 60 min in PC) was more palatable and softer than that cooked at shorter times,
and both the appearance and the integrity of this product were maintained when rehy-
drated after freeze-drying. Similar results were obtained for pork belly. A piece (about
60 g/L) of this meat portion is also added in the traditional Cocido Madrileño [16,17], both
to add flavor and to be consumed if desired. It is worth noting the good rehydration of this
portion, despite its fat content when rehydrated with 2% NaCl solution (90–100 ◦C) after
freeze-drying.

To increase the broth flavor [16,17], cow leg-bone (Figure 2) was included. Such
a portion was added for all methods during the described cooking times but was not
considered in sensory analysis nor freeze-dried.

Potato, carrot, leek, and turnip showed very similar behavior. Although the size of
the pieces should be considered (in our case, potato and turnip less than 70 mm and carrot
2–3 cm in diameter), OC-60 and PC-30 vegetables showed harder texture and lower sapid
and aromatic development but a more compact appearance and a lower sensory score than
OC-180 and PC-90 (p < 0.05). In additional tests carried out with longer cooking times
(200 min), a disintegration of the matrix structure was detected, especially in potatoes and
carrots. Again, the cooked freeze-dried samples presented sensory characteristics after
hydration very similar to those shown when freshly cooked (Table 4). These results are
in line with the findings of Liu et al. [8] on the suitability of freeze-drying in maintaining
the optimal sensory and nutritional properties of rehydrated vegetables. In addition, the
results are in synchrony with the findings of several authors who studied the effect of
heat treatment on vegetables such as potatoes. Changes in the potato tuber microstructure
and texture during cooking have been mainly associated with the gelatinization behavior
of starch through the cell wall, but the middle lamella structural components also play a
role [71,72]. A study by Paulus and Saguy [73] on the effect of heat treatment on the quality
of cooked carrots suggested that boiling for 70 min led to the best sensory evaluation. In
addition, other authors have attributed the softening to cellular dehydration and separation
in the tissue [74] as well as the membrane disruption associated with the loss of turgor [75].

Parallel to the aromatic and sapid development of the meat and vegetable portions,
the cooking water (broth) presented a flavor with higher intensity, closer to that of the broth
of the traditional product, at longer cooking times (Table 4), both in OC and PC cooking.
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It should be noted that, in the PC-90 broth, although qualified with the highest scores in
the ordination analysis, the detection of a slight “overheated” aftertaste was mentioned in
the descriptive analysis. Such an aftertaste was not described for OC-180. In all cases, the
freeze-dried broths after rehydration presented sensory characteristics very similar to those
described in the freshly cooked broth and, in the case of the broths obtained at longer times
(OC-180 and PC-90), sapid matrices very close to those of traditional broth were described.

Broth-related results were in synchrony with those obtained in previous works.
Cambero et al. [23,24] and Wang et al. [76] observed that the sensory quality of beef
broths increased with the increase in the concentration of nitrogen in peptides (molecular
weight > 600 Da), small non-amino acid nitrogen compounds (<600 Da), creatine, and ino-
sine, adenosine and guanosine 5’-monophosphate, and substances from the earlier steps of
Maillard reactions, thus being involved in the obtaining of suitable beef broth flavor. In fact,
the development of off-flavors, especially warmed-over flavors, was related to an intensifi-
cation of the cooking treatment. Cambero et al. [23,24] and Pereira-Lima et al. [77] for beef,
and Pérez-Palacios et al. [78] and Zhang et al. [79] for chicken, described an implication of
over-cooking, with bitter amino acids and peptides, among others.

In line with tradition, cabbage, chorizo, and morcilla were cooked separately (Figure 2)
so as to not interfere with the broth taste [16,17]. OC-30 and PC-15 cabbage showed the best
sapid characteristics (Table 4). Shorter cooking times resulted in texture toughening, and
longer cooking times, especially PC, led to good flavors but, to a higher or lower extent, the
disintegration of the product. As with other ingredients, freeze-drying did not produce a
significant effect on the sensory characteristics of cabbage cooked at the established times,
and after rehydration, sensory attributes similar to those of the freshly cooked product
were described (Table 4).

Regarding cabbage, it has been described that mild cooking minimizes tissue damage
and maximizes beneficial isothiocyanate formation and the retention of the active myrosi-
nase enzyme, whose activity on the cabbage glucosinolates produces several compounds
with chemo-protective effects [80,81]. On the other hand, it has also been reported that
freeze-drying is the method in which the contents of chlorophyll and saponins are kept at a
high level in vegetables [8].

In the case of chorizo and morcilla, to maintain their integrity, only OC cooking was
considered. The highest rating was achieved when both products were cooked for 15 min.
When longer cooking times were considered, dry texture and rancidity aftertaste, which
became more evident after the product was freeze-dried and rehydrated, were detected.
It must be considered that they are processed ground meat products with a high content
of fat and, consequently, very susceptible to oxidation. Accordingly, Toldrá and Reig [82]
and Lorenzo et al. [83] described a dependence on the heating extent, moisture content,
proteolysis degree, and the content of fat and connective tissue on the sensory attributes of
pork sausages. A higher surface of the components in contact with the atmospheric oxygen
and light must be expected; therefore, oxidative processes could develop more rapidly.
Thus, the freeze-drying and the rehydration optimization of chorizo and morcilla require
further study.

From the results obtained from the sensory analyses to determine the most convenient
conditions for the development of satisfactory attributes (Table 4), it is deduced that the
cooking process of the different ingredients of Cocido Madrileño could be unified so that
the vegetable ingredients, bone-in cured ham, chicken, and beef would be OC-180 cooked,
obtaining a broth with sensory attributes similar to the traditional dish. An equally valid
alternative would be cooking in PC-90. These ingredients maintain their sensory quality by
rehydrating after freeze-drying. To these ingredients, chickpeas would be added (preferably
of the BL variety, although other studied varieties could also be used) and freeze-dried
after OC-180 or PC-20 cooking. Additional ingredients, cooked separately, require shorter
times, such as cabbage (OC-30 or PC-15) and pork sausage (OC-30).
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3.4. Preparation of a Freeze-Dried Cooked Cocido as an Easy-to-Prepare Dish: Dish Assembly and
Packaging Proposal

Once the best cooking conditions for each ingredient, considering the development of
appropriate sensory attributes, were selected (Tables 2–4), experiments were carried out to
prepare a complete Cocido Madrileño dish from cooked and freeze-dried ingredients with
the objective of obtaining an easy-to-prepare dish.

As mentioned, Cocido Madrileño is a traditional meal, currently restricted to dishes
in which chickpeas play the leading role and different vegetables and meats, although
essential, enhance the dish and confer the specific flavor [16]. This proposal aims to analyze
the potential of formulating complex dishes from cooked and then freeze-dried ingredients
of a different nature to offer healthy dishes that require minimal preparation.

In Spain, when the word “Cocido” is heard, memories and emotions are evoked.
Historically, the root of the Cocido dish was assessed to be a plate cooked by Jewish families
each Friday, to be eaten the next day, on the Sabbath, the sacred day of the Jewish week.
It was named Adafina and included lamb meat, chickpeas, and other vegetables. In 711,
the Arabs revolutionized the Cocido with their more sophisticated agriculture: softer and
pulpier chickpeas and several vegetables were used in their Cocido, named “Tajine” [17].
Currently, the name has been restricted to dishes in which chickpeas play the leading role
and different vegetables and meats, although essential, enhance the dish and confer the
specific flavor [16]. Strictly, the consumption protocol of the Cocido establishes that the first
course must be a soup of thin noodles, followed by the degustation of the chickpeas, as
the second course. Meat and other vegetables constitute the third course [17]. However,
nowadays, chickpeas, vegetables, and meat are served together as a second course, after
the soup, which was considered in the assembly of the freeze-dried dish under study.

In these experiments, an attempt was made to establish the processing conditions that
could be replicated in the industrial processing of this dish. In this case, in contrast to
traditional culinary processing, and taking into account the more appropriate processing
conditions established, the chickpeas were cooked separately for greater control of the
heating time and temperature. Meat portions and vegetables (except cabbage, morcilla,
and chorizo, which were cooked separately) were cooked (with 2% salt in an open cooker)
together to obtain a suitable broth (Table 4). Each ingredient was freeze-dried individually.
Trying to closely imitate the customary protocol at a laboratory level, for rehydration of the
ingredients, the freeze-dried broth and the quick-to-cook thin noodles were placed at the
bottom of a beaker and, over them, a perforated basket (hole diameter lower than chickpea
diameter, 3 mm2) containing chickpeas, vegetables, and meat. A total of 500 mL of water
was added and heated in a microwave oven (800 W) for 5 min. As shown in Figure 5, the
added water was calculated by considering both the rehydration water of each component
and the obtainment of a bowl of soup (about 300 mL).

After 5 min of heating, the beaker was removed from the microwave and left to stand
for 10 min. The basket with the ingredients was removed, and the noodles and broth (up to
the consumer’s preference) were placed in a dish. Then, the basket was placed back in the
beaker with the remaining broth. Thus, the rest of the ingredients (chickpeas, vegetables,
and meat) were kept juicy until they were eaten as a second course.

Sensory analysis was immediately carried out through a descriptive analysis with
panelists who were familiar with the traditional dish. The panelists were asked for an
evaluation of the whole reconstituted dish compared to an original Cocido Madrileño (firstly
the taste and aroma of the soup, and secondly the taste, aroma, and texture of the other
ingredients) and punctuation of each ingredient individually. In all cases, the rehydrated
products were evaluated with sensory characteristics similar to those of the traditional dish,
although for chorizo and morcilla, the panelists described a slightly rancid taste and a lightly
dry and disintegrated texture.
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Addition of 
500 mL of 

water

Microwave 
heating (up to 
boiling point, 
800 W, 5 min)

Let stand for 
5-10 min at 

room 
temperature

Freeze-dried 

ingredient (g)1

Equivalent of fresh 

ingredient (g)2

Estimated 
rehydration water 

(mL)3

Chickpeas 70 75 42
Beef portions 35 125 90
Chicken 21 75 54
Dry-cured ham 15 20 6
Pork belly 28 35 6
Cabbage (Brassica oleracea ) 20 200 180
Potato (Solanum tuberosum) 11 43 32
Carrot (Daucus carota sativus ) 5 34 29
Turnip (Brassica napus ) 3 25 22
Leek (Allium ampeloprasum var. porrum) 3 35 32
Spicy pork sausage (Chorizo ) 16 30 13
Pork blood sausage (Morcilla ) 15 30 15

Broth 7.5 300
Thin noodles (fideos ) for soup 13 19.5

Total 249.5 740 521

Figure 5. Proposal for the assembly of a Cocido dish from cooked and freeze-dried components
and the rehydration procedure to prepare a reconstituted tasty meal. 1 Freeze-dried products after
cooking in an open cooker for selected times. 2 The equivalent weight of the fresh product before
culinary treatment (in the case of chickpeas, this refers to the weight of the dry legume). 3 Estimation
of the rehydration water required for each product. In the case of chickpeas, the rehydration water
for cooking was considered. For the replacement of the broth, the dry extract of the cooking water of
the ingredients was considered (2.5%).

The fast food that can be found on the market is not always as healthy as desirable. If
a freeze-dried complex dish (noodle soup, vegetables, and meat) with easy rehydration
could be achieved, it would offer the consumer a novel product (there is no similar product
on the market) that is easy to preserve (it can be stored at room temperature), requires
minimal preparation (limited to the addition of water and short heating in a microwave),
has reputed sensory quality and richness of ingredients (legumes, vegetables, and meat
products), and is nutritionally well valued, in coherence with the Mediterranean diet [84].

The authors are aware that further studies related to the shelf-life and stability of the
product when stored in a container are mandatory. Nevertheless, it must be remembered
that one of the objectives of this work was to offer plausible alternatives of an easy-to-
prepare reconstituted Cocido dish that could be widely produced. We are working on the
design of a container that facilitates rehydration, heating, and, above all, the consumption
of the ingredients in the traditional way: in two or three separate courses.

4. Conclusions

It is possible to elaborate easy-to-prepare dishes containing chickpeas and various
ingredients (vegetables and different meat products) prepared with products cooked at
their optimum point and then freeze-dried. These dishes can be a commercial alternative to
“fast food”, since they are easily rehydrated and ready for consumption in a few minutes,
providing a varied and complete supply of nutrients. As proof, in the case of the preparation
of the traditional Spanish dish “Cocido Madrileño”, a product with a sensory quality similar
to the traditional dish ready requiring about 15 min of preparation was obtained.

However, it is necessary to carry out more research to study the stability and shelf-life
of these products, as well as to determine the economic viability.
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Abstract: The pomegranate (Punica granatum L.), which contains high levels of health-promoting
compounds, has received much attention in recent decades. Fruit storage potential ranges from
3 to 4 months in air and from 4 to 6 months in Controlled Atmospheres (CA) with 3–5% oxygen
and 10–15% carbon dioxide. Storage life is limited by decay, chilling injury, weight loss (WL),
and husk scald. In particular, husk scald (HS) limits pomegranate long-term storage at favorable
temperatures. HS appears as skin browning which expands from stem end towards the blossom
end during handling or long-term storage (10–12 weeks) at 6–10 ◦C. Even though HS symptoms are
limited to external appearance, it may still significantly reduce pomegranate fruit marketability. A
number of postharvest treatments have been proposed to prevent husk scald, including atmospheric
modifications, intermittent warming, coatings, and exposure to 1-MCP. Long-term storage may
induce phenolic compounds accumulation, affect organelles membranes, and activate browning
enzymes such as polyphenol oxidases (PPO) and peroxidases (POD). Due to oxidation of tannins
and phenolics, scalding becomes visible. There is no complete understanding of the etiology and
biochemistry of HS. This review discusses the hypothesized mechanism of HS based on recent
research, its association to postharvest treatments, and their possible targets.

Keywords: pomegranate; browning; oxidative stress; long term storage; husk scald; polyphenol
oxidase; postharvest treatments

1. Introduction

One of the most well-known fruits in the world, the pomegranate (Punica granatum L.),
is likely native from Iran and grown in areas with a Mediterranean environment [1]. The
fruit is made up of an albedo, septa, membranes, a hard, leathery outer layer, and many
arils, where a translucent sac that holds 80% juice and 20% seed envelops each edible
aril [2]. This fruit is considered as a non-climacteric fruit [3] and is characterized by low
rate of postharvest respiration and ethylene production. Pomegranate is a rich source of
organic acids, micro- and macro-nutrients, as well as anti-mutagenic, anti-inflammatory,
anti-hypertension, and antioxidant compounds [4], which has influenced the increase in the
demand for pomegranate fruit and of their products due to the fruit’s high-valued health
advantages and the public’s growing awareness of functional foods [5]. Pomegranate
harvest season is in the fall and lasts for fewer than three months, although it may be
kept for several months in cold storage with a high humidity level. The fruit nevertheless
experiences both qualitative and quantitative losses [6].

Due to the slowing down of cell metabolism at low temperatures and the delay in senes-
cence, refrigerated storage of fruits and vegetables allows for the preservation of their qual-
ity after harvest [7–9]. However, some tropical and subtropical fruit, such as pomegranates,
are not ideal for cold storage preservation since it results in physiological damage.

Foods 2022, 11, 3365. https://doi.org/10.3390/foods11213365 https://www.mdpi.com/journal/foods
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The main factors that, in general, may limit pomegranate ability to be stored and
accelerate their quality decline include WL, shriveling, decay, chilling injury, husk scald
and decrease flavor acceptability. Fruit transpiration, that causes WL and hardening and
browning of the husk, is a significant storage challenge for pomegranate fruit [10,11]
while additional factors affecting pomegranate storage life include decay, that is frequently
brought on by the presence of a fungal inoculum in the fruit’s blossom end [6] and this
condition is worse at temperatures above 5 ◦C [12]. Chilling injury (CI) is a physiological
disorder that takes place at low storage temperature (<5 ◦C) in pomegranates, and it
manifests as internal discoloration of arils and albedo as well as brown spots and pitting
in the skin, while on the other hand, husk scald (HS) typically originates from the stem
end and manifests as a superficial browning of the skin and happens during storage
temperatures above 5 ◦C. Differing from CI, HS does not damage the arils or the white
locular septa of the fruit, and its severity can reach up to 60% of the skin [13–15] Figure 1.

 

Figure 1. Husk scald and chilling injury in pomegranate “Wonderful” fruit skin after 120 days of
storage at 11 and 3.5 ◦C and ≥95% RH, respectively.

When fruit is stored at 6–10 ◦C to avoid CI, the effects of superficial scald (husk
scald) are typically more severe, and so it can also happen at storage temperatures above
10 ◦C and these scalded portions of the fruit may become prone to fungal deterioration in
advanced stages [16]. Table 1 provides a summary of the differences between husk scald
and chilling injury. It is assumed that CI and HS do not appear in the same fruit since
they are mutually exclusive due to differences in storage temperatures, however, it has
been suggested recently that both disorders can appear simultaneously at temperatures of
7 ◦C [17]. In general, scalding decreases the marketability of fresh pomegranate even when
the internal quality remains in good conditions, because the quality of fruit is determined
by both internal and external attributes [5,15,18]. It is thought that skin browning is the
result of the oxidation of phenolic compounds [15,19].

Table 1. Difference between husk scald and chilling injury in pomegranate fruit during storage.

Husk Scald (HS) Chilling Injury (CI)

Long-term storage > 10–12 weeks Short-term storage (starting from 6–8 weeks)

Storage between 6–10 ◦C or above Storage < 5 ◦C

Loss of red pigment and brownish appearance
on the stem end that spreads towards the

blossom end and peel hardening

Dark brown region scatters in whole fruit
skin, pitting

No injury to the arils or locular septa Affects internal parts and arils
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Although there is a lack of information on scald disorder, the review’s goal is to
address factors that impact pomegranate husk scald development, as well as the potential
mode of action involved.

2. Evidence for Husk Scald Incidence Mechanism

Weight loss, microbiological contamination, oxidative stresses, and browning are
important variables that might decrease the storage life of fruit and vegetables during cold
storage and handling. Lower or mild degrees of stress tend to enhance the levels of cellular
antioxidant compounds, whereas severe stress may result in a decrease in such levels and
the development of postharvest physiological disorders [20–22]. Reactive oxygen species
(ROS) are scavenged by a sophisticated antioxidant defense system in plants that include
both non-enzymatic and enzymatic components. Non-enzymatic antioxidant compounds
include the main cellular buffers as well as a diversity of compounds including phenolic
compounds, carotenoids and alkaloids [23]. Phenolics are plant secondary metabolites that
are generated and accumulate in the plant, for example, by the activation of phenylalanine
ammonia-lyase (PAL) [24]. These substances could be categorized as tannins, flavonoids,
hydroxycinnamate esters and lignin among others. On the other hand, superoxide dismu-
tase (SOD), catalase (CAT), ascorbate peroxidase (APX), and other enzymes are examples of
enzymatic antioxidants [25,26]. Pomegranates are rich in phenolic compounds, and various
studies have suggested that oxidative stress that occurs in the fruit skin while stored at
temperatures over 5 ◦C, may play a significant role in husk scald disorder [27]. Enzymatic
browning is the second leading cause of quality loss in fruits and vegetables, after microbial
infection, and the food sector has prioritized preservation against oxidation during storage
and handling [28].

Polyphenol oxidase (PPO) and peroxidase (POD) are the main enzymes that cause
browning in plants. PPO is a type of enzyme known as an oxidoreductase. It catalyzes the
conversion of monohydroxy phenols (e.g., phenol, tyrosine, and p-cresol) into o-dihydroxy
phenols (e.g., catechol, dopamine, and adrenalin), as well as the dehydrogenation of o-
dihydroxy phenols into o-quinones. Figure 2 illustrates how the formation of melanin and
the oxidation of phenolic chemicals to quinones give foods their dark color [29].

Figure 2. Pomegranate polyphenols in the skin, chemical structures of punicalin (PL), punicalagin (PG)
and ellagic acid (EA), and brown pigment (melanin) formation from phenolic compounds [29–31].
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Peroxidases (POD), which perform mono-electron oxidation on a wide range of com-
posites in the presence of hydrogen peroxide, are additional enzymes which have polyphe-
nol oxidation activity [32]. POD is a common enzyme in plants, but it still has an unclear
mechanism of action. It has been suggested that the function of this enzyme depends on
the availability of hydrogen [33].

As illustrated in Figure 2, the principal polyphenols in pomegranate peel are ellagitan-
nins (hydrolysable tannins), phenolic acids (mostly hydroxybenzoic acids), and flavonoids
(anthocyanins and other complex flavonoids) [34]. Punicalagin (PG) (C48H28O30) is the
most abundant polyphenol in pomegranate skin [35], which are hexahydroxydiphenic acid
(HHDP) esters coupled to polyols [36]. The PG content in the peel can reach up to 66%
of the total polyphenols, it is soluble in water and can be found naturally as reversible
anomers, alpha and beta; nonetheless, they are frequently referred to as punicalagin [37].
By releasing one HHDP, PG can be hydrolyzed to punicalin (PL), another ellagitannin, and
both PG and PL can be hydrolyzed to Ellagic acid (EA) under particular conditions [38].
Although the structural units of PG, PL, and EA are similar (Figure 2), they differ in terms
of molecular size, polarity, and solubility [30]. Moreover, flavonoids of pomegranate skin
include catechin, epicatechin, quercetin, anthocyanins and procyanidins [39].

It was discovered that in scalded pomegranate fruits, PPO and POD activity increased
while total phenolic and total tannin components decreased [15]. Additionally, there was a
correlation between husk scald injury and the quantity of extractable o-dihydroxy phenols
detected in the skin affected regions. Although the amount of o-dihydroxy phenols in
pomegranate skin is quite little, it has been demonstrated that during storage, husk scald
can occur as result of the enzyme-mediated oxidation of phenols present in the skin [18].
Scalded fruits had decreased antioxidant activity and total phenolic components, which
was followed by a high expression ratio of PPO to PAL [17].

Temperature has a considerable impact on the rate of enzymatic browning. Fruit and
vegetables do not become brown when stored at low temperature, and PPO’s enzymatic
activity ceases at temperatures below 7 ◦C even though it is not deactivated [29].

In addition, CAT activity in pomegranate peel negatively correlated with the browning
index while ascorbic acid oxidase (AAO), PPO, and POD favorably correlated with the
skin browning index [19]. Accordingly, it seems that the accumulation of H2O2 with the
decline of CAT activity made the tannins oxidize to browning substances. In the peel
of scalded fruit, it was shown membrane instability, increased lipid peroxidation, and
enhanced carotenoid production, which may suggest a response to oxidative stress [18].

Punicalin levels were strongly and negatively connected with husk scald, but puni-
calagin had no significant correlation to the incidence of scald. This finding raises the
possibility that high punicalin levels could prevent the occurrence of HS in pomegranate
fruit [40].

The symptoms and occurrence of pomegranate and apple scald are similar, however,
current research indicates that the biochemical reasons and control mechanisms of the two
disorders are different. Diphenylamine (DPA) treatment as an antioxidant ingredient, for in-
stance, can decrease apple scald, but it has no effect on pomegranate scald [18,41]. Although
DPA does not affect scald development in pomegranates, researchers did not eliminate the
possibility that an oxidation process is involved in symptom development [18].

Anthocyanins are water-soluble polyphenolic pigments that are responsible for the
appealing red-violet-blue hues of many fruits, especially pomegranate arils and husks [42].
Anthocyanins also have significant antioxidant action [43]. However, no links between
anthocyanins and the signs of husk scald were discovered [40].

The findings imply that neither the total soluble solids content nor the titratable acidity
or husk color are connected to the development of husk disorders [40].

The study on the anatomical changes in HS of pomegranate skin showed cracks in
the epidermis and cuticle as well as cell degradation only in the very outer layers of the
skin, while the inner layers seemed intact [17]. HS fruit also showed skin hardness as a
result of transpiration and water loss [44]. Additionally, the monitoring of changes in tissue
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thickness was conducted to determine the trends of water loss on pomegranate fruit in
relation to the peel tissues and location. During fruit storage, waxy cuticles fragmented
more rapidly and microcracks widened. Compared to the stem end of the fruit, the calyx-
end and equatorial region of the fruit exhibited a significantly higher number of lenticels,
a larger lenticel size, and a generally thinner peel. The calyx end of the fruit was more
susceptible to water loss than the equatorial- and stem-end regions of the fruit [45].

Gene Pgr023188 encoding uncharacterized protein upregulated in HS fruits, this gene
has 50% similarity to gene BVC80_1667g87 that encodes for glycine rich protein (GRPs).
These genes are involved in increasing tolerance during water stress [46]. Moreover, genes
associated with stress (Pgr000486 and Pgr006284), defense (Pgr011016), oxidative stress
(Pgr006284) and Glycosyltransferase (GTs) (Pgr007593) which is crucial for the biosynthesis
of secondary metabolites were highly presented in HS skin [44]. However, no comprehen-
sive model of mode of action of HS development involving these genes have been reported
so far in the literature.

3. Hypothetical Model of Pomegranate Husk Scald Incidence

A possible mechanism of husk scald development is summarized in Figure 3. It is
suggested that when water loss is present in pomegranate fruit browning of the skin is
enhanced [47,48]. In addition, it has been reported that oxidative stress is induced by
water stress, which leads to the synthesis of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase and trigger the oxidative burst [49,50]. The increase in ROS, in addition to
promoting phenolic biosynthesis mediated by PAL activity, also induces phenolic oxidation
due to an increase in PPO activity and loss of membrane compartmentalization in a similar
fashion as a wound-like effect [51].

Losing selective permeability in the presence of oxygen may lead to membrane leakage
and interaction between enzymes (PPO, POD) which are located in the cytoplasm with
substrate (phenolic compounds such as hydroxy cinnamic acid and tannins including
punicalin, punigalagin in the cells rind vacuole). Higher ratio of PPO/PAL activity is
associated with oxidation of phenolic compounds to quinones which creates colored brown
products [44]. Eventually, the accumulation of these browning agents in the skin become
visible and considered as husk scald.

To avoid this phenomenon of HS in pomegranate during storage various methods
were developed in the past as postharvest treatments without knowing the mode of action
of HS development. However, we can infer according to the proposed model herein
(Figure 3) that the role of these methods is either to inactivate PPO (through limitation of
oxygen exposure such as CA, modified atmosphere packaging (MAP), coating or heat) or
to avoid contact between the enzyme and its substrate by increasing cell integrity using
intermittent warming.

Investigating postharvest treatments preventing husk scald disorder, is helpful in
order to confirm the possible mechanism of HS presented herein. Numerous methods and
strategies for postharvest storage of pomegranate avoiding husk scald will be discussed in
this review paper and their possible targets.
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Figure 3. Hypothesis of pomegranate husk scald incidence during storage and the possible targets of
postharvest treatments. Accordingly, MAP, coating and film wrapping systems would work mainly
by preventing water loss, while CA would have a mode of action involving a decrease in oxidative
stress by reducing the presence of oxygen. Furthermore, MAPs and coatings may also play in part
this role of reducing oxidative stress. On the other hand, intermittent warming may exert its effects by
inducing heat shock-like proteins in a hierarchical stress response model or alternatively by reducing
oxidative stress and preserving membrane fluidity.

4. Factors Affecting Husk Scald Incidence

4.1. Pre-Harvest Factors

Adverse environmental conditions can disrupt normal homeostasis leading to cell
death in plant cells and consequently physiological disorder may appear [52]. The tol-
erance of plant to regulate and maintain cell homeostasis depends on the interaction
between genetics and environmental factors. In fact, genetics are a determining factor of
plant resistance to physiological disorders [53–55]. The information regarding pre-harvest
factors affecting husk scald development in pomegranates during storage is limited in
the literature.

For instance, the results of a research on seven pomegranate accessions showed that
higher antioxidant capacity, total phenolic compound, and punicalin caused lower WL,
husk scald incidence and fungi decay in fruit. On the contrary, the amount of punicalagin
had not significant correlation with the scald incidence. In addition, anthocyanin content
did not show any significant correlation with HS incidence. However, light colored fruit
were more sensitive to chilling injury and husk scald, regardless of having high antioxidant
activity [40]. Furthermore, neither total soluble solids or total acidity had an effect on HS
incidence [40].

There was a correlation between catechol content and peel browning in pomegranate
fruit harvested in late season, and there was a stable catechol level in less browned peel
during storage [56]. In addition, it has been suggested that pomegranates having a high
antioxidant capacity and high total phenolics content in their husks are more tolerant to
husk scald and may retard the formation of scalding [15,16,18,40,57–59].

Research by [18] showed that late-season harvested pomegranate are more susceptible
to HS than mid-season harvested fruits, which is in contrast with the result reported
by [13] that indicated that a delay in harvest reduces the incidence of HS. In general,
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total antioxidant, the level of hydrolysable tannins, such as punicalagin, punicalin and
gallagic acid, and total phenols are high in pomegranate skin during the development
stage, however, they decrease during the maturation stage and decrease further during
storage [59,60]. This might in part explain the reason of higher susceptibility to HS of
late-harvested pomegranates.

In Figure 4, we present an integral model based on the above data linking pre-harvest
factors and its effects on HS development during storage. This integrative approach may be
used as a reference for identifying and introducing future studies on pre-harvest factors and
to dissect their effects on different pomegranate fruit quality attributes and physiological
disorders besides HS (e.g., chilling injury effects).

Figure 4. Integral model linking pre-harvest factors and its effects on HS development during
postharvest storage. This integrative approach based on reported studied in the literature (see
Section 4.1) can be used as a reference for identifying and introducing future studies on pre-harvest
factors and also dissect their effects on different pomegranate fruit quality attributes and physiological
disorders besides HS (e.g., chilling injury effects).

4.2. Postharvest Treatments for Husk Scald Control

In Table 2, different postharvest treatments and their effects on controlling husk
scald incidence in pomegranate fruit are summarized, including the use of CA, MAP, film
wrapping, intermittent warming, coatings, exposure to 1-MCP, and the use of exogenous
putrescine treatment. In addition, in Figure 3, we present the possible targets of these
postharvest treatments based on a model of HS development proposed herein.

4.2.1. Effect of CA

Controlled atmosphere (CA) and modified atmosphere (MA) storage include altering
the storage gas environment, specifically the CO2 and O2 concentrations surrounding the
commodities, and can often help to avoid CI or delay the onset of symptoms [25].

Even though pomegranates do not have climacteric respiratory systems, a suitable O2
to CO2 ratio can prevent peel browning [13]. The ratio has a higher impact on browning
avoidance when combined with the proper storage temperature. Previous studies have
shown that 2% O2, without CO2, reduced husk scald and postponed the onset of chilling
injury symptoms in Israeli “Wonderful” pomegranate at 2 ◦C, but husk scald persisted after
removal from storage. “Mollar” pomegranates were kept for up to eight weeks at 5 ◦C and
at or above 95% relative humidity (RH) in air and in various combinations of controlled
atmospheres, including 10% O2 + 5% CO2, 5% O2 + 5% CO2, 5% O2 + 10% CO2, and 5%
O2 + 0% CO2 ethylene-free. Except at 10% O2 + 5% CO2, controlled atmospheric storage
decreased WL, the risk of decay, and the severity of husk scald.
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In contrast to the level previously suggested for the “Wonderful” cv., the “Mollar”
cv. appears to be more vulnerable to husk scald than other types. Different cultivars may
exhibit varying sensitivity to this disorder [47]. Higher CO2 content had a stronger effect
in preventing the rate and severity of husk scald after 5 months of storage at 6 ◦C [48].
The use of CA storage, which combines 5% O2 + 15% CO2, has the highest success rate
for decreasing decay and husk scald problems of all of these methods, it has been shown
to prolong the postharvest life of pomegranates for up to 5 months at 7 ◦C [6]. The
increased accumulation of acetaldehyde, ethyl-acetate, and ethanol brought on by anaerobic
respiration during CA storage is a drawback because these compounds alter the fruit’s
flavor [6,13,18]. Furthermore, CA with less oxygen may induce the formation of ethanol
reduce the fruit’s marketability [13]. On the other hand, reduced anthocyanin content,
which affects the color of the arils, is a disadvantage of storing with elevated CO2 levels [61].

Browning reduction may relate to increased membrane integrity and decreased per-
oxidase (POD) and polyphenol oxidase (PPO) enzyme activity [62]. Enzymatic browning
occurs when various enzymes such as POD and PPO and their substrates such as phenolics,
decompartmentalize due to a decrease in membrane integrity [63].

It was shown that loss of phospholipid content in pomegranate skin cells that were
stored in air was lower than CA-stored fruit. However, lipophilic conjugates of p-coumaric
acid (LPCAC) isolated from the neutral lipids fraction of peel tissue lipid extracts in air-
stored fruit increased nearly three-fold than CA-stored fruit [18]. LPCAC are known as
cutin- or suberin-like oligomers which increase in response of oxidative stress or water
loss [64]. Furthermore, hydroxycinnamic acid synthesis may contribute to the browning
events involved in scald formation [13].

In general, these results are in agreement with the proposed model of HS development
presented herein (Figure 3), where water stress and oxidative stress are key factors in
HS development in pomegranate fruit. It is likely that CA reduces oxidative stress when
exposed to low levels of oxygen thus reducing HS development.

4.2.2. Effect of MAP

It has been shown that modified atmosphere packaging (MAP) can increase storage
life by three months or more and prevent water loss, visible shriveling symptoms, husk
scald, and rot in ‘Mollar de Elche’ [10], ‘Ganesh’ [65], ‘Primosole’ [2], ‘Wonderful’ [66],
‘Hicrannar’ and ‘Hicaznar’ [67–69] pomegranates.

MAP started to be used frequently for pomegranate shipping and storage. The effect
of MAP pomegranate was studied using unperforated polypropylene (UPP) film of of
25 μm thickness and Perforated polypropylene (PPP) film of 20 μm thickness in 2 ◦C and
5 ◦C storage.

PPP at 5 ◦C was the best treatment for maintaining red skin-color of the arils at the
end of storage, however, husk-scald development was higher at 5 ◦C possibly because
of an increase in polyphenol oxidase activity. Additionally, only unpackaged control at
5 ◦C fruits showed a moderate (commercially objectionable) level of pitting and husk-scald
severity index [10].

Although there are several studies on the effectiveness of MAP for prevention of
HS, there is not any information about antioxidants, phenolic compounds or anthocyanin
alteration in the fruit skin during storage under MAP treatment. However, in litchi fruit,
MAP reduced skin browning through a reduction in PPO and POD activities [70]. Browning
of the skin in litchi during storage is the major issue that limits the marketability, the loss
of membrane integrity and oxidative stress, which induces skin browning [71]. Higher
CO2 concentration in MAP has been found effective in maintaining higher antioxidant
activity enzymes including CAT, SOD and APX [72], on the other hand due to lower
O2 concentration, POD and PPO do not catalyze phenols oxidation [70]. Based on our
assumption, MAP may have the same effect in pomegranate skin as it has in litchi fruit
skin. Furthermore, it has been reported that litchi pericarp laccases play important roles in
browning [73] and since laccase and PPO may share common substrate, such as catechol,
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studies are suggested to determine if laccase activity plays any role in pomegranate fruit
HS development.

It is likely that MAP systems may operate by different modes of action against HS,
likely through reduction in water stress and the corresponding oxidative stress signals, and
simultaneously by reducing oxygen levels that reduces oxidative stress within the cells
(Figure 3).

4.2.3. Film Wrapping

Pomegranates were preserved at 8 ◦C for 6 or 12 weeks, and a combination of film
wrapping and 600 mgL−1 fludioxonil was utilized [74]. The results demonstrated that
wrapping could increase marketability, almost entirely prevent husk scald or browning
discoloration, and maintain fruit freshness during the entire storage period. Despite the
fact that wrapped fruits had higher respiration rates than controls, film wrapping had a
significant impact in reducing water loss. According to the model presented herein, this
film wrapping likely reduced water loss and did not allow the accumulation of oxidative
stress signaling preventing HS development (Figure 3).

4.2.4. Effect of Intermittent Warming

Intermittent warming is the interruption of low-temperature storage with one or more
short periods of warm temperature for various periods of time. It has been shown to
be beneficial in reducing CI and improving in keeping quality of several horticultural
crops, presumably by allowing the continuation of aspects of ripening that had been
halted by the low temperature storage [75]. Intermittent warming alleviates husk scald
in pomegranates [76]. In chilling injury, intermittent warming has been associated with
an increase in unsaturated fatty acid content of membranes increasing fluidity and to
an increase in antioxidant levels due to an increment of polyamines that may protect
membranes through antioxidant effects [77].

Ref. [78] compared pomegranate intermittent warming cycles of 1 day at 20 ◦C every
6 days, while the fruit was stored at 0 ◦C or 5 ◦C. The results showed that storage at 0 ◦C
with intermittent warming avoided decay although increased the risk of chilling injuries
such us pitting and husk scald; on the other hand, 5 ◦C storage with intermittent warming
reduced these injuries but fungal attacks were not inhibited.

The application of intermittent warming for 24 h at 15 ± 0.5 ◦C every 5 days for
pomegranate fruit, stored at 5.0 ± 0.5 ◦C and 5.0% CO2 + 8.0% O2 could delay browning,
with the browning index being 0.15 after 120 days of storage. The results showed that
the activities of the browning index of peel were correlated positively with ascorbic acid
oxidase (AAO), PPO and POD, while correlated negatively with catalase (CAT) activity. The
application of intermittent warming and pomegranate fruit storage under the conditions of
5% CO2 + 8% O2 gas component could delay peel browning [19].

Although the mode of action of intermittent warming is not clear in HS, it is possible
that different mode of actions might be taking place; on the one hand, changes in membrane
fluidity and reduced oxidative stress may be favored [77] or alternatively the proposed
mechanism of heat shock treatments might take place involving a hierarchical response
to stresses, where heat shock-proteins synthesis is favored to a heat stress compared to
a subsequent water stress exposure [79]. Thus, according to the proposed model herein,
intermittent warming will favor membrane fluidity an antioxidant protection, or may
affect proteins synthesized and HS development would not be favored (Figure 3). More
research is needed to test this hypothesis of redirecting protein synthesis of key proteins
and enzymes due to the application of heat treatments or intermittent warming.

4.2.5. Effect of Coating

Fruit and vegetables are coated to extend their shelf life. Coatings can be made of
protein, lipid, polysaccharide, resin, or any combination of, as well as originate from both
plant and animal sources. During processing, handling, and storage, coating creates a
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barrier for gases and moisture and also serve as natural delivery systems for postharvest
chemicals [80–87]. Fruit and vegetables can be treated with soy lecithin-based compounds
to delay ripening, maintain firmness, reduce physiological problems, and enhance their
appearance and marketability [88,89]. The application of commercial formulation of soy
lecithin coating on pomegranates significantly reduced fruit WL as well as incidence and
severity of husk scald in ‘Primosole’ cultivar. Lecithin slightly decreased the transpiration
rate and, therefore, its effect on WL was quite low. It is assumed that the effect of lecithin is
because of the antioxidant properties of soy lecithin [75]. The application of MAP and coat-
ing with chitosan (CH) alone or in combination decreased HS incidence especially in MAP
+ CH treatment. MAP and CH + MAP treatments reduced WL by about 5-fold, compared
to control treatment while CH coating alone was not effective as much as these treatments
in reducing WL during storage and shelf life. Interestingly, CH treatment alone was not as
effective as MAP or MAP + CH in controlling HS symptoms [90]. Retention of the husk
color in the pomegranate fruit subjected to coating treatments could be attributed to their
ability to modify surrounding atmosphere of the fruit, resulting in reduced respiration rate,
WL, and inhibited the activity of enzymes that is associated with husk discoloration [91,92].
In general, according to the model presented herein, it is likely that coatings reduce HS
incidence by decreasing water loss and avoiding oxidative stress signals (Figure 3).

4.2.6. Effect of 1-MCP

It has been reported that 1-MCP can minimize superficial apple and pear skin scalding
and improve the storage and shelf life of fruit [93,94].

Pomegranate is a non-climacteric fruit; studies have shown that some non-climacteric
fruits can benefit somewhat from 1-MCP [95–98].

Ref. [18] compared the application of diphenylamine (DPA) and 1-MCP alone and
in combination; results showed neither diphenylamine at 1100 or 2200 μLL−1, nor 1-
methylcyclopropene at 1 μLL−1, alone or together reduced scald incidence and severity in
pomegranates. On the contrary, it has been reported that the peel browning of ‘Dahongpao’
pomegranates was significantly reduced using 0.25, 0.5, and 1 μL/l 1-MCP concentrations,
possibly related to a reduction in PPO activity [99]. Moreover, [100] examined an exper-
iment using 1-MCP in combination with CA (2% O2 + 5% CO2) and air on “Wonderful”
pomegranate. The results showed that 1-MCP can prevent husk scald in pomegranates
stored in air storage. The partial control or delay of scald symptoms by 1-MCP shows
that the biochemical mechanism(s) causing scald are activated, but not entirely by ethy-
lene [101,102]. Furthermore, 1-MCP and DPA do not effectively prevent superficial scald in
pomegranates as they do in apples [41,103].

Even though non-climacteric fruit do not even actually ripen, the low levels of ethylene
they release are likely involved in the fruit’s senescence, therefore treating them with 1-
MCP may have some advantages. Pomegranates may benefit from lower husk scald and
superior aril appearance and taste due to an inhibitory influence on the fruit’s metabolic
activity, which leads to senescence. More work has to be conducted to elucidate the role of
ethylene in HS development before promoting 1-MCP to control HS development.

4.2.7. Exogenous Putrescine Treatment

Polyamines (PAs) are compounds naturally synthesized in plants and have roles in
development, ripening and senescence processes. Putrescine (PUT), spermine (SPE), and
spermidine (SPD) are common PAs applied externally to increase the shelf-life of fruit [104].
The application of 2 and 3 mmol/L putrescine before 4 months storage at 5C and 95%
RH was effective for husk scald prevention for the first 3 months storage. However, all
of the fruit developed scald at the end of 4th month of storage. Moreover, a higher PUT
concentration showed a significant decrease in WL of fruit due to maintenance of cell
integrity and permeability. Despite the fact that PUT is considered to have antioxidant
properties, in this study the treatment was not applied as a coating and thus, there was
enough oxygen supply for enzymatic oxidation of phenolic compounds during long-term
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storage [105]. In general, more work is needed to elucidate any possible role of polyamines
in reducing HS incidence and their mode of action.

Table 2. Summary of postharvest treatments applied to prevent husk scald (HS) in pomegranate fruit
during storage.

Reference Key Findings Treatment Description Fruit Treatment

[13] Reduced HS 2% O2 + 0%CO2

CA

[47] The more O2 available the more HS occurs
10% O2 + 5% CO2
5% O2 + 5% CO2
5% O2 + 0% CO2

[6] The best combination controlling HS 5% O2 + 15% CO2

[48] The higher CO2 concentration The better
HS control 3% and 6% CO2

[10] PPP film and storage at 5 ◦C the best for
controlling HS

Unperforated polypropylene (UPP) film and
Perforated polypropylene (PPP) film

MAP

[2] Inhibited HS Film wrapping in combination with
600 mgL−1 fludioxonil

[78] Decreased HS Intermittent warming cycles of 1 day at 20 ◦C
every 6 days Intermittent

warming
[19] Delay HS incidence Intermittent warming for 1 day at 15 ◦C

every 5 days and 5% CO2 + 8% O2

[75] Reduce severity of HS Soy lecithin
Coating

[90] Successfully controlled HS Chitosan treatment 1% with MAP

[18] No effect on controlling HS 1-MCP alone or in combination with
diphenylamine (DPA)

1-MCP[99]
Peel browning index decreased in all

treatments, up to 35% at 0.5 μL/L
concentration

1-MCP (0.25, 0.5, and 1 μL/L)

[100] 1-MCP partially prevents HS specially in
air storage

1-MCP combined with controlled
atmosphere (2% O2 + 5% CO2) and air

[105]
Effective for husk scald prevention for the

first 3 months storage, afterwards
not effective

2 and 3 mmol/L before storage at 5 ◦C Putrescine

5. Conclusions

Pomegranate is an exotic fruit with high valuable nutritional benefits. This fruit
even has the potential to be considered a functional or medicinal food that recently has
received much attention among consumers. Due to increased consumptions and demand,
extending the marketing season, creating the opportunity for the sustainable consumption
of fresh pomegranate and/or its availability to the processing industry by prolonging the
storage life of pomegranates is crucial. HS, on the other hand, has a significant negative
effect on pomegranate marketability. The results of this review paper and the hypothetical
model described herein suggest that storage duration more likely triggers a cascade of
oxidative changes that eventually cause a wound-like effect within skin cells and leads
to skin enzymatic browning. This process of HS development apparently starts with
water loss and a sequential oxidative stress mechanism. Further studies are needed to
confirm water loss as the triggering mechanism of HS development. It is interesting that
all of the successful postharvest treatments proposed so far in the literature to halt HS
development can be explained by the proposed model of HS development described herein,
either through control of water loss, control of oxidative stress, maintaining membrane
integrity or through redirecting of protein synthesis of key proteins/enzymes involved in
HS development. Furthermore, studies are needed to determine the specific phenolics [39]
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involved in HS development, since the type of phenolic has been shown to influence the
hue of the browning polymerization process [106].

This review paper on HS development and mode of action can be the basis to revisit
known postharvest treatments and to find and develop new techniques that can prevents HS
development. For instance, the combination of treatments using a hurdle approach based
on mode of actions of individual treatments may allow us to obtain additive or synergistic
effects on the reduction in HS incidence. In spite of the fact that there are a number
of studies controlling HS in the literature, proposing a model describing scald etiology
and its prevention or even prediction seems essential for developing novel approaches
to reduce HS.
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Abstract: The effectiveness of an alginate/chitosan nanomultilayer coating without (NM) and with
Aloe vera liquid fraction (NM+Av) was evaluated on the postharvest quality of tomato fruit at
20 ◦C and 85% relative humidity (RH) to simulate direct consumption. Both nanomultilayer coatings
had comparable effects on firmness and pH values. However, the NM+Av coating significantly
reduced weight loss (4.5 ± 0.2%) and molds and yeasts (3.5–4.0 log CFU g−1) compared to uncoated
fruit (16.2 ± 1.2% and 8.0 ± 0.0 log CFU g−1, respectively). It notably lowered O2 consumption
by 70% and a 52% decrease in CO2 production, inhibiting ethylene synthesis. Visual evaluation
confirmed NM+Av’s efficacy in preserving the postharvest quality of tomato. The preservation of
color, indicated by the Minolta color (a*/b*) values, demonstrated NM+Av’s ability to keep the
light red stage compared to uncoated fruit. The favorable effects of NM+Av coating on enhancing
postharvest quality indicates it as a potential alternative for large-scale tomato fruit preservation.

Keywords: nanomultilayer coatings; tomato; Aloe vera liquid fraction; gas barrier properties;
postharvest quality

1. Introduction

Tomato (Solanum lycopersicum L.) is the second most important crop in the world after
potatoes, with a production of approximately 11.6 billion tons of fresh weight in 2020 [1].
It is classified as a climacteric fruit, which means its ripening process is accompanied
by an increase in respiration rate and ethylene production, leading to a relatively short
postharvest shelf life [2]. For example, tomatoes stored at room temperature typically have
a shelf life of around 7–11 d, depending on the variety [3,4]. The plant hormone ethylene
is essential for normal fruit ripening, as it triggers various physical, physiological, and
biochemical changes that enhance the appeal of tomatoes for consumption [5]. During
the transition of tomato fruit from the mature green stage to fully ripe, which can occur
on the plant or after harvesting, various quality parameters such as color, texture, and
flavor undergo significant changes [6]. Additionally, the respiratory process brings about
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physiological consequences that are less desirable, including senescence, decay, chlorophyll
degradation, and subsequent deterioration [7]. Transpiration, on the other hand, leads to
shrinkage and weight loss of the produce by facilitating the movement of water vapor from
the surface to the surrounding air [8].

Furthermore, tomatoes are susceptible to fungal attacks, such as Rhizopus stolonifer and
Penicillium expansum, which can colonize injured fruits during harvesting and handling,
rapidly spreading to adjacent fruits and causing significant losses [9]. Bacterial infections,
including Escherichia coli, can also pose a risk to human health when contaminated tomatoes
are consumed [10].

In general, it is crucial to control the processes of respiration and transpiration, as well
as microbial contamination to extend the shelf life and maintain the quality of tomatoes. The
conventional method used to delay and/or reduce ethylene production is storage at low
temperatures, but this approach may cause chilling injury [11]. Pesticides and sanitizers are
often employed to reduce pathogen levels; however, their application can result in residues
that may exceed the maximum allowable limits, posing a serious problem for human
health [12]. To address these challenges, recent research has focused on exploring improved
and more efficient postharvest processing and preservation techniques. Among these
techniques, the application of edible coatings has emerged as an alternative for extending
the postharvest life of tomato fruit [2,13,14].

Edible coatings can modify the internal atmosphere of coated produce, creating a
semi-permeable barrier against O2, CO2, and moisture. As a result, they can reduce
respiration, water loss, and oxidation reactions [15]. Polysaccharide-based coatings are the
most used materials to extend the shelf life of fruits and vegetables. Examples of these
materials include sodium alginate [16], chitosan [17], galactomannans [18], pullulan [19,20],
pectin [21], among others.

Recent studies have suggested that these coatings can exhibit improved functionality
when used at nanoscale and applied in the form of a nanomultilayer on produce. Nanomul-
tilayer coatings can be constructed by alternating the deposition of polyelectrolytes with
opposite charges using the layer-by-layer (LbL) deposition technique [22]. Examples of
this technique include chitosan/sodium alginate and chitosan/pectin coatings [15,23–26].
The objective is to combine their bioactivity and barrier properties, resulting in enhanced
efficiency and an improved gas barrier compared to conventional coatings. Additionally,
nanomultilayer coatings can serve as carriers for bioactive compounds, either directly or
encapsulated, enabling controlled release of the active agents and prolonged bioactivity
over time.

Recent studies have emphasized Aloe vera’s and its fractions’ potential in food preser-
vation coatings. Tarangini et al. [27] combined A. vera’s bioactivity with sericin, chitosan,
and glycerol, extending tomato shelf life by reducing deterioration for up to 21 d at 25 ◦C.
A. vera gel-based edible coatings (60–80% gel) maintained higher levels of lycopene, ascor-
bic acid, sugar, carotenoids, flavonoids, and pectin, while reducing microbial counts on
tomatoes stored at 10 ◦C for 30 d [28]. Additionally, A. vera liquid fraction displayed potent
antioxidant and antifungal properties against key fungi during tomato postharvest [29,30].

However, there are no studies incorporating A. vera into nanomultilayer coatings.
Therefore, the objective of this study was to assess the impact of incorporating A. vera
liquid fraction into an alginate/chitosan nanomultilayer coating on the physicochemical
parameters associated with the postharvest quality of tomatoes during storage at room
temperatures (20 ◦C/85% RH, respectively). Additionally, the study aimed to investigate
the role of the A. vera liquid fraction in controlling microbial spoilage and the respiration
process of the tomato fruit.

2. Materials and Methods

2.1. Materials

Sodium alginate was obtained from Manutex RSX (Kelco International, Ltd., Portugal),
and chitosan (91.23% deacetylation degree and high molecular weight) was purchased
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from Golden-Shell Biochemical Co., Ltd. (Taizhou, Zhejiang, China). Lactic acid of 90%
purity and oxalic acid dehydrate were purchased from Merck (Darmstadt, Germany).
Tween 80 was purchased from Acros Organics (Geel, Belgium). Sodium hydroxide was
obtained from Riedel-de Haën (Seelze, Germany), and ascorbic acid was obtained from
VWR (Radnor, PA, USA). Dichloran-rose Bengal-chloramphenicol (DRBC), glycerol, sodium
chloride, and phenolphthalein were supplied by Panreac (Barcelona, Spain). The dye 2,6-
dichlorophenol-indophenol (DCPIP) was obtained from Sigma (St. Louis, MO, USA). Plate
count agar (PCA) and peptone bacteriological were purchased from HiMedia Laboratories
(Mumbai, India).

The liquid fraction of A. vera (Aloe Vera Ecológico, Alicante, Spain) was obtained using
the method described by Flores-López et al. [29].

Tomatoes (Solanum lycopersicum L.) of the round variety were selected at the turning-
pink stage of ripening (average weight = 192 g), following the USDA standard tomato
color classification chart (USDA, 1991), were purchased from a local supermarket in Braga,
Portugal. The fruits were visually selected for uniformity in size, color, and absence of
fungal infection, and were kept at 6 ◦C until use. Before the treatments were applied, the
tomatoes were washed with a solution of sodium hypochlorite (0.05% v/v) for 3 min, then
rinsing with distilled water, and air-dried at room temperature.

2.2. Experimental Design

The shelf-life analyses were performed at 20 ◦C and 85% RH (representing commercial
storage conditions). Three different treatments were evaluated: uncoated tomatoes (control),
nanomultilayer coating (NM), and nanomultilayer coating with A. vera liquid fraction
(NM+Av), as presented in Table 1. The physicochemical and microbiological analyses were
conducted at regular intervals (0, 3, 6, 9, 12, and 15 d) and respiration rate was evaluated
daily for 8 d.

Table 1. Treatments applied to tomato fruit.

Treatment 1st Layer 2nd Layer 3rd Layer 4th Layer 5th Layer

Uncoated
Nanomultilayer

coating (NM) Alg Ch Alg Ch Alg

Nanomultilayer
coating + A. vera liquid

fraction (NM+Av)
Alg/Av * Ch/Av ** Alg/Av * Ch/Av ** Alg/Av *

Liquid fraction of A. vera (Av) at concentration of 0.2% (w/v) for alginate (Alg) * and 0.6% (w/v) for chitosan
(Ch) **.

2.3. Coating Preparation

Polyelectrolyte solutions based on sodium alginate (Alg) and chitosan (Ch) were
prepared according to the method described by Fabra et al. [22]. The concentrations of each
polysaccharide, surfactant (Tween 80), and plasticizer (glycerol) were determined based
on the spreading coefficient (Ws) studies on the tomato surface, as described by Casariego
et al. [31]. Briefly, a 0.2% (w/v) Alg solution was prepared by dissolving Alg in distilled
water and stirring at room temperature until complete dissolution. Glycerol (0.05%, w/v)
and Tween 80 (0.05%, w/v) were added as a plasticizer and surfactant, respectively. The
pH of the solution was adjusted to 7.0 using a 1 mol L−1 sodium hydroxide solution.

The Ch solution (0.6%, w/v) was dissolved in a solution of lactic acid (1.0%, v/v) and
stirred until Ch was completely dissolved. Glycerol (0.1%, w/v) and Tween 80 (0.1%, w/v)
were added, and the pH of the Ch solution was adjusted to 3.0 using a 1 mol L−1 lactic
acid solution.

Subsequently, the A. vera liquid fraction was added to both the Ch (Ch-Av) and Alg
(Alg-Av) coating solutions to achieve a final concentration of 0.6% or 0.2% (w/v), respec-
tively, and mixed for 2 h at room temperature until homogenization. The concentrations of
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the A. vera liquid fraction were selected based on its reported range of bioactivity (antifun-
gal and antioxidant) by Flores-López et al. [29], and considering the amounts of Alg and
Ch used in the solutions (0.2% and 0.6% w/v, respectively), to obtain a polysaccharide: A.
vera liquid fraction ratio of 1:1.

Zeta Potential

The zeta potential (ζ-potential) of each Alg and Ch coating solution was determined
using a particle micro-electrophoresis instrument (Zetasizer Nano ZS-90, Malvern Instru-
ments, Malvern, UK). Each sample was loaded into disposable capillary cells (DTS 1060,
Malvern Instruments) and assessed at room temperature [2]. Additionally, the effect of
adding A. vera liquid fraction to the coating solutions was evaluated in triplicate.

2.4. Nanomultilayer Coating Application on Tomato Fruit

The coatings were applied to the test groups using the LbL deposition technique, as
shown in Table 1. No coating was applied to the control group (uncoated). Briefly, the
tomatoes were immersed in a 0.2% (w/v) Alg solution at pH 7.0 for 10 s, and then rinsed
with distilled water at the same pH (7.0). The samples were dried at 30 ◦C for 20 min in
an oven with air circulation (Binder KBF, GmbH, Tuttlingen, Germany). The process was
repeated using a Ch solution (0.6% w/v) at pH 3.0, followed by rinsing with distilled water
at the same pH (3.0). This process was repeated with alternate deposition of a total of five
layers (Alg-Ch-Alg-Ch-Alg). The immersion time, drying time between layers, and drying
temperature were established based on preliminary tests. These conditions were selected
to facilitate future scale-up of the process and application at the industrial level.

For each treatment, three replicates of five tomatoes (n = 15) were placed in trays and
placed inside a controlled temperature and humidity chamber (Binder GmbH, Tuttlingen,
Germany) at 20 ◦C and 85% RH. Temperature and RH during the shelf life and respira-
tion tests were recorded using an iButton data logger (Thermochron, Dallas, TX, USA).
Photographic documentation was utilized to capture the visual changes in the appearance
of tomatoes by comparing the initial images of the treatments and the control over the
storage period.

2.5. Physicochemical Analyses
2.5.1. Weight Loss

The weight loss of five tomatoes per treatment was evaluated by weighing all samples
using a precision balance (METTLER AE200, Mettler-Toledo, Giesen, Germany) at the
beginning of storage (0 d) and during the experimental storage period. The percentage (%)
of weight loss was determined using the following equation:

Weight loss(%) =
Wi − Wf

Wi
× 100 (1)

where Wi is the initial sample weight and Wf is the final sample weight.

2.5.2. Titratable Acidity (TA), pH, Soluble Solid Content (SSC)

At consistent intervals of 3 d during 15 d, three tomatoes from each treatment were
analyzed. The samples were cut into small pieces, subsequently 50 g of each treatment
was ground in a blender and filtered through Whatman filter paper no. 1 under vacuum.
Titratable acidity (TA) was measured by utilizing 10 mL of previously obtained juice.
Two drops of 1% (w/v) phenolphthalein were added, followed by titration using NaOH
(0.1 mol L−1) using the 942.15 AOAC method. The results were expressed as a percentage
(%) of citric acid. The pH of each treatment was determined using a pH meter (Hanna
Instruments Inc., Bucharest, Romania) by directly submerging the electrode into the ho-
mogenized sample.

The juice from both the treatments and control groups was used to determine the
soluble solid content (SSC) following the 932.12 AOAC method [32]. Briefly, a drop of
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the tomato juice was applied to a refractometer’s surface (HI 96801, Hanna Instruments
Inc., Bucharest, Romania) calibrated with distilled water to measure the refractive index.
Results were expressed as percentage (%). For all physicochemical tests, three samples per
treatment were analyzed at each sampling time.

2.5.3. Ascorbic Acid (AA) Determination

The ascorbic acid (AA) content was estimated using the DCPIP titration method of
Ranggana [33] with some modifications. Briefly, the juice obtained from the fruit was
centrifuged (Sigma 4K15, Sartorius, Göttingen, Germany) for 5 min at 12,000× g at room
temperature. The supernatant (2.0 mL) was mixed with 5.0 mL of oxalic acid (4.0% w/v)
and 2.0 mL of distilled water. The volume required to cause a color change in the DCPIP
solution (24.0 g L−1 in distilled water) was recorded. A standard solution of ascorbic acid
at a concentration of 20 g L−1 in distilled water was used as a reference. The results were
expressed as mg kg−1 of AA per fresh weight (FW). All determinations were performed
in triplicate.

2.6. Color

The color of the tomato skin was evaluated by measuring it with a Minolta colorimeter
(CR 400; Minolta, Osaka, Japan). Average readings were taken at three points on the cir-
cumference of each fruit. The instrument was calibrated using a standard white color plate
(Y = 93.5, x = 0.3114, y = 0.3190). The results were reported as Minolta color values accord-
ing to the scale proposed by Batu [34] for tomato fruit, that indicates a direct correlation
between the Minolta a*/b* ratio and the USDA ripening stages (Table 2), which were
calculated using the following equation:

Minolta color =
a∗

b∗ (2)

where a* value corresponds to the degree of redness and the b* value represents yellowness
in the Minolta colorimeter.

Table 2. Classification of USDA mature stages of tomato fruit according to Minolta color values.

Minolta Color Values (a*/b*) USDA Tomato Color Stages

−0.59 to −0.47 Green
−0.47 to −0.27 Breaker
−0.27 to 0.08 Turning
0.08 to 0.60 Pink
0.60 to 0.95 Light red
0.96 to 1.21 Red

Adapted from Batu [34].

2.7. Firmness

Fruit firmness was determined using a texture analyzer (TA.XT, Stable Micro Systems,
Godalming, UK). The tomato fruit was positioned at the center of the platform, and the
force (N) required to penetrate 2.0 cm into the fruit was measured at the break point using
a 6 mm flat-head stainless steel cylindrical probe. The test speed was set at 5.0 mm s−1.
Firmness measurements were taken at the beginning and end of each test, and the results
were reported as the mean ± SE (n = 10) and expressed in Newtons (N).

2.8. Microbiological Analyses

Microbiological analyses were conducted to count the total aerobic mesophilic mi-
croorganisms and molds and yeasts during the storage conditions, following the method
described by Olivas et al. [35]. A sample weighing 10 g was aseptically collected from
tomato surfaces and placed in a sterilized filter stomacher bag (VWR Scientific, West
Chester, PA, USA) containing 90 mL of sterilized peptone water (0.1% w/v). The mixture
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was blended for 120 s using a Stomacher blender (3500, Seward Medical, London, UK).
Serial decimal dilutions of the filtrate in 0.1% peptone water were pour-plated in duplicate
on PCA agar and incubated at 37 ◦C for 2 d to count aerobic mesophilic microorganisms.
Simultaneously, the same decimal dilutions were spread-plated on DRBC agar, a selective
medium for the isolation and quantification of molds and yeasts. These plates were then
incubated for 5 d at 25 ◦C.

The results were quantified and expressed as log colony-forming units per gram (log
CFU g−1), encompassing the total count of aerobic mesophilic microorganisms as well as
the combined count of molds and yeast observed on the selective DRBC agar plates. All
analyses were performed with two replicates.

2.9. Gas Transfer Rate and Ethylene Production

The closed system method was used to measure the gas exchange (O2 and CO2) and
ethylene (C2H4) production of tomato fruit. Acrylic air-tight cylindrical containers with
a top lid fitted with a septum for gas sampling were used for each fruit and measured
daily. A whole intact fruit sample was placed within each container, which was then placed
in a controlled temperature and humidity chamber (Binder, Binder GmbH, Tuttlingen,
Germany) to maintain the storage conditions. Evaluations were made daily for 8 d. Tem-
perature and RH were recorded using an iButton data logger (Thermochron, Dallas, TX,
USA) placed inside the container.

The O2 and CO2 contents were determined using a gas chromatograph (Bruker Scion
456, Markham, ON, Canada) equipped with two thermal conductivity detectors (TCD).
The gas chromatograph had two columns: SS MolSieve 13 × (80/100), 2 m × 2 mm ×
1/8′ ′ for O2 determination and BR Q PLOT, 30 m × 0.53 mm for CO2 measurement. Argon
and helium were used as carrier gases, respectively. Calibration was performed using a
mixture containing 10% CO2, 20% O2, and 70% N2. The C2H4 production was evaluated
using a Varian Star 3400 CX (Palo Alto, CA, USA) gas chromatograph, coupled with a
flame ionization detector (FID). The chromatograph was equipped with a vf-5 ms 30 m ×
0.25 mm, 0.25 μm column. Helium, nitrogen, air, and hydrogen were used as carrier gases.
Ethylene at 500 mg L−1 (Calgaz, Staffordshire, UK) was used as a standard for calibration.

The determination of gas transfer rate was performed with three replicates for each
group of samples. Three full replicates were performed for both the control and the coated
fruit groups. The O2 consumption and CO2 and C2H4 production rates were determined
as described by Cerqueira et al. [36] with some modifications.

2.10. Statistical Analyses

The data analyses were conducted using FAUANL software v. 2015 [37] and Sta-
tistica software (release 7, edition 2004, Statsoft, Tulsa, OK, USA). Analysis of variance
(ANOVA) was performed to determine significant differences. Mean values that were
significantly different (p < 0.05) were separated using the Tukey test for a randomized block
experimental design.

3. Results and Discussion

3.1. Physicochemical Analyses
3.1.1. Weight Loss

A weight loss above 5% is considered a limiting factor for the postharvest life of
fruit crops, as there is a known relationship between this parameter, temperature, and
storage time [38]. Figure 1 presents the weight loss of tomato fruit during storage at 20 ◦C
and 85% RH. There was a significant difference between tomatoes coated with NM+Av
coating and those coated with NM coating or uncoated tomatoes. This difference was
more pronounced (p < 0.05) on the 15th d, with weight loss values of 5.2 ± 1.2% for
tomatoes coated with NM+Av, and 8.5 ± 0.6% and 16.2 ± 1.2% for those coated with
NM coating and uncoated tomatoes, respectively. The improved water barrier provided
by the nanomultilayer coatings compared to uncoated tomatoes can be attributed to the
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electrostatic interactions between the Alg and Ch layers. This was corroborated by the
ζ-potential values of the Alg solution (−60.40 ± 4.20 mV), which were lower and carried
an opposite charge compared to the Ch solution (65.40 ± 3.70 mV). These interactions
increase the tortuosity of the system, thereby reducing the diffusion of molecules through
the coating materials [15].
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Figure 1. Tomato fruit weight loss (%) during storage at 20 ◦C/85% RH for 15 d. Values are the mean
± SE.

The observed reduction in moisture loss and the subsequent improvement of posthar-
vest quality can be attributed to the A. vera functionalization, which may be comprehended
through its interaction with the hydrophilic groups inherent in Ch. The incorporation of
A. vera liquid fraction into the Alg solution resulted in a significant increase in the charge
(−45.50 ± 3.30 mV), potentially associated with the partial neutralization of Alg’s car-
boxylic groups by positively charged components of A. vera (e.g., proteins). However, there
were no significant differences observed in the Ch coating solution upon the incorporation
of the A. vera liquid fraction (72.20 ± 4.50 mV). These conditions guarantee the occurrence
of electrostatic interaction between these polysaccharides even when functionalized. A.
vera, known for its bioactive compounds, likely forms hydrogen bonds or other molecular
interactions with Ch’s hydrophilic sites. This interaction alters the Ch-water dynamics,
possibly by forming a protective barrier or modifying the surface properties of the Ch-based
coating. Consequently, this impedes water permeation or enhances water vapor resistance,
subsequently diminishing the rate of moisture loss from the coated fruit [39]. A study
conducted by Morad et al. [40] indicated that tomatoes coated with A. vera gel also created
a physical barrier that reduced the transfer of moisture from the inside of the fruit to the
outside, attributed to its hygroscopic nature, the presence of hydrophobic compounds, and
a higher polysaccharide content. Vieira et al. [30], also observed a significant decrease in
weight loss in a chitosan-based coating containing A. vera liquid fraction after being stored
at 5 ◦C and 90% RH for 25 d. This highlights the efficacy of such interactions in preserving
produce quality during storage under specified conditions.

3.1.2. Titratable Acidity (TA), pH, Soluble Solid Content (SSC)

The pH, TA, and SSC values for tomatoes under storage at 20 ◦C and 85% RH are
presented in Table 3. The SSC values in tomatoes ranged between 3.6 and 4.6%, which is
consistent with the values reported by Zapata et al. [41] for tomato fruit. The SSC values
remained stable throughout the 15-d storage period, showing no significant differences
between treatments, or compared to day 0. This stability suggests a maintained level of
sweetness in the tomatoes, which is consistent with the results reported by Javanmardi and
Kubota [42] for tomatoes stored at temperatures ranging from 25 to 27 ◦C. The pH values
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remained relatively steady during storage, yet an increase was noted in coated tomatoes by
day 15 compared to day 0. This pH rise in coated tomatoes suggests an ongoing maturation,
possibly influencing taste development while also being protected against weight loss, as
shown in Figure 1.

Table 3. Physicochemical properties of tomato fruit during storage at 20 ◦C/85% RH for 15 d.

Storage
Time (d)

0 3 6 9 12 15

Uncoated TA 0.3 ± 0.0 Aa 0.2 ± 0.0 Ba 0.2 ± 0.1 Aa 0.3 ± 0.0 Aa 0.2 ± 0.1 Aa 0.2 ± 0.0 Aa

pH 4.5 ± 0.1 Aa 4.5 ± 0.2 Aa 4.5 ± 0.2 Aa 4.5 ± 0.2 Aa 4.5 ± 0.1 Aa 4.6 ± 0.1 Aa

SSC 3.9 ± 0.2 Aa 4.3 ± 0.2 Aa 4.1 ± 0.2 Aa 4.0 ± 0.4 Aa 4.0 ± 0.3 Aa 3.6 ± 0.1 Aa

NM TA 0.3 ± 0.0 Aa 0.2 ± 0.0 Aa 0.2 ± 0.0 Ba 0.2 ± 0.0 Bb 0.2 ± 0.0 Ba 0.2 ± 0.0 Ba

pH 4.5 ± 0.1 Aa 4.5 ± 0.2 Aa 4.6 ± 0.1 Aa 4.7 ± 0.1 Aa 4.6 ± 0.0 Aa 4.8 ± 0.0 Bb

SSC 3.9 ± 0.2 Aa 4.6 ± 0.0 Ba 3.9 ± 0.4 Aa 3.9 ± 0.1 Aa 4.0 ± 0.2 Aa 3.8 ± 0.1 Aa

NM+Av TA 0.3 ± 0.0 Aa 0.3 ± 0.0 Aa 0.3 ± 0.1 Aa 0.2 ± 0.0 Bb 0.2 ± 0.0 Ba 0.2 ± 0.1 Aa

pH 4.5 ± 0.1 Aa 4.5 ± 0.2 Aa 4.4 ± 0.2 Aa 4.6 ± 0.2 Aa 4.7 ± 0.1 Aa 4.9 ± 0.1 Bb

SSC 3.9 ± 0.2 Aa 4.0 ± 0.3 Aa 4.0 ± 0.3 Aa 4.0 ± 0.2 Aa 3.9 ± 0.1 Aa 4.5 ± 0.1 Ab

TA = titratable acidity (% citric acid); SSC = soluble solid content (%). Means followed by the same lowercase
letters in the columns and uppercase letters in rows did not show a statistically significant difference by Tukey’s
test (p < 0.05).

On the other hand, the acidity of tomatoes significantly contributes to their taste and is
intricately linked to the maturation process. However, the acidity does not change linearly
over time. Research indicates varying trends, such as decreasing malic acid and increasing
citric acid until the turning stage, while contrasting studies show a gradual rise in malic
acid throughout maturation [13]. These variations partially explain the results obtained, as
the TA values remained stable for all treatments during storage, despite observed changes
in other maturation-related parameters such as color. The balance between SSC and TA
changes might play a crucial role in taste and quality maintenance during storage.

3.1.3. Ascorbic Acid (AA)

In general, fruits are a natural source of AA, and its levels are reduced during mat-
uration and processing. Due to its sensitivity, AA is used as an indicator of the severity
of postharvest fruit damage. Figure 2 illustrates the concentration of AA in uncoated and
coated tomatoes. A reduction in AA levels can be observed on the second day of analysis,
which aligns with previous findings, and it is attributed to AA being used as a substrate or
converted into sugars during ripening [43].

The AA levels were also observed to remain constant throughout the storage period in
tomatoes coated with either of the coatings, with differences (p < 0.05) only being detected
compared to uncoated tomatoes starting from day 12 (Figure 2). The significant reduction in
AA content in uncoated tomatoes can be associated with the advanced ripeness of the fruit.
This reduction may be attributed to the antioxidant function of AA, where ripening cells
absorb higher levels of oxygen due to an increase in respiration rate, which is a characteristic
physiological change in climacteric fruits and vegetables at ripeness [44]. The application
of nanomultilayer coatings aided in reducing AA loss, although the incorporation of A.
vera liquid fraction did not influence AA retention, as no significant differences were found
between the two coatings. Similarly, multilayer systems such as the Ch-(β-cyclodextrin +
trans-cinnamaldehyde complex)-pectin-based multilayer edible coating (with a thickness
of 300 ± 1 μm) reported by Brasil et al. [45] demonstrated the ability to retain higher AA
values in papaya compared to uncoated papaya during storage at 4 ◦C.
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Figure 2. Ascorbic acid (AA) content (mg kg−1 FW) in tomato fruit during storage at 20 ◦C/85% RH
for 15 d. Values are the mean ± SE.

3.2. Color and Firmness

Color serves as an important indicator of ripeness and quality in tomatoes [6]. The a*
value is used to monitor red color development and the degree of ripening in tomato fruit,
while the b* value indicates yellow discoloration. Batu [34] provided a scale of a*/b* values
to express the redness and its relationship with the maturation stage of tomatoes (Table 2).
Figure 3a demonstrates that the color development, as indicated by an increase in Minolta
color a*/b* values, was more pronounced (p < 0.05) in uncoated tomatoes throughout the
storage period. However, the application of nanomultilayer coatings helped preserve the
color attributes of the fruit, with the light red stage of tomatoes being sustained throughout
the entire test. The effectiveness of A. vera-based coatings in reducing color development in
table grapes and mushrooms has been previously reported by other researchers [46,47].

Regarding fruit firmness, the application of NM-Av at day 0 significantly increased
the firmness of tomatoes compared to uncoated and NM-coated tomatoes. This increase
may be attributed to the greater thickness of NM+Av (500 nm) compared to NM (420 nm)
(Figure 3b). Similarly, Athmaselvi et al. [13] reported higher firmness in tomatoes coated
with an A. vera-based coating. A significant decrease in firmness occurred at the end of
the storage period, with uncoated tomatoes exhibiting the lowest firmness. The coated
tomatoes maintained higher firmness, but no significant differences were found between
the two types of nanomultilayer coatings studied. Consistent with these results, Ali et al. [6]
reported lower loss of firmness in tomatoes coated with a gum arabic-based coating during
storage at 20 ◦C and 80–90% RH. Fruit softening is a result of the degradation of cell
structure and the internal composition of the cell wall by enzymes (e.g., hydrolases) acting
on pectin and starch. These actions are closely linked to the progress of fruit ripening.
The effect of coatings on delaying fruit softening is associated with their ability to act as
a barrier for O2 uptake. The results of the gas transfer rate showed that coated tomatoes
exhibited significantly lower O2 consumption than uncoated tomatoes, thereby slowing
down metabolic activity and, consequently, the ripening process [48].
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Figure 3. (a) Minolta color (a*/b*) values and (b) firmness of tomato fruit during storage at 20
◦C/85% RH for 15 d. Values are the mean ± SE. For firmness, different letters on the same day
indicate statistical differences (p < 0.05).

3.3. Microbial Analyses

During the storage period, NM+Av exhibited better inhibition until day 9, and after
day 12, no significant differences were found between tomatoes coated with both nano-
multilayer coatings (Figure 4a). However, these treatments showed reduced (p < 0.05)
populations of molds and yeasts (4.0 ± 0.0 log CFU g−1) compared to uncoated tomatoes
(8.0 ± 0.0 log CFU g−1).
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Figure 4. (a) Microbiological counting of molds and yeasts and (b) aerobic mesophilic microorganisms
throughout storage time at 20 ◦C/85% RH. Values are the mean ± SE.

The antifungal activity of A. vera liquid fraction has been associated with the sup-
pression of germination and inhibition of mycelial growth in fungi such as Rhizoctonia
solani, Fusarium oxysporum, Colletotrichum coccodes, B. cinerea, and P. expansum [30,49]. These
activities can be attributed to the presence of more than one active compound, although
the specific mechanism of action is still unknown [47]. Recently, Vieira et al. [30] reported
significantly lower counts of yeasts and molds on blueberry fruit coated with Ch- and
Ch-liquid fraction of A. vera-based coatings after 25 d of storage at 5 ◦C and 90% RH. This
activity was higher when A. vera was incorporated into the coating, although the authors
also indicated a combination of the effects of Ch and A. vera.

The initial count of mesophilic microorganisms was 4.0 ± 0.7 log CFU g−1, and it
increased during storage (Figure 4b). However, no significant differences in mesophilic
counts were found between coated and uncoated tomatoes, but a slight reduction (p < 0.05)
was observed at day 12 compared to uncoated samples.
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The effectiveness of the evaluated nanomultilayer coatings was higher for yeasts
and molds than for mesophilic microorganisms. Valverde et al. [47] also found the same
behavior on table grapes coated with A. vera gel. It is supposed that the antimicrobial
activity of A. vera cannot be sustained throughout storage, probably due to the stability
of its bioactive compounds, mainly phenolic compounds and organic acids, which are
responsible for its antimicrobial activity, as reported by Flores-López et al. [29]. Visual
evaluation confirmed that the uncoated tomatoes had extensive spoilage on the surface
after 15 d of storage (Figure 5).

Figure 5. Tomato fruit’s gradual change throughout a 15-d storage period at 20 ◦C/85% RH.

3.4. Gas Transfer Rate and Ethylene Production

Innovation in the design of gas barrier materials plays a key role in the agro-food
industry, as they can extend the shelf life of produce. Figure 6a shows the effect of coated
treatments on CO2 production, in which a statistically significant reduction in the respira-
tion rate was observed at day 8 for tomatoes coated with NM+Av compared to uncoated
and NM-coated tomatoes.

NM+Av exhibited a lower gas transfer rate, with a 70% lower O2 consumption and 52%
lower CO2 production after storage, compared to uncoated samples. Recent studies have
demonstrated the effectiveness of κ-carrageenan and lysozyme nanomultilayer coatings
in reducing O2 and CO2 exchange in fresh-cut and whole pears, as well as their role as
a barrier to water loss [24]. Additionally, Medeiros et al. [23] associated the reduction in
gas flow with the extension of shelf life in mangoes coated with a pectin and Ch-based
nanomultilayer coating.

The ethylene production rate at the end of the experiment (day 8) showed differences
between treatments (Figure 6b). These results indicate that the NM+Av coating did not
significantly alter the gas balance in the tomato fruit, as it primarily reduced the respiration
rates [50]. The observed reduction in ethylene production rates in tomatoes coated with
NM+Av suggests influence on the fruit’s physiology. While the incorporation of A. vera
into the nanomultilayer coating notably decreased ethylene production, it appears that
this effect is not only attributable to altering gas balance. Instead, it is likely a combined
outcome of the reduced respiration rates and enhanced gas barrier properties conferred by
the NM+Av coating.
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Figure 6. (a) CO2 and O2 transfer rates and (b) ethylene production during storage at 20 ◦C/85%
RH for 8 d. Values are the mean ± SE. Different letters (a–c) indicate statistical differences between
treatments (p < 0.05).

This reduction can be attributed to the fact that the application of the coating on the
tomato’s surface restricts the permeation of respiratory gases. Additionally, the lower
counts of yeasts and molds may influence the lower ethylene production in tomato fruit
coated with NM+Av, suggesting that the accumulated ethylene in uncoated fruit is pro-
duced by fungi rather than the tomato fruit itself. The reduction in ethylene synthesis and
the gas barrier properties of A. vera gel have been previously reported for climacteric fruits
such as peaches, plums, nectarines [51], apples [52], and tomatoes [14].

Visual evaluation of the tomato fruit at the end of the storage conditions (20 ◦C/85%
RH) also confirmed the significant effect of the NM+Av coating on maintaining quality and
appearance (Figure 5). It provided a barrier against ethylene production and gas exchange
between the inner and outer environments, resulting in a delay in the maturation process
and an extension of the shelf life of the tomato fruit. Further work is required to scale
up this technology to an industrial level to make its application feasible and accessible
for producers.

4. Conclusions

The effectiveness of an alginate/chitosan nanomultilayer coating containing A. vera
liquid fraction in extending the postharvest life of tomato fruit was evaluated. The applica-
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tion of nanomultilayer coatings (with and without A. vera) regulated maturation during
storage conditions at 20 ◦C and 85% RH for 15 d, as it resulted in a reduction in the gas
transfer rate in the coated tomato fruit. Among the coatings, NM+Av exhibited superior
protective properties against weight loss, reduction in gas transfer rates, and ethylene
production. Additionally, it effectively decreased microbial spoilage, thereby improving the
overall quality of the tomato fruit. These beneficial properties of NM+Av make it a novel
alternative for extending the postharvest quality of tomato fruit, which holds significant
commercial value for both producers and consumers.
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Abstract: The effects of different freezing temperatures on the water-holding capacity and physico-
chemical properties of bluefin tuna were studied. The naked body, big belly and middle belly parts of
bluefin tuna were stored at −18 ◦C and −55 ◦C for 180 days. The tuna was evaluated by determining
the water-holding capacity, color difference, malondialdehyde (MDA), salt-soluble protein content,
free amino acid (FAA), endogenous fluorescent proteins and water distribution and migration. The
salt-soluble protein content was measured by the Bradford method. The color difference was mea-
sured by a CR-400 color difference meter. The water distribution and migration were analyzed by the
low-field nuclear magnetic resonance (LF-NMR). The results showed little quality change during
short-term frozen storage, but the frozen storage temperature of −55 ◦C significantly improved the
quality of tuna compared with the frozen storage temperature of −18 ◦C. There were great differences
in the salt-soluble protein content, water-holding capacity and water content the different parts of the
tuna. The water-holding capacity and the protein content were the highest, and the water distribution
of the naked body part was the most uniform of the three different parts. Because of the high fat
content in the big belly and the middle belly, the MDA content and the odor of amino acid increased
rapidly and the quality seriously decreased during the frozen storage.

Keywords: bluefin tuna; frozen storage; physicochemical properties; water-holding capacity;
color difference

1. Introduction

As is well-known, tuna is highly perishable, and therefore, storage time can influence
the quality of tuna. Generally, frozen storage is chosen as the main technique for extending
the shelf life of tuna [1]. Compared with ice storage and cold storage, frozen storage uses
a lower storage temperature. The effect of beetroot-peel dip treatment on steak [2] was
studied by Hafsa et al. who found that cellular enzymatic activity and biochemical reactions
were more inhibited when the frozen storage was at a relatively low temperature. Similarly,
frozen storage was found to be an essential technology in meat processing for a long shelf
life and good quality [3].

Tuna is a good source of nutrients such as protein, fat, vitamins, amino acids, un-
saturated fatty acids, and minerals [4]. Bluefin tuna is suitable as a raw material for the
preparation of high quality food [5]. Based on their research on the effects of ultra-low
temperature and freshness on the quality of frozen tuna meat, Naho et al. [6] found that the
frozen storage temperature of tuna should be −50 ◦C or lower. During the freezing process,
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ice crystals are formed in muscle cells, and Teuteberg et al. [7] investigated the effects of
frozen storage time and temperature on the quality of thawed pork and found that ice
crystals can destroy muscle cells and change the cell structure, resulting in water loss and
affecting the meat quality. The water-holding capacity is affected by the ice crystals [8]. For
bluefin tuna, different parts contain different nutrients [9]. Freezing different parts of the
tuna can maximize its economic value.

The quality of frozen storage products may be affected by several factors, such as the
frozen storage mode [10], frozen storage temperature [11], freezing rate [12], etc. According
to the research, the frozen storage temperature has a significant impact on the quality of
frozen tuna [13], and the water-holding capacity is an important quality parameter that
characterizes the sensory characteristics of tuna, thus affecting the quality of tuna.

However, there are few studies on the impact of frozen storage temperature on bluefin
tuna’s physicochemical properties, as well as the water-holding capacity. There is no
public research on the frozen storage of different parts of bluefin tuna. Research on the
frozen storage of different parts will help to improve the economic benefits of bluefin tuna.
Therefore, the purpose of this study was to explore the effects of different frozen storage
temperatures on the water-holding capacity and physicochemical properties of bluefin tuna
and to provide a theoretical foundation for improving the fresh-keeping quality of different
parts of bluefin tuna.

2. Materials and Methods

2.1. Materials

The tuna used in the study was purchased from Dalian Chenyang Technology Devel-
opment Co., Ltd. It was frozen immediately after fishing, cut according to the naked body,
big belly and middle belly, and then it was sent to the laboratory for frozen storage.

2.2. Main Test Equipment

LF-NMR measurements were carried out by using a Niumag Benchtop Pulsed NMR
Analyzer (Niumag Electric Corporation, Shanghai, China) to analyze the water distribution
and migration. A color difference meter (CR-400, Konica Minolta, Tokyo, Japan), was used
for measuring color changes in the sample. A UV-V spectrophotometer (UV-1102, Shanghai
Tianmei Instrument Co., Ltd., Shanghai, China) was used for measuring FAA. High-speed
centrifuge was used to centrifuge the mixed solutions. A fluorescence spectrophotometer
was used for measuring the endogenous fluorescence of protein.

2.3. Experimental Method

Tuna samples were grouped according to the naked body, middle belly and big belly.
Then, 6 parallel tests were conducted in one experiment, and the tuna samples were
stored in refrigerators at −55 ◦C and −18 ◦C for 6 months. After the tuna arrived in the
laboratory, the fresh, initial values including water-holding capacity, color difference, MDA,
salt-soluble protein content and endogenous fluorescent proteins were measured and then
the experiment was carried out every month.

2.4. Thawing Method

Tuna was thawed in warm salt-water with a concentration of 3% and the probe of the
thermometer was inserted into the sample to measure the central temperature. When the
temperature reached 5 ◦C, it was considered that the thawing was complete.

2.5. Water-Holding Capacity

After thawing the tuna meat, the water on the surface was wiped off with filter paper.
The meat was weighed, and 2 g was wrapped with two layers of paper, and put in the
centrifugal tube. The meat was centrifuged at 4 ◦C for 10 min, at 5500 R/min, and then
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the mass of the meat was accurately weighed after centrifugation. The formula for the
water-holding capacity is as follows:

W (%) = (Ma/Mb) × 100% (1)

where W is the water-holding capacity, Ma is the quality of meat after centrifugation, and
Mb is the quality of meat before centrifugation.

2.6. LF-NMR Measurements

The prepared tuna sample was packed with fresh-keeping film and put into a nuclear
magnetic detection tube with a diameter of 70 mm. The coil temperature was 32 ◦C,
and the proton resonance frequency was adjusted to 24 MHz. The CPMG sequence was
selected and T2 measurement parameters was set as: sampling frequency SW = 100 kHz,
analog gain RG1 = 20, P1 = 18.00 μs, digital gain DRG1 = 6, TD = 400 004, PRG = 1, repeat
sampling interval TW = 2000 ms, accumulation times NS = 4, P2 = 34.00 μs, echo time
TE = 0.550, and serial number of the echo = 8000. According to the CPMG exponential
decay curve, the transverse relaxation time T2 map was obtained by iterative inversion
with analysis software.

2.7. MDA

One gram of tuna meat was added to 9 mL of normal saline, and centrifuged (7550 R/min,
10 min), After centrifugation, the supernatant was determined by visible spectrophotometry and
by using a malondialdehyde kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Each group of samples was measured three times and the average value was taken.

2.8. Salt-Soluble Protein Assay

Next, 20 mL of a 0.02 mol/L PBS solution was added to 2 g of chopped tuna. The
resultant precipitate was then collected after the mixed solution had been homogenized
at high speed (6000 R/min, 3 min) and centrifuged at a low temperature (10,000× g, 4 ◦C,
20 min). After this procedure, 40 mL NaCl solution was prepared. Then, we added
12 mL 3% NaCl solution, homogenized the mixture at a high speed (6000 R/min, 3 min),
centrifuged the mixture at a low temperature (10,000× g, 4 ◦C, 10 min), took the supernatant
for storage, repeated the experiment (a total of 3 times), and combined the supernatant.
At this time, the supernatant contained myogenic protein, and then a 20 μL sarcoplasmic
protein solution was drained into a well-plate (dry in advance). The above draining process
was repeated 3 times and the solution was placed in 3 orifice plates, respectively, as a
parallel experiment. Then, 200 μL of Bradford solution was added to these 3 orifice plates
and was quickly mixed at a room temperature of 25–30 ◦C. After a 5 min reaction, the
microplate reader was inserted and connected to the computer for testing.

2.9. FAA

After homogenizing, drying, and grinding the sample, 0.2 g of dry sample was
placed in a 55 mL volumetric flask, and 0.02 mol/L hydrochloric acid was added to a
constant volume; it stood for 1 h, and was then filtered, purified, and passed through
the membrane. The AccQ-Tag method was used to develop a reverse phase separation,
which was carried out with UV 248 nm detection, and the instrument used was a high
performance liquid chromatograph.

2.10. Endogenous Fluorescent Protein

Two grams of tuna meat was weighed and 18 mL of distilled water was added, it
was homogenized (14,000 R/min, duration 1 min), and then the solution was centrifuged
for 10 min (10,000 R/min, 4 ◦C), filtered to obtain precipitation. Then, 18 mL of NaCl
solution with 3% concentration was added, it was homogenized, centrifuged and the
supernatant was taken.
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The extracted myofibrin solution was diluted to 0.05 mg/mL in 0.6 mol/L KCL
solution, and it was set according to the following parameters: laser wavelength 295 nm,
excitation, and emission slit width 2.5 nm. The wavelength scanning surface was divided
into 300–400 nm, the scanning speed was 12,000 nm/min, and each sample was measured
in parallel 5 times.

2.11. Color Difference

The thawed tuna was cut into 20 mm × 20 mm × 15 mm, a CR-400 color difference
meter was used to measure the L*, a* value, and ΔE of the tuna block, and whiteboard
correction was finished before sample determination. Each group of samples was measured
in parallel 3 times.

2.12. Data Analysis

The data for all indexes were processed by Excel 2016. The measured indexes were
measured three times with parallel measurement results, drawn by origin 8.5 software
(OriginLab, Northampton, MA, USA), and analyzed by SPSS 19.0 software (SPSS Inc.,
Chicago, IL, USA) (p < 0.05 is considered a significant difference).

3. Results

3.1. Changes of Muscle Water-Holding Capacity in Different Parts of Tuna

The water-holding capacity is defined as the physical binding force of a tuna sample to
water under the action of external forces [14]. Water is the main component of tuna muscle,
and water content has an important impact on the taste and quality of tuna muscle [15].
The three-dimensional network structure in the muscle can affect the distribution state and
form of water, so the water-holding capacity of tuna meat is also affected by its muscle
composition [16]. Figure 1 shows the change in water-holding capacity of tuna sampled
from different parts when frozen at −18 ◦C and −55 ◦C. It can be seen that during frozen
storage time, the water-holding capacity of tuna meat shows a downward trend, and the
water-holding capacity of tuna meat stored at −18 ◦C is relatively lower than that frozen at
−55 ◦C. At the same temperature, the water-holding capacity of the naked body tuna is
stronger, and the water-holding capacity of the belly is weaker because the water-holding
capacity of the tuna meat is closely related to the content of protein. The water in tuna
meat is in the form of free water. One part of the free water exists between myofibrils and
connective tissue, and the other part is combined with the carboxyl groups of proteins
and sugars. In the process of frozen storage, the hydrophobic/hydrophilic binding bond
around the protein is destroyed, and the water bound with the protein becomes free water,
resulting in a decrease in the water-holding capacity [17]. In addition, the formation of
ice crystals causes certain damage to the tissue structure of myofibrils, which is also an
important factor affecting the water-holding capacity of tuna. The size of the ice-crystal was
also affected by the freezing temperature; freezing at lower temperatures resulted in smaller
ice crystals and less modification of the food’s solid structures [18]. The water-holding
capacity of the tuna samples from different parts was better at the frozen temperature
of −55 ◦C.
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Figure 1. The change in water-holding capacity in different parts of tuna during frozen storage at
different temperatures.

3.2. Changes in Muscle Color in Different Parts of Tuna

Biochemical changes such as protein oxidation and fat oxidation in tuna meat will
change the color. This is an important index to evaluate the quality of tuna. The color of
tuna meat will have an intuitive impact on consumers’ purchases [19]. Fresh tuna is bright
red, and the color of the meat is expressed by the value of a*. The change in the color of tuna
meat is related to the formation of high-iron myoglobin. During frozen storage, ferrous ions
bound to myoglobin are easily oxidized to high-iron myoglobin, which results in browning
of the flesh [20]. Figure 2 shows that the value of the color difference of the tuna meat had
a downward trend over the whole storage period. In the early stage of storage, the a* value
decreased rapidly, a large amount of high-iron myoglobin was produced, and the meat
color became significantly darker. In the later stage of storage, the decrease in a* slowed
down and gradually stabilized. The protein content in the naked body part of tuna is high.
During storage, ferrous ions are further oxidized to produce high-iron myoglobin, resulting
in the rapid decline in the a* value. Tuna’s big belly contains less protein, but it contains
more fat, which can prevent tuna from having a bright red color. In addition, during the
oxidation process, fats can produce free radicals that oxidize myoglobin and ferrous ions,
producing high-iron myoglobin [21]. At the same temperature, the a* value of the big belly
part of tuna is always lower than that of the middle belly and naked body part. After
180 days of storage, the naked body part of tuna at the storage temperature of −55 ◦C had
the best a* value.
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Figure 2. The color change in different parts of tuna during frozen storage at different temperatures.

3.3. Changes in Muscle MDA in Different Parts of Tuna

In the whole process of frozen storage, fat oxidation leads to bad-smelling tuna meat,
and the deterioration of the tuna meat, which affects its quality and flavor and reduces the
commercial value of the meat. After oxidative degradation, unsaturated fatty acids produce
malondialdehyde. The measurement of malondialdehyde can determine the degree of
oxidation of tuna fat and characterize the freshness of aquatic products [22]. As shown in
Figure 3, during the frozen storage of bluefin tuna naked body, big belly and middle belly
at −18 ◦C and −55 ◦C, the MDA content continued to rise, which is due to the continuous
accumulation of fat oxidation products with the extension of frozen storage time. The
content of MDA is significantly affected by temperature and location, and the same location
is frozen at different temperatures. The lower the temperature, the slower the increase
in MDA content, which is because the low-temperature environment can slow down the
reaction rate and reduce the formation of aldehydes, ketones, and carboxylic acids. Under
the same temperature, the MDA content of the naked body part was significantly lower
than that of the big belly and middle belly, which was consistent with the fat content of the
three parts of the tuna. Xu et al. [23] studied the lipid and myoglobin oxidation of bluefin
tuna frozen at different temperatures, and obtained similar results.

 
Figure 3. MDA changes in different parts of tuna during frozen storage at different temperatures.
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3.4. Changes in Salt-Soluble Protein Content in Different Parts of Tuna Muscle

Protein is the main component of tuna meat. The content of salt-soluble protein in
muscle protein accounts for more than 60%. The content of salt-soluble protein can reflect
the degree of tuna denaturation [24]. Figure 4 shows the changes in the protein content of
tuna meat in different parts at different temperatures. During the process of frozen storage,
the content of salt-soluble protein decreased significantly, and the decline rate gradually
slowed down, which is due to the over-aggregation and denaturation of hydrogen bonds,
disulfide bonds, and hydrophobic bonds in myofibrillar protein molecules [25]. The level
of frozen storage temperature has an impact on the content of salt-soluble protein. In the
early stage of frozen storage, the protein content of tuna meat frozen at −18 ◦C decreases
rapidly, and the salt-soluble protein content of tuna meat frozen at −55 ◦C decreases slowly
because the low temperature can inhibit the activity of enzymes in organisms. At the end
of frozen storage, there is no significant difference in the content of salt-soluble protein of
tuna meat frozen at different temperatures, which may be because the mechanical action of
ice crystal destroys the myofibril structure, and the protein becomes alkali-soluble protein
after freeze denaturation, resulting in the decrease in salt-soluble protein content [26]. After
comparing the protein content of three different parts of tuna meat, it was found that the
content of salt-soluble protein in the naked body part of tuna meat is the highest and that
in the big belly is the lowest, which is due to the different protein content in muscle in
different parts of tuna.

 
Figure 4. The changes in salt-soluble protein content in different parts of tuna during frozen storage
at different temperatures.

3.5. FAA Content in Different Parts of Tuna Muscle

There are many kinds of amino acids in food, mainly including FAAs and bound
amino acids. Different kinds of amino acids show different flavors [27]. The composition
and content of amino acids in food determine the flavor of food. FAAs come from protein
hydrolysis. Aspartic acid, serine, glutamic acid, glycine, alanine, and proline are amino
acids that provide flavor, while threonine, valine, methionine, isoleucine, leucine, pheny-
lalanine, and lysine are essential amino acids, which supply human nutrition [28]. Table 1
shows the content of FAAs in different parts of tuna after 180 days of storage at different
temperatures. It can be seen that after frozen storage, the FAA content of tuna frozen
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at −18 ◦C in the same part is significantly lower than that frozen at −55 ◦C, which is con-
sistent with the determination results of salt-soluble protein, indicating that reducing the
frozen storage temperature can reduce the degree of protein degradation and the content
of FAA. At the same temperature, the content of amino acids in the middle belly of tuna is
the highest, and the total content of amino acids in the naked body part is lower. Glycine,
histidine, glutamic acid, etc., are odorous amino acids, and the increase in odorous amino
acid content will lead to a certain bitterness in tuna, leading to the decline in taste [29].
When frozen at the same temperature, the content of odor acid in naked body parts was
the lowest, and the change in the flavor of tuna was the least during frozen storage.

Table 1. Contents of FAAs in different parts of tuna frozen at different temperatures.

Type
−18 ◦C Naked

Body
−18 ◦C Middle

Belly
−18 ◦C Big

Belly
−55 ◦C Naked

Body
−55 ◦C Middle

Belly
−55 ◦C Big

Belly

Aspartic acid 8.45278 28.5659 15.1902 7.82438 11.8069 9.36199
threonine 26.9676 62.6204 42.3936 26.1867 28.8607 24.9122

serine 6.08948 28.302 9.33835 6.92564 10.4408 7.08034
glutamate 29.402 77.3983 56.1695 27.7802 42.5536 44.1216

glycine 43.6959 98.0136 61.2816 39.8779 61.3309 36.0496
alanine 143.353 264.492 108.758 135.117 109.865 73.713
valine 36.3519 69.6088 47.6301 35.8909 32.9729 27.891

methionine 9.01322 38.6347 29.3612 10.7306 9.09695 16.0305
isoleucine 20.7363 36.0292 22.5213 21.1904 15.4014 13.831

leucine 35.9597 61.8645 39.3984 35.2674 27.7481 24.0869
Tyrosine 24.8361 54.2872 32.2359 23.0676 28.4776 21.9596

Phenylalanine 16.8455 45.6567 20.1593 14.4584 19.2527 10.7646
Lysine 264.279 1310.84 141.166 242.389 523.28 98.1079

histidine 8339.41 8802.48 9119.27 7127.83 9926.31 8101.62
Arginine 53.4648 36.7473 32.9904 44.2048 60.5516 20.2973

total 9058.857 11,015.54 9777.864 7798.741 10,907.85 8529.828

3.6. Endogenous Fluorescent Proteins in Different Parts of Tuna Muscle

The internal fluorescence of protein reflects the changes in the tertiary structure of
protein molecules. It contains tryptophan, tyrosine, and phenylalanine residues, and can
produce fluorescence under the excitation light of 280 nm or 295 nm. By detecting the
change in the tryptophan residue microenvironment, the internal structure change in pro-
tein can be obtained, and the change in the quality of tuna meat can be determined [30].
Figure 5 shows the changes in endogenous protein fluorescence in different parts of tuna
frozen at different temperatures. With the extension of frozen storage time, the endoge-
nous fluorescence intensity of muscle showed a downward trend. This is because low
temperature destroys the molecular structure of the myofibrillar protein, exposes trypto-
phan residues and active groups of protein molecules, and intermolecular aggregation
lead to tryptophan residues embedded in protein molecules, resulting in the decrease in
endogenous fluorescence intensity [31]. Tuna meat in the same part was frozen at −55 ◦C,
and the decline was small, indicating that the temperature can slow down the degree of
protein oxidation and prevent the destruction of protein molecular structure. The order
of endogenous fluorescence intensity of tuna frozen at the same temperature is as follows:
naked body part > middle belly part > big belly part, which is consistent with the protein
content of tuna in different parts.
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 5. Changes in endogenous fluorescence intensity of tuna in different parts during frozen
storage at different temperatures (a) frozen storage at −18 ◦C (b) frozen storage at −18 ◦C (c) frozen
storage at −18 ◦C (d) frozen storage at −55 ◦C (e) frozen storage at −18 ◦C (f) frozen storage
at −55 ◦C).
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3.7. Water Distribution and Migration in Different Parts of Tuna Muscle

LF-NMR uses 1H proton as the medium to determine the water content in the sample
by measuring the processing time (relaxation time) of 1H proton from a high-energy state
to a low-energy state [32]. The transverse relaxation time is represented by T2, and the
distribution state of T2 represents the distribution of water, indicating the degree of freedom
of water molecules. T21 (1~10 ms) represents the combination of water and macromolecules
in the form of bound water. T22 (10–155 ms) represents water present in the myofibril
network and T23 (155 ms~) represents water that can flow freely [33]. The changes in the
relaxation time of tuna in different parts at different frozen storage temperatures is shown
in Figure 6. The peak area of the curve represents the distribution of the water state. There
is little difference in the peak area of tuna in all frozen storage experimental groups within
0–10 MS, which indicates that different frozen storage temperatures have little effect on
the bound water of tuna in different parts. The water content of T22 frozen at −55 ◦C
is significantly higher than that frozen at −18 ◦C; Harnkarnsujarit et al. [34] obtained a
similar result. For frozen tuna, the content of bound water and free water is closely related
to the frozen storage temperature; a lower storage temperature results in a lower portion
of free water.

Figure 6. Changes in lateral relaxation time in different parts of tuna under different temperatures.

Table 2 shows the changes in water in different states during the frozen storage time
of tuna. The internal water of tuna mainly exists in the form of immobilized water, which
accounts for more than 90% of the total water content [35]. For tuna meat frozen at the
same temperature, the water content in the naked body part was the highest, and that in
the big belly was the lowest. This is because the fat content in the big belly is high, and the
tissue structure is fragile. During the process of frozen storage, the water-holding capacity
of the myofibril network decreases, and it is not easy to convert immobilized water into
free water, resulting in a large loss of water. After 180 days of frozen storage, the naked
body part of tuna stored at −55 ◦C has the highest water content, of which the proportion
of immobilized water was as high as 95.7%, indicating that the myofibril structure of tuna
was best preserved. Similar studies have also found that the stability of protein structures
highly influences the water-holding capacity of seafoods and a higher degree of protein
aggregations and denaturation causes low water-holding capacity [36].
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Table 2. Proportion of frozen storage peak area in different parts of tuna at different temperatures.

Frozen Storage Mode
Total Peak Area
(Water Content)

Bound Water (T21, %) Immobilized Water (T22, %) Free Water (T23, %)

−18 ◦C big belly 7455.455 0.041843 0.941708 0.016449
−18 ◦C middle belly 8228.852 0.035899 0.941465 0.022635
−18 ◦C naked body 9767.239 0.032556 0.91532 0.052174
−55 ◦C big belly 7559.581 0.044403 0.919212 0.036385

−55 ◦C middle belly 8683.41 0.035597 0.890377 0.074526
−55 ◦C naked body 10,452.81 0.035959 0.957319 0.006723

LF-NMR can generate pseudo color graphics to display the distribution of water.
The stronger the brightness in the image, the higher the signal intensity in this part and
the higher the water content in the sample [37]. Figure 7 shows the water distribution
of different parts of tuna frozen at different temperatures. The effect of frozen storage
temperature on the water distribution of tuna meat is relatively small, and the water
distribution in different parts is significantly different. In the naked body part frozen
at −55 ◦C, the tuna meat pattern shows red and yellow, which is evenly distributed,
indicating that the signal intensity is high and the water content is the highest. The color of
the middle belly and big belly tuna is dim and unevenly distributed, which is due to the
high content of fat in the middle belly and big belly, and the distribution of fat affects the
water distribution and migration.

Figure 7. The pseudo color images of different parts of tuna frozen at different temperatures.

The tuna was better maintained after 180 days of frozen storage temperature at −55 ◦C
but the ice crystals formed by frozen storage can damage the salt-soluble protein in the tuna
and decrease the hardness of the tuna. Although the shelf life was prolonged, the hardness
and taste of tuna meat decreased. Liaomingtao et al. [38] studied the influence of frozen
storage temperature on the color change in tuna meat. The quality of the naked body of
tuna was better than the quality of the middle belly and big belly parts of tuna when they
were stored frozen at −18 ◦C and −55 ◦C. The MDA value increased when the storage time
increased. The higher the fat content, the more the change in the quality of the tuna; but,
for short-term storage for sales, −18 ◦C was a suitable frozen storage temperature.

4. Conclusions

In this paper, the effects of frozen storage temperatures of −18 ◦C and −55 ◦C on the
water-holding capacity and physicochemical properties of muscles in different parts of
bluefin tuna were studied. The results showed that the water-holding capacity, salt-soluble
protein, and water content of tuna decreased as the storage time increased. Compared
to the frozen storage temperature of −18 ◦C, better-quality bluefin tuna was obtained at
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the frozen storage temperature of −55 ◦C. Because there was little change in the quality
during short-term frozen storage, the frozen storage temperature of −18 ◦C can be suitable
for short-term frozen storage for sales. The protein content and the content of salt-soluble
protein was highest in the naked body part. There is more fat in the big belly and middle
belly, which leads to a rapid rise in MDA in the other two parts. The amino acid content
in the middle belly was the highest, and the odor and amino acid content in the naked
body part was the lowest. After 180 days of storage, the naked body part of tuna at the
storage temperature of −55 ◦C has the best a* value, the highest water content and the
best water distribution. The results can help to enhance the economic value of bluefin tuna
sales. In future research, the big belly and the middle belly of the bluefin tuna in frozen
storage requires more attention, and the relationship between the quality of the tuna and
the energy consumption of the frozen storage should be considered.
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Abstract: The textural qualities of cooked rice may be understood as a dominant property and
indicator of eating quality. In this study, we evaluated the precision and sensitivity of a back extrusion
(BE) test for the texture of cooked germinated brown rice (GBR) in a production process. BE testing
of the textural properties of cooked GBR rice showed a high precision of measurement in hardness,
toughness and stickiness tests which indicated by the repeatability and reproductivity test but
the sensitivity indicated by coefficient of variation of the texture properties. The findings of our
study of the effects on cooked GBR texture of different soaking and incubation durations in the
production of Khao Dawk Mali 105 (KDML 105) GBR, as measured by BE testing, confirmed that
our original protocol for evaluation of the precision and sensitivity of this texture measurement
method. The coefficients of determination (R2) of hardness, toughness and stickiness tests and the
incubation time at after 48 hours of soaking were 0.82, 0.81 and 0.64, respectively. The repeatability
and reproducibility of reliable measurements, which have a low standard deviation of the greatest
difference between replicates, are considered to indicate high precision. A high coefficient of variation
where relatively wide variations in the absolute value of the property can be detected indicates
high sensitivity when small resolutions can be detected, and vice versa. The sensitivity of the BE
tests for stickiness, toughness and hardness all ranked higher, in that order, than the sensitivity of
the method for adhesiveness, which ranked lowest. The coefficients of variation of these texture
parameters were 31.26, 20.59, 19.41 and 18.72, respectively. However, the correlation coefficients
among the texture properties obtained by BE testing were not related to the precision or sensitivity
of the test. By obtaining these results, we verified that our original protocol for the determination
of the precision and sensitivity of food texture measurements which was successfully used for GBR
texture measurement.

Keywords: germinated brown rice; cooked rice; texture; back extrusion; precision; sensitivity

1. Introduction

Germinated brown rice (GBR) has better texture, nutritional and nutraceutical qualities,
compared with brown rice [1–4]. During the GBR soaking process, water is absorbed
rapidly and a series of biochemical processes occur, which result in the softening of the
texture, degradation of polymers, and enhancement of the synthesis and accumulation
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of certain phytochemical compounds [1,5–7]. GBR production in a typical small-scale
commercial setting may be summarized as follows: First, rough rice is soaked in water
at room temperature for 48 h. The water is changed every 4 h and drained at the end
of soaking to prevent fermentation of the rice. The rice is kept in a polypropylene sack
for incubating at 24 h to obtain the germinated rough rice (GRR). The GRR is then dried
using the fluidized bed technique by means of a superheated steam which reduces the
moisture content of the rice to around 19%wb. Then, the rice is spread on screens for 3 h at
room temperature, and the moisture content declines to about 13–14%wb. Finally, the GRR
sample is dehusked to obtain GBR. In addition, we note here the results of a published
study, which found that the initial soaking of RD31 rough rice resulted in an increase in
moisture content from 12.39–13.42% (dry basis) to 24.95–35.63% (dry basis), although the
moisture content only increased with time [8].

Due to its slight flavor, the textural properties of cooked rice—including cooked
GBR—are dominant when assessing eating quality. Along with aroma, texture is the most
important attribute for the eating quality of cooked rice. Wang et al. [9] reported a large
variance of textural attributes, and a total observed number of 39 major volatile organic
components, in varieties of Yueguang cooked rice. Pearson correlations showed that the
hardness of cooked rice was positively correlated with the content levels of E-2-hexenal,
2-hexanol-monomer, 1-propanol, and E-2-pentenal, while stickiness was positively cor-
related with 5-methyl-2-furanmethanol and dimethyl trisulfide. Possible mechanisms
explaining these relations were discussed in this report [9]. Research findings like these
could help the rice industry to develop rice products with the desirable properties of both
texture and aroma. Other studies have reported changes in the texture of cooked GBR
obtained by different processes. The authors of [10] reported that brown rice with texture
that was 32% and 42% softer could be produced by germination and by early harvest-
ing, respectively [10]. Researchers have also reported that, during soaking in water, the
germ of GBR produces substances both physiologically and through the action of enzymes
which improve the nutritional value and the texture of brown rice [11,12]. Zhu et al. [13]
investigated the effects of hydrogen-rich water (HRW) on the germination efficiency and
texture of GBR and found that HRW (1.5 mg L−1) treatment significantly increased the
germination efficiency of GBR by changing the migration of water during soaking and
also improved the texture of GBR due to changes in the ultrastructure of the bran layer
and a decrease in insoluble dietary fiber. In addition, subjecting germinated brown rice
to microwave precooking and freeze-drying treatments made the brown rice softer, with
hardness reduced by about 54.78% after treatment, and also easier to chew, as the chewiness
of the precooked brown rice was lowered [14].

Cheevitsopon et al. [15] reported that an Asian Institute of Technology research group
developed and used back extrusion (BE) testing [16,17] for measuring the hardness of
cooked rice while following the rice cooking method described by Reyes and Jindal [16],
Srisawas and Jindal [18], and Parnsakhorn and Noomhorm [19]. A BE sample holder
consists of a stainless-steel cylinder of 80 mm length with an internal diameter of 15 mm
and a stainless-steel spherical probe of 12.7 mm diameter. There is a 1.15 mm gap between
the spherical probe with the wall of the cylinder. In the above-mentioned study, 3 g of
cooked rice was placed into the cylinder without any exertion of pressure. Then, the
spherical probe was moved downwards and pressed the rice sample in the cylinder at a
speed of 1 mm s−1 until the spherical probe was 1 mm from the bottom of the cylinder when
it stopped moving and returned to its initial position. BE testing followed the methods of
Sirisoontaralak and Noomhorm [17], and hardness, adhesiveness and stickiness were all
measured. The texture of cooked rice was measured under various measurement conditions
using an extrusion test which better predicts values of sensory texture characteristics, as
well as tests of Pearson correlations between the maximum force and the gradient value,
or the maximum force and the area value, under each measurement condition; these
showed high correlations of 0.90 or more [20]. These texture properties were illustrated
in the force-time curve obtained by the test. The maximum force indicated hardness, the
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gradient value indicated firmness, and the area value indicated stickiness. Parnsakhorn
and Langkapin [21] used the BE test for measuring the hardness of Zongzi products cooked
with white glutinous rice, black sticky rice and riceberry rice as ingredients. Their first
sample consisted of 100% white glutinous rice; the second sample was 50% white glutinous
rice mixed with 50% black sticky rice; the third sample was 50% white glutinous rice mixed
with 50% riceberry rice; and the fourth sample was 50% black glutinous rice mixed with
50% riceberry rice.

Germinated brown rice is more popular for consumption because of its high nutritional
value. The texture quality of germinated brown rice is important for consumers and,
therefore, the rice industry. Rice incubation is a complicated process, which involves
changes in the physical and chemical properties of the rice grain. Starch, protein and
lipids are the main rice grain components which affect cooking and eating quality [22]. In
addition, rice incubation commences prior to harvest and continues into the postharvest
storage period. It involves dramatic changes in the physical and physicochemical properties
of the rice grain, including cooking, pasting and thermal properties [23].

The United States Department of Agriculture reported in 2023 that Thailand is a glob-
ally important producer and exporter of rice. In the 2020–2021 growing season, Thailand
ranked third globally with an 11.9% share of global markets, behind India (a 38.9% share)
and Vietnam (12.9%), and followed by Pakistan, the USA and China [24]. Khao Dawk
Mali 105 (KDML 105) is the best-known fragrant rice (Oryza sativa, L.) variety produced in
Thailand. It is exported worldwide and is also the most-used variety for the production of
GBR in Thailand. It is included in “Khao Hom Mali” in Thai. This is why we used it as the
main variety in this present study.

The objective of this work was to evaluate the effect of different soaking and incubation
durations in the production of Khao Dawk Mali 105 (KDML 105) GBR on the texture of
cooked GBR, as measured by BE testing. We sought also to determine the precision and
sensitivity of the BE test on texture properties of 32 brands of cooked GBR rice in Thailand
produced by varieties of rough rice; therefore, an original protocol for the determination of
precision and sensitivity of food texture measurement is proposed.

2. Materials and Methods

2.1. Samples

The GBR samples were prepared by a factory of the P.J. Brand in Chonburi Province,
Thailand, and purchased from local markets in Thailand. Rough rice of the Oryza sativa
L. cultivar Khao Dawk Mali 105 (KDML 105) was collected from a field of the P.J. Brand
germinated rough rice factory in Chonburi Province, Thailand. The GBR was produced
by the method used by the company, which was previously reported by Kaewsorn and
Sirisomboon [25]. In brief, rough rice was soaked in water at room temperature for 24 or
48 hours to create the GBR. Every four hours, the water was changed, and it was drained
at the end of the soak. To produce the germinated rough rice (GRR), the rice was incubated
for seven different incubation times (0, 6, 12, 18, 24, 30 and 36 h). The fluidized-bed method
was used to dry the GRR, bringing the rice’s moisture content down to about 19%wb.
The moisture content of the rice was then reduced to about 13–14%wb after being spread
out on a screen where the air could flow through for 3 hours at room temperature. The
GRR sample was then dehusked prior to the experiment. This will be referred to as GBR
in this paper. In addition, 32 commercial types and brands of germinated brown rice,
some with single varieties and others with mixed varieties, as indicated in Kaewsorn and
Sirisomboon [25], were purchased from local department stores in Bangkok, Thailand and
stored in the laboratory at room temperature. These commercial GBR products were as
follows: (m1) Khao Dawk Mali 105; (m2) Khao Dawk Mali 105; (m3) Thai jasmine rice;
(m4) Thai jasmine rice; (m5) Khao Dawk Mali 105; (m6) Khao Dawk Mali 105; (m7) Thai
jasmine rice; (m8) Khao Dawk Mali 105; (m9) Khao Dawk Mali 105; (m10) Thai jasmine rice;
(m11) Thai jasmine rice; (m12) Khao Dawk Mali 105; (m13) Khao Dawk Mali 105; (m14)
Khao Dawk Mali 105; (m15) Thai jasmine rice; (m16) Thai jasmine rice; (m17) Thai jasmine
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rice, Red Hawm Rice; (m18) Thai jasmine rice, Red Hawm Rice; (m19) Thai jasmine rice,
Red Hawm Rice; (m20) Thai jasmine rice, Red Hawm Rice; (m21) Khao Dawk Mali 105,
Red Hawm Rice, Hom Dang Sukhothai, Sinlek Rice, Homnil, Riceberry, Thai Pathumthani
fragrant rice, black sticky rice, RD6; (m22) Khao Dawk Mali 105, Homnil, Red Cargo rice;
(m23) species not specified; (m24) Doi rice, Red Doi rice, Kum Doi Rice, Saren Rice, Ubon
Ratchathani Hommali Rice; (m25) Khao Dawk Mali 105, Red Hawm Rice, RD6; (m26)
Muser Purple Rice, Red Hawm Rice, RD6, Khao Dawk Mali 105; (m27) Thai jasmine rice,
Red Hawm Rice, Homnil; (m28) Red Hawm Rice; (m29) Homnil; (m30) Homnil; (m31) Red
Cargo rice; (m32) Muser Purple Rice.

2.2. Rice Cooking Method

The rice cooking method followed that described by Sirisomboon et al. [26]. Home
electronic rice cookers (RC-10 MM, Toshiba, Thailand) were used to cook 200 g GBR
samples using the water-to-rice ratio of 1.6:1 recommended for GBR by rice producers.
By such means, cooked rice was obtained with a texture like that of the cooked rice
typically consumed by consumers. The cooked GBR was placed into plastic cups
containing approximately 5 g of product. In total, 5 cups per sample were prepared at
one cooking time.

2.3. Back Extrusion Test

The cooked GBR samples were then subjected to the back extrusion test using 3 g of
cooked rice placed into a back extrusion test rig (BE) (Figure 1) which was compressed from
the top opening of the rice container by a stainless-steel ball for 99 mm of the total height of
100 mm, with a ball probe speed of 1mms−1. Mean values for each sample were obtained
from 5 replicate measurements. The hardness, toughness, stickiness and adhesiveness
of cooked GBR were determined by observing the force–time curve and recording the
maximum compression force (N) (point H), the area under the curve AHB (Ns which was
converted to Nmm), the negative force (N) (point C), and the area BCD (Ns which was
converted to Nmm). The hardness of cooked GBR indicates the hardness or softness of
the rice. This was measured when the ball probe passed through 3 g of cooked rice and
reached 1 mm above the bottom of the cylinder where the cooked rice grains were crushed
to the greatest degree, while the texture meter was still in safe mode. The toughness of
cooked GBR is the texture parameter which indicates the ability of the cooked rice to
resist the stress applied to it by the ball probe. This stress deforms the cooked GBR from
the beginning of the compression until the probe reaches the bottom of the cylinder, as
in case of the hardness measurement. In the present study, toughness was indicated by
the extent of the area under curve from the beginning of the compression until the probe
was withdrawn from the cooked rice, i.e., the amount of energy required to deform 3 g
of cooked rice. The stickiness of cooked GBR was measured by detecting the maximum
negative force exerted when the ball probe was being withdrawn but the deformed sticky
cooked rice remained attached to the probe, thereby exerting a pulling force (the opposite
to a compressing force; therefore, a negative force) upon the probe. The adhesiveness of
cooked GBR was measured by calculating the negative value of the area during withdrawal
of the probe when deformed sticky cooked rice remained attached to the probe and the
rice exerted a pulling force upon the probe until the rice was separated from the probe.
Ninety-two samples were subjected to the back extrusion test, and an average value of
5 replications was recorded for each sample.
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             (a)                                               (b) 

Figure 1. (a) Back extrusion (BE) test rig. (b) Force–time curve from cooked germinated brown rice
BE test. (A) The point at which the stainless-steel ball probe first touched and began to compress the
cooked germinated brown rice; (B) the point at which the stainless-steel ball began to withdraw from
the compressed cooked rice, at a distance of 99 mm from the top opening; (C) the negative force (N)
applied by the cooked rice to pull the probe, due to the adhesiveness of the former; (D) the point at
which the probe wholly separated from the cooked germinated brown rice; and (H) the maximum
compression force (N).

2.4. The Repeatability and Reproducibility of the Measurements of Texture Properties

The repeatability and reproducibility of the measurement of texture properties were
determined by measuring four duplicates (four pairs) that were randomly selected at dif-
ferent times during the experiment. Reproducibility was defined as the standard deviation
of the differences observed between blind duplicate values. In addition, the repeatability
of the reference test was determined as the standard deviation of the differences between
the values obtained from four duplicates (four pairs) that were not blind samples. The
repeatability indicates the precision of the analysis of the measurement methods and
reproducibility indicates precision of the analyst practice.

2.5. Statistical Analysis

The means and standard deviations associated with the five replicates were calculated
for hardness, toughness, stickiness and adhesiveness. The sensitivity of the test for each of
the texture parameters was indicated by the coefficient of variation (%). One-way ANOVA
was used to determine significant differences among the means for varieties of commercial
GBR, and a mean comparison was obtained using Duncan’s multiple range test with a
confidence level of 95%.

3. Results and Discussion

3.1. The Repeatability and Reproducibility of the Measurements of Texture Properties

Tables 1–4 show the precision of the results of the reference testing of the textural
properties of cooked GBR, i.e., hardness, toughness, stickiness and adhesiveness. It was
obvious that the reproducibility was higher than repeatability because the blind samples
were in the reproducibility test. The repeatability and reproducibility of the hardness,
toughness and stickiness tests did not differ greatly compared with the corresponding
results for the adhesiveness tests, indicating the lower precision of the method and analysis
used for the adhesiveness test, which might have led to high fluctuation and scatter in
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the recorded values. However, the high precision of the BE testing with respect to hard-
ness, toughness and stickiness might explain the high correlation with sensory properties
found by Jindal and Limpisut [27] and Cheevitsopon et al. [15], and with the incubation
times described in this study. The characteristics of brown rice that has germinated are
influenced by the incubation time. Cho et al. [28] investigated the effect of germination on
the physicochemical and textural properties of brown rice (BR) in different rice varieties
(Samkwang, Misomi, Chindeul, and Hyeonpum). The results showed that hardness and
toughness were decreased by germination, whereas stickiness and adhesiveness increased
significantly. These results revealed that germination leads to improvements in the cooking
and eating properties of BR.

Table 1. Repeatability and reproducibility of reference tests for the hardness of GBR samples (N).

Repeatability SD Reproducibility SD

Sample
Numbers

Duplicate.a Duplicate.b Diff. a-b
Sample

Numbers
Duplicate.a Duplicate.b Diff. a-b

5, 17 21.16 21.90 −0.74 11, 18 19.49 20.89 −1.40
28, 33 19.83 18.54 1.29 28, 34 18.81 18.54 0.27
38, 57 12.75 12.11 0.64 44, 58 25.02 23.46 1.56
35, 69 20.57 22.17 −1.60 47, 70 21.30 19.68 1.62

Mean −0.11 Mean 0.51
SD 1.31 SD 1.42

a and b is a replication number.

Table 2. Repeatability and reproducibility of reference tests for toughness of GBR samples (Nmm).

Repeatability SD Reproducibility SD

Sample
Numbers

Duplicate.a Duplicate.b Diff. a-b
Sample
Number

Duplicate.a Duplicate.b Diff. a-b

5, 17 211.90 218.19 −6.28 11, 18 187.66 207.44 −19.78
28, 33 189.84 181.21 8.63 28, 34 181.45 181.21 0.25
38, 57 131.20 109.69 21.51 44, 58 246.03 233.45 12.58
35, 69 208.77 217.08 −8.31 47, 70 199.07 201.73 −2.66

Mean 3.89 Mean −2.40
SD 13.97 SD 13.34

a and b is a replication number.

Table 3. Repeatability and reproducibility of reference tests for stickiness of GBR samples (N).

Repeatability SD Reproducibility SD

Sample
Numbers

Duplicate.a Duplicate.b Diff. a-b
Sample
Number

Duplicate.a Duplicate.b Diff. a-b

5, 17 −5.35 −6.55 1.20 11, 18 −5.74 −4.65 −1.09
28, 33 −5.76 −5.91 0.15 28, 34 −6.64 −5.91 −0.73
38, 57 −4.70 −4.11 −0.58 44, 58 −6.56 −5.79 −0.77
35, 69 −4.50 −3.97 −0.54 47, 70 −4.61 −4.44 −0.17

Mean 0.06 Mean −0.69
SD 0.83 SD 0.38

a and b is a replication number.
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Table 4. Repeatability and reproducibility of reference tests for adhesiveness of GBR samples (Nmm).

Repeatability SD Reproducibility SD

Sample
Numbers

Duplicate.a Duplicate.b Diff. a-b
Sample

Numbers
Duplicate.a Duplicate.b Diff. a-b

5, 17 −75.53 −69.92 −5.61 11, 18 −60.35 −74.47 14.11
28, 33 −63.87 −65.19 1.32 28, 34 −65.40 −65.19 −0.22
38, 57 −51.85 −50.69 −1.16 44, 58 −72.51 −71.20 −1.30
35, 69 −61.33 −59.73 −1.60 47, 70 −77.68 −60.51 −17.17

Mean −1.76 Mean −1.15
SD 2.87 SD 12.79

a and b is a replication number.

3.2. Effects of Different Soaking and Incubation Durations on Cooked GBR Texture in the
Production of Khao Dawk Mali 105 (KDML 105) GBR

With a soaking time of 24 h, there were no correlations between incubation times
and the texture properties of hardness, toughness, stickiness and adhesiveness tested by
BE; the coefficient of determination (R2) values for these properties were 0.0357, 0.0087,
0.0064 and 0.1452, respectively. This indicated that the soaking time was too short to result
in any linear variation in texture, even with a wide range of incubation times from 0 to
36 h. However, the texture of cooked GBR was softer, a result in line with the findings of
Chao et al. [29], who found that the hardness of grains soaked for 12 h and germinated for
30 h was on average 24 N (39%) lower than that of brown rice. Paddy soaking in water at
ambient temperature (20–30◦C) requires 36 to 48 hours for a 30% moisture content level to
be obtained. A soaking time less than this may not affect texture properties.

With a soaking time of 48 h, the R2 relationships between incubation times and
hardness, toughness, stickiness and adhesiveness were 0.8182, 0.8054, 0.6396 and 0.0312,
respectively (Figure 2). These characteristics are all affected by the ratio of the starch
constituents amylose and amylopectin. Jiamjariyatam et al. [30] reported that a higher
amylose content and longer incubation time resulted in a greater hardness in puffed
products made with rice starch. This might also apply to the cooked rice KDML 105 used
in the present study.

We found no relationship between adhesiveness and incubation time. However,
hardness and toughness both decreased with incubation times, and stickiness increased
with longer incubation periods. In line with our findings, Jindal and Limpisut [27] reported
reliable empirical models developed for estimating sensory hardness and stickiness with
R2 = 0.96, and an overall acceptability with R2 > 0.71 from the BE force (hardness by BE)
and water-to-rice ratio as independent variables. Our findings were also confirmed by the
work of Cheevitsopon et al. [15], who reported a correlation coefficient (R) of −0.856 for
the hardness–softness of cooked rice using a sensory test and hardness by BE.

Munarko et al. [31] reported that five varieties of Indonesia GBR experienced reduc-
tions in peak viscosity, trough viscosity, breakdown, setback, and final viscosity. The
decrease in peak viscosity was attributed to the activity of endogenous hydrolytic enzymes
such as amylase, which hydrolyzes starch to smaller molecules [32]. Both α-amylase
and β-amylase increased as germination progressed, leading to a decrease in peak vis-
cosity [31,33,34]. GBR peak viscosity might be related to the stickiness of cooked GBR
which increases (becomes more viscous) as germination progresses, i.e., the incubation time
increases (increased peak viscosity). Li et al. [35] reported that germination led to a decrease
in amylose content, while the molecular weights of the germinated starches showed no
significant changes; however, the relative crystallinity of grain starches decreased signifi-
cantly during germination, and brown rice starches exhibited marginal increases in peak
viscosities during germination. But Cho et al. [29] reported that the viscosity of germinated
brown rice decreased and that germination percentages were linearly associated with
reduced pasting characteristics (final, peak and setback viscosities); in addition, varieties
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with faster germination speed tended to have lower viscosities. These results suggest
that the germination of certain varieties greatly reduced the final viscosity of the flour
and the hardness of the cooked brown rice. Chao et al. [10] reported that early harvest
and germination resulted in decreased pasting viscosities and cooked-grain hardness. A
reduction in setback value indicates that GBR is more stable against retrogradation [31].
This explains why a decreased hardness in cooked GBR (i.e., a softer product) might be
due to longer incubation duration causing retrogradation of the cooked GBR.

                           (a)                                                            (b) 

                           (c)                                                            (d) 
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Figure 2. Effects of incubation time on the texture of cooked germinated brown rice: (a) hardness;
(b) toughness; (c) stickiness; and (d) adhesiveness.

In the study of Oliveira et al. [36], the incubation process caused protein levels in
GBR to decline due to hydrolysis of proteins to amino acids. Amylose was degraded
and reduced in size, and starch granules had pitted surfaces due to the degradation of
protein and starch. In another study, monounsaturated fatty acids (MUFAs) decreased
while saturated fatty acids (SFAs) and polyunsaturated fatty acids (PUFAs) increased;
however, total fat values did not change; they were transformed only in terms of their
reactions [37]. Additionally, content levels of phytic acid, pyridoxine, niacin and thiamine
contents have been found to decrease in brown rice after germination [38,39]. Dextrins and
oligosaccharides are the primary breakdown products of both amylose and amylopectin
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when they are broken down by-amylase. The breakdown of starch also results in an
increase in reducing sugars, a drop in total starch content, and a decrease in the pasting
viscosity of germinated rice. The authors of [40] found that germination time (incubation
time) was positively connected with the stickiness, sweetness and softness of cooked
rice, but negatively correlated with hardness, cooking time, water uptake, and volume
expansion [40]; these findings corresponded to the results of the present study.

According to Oliveira et al. [36], Rusydi Megat et al. [37], Jiamyangyuen and Ooraikul [40]
and the study described in this paper, the reduction in protein, the degradation of amylose,
and the decrease in MUFA, while SFAs and PUFAs increased, might be related to the
decrease in hardness and toughness and the increase in stickiness. Jiamyangyuen and
Ooraikul [40] found that a decrease in the pasting viscosity of germinated rice due to the
breakdown of starch was related to the linear change in these texture properties.

To the best of our knowledge, no work has yet described the phenomenon of adhe-
siveness correlating with changes in the constituents of GBR during incubation. In the
present study, adhesiveness fluctuated with different incubation times (R2 was very small)
(Figure 2d). In future studies, researchers may wish to consider how the adhesiveness of
cooked rice or cooked GBR affects the attachment of rice to production equipment during
mixing or stirring processes, with consequent impacts upon the operational time and cost
during production.

3.3. The Sensitivity of BE Test on Texture Properties of Cooked GBR Rice

Figure 3 shows the textural properties—hardness, toughness, stickiness and adhesiveness—
of cooked GBR of 32 different commercial brands in Thailand using some different varieties
and some same varieties. Ranges of values for means, standard deviations and coefficients
of variation are shown in Table 5. The coefficient of variation shows the degree of variation
of the properties and can show the variation relativity of different sets of data even when
means differ dramatically. The BE method for measuring the hardness, toughness, stickiness
and adhesiveness of cooked GBR produced different degrees of variation within the same
sample set, indicating different levels of sensitivity to different properties. A high coefficient
of variation, where relatively wide variations in the absolute value of the property can be
detected, indicates high sensitivity when small resolutions can be detected, and vice versa.
The sensitivity of the BE tests for stickiness, toughness and hardness all ranked higher,
in that order, than the sensitivity of the method for adhesiveness, which ranked lowest.
This implies that BE testing is sensitive for measurements of stickiness, toughness and
hardness. It can be seen in Figure 3 that, in the production of GRB, KDML 105 was used
either on its own or mixed with other varieties. A total of 13 brands of KMDL 105 were
used out of the 32 brands, Thai jasmine rice; fragrant rice (KDML 105 is one variety of it)
was used in 12 brands and a further 7 brands used other fragrant rice, mountain rice and
color rice varieties. Therefore, the texture properties of these cooked GBR products did not
differ significantly overall. Brands using Thai jasmine rice mixed with Red Hawm rice and
Homnil (m27), Red Hawm rice (m28) and Red Cargo rice (m31) had the highest values for
hardness and toughness. However, brands including Red Hawm rice (m17, m18, m19 and
m20) were characterized by a low hardness and low toughness, perhaps as a result of their
different production methods. The softest and most easily deformed (least tough) cooked
GRB was from KDML 105 (m2), the adhesiveness of which was also the lowest; it was also
classified among the least-sticky group.
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Figure 3. Cont.
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Figure 3. The texture properties of hardness (a), toughness (b) stickiness (c) and adhesiveness (d) of
cooked germinated brown rice of different commercial brands in Thailand, with some varieties used
alone or mixed with others. / indicates Khao Dawk Mali Rice (alone or mixed). indicates Thai
Jasmine (alone or mixed). indicates Red Hawm (alone or mixed). indicates other varieties of
fragrant, mountain and color rice. (m1) Khao Dawk Mali 105; (m2) Khao Dawk Mali 105; (m3) Thai
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jasmine rice; (m4) Thai jasmine rice; (m5) Khao Dawk Mali 105; (m6) Khao Dawk Mali 105; (m7) Thai
jasmine rice; (m8) Khao Dawk Mali 105; (m9) Khao Dawk Mali 105; (m10) Thai jasmine rice; (m11)
Thai jasmine rice; (m12) Khao Dawk Mali 105; (m13) Khao Dawk Mali 105; (m14) Khao Dawk Mali
105; (m15) Thai jasmine rice; (m16) Thai jasmine rice; (m17) Thai jasmine rice, Red Hawm Rice; (m18)
Thai jasmine rice, Red Hawm Rice; (m19) Thai jasmine rice, Red Hawm Rice; (m20) Thai jasmine rice,
Red Hawm Rice; (m21) Khao Dawk Mali 105, Red Hawm Rice, Hom Dang Sukhothai, Sinlek Rice,
Homnil, Riceberry, Thai Pathumthani fragrant rice, Black sticky rice, RD6; (m22) Khao Dawk Mali
105, Homnil, Red Cargo rice; (m23) species not specified; (m24) Doi rice, Red Doi rice, Kum Doi Rice,
Saren Rice, Ubon Ratchathani Hommali Rice; (m25) Khao Dawk Mali 105, Red Hawm Rice, RD6;
(m26) Muser Purple Rice, Red Hawm Rice, RD6, Khao Dawk Mali 105; (m27) Thai jasmine rice, Red
Hawm Rice, Homnil; (m28) Red Hawm Rice; (m29) Homnil; (m30) Homnil; (m31) Red Cargo rice;
(m32) Muser Purple Rice.

Table 5. Statistics of texture parameters of commercial germinated brown rice in Thailand.

Hardness
(N)

Toughness
(Nmm)

Stickiness
(N)

Adhesiveness
(Nmm)

Max 32.68 358.35 −1.86 −29.91
Min 10.83 100.90 −9.48 −97.85
Mean 20.39 198.95 −5.15 −66.45

SD 3.96 40.97 1.61 12.44

CV (%) 19.41 20.59 31.26 18.72

Table 6 shows the correlation between the texture parameters of commercial GBR
in Thailand; these indicate the highest correlation coefficient was between hardness and
toughness; other parameters correlated reasonably well with adhesiveness, but stickiness
was not well correlated with other parameters. These results confirm that there is no
relationship between the coefficient of variation (sensitivity) and the correlation between
texture properties.

Table 6. Correlations between texture parameters of commercial germinated brown rice in Thailand.

Hardness Toughness Stickiness Adhesiveness

Hardness 1
Toughness 0.966 1
Stickiness 0.206 0.191 1
Adhesiveness −0.693 −0.732 0.277 1

4. Conclusions

In this study, we carried out an evaluation of the precision and sensitivity of the
back extrusion (BE) test for measuring the texture of cooked germinated brown rice in
a production process. Our first objective was to evaluate the effects of different soaking
and incubation times in the production of Khao Dawk Mali 105 (KDML 105) GBR on the
cooked GBR texture, as measured by BE testing. We found that a 24 h soaking time was
too short to produce any linear variation in texture, even when incubation times ranged
from 0 to 36 h. However, a soaking time of 48 h resulted in the hardness and toughness
both decreasing with incubation times, while stickiness increased with incubation times.
There was no relationship between adhesiveness and incubation time. Our second objective
was to determine the precision and sensitivity of BE testing of the textural properties of
cooked GBR rice. We found that BE testing gave highly precise measurements of hard-
ness, toughness and stickiness, which were both repeatable and reproductible, and highly
sensitive measurements of stickiness, toughness and hardness, which were confirmed by
the coefficients of variation in the textural properties measured using the BE test. These
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findings might explain why the texture properties measured using BE correlated well with
the incubation times during soaking in the GBR production process. This idea is supported
by the good correlation with the texture properties obtained using sensory testing, and by
the change in constituents in GBR during incubation time reported by other researchers
and referred to in the Results and Discussion section of this paper. However, the correlation
coefficient among the texture properties by BE was not related to the precision or sensitivity
of the test. In this study, we proposed an original protocol for the determination of the
precision and sensitivity of food-texture measurement; the results described above confirm
the usability of this protocol. We invite the researchers in food texture studies to use our
protocol developed to check the precision and sensitivity of texture measurement test rig
using 10-15 samples pririor to real experiment to be conducted.
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Abstract: Improving the gel texture and stability of rice starch (RS) by natural hydrocolloids is
important for the development of gluten-free starch-based products. In this paper, the effects of guar
gum and locust bean gum on the pasting, rheological properties, and freeze–thaw stability of rice
starch were investigated by using a rapid visco analyzer, rheometer, and texture analyzer. Both gums
can modify the pasting properties, revealed by an increment in the peak, trough, and final viscosities,
and prevent the short-term retrogradation tendency of RS. Dynamic viscoelasticity measurements
also indicated that the starch–gum system exhibits superior viscoelastic properties compared with
starch alone, as revealed by its higher storage modulus (G′). Compared with the control, the hysteresis
loop area of the guar gum-containing system and locust bean gum-containing system was reduced
by 37.7% and 24.2%, respectively, indicating that the addition of gums could enhance shear resistance
and structure recovery properties. The thermodynamic properties indicated that both gums retard
short-term retrogradation as well as long-term retrogradation of the RS gels. Interestingly, the textural
properties and freeze–thaw stability of the RS gel were significantly improved by the addition of
galactomannans (p < 0.05), and guar gum was more effective than locust bean gum, which may be
due to the different mannose to galactose ratio. The results provide alternatives for gluten-free recipes
with improved texture properties and freeze–thaw stability.

Keywords: rice starch; guar gum; locust bean gum; rheological properties; RVA; freeze–thaw stability

1. Introduction

Rice starch (RS) products are common diets in China and Southeast Asian countries
due to the consumer-friendly taste, texture, and ease-of-preparation feature [1,2]. RS
products are also an important alternative diet for patients with celiac disease [3]. However,
RS gels have deficiencies in ductility, elasticity, and extensibility in the processing and
texture of products [4,5]. In addition, RS gel is prone to retrograde during storage, especially
during freeze–thaw cycles [6]. Hydrocolloids are widely used in the food industry as
functional additives [7–9]. Generally, hydrocolloids play critical roles in modifying the
rheological and pasting properties of starch, with enhancement in production process
efficiency and optimization of texture stability and sensory properties [8,9]. Mechanistic
studies have revealed that the incorporation of hydrocolloids in native starches could
improve their moisture content and water-holding capacity [10].

Galactomannans are linear hydrocolloids originally found in the endosperm of seeds of
various legumes. Studies have revealed that most galactomannans form nonionic structures,
which facilitate the formation of functional properties of pH resistance and stability in
both ion-enriched solutions and heating processes [11]. In addition, galactomannans are
also used as functional ingredients during digestion due to their ability to slow down the
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degradation rate of starch [12]. Of all the legume seed galactomannans, guar gum and
locust bean gum are the most commonly used in the food industry.

Guar gum (Cyamposis tetragonoloba) and locust bean gum (Ceretonia siliqua) are classical
galactomannans comprising a β-(1→4) linked mannopyranosyl linear backbone with α-
(l→6) linked D-galactopyranosyl branched chains [13]. Guar gum and locust bean gum
have similar molecular structures but differ in the ratio of D-mannosyl: D-galactosyl units,
which are 2:1 and 4:1, respectively [14]. Guar gum and/or locust bean gum have been
reported to modify the properties of yam starch [15], tapioca starch [16], acorn starch [17],
and corn starch [18]. It has been found that guar gum generally exhibits pronounced elastic
properties, whereas locust bean gum enhances the viscous properties of tapioca starch
owing to the different chain extensions and hydrogen bond numbers [19,20]. Significant
improvements in the freeze–thaw stability of corn starch with the incorporation of guar gum
rather than that of locust bean gum have been reported, which have contributed to the more
frequent interaction between guar gum and leached amylose [15]. Thus, the interactions
between hydrocolloids and starch could be crucial for starch-based food products.

It has been reported that the different synergistic effects of starch and hydrocolloids
could be related to the physicochemical differences of hydrocolloids such as solubility [21–23],
intrinsic viscosity [24], extended conformation [25,26], antioxidant potential [27,28], hydro-
gen bonding capacity [29], flexibility [30], and temperature of gel formation [24,31,32]. The
diversity of hydrocolloid molecular structures, especially for the differences in the side
chain, usually contributes to the variations in physicochemical properties [33]. Therefore,
comprehensive analyses of hydrocolloids and related starch would be beneficial for the
further application of related products. However, to the best of our knowledge, the com-
prehensive understanding of guar gum and locust bean gum when added to rice starch
remains unknown [34].

This study aimed to investigate the effect of two galactomannans (guar gum and locust
bean gum) on the pasting, rheological properties, and freeze–thaw stability of RS and the
possible interaction mechanism. The results may provide valuable information for the
selection of gluten-free recipes with improved textural properties and freeze–thaw stability.

2. Materials and Methods

2.1. Materials

Guar gum (CAS No.: 9000-30-0) and locust bean gum (CAS No.: 9000-40-2) were
purchased from Aladdin Industrial Corporation. Rice starch (food-grade) was supplied
from Jiangxi Jinnong Co., Ltd. (Yichun, China). The main components of RS were analyzed
by standard analytical methods [9]. The total starch content of RS was 90.5 ± 1.35%, the
amylose content was 24.67 ± 0.27%, the fat content was 0.05 ± 0.01%, the protein content
was 0.90 ± 0.06%, and the ash and moisture content were 0.22 ± 0.02% and 7.7 ± 0.03%,
respectively.

2.2. Pasting Properties

The pasting properties of RS gels were measured using a Rapid Visco Analyzer (RVA
Tec Master, Perten instruments, Hägersten, Sweden) following previous methods [35]. RS
alone slurries were obtained by dispersing 3 g RS powder in 25 g distilled water. In the
case of RS/gum mixtures, weighed amounts of guar gum or locust bean gum powder were
dispersed in distilled water firstly to prepare the hydrocolloid solutions (0.1 wt.%), with
an hour of magnetic stirring at 80 ◦C. Then, 3 g RS powder was dispersed in the prepared
solution (ca. 25 g) with mild stirring to obtain the mixture. The prepared slurries weighing
28 g were then transferred to aluminum RVA canisters to investigate the pasting properties.
The starch slurry was at first held at 50 ◦C for 1 min, then heated to 95 ◦C within 3 min
45 s and maintained at 95 ◦C for 2 min 30 s. It was subsequently cooled to 50 ◦C within
3 min 45 s and maintained at 50 ◦C for 1 min 30 s. For the first 10 s before measurement,
the speed of the plastic paddle was set as 960 rad/s for complete dispersion and then kept
constant at 160 rad/s during measurement. RVA parameters such as peak viscosity (PV),
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trough viscosity (TV), final viscosity (FV), breakdown value (BV), pasting temperature (PT),
and setback value (SBV) were obtained from the pasting curves. A pan containing the same
mass of distilled water was used as a reference. RVA parameters were presented as the
mean ± SD of triplicate experiments.

2.3. Rheological Properties

The rheological behaviors of RS gels were determined by using an AR-G2 rheome-
ter (TA Instruments, New Castle, DE, USA) with 40 mm parallel plates according to
previous methods [33]. The gelatinized slurries obtained from RVA analysis were then
immediately transferred to the platform of the rheometer. Before testing, all samples were
equilibrated at 25 ◦C for 120 s and then examined by both dynamic viscoelastic and steady
flow measurements.

Dynamic viscoelastic tests were conducted in a frequency range from 0.1 to 10 Hz
with a constant strain of 1%. The dynamic rheological data storage modulus (G′) and
loss modulus (G′′) vs. angular frequency (ω) were obtained and analyzed by using the
following equations [36]:

G′ = K′(ω)n ′
(1)

G′′ = K′′(ω)n ′′
(2)

where K′ is constant, ω is the angular frequency, and n′ is the frequency exponents.
Next, the steady flow tests were performed, and the shear rate as a function of shear

stress was obtained by using the Data software. The shear rate ramps from 0.01 to 300 s−1

(upward flow curve) and then decreases from 300 s−1 to 0.01 s−1 after 1 min of equilibration
(downward flow curve). Experiment results from the ascending and descending segments
of the shear cycle were then fitted using the power-law model to characterize the flow
properties [36]:

σ = K × γn (3)

where σ is the shear stress (Pa), K is the consistency coefficient (Pa·sn), γ is the shear rate
(s−1), and n is the flow behavior index (dimensionless).

2.4. Thermodynamic Properties

Thermodynamic properties of the RS gels in the presence or absence of gums were
determined by using a C80 differential scanning calorimeter (Setaram, Lyon, France) follow-
ing previous methods with some modification [37]. Samples were prepared by dispersing
5 g RS powder in 15 g distilled water or hydrocolloid solutions (0.15 wt.%) and stirred for
2 h. Thereafter, the well-stirred suspensions (ca. 4 g) were transferred to an aluminum
crucible and tested. The heating temperature ramped from 30 to 100 ◦C with an acceleration
of 0.5 ◦C/min, and then the ramp was reversed to 30 ◦C at a rate of −2 ◦C/min. The instru-
ment was calibrated by using indium and an empty pan as reference. After gelatinization,
samples were cooled down and stored at 4 ◦C for 0, 3, 5, and 12 days, then heated again to
investigate the effect of guar gum and locust bean gum on the retrogradation of RS gels.
The retrogradation degree was calculated by the ratio of retrogradation enthalpy in the
second run heating (ΔH2) to the gelatinization enthalpy in the first run test (ΔH1) [38].

2.5. Texture Properties

The textural properties of the RS in the presence or absence of gums were determined
by using a TA-XTplus Texture Analyzer (Stable Micro System Ltd., Godalming, UK). The
gel samples were prepared as described in Section 2.1 and stored at 4 ◦C for 0, 3, and 5 d.
After being conditioned at room temperature, the samples were analyzed by using texture
profile analysis (TPA). The TPA tests were performed on samples 25 mm in diameter and
20 mm in height. The sample was placed on the text platform and squeezed twice to 15 mm
with a 25.0 mm diameter cylinder probe P/25. The speed of the probe was 3 mm/s, and
the trigger force was 5 g. The interval between two compressions was 3 s, and the data
acquisition rate was 200 pps.
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2.6. Freeze–Thaw Stability

The freeze–thaw stability of RS in the presence or absence of gums was determined
following the method of Zhai et al. [39] with some modifications. Samples were prepared
as described in Section 2.2. The slurry was cooled to 30 ◦C and then transferred to a
preweighed centrifuge tube (10 mL) to record its total weight. The samples were then
frozen at −21 ◦C for 24 h, thawed at 30 ◦C for 2 h, and centrifuged at 8000 rpm for 20 min.
The supernatant was discarded and then weighed. These steps were repeated five times to
determine the freeze–thaw stability of samples. The syneresis rate was calculated from the
following Equation (4):

Syneresis (%) =
(M2 − M3)× 100

M2 − M1
(4)

where M1 (g) is the weight of the centrifugal tube, M2 (g) is the weight of starch paste and
centrifuge tube, and M3 (g) is the weight of starch paste and centrifuge tube after pouring
out the supernatant.

2.7. Statistical Analysis

The experimental data were analyzed by variance analysis for a completely random
design using the SPSS package (19.0, SPSS Inc., Armonk, NY, USA). Duncan’s multiple
range tests were conducted to analyze the difference between means with a statistical
significance of p < 0.05.

3. Results and Discussion

3.1. Pasting Properties

The pasting curves of RS in the presence or absence of guar gum or locust bean gum
are shown in Figure 1. According to the results of pasting behaviors (Table 1), a significant
increment was determined in peak and trough viscosity in the presence of galactomannans
(p < 0.05). This observation was interpreted by the thickening properties of galactoman-
nans. Guar gum and locust bean gum would enhance the shearing forces exerted on
the starch granules [40] and defer the hydrolysis rate of starch [41], which is related to
the higher viscosity. Moreover, the effective starch concentration was increased by the
immobilization of the water molecules [11], enhancing a strong entanglement with amylose
and hydrocolloids [24]. Particularly, the viscosity increment of the starch system with guar
gum was more pronounced than that with locust bean gum. The primary and secondary
OH (hydroxyl groups) located at the exterior branch of guar gum preferred to form more
hydrogen bonds, which exhibited the highest PV and BV in the starch-related system.

The breakdown viscosity (BV) of the RS mixture ranged between 878.33 and 1137.33
cP. Higher BV was observed in the guar gum-related system, which indicated its relatively
lower thermostability and compatibility compared with the locust bean gum. Similar
observations have been obtained in that the BV of wheat flour pastes was increased along
with an increment in guar gum levels [41].

SBV could be used as an indicator to measure the syneresis level of starch during
the cooling process [42]. Starch systems containing both guar gum and locust bean gum
exhibited a lower tendency to retrograde, as evidenced by the lower SBV value. The
extension of the network structure in the paste system was inhibited due to the interaction
between the colloidal molecules and the leached amylose [43]. Meanwhile, the addition
of strong hydrophilic colloids could reduce the free water content, thereby hindering the
rearrangement of starch.
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Figure 1. RVA pasting curves of RS alone, RS containing locust bean gum (RS/LBG), and RS
containing guar gum (RS/GG).

Table 1. Pasting parameters of RS alone, RS containing locust bean gum (RS/LBG), and RS containing
guar gum (RS/GG) *.

Sample PV (cP) TV (cP) BV (cP) FV (cP) SBV (cP) PT (◦C)

RS alone 3679.67 ± 17.47 c 2790.67 ± 8.33 b 889.00 ± 19.29 b 5287.33 ± 25.89 a 2496.67 ± 26.50 a 82.43 ± 0.42 b

RS/LBG 3940.33 ± 4.04 b 3062.00 ± 23.90 a 878.33 ± 21.03 b 5291.67 ± 7.23 a 2229.67 ± 24.17 b 82.42 ± 0.49 b

RS/GG 4210.00 ± 36.29 a 3072.67 ± 43.68 a 1137.33 ± 22.81 a 5308.67 ± 10.69 a 2236.00 ± 39.00 b 83.25 ± 0.43 a

* Each value represents the mean ± SD of triplicate experiments. Different superscripts with the same columns
are significantly different (p < 0.05 by Duncan’s multiple range test).

3.2. Dynamic Viscoelastic Properties

The storage modulus (G′) and loss modulus (G′′) of RS gels in the presence or absence
of gums are shown in Figure 2. It shows that the values of G′ and G′′ increased with an
increasing angular frequency for all samples. Similar results have also been reported with
other starch-related systems [44]. In addition, a significant increment in G′ and G′′ was
determined with the addition of galactomannans. For example, the G′ values of the guar
gum-containing system increased from 356.9 to 459.9 Pa with respect to the control. The
viscoelastic properties of starch-related systems were enhanced owing to the thickening
properties of galactomannans [45].

Interestingly, it seemed different hydrocolloids modified the elastic and viscous prop-
erties of starch systems variously. For the guar gum-containing system, the increasing rate
of the G′ value was much greater than that of the G′′ value, indicating remarkable elastic
properties that could be considered an enhancement of the weak gel network due to more
OH groups on the galactose chain. It has been reported that more galactose substitutions
of guar gum would hinder intramolecular hydrogen bond formation, thereby exhibiting
a more extended conformation than locust bean gum [20]. It is known that noncovalent
intermolecular interactions such as hydrogen bonding are the most common and important
interaction types between biopolymers [46,47]. It is predicted that the extended chain form
promoted the interaction between amylose and guar gum via a noncovalent bond, thereby
enhancing the elasticity and pseudo-plasticity of the system [39,48]. On the contrary, the
locust bean gum-containing system exhibited pronounced viscous properties, as evidenced
by the higher tan(δ) and G′′ values (Table 2). A similar trend has also been reported with a
corn starch–galactomannan system [17].
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Figure 2. Storage modulus and loss modulus of RS alone, RS containing locust bean gum (RS/LBG),
and RS containing guar gum (RS/GG).

Table 2. Storage (G′), loss moduli (G′′), and loss tangent (tan δ) at 6.28 rad s−1 for RS alone, RS
containing locust bean gum (RS/LBG), and RS containing guar gum (RS/GG) *.

Sample G′ (Pa) G′′ (Pa) tan(δ)

RS alone 394.47 ± 21.27 b 33.65 ± 1.35 c 0.085 ± 0.003 b

RS/LBG 512.77 ± 27.98 a 48.51 ± 0.41a 0.095 ± 0.006 a

RS/GG 519.60 ± 30.47 a 42.95 ± 1.63 b 0.083 ± 0.005 b

* Mean ± SD. Different superscripts with the same columns are significantly different (p < 0.05 by Duncan’s
multiple range test).

For all RS-related systems, ln(G′, G′′) as a function of ln ω were conducted using linear
regression and are summarized in Table 3. It was observed that each starch-related system
exhibited weak gel-like behavior with positive slopes (n′ and n′′) [48]. The value of K′
and K′′ increased significantly after the addition of galactomannans, indicating enhanced
viscoelasticity of the continuous phase caused by the thickening properties of gums. Such
observation is in agreement with maize starch–guar gum mixtures [45] and rice starch–
xanthan gum mixtures [34]. The presence of galactomannans facilitated the associations
of ordered chain segments, thereby enhancing the weak three-dimensional network of
RS–gum mixtures [49].

149



Foods 2022, 11, 2508

Table 3. Parameters of RS alone, RS containing locust bean gum (RS/LBG), and RS containing guar
gum (RS/GG) at 25 ◦C as determined from Equations (1) and (2) *.

Sample
Storage Modulus G′ Loss Modulus G′′

k′(pa·sn) n′′ R2 k′′ (pa·sn) n′′ R2

RS alone 358.76 ± 20.01 b 0.06 ± 0.00 a 0.970 21.25 ± 0.66 c 0.26 ± 0.01 a 0.996
RS/LBG 461.77 ± 28.63 a 0.06 ± 0.00 a 0.997 34.29 ± 0.42 a 0.20 ± 0.00 b 0.988
RS/GG 470.98 ± 33.50 a 0.06 ± 0.01 a 0.998 29.69 ± 1.40 b 0.22 ± 0.01 c 0.974

* Mean ± SD. Different superscripts with the same columns are significantly different (p < 0.05 by Duncan’s
multiple range test).

3.3. Steady Shear Properties

The effects of gums on the steady shear properties of RS gels are shown in Figure 3.
Thixotropic behaviors of all samples were observed within the range of shear rates
(0.01–300 s−1). The first peak that appeared in the upward flow curves was related to
the stress required to break the gel structure and caused the solution to recover. Similar
results have been reported in the RS–glucans system [38]. The collected data showed a
good fit to the power-law model with R2 between 0.976 and 0.997. For all samples, the
consistency coefficient (K), the yield stresses (σ), flow behavior indices (n), and the appar-
ent viscosity at 300 s−1(ηa, 300), as well as hysteresis loop areas between the upward and
downward curves are summarized in Table 4. Obvious hysteresis loop areas were observed
in all starch-related systems, which could be explained by the structural breakdown of the
shear field to change the original structure or build up a new one, which then maintained
the shear-thinning properties in subsequent shear sweeps [50]. The decomposition of the
original structures was observed during gel shearing, as evidenced by n < 1. After shearing,
the gel structure could only be partially recovered, which is related to the lower ηa, 300
values of the downward curves compared with the upward ones [51]. For the downward
curve, it showed that the addition of both gums markedly increased the K values, which
reflects that the gums mainly enhanced viscoelastic properties, especially for guar gum,
owing to the thickening effect.

Figure 3. Steady flow curves of RS alone, RS containing locust bean gum (RS/LBG), and RS containing
guar gum (RS/GG).

Compared with the control, the gum-containing systems exhibited more pseudoplastic
properties, as evidenced by the higher K values (Table 4). Specifically, this effect was more
pronounced for the RS–guar gum systems than the RS–locust bean gum systems. This
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observation is in agreement with the creep recovery results, showing that the guar gum-
containing system exhibited higher shear resistance (please see Supplementary Materials
Figure S1).

Table 4. The steady flow fitting parameters of RS alone, RS containing locust bean gum (RS/LBG),
and RS containing guar gum (RS/GG) *.

Sample
Hla

(Pa·s)

Upward Curve Downward Curve

K (Pa·sn) n ηa,300 (Pa·s) R2 K (Pa·sn) n ηa,300 (Pa·s) R2

RS alone 53,245 236.57 ± 2.41 a 0.187 ± 0.004 ab 2.15 ± 0.05 a 0.909 81.84 ± 1.6 c 0.334 ± 0.002 a 2.02 ± 0.03 a 0.976
RS/LBG 40,385 236.51 ± 32.32 a 0.152 ± 0.056 b 2.23 ± 0.03 a 0.915 86.64 ± 6.6 b 0.328 ± 0.004 b 2.15 ± 0.02 a 0.987
RS/GG 33,150 237.62 ± 16.60 a 0.180 ± 0.033 ab 2.02 ± 0.56 a 0.951 101.9 ± 12.6 a 0.312 ± 0.002 c 1.96 ± 0.54 a 0.997

* Hla: hysteresis loop area (Pa·s); power-law parameters: K, consistency coefficient; n, flow behavior index; ηa,300,

the apparent viscosity at 300 s−1. Different superscript letters with the same columns are significantly different
(p < 0.05 by Duncan’s multiple range test).

The hysteresis loop area is an indicator to value the structural breakdown during
shearing [52]. Compared with the control, the hysteresis loop area of RS gels containing
guar gum and locust bean gum were reduced by 37.7% and 24.2%, respectively, indicating
remarkable shear resistance, which has been attributed to the enhancement of the three-
dimensional structure of the starch [53]. A similar trend was observed in the dynamic
viscoelastic results (Figure 2), which, in turn, reflected the retrogradation extent of RS gels
(Table 6).

3.4. Thermodynamic Properties

Various information such as the starch–hydrocolloid interaction, the effects of water,
and related properties could be provided by using DSC analysis. The thermodynamic prop-
erties of RS gels in the presence or absence of gums and their corresponding retrograded
gels during refrigerated storage (4 ◦C for 3, 5, and 12 days) are listed in Table 5.

Table 5. The retrogradation thermodynamic parameters of RS alone, RS containing locust bean gum
(RS/LBG), and RS containing guar gum (RS/GG) *.

Samples
First Run Second Run (3 d at 4 ◦C) Third Run (5 d at 4 ◦C) Fourth Run (12 d at 4 ◦C)

ΔH1 ΔH2 ΔH2/ΔH1 ΔH3 ΔH3/ΔH1 ΔH4 ΔH4/ΔH1

RS alone 2.66 0.30 0.11 1.48 0.56 2.32 0.87
RS/LBG 2.76 0.40 0.14 1.38 0.50 1.43 0.52
RS/GG 2.74 0.33 0.12 1.11 0.41 1.47 0.54

* ΔH1, gelatinization enthalpy; ΔH2, retrogradation enthalpy; ΔH2/ΔH1, retrogradation ratio.

Starch–galactomannan interactions affected the retrogradation of samples. The gela-
tinization enthalpies (ΔH1) of the starch system, when added with gums, were slightly
increased at first, which may be related to the higher viscosity. In the third and last run, the
retrogradation enthalpies (ΔH2) and retrogradation ratios (ΔH2/ΔH1) of retrograded RS
gels decreased significantly in the presence of both guar gum and locust bean gum, indicat-
ing that gums slowed the retrogradation rate of RS gels during refrigerated storage. Starch
retrogradation is generally considered a liquid state event, which requires orientational
mobility of the polymer chains in the amylopectin molecule [54]. The presence of guar
gum and locust bean gum decreased the orientational mobility of the starch gels and, thus,
decreased the retrogradation rate. Moreover, the addition of hydrocolloids could hinder
the formation of spongy structures in the starch system, where the gum combined with the
starch separated from the starch granules.

The reduction in free water content would inhibit the rearrangement of starch chains,
thereby effectively suppressing retrogradation [43]. Interestingly, it seems guar gum sup-
pressed, more than locust bean gum, the short-term retrogradation of RS samples stored
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for the first 5 days, which was attributed to lower water availability due to the stronger
hydration capacity of guar gum [55]. Instead, locust bean gum exhibited the potential
to suppress long-term retrogradation, which may be related to its viscous properties, as
mentioned above.

The melting enthalpy of recrystallized starch was lower than that of gelatinization,
which is consistent with the easier melting properties of recrystallized starch than that of
native starch granules [56]. It also found that guar gum and locust bean gum increased or
decreased the melting temperatures of recrystallized starch differently during storage time
(please see Supplementary Materials Table S1). Similar research [57] has been reported
in gum–tapioca starch systems. The results indicated that the addition of guar gum and
locust bean gum could modify the thermal properties of RS dependent on the gum type
and storage time.

3.5. Determination of Texture Properties

The texture properties of RS gels in the presence or absence of gums during refrigerated
storage are presented in Table 6. The hardness of starch gel is always an indicator of the
degree of starch retrogradation [58]. The higher hardness values of the starch gel during
the initial 3 days indicated its rapid retrogradation. This observation is similar to the
retrogradation of amaranth starch in that retrogradation is accelerated at refrigerated
temperatures [59]. As a result, a more compact and ordered structure is formed by the
amylose and amylopectin in the gelatinized starch, thereby increasing the gel hardness of
the RS [60].

Table 6. TPA texture parameters of RS alone, RS containing locust bean gum (RS/LBG), and RS
containing guar gum (RS/GG) during cold storage *.

Sample Days Hardness Springiness Adhesiveness Cohesiveness Gumminess Chewiness

RS alone
3 1134.16 ± 58.91 a 0.37 ± 0.02 a 77.64 ± 4.16 b 0.24 ± 0.02 a 269.40 ± 38.87 a 99.06 ± 20.13 a

5 907.52 ± 6.93 a 0.26 ± 0.01 a 17.63 ± 3.21 a 0.1 ± 0.01 a 94.42 ± 5.81 a 24.80 ± 2.97 a

RS/LBG
3 931.82 ± 14.62 b 0.36 ± 0.05 a 123.20 ± 14.03 a 0.25 ± 0.02 a 233.56 ± 24.78 a 84.93 ± 20.51a

5 861.36 ± 71.83 a 0.32 ± 0.05 a 11.90 ± 2.06 a 0.10 ± 0.01 a 84.02 ± 1.88 a 26.73 ± 3.90 a

RS/GG
3 861.02 ± 66.74 b 0.32 ± 0.01 a 54.32 ± 5.98 c 0.24 ± 0.04 a 202.81 ± 19.53 b 64.49 ± 4.68 a

5 762.69 ± 0.54 b 0.28 ± 0.04 a 18.66 ± 4.97 a 0.10± 0.02 a 79.81 ± 13.04 a 21.81 ± 0.23 a

* Values represent the mean ± SD of triplicate tests. Columns with different superscripts are significantly different
during different samples (p < 0.05 by Duncan’s multiple range test).

Both guar gum and locust bean gum exhibited excellent potential in the texture modi-
fication of RS products during cold storage time. The numerical reduction in hardness was
observed with the addition of gums after 3 days as compared with the control. This obser-
vation could be interpreted as the possible interaction between gums and the RS granules.
The presence of galactomannans tends to combine with RS molecules, thereby inhibiting
the leaching of amylose and hindering the retrogradation of starch-related systems [61].
The arrangement of leached amylose is also retarded by the combination, which further
suppresses the recrystallization of starch molecules. Generally, the addition of hydrocol-
loids would improve water retention and inhibit the rearrangement of amylose of starch,
which helps to maintain better texture characteristics during refrigerated storage [62].

To specify, the guar gum-containing system exhibited better textural properties during
cold storage time, as shown in Table 6. It has also been reported that hydrogen bonding
plays a critical role in the gelatinization and retrogradation of starch [11]. A large amount
of hydroxyl groups in guar gum, rather than locust bean gum, tends to transform the
nucleus of starch recrystallization from amylose to an amylose–gum mixture. As a result,
the arrangement of starch molecules is retarded, leading to a lower retrogradation rate of
starch [63]. In general, the hardness of RS alone gel would be increased during cold storage
owing to starch retrogradation. Meanwhile, the addition of the gums to RS gels helped to
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slow down the changes in textural characteristics during refrigerated storage in the order
of guar gum > locust bean gum.

3.6. Freeze–Thaw Stability

The syneresis value of freeze–thaw RS is often determined as an indicator to evaluate
its ability to maintain desirable physical properties during the freezing and thawing pro-
cess [64,65]. The freeze–thaw stability of RS in the presence or absence of locust bean gum
or guar gum is shown in Figure 4. For the RS gels alone, a high syneresis value (37.2%)
was observed after the first freeze–thaw cycle. With an increase in freeze–thaw cycles, the
syneresis values of gels increased consequently. During repeated freeze–thaw cycles, the
starch molecules will recombine, coagulate, and even form a spongy structure, and water
will precipitate from the starch body, resulting in dehydration and condensation [24,66].

Figure 4. Freeze–thaw stability of RS alone, RS containing locust bean gum (RS/LBG), and RS
containing guar gum (RS/GG). Different letters indicate significant differences among group (p < 0.05
by Duncan’s multiple range test).

The evidence is demonstrated by the lower syneresis value of the RS/gums gels than of
the control, showing better freeze–thaw stability in the gels containing gums during freeze–
thaw cycles. It could be interpreted by the thickening properties of guar gum and locust
bean gum, which would reduce the ice crystal size [43]. The presence of hydrocolloids in
starch gel could also bind to water molecules, which reduces the syneresis degree during
the freeze–thaw cycles [67].

Compared with locust bean gum, guar gum exhibit better stability during all the
freeze–thaw cycles. This is consistent with previous research in which guar gum showed
pronounced freeze–thaw stability and a more remarkable synergistic combination with
sweat potato starch [43] and corn starch [15]. Although locust bean gum showed similar
gelatinization viscosity (Table 1), it was not as effective as guar gum. This is because of
their different physical structures [68], especially the different ratios of galactose branching
to the mannose backbone [69]. For the locust bean gum-containing system, more bulky
phase water would be generated during the repeated FT cycles owing to the ease in the
chain association [43].

4. Conclusions

In the present study, the effects of guar gum and locust bean gum on the gelatinization
properties, rheological properties, and freeze–thaw stability of RS gels were investigated.
RVA results showed that both guar gum and locust bean gum had inhibitory effects on the
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retrogradation of RS, with a lower SBV value and higher PV. Higher viscoelastic behavior
and less thixotropic behavior were reviewed in the presence of galactomannans in the
rheological measurements, which related to the enhanced weak gel structure and higher
shear resistance. The thermal properties of RS gels could be modified with the addition
of galactomannans, which were dependent on the gum type and storage time. Moreover,
the textural properties and freeze–thaw stability of the RS gel were significantly improved
by the addition of galactomannans. Particularly, the guar gum-containing system exhibits
a more significant effect rather than that of locust bean gum, which could be attributed
to the different mannose to galactose ratios. From these findings, guar gum could be a
better alternative for gluten-free products, as it confers a higher retrogradation inhibition
effect, freeze–thaw stability, and fewer texture changes in gels. Future attempts with more
detailed parameters optimization are strongly required to unveil the possible interaction
mechanism between hydrocolloids and starch and, finally, pinpoint their effects on human
digestibility and the sensory properties of food products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11162508/s1, Figure S1: The creep-recovery curves of RS
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Gelatinization temperature and enthalpy and retrogradation ratio for RS alone, RS containing locust
bean gum (RS/LBG) and RS containing guar gum (RS/GG) measured by the differential scanning
calorimeter (DSC).
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Abstract: Aquafaba is a by-product derived from legume processing. The aim of this study was to
assess the compositional differences and the culinary properties of Pedrosillano chickpea aquafaba
prepared with different cooking liquids (water, vegetable broth, meat broth and the covering liquid of
canned chickpeas) and to evaluate the sensory characteristics of French-baked meringues made with
the different aquafaba samples, using egg white as a control. The content of total solids, protein, fat,
ash and carbohydrates of the aquafaba samples were quantified. Foaming and emulsifying capacities,
as well as the foam and emulsions stabilities were determined. Instrumental and panel-tester analyses
were accomplished to evaluate the sensory characteristics of French-baked meringues. The ingredients
added to the cooking liquid and the intensity of the heat treatment affected the aquafaba composition
and culinary properties. All types of aquafaba showed good foaming properties and intermediate
emulsifying capacities; however, the commercial canned chickpea’s aquafaba was the most similar
to egg white. The aquafaba meringues showed less alveoli, greater hardness and fracturability and
minimal color changes after baking compared with egg white meringues; the meat and vegetable
broth’s aquafaba meringues were the lowest rated by the panel-tester and those prepared with canned
aquafaba were the highest scored in the sensory analysis.

Keywords: Pedrosillano chickpea; aquafaba; chemical composition; functional properties; egg-free
meringues; sensory characteristics

1. Introduction

Legumes are a group of edible seeds from the Leguminoseae family, which include,
among others, beans, chickpeas, peas, lentils or soybeans. According to the FAO [1], the
production of legumes has increased 25% between 2010 and 2020 in the world; however,
their consumption continues to be scarce. This low intake is associated with several factors:
social changes and current lifestyle (people eating more outside of the home) [2]; very long
preparation times (long soaking and cooking times) [3]; or difficulty for some people to
digest them, causing belly swelling due to the production of large amounts of gases [4].
However, in recent years, consumers are demanding more and more plant origin foods in
their diet instead of animal origin foods, mainly for environmental sustainability, animal
health and animal welfare reasons [5,6], which may contribute to increasing their intake,
either in traditional recipes or in the form of flour, processed purees, creams and prepared
and/or canned legumes.

One of the typical legumes of Spanish Gastronomy are chickpeas (Cicer arietinum) and
Castilla y León; Castilla-La Mancha and Andalucia are the regions with the largest area
of cultivation [7]. In Spain, one of the most appreciated varieties, both in traditional and
in avant-garde cuisine (stews, salads, broths or stir-fries), is the Pedrosillano chickpea (a
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variety of small size and almost spherical-shaped chickpeas, which are characterized by
their small beak and a yellow-orange coloration and a firm structure that acquires a buttery
texture after cooking).

The use of products or by-products derived from the processing of legumes would
be a further step in the improvement of sustainable food production. One of the most
important by-products generated during the legume processing is the aquafaba. Aquafaba
is defined as the liquid obtained after cooking legumes, which includes both that obtained
in traditional cooking (in water or broths) and the covering liquid of canned legumes [8].
The presence of some proteins, complex carbohydrates and other flavour components turns
aquafaba into an ingredient of exceptional culinary quality due to its functional properties
(foaming, emulsifying, binding, gelling or thickening) [9]. In fact, the use of aquafaba in
the formulation of new vegan products, both sweet and savoury, such as foams, emulsions
or dairy substitutes, has increased nowadays [10].

In most of the vegan products, aquafaba is used as an egg substitute, not only by
sharing several technological properties but also because the production of legumes causes
a lower environmental impact than the production of eggs or another animal protein
sources [11]. Studies carried out by Nette et al. [12] reported that products made with
legumes generate 35% less greenhouse gases than those made with eggs. However, it is
necessary to consider that a more recent study [13] questioned the environmental benefits
of aquafaba as an egg substitute in food processing, highlighting that it could have a
negative impact on the environment footprint as a result of higher electricity requirements.
In addition, the use of aquafaba would also be compatible with the concept of upcycling,
which refers to the process of finding a new use for by-products [14] that could become
innovative culinary options.

The use of aquafaba as an alternative to eggs and dairy products not only satisfies the
needs of vegan people, but also of a growing number of consumers who prefer dietary
ingredients rich in fibre and/or are allergen-free [5,10]. Egg is one of the 14 food allergens
with mandatory declaration in the list of ingredients [15]. The egg white, particularly the
ovomucoid, is more allergenic than the yolk and is problematic for allergic people in the
preparation of those recipes and elaborations in which it is the main ingredient [16]. In this
sense, the aquafaba has garnered attention in the food industry for a new generation of
natural substitutes and egg- and dairy-free labels, without the need for protein isolates,
edible gums or modified starches [10,17–19].

The foaming and stabilizing capacity of the classical meringues are defined by the egg
proteins due to its amphiphilic nature [20]. In the aquafaba, the foam production is also
possible due to the presence of the chickpeas’ proteins. Those proteins require a partial
denaturation so that the hydrophobic amino acids were oriented towards the air bubbles
and the hydrophilic ones towards the aqueous phase favouring the maintenance of the
structure [21,22]. In the preparation of aquafaba, it is necessary that enough chickpea pro-
teins are dissolved in the cooking broth so that when the air was mechanically introduced,
the foams were generated and stable [23]. Other factors, such as the content of intrinsic
carbohydrates (especially polysaccharides), the pH of the medium or the presence of fat in
the aquafaba, could play a very important role in the foam formation and stability [9].

In recent years, some works on the foaming and emulsifying properties of
aquafaba [23–29], the application of ultrasound technology in the extraction [30], the op-
timization of cooking conditions and pH [31] and the impact of concentration methods
on the characteristics of spray-dried powders of soybean aquafaba [32] were published.
Most of these studies were focused on the use of aquafaba in the preparation of vegan
mayonnaise with limited studies on its chemical composition or its applications in other
culinary elaborations, such as meringues or sponge cakes [23,33]. In general, the studies
on aquafaba have been based on the use of aquafaba derived from commercial canned
legumes; to the best of the authors’ knowledge, the studies of the chemical characteristics
and functional properties of the aquafaba obtained during the preparation of culinary
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dishes and their impact on the functional and sensory properties are very limited or have
not been addressed [34].

From the scientific point of view, the original hypothesis of this research work was:
“could the cooking liquid of Pedrosillano chickpeas under different culinary recipes, widely
established in gastronomy, be a good substitute for eggs as an ingredient in the manufacture
of sweet or salty baked meringues?”.

In order to test this hypothesis, the aim of this study was to assess the compositional
differences, as well as the foaming and the emulsifying properties of Pedrosillano chickpea
aquafaba, prepared with different cooking liquids (water, vegetable broth, meat broth and
the covering liquid of canned chickpeas) and to evaluate the sensory characteristics of
French-type baked meringues made with the different aquafaba samples using egg white
as a control.

2. Materials and Methods

2.1. Preparation the Aqueous Broths for Cooking Chickpeas

The different aqueous broths used to cook the chickpeas were prepared as follows
(1) Water: 4 g salt were dissolved in 3 L distilled water.
(2) Vegetable broth: prepared with 210 g cabbage, 105 g turnip, 175 g onion, 160 g leek,

260 g carrot, 20 g garlic and 4 g salt. All the ingredients were washed, drained, chopped,
weighed and, finally, cooked with 3 L of distilled water for 40 min in a pressure cooker at
100 kPa (Excellent BRA, Valls, Spain). Next, the broth was filtered through a cotton cloth
and stored refrigerated (4 ◦C) for a maximum of 24 h until it was used to cook the chickpeas.

(3) Meat broth: was prepared using the same ingredients and amounts used for the
vegetable broth and 97 g fresh chorizo, 204 g marinated and cured pork ribs, 222 g beef
shank, 219 g chicken, 153 g fresh salted pork ear and 210 g ham bone (these last two
products were previously desalted in water for 12 h). All the ingredients were introduced
into a pressure cooker (Excellent BRA, Spain) with 3 L of distilled water where they were
cooked for 40 min at 100 kPa. Then, the broth was filtered, kept refrigerated (4 ◦C) for 24 h
and defatted before being used to cook the chickpeas.

2.2. Cooking Conditions of Chickpea to Obtain Aquafaba

Pedrosillano chickpeas (Polifer S.L., La Bañeza, León, Spain) were used in all the experi-
ments. Hydration was carried out at room temperature by introducing 300 g chickpeas into
a container with 2 L distilled water and 6 g salt for 12 h. Then, the chickpeas were drained,
washed and weighed.

Each broth described in the Section 2.1 (except for the canned chickpea aquafaba)
was used to cook the chickpeas for 35 min in a pressure cooker (Excellent BRA, Spain) at
100 kPa using a ratio of chickpea–broth of 1:2 (w/v). Two replicates were carried out for
each elaboration. The different types of aquafaba were obtained by draining the chickpeas.

The canned chickpea aquafaba was obtained by draining the covering liquid from
9 jars of 570 g commercial canned Pedrosillano chickpeas (Legumbres Penelas S.L., Villarejo
del Órbigo, León, Spain).

All types of aquafaba were frozen at −30 ◦C in jars of approximately 100 g until
analysis.

2.3. Analysis of the Chemical Composition of Aquafaba

The chemical composition of the different types of aquafaba was determined in du-
plicate following the methods described by Stantiall et al. [25]. Total solids content was
analysed by drying the samples in an oven at 100 ◦C until constant weight. Proteins
were quantified following the Kjeldahl method using an automatic distiller (Digestor Kjel-
dahl Tecator 1002, FOSS IBERIA, S.A, Barcelona, Spain); a value of 6.25 was used as the
conversion factor [35]. The fat content was determined following the AOAC standard
920.39 method using a Soxhlet extraction system [36]. The ash content was quantified by
gravimetry [37] using a dry ashing method with a muffle at 500 ◦C for 6 h. Finally, the
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quantification of carbohydrates was carried out by subtracting the content of protein, fat
and ash from total solids content.

2.4. Analysis of Foaming and Emulsifying Properties of Aquafaba and Egg White

The foaming properties were determined in duplicate following the method described
by Stantiall et al. [25]. A total of 80 mL of aquafaba or egg white (as control) was taken
in a glass and mixed with a hand blender (Miniquick 5 MQ5000, Braun, Neu-Isenburg,
Germany) for 4 min. Next, the content was transferred to a 250 mL cylinder and the
volume of the foam generated at zero time and after 40 min was measured. The foaming
capacity (FC) and the foam stability (FS) were calculated using the following equations and
expressed as the percentage of overrun, which is defined as the amount of air incorporated
into the liquid phase.

FC (%) = ((VFinal − VInitial)/VInitial) × 100 (1)

where VFinal is the volume of the foam generated after homogenization and VInitial is the
volume of aquafaba or egg white before homogenization.

FS (%) = ((V40 − VInitial)/VInitial) × 100 (2)

where V40 is the volume of the foam after 40 min and VInitial is the initial volume of the
foam generated after homogenization.

The emulsifying properties were determined in duplicate by spectrophotometry fol-
lowing the protocol described by Karaca et al. [38]. To compare the emulsifying capacity of
aquafaba and egg white, 10 mL of each sample was mixed with 10 mL of olive oil using
an Ultraturrax homogenizer (Unidrive 1000D Ingenieurbüro CAT, M.Zipperer GmbH,
Ballrechten-Dottingen, Germany) for 1 min at 3000 rpm. A total of 5 mL of a 1% sodium
dodecyl sulfate (SDS) solution was placed in a beaker, then 50 μL of the emulsion was
added. Then the mixture was homogenized, and the absorbance was measured at 500 nm
for 40 min taking the absorbance values at 10 min intervals. The emulsifying capacity (EC)
and the emulsion stability (ES) were calculated using the following equations:

EC (m2⁄g) = ((2 × 2.303 × A0)/% Protein) (3)

where A0 is the absorbance of the diluted emulsion immediately after homogenization and
(% Protein) is the weight of protein per volume (g/mL).

ES (min) = A0/ΔA × t (4)

where A0 is the absorbance of the diluted emulsion immediately after homogenization,
ΔA is the change in absorbance between 0 and 10 min (A0–A10) and t is the time interval
(10 min).

2.5. Baked French Meringue Preparation

The culinary applicability of the different types of aquafaba compared with egg white
was assessed by preparing, in duplicate, different batches of French meringues using the
following recipe: 100 g aquafaba or egg white, 100 g icing sugar and 1 mL natural lemon
juice. All the ingredients were mixed with a hand blender (Miniquick 5 MQ5000, Braun,
Neu-Isenburg, Germany) for 1 min at medium speed and, later, at maximum power until
they were stiff. The meringue mixture was deposited on a silpat with the help of metal
moulds to obtain meringues of 5 cm in diameter and 1 cm of height. Next, the meringues
were baked in an oven (Conterm, Selecta, S.A., Barcelona, Spain) at 120 ◦C for 1.5 h, cooled
to room temperature and stored in hermetically closed containers to protect them from the
moisture until their analysis.
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2.6. Sensory Analysis of Meringues

The colour analysis of the meringues was accomplished using a Konica CM reflectance
colourimeter (Minolta, Osaka, Japan). The MAV (measurement/illumination area) and
MAV mask pattern were read with 8 mm diameter glass. Data was processed using the
program Color Data Software CM-S100w SpectraMagic TM NX ve. 1.9, Pro USB (Konica,
Minolta, Osaka, Japan). Nine measurements on the surface of each meringue were carried
out for each type of meringue and each batch elaborated. In all colour determinations, the
equipment was previously calibrated for zero and white using standard plates (illuminate
D65 and the 10◦ SCI observer). The colour parameters of the CIELab scale were studied:
lightness (L*), red-green component (a*) and yellow-blue component (b*).

The instrumental analysis of the meringue’s texture was performed following the
method proposed by Stantiall et al. [25] with some modifications. A TA.XT2i texturometer
and the Texture Expert program, v1.20 (Stable Micro Systems, Godalming, Surrey, UK) were
used. The assays were carried out with a p 40 probe at a constant speed of 0.5 mm/s and
using a degree of compression of 50%. Fracturability, brittleness, hardness and elasticity
were quantified. In each type of meringue and each batch, 8 determinations of the texture
profile were carried out.

The proportion of gas cells in the meringues (alveoli), expressed as the percentage of
porosity, was determined by taking cross section photographs of the meringues, which
were subsequently divided into portions of 1 cm length. The images were processed
with the program Gimp 2.10.10 (GNOME, 2019) using the histogram tool. The alveoli
percentage was obtained through the percentage of certain colour strip pixels [39]. For each
meringue batch, the alveoli analyses were carried out in four meringues and three areas of
each meringue.

Finally, the analysis of four sensory attributes (appearance, smell, taste and texture)
was carried out using a seven-point hedonic scale for each attribute (1 = dislike extremely;
2 = dislike very much; 3 = dislike somewhat; 4 = neither like nor dislike; 5 = like somewhat;
6 = like a lot; and 7 = like very much) [40]. Likewise, a global impression score was
accomplished using a scale from 1 (very bad) to 10 (very good). These analyses were
performed by a panel of 114 untrained tasters.

2.7. Statistical Analysis

The statistical analysis was performed using the software SPSS statistics v.26.0 [41]. All
variables were tested for the assumptions of normality and homoscedasticity. An analysis
of variance (ANOVA) was applied to study the differences on the chemical composition
of the different types of aquafaba and the differences on the sensory parameters of the
meringues (data sets with normal distribution); subsequently, in those cases in which
significant differences were observed, the Tukey test was applied to compare differences
among groups. The Kruskal–Wallis test was used to study the differences on the foaming
and emulsifying properties of the samples (data sets without normal distribution); in the
cases in which significant differences were observed the U of the Mann–Whitney test
was performed to define the differences among groups. A p < 0.05 was considered to
be significant.

3. Results and Discussion

3.1. Chemical Composition of Aquafaba

The results of the chemical composition analysis of the different types of aquafaba
were collected in Table 1.

The water aquafaba as well as the vegetable broth aquafaba showed a very similar
total solids, protein and carbohydrate contents, with values ranging 5.63–5.84, 1.19–1.21
and 3.36–3.79 g/100 g aquafaba, respectively. On the contrary, the ash contents showed
significant differences (p < 0.05) between them. The vegetable broth aquafaba had an ash
content approximately 33% higher than water aquafaba due to the presence of minerals
from the vegetables. Neither of the aquafaba samples contained fat in its composition.
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Table 1. Mean values (expressed as g/100 g aquafaba) and standard deviation of the chemical
composition of different types of chickpeas aquafaba.

Total Solids (%) Protein (%) Carbohydrates (%) Ash (%) Fat (%)

Water Aquafaba 5.84 ± 0.08 a 1.21 ± 0.01 a 3.79 ± 0.08 c 0.77 ± 0.02 a nd
Vegetable broth Aquafaba 5.63 ± 0.15 a 1.19 ± 0.04 a 3.36 ± 0.13 c 1.03 ± 0.08 b nd

Meat broth Aquafaba 7.84 ± 0.11 c 2.36 ± 0.05 b 2.20 ± 0.11 b 1.12 ± 0.01 b 2.14 ± 0.23 b

Canned Aquafaba 6.24 ± 0.05 b 2.48 ± 0.03 b 1.46 ± 0.09 a 1.15 ± 0.03 b 1.15 ± 0.72 a

a–c Means in the same column with different superscripts showed significant differences (p < 0.05); nd: not
detected.

The results of total solids, protein, ash and fat contents in the water aquafaba were
very similar to those described by Bird et al. [42], Stantiall et al. [25] and He et al. [26]. The
minor variations observed among the studies would be associated with differences in the
soaking and cooking conditions of the chickpeas (time or water–chickpea ratio) and also
related to the chickpea variety [9].

The meat broth aquafaba contained the highest total solids value due to the elevated
protein and fat contents, which together represented almost 60% of the total solids. An
important part of the proteins come from the meat sarcoplasm and connective tissue
that were solubilized during the cooking. Furthermore, although the meat broth was
defatted before being used to cook the chickpeas, the resulting aquafaba showed the
highest fat content. The difficulty to eliminate the fat of the meat broth is probably related
to its incorporation as an emulsion, stabilized by the solubilized proteins after the cooking
process, in the aqueous phase. The ash content was similar to that reported for the vegetable
broth aquafaba, but its carbohydrate concentration was a 35% lower with a value of
2.20 g/100 g aquafaba.

The canned and the meat broth aquafaba showed similar ash and protein contents;
however, significant differences (p < 0.05) on their carbohydrates and fat contents were
observed. The proteins represented approximately 40% of total solids in the canned
chickpeas aquafaba and 30% in the meat broth aquafaba. The total solids content of the
commercial aquafaba used in this study was very similar to that described by Shim et al. [34];
however, it showed between a 45 and 90% higher protein content, about 2.6 times more
ash content and 50% less carbohydrates, than those described by other authors [27,29,34].
These differences might be associated to the chickpea variety; He et al. [26] reported
important variations in the chemical composition and the properties of aquafaba samples
obtained from different types of chickpeas. Likewise, since there is a relationship between
the proportion of broth and the concentration of the extracted compounds [43], these
differences may be also associated with the chickpea–water ratio used in the preparation.
In the same way, another important factor that may affect the chemical composition of the
aquafaba would be the variations in the cooking conditions. High temperatures combined
with prolonged cooking times would lead to significant changes in the seed coat of the
chickpeas, which allows the passage of a greater or lesser amount of solute into the cooking
liquid [44]. Some authors reported that a reduced gelatinization of the starch would avoid
chickpea breakage and, consequently, the migration of complex carbohydrates but not
minerals and hydrophilic proteins [9,27]. Most of the proteins present in aquafaba have a
molecular weight of less than 23 kDa, hence they can easily pass through the pores of the
chickpea covering [27].

3.2. Foaming and Emulsifying Properties of the Different Types of Aquafaba

The foaming capacity and the foam stability of the different types of aquafaba and the
egg white are depicted in Figure 1.
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Figure 1. Foaming capacity (a) and foam stability (b) expressed in % of overrun of Pedrosillano
chickpea aquafaba obtained with different broths and egg white. a–c Means with different superscripts
showed significant differences (p < 0.05).

The highest foaming capacity was observed in the egg white sample with overrun val-
ues of around 180%. This foaming capacity is associated with the quantity (approximately
10–11 g/100 g) and the type of proteins present in its composition. These proteins allow
the integration of numerous air bubbles during the shake and gave rise to foams with a
large volume [25].

Regarding to the aquafaba samples, all of them presented a good foaming capacity
with overrun values greater than 100%, although slight variations between them were
observed. The results obtained in this study were similar to those described by Lafarga
et al. [31], Aslan et al. [45] and Alsalman et al. [46] who reported foaming capacities between
120 and 324%.

The foaming capacity of aquafaba is related to the content of chickpeas proteins, which
reduce the surface tension between the air droplets and the aqueous medium through
their amphiphilic nature [47]. Stantiall et al. [25] found a very high positive correlation
between the foaming capacity of aquafaba and its protein concentration; however, some
discrepancies in the results obtained in our study were observed. The aquafaba samples
with the lowest protein concentration (water and vegetable broth aquafaba with 1.21 and
1.19 g/100 g, respectively) were those with intermediated foaming capacity (p > 0.05).
The canned aquafaba showed the highest foaming capacity with values practically equal
(p > 0.05) to those of the egg white; this sample showed the highest values of protein content
(2.48 g/100 g). The meat broth aquafaba was the next highest sample for its protein content
(2.36 g/100 g); nevertheless, this type of aquafaba had the lowest foaming capacity. This
inconsistency could be largely explained by the fat content of the sample (2.14 g/100 g).
Immonen et al. [48] reported that fat in an aqueous medium hinders the formation of the
foam by competing with proteins in the formation of stable films around the air droplets,
interfers with the surfactant role of the proteins and reduces their foaming capacity [49].
The fat content in the meat broth aquafaba represented around the 30% of the total solids.

Relative to the foam stability, significant differences (p < 0.05) among the aquafaba
samples and the egg white were observed. The most stability was found in the foam
prepared with canned aquafaba (174% overrun), followed by the egg white (120% overrun)
and the water aquafaba (116% overrun); the lowest values corresponded to the foams made
with the meat and the vegetable broth aquafaba (80% and 76% overrun). Our results were
similar to those described by other authors [23,31,45,50].

The vegetable and meat broth aquafaba samples showed a lower stabilizing capacity,
with volume reductions (% overrun) which ranged from 37 to 44%. The low stability of the
meat broth aquafaba foam was probably also related to the fat present in the dispersion.
The fat competes with proteins for the adsorption at the air–water interface, resulting in the
formation of interfacial films with poor viscoelastic properties and steric stability [51]. The
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low foam stability of vegetable broth aquafaba would be related to the lower carbohydrates
content, which leads a lower foam viscosity and a higher salt concentration (vegetable broth
aquafaba contains a 33% more ash content than water aquafaba), which might suppress the
viscosity and the foam stability of the aquafaba [34].

The canned aquafaba showed the highest stabilizing properties and the foam main-
tained the same overrun percentage values as freshly prepared. This fact might be explained
with a greater presence of complex polysaccharides among the total carbohydrates. The
application of more intense heat treatments in the canned chickpeas than those used in the
conventional pressure cooker, together with the use of less water for cooking, could acceler-
ate the starch gelatinization as well as the solubilization and diffusion of pectins into the
aquafaba, increasing the viscosity of the aqueous medium and the three-dimensional struc-
ture of the foam [52]. In addition, the higher protein concentration in the canned aquafaba,
compared to the water aquafaba (2.48% versus 1.19% respectively), would facilitate the
formation of more resistant films to the coalescence of the air bubbles of the foam.

The stability of the egg white foam was lower than the stability of the water and
canned aquafaba foams. The foam volume remained stable or decreased by approximately
21% for canned and water aquafaba foams vs. 33% for egg white foams. This lower
foaming stability could be explained by differences in the physicochemical properties
between the egg and the aquafaba proteins. Soto-Madrid et al. [22] described a greater
flexibility and hydrophobicity in chickpea proteins compared to egg proteins, which would
contribute to create more stable films, avoiding the coalescence and separation of air
bubbles. Furthermore, Mustafa et al. [23] also attributed the greater stability of the canned
aquafaba foams, compared to egg white foams, to the lower content of sulfur-containing
amino acids in the proteins, which better resist overwhipping by limiting the formation
of disulfide bonds and the aggregation of aquafaba proteins. Finally, the pH can also
play an important role in foam stability. Tufaro and Cappa observed a higher degree
of syneresis in the egg white foam compared to aquafaba foam (47% vs. 27%) due to
differences in their pH [33]. In our study, the pH values of egg white were approximately 8
and those of aquafaba was approximately 6, which is closer to the isoelectric point of their
proteins. The approximation of the pH of aquafaba to the isoelectric point of the proteins
contribute to reduce their surface charge, generating more resistant films around the air
bubbles and thereby contribute to the formation of more stable foams as described by other
authors [19,33]. This could be due to the higher molecular weight of globulins in plant
proteins, which helps to form adsorption films with good rheological properties [19].

The emulsifying capacity and the emulsion stability of the different types of aquafaba
and egg white are depicted in Figure 2.

Figure 2. Emulsifying capacity, expressed as m2/g (a), and emulsion stability, expressed in min (b), of
Pedrosillano chickpea quafaba obtained with different broths and egg white. a–c Means with different
superscripts showed significant differences (p < 0.05).
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In general, the emulsifying capacity of the different types of aquafaba were similar to
those described by other authors, while the emulsion stability was much higher [24,27,53].
The egg white samples showed the highest emulsifying properties, followed by the water
and vegetable broth aquafaba (p > 0.05); the emulsifying capacities of meat broth and
canned aquafaba were significantly (p < 0.05) lower (around 40–50% lower than those
described for egg white) [24,27,53]. The lower concentration of protein and complex
polysaccharides in the aqueous phase of the water and the vegetable broth aquafaba could
justify the higher emulsifying properties; in this way, the proteins could faster access the
oil–water interface generated during the application of mechanical energy [54]. In addition,
flexible proteins adsorbed at the interface at low concentrations are more easily denatured,
favouring polymer–interface contact versus polymer–aqueous phase [54]. Moreover, the
fibrous proteins present in the meat broth aquafaba and derived from the cooking of the
meat are more rigid in their structure than the globular ones, so their access and adhesion
to the interface would be limited and, consequently, a smaller number of emulsified fat
droplets were formed. The lower emulsifying capacity of canned aquafaba could be related
to the presence of complex polysaccharides in its composition. Complex polysaccharides
could act, not only by hindering the adhesion of denatured proteins to the interface due to
molecular entanglement, but also by competing with the proteins through the interface,
preventing the emulsification of a greater proportion of oil due to the lower interfacial
activity of the polysaccharides compared with proteins [54].

The emulsions prepared with water and vegetable broth aquafaba showed the lowest
stability values, and the separation of the phases was observed after 120–150 min. In
contrast, the emulsions prepared with meat broth and canned chickpeas aquafaba took
approximately 700 to 800 min to separate; this time range was very similar to that obtained
for the egg white emulsions. The gelatine present on the meat broth aquafaba and the
complex polysaccharides in the case of canned aquafaba were able to retain large amounts
of water, even at low concentrations, and act by increasing the viscosity or viscoelasticity
of the continuous aqueous phase stabilizing the emulsion [9,55]. In addition, the higher
protein content in both types of aquafaba would act to reinforce the interfaces by estab-
lishing interactions between the protein chains. Some authors, such as Bergenstahl and
Claesson [56], reported a sequential mechanism for strengthening the film that covers
the oil droplets derived from the interaction of the proteins attached to the interface with
polysaccharides, which could help to stabilize the emulsion for longer.

3.3. Structure and Sensory Properties of Meringues

The alveoli percentage in cross sections of the different types of meringues made with
aquafaba samples and egg white are depicted in Figure 3.
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Figure 3. Mean values of alveoli degree of meringues, expressed as % of porosity, made with four
types of Pedrosillano chickpea aquafaba and egg white. a–c Means with different superscripts showed
significant differences (p < 0.05).
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The highest alveoli degree was observed in the meringues made with egg white,
followed by those prepared with vegetable broth, meat broth and water aquafaba. The
lowest alveoli degree was observed in canned aquafaba meringues, which were 50% lower
than those made with egg white. Our results were in accordance with those described by
Mustafa et al. [23] who observed that sponge cakes made with aquafaba showed lower
height and volume.

The high protein content of egg white allowed us to obtain a more homogeneous
and stable foam, which was reinforced with the added sugar and could better support
the baking conditions. During baking, the three-dimensional structure compacts when
dehydrated and then stabilizes [39]. On the contrary, the smaller alveoli observed in
the meringues made with aquafaba could be explained by the different behaviour of the
chickpea proteins. Shim et al. [34] reported that the aquafaba contains more heat-stable
proteins, which not be fully polymerized during the cooking of the meringues and can
cause the foam to collapse.

Figure 4 shows the mean values of the three colour parameters determined in meringues:
L* (lightness), a* (red-green index) and b* (yellow-blue index). The results of the L* param-
eter were similar in all the meringues (around 80); the lowest values were obtained in
the meringues made with vegetable broth aquafaba, while the highest was with canned
aquafaba. The parameters a* and b* showed a very similar behaviour, corresponding to the
highest values for the vegetable and meat broth aquafaba meringues and the lowest for the
canned aquafaba. The positive values of a* and b* were indicative of the predominance in
the meringues of reddish and yellowish colours, respectively. These results were associated
with, more or less, the development of non-enzymatic browning reactions mainly by the
Maillard reaction but also by caramelization [23]. The aquafaba proteins together with
large amounts of sugar and the application of temperatures of 90 ◦C for a prolonged time
in baking cause a reduction in the water activity and a certain degree of hydrolysis of the
sucrose glycosidic bonds, which increased the sugar reducing power and, consequently,
the development of the Maillard reaction. The Maillard reaction was very similar in all
types of meringues; the yellowish colorations stood out (b* values of approximately +20)
above the reddish ones, which were only more accentuated in the meringue samples made
with vegetable broth aquafaba, which also showed a lower value in their luminosity.
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Figure 4. Mean values of CIELab parameters in meringues made with four types of Pedrosillano
chickpea aquafaba and egg white. Luminosity (L*), red-green (a*), yellow-blue (b*). a,b Means for
each CIELab parameter with different superscripts showed significant differences (p < 0.05).

Lafarga et al. [31] also described no differences in the L*, a* and b* values and the
chroma between fresh meringues made with aquafaba and egg white. In our study, the
small differences observed in the colour parameters might be associated with the baking
process, probably due to irregular heat distribution inside the oven as well as the differences
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in the reducing sugar content of the aquafaba. Our results were similar to those described
by Mustafa et al. [23] and Nguyet et al. [28] for cupcakes, although different from those
described by Stantiall et al. [25] and Tufaro and Cappa [33] for meringues made with
aquafaba under similar conditions. Higher luminosity values and lower red (a*) and
yellow (b*) indices were observed; these differences could be influenced by the type of
chickpea variety and also by the cooking conditions (temperature, time, air speed or the
type of oven).

The results obtained in the texture profile analysis of baked meringues prepared with
the different samples of aquafaba as well as with egg white are shown in Table 2.

Table 2. Mean values and standard deviation obtained in the texture profile analysis of meringues
made with four types of Pedrosillano chickpea aquafaba and egg white.

Water Aquafaba
Vegetable Broth

Aquafaba
Meat Broth
Aquafaba

Canned Aquafaba Egg White

Fracturability (N) 3.76 ± 0.41 a 9.02 ± 2.71 c 12.73 ± 2.44 d 9.26 ± 2.79 c 5.23 ± 1.09 b

Hardness (N) 39.33 ± 4.89 b 49.18 ± 2.72 c 56.17 ± 4.83 d 45.28 ± 2.28 c 14.34 ± 1.51 a

Springiness 0.05 ± 0.01 a 0.08 ± 0.02 ab 0.17 ± 0.04 b 0.07 ± 0.01 ab 0.05 ± 0.02 a

a–d Means in the same row with different superscripts showed significant differences (p < 0.05). N = Newtons.

In all texture parameters, significant differences (p < 0.05) were observed between the
meringues made with aquafaba and with egg white.

The fracturability values (the force necessary for the meringues collapse) were higher
in the meringues made with meat broth aquafaba and showed significant differences
(p < 0.05) with vegetable broth and canned aquafaba meringues; the water aquafaba and
egg white meringues had similar values in the order of 2–3 times lower than those of the rest
of the meringues. A very similar behaviour was observed in the hardness values, although
in this case, all the meringues made with aquafaba showed similar results but were still
significantly different (p < 0.05); the egg white meringues had the lowest hardness values.

The higher values of hardness and fracturability of the meringues made with aquafaba
could be associated with a greater collapse of the bubbles during baking, which resulted
in a greater compaction of the structure. The lower dehydration of the aquafaba proteins
would contribute to this behaviour, allowing a greater association between the different
protein chains, which could be reinforced by the formation of salt bonds with divalent
ions released from the chickpeas during cooking. Likewise, complex polysaccharides, such
as starch or pectin, and oligosaccharides solubilized during the chickpeas cooking would
contribute to stabilizing the protein network of the meringue by crystallizing or forming
glassy amorphous states during the cooling and causing more compact meringues, which
require the application of more force to break them [47]. Finally, it should be noted that
the elasticity values were practically the same and very low probably because the samples
were destroyed in the first compression cycle.

Our results were very similar to those described by Stantiall et al. [25] for meringues
and Aslan et al. [45] for cupcakes but differed from those described by Meurer et al. [30]
and Nguyet et al. [28] who described that meringues and cupcakes made with aquafaba
were less hard than those prepared with egg white.

Figure 5 shows the appearance, odour, taste and texture data of the meringues elabo-
rated with different types of aquafaba and with egg white.
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Figure 5. Average scores obtained during the sensory analysis of the different types of meringues
made with Pedrosillano chickpea aquafaba and egg white using a 7-points hedonic scale (1 = dislike
extremely; 7 = like very much).

The appearance values were practically the same in all types of meringues with average
scores of approximately 5. The texture values for the egg white and canned and water
aquafaba meringues (scores between 5.2 and 5.7) showed significant differences (p < 0.05)
relative to the meat and vegetable broth aquafaba meringues (scores of approximately
4.6–4.7). The greatest differences among samples were observed in the odour and taste
attributes. The meringue samples prepared with meat broth and vegetable broth aquafaba
had the lowest scores (approximately 4) and were significantly different (p < 0.05) from the
other meringues. The canned aquafaba meringues were the highest scored.

These ratings were confirmed in the global impression analysis whose results are
shown in Figure 6.
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Figure 6. Overall impression scores of meringues made with Pedrosillano chickpea aquafaba and egg
white using a rating from 1 (very bad) to 10 (very good). ab Means with different superscripts showed
significant differences (p < 0.05).

The meringues prepared with egg white, water and canned aquafaba obtained the
highest scores (approximately 7 points out of 10), while those made with meat broth and
vegetable broth aquafaba ranged between 5.8 and 6. The sapid and aromatic components
from vegetables and meat contributed to the meringues aromatic scents (enhanced during
the cooking) that were qualified as “strange” by the tasters, as they were not associated
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with what is expected for a sweet dish; therefore, these meringues received the worst scores
in smell and flavour. Despite the results obtained, we consider that this aspect could be
a starting point for the use of vegetable and meat broth aquafaba in the development of
savoury dishes. Finally, it should be noted that the highest flavour score of the meringues
made with canned aquafaba might be related with their greater compaction because of the
low alveoli degree of the dough that would allow a greater contact of the meringue with
the papillae during chewing.

All the meringues made with Pedrosillano chickpea aquafaba showed similar sensory
properties to those made with egg white. Analogous results were described by Stantiall
et al. [25] and Lafarga et al. [31] who found no differences in flavour, texture and the overall
impression between meringues prepared with egg white and canned chickpea aquafaba.

4. Conclusions

The ingredients added to the cooking liquid of the chickpeas, as well as the intensity
of the heat treatment during the cooking, influenced the aquafaba composition, especially
the proteins, carbohydrates and fat content. Broth meat aquafaba and canned chickpeas
aquafaba showed the highest concentrations for these two latter parameters.

All types of aquafaba showed good foaming properties and intermediate emulsifying
capacities. The presence of proteins, complex polysaccharides and fat in the aquafaba
affected the foaming and emulsifying capacities, as well as the foam and emulsion stability.

All meringues made with aquafaba displayed lower alveoli degree, greater hardness
and fracturability and minimal color changes after baking than the meringues prepared
with egg white. Similarly, regarding the sensory analysis, all aquafaba meringues got high
scores and were similar to those obtained with egg white, except for meat and vegetable
broth aquafaba, which were the lowest rated.

The results obtained in this study proved that the Pedrosillano chickpea aquafaba could
be an egg substitute in the development of different cooking recipes (sweet or savory),
which involved foams or emulsions and could be an alternative for consumers with an
egg allergy. The aquafaba derived from commercial canned chickpeas showed, in general,
more similarities to the properties of egg white and had the highest sensory scores from the
meringues prepared with it.
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Abstract: Changing nutritional demands, in combination with the global trend for snacking, sets
a goal for preparing food products for direct consumption with certain beneficial properties. This
study was designed to investigate the quality characteristics of raw vegan bonbons enriched with
lyophilized peach powder. Three types of formulations were prepared in which 10%, 20%, and
30% of lyophilized peach powder were, respectively, added. The newly developed vegan products
were characterized in terms of their physical (moisture, ash, color, water activity), microbiological,
and nutritional characteristics. Their antioxidant activity, flavonoid, and phenolic content were
also evaluated. Considering the content of the bonbons, the reported health claims indicate that
they are sources of fiber, with no added sugar, and contain naturally occurring sugars. The color
measurements demonstrated similarity in the values. This study showed that there is significant
potential in the production of healthy snacks for direct consumption, with beneficial properties.

Keywords: health enhancing; raw snack; health claims; healthy ingredients

1. Introduction

Food choice may be influenced by many factors such as calories in meals, personal
preferences, flavor, diet practice, etc. [1]. The eating behavior is directly linked to the food
choices a person makes throughout his life cycle. The COVID-19 outbreak has reportedly
led to unhealthy changes in eating patterns [2], which emphasizes the need to promote
healthy habits and foods.

The effect of plant-based diets, with their diverse range of dietary patterns, has been
extensively studied throughout the years [3]. They are widely associated with a reduced
risk of noncommunicable diseases and early mortality [4]. Some attribute their rapid
spread to the sustainability of the food production system, and the welfare of animals [5].
Whatever the primary reason, plant-based diets continue to grow in popularity.

Fruit and nuts are undoubtedly beneficial to one’s dietary intake. Fruits contain a
palette of vitamins, minerals, and antioxidants [6], which provide obtainable advantages
from their consumption, i.e., better cardiovascular health, improved response to some
diseases, weight control, protective properties, etc. [7]. Nuts are usually integrated into
daily diets because of their nutritional composition and health-promoting properties [8,9].
Their increased consumption, however, may lead to weight gain because of their fat
content [10].

The “Evmolpiya” peach is a native Bulgarian late-season variety with health-promoting
properties. It has a rich total phenolic content and total flavonoid content [11]. Moreover,
its extracts showed potency to inhibit certain enzymes (α-glucosidase, lipase, α-amylase,
and acetylcholinesterase) [12]. To date, it has not been extensively studied or used as an
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ingredient in culinary products, which makes the “Evmolpiya” peach an interesting object
of research in the field.

All population groups eat between meals, which makes healthy snacking extremely
important to maintaining good health [13]. Healthy snacks comprise the recommended
nutrients and are associated with positive effects on the human body [14]. Scientists
have presented and characterized several varieties of raw bars—with ingredients from
the Amazon [15], papaya and tomato [16], sunroot, potato, and oat [17], or with added
protein [18], which proves that this area of research is trending and presents endless
opportunities for healthy nutrition [19].

Thus, the aim of the current research was to characterize and present raw vegan
bonbons as healthy snack alternatives in the human diet. Three types of formulations were
prepared in which 10%, 20%, and 30% of lyophilized peach powder were, respectively,
added. The newly developed vegan products were characterized in terms of their physical
(moisture, ash, color, water activity), microbiological, and nutritional characteristics. Their
antioxidant activity, flavonoid, and phenolic content were also evaluated.

2. Materials and Methods

2.1. Materials

Fresh peach samples of the “Evmolpiya” variety were provided from the Fruit Growing
Institute, Plovdiv, Bulgaria. The samples were lyophilized and powdered with a Tefal
GT110838 grinder. Raw nuts and dried fruit were purchased from a local “Lidl” store
(Plovdiv, Bulgaria). Both nuts and fruit are produced and packaged (200 g) by Lidl Stiftung
& Co. KG., Neckarsulm, Germany. The raw cocoa butter was produced and packaged by
“Dragon superfoods” and purchased at a local “dm drogerie” store in Plovdiv, Bulgaria.

2.2. Preparation of Bonbons

The bonbons were prepared in laboratory conditions at the University of Food Tech-
nologies. Table 1 provides information about the percentage distribution of the ingredients
used to prepare the formulations.

Table 1. Bonbon formulations: LPP—lyophilized peach powder.

Type of
Bonbon

Walnut, %
Almond,

%
Raisin, %

Cranberry,
%

Cocoa
Butter, %

LPP, %

Control 18 18 18 18 28 -
LPP10 15 15 15 15 30 10
LPP20 12 12 12 12 32 20
LPP30 9 9 9 9 34 30

The nuts and fruit were finely chopped with the use of Silver Crest chopper SMZ 260 J4
(260 W) at the turbo boost button speed for approximately 30 s. The cocoa butter was heated
in a water bath in order to be poured over at the quantity needed. The ingredients were then
hand-mixed until resulting in a soft plastic mass. In order to produce bonbons of similar
size and weight, the soft mass was placed in a mold and after that was hand-rounded. The
bonbons (Figure 1) were stored in a refrigerator upon their further usage.
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(a) (b) (c) (d) 

Figure 1. Bonbon formulations: (a) control sample; (b) LPP10; (c) LPP20; (d) LPP30.

2.3. Size and Weight Measurements

Weight was measured on a digital scale (KERN, EMB 1000-2). The diameter was
measured with the use of a digital caliper SD-150.

2.4. Ash Content

Ash content was determined by burning in a muffle furnace according to AOAC
945.46 [20].

2.5. Moisture Content

The total moisture content of the samples was determined according to the procedure
described in AACC method 44-15A [21].

2.6. Nutritional Data

The calculation method was used to determine the nutritional data. Supplier specifi-
cations for each of the ingredients (nuts, fruit, oil) were used to calculate the nutritional
value of the finished products per 100 g. Information about the “Evmolpiya” peach was
retrieved from previous research [11].

2.7. Color

A PCE-CSM 2 (PCE-CSM instruments, Deutschland) with a measuring aperture of
8 mm was used to analyze the color parameters. The L* (lightness; ranging from 0 to 100),
a (representing red-green opponent colors), b (representing blue-yellow opponent colors),
chroma (color saturation), and hue angle (color tone) were estimated.

2.8. Texture Profile Analysis (TPA)

TPA was performed by Texture Analyzer (Stable Microsystems, TAXT-2i Texture
Analyzer, Godalming, UK), as described by Mazumder et al. [22]. The texture parameters
(hardness, fracturability, maximum compressive force, and adhesiveness) were determined
in a texture profile analysis mode (TPA) with speed before test 1.0 mm/s, trigger 5 g,
speed after test 10 mm/s, voltage 60%, probe with a diameter 5 mm, distance 5 mm and
specialized software “Texture Exponent“.

2.9. Determination of Total Polyphenolic Content (TPC)

An extraction procedure was performed to evaluate the total polyphenolic content,
total flavonoid content, and antioxidant activity of the bonbon formulations. Specifically,
5 g of each formulation was subjected to extraction with 25 mL 96% ethanol at 25 ◦C
and 200 rpm for 2 h. The mixtures were then centrifuged at 4000× g for 10 min, and
the supernatant from each extraction was collected and used for analyses. The TPC was
analyzed following a modified method of Kujala et al. [23], with some modifications [11].
The absorbance was measured at 765 nm and the TPC was expressed as mg gallic acid
equivalents (GAE) per g dw.
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2.10. Determination of Total Flavonoid Content (TFC)

The total flavonoid content was evaluated according to the method described by
Kivrak et al. [24]. Results are expressed as μg QE/g dw, and quercetin (QE) was used as
a standard.

2.11. Determination of Antioxidant Activity (AOA)
2.11.1. DPPH• Radical Scavenging Assay

The ability of the extracts to donate an electron and scavenge 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical was determined by the slightly modified method of Brand-
Williams et al. [25] as described by Mihaylova et al. [26]. The DPPH radical scavenging
activity was presented as a function of the concentration of Trolox—Trolox equivalent
antioxidant capacity (TEAC)—and was defined as the concentration of Trolox having
equivalent antioxidant activity expressed as μM TE/g dw.

2.11.2. ABTS•+ Radical Scavenging Assay

The radical scavenging activity of the extracts against 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS•+) was estimated according to Re et al. [27].
The results are expressed as TEAC values (μM TE/g dw).

2.11.3. Ferric-Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was carried out according to the procedure of Benzie and Strain [28].
The results are expressed as TEAC values (μM TE/g dw).

2.11.4. Cupric-Ion-Reducing Antioxidant Capacity (CUPRAC) Assay

The CUPRAC assay was carried out according to the procedure of Apak et al. [29].
Trolox was used as a standard, and the results are expressed as TEAC values (μM TE/g dw).

2.12. Water Activity

The water activity (aw) was assessed using a Rotronic HP23-AW-A Lachen, Bassers-
dorf, Switzerland.

2.13. Microbial Count—Product Shelf Life

Bonbons were tested using the spread-plate method on days 1, 3, and 5 of storage to
determine yeasts and molds (YM) using potato dextrose agar. Potato dextrose agar plates
were incubated at 30 ◦C and counted after 72 h. The aerobic mesophilic microorganisms
(AMM) count was evaluated according to ISO 4833-1:2013 [30] using plate count agar as a
culture medium. The results are expressed as colony-forming units (CFUs)/mL.

2.14. Microscopic Imaging

The photographs of the surface of the bonbon were produced via a USB digital pocket
microscope MX200-B, with a 1000× LED magnification endoscope camera and a focus
range of 1–9 mm.

2.15. Statistical Analysis

MS Excel software was used for data analysis. All assays were performed in at least
triplicates. Results are presented as mean ± SD (standard deviation). Relevant statistical
analyses of the data were presented using one-way ANOVA and a Tukey–Kramer post hoc
test (α = 0.05), as described by Assaad et al. [31].

3. Results and Discussion

In order to characterize the bonbons, they were first evaluated in terms of their
moisture and ash content, as well as their size (diameter, mm) and weight (Table 2). After
that, the proximate nutritional data were gathered, which are presented in Table 3.
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Table 2. Weight (g), size (mm), ash (%), and moisture (%) content of bonbons.

Bonbon
Formulations

Weight, g Diameter, mm Ash Content, %
Moisture

Content, %

Control 8.87 ± 0.60 a 25.15 ± 0.39 a 1.20 ± 0.31 a 7.51 ± 0.03 a

LPP10 8.31 ± 0.54 a 25.12 ± 0.67 a 1.44 ± 0.34 a 5.05 ± 0.05 d

LPP20 7.92 ± 0.69 a 24.61 ± 0.88 a 1.41 ± 0.08 a 7.07 ± 0.09 b

LPP30 7.86 ± 0.79 a 24.70 ± 0.80 a 1.47 ± 0.00 a 6.45 ± 0.06 c

Different letters in the same column indicate statistically significant differences (p < 0.05), according to ANOVA
(one-way) and the Tukey test.

Table 3. Nutritional data of bonbon formulations.

Bonbon
Formulations,

100 g
Proteins, g

Carbohydrates,
g

Sugars, g Fiber, g Fat, g
Monosaturated

Fats, g
ώ 3, g

Energy,
kcal

Control sample 7.77 29.16 25.70 4.96 50.54 18.96 1.73 612.36
LPP10 6.48 25.50 21.89 4.38 48.76 19.80 1.44 574.99
LPP20 5.18 21.87 18.09 3.80 46.98 20.64 1.15 537.63
LPP30 3.89 18.22 14.27 3.22 45.21 21.48 0.86 500.27

The different formulations had relatively the same moisture content, but LPP20 was the
most similar to the control sample. When the ash content is considered, again no significant
differences were observed, and all three enriched formulations had relatively analogous
values. These values correspond well to the ones reported in the literature concerning the
ash and moisture content of nuts [32], a major component in the formulations.

In terms of weight and size, no notable differences exist to the naked eye. Hand-made
products are usually very difficult to prepare in order to make them visibly the same.
Even though the products were thoroughly mixed prior to shaping, it has to be noted that
different ingredients can exist in different quantities. A 160× magnification of the bonbon’s
surface proves this point (Figure 2). The micrographs very clearly show parts of the dried
fruit, cocoa butter, and microscopic peach particles. Parts of the nuts can also be recognized.

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

Figure 2. Electronic microscopic photographs of bonbon formulations’ surface (160×): (a) control
sample; (b) LPP10; (c) LPP20; (d) LPP30.

Raw bars are versatile, ready-to-eat products that are highly appreciated for their
convenience and healthy nutrients [33]. The currently prepared formulations can be related
to raw bars, with the exception of their shape.

Considering the content of the bonbons, health claims reported in regulation
(EC)1924/2006 [34] of the European Parliament and the Council of 20 December 2006
state that they are sources of fiber (at least 3 g fiber per 100 g), with no added sugar, and
contain naturally occurring sugars.

Concerning the protein content, it ranged from 3.89 g/100 g (LPP30) to 7.77 g/100 g
(control sample). The main contributors to the protein content are the nuts present in the
formulations. The products cannot be considered sources of protein, as they do not provide
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enough to cover the daily needs of healthy individuals. For example, in order to provide
enough protein in snack bars, other authors have used whey protein isolate or whey protein
concentrate as an ingredient [18,35].

Regarding carbohydrates, the inclusion of more lyophilized peach powder (such as
in LLP30) led to the lowering of the sugar content by 1.8 times. Carbohydrates in the
formulations are mostly due to the fruit content of the formulations—dried cranberries and
raisins. Compared to some of the commercially available raw bars in which the average
content is 40 g/100 g, the currently presented formulations are more favorable in terms of
sugar intake and energy provided from carbohydrates.

Regarding the lipid content, it varied from 45.21 to 50.54 g/100 g. This content is
approximately 30% higher than the commercially available bars. The current lipid content
is also higher than the one reported for high-protein bars [18]. However, compared to
the control sample, it can be seen that the incorporation of lyophilized peach powder
contributed to the lowering of the lipid content by 5%. It has to be noted, however, that
there was a 13% increase in the monosaturated fat content in the LPP30 formulation,
compared to the control.

The amount of energy obtained by consuming 100 g of the bonbon formulations will
contribute significantly to the daily energy intake of healthy individuals. The energy value
of formulation LPP30 was the most similar to commercially available raw bars. All of the
formulations have a higher energy count than raw bars presented by other researchers [18].
It has to be mentioned that the lipid content is often excluded from the data presented in
some papers, so a comparison is not always possible. This can be seen as a limitation for
providing a broader discussion.

Color is an important determinant when it comes to deciding if a food is appealing
and desirable to eat. Thus, the CIELAB color spectra of the studied formulations were
determined, which are presented in Table 4.

Table 4. CIELAB color spectra of bonbon formulations.

Bonbon Formulations L a b c h

Control sample 47.74 ± 4.26 a 9.46 ± 1.97 a 15.66 ± 2.33 b 18.44 ± 1.63 b 58.63 ± 8.13 a

LPP10 50.88 ± 2.13 a 11.38 ± 1.31 a 21.75 ± 1.19 ab 24.56 ± 1.57 ab 62.44 ± 1.89 a

LPP20 54.96 ± 2.65 a 13.12 ± 1.62 a 28.04 ± 2.01 a 30.96 ± 2.44 a 64.98 ± 1.55 a

LPP30 53.85 ± 2.50 a 12.42 ± 1.67 a 26.57 ± 1.83 a 29.39 ± 1.21 a 64.86 ± 4.22 a

Different letters in the same column indicate statistically significant differences (p < 0.05), according to ANOVA
(one-way) and the Tukey test.

The color of the formulations was formed by the ingredients present in them, and no
artificial colorants were used. The highest values for brightness belonged to the LPP20
formulation. The “h” value ranging from 62.44 ± 1.89 (LPP10) to 64.98 ± 1.55 (LPP20)
suggested the presence of an orangey shade. This is seen very well in the micrographs
in Figure 2. Natural colorants are commonly observed by lower “c” values and higher L
values [36], which is supported by the current results, suggesting that the formulations
are interpreted as natural in color. Some authors propose that the lightness can increase
with the addition of more fruits and dry ingredients in general [37]. This proposition is
supported in the current study, as the L value of the control was lower than the L value of
the formulations with added peach powder.

All formulations, including the control sample, did not have significant differences
in the measured parameters, which can indicate that certain consumers will perceive
the formulations as similar or the same in color. However, the calculated ΔE value for
formulations LPP10 (8.49), LPP20 (14.89), and LPP30 (14.99) suggests that the human eye
should perceive a difference between the control sample and the newly developed ones,
although LPP20 and LPP30 were indeed very similar. Limited or no data about the color
spectra of other raw bars exist; thus, a comparison was not applicable. Moreover, in order
to make a parallel comparison, similar ingredients should be used.
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The TPC content of the formulations is presented in Table 5. The TPC showed the high-
est value in the control sample and the lowest value in LPP30 in which 30% of lyophilized
peach powder was present. This hints at the fact that nuts and other fruit (raisins and
cranberries) might contribute more to the TPC content. All of the ingredients used were
proven to contain health-promoting phenolic compounds [38,39].

Table 5. Total flavonoid content (TFC) and total phenolic content (TPC) of bonbon formulations.

Bonbon Formulations Total Flavonoid Content, μgQE/g fw Total Phenolic Content, mgGAE/g dw

Control sample 84.64 ± 1.69 c 1.89 ± 0.03 a

LPP10 78.13 ± 1.36 d 1.33 ± 0.00 c

LPP20 117.63 ± 1.37 a 1.40 ± 0.04 b

LPP30 100.29 ± 2.55 b 1.21 ± 0.01 d

Different letters in the same column indicate statistically significant differences (p < 0.05), according to ANOVA
(one-way) and the Tukey test.

When the TFC is considered (Table 5), LPP20 was the formulation with the highest
values. Here, again, the heterogenic distribution of the ingredients found in the bonbon
might lead to the established results, since all nuts and fruit parts of the formulation
were found to contain certain flavonoids. Dried fruits, in general, are valuable sources of
bioactive compounds, i.e., flavonoids [40].

A strong association between polyphenols and antioxidant properties exists [41–44].
The formulations were subjected to antioxidant analysis using ABTS, DPPH, FRAP, and
CUPRAC methods in order to gain a better understanding of their antioxidant activity
(Figure 3).

0 5 10 15 20 25

ABTS

DPPH

FRAP

CUPRAC

LPP30 LPP20 LPP10 Control

Figure 3. Antioxidant properties of bonbon formulations: ABTS—mMTE/g dw; DPPH, FRAP,
CUPRAC—μMTE/g dw.

As seen in Figure 3, the control sample showed the most promising results in all
assays. The highest values were reported in the ABTS assay (0.57–1.15 mMTE/g dw). All
formulations containing lyophilized peach powder showed similar results, which may
lead to the conclusion that the percentage incorporated does not influence the overall
antioxidant activity.

Texture is an important multi-parameter property that is commonly used for food
quality control [45]. Table 6 provides a visual presentation of the formulations’ texture
profile analysis on days 1 and 5 of their production, in terms of their hardness, fracturability,
maximum compressive force (MCF), and adhesiveness. Variations in the shape and size of
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the ingredients used for the formulations, as well as the interaction they initiate in their
preparation, can justify the relatively high observed standard deviations for some of the
parameters assessed by the texture analyzer [46].

Table 6. Texture profile analysis of bonbon formulations.

Bonbon
Formulations

Hardness/MCF, N Fracturability, N Adhesiveness, J

Day 1 Day 5 Day 1 Day 5 Day 1 Day 5

Control 31.14 ± 1.96 a 38.03 ± 3.11 a 16.10 ± 2.26 a 18.02 ± 0.51 a 0.18 ± 0.05 a 0.36 ± 0.09 a

LPP10 33.89 ± 4.79 b 42.80 ± 2.80 b 19.88 ± 1.92 a 19.46 ± 1.28 a 0.32 ± 0.03 b 0.73 ± 0.07 b

LPP20 41.90 ± 2.93 c 46.81 ± 0.62 c 22.25 ± 1.22 ab 28.42 ± 6.47 b 0.35 ± 0.04 b 1.14 ± 0.63 c

LPP30 48.94 ± 1.79 d 54.02 ± 2.94 d 24.91 ± 2.27 c 30.50 ± 1.39 b 0.38 ± 0.03 c 0.98 ± 0.15 d

Different letters in the same column indicate statistically significant differences (p < 0.05), according to ANOVA
(one-way) and the Tukey test.

The hardness of the bonbon formulations increased progressively for 5 days of storage.
The presence of more sugars usually causes increased hardness [47]. This is not supported
by the current results according to which LPP30 had the least amount of sugar, and the
control sample had the most. The highest value of hardness was recorded for LPP30, which
contained higher amounts of lyophilized peach powder and cocoa butter. The lowest level
of hardness was recorded in the control sample, in which no peach powder was present.
Moisture migration may be responsible for the increased hardness, because it is induced by
the formation of bonds between sugars and proteins, and moisture acts as a plasticizer and
reduces the formation of this bond [48]. Thus the less the moisture present in the sample
the more the hardness values. This is seen very well in formulation LPP10 in which there
is the least amount of moisture (%), compared to the other formulations, and the greatest
change in the hardness for 5 days of storage—1.3 times.

Hardness, fracturability, and MCF were reported separately, as each sample behaved
differently during compression. On day 1, all samples disintegrated prior to 60% stress
but retained MCF. On day 5, all samples required more force to initiate fracture than
compression at 60% stress. The force required to break was significantly affected by the
ingredients used.

LPP30 remained more adhesive than the control on day 1. An increase in the adhesion
of all samples during storage was observed. The greatest change was recorded for LPP20.
The smallest change in adhesion was noted in the control sample—50%.

Water activity is an important factor that is directly linked to the shelf life of food
products. The water activity of the bonbons was evaluated on days 1 and 5 of their
production, and the established results are presented in Table 7.

Table 7. Water activity (aw) of bonbon formulations.

Bonbon Formulations
Water Activity, aw

Day 1 Day 5

Control sample 0.559 ± 0.007 c 0.546 ± 0.06 c

LPP10 0.503 ± 0.009 b 0.496 ± 0.06 b

LPP20 0.492 ± 0.003 a 0.482 ± 0.003 b

LPP30 0.468 ± 0.013 a 0.458 ± 0.013 a

Different letters in the same column indicate statistically significant differences (p < 0.05), according to ANOVA
(one-way) and the Tukey test.

A tendency toward reduced water activity during bonbon storage was observed. A
higher value for water activity in the control sample may be due to its higher moisture
content. Neves [49] reports that fruit bars with added protein, high in carbohydrates, have
higher water activity due to the higher moisture content, which decreases during storage.
Additionally, the aw of the bonbons varied depending on the components and the storage
period. According to Silva et al. [50], foods with intermediate humidity usually have an
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aw from 0.9 to 0.6, which is low enough to keep the product from microbial spoilage and
ensure its stability. Water activity in the range of 0.65 to 0.75 contributes to shorter food
life due to intermediate humidity levels. Outside this range, products can be stored for
a longer period of time [51]. Similarly, the control sample and formulations LPP20 and
LPP30 showed higher reductions in water activity during 5 days of storage.

The currently stated values correspond well to the ones reported for cereal bars,
ranging from 0.557 to 0.597 [52]. Other authors [53] also document similar aw values for
sweet-cherry, almond, and honey snack bars (0.467–0.508). This suggests that the developed
formulations are favorable in terms of microbial growth inhibition.

The microbial load of the studied formulations is presented in Table 8 and Figure 4.
All formulations can be considered safe for consumption, although the control sample
is the most contaminated one during storage. This indefinitely hints that the introduced
lyophilized peach powder contributes well to several quality parameters including micro-
bial load.

Table 8. Microbial count of bonbon formulations: YM—yeasts and molds; AMM—aerobic mesophilic
microorganisms.

Bonbon
Formulations

YM, CFU/mL AMM, CFU/mL

Day 1 Day 3 Day 5 Day 1 Day 3 Day 5

Control sample 1500 2100 3600 1050 3400 25,000
LPP10 1150 2200 1450 400 1000 2250
LPP20 500 700 600 100 950 1000
LPP30 1300 1000 500 600 200 1100

(a) (b) 

Figure 4. View of microbial growth in bonbon formulations: (a) AMM; (b) YM.

On day one, the highest plate count was noted in the control sample, and the lowest
value in LPP20, while the mold count of the formulations varied from 500 to 1500 CFU/mL.
The observed differences are most probably due to the difference in major ingredients part
of the recipe.

The inclusion of a higher amount of lyophilized peach powder (LPP20 and LPP30) led
to a decreased plate count on day 3; in addition, on day 5, a plate count similar to the control
on day 1 was observed. This could be due to the small particles of peach powder drawing
moisture from the product and leaving less water available for microbial activity [54] and
to the antimicrobial properties of the “Evmolpiya” peach itself. Microorganisms are mostly
neutrophilic and cannot grow at less than 4.5 pH and 0.8 water activity [35]. Lower water
activity, in general, helps to prevent the proliferation of microorganisms [55]. Fruits usually
have acidic pH and contribute well in this regard; the pH registered for the “Evmolpiya”
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variety is 3.65 [56]. Furthermore, the reported water activity for all formulations was
below 0.8.

There are various factors that influence mold growth, including water activity, relative
humidity, temperature, pH, and storage time. Mold count decreased for all formulations
with lyophilized peach powder on day 5. This may be induced by the low aw, bearing
in mind that the survival of mold at lower aw depends on various factors, i.e., nutrient
availability, temperature, and pH [55]. Sugar concentrations also aid in the inhibition of
mold growth in the formulations [57].

4. Conclusions

The results of this research revealed the possibility of developing raw vegan bonbons
with the addition of lyophilized peach powder.

Considering the content of the bonbons, the reported health claims indicate that
they are sources of fiber, with no added sugar, and contain naturally occurring sugars.
Color measurements demonstrated similarity in the values. When it comes to texture,
the hardness of the bonbon formulations increased progressively for 5 days of storage.
Aw decreased, and the microbial load showed that the lyophilized peach powder as an
ingredient has a favorable influence on the plate count and mold growth.

The TPC results showed the highest value in the control sample and the lowest value
in LPP30. When the TFC is considered, LPP20 was the formulation with the highest values.
All formulations containing lyophilized peach powder showed similar AOA results, which
may lead to the conclusion that the percentage incorporated does not influence the overall
antioxidant activity.

The newly developed bonbon formulations can be used as a quick snack throughout
the day or as enrichment to one’s daily healthy meal plan. Further research can pave a way
for the incorporation of protein-added ingredients in these formulations.

Author Contributions: Conceptualization, A.P. and D.M.; methodology, A.P., D.M. and Z.G.; soft-
ware, D.M. and Z.G.; validation, A.P., D.M. and Z.G.; formal analysis, A.P., D.M., Z.G. and P.D.;
investigation, A.P. and D.M.; resources, A.P. and D.M.; data curation, A.P. and D.M.; writing—original
draft preparation, A.P., D.M., Z.G. and P.D.; writing—review and editing, A.P. and D.M.; visualization,
A.P.; supervision, A.P. and D.M.; project administration, D.M.; funding acquisition, D.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Bulgarian National Science Fund, project No. KΠ-06-
H37/23. The APC was provided by the same project.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to express their gratitude to Argir Zhivondov from the
Fruit Growing Institute, Plovdiv (Bulgaria), and his team for kindly providing the peach variety
“Evmolpiya” used to prepare the formulations, object of analysis.

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

References

1. Rothman, A.J.; Sheeran, P.; Wood, W. Reflective and Automatic Processes in the Initiation and Maintenance of Dietary Change.
Ann. Behav. Med. 2009, 38, 4–17. [CrossRef] [PubMed]

2. González-Monroy, C.; Gómez-Gómez, I.; Olarte-Sánchez, C.M.; Motrico, E. Eating Behaviour Changes during the COVID-19
Pandemic: A Systematic Review of Longitudinal Studies. Int. J. Environ. Res. Public Health 2021, 18, 11130. [CrossRef] [PubMed]

3. Craig, W.J.; Mangels, A.R.; Fresán, U.; Marsh, K.; Miles, F.L.; Saunders, A.V.; Haddad, E.H.; Heskey, C.E.; Johnston, P.; Larson-
Meyer, E.; et al. The Safe and Effective Use of Plant-Based Diets with Guidelines for Health Professionals. Nutrients 2021, 13, 4144.
[CrossRef] [PubMed]

182



Foods 2022, 11, 1580

4. World Health Organization European Office for the Prevention and Control of Noncommunicable Diseases. Plant-Based Diets
and Their Impact on Health, Sustainability and the Environment: A Review of the Evidence: WHO European Office for the Prevention and
Control of Noncommunicable Diseases; World Health Organization, Regional Office for Europe: Copenhagen, Denmark, 2021.
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40. Średnicka-Tober, D.; Kazimierczak, R.; Ponder, A.; Hallmann, E. Biologically Active Compounds in Selected Organic and
Conventionally Produced Dried Fruits. Foods 2020, 9, 1005. [CrossRef] [PubMed]

41. Dobrinas, S.; Soceanu, A.; Popescu, V.; Popovici, I.C.; Jitariu, D. Relationship between Total Phenolic Content, Antioxidant
Capacity, Fe and Cu Content from Tea Plant Samples at Different Brewing Times. Processes 2021, 9, 1311. [CrossRef]

42. Osman, M.O.; Mahmoud, G.I.; Shoman, S. Correlation Between Total Phenols Content, Antioxidant Power and Cytotoxicity.
Biointerface Res. Appl. Chem. 2020, 11, 10640–10653. [CrossRef]

43. Ly, H.T.; Le, V.K.T.; Le, V.M.; Phan, C.S.; Vo, C.T.; Nguyen, M.L.; Phan, T.A.D. Phytochemical analysis and correlation of total
polyphenol content and antioxidant properties of Symplocos cochinchinensis leaves. Minist. Sci. Technol. Vietnam 2022, 64, 43–48.
[CrossRef]

44. Kilicgun, H.; Altıner, D.; Kılıçgün, H. Correlation between antioxidant effect mechanisms and polyphenol content of Rosa canina.
Pharmacogn. Mag. 2010, 6, 238–241. [CrossRef]

45. Szczesniak, A.S. Texture is a sensory property. Food Qual. Prefer. 2002, 13, 215–225. [CrossRef]
46. Ribeiro, A. Elaboração de uma barra de cereal de quinoa e suas propriedades sensoriais e nutricionais. Aliment. E Nutr. Araraquara

2011, 22, 63–69.
47. Samakradhamrongthai, R.S.; Jannu, T.; Renaldi, G. Physicochemical properties and sensory evaluation of high energy cereal bar

and its consumer acceptability. Heliyon 2021, 7, e07776. [CrossRef]
48. Rao, Q.; Kamdar, A.K.; Labuza, T.P. Storage Stability of Food Protein Hydrolysates—A Review. Crit. Rev. Food Sci. Nutr. 2013,

56, 1169–1192. [CrossRef]
49. das Neves, J.S.C. Physical Stability of High Protein Bars during Shelf-Life. 2016. Available online: https://fenix.tecnico.ulisboa.pt/

downloadFile/1689244997256129/Physical%20Stability%20of%20High%20Protein%20Bars%20during%20Shelf-life.pdf (accessed
on 25 May 2022).

50. Da Silva, E.P.; Siqueira, H.H.; Damiani, C.; Boas, E.V.D.B.V. Physicochemical and sensory characteristics of snack bars added of
jerivá flour (Syagrus romanzoffiana). Food Sci. Technol. 2016, 36, 421–425. [CrossRef]

51. Loveday, S.M.; Hindmarsh, J.P.; Creamer, L.K.; Singh, H. Physicochemical changes in intermediate-moisture protein bars made
with whey protein or calcium caseinate. Food Res. Int. 2010, 43, 1321–1328. [CrossRef]

52. Agbaje, R.; Hassan, C.Z.; Arifin, N.; Abdul Rahman, A.; Faujan, N.H. Development and physico-chemical analysis of granola
formulated with puffed glutinous rice and selected dried Sunnah foods. Int. Food Res. J. 2016, 23, 498–506.

53. Pintado, C.M.; Veloso, A.; Maria, Z.; Silveira, A.; Beato, H.; de Andrade, L.P.; Delgado, F. New flavour bars with cherry, almond
and honey. Emir. J. Food Agric. 2020, 32, 857–863. [CrossRef]

54. Kang, J.; Tang, S.; Liu, R.H.; Wiedmann, M.; Boor, K.; Bergholz, T.; Wang, S. Effect of Curing Method and Freeze-Thawing on
Subsequent Growth of Listeria monocytogenes on Cold-Smoked Salmon. J. Food Prot. 2012, 75, 1619–1626. [CrossRef]

55. Rahman, M.S. pH in Food Preservation. In Handbook of Food Preservation; Rahman, M.S., Ed.; CRC Press: Boca Raton, FL, USA,
2007; pp. 289–295; ISBN 9780429191084.

56. Mihaylova, D.; Popova, A.; Desseva, I.; Petkova, N.; Stoyanova, M.; Vrancheva, R.; Slavov, A.; Slavchev, A.; Lante, A. Comparative
Study of Early- and Mid-Ripening Peach (Prunus persica L.) Varieties: Biological Activity, Macro-, and Micro- Nutrient Profile.
Foods 2021, 10, 164. [CrossRef]

57. Mohd-Zaki, Z.; Bastidas-Oyanedel, J.R.; Lu, Y.; Hoelzle, R.; Pratt, S.; Slater, F.R.; Batstone, D.J. Influence of pH Regulation Mode
in Glucose Fermentation on Product Selection and Process Stability. Microorganisms 2016, 4, 2. [CrossRef]

184



Citation: Vilas-Boas, A.A.;

Goméz-García, R.; Machado, M.;

Nunes, C.; Ribeiro, S.; Nunes, J.;

Oliveira, A.L.S.; Pintado, M.

Lavandula pedunculata

Polyphenol-Rich Extracts Obtained

by Conventional, MAE and UAE

Methods: Exploring the Bioactive

Potential and Safety for Use a

Medicine Plant as Food and

Nutraceutical Ingredient. Foods 2023,

12, 4462. https://doi.org/10.3390/

foods12244462

Academic Editors: Sidonia Martinez

and Javier Carballo

Received: 10 November 2023

Revised: 29 November 2023

Accepted: 2 December 2023

Published: 13 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Article

Lavandula pedunculata Polyphenol-Rich Extracts Obtained by
Conventional, MAE and UAE Methods: Exploring the Bioactive
Potential and Safety for Use a Medicine Plant as Food and
Nutraceutical Ingredient

Ana A. Vilas-Boas 1, Ricardo Goméz-García 1,2, Manuela Machado 1, Catarina Nunes 3, Sónia Ribeiro 3,

João Nunes 3, Ana L. S. Oliveira 1 and Manuela Pintado 1,*

1 CBQF—Centro de Biotecnologia e Química Fina—Laboratório Associado, Escola Superior de Biotecnologia,
Universidade Católica Portuguesa, Rua Diogo Botelho 1327, 4169-005 Porto, Portugal;
avboas@ucp.pt (A.A.V.-B.); rgarcia@ucp.pt (R.G.-G.); mmachado@ucp.pt (M.M.); asoliveira@ucp.pt (A.L.S.O.)

2 Centro de Investigación e Innovación Científica y Tecnológica—CIICYT, Universidad Autónoma de Coahuila,
Saltillo 25280, Coahuila, Mexico

3 Association BLC3—Technology and Innovation Campus, Centre Bio R&D Unit, Senhora da Conceição,
3045-155 Oliveira do Hospital, Portugal; catarina.nunes@blc3.pt (C.N.); sonia.ribeiro@blc3.pt (S.R.);
joao.nunes@blc3.pt (J.N.)

* Correspondence: mpintado@ucp.pt

Abstract: Nowadays, plant-based bioactive compounds (BCs) are a key focus of research, supporting
sustainable food production and favored by consumers for their perceived safety and health advan-
tages over synthetic options. Lavandula pedunculata (LP) is a Portuguese, native species relevant to the
bioeconomy that can be useful as a source of natural BCs, mainly phenolic compounds. This study
compared LP polyphenol-rich extracts from conventional maceration extraction (CE), microwave
and ultrasound-assisted extraction (MAE and UAE). As a result, rosmarinic acid (58.68–48.27 mg/g
DE) and salvianolic acid B (43.19–40.09 mg/g DE) were the most representative phenolic compounds
in the LP extracts. The three methods exhibited high antioxidant activity, highlighting the ORAC
(1306.0 to 1765.5 mg Trolox equivalents (TE)/g DE) results. In addition, the extracts obtained with
MAE and CE showed outstanding growth inhibition for B. cereus, S. aureus, E. coli, S. enterica and
P. aeruginosa (>50%, at 10 mg/mL). The MAE extract showed the lowest IC50 (0.98 mg DE/mL)
for angiotensin-converting enzyme inhibition and the best results for α-glucosidase and tyrosinase
inhibition (at 5 mg/mL, the inhibition was 87 and 73%, respectively). The LP polyphenol-rich extracts
were also safe on caco-2 intestinal cells, and no mutagenicity was detected. The UAE had lower
efficiency in obtaining LP polyphenol-rich extracts. MAE equaled CE’s efficiency, saving time and
energy. LP shows potential as a sustainable raw material, allowing diverse extraction methods to
safely develop health-promoting food and nutraceutical ingredients.

Keywords: Lavandula pedunculata; rosmarinic acid; microwave-assisted extraction; ultrasound-
assisted extraction; phenolic compounds; nutraceutical; food additive

1. Introduction

The Lavandula genus is prominent in the Mediterranean region, belonging to the
botanical family Lamiaceae and encompassing 39 distinct species [1]. The Lavandula species
possess intriguing economic significance as ornamental plants and for various industrial
applications, including pharmaceutical, food, aromatherapy, perfumery, and cosmetics,
mainly due to their valuable essential oils (EOs) [1]. Lavandula pedunculata (Miller) Cav. (LP)
(known in Portugal as “rosmaninho-maior”) is common in the Iberian Peninsula [2]. With a
widespread distribution, LP is considered the most resistant of all species of the Lavandula
genus, growing in altitudes up to 1700 m, resisting annual temperature variations, and
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can reach up to 70 cm tall [3]. However, in Portugal, LP is scarcely used in phytotherapy,
nor is it distilled to obtain EOs, due to a low ester content and a high amount of borneol
and ketones [2]. It is used only in Portuguese folk medicine as infusions for anxiety and
insomnia, the digestive system and as a therapeutic agent with antiseptic action for cleaning
wounds [2,3].

Previous works have identified phenolic compounds such as rosmarinic acid, chloro-
genic acids, salvianolic acid B, lithospermic acid A, apigenin and luteolin in extracts from
the LP subspecies, lusitanica [3,4]. However, in comparison to EOs, the non-volatile fraction
remains poorly described. Phenolic compounds have been shown to positively affect hu-
man health, lowering the risk of diabetes, cancer, cardiovascular disease, and neurological
problems [5]. Recent studies have shown that LP extracts have potential through their
antioxidant, anti-inflammatory, antiproliferative, antimicrobial, anti-tyrosinase and anti-
cholinesterase activity [6]. In addition, LP extracts have also shown an antihyperglycemic
effect using in vitro, ex vivo and in vivo methods. In vitro, LP aqueous extract inhibited
pancreatic α-amylase and intestinal α-glucosidase enzymes [7]. Therefore, there is scientific
evidence that LP can be helpful as a new potential source of natural BCs, mainly phenolic
compounds, which could contribute to valorizing the existing biodiversity and resources
of the Portuguese native species of LP. This represents an opportunity in the agricultural
sector to promote the sustainable use of this aromatic plant and produce new sources of
income for farmers, since the distillery industry does not use this plant species.

Based on a search using Web Of Science (selecting all databases; all of the time span
until September 2023, and term: “Lavandula pedunculata” in Topic), a total of 44 articles
in English were detected. In addition, a careful analysis was conducted to evaluate the
articles’ titles and abstracts, and it was concluded that only nine research papers addressed
the chemical and/or biological characterization of EOs or extracts from LP. Regarding
studies about LP polyphenol-rich extracts, the most common extraction was conventional
maceration extraction (CE) with non-green solvents (n-hexane, dichloromethane, and
methanol) from non-renewable resources. Despite being widely used to extract phenolic
compounds due to their strong extraction and dissolving capacities, these solvents and
techniques have a negative environmental impact since they require high amounts of
solvents and are energy- and time-consuming [8]. Furthermore, their use is associated with
both environmental and human health risks. In 2015, the United Nations established the
2030 Agenda for Sustainable Development to overcome these drawbacks, which promotes
the wise use of resources and energy. However, there is a pressing need to decrease the
usage of organic solvents and improve the energy efficiency of procedures used to extract
bioactive compounds (BCs) from plants or foods [9]. Therefore, green chemistry-based
extraction methods emerge as a possible alternative to the CE method with organic solvents,
given their advantageous attributes, namely decreasing or eliminating hazardous solvents
and limiting the cost of solvent waste disposal [10]. Moreover, it allows safety extracts
to be obtained that could be used in the food, pharmaceutical and cosmetic industries.
Green techniques such as ultrasound-assisted extraction (UAE) and microwave-assisted
extraction (MAE), among others, are being used for the recovery of various BCs from plants
and food by-products. A recent study from Mansinhos et al. [4] used a combination of
(UAE) and deep eutectic solvents to extract phenolic compounds from LP subsp. lusitanica
Franco. However, a comparative study has not yet been reported between CE and green
extractions such as UAE and MAE. Furthermore, to our knowledge, the use of the MAE
technique for the phenolic compounds extraction from LP has not yet been evaluated.

The demand for plant-derived BCs and functional ingredients in the food industry
has increased due to the current demand for “natural” products, free of harmful chemicals,
which are expected to be safe and healthy [11]. The enzymatic browning of fruits and
vegetables is one of the food industry’s most significant problems [12]. To inactivate the
enzymes that cause browning (such as tyrosinase and other polyphenol oxidase enzymes
(PPO)), the dipping technique employed frequently uses antioxidant agents and/or brown-
ing inhibitors, mainly in the IV gamma products [12,13]. Due to their wealth of phenolic
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compounds with strong antioxidant activity, LP-based extracts could be a natural option
for the food industry to prevent browning. In addition, these natural extracts could also
improve the shelf-life, reduce microbial contamination, and replace the use of synthetic
food additives.

On the other hand, using natural extracts as food supplements to prevent and/or
improve non-communicable diseases or enhance food’s nutritional value is on the rise.
Natural BCs like flavonoids and phenolic acids have shown the ability to inhibit enzyme
activity mainly involved in the mechanism of hypertension and diabetes (α-glucosidase
and angiotensin-converting enzyme) [14,15]. Some studies have demonstrated that these
natural extracts are similar to certain synthetic drugs in terms of activity; consequently, due
to their safety and lower risk of side effects, the consumer’s interest is increasing. In the
last decade, the market has seen an increase in the availability of natural food additives,
functional foods, nutraceuticals and supplements. This industry is expected to grow to
around USD 210 billion by 2026 [16]. Europe is gathering clinical evidence to determine the
health benefits and toxicity of emerging natural BCs, as the food industry seeks sustainable
products with various applications.

Therefore, the main objective of this research was to study the impact of the extraction
methodology (MAE, UAE, and CE) on obtaining bioactive polyphenol-rich extracts from
LP to select the best technique for producing a novel functional ingredient. The bioactive
properties were explored regarding the antioxidant, antimicrobial, antidiabetic, and antihy-
pertensive potential and for tyrosinase inhibition. In addition, cytotoxicity and genotoxicity
evaluations were performed to validate the LP extracts’ safety.

2. Materials and Methods

2.1. Chemicals

The 1,5-Di-O-caffeoylquinic acid, 2-azinobis-3-ethylbenzothiazoline-6-sulphonic
acid (ABTS), 2,2′-azo-bis-(2-methylpropionamidine)-dihydrochloride (AAPH), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), 2,5-dihydroxybenzoic acid, 3-O-caffeoylquinic acid,
4-O-caffeoylquinic acid, 4,5-Di-O-caffeoylquinic acid, 5-O-caffeoylquinic acid, acarbose,
angiotensin-I converting enzyme (peptidyl-dipeptidase A, EC 3.4.15.1, 5.1 U/mg), ascorbic
acid, caffeic acid, ferulic acid, fluorescein, food grade ethanol 99%, formic acid, gallic
acid, rosmarinic acid, salvianolic acid B, sodium carbonate, trifluoroacetic acid, Trolox,
α-glucosidase from S. cerevisiae, p-nitrophenyl-α-D-glucopyranoside, and dimethyl sul-
foxide were purchased from Sigma-Aldrich (Sintra, Portugal). Luteolin-7-O-glucoside,
apigenin-7-O-glucoside, and quercetin-3-O-glucoside were purchased from Extrasynthese
(Genay, France). The tripeptide Abz-Gly-Phe(NO2)-Pro was purchased from Bachem Fein-
chemikalien (Bubendorf, Switzerland). Tris (tris (hydroxymethyl) aminomethane) was
purchased from Fluka (Fluka Gmbh, Germany). Acetonitrile and methanol were purchased
from Fischer Scientific (Oeiras, Lisbon, Portugal). Folin–Ciocalteu reagent and potassium
persulfate were purchased from Merck (Algés, Lisbon, Portugal). Trifluoroacetic acid was
purchased from VWR (Carnaxide, Lisbon, Portugal). Mueller–Hinton broth was purchased
from Biokar Diagnostics (Patin, Paris, France).

2.2. Plant Material and Preparation of Extracts
2.2.1. Plant Material

The studied Lavandula pedunculata (Mill.) Cav. (LP) consisted of young and old
explants of stems, leaves and fruit harvested in 2019 on various locations, such as Gouveia,
Fornos de Algodres, Vila Chã and Caldas da Cavaca, in the district of Viseu and Coimbra,
Portugal, in March 2019. The raw material (LP) studied in this research work was dried in
an oven at 40 ◦C for 48 h, immediately packed in a vacuum to preserve its properties and
kept in a cool and dark place. The sample of LP to be studied encompassed its constituent
parts: stems, leaves and fruit. They were reduced to particles of smaller dimensions (6 mm)
in a conventional cutting mill (FRITSCH P-15; Idar-Oberstein, Birkenfeld, Germany) before
the application of the extraction methodology.
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2.2.2. Extraction Methodologies

Conventional Extraction with temperature (CE): The experimental procedure was
adapted from Dobros et al. [17]. Briefly, 3 g of dried LP was mixed with 30 mL of extraction
solvent (ethanol 50% (v/v)) that was added into a round-bottom flask coupled with a
condenser. The assembly was placed in a water bath at 65 ◦C for 1 h.

Microwave-assisted Extraction (MAE): The methodology was adapted from Leocádio [18].
Briefly, 3 g of LP was weighed into a glass beaker; then, 30 mL of ethanol 50% (v/v) was added.
The solution was transferred to the microwave Teflon reactor to perform extraction by applying
the Milestone START E microwave program with SK-12 rotor: 500 W of power, temperature
increments of 16 ◦C/min up to 65 ◦C for 5 min, after reaching 65 ◦C, maintain for 15 min.

Ultrasound-assisted Extraction (UAE): The experimental procedure was adapted
from Leocádio [18]. Briefly, 3 g of an LP plant was placed into a glass flask and 30 mL of
ethanol (50% v/v) was added. The solution was sonicated in an ultrasonic bath (Fritsch;
model LABORETTE 17) with a power of 120 W and a frequency range between 50 and
60 Hz for 15 min (without exceeding 25 ◦C).

After each extraction method, the extract was filtered through vacuum filtration,
and then the filtrate was evaporated to remove ethanol using a rotary evaporator (40 ◦C;
175 mbar). The remaining aqueous extract was frozen at −80 ◦C and dried via freeze-drying
(LyoQuest-85; Telstar, Portugal). Finally, the dry extracts were stored in polypropylene
flasks and kept in a desiccator during the analysis. The extraction methods were performed
in three independent extractions.

The extraction yield was calculated based on the amount of dry plant used to make
the dried extracts (Equation (1)):

Extractive Yield(%) =
Dried extract (g)

weight of dried plant (g)
× 100 (1)

2.3. Total Phenolic Content

The LP extracts’ total phenolic content (TPC) was determined using the Folin–Ciocalteu
method [19]. Briefly, 80 μL of Folin–Ciocalteu reagent 10% (v/v) was added to 20 μL of
extract (previously dissolved in distilled water), followed by 100 μL of sodium carbon-
ate (7.5% (m/v)). The reagents were allowed to react in the dark at room temperature
(25 ◦C) for 1 h. Later, absorbance was measured at 750 nm (Multiskan GO Microplate Spec-
trophotometer; Thermo Fisher Scientific Inc., Waltham, MA, USA) in a 96-well microplate
(Nunc™; Thermo Fisher Scientific Inc., USA). Gallic acid was used as a standard for the
calibration curve (0.010–0.125 mg/mL, y = 6.0796x + 0.1314, R2 = 0.999), and the results
were expressed as milligrams equivalent of gallic acid per gram of dry extract (mg GAE/g
DE). Three independent analyses were performed in each triplicate extract obtained for
each methodology.

2.4. Phenolic Compounds Identification by LC-ESI-QqTOF-HRMS

The polyphenol-rich LP extracts were dissolved in ultrapure water at 10 mg/mL
for further analysis by LC-ESI-UHR-QqTOF-MS, according to the method reported by
Vilas-Boas et al. [19] Briefly, the separation was performed in a UHPLC UltiMate 3000
Dionex (Thermo Scientific, Waltham, MA, USA), coupled to an ultrahigh-resolution, Qq-
time-of-flight (UHR-QqTOF) mass spectrometer with 50,000 full-sensitivity resolution (FSR)
(Impact II; Bruker Daltonics, Bremen, Germany). The separation was accomplished with an
Acclaim RSLC 120 C18 column (100 mm × 2.1 mm, 2.2 μm) (Dionex, Sunnyvale, CA, USA).
The injection volume was 5 μL. The mobile phases consisted of (A) 0.1% aqueous formic
acid and (B) acetonitrile with 0.1% of formic acid and the gradient elution conditions were:
0 min, 0% B; 10 min, 21.0% B; 14 min, 27% B; 18.30 min, 58%; 20.0 min, 100%; 24.0 min, 100%;
24.10 min, 0%; 26.0 min, 0% at a flow rate of 0.25 mL/min. Parameters for MS analysis
were set using negative ionization mode with spectra acquired over a range from m/z 20
to 1000. The parameters were as follows: capillary voltage, 3.0 kV; drying gas temperature,
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200 ◦C; drying gas flow, 8.0 L/min; nebulizing gas pressure, 2 bar; collision RF, 300 Vpp;
transfer time, 120 μs; and prepulse storage, 4 μs. Post-acquisition internal mass calibration
used HCOONa clusters, delivered by a syringe pump at the start of each chromatographic
analysis. High-resolution mass spectrometry was used to identify the compounds. The
elemental composition for the compound was confirmed according to accurate mass and
isotope rate calculations designated mSigma (Bruker Daltonics, Billerica, MA, USA). The
accurate mass measurement was within 5 mDa of the assigned elemental composition, and
mSigma values of <20 provided confirmation. Compounds were identified based on their
accurate mass [M-H]−. One independent analysis was performed in each triplicate extract
obtained for each methodology.

2.5. Phenolic Compounds Quantification by HPLC–DAD

The quantitative profiling of phenolic compounds in polyphenol-rich LP extracts
(previously dissolved in ultrapure water at 20 mg/mL) was performed using a Waters
Alliance e2695 separation module system interfaced with a photodiode array UV/Vis
detector 2998 (PDA 190–600 nm; Waters, Mildford, MA, USA). The separation occurred
in a reversed-phase C18 column (ZORBAX Eclipse XDB-C18, 80A◦; 4.6 × 250 mm; 5 μm;
Agilent, Santa Clara, CA, USA) at 25 ◦C. The mobile phase and the gradient elution used
were prepared according to Vilas-Boas et al. [19]. The injection volume and the flow rate
were 20 μL and 1 mL/min, respectively. Data acquisition and analysis were carried out
using Software Empower 3. The detection was performed at 280, 320, 350, and 360 nm,
and the phenolic compound identification was performed by comparing the retention time
and absorbance spectra with pure standards. The quantification was performed using the
calibration curves’ interpolation, and the results were expressed as milligrams per gram
of dry extract (mg/g DE). Three independent analyses were performed in each triplicate
extract (CE, MAE and UAE) obtained for each methodology.

2.6. Antioxidant Activity
2.6.1. ABTS Method

The CE, UAE and MAE extracts described in Section 2.2.2 were evaluated for their
antioxidant capacity against the ABTS free radical, as described by Vilas-Boas et al. [19].
The ABTS stock solution was prepared by mixing ABTS aqueous solution (7 mmol/L) with
potassium persulfate aqueous solution (2.45 mmol/L) and kept for 16 h in the dark at 25 ◦C.
On the analysis day, the ABTS stock solution was diluted with water to an absorbance of
0.700 ± 0.020 at 734 nm (ABTS working solution). After that, 15 μL of sample (previously
dissolved in distilled water) was allowed to react in the darkness at room temperature
(25 ◦C) with 200 μL of ABTS working solution and the absorbance was read at 734 nm 6 min
precisely after initial mixing in a 96-well microplate (Nunc™; Thermo Fisher Scientific Inc.,
USA). A blank was taken with distilled water (A0). The inhibition percentage of the sample
was calculated using Equation (2) and compared with the ascorbic acid standard calibration
curve (0.0088–0.0880 mg/mL; r2 = 0.999). The assay was realized with the multidetector
plate reader Synergy H1 (BioTek Instruments, Winooski, VT, USA) controlled by the Gen5
BioTek software version 3.04.

The results were expressed as milligrams of ascorbic acid equivalent per gram of dry
extract (mg AAE/g DE). Three independent analyses were performed in each triplicate
extract obtained for each methodology.

2.6.2. DPPH Method

The DPPH assay was carried out according to the procedure described by Vilas-Boas
et al. [19]. Briefly, 175 μL of DPPH work solution (60 μM) was allowed to react with 25 μL
of extract (previously diluted in distilled water) in a 96-well microplate (Nunc™; Thermo
Fisher Scientific Inc., USA) for 30 min in darkness. Then, the absorbance was measured
at 515 nm (multidetection plate reader Synergy H1; BioTek Instruments, Winooski, VT,
USA), and a blank was taken with distilled water (A0). The inhibition percentage of the
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sample was calculated using Equation (2), and Trolox was used as a standard to prepare
a calibration curve (0.0075–0.0750 mg/mL; r2 = 0.999). The results were expressed as
milligrams of Trolox equivalent per gram of dry extract (mg TE/g DE). Three independent
analyses were performed in each triplicate extract obtained for each methodology.

% Inhibition =
AbsA0 − Abssample

AbsA0
× 100 (2)

AbsA0 is the absorbance of blank, and Abssample is the absorbance of the reaction
between the sample and the radical after the incubation.

2.6.3. ORAC Method

An oxygen radical absorbance capacity (ORAC) assay was carried out following
the methodology described by Coscueta et al. [20]. The reaction was carried out in a
75 mM phosphate buffer (pH 7.4), with a final reaction volume of 200 μL. The sample
(20 μL), previously dissolved in distilled water, and fluorescein solution (FL) (120 μL;
70 nM, final concentration in well), was added to the well of the black 96-well microplate
(Nunc, Denmark). Each plate experiment also included a calibration curve (1–8 μM of
Trolox, final concentration in well) and a blank (FL + AAPH + phosphate buffer). The
mixture was preincubated at 37 ◦C for ten minutes. After that, the AAPH solution (60 μL;
12 mM, final concentration in well) was added rapidly using a multichannel pipet. The
fluorescence was recorded at intervals of 1 min for 80 min. A multidetector plate reader
(Synergy H1; Biotek, Winooski, VT, USA) with 485 nm excitation and 520 nm emission
filters was used. The equipment was controlled by the Gen5 Biotek software version 3.04.
The results were expressed as milligrams of Trolox equivalent/g of dry extract (mg TE/g
DE). Three independent analyses were performed in each triplicate extract obtained for
each methodology.

2.7. Antimicrobial Activity
2.7.1. Bacterial Strains

The Gram-negative bacteria used were Escherichia coli (ATCC (American type culture
collection) 25922), Salmonella enterica serovar Enteritidis (ATCC 13076) and Pseudomonas
aeruginosa (ATCC 278539) while Listeria monocytogenes (NCTC (National Collection of Type
Cultures) 10357), Bacillus cereus (NCTC 2599) and Staphylococcus aureus (ATCC 25923) were
the Gram-positive bacteria used. These bacteria were cultured on Mueller–Hinton broth
(MHB) medium and incubated at 37 ◦C overnight. The inoculum test concentration after
this period should be 108 CFU/mL.

2.7.2. Growth Inhibition Curves

The dry extracts of LP were re-dissolved in MHB at three different concentrations (10,
5 and 2.5% (w/v)) and sterilized by filtration through a 0.22 μm filter (FriLabo—Maia, Por-
tugal). The growth inhibition curves were determined using the broth microdilution assay,
following the standards for antimicrobial susceptibility testing provided by the Clinical
and Laboratory Standards Institute (CLSL) [21]. At the time of testing, each fresh overnight
culture of bacteria (prepared in Section 2.7.1) was adjusted spectrophotometrically (optical
density (OD) at 625 nm) between 0.08 and 0.13, representing a concentration of an inocu-
lum of 1 × 108 CFU/mL. Afterwards, each well of a sterile 96-well microplate was filled
with a total volume of 200 μL containing approximately 106 CFU/mL of test bacteria (1%
(v/v) inoculum) and variable concentrations of each extract prepared. A positive control
containing only MHB inoculated at 1% (v/v) and two negative controls: (i) containing only
sterilized medium and (ii) containing only sterilized extract, were also tested. The OD at
625 nm was assessed for a period of 24 h at 37 ◦C (1 h intervals) by using a microplate reader
(Multiskan GO Microplate Spectrophotometer; Thermo Scientific, Thermo Fisher Scientific
Inc., Waltham, MA, USA). The increase in OD was considered a direct consequence of
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bacterial growth. Each condition was assayed in triplicate. An inhibition percentage [22]
was calculated using the following Equation (3):

Inhibition Percentage(%) =
OD control − OD bacteria

OD control
× 100 (3)

OD control bacteria and OD bacteria represent the OD (at 625 nm) after 24 h of
incubation of the control bacteria in the growth medium and in the presence of the LP
extracts, respectively.

2.8. Tyrosinase Inhibition Assay

The capability of LP extracts to inhibit tyrosinase enzyme was assessed with a colori-
metric tyrosinase inhibitor screening kit ( ab204715, Abcam). Briefly, a mixture of extracts
previously diluted in the buffer (20 μL) and tyrosinase solution (50 μL) was incubated in
a 96-well microplate at 25 ◦C for 10 min. Then, 30 μL of substrate solution was added,
and the absorbance was continuously read at 510 nm in a microplate reader (Synergy H1;
BioTek Instruments, Winooski, VT, USA). Data were recorded every 2 min time interval
for 30 min. An inhibition control (IC) was performed with Kojic acid (0.021 mg/mL). A
positive control for the enzyme was performed with a mixture of enzyme and substrate in
the presence of buffer. The average was made for reading duplicates. Two time points (T1
and T2) were chosen in the linear range of the plot and obtained the corresponding values
for absorbance (A1 and A2). The slope was calculated for all samples (S), inhibition control
(IC) and enzyme control (EC) by dividing the net ΔA (A2 − A1) values with the time ΔT
(T2 − T1). The percentage inhibition was calculated using Equation (4):

Tyrosinase inhibition(%) =
SlopeEC − SlopeS

SlopeEC
(4)

2.9. α-Glucosidase Inhibition Assay

The α-glucosidase inhibition was determined using a colorimetric-based method
according to Know et al. [23]. Firstly, the dry extracts were dissolved and diluted in the
phosphate buffer (pH 6.9; 0.1 M), and the final concentrations tested were between 5.0
and 1.25 mg/mL. A total of 50 μL of extract solution and 100 μL of phosphate buffer (pH
6.9; 0.1 M) containing α-glucosidase (1.0 U/mL) were incubated in 96-well plate at 25 ◦C
during 10 min. After that, 50 μL of a 5 mM p-nitrophenyl-α-D-glucopyranoside solution
prepared in phosphate buffer (pH 6.9; 0.1 M) was added to each well with a multichannel
pipettor and the absorbance was read. The plate was incubated at 25 ◦C for 5 min, and
absorbance readings were recorded at 405 nm with a microplate reader (Synergy H1, BioTek
Instruments, Winooski, VT, USA). As a negative control, 50 μL of buffer solution replaced
the extracts. Acarbose was used as a positive control at a 5 mg/mL concentration. A blank
without the enzyme (100 μL of 0.1 mol/L phosphate buffer instead) was performed for
each sample. The α-Glucosidase inhibitory activity was expressed as inhibition (%) and
calculated using Equation (5):

α-glucosidase inhibition(%) =
ΔAbsC − ΔAbsS

ΔAbsC
(5)

where ΔAbsc is the variation in absorbance of the control, and ΔAbss is the variation in the
samples’ absorbance.

2.10. Angiotensin-Converting Enzyme-I Inhibition Assay (iACE)

The in vitro iACE assay was conducted according to the procedure outlined by
Coscueta et al. [24]. A commercial angiotensin-I converting enzyme (EC 3.4.15.1, 5.1 U/mg)
was diluted in 5 mL of a glycerol solution in 50% ultra-pure water. The stock solution
was then diluted 1:24 with a 150 mM Tris buffer solution, pH 8.3, containing 1 μM of
ZnCl2, reaching a 42 mU/mL concentration in the final reaction solution. Then, 40 μL
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of the working solution of ACE was added to each well of the reaction microplate and
then adjusted to 80 μL by adding ultra-pure water for the control and the sample to be
analyzed. The enzymatic reaction was initiated by adding 160 μL of a 0.45 mM solution
of ABz-Gly-Phe(NO2)-Pro, dissolved in 150 mM Tris buffer (pH 8.3), containing 1.125 M
NaCl, mixing immediately and incubating at 37 ◦C. The microplate was automatically
shaken before the first reading, and the fluorescence generated was measured for 30 min.
The measurements were completed with the Synergy H1, (BioTek Instruments, Winooski,
VT, USA) plate reader with excitation filters at 350 nm and emission at 420 nm. NuncTM

black 96-well polystyrene microplates (ThermoScientific, Waltham, MA, USA) were used
for the assay. Each extract was evaluated in triplicate, and the iACE was expressed as the
concentration capable of inhibiting 50% of the ACE activity (IC50). Non-linear modelling
was applied to determine the IC50, and the results were expressed as mg/mL to inhibit 50%
of the enzymatic activity.

2.11. Cytotoxicity
2.11.1. Cell Line Growth Conditions

Human Caucasian colon carcinoma epithelial cells, Caco-2 (86010202 European Col-
lection of Authenticated Cell Cultures) cells were grown in Dulbecco’s modified Eagle’s
medium (Lonza, Basel, Switzerland) supplemented with 10 % (v/v) heat-inactivated fe-
tal bovine serum (Biowest, Nuaillé, France), 1% (v/v) penicillin-streptomycin-fungizone
(Lonza, Basel, Switzerland) and 1% (v/v) non-essential amino acids 100× (Lonza, Basel,
Switzerland). All cells were incubated at 37 ◦C in a humidified atmosphere with 5% CO2.

2.11.2. Cytotoxicity Assay

The cytotoxicity evaluation was performed according to the ISO 10993-5:2009 stan-
dard [25], Cells were grown to 80–90% confluence, detached using TrypLE Express (Ther-
moScientific, Waltham, MA, USA), and seeded at 1.0 × 105 cells/mL into 96-well tissue
cultured plates (Nunclon ThermoScientific, Waltham, MA, USA) and allowed to adhere
for 24 h. Afterwards, the media were carefully removed and replaced with media supple-
mented with LP extracts at 4.8–0.4 mg/mL concentrations. DMSO at 40% in culture media
was used as the death control, and plain culture media was used as the growth control.
After the incubation time, Presto Blue (ThermoFisher, Waltham, MA, USA) was added to
each well and incubated at 37 ◦C in the darkness for 1 h. After this period, fluorescence
(Ex: 560 nm; Em: 590 nm) was measured using a microplate reader (Synergy H1; Biotek
Instruments, Winooski, VT, USA). All assays were performed in quintuplicate.

2.12. Mutagenicity Evaluation—AMES Assay

AMES assay was performed in accordance with OECD guideline 471 [26], using the
MOLTOX® Salmonella Mutagenicity Assay Kit (reference number: 31-110.2; Trinova Biochem
GmbH, Giessen, Germany), according to the manufacturer’s instructions. Salmonella ty-
phimurium TA 98 was previously inoculated and incubated at 37 ◦C and held stationary
overnight for this assay. After that, the inoculum was set in an orbital (130 rpm at 37 ◦C)
until a density of 1–2 × 109 bacteria/mL (approximately 1.0–1.4 at OD 650 nm) was reached.
Samples were tested at 1 mg/plate, 0.5 mg/plate and 0.125 mg/plate, corresponding to 10, 5
and 1.25 mg/mL, respectively. Two controls were assessed: one with chemical control capa-
ble of inducing bacterial mutation Daunomycin and 2-Aminoanthracene) and another with
water instead of the extract (solvent control). The assay was placed in a 37 ◦C incubator for
approximately 48 h. The assays were performed with and without metabolic activation (S9).
Two plates per three separate experiments were assayed for each concentration tested and for
positive and negative controls. According to the kit instructions, a positive result (genotoxic
effect) should be at least 2.5 times in a treatment group concerning the corresponding negative
control (solvent control).
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2.13. Statistical Analysis

The results in Section 3 are presented as the average ± standard deviation of three
independent extractions (n = 3). Shapiro–Wilk test was used to evaluate the normality of
data distribution, Levene’s test was used for homogeneity of variances and the one-way
analysis of variance (ANOVA) was used to examine the significance of the differences
between the extracts. For ANOVA, the null hypothesis (H0) (means are equal) was rejected
when the differences between means showed a p < 0.05. In this case, multiple comparisons
were examined using Tukey’s post-hoc test (homogeneity of variance was assumed) at
the p < 0.05 significance level. The statistical analysis was carried out entirely with SPSS
version 23.

3. Results

Three LP polyphenol-rich extracts were prepared from dried LP using three differ-
ent techniques: CE, UAE and MAE. The aim was to assess the effects of each technique
and identify the optimal method for deriving a nutraceutical or health-enhancing food
ingredient from a traditionally underexplored Portuguese medicinal plant. While these
Lavandula species are seldom used for the commercial distillation of EOs, most studies
describe their health benefits and applications. However, the potential of its polar extracts
rich in phenolic compounds remains relatively unexplored. Therefore, the hydroethanolic
polyphenol-rich extracts were further examined for their phenolic compounds and bioac-
tivities using chemical in vitro assays. Additionally, the cytotoxicity and mutagenicity of
the polyphenol-rich LP extracts were evaluated to ensure their safe application.

3.1. Extractive Yield

The primary extraction objective was to obtain the desired BCs with high extraction
yields while reducing the concentration of unwanted compounds, such as proteins and
sugars, which could affect the stability and quality of the final extract. The extraction
efficiency may be affected by several factors, the most important of which are the solvent,
mass-to-solvent ratio, temperature, and pH [27]. The variables regarding the type of solvent
and ratio were fixed because one of the main goals of this research study was to develop
extracts by applying distinct techniques and evaluating their impact. For this, an ethanol
solution at 50% (v/v) was chosen because it is one of the most frequently used solvents;
ethanol is food grade and is safe for the consumer even if not completely removed from the
final ingredient; it is environmentally friendly and it can be reused in the process.

The total extraction yield (w/w, %) of the LP polyphenol-rich extracts obtained by
different extraction techniques is shown in Table 1. The use of the CE technique resulted
in a higher extraction yield (23.91 ± 2.00%, w/w) (p < 0.05), while the remaining green
extraction techniques (UAE and MAE) recovery yield was about 16–17% w/w (p > 0.05).
Nonetheless, it is important to emphasize that achieving a higher extractive yield does not
necessarily equate to the extraction of a greater quantity of phenolic compounds, because
specific extraction methods or conditions might favor the extraction of other components
such as sugars, organic acids, minerals, and proteins. It is possible that the highest yields
were caused by the high temperature, as the plant:solvent ratio, solvent type, and moisture
content were the same for all extraction procedures. High temperatures (65 ◦C) were
applied in the CE and MAE extractions. It influenced the extraction efficiency since a
higher temperature promotes increased solubility and diffusion into the solvent, leading
to a higher mass transfer rate [28]. According to research from Lezoul et al. [29], using
high temperatures associated with CE helps access a better yield and, consequently, higher
TPC. However, this effect cannot be generalized since it strongly depends on the type of
compound extracted, the binomial time:temperature used and the heating type. While,
statistically, the yield is lower when employing MAE, it is important to note that this
technique is a high-temperature extraction method with significantly reduced extraction
times, resulting in lower energy consumption than CE. UAE is reported to be a technique
that achieves high yields quickly since it is especially good at breaking the cell walls,
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leading to the release of BCs. However, the lower yield obtained with UAE in this study
could be attributed to the fact that high temperatures were not used in this methodology.
Nevertheless, the results obtained are in line with those reported by Costa et al. [30],
which brought extraction yields of 19.4% for LP extracts using CE (without use of high
temperature and ethanol 50% (v/v)).

Table 1. Extractive yields (w/w, %) obtained by the different extraction methods (CE, UAE and
MAE) from LP. Values are represented by the average ± standard deviation. Different letters mean
significant differences between extractions (p < 0.05).

Matrix Extraction Method Extractive Yield (%)

Lavandula pedunculata

CE 23.91 ± 2.00 a

UAE 16.17 ± 2.81 b

MAE 17.64 ± 1.63 b

3.2. Total Phenolic Content

Phenolic compounds are widely distributed in plants such as the Lavandula species
and are known for their antioxidant properties; however, in recent years, they have been
linked to other properties such as enzyme inhibition involved in diabetes and hypertension,
and fruit and vegetable browning [31]. Table 2 shows the results of the total phenolic
content (TPC), which varied between 183.1 ± 4.9 and 183.7 ± 17.8 mg GAE/g DE. Despite
the absence of statistically significant differences (p > 0.05), it is worth noting that methods
involving high temperatures, such as CE and MAE, exhibited a higher total phenolic content
(TPC), whereas UAE yielded the lowest value. These values follow the extraction yields
obtained. As previously mentioned, the temperature seems to have an important impact on
the extraction of phenolic compounds. The warmth may cause the plant tissues to soften
and the bindings between polysaccharides and/or proteins and phenolic compounds to
weaken, which could cause disruption and migration to the solvent [32]. However, because
homogenous heating might be achieved more quickly and with less energy usage thanks to
the energy transmission mechanism, MAE heating has been found to offer greater benefits
than convection. In addition, UAE emerges as an excellent alternative to establishing an
environmentally friendly extraction method. It involves physical and chemical phenomena
completely different from those applied with MAE and CE with convectional heating. The
ultrasound waves induce the cavitation forces, which induce the explosive collapse of
bubbles and generate pressure causing plant tissue rupture and improving the release of
intracellular compounds into the solvent. However, in this study, the UAE was less efficient
than CE in extracting phenolic compounds. On the contrary, a recent study reported that
UAE (15 min with 80% ethanol) was more efficient than CE [4]. However, the UAE took
place at 50 ◦C. In addition, Dobros et al. [17] reported a higher yield in TPC (30.25 mg
GAE/g dry weight (DW) with UAE (ethanol 50% for 30 min) than CE (ethanol 50% for
30 min) (28.01 mg GAE/g DW). It is important to highlight that both studies reported a
TPC of approximately 30 mg GAE/g DE, while our LP extract presents a TPC of 181.4 mg/g
DE. To the best of our knowledge, no one has ever published a comparison of these two
green extraction methods with CE for extracting phenolic compounds from LP. There are
only studies with CE (using polar and non-polar solvents), UAE extraction (with methanol,
ethanol 80% (v/v) and water), and UAE in combination with deep eutectic solvents (DES).
Based on the results from Baptista et al. [33], the higher value was obtained with a CE with
methanol for 24 h (1040.3 ± 17.8 mg GAE/g), while the CE with 100% water allowed a
TPC of about 675 mg GAE/g. Considering the last value, our results, regardless of the
extraction method, were about 3.4-fold times less than reported in Baptista et al.’s study.
However, our extraction time was lower than in that study. On the other hand, LP extracts
obtained with CE using ethanol 80% (v/v) showed a TPC value ranging between 56.1 and
136 mg/g DE [3], while LP extracts obtained with CE (1 h; 200 rpm; 50 ◦C) showed a TPC
value lower than 30 mg/g DE [4].
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Table 2. The total phenolic (TPC) and total flavonoid content in LP polyphenol-rich extracts. Values
are represented by the average ± standard deviation. Different letters mean significant differences
between extraction methods (p < 0.05).

Matrix Extraction Method
TPC

(mg GAE/g DE)

Lavandula pedunculata

CE 183.7 ± 17.8 a

UAE 181.4 ± 6.5 a

MAE 183.1 ± 4.9 a

Overall, TPC represented about 18% of the total LP polyphenol-rich extract. There-
fore, other compounds were extracted, including sugars, minerals, organic acids, fibers
and proteins.

3.3. Phenolic Compounds Profile and Quantification

A total of thirty phenolic compounds and seven organic acids were identified using
the high-resolution mass spectrometry technique (Table 3). The identification of these
compounds led to their distribution into three structurally related classes, i.e., hydrox-
ycinnamic acids (14 compounds), hydroxybenzoic acids (6 compounds) and flavonoids
(9 compounds). The identification of all proposed compounds presented a good mass
accuracy (<2 mDa), increasing the confidence of the predicted identification. In detail,
only five studies were found in the literature that identified phenolic compounds from
LP extracts using mass spectrometry without differences (Figure 1). Two of these studies
used plant material grown in Portugal [3,4]. The remaining three articles used LP grown
in Morocco [7,34] and Turkey [35]. The most abundant compounds found in all the LP
extracts were the hydroxycinnamic acids (50%), which agrees with the literature available
for LP [3,4] and other Lavandula species [6]. Nevertheless, previous studies from Lopes
et al. [3] identified only thirteen phenolic compounds, nine hydroxycinnamic acids and four
flavonoids. Conversely, a study conducted by Mansinhos et al. [4] discovered twenty-three
phenolic compounds in extracts obtained using UAE in conjunction with either 80% (v/v)
ethanol or deep eutectic solvents. Similar to our findings, over 50% of the compounds were
identified as hydroxycinnamic acids. Chlorogenic acids (CGAs) were widely distributed in
Lavandula species. The main compounds were 3-O-caffeoylquinic acid, 5-O-caffeoylquinic
acid and 4-O-caffeoylquinic acid, with a molecular ion [M-H]− at 353, which was consistent
with the molecular formula C16H18O9 and showed the typical fragment of loss as quinic
acid (m/z 191). Moreover, another important class of CGAs was found: diCQAs (1,5-Di-O-
caffeoylquinic acid and 4,5-Di-O-caffeoylquinic acid) with a [M-H]− at 515 and a fragment
m/z at 353 representing the caffeoylquinic acid.

Table 3. LC-ESI-UHR-QqTOF-MS data of organic acids and phenolic compounds identified in CE,
MAE and UAE in LP polyphenol-rich extracts.

Proposed Name
Molecular
Formula

Rt
m/z

Measured Mass
[M-H]−

MS2 Fragments (m/z, %
Base Peak Intensity)

Error (mDa)

Gluconic Acid C6H12O7 1.36 195.0510 75 (100) 1.0

Tartaric acid C4H6O6 1.5 149.0092 72 (100) 0.1

2-Furoic acid C5H4O3 2.2 111.0088 69 (100) 0.5

Succinic acid C4H6O4 2.8 117.0193 73 (100) −0.3

Malic acid C4H6O5 1.7 133.0143 71 (100) 0.3

Citric acid C6H8O7 2.1 191.0197 87 (100), 111 (39) 0.8

Azelaic acid C9H16O4 13.2 187.0975 97 (100), 125 (66) 0.9
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Table 3. Cont.

Proposed Name
Molecular
Formula

Rt
m/z

Measured Mass
[M-H]−

MS2 Fragments (m/z, %
Base Peak Intensity)

Error (mDa)

3-O-caffeoylquinic acid C16H18O9 6.4 353.0878 191 (100), 179 (63), 135 (25), 0.7

5-O-caffeoylquinic acid C16H18O9 8.2 353.0878 191 (100), 173 (97), 179 (80) 1.1

4-O-Caffeoylquinic acid C16H18O9 8.9 353.0887 173 (100), 179 (80), 191 (62),
135 (21) 1.0

1,5-Di-O-caffeoylquinic
acid C25H24O12 10.1 515.3949 163 (98), 353 (20) 0.8

4,5-Di-O-caffeoylquinic
acid C25H24O12 12.9 515.1008 353 (100), 173 (80), 179 (40) 0.9

Caffeic acid C9H8O4 8.5 179.0351 135 (100), 179 (40) 1.4

Isoferulic acid C10H10O4 8.6 193.0506 134 (100) 1.0

Ferulic acid C10H10O4 11.8 193.0506 134 (100), 178 (74), 193 (34) 0.7

p-coumaric acid C9H8O3 10.4 163.0401 119 (100), 163 (20) −0.6

Lithospermic acid A C27H21O12 13.9 537.1038 359 (100), 295 (80), 197 (42),
179 (50), 493 (18), 313 (10) 1.8

Rosmarinic acid C18H15O9 13.6 359.0772 161 (100), 197 (60), 179 (54) 1.5

Salvianolic acid A C26H22O10 13.9 493.1141 185 (68), 295 (100) −2

Sagerinic acid C36H32016 13.6 719.1684 161 (100), 359 (80), 197 (20),
179 (11) 1.9

Salvianolic acid B C36H30O16 14.8 717.1520 537 (50), 519 (40), 339 (8),
321 (100), 197 (6), 179 (27) 1.9

trans-4-
Hydroxycinnamate C9H8O3 9.1 163.0401 119 (100) 0.6

1-O-Vanilloyl-beta-D-
glucose C14H17O9 5.7 329.0878 167 (100) 0.1

Protocatechuic acid C7H6O4 5.7 153.0193 109 (100) 0.1

2,5-Dihydroxybenzoic
acid C7H6O4 7.3 153.0193 109 (100), 81 (35), 53 (32) 0.3

3,4-
Dihydroxybenzaldehyde C7H5O3 6.9 137.0244 108 (100) 1.0

4-Hydroxybenzoate-O-
glucoside C13H15O8 7.2 299.0772 137 (100) 0.7

Vanillylmandelic acid C9H10O5 5.3 197.0455 72 (100), 123 (55), 135 (60) 0

Apigenin-8-O-glucoside C21H20O10 13.3 431.0984 341 (100), 268 (87), 311 (75) 0.7

Luteolin-7-O-glucoside C21H20O11 11.9 447.0933 447 (20), 285 (100) 1.4

Luteolin C15H9O6 16.5 285.0131 285 (100), 133 (85) 1.1

Quercetin 3-O-glucoside C21H20O12 12.2 463.0882 301 (100) 0.1

Apigenin-7-O-
glucuronide C21H17O11 13.4 445.0345 269 (100) 1.2

Luteolin-7-O-
glucuronide C21H18O12 12.1 461.9984 285 (100) 0.5

Apigenin-7-O-glucoside C21H20O10 13.5 432.378 268 (100), 431 (20) 0.9

Apigenin C15H10O5 17.6 269.0429 269 (100) 1.3

6-Hydroxyluteolin-7-
glucoside C21H20O12 11.7 463.0882 287 (100) 0.4
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In addition, the presence of caffeic acid is characteristic of the family Lamiaceae and is
responsible for its potential bioactivity. Ferulic acid and isoferulic acid were identified in all
extracts, which agrees with the report by Mansinhos et al. [4] concerning extracts obtained
with UAE. However, this is the only study with LP that reports this compound. This can be
explained by the fact that this compound is strongly linked to the cell wall and requires
high temperatures or, for example, ultrasonic waves to extract it. Caffeic acid [M-H]− at
179 was detected in the extracts, which was also reported in all the studies about LP. Within
hydroxycinnamic acids, rosmarinic acid (RA) claims to be the most representative of the
Lavandula genus. RA is an ester of caffeic acid with an [M-H]− at 359. Therefore, for its
correct identification, a m/z fragment should be at 179 (caffeic acid loss) and 161 (salvianic
acid A loss). Other important compounds in the Lavandula genus belonging to this class are
lithospermic acid A and salvianolic acid (also known as lithospermic acid B). The difference
between RA and lithospermic acid A is the RA first lost the caffeic acid or the salvianic acid
from [M-H]−, while the lithospermic acid A first lost CO2 from [M-H]− m/z 537 (which
corresponds with the m/z fragment 493) and then lost caffeic acid (fragment m/z 313) and
salvianic acid A (fragment m/z 295). In the case of salvianolic acid B, it successively lost
two molecules of caffeic acid or salvianic acid A loss, resulting in the fragment ion at m/z
537, m/z 519, m/z 339 and m/z 321 [36].

Hydroxybenzoic acids are secondary metabolites responsible for signaling in the
defense of plants to pathogens, and high levels are related to systemic infections. Further-
more, they have interesting biological properties making them attractive as nutraceuticals
or functional food additives [37]. Despite 20% of the phenolic compounds detected in LP
polyphenol-rich extracts being classified as hydroxybenzoic acids, none of these individual
compounds have been identified explicitly in LP of Portuguese origin. However, extracts
obtained with UAE showed gallic and vanillic acid in their composition [4]. On the other
hand, Boutahiri et al. [7,34] also identified protocatechuic acid and gentisic acid in methano-
lic and aqueous extracts from LP grown in Morocco. Therefore, this study represents a
groundbreaking discovery as it is the first report of a profusion of compounds belonging to
this class being identified in LP, grown in a Portuguese geographical origin.

Flavonoid subclasses observed in the genus Lavandula mainly include flavones, flavonols,
and anthocyanins. However, in LP extracts obtained using CE, MAE, and UAE, flavones (lute-
olin and apigenin) and one flavonol (quercetin 3-O-glucoside) were predominantly observed.
According to the previous literature studies, compounds such as luteolin-7-O-glucoside,
luteolin-7-O-glucuronide, luteolin-O-hexosyl-glucuronide are the most representative in LP. In
agreement with these studies, hydroethanolic and aqueous extracts obtained with LP showed
these three flavones. However, in addition to reporting these compounds, Mansinhos et al. [4]
also reported the presence of apigenin-7-O-glucoside and apigenin in extracts obtained with
UAE, which aligns with the results observed in our extracts. It is worth noting that although
apigenin-8-O-glucoside and quercetin 3-O-glucoside have already been reported in L. stoechas
and other Lavandula species, this is the first time that the existence of these flavonoids have
been reported in LP.
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Sixteen phenolic compounds were quantified by HPLC-DAD in comparison with
commercial standards (Table 4). The polyphenol-rich LP extracts (MAE, UAE, and CE)
presented a similar profile (Figure 1), as previously discovered using mass spectrometry
analysis. RA was the most abundant compound found in all extracts, followed by salviano-
lic acid B. The values range from 58.68 ± 1.42 to 42.27 ± 1.92 mg/g DE and 43.19 ± 1.09
to 40.09 ± 1.61 mg/g DE, respectively. Applying two green extractions showed less RA
recovery than the CE (p < 0.05). This follows the study of Sik et al. [38], which compares
different extraction methods to recovery RA from six Lamiaceae plants. However, these au-
thors reported that the RA yield was lower in MAE when the extraction time was increased
from 5 mins to 30 mins using high temperatures (80 ◦C), possibly due to the lower thermal
stability of hydroxycinnamic acid derivatives. Hence, the high temperature disrupts the
C-C bonds [39]. This is because the amount of energy converted to heat in the dielec-
tric material is controlled by microwave power, which is correlated with the extraction
temperature. Nevertheless, MAE total extraction time was four times less, reducing the
energy expenditure. Regardless of salvianolic acid B extraction, the MAE showed the
same efficiency as the CE (p > 0.05), but the UAE showed lower efficiency. However, this
result could be reversed if UAE was optimized using a response surface model for the
simultaneous higher yield extraction of salvianolic acid B and RA, which are the main
phenolic compounds present in this plant.

Overall, the results obtained with LP extracts are in accordance with a study by
Lopes et al. [3], who reported that RA and salvianolic acid B were the major compounds
among all thirteen compounds identified in LP. A paper by Costa et al. [30] also reported
RA as the most abundant compound in the water:ethanol extract of L. pedunculata subsp.
lusitanica, but the concentration was smaller in comparison with our results. Moreover, in
that study, only six different phenolic compounds were detected (3-O-caffeoylquinic acid,
4-O-caffeoylquinic acid, 5-O-caffeoylquinic acid, RA, luteolin and apigenin). A more recent
study by Mansinhos et al. [4] used UAE to improve the recovery of phenolic compounds
from LP subsp. lusitanica, and identified twenty-four phenolic compounds, with RA,
ferulic acid and salvianolic acid B as the major compounds. Besides RA and salvianolic
acid B, chlorogenic acid, caffeic acid, and Luteolin-7-O-glucoside were also identified in
our LP extract from UAE, but in higher amounts.

The highest content of RA was found in the extract obtained by CET, followed by UAE
and MAE (p < 0.05). Recent studies of Caleja et al. [40], comparing the same three techniques
to extract RA from Melissa officinalis L. (Lamiaceae family), showed that UAE proved to be
the most effective method than MAE to recover RA. However, Ince et al. [41] demonstrated
that MAE was more efficient in extracting RA than CE and UAE. These discrepancies in
the results may be because in the studies mentioned, the proportion of the water:ethanol
in the extraction solvent was optimized based on response surface models. The same
efficiency of UAE was observed for 2,5-dihydroxybenzoic acid and 4,5-O-Dicaffeoylquinic
acid (p < 0.05).

In contrast, CGAs, ferulic acid, salvianolic acid B, lithospermic acid A, and flavonoids
were found in greater quantities in the extracts obtained by MAE (p < 0.05). UAE showed
a lower concentration (p < 0.05) of flavonoids; this can be justified because this method,
despite applying acoustic cavitation due to the propagation of mechanical waves, did not
reach high temperatures, as was the case with CE and MAE. Therefore, the MAE extract
showed higher amount of flavonoids (22%) in comparison to CE (15%) and UAE (12%).
Conversely, this extract contained fewer phenolic acids than the extracts of UAE (88%) and
CE (85%). Regarding caffeic acid and 1,5-Di-O-caffeoylquinic acid, the lowest content was
found in the CET extract (p < 0.05) and no significant differences (p > 0.05) were found
between UAE and MAE.

RA was the most abundant compound found in the extracts, followed by ferulic
acid and salvianolic acid B. These results are following results previously obtained for
other Lavandula species. Lopes et al. [5] identified thirteen compounds in L. pedunculata
(Mill.) Cav., being RA (50.9 mg/g DE) and salvianolic acid B (44.3 mg/g DE) the major
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compounds (in LP grown in Portalegre). However, in same study LP from Bragança
showed only 7.5 mg/g DE of RA and 8.7 mg/g DE of salvianolic acid B. Similarly, Costa
et al. [30] obtained an LP extract with 6.07 mg/g of RA. However, this extract does not
report the presence of salvianolic acid B.

Table 4. Quantification (mg/g DW) via HPLC-DAD of phenolic compounds from LP polyphenol-
rich extracts obtained by different extraction techniques. Values are represented by the average ±
standard deviation. Different letters in the same row mean significant differences between extraction
techniques (p < 0.05).

Phenolic Compound CET UAE MAE

1 2,5-Dihydroxybenzoic acid 1.60 ± 0.06 a 1.08 ± 0.09 b 0.92 ± 0.03 c

2 3-O-caffeoylquinic acid 0.48 ± 0.01 b 0.43 ± 0.08 b 1.46 ± 0.07 a

3 5-O-caffeoylquinic acid 1.37 ± 0.17 b 1.54 ± 0.11 b 1.72 ± 0.05 a

4 4-O-caffeoylquinic acid 1.56 ± 0.06 b 0.77 ± 0.07 c 1.92 ± 0.06 a

5 Caffeic acid 0.31 ± 0.04 c 0.92 ± 0.12 a 0.66 ± 0.11 b

6 1,5-Di-O-caffeoylquinic acid 7.13 ± 0.24 b 7.86 ± 0.13 a 7.83 ± 0.06 a

7 Ferulic Acid 0.50 ± 0.09 b 0.50 ± 0.07 b 1.43 ± 0.06 a

8 Luteolin-7-O-glucoside 12.79 ± 0.32 b 10.82 ± 0.33 c 17.56 ± 0.19 a

9 Luteolin derivative * 6.04 ± 0.11 b 5.12 ± 0.18 c 6.53 ± 0.11 a

10 4,5-Di-O-caffeoylquinic acid 28.52 ± 0.56 a 25.25 ± 0.65 b 19.28 ± 0.45 c

11 Apigenin-7-O-glucoside 3.75± 0.19 b 2.60 ± 0.15 c 6.23 ± 0.12 a

12 Apigenin derivative + 0.87 ± 0.05 b 0.84 ± 0.03 b 1.40 ± 0.06 a

13 Quercetin-3-O-glucoside 2.62 ± 0.18 c 2.28 ± 0.07 b 4.83 ± 0.10 a

14 Rosmarinic acid 58.68 ± 1.42 a 52.73 ± 1.86 b 48.27 ± 1.92 c

15 Salvianolic acid B 42.19 ± 0.71 ab 40.09 ± 1.61 b 43.19 ± 1.09 a

16 Lithospermic acid # 4.64 ± 0.24 b 4.48 ± 0.34 b 6.30 ± 0.16 a

Total Phenolic Compounds 173.05 157.31 169.53

Total Phenolic Acids 146.98 135.65 132.98

Total Flavonoids 26.07 21.66 36.55

* quantified based on luteolin calibration curve; + quantified based on apigenin calibration curve; # quantified
based on salvianolic acid B.

On the other hand, luteolin (4.98 mg/g DE) and apigenin (2.74 mg/g DE) were also
reported in this LP extract. However, the concentration is lower than obtained in our study
with CE and green techniques. In agreement with our results, Costa et al. [30] reported
CGAs (0.47 mg/g DE) however, the LP extract obtained with MAE presents a total of
CGAs of 5.1 mg/g DE. While Mansinhos et al. [4] reported a few traces of CGA in the
UAE extract, in our study, about 2.74 mg/g DE of CGAs are reported. In contrast, the
ferulic acid content in this study is six times higher than that obtained in the UAE extract
(0.50 ± 0.07 mg/g DE). The achieved variability in phenolic quantification could have been
attributed to several factors. The absence of optimization parameters for each extraction
method might be the most relevant. Additional factors might include different parameters
in the techniques such as power, temperature, or solvent composition, and in addition, the
use of other regional LP varieties and gathering conditions.

According to the HPLC-DAD analysis, CET showed the highest content of phenolic
compounds (173.05 mg/g DE). Moreover, for the UAE method, the total phenolic com-
pounds by HPLC are lower (157.31 mg/g DE) than MAE (163.53 mg/g DE). The same
tendency was observed in the TPC assay, although those differences were not statistically
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significant (p < 0.05) in this assay. In agreement with this, a recent study aiming to improve
the extraction of RA from Lamiaceae herbs showed that MAE and CE methods result in
similar yields [38]. Based on this, it can be concluded that MAE is only superior to CE in
relation to extraction time. In addition, with HPLC analysis, it was possible to identify that
although MAE presents similar levels of TPC, its flavonoid content is much higher than CE.
Overall, the differences observed between studies could be explained by the geographical
area influencing the chemical composition, namely the edaphoclimatic factors. Soil micro-
biota, climacteric environment, air humidity, and daily sun exposure are established by
the scientific community as primarily responsible for the changes in phenolic compounds
observed in plants of the same species.

3.4. Antioxidant Activity

The use of plant-based ingredients and extracts in the food industry has grown due
to concerns about the potential adverse effects of synthetic antioxidants. Studies have
indicated that natural antioxidants are associated with a lower risk of non-communicable
diseases, making them a viable replacement for synthetic antioxidants in food products.
Lavandula species are recognized for their natural antioxidant properties, which have
biological significance and offer economic benefits, mainly when extracted from under-
utilized plants like LP. The antioxidant activity was evaluated using three different in vitro
assays—ABTS, DPPH and ORAC—and the results are shown in Figure 2. The antioxidant
activity measured by ABTS ranged from 156.7 ± 4.3 to 166.5 ± 7.2 mg AAE/g DE, and
no statistically significant differences were found between the CE and MAE extraction
methods (p > 0.05). The DPPH values ranged from 115.7 ± 12.0 to 170.5 ± 12.1 mg TE/g
DE, with the lowest value belonging to UAE and the highest to CET and MAE (p < 0.05).
The radical scavenging effects measured by the ORAC assay ranged from 1306.0 ± 159.8 to
1765.5 ± 214.3, mg TE/g DE, with the lowest value belonging to MAE and the highest to
CET and UAE (p < 0.05). As shown, the values obtained by the ORAC method were 10-fold
higher than those obtained by ABTS and DPPH methods. These differences probably
result from the different mechanisms, single electron transfer and hydrogen atom transfer,
involved during DPPH/ABTS and ORAC assays. Additionally, DPPH was dissolved in
methanol, while ABTS was performed under an aqueous solution; therefore, the DPPH
method results in the aprotic reaction being better adapted for determining the effects of
less-polar phenolic compounds such as flavonoids. This explains why the extract obtained
with MAE presents higher values than the ones obtained with CE and UAE in the DPPH
method. This extract has more flavonoids (Section 3.2). In addition, the values of DPPH
revealed an excellent correlation (r2 = 0.898) with the flavonoid content.

These discrepancies between the obtained values show why combining more than
one method is important to determine the in vitro antioxidant capacity. LP polyphenol-
rich extracts obtained by CET showed the highest antioxidant capacity on ORAC assay.
These values are consistent with the total phenolic content from HPLC-DAD analysis,
which indicates that phenolic compounds are important contributors to the antioxidant
properties in LP. Compared to MAE, the high antiradical activity of this extract could be
partially attributed to the presence, in the highest amounts, of RA, a compound known
for its high redox potential. Among all bioactivities, the antioxidant activity is the most
studied. Studies from Baptista et al. [33] have shown that when tested at 50 μg/mL, the
methanolic extract from LP showed DPPH radical scavenging inhibition value of about
60%., while the extract obtained with water at the same concentration showed an inhibition
percentage of approximately 15%. Curiously, the aqueous extracts only exhibited significant
DPPH radical scavenging activity values when tested at 400 μg/mL (68.9 ± 2.9%). Ferreira
et al. [42] tested the ethanolic extracts and decoctions of LP using the DPPH method and
the samples revealed antioxidant activity. Baptista et al. [33] also studied the antioxidant
potential of different extracts from L. pedunculata, and all samples displayed a high DPPH
scavenging activity. Moreover, Costa et al. [30] assessed the radical scavenging effects of
the essential oil and polar extracts from L. pedunculata subsp. lusitanica by ABTS and ORAC
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assays. After the infusion method, the CE with ethanol 50% (v/v) without temperature was
the most efficient at neutralizing ABTS and peroxyl radicals, while the essential oil was the
weakest. Finally, a more recent study with LP extracts from UAE [4], also reported good
results in the ABTS, DPPH and ORAC assays. Nevertheless, the results obtained in our
study were more promising in terms of antioxidant potential since in ABTS and DPPH, the
values range from 20 to 70 mgTE/g DE and in ORAC from 50 to 275 mgTE/g DE.

Figure 2. Antioxidant activity of LP extracts by ORAC method (expressed as mg TE/g DE), ABTS
method (expressed as mg AAE/g DE) and DPPH method (expressed as mg TE/g DE). Values are
represented by the average ± standard deviation. Different letters (a,b) mean significant differences
between extraction methods (p < 0.05).

3.5. Antimicrobial Activity

The antibacterial activity of LP polyphenol-rich extracts was tested against a panel of
six bacteria, including three Gram-positive bacteria (S. aureus, B. cereus, and L. monocyto-
genes) and three Gram-negative bacteria (E. coli, S. enterica, and P. aeruginosa), specifically
selected basis on their importance to public health. Figure 3 presents the growth inhi-
bition curves obtained for each LP extract at 10 mg/mL (highest concentration tested)
and Table 5 shows the growth inhibition (%) after 24 h exposure to LP polyphenol-rich
extracts. Overall, the LP extract presents good bacterial growth inhibition at 10 mg/mL
regardless of the extraction method. However, no bactericide concentration was detected in
our study. Conversely, the work of Lopes et al. [3] demonstrated that the MIC/MBC with
LP hydroethanolic extracts for B. cereus, S. aureus, L. monocytogenes, E. coli and P. aeruginosa
was 0.075/015, 0.45/0.6, 0.45/0.6, 0.2/0.3 and 0.3/0.45 mg/mL for LP growth in Portugal,
respectively. While the study indicates significantly greater antimicrobial activity than our
LP extracts, the discrepancy in phenolic compound content suggests that the variance in
antimicrobial results could be attributed to the analytical method.

As shown, the least resistant microorganisms were B. cereus, P aeruginosa and L.
monocytogenes since they were inhibited by all extracts regardless of the concentration used.
However, the greatest inhibition occurs at the highest concentration (10 mg/mL) with MAE
for B. cereus (p < 0.05), while for L. monocytogenes, no statistical differences were found
between the CE and MAE extract. In addition, regardless of the extraction method, at
10 mg/mL, all extracts demonstrated the same inhibition capacity for P. aeruginosa (p > 0.05).
The extract obtained with MAE showed higher inhibition for both Gram-positive bacteria
(B. cereus and L. monocytogenes) and all Gram-negative bacteria. Meanwhile, the LP extract
obtained with UAE showed a lower inhibition, which agrees with the lower TPC present in
this extract and antioxidant activity. Phenolic compounds and other natural agents such as

202



Foods 2023, 12, 4462

EOs showed different antimicrobial mechanisms of action; however, the mechanism that is
mainly reported is interference on the cell membrane including changes in their structure
and function, which may affect electron chain transport, enzyme activity, nutrient uptake
and synthesis of nucleic acids and proteins [43].

On the other hand, the most resistant bacteria was E. coli since only 10 mg/mL could
inhibit 40.5, 39.4 and 59.0% of the growth with CE, UAE and MAE extracts, respectively.
Gram-positive bacteria are generally more susceptible because the cell wall has a thick pepti-
doglycan layer. In contrast, Gram-negative bacteria have a thin peptidoglycan layer and an
extra layer, an outer membrane, that consists of phospholipids and lipopolysaccharides [44].
Despite P. aeruginosa showing outstanding inhibition with LP extracts, the results obtained
in this study agree with those findings in the literature. However, experiments with pure
phenolic compounds showed that phenolic acids, such as RA, chlorogenic acid, caffeic
acid and some flavonoids (quercetin, luteolin-7-O-glucoside and apigenin-7-O-glucoside),
may be effective against both Gram-negative and Gram-positive bacteria [45]. The pres-
ence of caffeic acids in our extracts may explain why P. aeruginosa was also inhibited with
lower extracts concentration. It is known that a high content of hydroxycinnamic acid and
flavonoids is correlated with antioxidant and antimicrobial activities [45,46]. According to
our findings from the HPLC-DAD analysis, the substantial presence of identified phenolic
compounds, such as RA, chlorogenic acid and caffeic acid in Lavandula extracts obtained
with the MAE and CE methods, could be the main reason for the antibacterial capacity of
these extracts. RA is a caffeic acid ester found in different plants of the Lamiaceae family
with antioxidant, anti-inflammatory, and antibacterial effects. Chlorogenic and caffeic
acids have also been reported as compounds with significant antioxidant and antimicrobial
activity [3,45,47]. However, both CE and MAE extracts presented similar antibacterial
activity despite the differences in the average content of each phenolic identified in both
extracts. This may happen because of the additive and synergistic effects of phytochemicals
in the extracts [45]. Overall, the production of LP extracts with MAE has several utilities
and applications in different fields, such as food preservation to replace synthetic additives
and to extend the shelf-life of perishable foodstuffs.

Table 5. Growth inhibition (%) for each pathogenic microorganism after 24 h exposure to LP
polyphenol-rich extracts (CE, UAE, MAE) at different concentrations. Values are represented by
the average ± standard deviation. Different letters (a–f) mean significant differences between the
concentration tested (p < 0.05).

Microorganism
10 mg/mL 5 mg/mL 2.5 mg/mL

CE UAE MAE CE UAE MAE CE UAE MAE

Gram
+

Bacillus cereus 68.6 ± 2.2 b 64.0 ± 1.3 c 75.8 ± 1.6 a 63.6 ± 2.4 c 48.8 ± 0.8 e 69.0 ± 1.4 b 56.5 ± 1.3 d 20.5 ± 1.4 f 50.2 ± 1.3 e

Listeria
monocytogenes 47.1 ± 2.0 a 43.7 ± 1.0 b 47.1 ± 1.5 a 42.5 ± 1.8 b 38.1 ± 1.2 c 41.0 ± 2.9

bc 38.0 ± 2.0 c 28.1 ± 1.3 d 30.5 ± 0.9 d

Staphylococcus
aureus 65.6 ± 2.4 a 40.5 ± 2.1 d 57.0 ± 2.3 b 48.4 ± 1.1 c 32.6 ± 1.0 d 43.5 ± 2.1 e ni ni ni

Gram
−

Escherichia coli 40.5 ± 1.3 b 39.4 ± 2.2 b 59.0 ± 1.6 a ni ni ni ni ni ni

Salmonella
enterica 65.0 ± 1.5 a 61.3 ± 3.0 ab 64.6 ± 1.2 a 57.5 ± 1.4 b 50.3 ± 0.8 c 48.2 ± 1.2 d ni ni ni

Pseudomonas
aeruginosa 60.7 ± 2.0 a 57.1 ± 1.7 ab 57.6 ± 1.8 a 55.6 ± 1.7 bc 44.0 ± 1.2 d 52.5 ± 1.4 c 45.9 ± 1.2 d 28.3 ± 0.7 f 40.6 ± 1.4 e

ni, no inhibition growth.
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3.6. Tyrosinase Inhibition

Tyrosinase is copper-containing enzyme, also known as PPO, found in mammals, bac-
teria, fungi and plants, which controls the production of melanin and catalyzes the hydrox-
ylation of monophenols to o-diphenols and their subsequent oxidation to o-quinones [48].
Tyrosinase has been implicated in skin diseases and esthetic characteristics such as freck-
les, melasma, age spots, and in Parkinson’s and Huntington’s diseases [4]. In addition,
this enzyme is responsible for enzymatic browning reactions in fruits and vegetables [37].
Therefore, in the food industry, tyrosinase inhibition is key, as the enzymatic browning
contributes to undesirable oxidation in fruit and vegetables, which causes unwelcome
effects on their safety, organoleptic properties, and nutrition [49]. Phenolic compounds
can interfere with the production of browning catalyzed by tyrosine via (i) reducing the
products of the reaction (quinones) and (ii) inhibiting the tyrosinase activity. Therefore,
many tyrosinase inhibitors based on polyphenol-rich extracts have been discussed, but only
a few have possessed enough potency and safety for food industry application [48]. Hence,
pursuing novel, safe, and efficient tyrosinase inhibitors has emerged as an appealing objec-
tive. To the best of our knowledge, only two research studies were found concerning the
capability of LP polar extracts (obtained with UAE and with CE [4,35]) to inhibit tyrosinase
activity. Therefore, this study reports for the first time tyrosinase inhibition with LP extracts
obtained with MAE. Figure 4 displays the results for the tyrosinase inhibitory potential
of LP extracts. Kojic acid and arbutin are a natural tyrosinase inhibitor clinically used to
cure human hyperpigmentation and prevent browning in food products [50]. Thus, this
study used kojic acid as a positive control, at 0.02 mg/mL showed a capacity to inhibit
tyrosinase of 93.4%. LP polyphenol-rich extracts (5–1.25 mg/mL) could inhibit tyrosinase
between 73.01% and 21.33%. However, the inhibition is not directly dependent on extract
concentration. The CE and MAE showed better enzyme inhibition at 2.5 mg/mL (p < 0.05).
However, despite lower inhibition (30.13%) at 1.25 mg/mL, the MAE extract demonstrated
greater tyrosinase inhibition capacity than the other extracts (p < 0.05).

Figure 4. Tyrosinase inhibition (%) for the LP polyphenol-rich extracts at different concentrations (5,
2.5 and 1.25 mg/mL). Values are represented by the average ± standard deviation. Different letters
(a,b) mean significant differences between extraction techniques for the same tested concentration
(p < 0.05).

The big difference between the extracts obtained with MAE and CE is in the number
of flavonoids. The structure of flavonoids is compatible with the competitive inhibition
of tyrosinase, and detailed studies have shown that some flavonoids such as luteolin,
apigenin and quercetin are quite potent inhibitors, some of them with a lower IC50 than
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kojic acid [51]. Otherwise, regardless of tested concentration, the UAE extract showed the
lowest % inhibition (p < 0.05). This is explained by the fact that this extract generally has
fewer phenolic compounds. In agreement, Mansinhos et al. [4] also detected less enzyme
inhibition with the LP extract obtained by UAE with ethanol 80% (v/v) than in the extracts
obtained with DES. In addition, Zengin et al. investigated the capacity of water extracts
from LP as tyrosinase inhibitors and showed a good inhibitory capacity, which agrees with
our results.

Isolated compounds in high amounts in LP extracts showed a good ability to inhibit
tyrosinase. In a prior study, Kang et al. [52] demonstrated the inhibitory potential of RA
against mushroom tyrosinase, achieving an IC50 value of 16.8 μM. Notably, they observed
that the bioactivity of RA was comparable to that of kojic acid, with IC50 values of 22.4 μM.
Regarding hydroxycinnamic acids, they were shown to have a dual role, functioning either
as tyrosinase inhibitors or as enzyme substrates. Furthermore, studies showed the activity
of diCGAs were twice as effective as those of CQAs [53]. Likewise, some natural extracts
rich in ferulic acid also have strong anti-tyrosinase activity [54]. Furthermore, combining
various phenolic compounds effectively inhibits tyrosinase activity rather than employing
individual compounds.

As previously mentioned, enzymatic browning represents a significant challenge in
the food industry, especially for IV gamma products. To prevent this, natural food additives
based on LP polyphenol-rich extract could replace synthetic compounds such as ascorbic
acid and sulfite-containing compounds.

3.7. α-Glucosidase and ACE Inhibition

As per the World Health Organization (WHO), metabolic syndrome, characterized by
elements like obesity, insulin resistance, and hypertension, stands as a significant health
threat in the modern era. Among these, hypertension and type 2 diabetes are considered
leading risk factors. Newly released data indicate that approximately 425 million individu-
als globally are currently living with diabetes, with a potential increase of 48% projected by
2045 [55]. The population affected by hypertension is estimated to be 1 billion, contributing
to an annual mortality of around 9.4 million people worldwide [56]. Numerous studies
have supported the pharmacological properties of plants in managing diabetes and hyper-
tension, presenting them as a viable alternative in healthcare [57]. The antihypertensive
potential of LP polyphenol-rich extracts remains unexplored, regardless of the extraction
method used. Previous research has extensively examined ACE inhibitory properties in
Lavandula genus compounds like EOs [58]. ACE is a metalloproteinase that regulates blood
pressure by converting angiotensin I into angiotensin II, a potent vasoconstrictor. In addi-
tion, ACE can degrade bradykinin (BK), a potent endogenous peptide vasodilator. ACE
inhibition enhances the effects of vasodilator bradykinin (BK) and reduces angiotensin II
formation, explaining the benefits of ACE inhibition [59]. The traditional antihypertensive
drugs such as captopril and lisinopril showed several side effects [60]. Hence, there is
growing interest in discovering safe and efficient ACE inhibitory compounds from plants.
The IC50 results of CE, MAE and UAE extract were 1.06, 0.98 and 1.17 mg extract/mL,
respectively, as illustrated in Table 6. The results can also be expressed based on the TPC,
thus demonstrating that extracts with the highest content of phenolic compounds have the
lowest IC50 (MAE and CE). The specific mechanisms responsible for this enzyme inhibition
remain unknown. Still, some of the cardiovascular effects produced by RA, the main
phenolic acid present in the LP extracts, include ACE inhibition and/or modulation. For
this reason, some reports associated this compound with significant reductions in arterial
pressure [59].
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Table 6. Antihypertensive activity based on iACE assay. Values are represented by the average ±
standard deviation. Different letters (a,b) mean significant differences between extraction techniques
for the same tested concentration (p < 0.05).

Matrix
Extraction
Method

iACE

IC50

(mg Phenolic Compounds/mL)
IC50

(mg Extract/mL)

Lavandula pedunculata
CE 0.19 ± 0.01 ab 1.06 ± 0.05 b

UAE 0.21 ± 0.01 a 1.17± 0.04 a

MAE 0.18 ± 0.02 b 0.98 ± 0.05 b

In addition, the bradykinin dose–response curves showed that RA promoted a systolic
blood pressure reduction similar to captopril. Salvianolic acid B also presents a huge
quantity in the extracts, impacting ACE inhibition. Ye et al. [61], using molecular docking
methods, found that salvianolic acid B affected ACE and renin to relax blood vessels and
regulate hypertension. Other phenolic compounds can inhibit ACE activity and reduce
blood pressure. Indeed, using in vivo assays with spontaneous hypertensive rats, blood
pressure lowering effects have been confirmed for quercetin and ferulic acid [62]. The
phenolic acids and flavonoids are reported to inhibit ACE activity via interaction with the
zinc ion on the active site. In addition, the significance of hydroxyl and methoxy groups for
zinc metalloproteinase inhibition is also reported [15]. The presence of specific functional
groups, such as hydroxyl seems to increase the potency to inhibit ACE as these can act as
hydrogen bond acceptor or donor. Conversely, the presence of methoxy groups negatively
influences ACE inhibitory activity. Regarding the flavonoids, some studies reported the
importance of the hydroxy group on position 7 in the structure of flavonoids for inhibiting
ACE enzyme activity [15]. Therefore, the presence of caffeic acid, luteolin-7-O-glucoside
and apigenin-7-O-glucoside could be important for the significant antihypertensive activity
observed in the extracts.

However, ACE activity inhibition is not solely attributed to phenolic compounds.
This study did not assess triterpenoids and small peptides, recognized for their ACE
inhibitor capabilities [63]. To our knowledge, this is the first time that iACE activity in
different LP polyphenol-rich extracts was investigated. Therefore, the extracts developed
from this medicinal plant serve as an natural alternative as a nutraceutical promoting the
cardiovascular health of the population.

Over the past decade, there has been an increase in the number of publications study-
ing the effect of polyphenols on diabetes. All classes of phenolic compounds have shown
antidiabetic potential [64]. The research suggests that the primary mechanism of action
is associated with inhibiting glucose absorption by inhibiting digestive enzymes such as
α-glucosidase and α-amylase [7,65,66]. In the small intestinal epithelial cell, α-glucosidase
is an oligosaccharide hydrolase responsible for breaking down oligosaccharides and dis-
accharides into monosaccharides. Inhibiting the activity of α-glucosidase can slow down
carbohydrate absorption, effectively regulating postprandial hyperglycemia and aiding in
managing type 2 diabetes [37]. Some in vitro and in vivo studies have reported antidiabetic
activity through enzyme inhibition in LP extracts and other Lavandula species, obtained
through CE with water and methanol [7,35,67]. However, the bioactivity of LP extracts
related to α-glucosidase inhibition or other mechanisms has never been studied with LP
extracts obtained through green techniques such as UAE and MAE. In addition, to the
best of our knowledge, it is the first time that LP of Portuguese geographical origin has
been tested for α-glucosidase inhibition. Figure 5 displays the results of the α-glucosidase
inhibition by the LP extracts at three different concentrations (5, 2.5 and 1.25 mg/mL)
and acarbose, a positive control. Acarbose is the most frequently used drug for diabetes
and, in most studies, it has been shown to increase the life expectancy in type 2 diabetes
patients. In some cases, a variety of severe side effects such as abdominal pain, diarrhea,
flatulence, and skin problems can also occur [68]. The three polyphenol-rich extracts,
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independent of concentration, showed higher α-glucosidase inhibition. However, as the
extract concentration decreases, the % inhibition decreases, even if not directly propor-
tional. At 5 mg/mL, the LP polyphenol-rich extracts and the commercial drug (acarbose)
showed a similar activity; however, the MAE extracts presented a higher activity than
the remaining extracts (p < 0.05). Furthermore, as the tested concentration decreased, this
extract and the CE extract remained the most significantly active (p < 0.05) in inhibiting the
enzyme. These results agree that these two extracts display a higher content of phenolic
compounds than the extract obtained with UAE. In particular, the MAE extract showed a
higher amount of flavonoids (Section 3.3), which have been reported by Ali et al. [69] using
molecular docking techniques to have a significant role in the α-glucosidase inhibition.
Despite differences in extraction techniques and solvents, our results agree with studies
reported with extracts with LP from Morocco and Turkey. The LP extracts obtained in
this studies (CE with methanol) showed considerable α-glucosidase inhibition in vitro [35]
and acute and chronic oral administration of LP aqueous extract reduced the peak of the
glucose concentration [7]. Several important hydroxycinnamic acids present in high con-
centration in LP extracts, such as ferulic acid [70], chlorogenic acid [71,72], caffeic acid [73]
and RA [74,75] have shown considerable hypoglycemic activity via in vitro and in vivo
experiments. The potential interaction mechanism between these BCs and α-glucosidase
reported in the literature describes the formation of hydrogen bonds or hydrophobic forces
in the enzyme’s active site [70]. In particular, the in vitro studies of Kubínova et al. [74]
showed that IC50 of RA was four-times lower than acarbose. In addition, this phenolic acid
has been demonstrated to regulate glucose homeostasis, restoring the blood glucose level
and regulating adiponectin and leptin levels in diabetic rats [76,77]. Also, the salvianolic
acid had a potent α-glucosidase inhibitory activity, whilst the interaction mechanisms
remain unclear [68]. Other important flavonoids such as apigenin and luteolin present in
LP extracts are reported for their capacity to inhibit α-glucosidase competitively, forming
complexes where the main forces driving the interaction were hydrophobic and hydrogen
bonding [78].In recent studies, gentisic acid showed a moderate antidiabetic activity by
inhibiting α-glucosidase [79].

Figure 5. Antidiabetic activity (α-glucosidase inhibition assay) of LP polyphenol-rich extracts. Values
are represented by the average ± standard deviation. Different letters (a,b mean significant differences
between extraction techniques for the same tested concentration (p < 0.05).

Although the values of α-glucosidase are inferior to those obtained for acarbose, the
results show high potential. In addition, the LP polyphenol-rich extracts were obtained
from a natural, unexplored source with green techniques and solvents, allowing the safe
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incorporation into food products. These extracts may be a sustainable alternative to regulate
type 2 diabetes.

3.8. Cytotoxicity and Mutagenicity

The human epithelial cell line caco-2 monolayers have been widely used for mimicking
intestinal conditions, providing a reliable model for investigating the absorption of BCs after
oral administration in humans [80]. They are routinely used to determine the mechanism
of action of BCs or extracts to move towards preclinical animal studies and human clinical
trials for ensuring the safety of the final food product [81]. As shown in Figure 6, LP
extracts did not exert any inhibitory activity upon caco-2 cellular metabolism at all tested
concentrations. This is in line with the standard ISO 10993-5:2009 [25], which considers as
cytotoxic when the cell viability is lower than 70%. However, the MAE extract at 4.8 mg/mL
had a value of 28.67 ± 4.16%, which is very close to the limit established as toxic.

Figure 6. Cytotoxicity of LP polyphenol-rich extract at different concentrations. The dotted line
represents the 30% cytotoxicity limit defined by the ISO 10993-5 [25]. Values are the mean ± standard
deviation. Different letters mean significant differences (p < 0.05).

In contrast, the UAE extract at the same concentration showed about 3-fold less
metabolic inhibition (p < 0.05). Interestingly, when considering the impact of the lowest LP
concentration upon caco-2 metabolism, an apparent metabolic stimulation (metabolism
inhibition negative values) represents a metabolic activity higher than the growth con-
trol. Considering this result, it is recommended to quantify the DNA using Pico Green
Assay, as performed by Rodrigues et al. [82], to assess the actual effect of LP extracts on
metabolic activity.

As far as we know, no cytotoxicity studies on caco-2 cells exist in the literature with
LP extracts. However, Costa et al. [83] studied the cytotoxicity of Lavandula viridis L’Hér
(Lavandula genus) extract at 0.5 mg/mL obtained under CE with water:ethanol 50% (v/v)
and showed that the viability of the caco-2 cell line was not affected by the extracts. The
same study also proved no metabolic inhibition for RA (at concentrations of 0.125 and
0.250 mg/mL), the main phenolic compound in Lavandula viridis L’Hér. [75].

Evaluating genotoxic properties is an essential step of the safety assessment of sub-
stances intended to be used as pharmaceuticals, nutraceuticals, or food additives. The
Ames test was standardized in the 1975s by Ames et al. [84] to evaluate the mutagenic ca-
pabilities of chemicals. Recently, the Ames test has become a commonly employed method
for identifying both the mutagenic and antimutagenic properties of medicinal plants and
extracts derived from plants. The Ames test uses Salmonella typhimurium strains that are

209



Foods 2023, 12, 4462

auxotrophic for histidine to detect gene mutations, specifically as base pair substitutions
and frameshift mutations. Moreover, it is emphasized how crucial it is to conduct the Ames
test both in the absence and presence of the exogenous metabolic system (S9). The addition
of the S9 fraction is essential to replicate the metabolism of the test substance as it would oc-
cur in mammals. Consequently, tests lacking these two conditions jeopardize the accuracy
of findings and compromise the safety assessment of the extracts under evaluation.

In the genotoxic profile of the polyphenol-rich LP extracts (Table 7), no harmful effects
were found, as none of the tested concentrations exerted any genotoxic effects, either with
and or without metabolic activation, against the tested strain, according to parameters
defined by the manufacturer of the Ames test kit and the OECD guidelines. Briefly, to
conclude the genotoxicity, the values should be at least 2.5 times higher than those obtained
with the solvent control (water in this study). So, with S9, the values should be lower than
28.75; without S9 activation, the values should be lower than 41.25. To our knowledge, this
paper reported for the first time the genotoxicity of LP extracts whether obtained using the
CE methodology or via green technologies such as MAE and UAE.

Table 7. Results obtained for LP polyphenol-rich extracts AMES genotoxicity assay against
S. typhymurium TA98 with and without the metabolic activation (S9). All values represent the average
number of positive (revertant) wells ± standard deviation. Different letters (a,b) mean significant
differences between only the LP polyphenol-rich extracts (p < 0.05).

Sample Test
TA 98

With S9 Without S9

Solvent Control (water) 11.51 ± 0.50 16.50 ± 1.50
Positive Control 303.00 ± 12.50 481.50 ± 3.50

CE 18.00 ± 2.00 a 27.50 ± 0.50 a

MAE 13.50 ± 3.00 ab 20.00 ± 1.00 b

UAE 10.00 ± 2.50 b 18.50 ± 2.00 b

The absence of cytotoxicity and mutagenicity in the extracts suggests that the present
components did not induce cellular or DNA damage. Therefore, they can be considered
safe at the concentrations tested. Among the extraction methods employed, UAE emerged
as the safest choice due to its slightly lower phenolic compound content.

4. Conclusions

To achieve a change encouraging the conservation and valorization of Portuguese
flora, this research article highlights important insights concerning evidence of the bioactiv-
ity of LP polyphenol-rich extracts obtained with different extraction methodologies (CE,
MAE, and UAE) such as antioxidant, antimicrobial, anti-hypertensive, antidiabetic and
anti-browning effects, as well as proving the safe use for human consumption through
cytotoxicity and mutagenicity assays.

The findings demonstrate that MAE is a superior method in terms of the time and
energy saved compared to UAE; however, the extraction yields and phenolic compounds
obtained in the extracts from LP are very similar to those obtained through CE. MAE en-
abled the extraction of a comparable amount of TPC to CE but in a shorter extraction time,
reducing energy consumption. Both polyphenol-rich extracts exhibited higher quantities
of RA, salvianolic acid, 4,5-Di-O-caffeoylquinic acid and luteolin-7-O-glucoside; therefore,
demonstrated increased antioxidant capacity evaluated by in vitro methods. In addition,
the extracts showed great growth inhibition for B. cereus, S. aureus, S. enterica and P. aerugi-
nosa (>50%) at very low concentrations (10 mg/mL). As we understand it, the significant
positive antihypertensive and antidiabetic activity in LP extracts are mainly obtained with
MAE; this extract showed potent antihypertensive activity (IC50 = 0.98 mg DE/mL), and
antidiabetic activity (87% at 5 mg/mL) was reported for the first time. Moreover, the same
extract also showed significant tyrosinase inhibition (73% at 5 mg/mL). Ultimately, the ex-

210



Foods 2023, 12, 4462

tracts demonstrated no cytotoxic or genotoxic effects, irrespective of the extraction method,
affirming their safe application within the food industry, particularly as antioxidant and
antimicrobial food additives. Additionally, this underscores the substantial potential to
utilize LP extracts in the production of nutraceutical products, offering antihypertensive
and antidiabetic effects.

Overall, the results and evidence will be the beginning of a possible increase in
the exploitation and valorization of LP, which may trigger its major production and in-
dustrial processing to develop and optimize sustainable food-based products. Explored
Portuguese plants bring value to the country while minimizing environmental impact by
using other important raw materials to produce natural functional ingredients, promoting
the bioeconomy.
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58. Biltekin, S.N.; Karadaǧ, A.E.; Demirci, B.; Demirci, F. ACE2 and LOX Enzyme Inhibitions of Different Lavender Essential Oils and
Major Components Linalool and Camphor. ACS Omega 2022, 7, 36561–36566. [CrossRef] [PubMed]

59. Ferreira, L.G.; Evora, P.R.B.; Capellini, V.K.; Albuquerque, A.A.; Carvalho, M.T.M.; da Silva Gomes, R.A.; Parolini, M.T.; Celotto,
A.C. Effect of Rosmarinic Acid on the Arterial Blood Pressure in Normotensive and Hypertensive Rats: Role of ACE. Phytomedicine
2018, 38, 158–165. [CrossRef] [PubMed]

213



Foods 2023, 12, 4462

60. Fernandez Cunha, M.; Coscueta, E.R.; Brassesco, M.E.; Marques, R.; Neto, J.; Almada, F.; Gonçalves, D.; Pintado, M. Exploring
Bioactivities and Peptide Content of Body Mucus from the Lusitanian Toadfish Halobatrachus didactylus. Molecules 2023, 28, 6458.
[CrossRef]

61. Ye, L.; He, Y.; Ye, H.; Liu, X.; Yang, L.; Cao, Z.; Tang, K. Pathway-Pathway Network-Based Study of the Therapeutic Mechanisms
by Which Salvianolic Acid B Regulates Cardiovascular Diseases. Chin. Sci. Bull. 2012, 57, 1672–1679. [CrossRef]

62. Häckl, L.P.N.; Cuttle, G.; Sanches Dovichi, S.; Lima-Landman, M.T.; Nicolau, M. Inhibition of Angiotensin-Converting Enzyme by
Quercetin Alters the Vascular Response to Bradykinin and Angiotensin I. Pharmacology 2002, 65, 182–186. [CrossRef]

63. Ribeiro, T.B.; Oliveira, A.; Campos, D.; Nunes, J.; Vicente, A.A.; Pintado, M. Simulated Digestion of an Olive Pomace Water-Soluble
Ingredient: Relationship between the Bioaccessibility of Compounds and Their Potential Health Benefits. Food Funct. 2020, 11,
2238–2254. [CrossRef]

64. Voss, G.B.; Oliveira, A.L.S.; da Cruz Alexandre, E.M.; Pintado, M.E. Importance of Polyphenols: Consumption and Human
Health. In Technologies to Recover Polyphenols from AgroFood By-Products and Wastes; Elsevier: Amsterdam, The Netherlands, 2022;
pp. 1–23.

65. Williamson, G. Possible Effects of Dietary Polyphenols on Sugar Absorption and Digestion. Mol. Nutr. Food Res. 2013, 57, 48–57.
[CrossRef]

66. Vasquez-Ramos, C.S.; Garcia-Moreno, M.G.; García-García, D.; Martínez-Medina, G.A.; Niño-Herrera, S.A.; Luna-García, H.;
Paciós-Michelena, S.; Ilyina, A.; Segura-Ceniceros, E.P.; Chávez-González, M.L. Natural Extracts and Compounds as Inhibitors of
Amylase for Diabetes Treatment and Prevention. Funct. Foods Nutraceuticals Hum. Health Adv. Nat. Wellness Dis. Prev. 2021, 2021,
69.

67. Mustafa, S.B.; Akram, M.; Muhammad Asif, H.; Qayyum, I.; Hashmi, A.M.; Munir, N.; Khan, F.S.; Riaz, M.; Ahmad, S.
Antihyperglycemic Activity of Hydroalcoholic Extracts of Selective Medicinal Plants Curcuma Longa, Lavandula Stoechas, Aegle
Marmelos, and Glycyrrhiza Glabra and Their Polyherbal Preparation in Alloxan-Induced Diabetic Mice. Dose-Response 2019, 17,
1559325819852503. [CrossRef] [PubMed]

68. Tang, H.; Ma, F.; Zhao, D.; Xue, Z. Exploring the Effect of Salvianolic Acid C on α-Glucosidase: Inhibition Kinetics, Interaction
Mechanism and Molecular Modelling Methods. Process Biochem. 2019, 78, 178–188. [CrossRef]

69. Ali, A.; Cottrell, J.J.; Dunshea, F.R. Antioxidant, Alpha-Glucosidase Inhibition Activities, In Silico Molecular Docking and
Pharmacokinetics Study of Phenolic Compounds from Native Australian Fruits and Spices. Antioxidants 2023, 12, 254. [CrossRef]

70. Son, M.J.; Rico, C.W.; Nam, S.H.; Kang, M.Y. Effect of Oryzanol and Ferulic Acid on the Glucose Metabolism of Mice Fed with a
High-fat Diet. J. Food Sci. 2011, 76, H7–H10. [CrossRef]

71. Aleixandre, A.; Gil, J.V.; Sineiro, J.; Rosell, C.M. Understanding Phenolic Acids Inhibition of α-Amylase and α-Glucosidase and
Influence of Reaction Conditions. Food Chem. 2022, 372, 131231. [CrossRef]

72. Mei, X.; Zhou, L.; Zhang, T.; Lu, B.; Sheng, Y.; Ji, L. Chlorogenic Acid Attenuates Diabetic Retinopathy by Reducing VEGF
Expression and Inhibiting VEGF-Mediated Retinal Neoangiogenesis. Vascul. Pharmacol. 2018, 101, 29–37. [CrossRef] [PubMed]

73. Xu, W.; Luo, Q.; Wen, X.; Xiao, M.; Mei, Q. Antioxidant and Anti-Diabetic Effects of Caffeic Acid in a Rat Model of Diabetes. Trop.
J. Pharm. Res. 2020, 19, 1227–1232. [CrossRef]
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Enzyme Inhibitory Activities of the Constituents of Plectranthus madagascariensis (Pers.) Benth. J. Enzyme Inhib. Med. Chem. 2014,
29, 749–752. [CrossRef]

75. Govindaraj, J.; Sorimuthu Pillai, S. Rosmarinic Acid Modulates the Antioxidant Status and Protects Pancreatic Tissues from
Glucolipotoxicity Mediated Oxidative Stress in High-Fat Diet: Streptozotocin-Induced Diabetic Rats. Mol. Cell Biochem. 2015, 404,
143–159. [CrossRef] [PubMed]

76. Jayanthy, G.; Subramanian, S. RA Abrogates Hepatic Gluconeogenesis and Insulin Resistance by Enhancing IRS-1 and AMPK
Signalling in Experimental Type 2 Diabetes. RSC Adv. 2015, 5, 44053–44067. [CrossRef]

77. Runtuwene, J.; Cheng, K.-C.; Asakawa, A.; Amitani, H.; Amitani, M.; Morinaga, A.; Takimoto, Y.; Kairupan, B.H.R.; Inui, A.
Rosmarinic Acid Ameliorates Hyperglycemia and Insulin Sensitivity in Diabetic Rats, Potentially by Modulating the Expression
of PEPCK and GLUT4. Drug Des. Dev. Ther. 2016, 10, 2193–2202.

78. Zeng, L.; Zhang, G.; Lin, S.; Gong, D. Inhibitory Mechanism of Apigenin on α-Glucosidase and Synergy Analysis of Flavonoids. J.
Agric. Food Chem. 2016, 64, 6939–6949. [CrossRef] [PubMed]

79. Mechchate, H.; Es-Safi, I.; Mohamed Al Kamaly, O.; Bousta, D. Insight into Gentisic Acid Antidiabetic Potential Using in Vitro
and in Silico Approaches. Molecules 2021, 26, 1932. [CrossRef] [PubMed]

80. Awortwe, C.; Fasinu, P.S.; Rosenkranz, B. Application of Caco-2 Cell Line in Herb-Drug Interaction Studies: Current Approaches
and Challenges. J. Pharm. Pharm. Sci. 2014, 17, 1. [CrossRef] [PubMed]

81. Iftikhar, M.; Iftikhar, A.; Zhang, H.; Gong, L.; Wang, J. Transport, Metabolism and Remedial Potential of Functional Food Extracts
(FFEs) in Caco-2 Cells Monolayer: A Review. Food Res. Int. 2020, 136, 109240. [CrossRef]

82. Rodrigues, C.V.; Sousa, R.O.; Carvalho, A.C.; Alves, A.L.; Marques, C.F.; Cerqueira, M.T.; Reis, R.L.; Silva, T.H. Potential of
Atlantic Codfish (Gadus morhua) Skin Collagen for Skincare Biomaterials. Molecules 2023, 28, 3394. [CrossRef]

214



Foods 2023, 12, 4462

83. Costa, P.; Grevenstuk, T.; Rosa da Costa, A.M.; Gonçalves, S.; Romano, A. Antioxidant and Anti-Cholinesterase Activities of
Lavandula Viridis L’Hér Extracts after in Vitro Gastrointestinal Digestion. Ind. Crops Prod. 2014, 55, 83–89. [CrossRef]

84. Ames, B.N.; McCann, J.; Yamasaki, E. Methods for Detecting Carcinogens and Mutagens with the Salmonella/Mammalian-
Microsome Mutagenicity Test. Mutat. Res./Environ. Mutagen. Relat. Subj. 1975, 31, 347–363. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

215





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

www.mdpi.com

Foods Editorial Office
E-mail: foods@mdpi.com

www.mdpi.com/journal/foods

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are

solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s).

MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from

any ideas, methods, instructions or products referred to in the content.





Academic Open 

Access Publishing

mdpi.com ISBN 978-3-7258-0234-0


