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Preface to “Physicochemical, Sensory and Nutritional
Properties of Foods Affected by Processing
and Storage”

Due to the perishable nature of foods, possibility of transmitting pathogens, seasonality of the
production of many of them, and need to obtain a wide variety of products to satisfy the demands,
preferences and needs of consumers, food processing and storage are very common activities with
great economic and commercial importance.

The effects of processing produce can change or convert foods into more stable, safer, more
edible, enjoyable, and/or palatable products, and can increase the digestibility and/or bioavailability
of some nutrients and bioactive compounds—in some cases, their concentrations.

Food processing and storage, however, can cause modifications and interactions in food
components that have negative effects on nutritional value, organoleptic characteristics or even
food safety.

In recent years, intense research was carried out, which focused on understanding the changes
and effects during the processing and storage of foods, in order to promote the positive consequences
and minimize the negative effects to achieve safe processed and stored foods with the highest
nutritional and sensory quality.

It is evident that much progress has been made in generating knowledge in this field. However,
there are many factors to consider, such as the chemical diversity of food components and complexity
of the interactions, as well as the effects that occur in such components as a consequence of the
environmental conditions established during the different technological processes applied before and
during storage. Especially, the requirements of consumers who increasingly demand safer food with
a higher organoleptic and nutritional quality mean that more research is necessary to achieve more
efficient, economical and sustainable processes.

This volume aims to gather some of the latest advances in this field and become a useful tool for

students, researchers and professionals in this scientific area.

Sidonia Martinez Suarez, Francisco Javier Carballo Garcia
Editors
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Due to their chemical composition and physicochemical characteristics, most foods
are very perishable and are easily altered by physical, chemical and biological agents. To
increase their shelf-life and thus enable their transport and storage, it is necessary to carry
out specific technological treatments that protect them from deterioration agents. In other
cases, technological treatments are applied with a sanitizing purpose, destroying pathogens,
or with the aim of diversification, seeking to obtain from a concrete raw material a wide
range of different products in order to satisfy the diverse needs and demands of consumers.
In any case, sanitizing or diversification treatments are almost always accompanied by an
increase in shelf life. Treatments can also be intended to condition food, making it more
suitable for consumption. Food processing is therefore a common and necessary activity in
order to obtain the wide range of foods that we know, safe and with their diverse sensory
and nutritional profiles. However, sometimes these processes have negative effects that
result in a decrease in nutritional value or in the alteration of sensory properties. Even
sometimes compounds negative for the health of the consumer are generated. It is therefore
necessary to gather as much knowledge as possible about the effects of technological
treatments on food components in order to optimize these treatments and to minimize
their negative effects and achieve food of the highest quality and wholesomeness.

The articles included in the present special issue show important and interesting
advances and new approaches in this field.

Canning is one of the most important procedures of food preservation. From the
initial works of Nicolas Appert [1], extensive and ongoing research has been carried out
aimed at improving the process and focused on the development of new materials for
packaging, on optimizing heat treatments and their adaptation to the characteristics of the
food to be preserved and on the study of the effect of the filling medium to select the most
appropriate in each case.

Marine foods are traditionally preserved by canning, with canned fish and seafood
being products of proven quality that are very popular and well-established among con-
sumers. Constituents and organoleptic properties of marine foods have different thermal
sensitivity and according to this, different detrimental effects were reported in the literature.
In this special issue, three articles make interesting contributions within this research topic.
Aubourg et al. [2] studied the effect of the duration of the previous chilling period (0, 4
and 9 days) and of the use of an aqueous extract of the macroalga Fucus spiralis in the
brine-packaging medium (final contents of 0.00, 3.50, 10.50 and 21.00 mg extracted alga/mL
packaging medium) on the chemical changes related to quality registered after 3 months of
storage in a canned underutilized mackerel species (Scomber colias). Increased chilling times
increase the free fatty acid content, but the use of the alga extract reduced this content. An
increased chilling time led to the increase of the values of the lipid oxidation indexes and
the presence of the alga extract had an uneven effect on these parameters. Trimethylamine
content markedly increased after the sterilization process and no effects of the chilling time
or of the alga extract addition were observed.

Goémez-Limia et al. [3] evaluated the effects of the steps of the canning process (raw,
after frying, after sterilization and after 2 and 12 months of storage) and of different
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filling media (sunflower oil, olive oil, or spiced olive oil) on the free amino acid and
biogenic amine content of the European eel (Anguilla anguilla). Relative to raw samples,
all steps in the manufacture and storage significantly affected the free amino acid content
of eels, this content being also affected by the type of oil used in the frying process and
as the filling medium. The step of the canning process, the type of oil used in the frying
process or as filling medium and the storage time also affected the contents of the different
biogenic amines. The authors reported very low biogenic amine contents and an absence of
histamine in all samples. The low biogenic amine index observed indicate the good quality
of canned eels.

Gomez-Limia et al. [4] also studied the effects of the steps of the canning process and
of different filling media on the oxidative stability and antioxidant activity in canned eels.
After the same steps as in the previous study and testing the same oils as filling medium,
the authors assessed the oxidation parameters (acidity, peroxide value and thiobarbituric
acid reactive substances), antioxidant capacity and total phenolic and vitamin E contents.
Despite the losses, the canning process and subsequent storage preserved a great part of
the antioxidant capacity and vitamin E content of the filling medium, which is of great
interest to the consumer.

Pet food can also appear in the markets canned. Most of these goods are products
consisting of meat and water containing binding/structural ingredients, commercially
sterilized and similar to stews and patés in appearance. Hydrocolloids are commonly used
in canned pet food for firmness control, but their functional effects have not been quantified
in this food format. Dainton et al. [5] determined the effects of select hydrocolloids (1%
dextrose and 0.5% guar gum with 0.5% of either dextrose, kappa carrageenan, locust bean
gum, or xanthan gum) on batter consistency, heat penetration and the texture of canned
pet food. The authors showed that hydrocolloids influenced heat penetration, probably
due to differences in batter consistency and affected finished product texture.

Dehydration is one of the most ancient and effective method for food preservation.
The reduction of the water content hinders the activity of the agents of deterioration,
both of the microorganisms and enzymes. At the same time, the elimination of water
reduces the weight and volume of the food and facilitates its package, transport and
storage. Additionally, dehydration provides particular organoleptic characteristics, creating
new foods in some cases [6]. In this special issue, three different articles reported the
effects of dehydration achieved by different procedures on several food constituents and
characteristics.

Saffron is the dried stigmas of Crocus sativus, its high value being due to the color,
flavor and aroma. The dehydration procedure used affects the main metabolites of saffron
that are responsible for these organoleptic characteristics and that define the quality of the
product. Garcia-Blazquez et al. [7] studied the effect of microwave dehydration on saffron
main metabolites (picrocrocin, safranal and crocetin esters) from Crocus sativus L. stigmas at
three determinate powers and different time lapses. A control of saffron dehydrated using
the traditional dehydration called “toasting” in which stigmas are put on a sieve with a
silk bottom placed over a heating source was obtained and analyzed. The results reported
suggest that microwave dehydration is a suitable process for obtaining high quality saffron,
800 W with 6 lapses of 20 s being the best conditions among those studied.

Fresh wet noodles (FWN) have high water and nutrient contents that favor microbial
growth. Therefore, a preservation treatment is necessary in order to extend the shelf-life
without decreasing the organoleptic and nutritional quality. Several treatments such as
pasteurization, pH decrease, natural or chemical preservatives, heat, irradiation, non-
thermal processing technologies, ozone water treatment, modified atmosphere packaging,
hurdle technology, etc., have been tried for fresh wet noodle preservation with unequal
results. Drying is of course another valid alternative. The industrial drying process of
noodle products was often at low temperature with divided steps, and the humidity of the
hot air was usually taken into consideration for fine dried noodles. The relative humidity,
and the temperature of the hot air, should be controlled during the drying process for
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both semi-dried noodles and fresh wet noodles because heat treatment with excessive
temperature and humidity may result in the over gelatinization or melting of starch and the
generation of cracks or chaps in fresh noodles, thus deteriorating the noodle quality. The
humidity-controlled dehydration (HCD) at moderate temperatures could be a successful
technique to control the microbial growth in fresh wet noodles. Xing et al. [8] investigated
the effects of HCD treatment using different temperatures, relative humidity and treatment
times on the total plate count, the shelf-life and qualities (color, degree of gelatinization,
cooking and textural properties and sensory attributes) of FWN. Data reported by these
authors showed that HCD reduced the initial microbial load on the fresh noodles and
extended their shelf-life by up to 14-15 days under refrigerated (10 °C) storage. The
lightness (L*) values, the apparent stickiness and the cooking properties of the noodle
body were improved by HCD while good sensory and texture quality of noodles were still
maintained after the dehydration process.

Pear (Pyrus communis L.) can be maintained for long periods of time (close to a year)
under controlled atmosphere. However, long-term storage in these conditions can promote
deterioration processes such as internal browning and superficial scald, negatively influ-
encing the consumer acceptability. Drying can be an alternative to increase the shelf-life of
pears with the added benefit of reducing transportation and storage costs, also offering new
ways of presentation for consumers. Conventional hot air drying is widely used in the food
industry, but it can promote the partial degradation of nutrients and undesirable changes
in color, appearance and structural properties. Pre-treatments with modern technologies
such as microwaves or ultrasound can accelerate the drying process, reducing drying
time, enhancing mass transfer phenomena, preserving functional components, inactivating
enzymes and improving rehydration characteristics. However, these pre-treatments can
also have negative effects on the quality of the final product if the application conditions
are not suitable. Therefore, more research is needed to stablish the optimal conditions for
the application of the pre-treatments. In this context, Onal et al. [9] evaluated the effect of
drying temperature and innovative pre-treatments (microwave and ultrasound) on drying
behavior and quality characteristics, such as color, total phenolic content and antioxidant
activity of “Rocha” pear, a traditional Portuguese cultivar. The authors concluded that ul-
trasound application is a promising technology to obtain healthy /nutritious dried “Rocha”
pear snacks.

Fermentation followed by drying is a common combined procedure for obtaining the
most reputed meat and dairy products. Dry-fermented sausages are widely manufactured
and consumed meat products, deeply rooted in the culture and tradition of several regions
and countries and with outstanding social and economic relevance. Most of the dry-
fermented sausage varieties are manufactured in small-scale production plants following
traditional procedures with scarce degree of mechanization and with limited control of
the quality and safety of the final product. As a result, products are very heterogeneous in
their organoleptic characteristics which hinders in many cases the loyalty of consumers
and expansion to markets far from their areas of origin. The implementation of systems of
control for the whole dry-fermented sausage process, ensuring the safety and quality of
the product, would be of use to overcome these issues. However, due to the particularities
of the producers, such a control system should be simple, cheap and easily implemented.
Exploring the possibilities of one of these control systems, Gonzalez-Mohino et al. [10]
studied the ability of a MicroNIR device to monitor the dry fermented sausage process with
the use of multivariate data analysis. Thirty sausages were manufactured, subjected to dry
fermentation and studied into four main stages of the production process (raw material,
end of fermentation, end of intense drying and final product). The authors performed
physicochemical (weight lost, pH, moisture content, water activity, color, hardness and
thiobarbiruric reactive substances analysis) and sensory (quantitative descriptive analysis)
analysis of samples on different steps of the ripening process. Near-infrared (NIR) spectra
were taken throughout the process at three points of the samples. The results of multivariate
data analysis showed the ability to monitor and classify the different stages of ripening
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process (mainly the fermentation and drying steps). Based on their results, the authors
concluded that a portable NIR device is a nondestructive, simple, noninvasive, fast and
cost-effective tool with the ability to monitor the dry fermented sausage processing and
to classify samples as a function of the stage. This device constitutes a feasible decision
method for sausages to progress to the following processing stage.

Irradiation is one of the classical procedures for food preservation [11] based on the
ability of ionizing radiation to destroy the biological agents of food spoilage, microorgan-
isms and enzymes. Despite their limited penetration, electron beam irradiation (E-beam)
has a widely demonstrated effectiveness for food preservation or sanitation. Rice (Oryza
sativa L.) storage is largely affected by the moisture content. Rice with high moisture (HM)
content has better taste but is difficult to store. Farmers generally use sunlight drying to
reduce the moisture content of rice and to extend storage time. However, although moisture
reduction extends rice shelf-life, it will also reduce the rice taste by increasing hardness.
Therefore, another procedure for rice preservation will be of use. E-beam irradiation could
be used for this purpose, but before exploiting this possibility, it would be interesting to
see the effect of E-beam irradiation on the quality properties of rice. In a study included
in this special issue, Pan et al. [12] applied low-dose electron beam irradiation (EBI) in
newly harvested HM rice and in dried rice and studied the effect of the irradiation on the
cooking quality and moisture migration of irradiated rice and on the thermodynamics
and digestion properties of the isolated starches. Overall, low-dose EBI had little effect on
the properties of rice. High moisture rice showed superior quality and taste, whereas low
moisture rice exhibited superior nutritional quality. Therefore, low-dose EBI seems to be
more effective than other techniques for rice preservation.

Food spoilage can also be prevented or slowed by using preservatives that delay
microbial growth or slow spoilage reactions such as oxidation of food components. How-
ever, consumers are increasingly reluctant to chemical additives, which makes it necessary
to replace traditional preservatives with natural substances that have similar functions.
Natrella et al. [13] essayed the use of different preservatives to avoid the formation of
undesirable volatile organic compounds (VOC) in stracciatella, a traditional Italian cream
cheese. Samples of cheese were prepared by adding two different preservatives (sorbic acid
and an olive leaf extract) alone or combined. Their effect on flavor preservation during the
refrigerated storage of cheese was investigated by chemical, microbiological and sensory
analyses. The best chemical and sensory results were obtained in the samples containing
sorbic acid, alone or in combination with leaf extract, demonstrating a significant shelf-life
extension. According to the results, the use of the olive leaf extract, at the concentration
tested (400 mg/kg), seemed to be interesting only in the presence of sorbic acid.

Some compounds present in foods have particular (i.e., functional, bioactive, etc.)
properties and it is desired to obtain them in purity for their inclusion in the formulation of
other foods. In other cases, some compounds have negative effects and should be removed
without further ado. Sometimes, therefore, food processing is aimed at the extraction
of molecules present in its composition. Extraction processes have different degree of
complexity and involve different techniques and are based on the chemical and physical
characteristics of the components to be extracted. Aqueous extraction of carob kibbles is
the most important step in the production of carob juice and carob molasses. Improving
the theoretical yield in sugars during organic solvent-free aqueous extraction is of prime
interest to the food industry. However, collateral extraction of phenolic compounds must
be monitored as it influences the functional and sensory profile of carob juice. In a study
present in this special issue, Antoniou et al. [14] examined the impact of source material,
kibble size, temperature and duration on the efficiency of aqueous extraction of sugars and
phenolics by conventional heat-assisted (HAE) and ultrasound-assisted (UAE) methods.
Authors observed that source material was the most influential factor determining the
concentration of phenolics extracted by either method. Disproportionate extraction of
phenolics over sugars limits the use of heat-assisted extraction to improve sugar yield in
carob juice production and may shift the sensory profile of the product toward astringency.
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However, prolonged extraction at near ambient temperature can improve sugar yield,
keeping collateral extraction of phenolic compounds low. Authors concluded that ultra-
sound agitation constitutes an effective procedure of extracting sugars from powder-size
kibbles and that the industrial application of both methodologies depends on the targeted
functional and sensory properties of carob juice.

The term “marinade” is mainly used to refer a mixture of ingredients, in a liquid
solution or powder form that is applied to raw foods to improve their organoleptic char-
acteristics [15]. Marinating by food immersion or injection using solutions of different
compounds (i.e., sauces, herbs, spices, organic acids, etc.) is a common practice for food
conditioning before cooking or direct consumption.

Marinating can be used for meat tenderization by including a tenderizing agent in the
liquid that is injected or in which the meat is submerged. Bromelain is a proteolytic enzyme
widely essayed and used for meat tenderization. With the aim of meat tenderization
by marinating, Santos et al. [16] added in marinades dehydrated pineapple by-products
enriched in bromelain using a hydrostatic pressure treatment. Steaks from the silverside
beef cut characterized as harder and cheaper were immersed in marinades containing
dehydrated and pressurized pineapple (Ananas comosus L.) by-products that corresponded
to a bromelain concentration of 0-20 mg tyrosine/100 g meat, 0-24 h time, according to the
central composite factorial design matrix. After marinating, samples were characterized
in terms of marination yield, pH, color and histology. Next, samples were cooked in a
water-bath, stabilized and analyzed for cooking loss, pH, color, hardness and histology.
Marinating times of 12-24 h and bromelain concentrations of 10-20 mg tyrosine/100 g
meat reduced pH and hardness, increased marination yield and resulted in a lighter color.
Meat hardness decreased by 41%, although refrigeration was not an optimal temperature
for bromelain activity. Authors concluded that the use of pineapple by-products in brine
allowed for the tenderization of lower commercial value steak cuts.

Marinating may be combined with other seasoning/conditioning methods for optimal
results. In order to select the best processing conditions to obtain chicken meat with the
highest sensory quality, Cho and Choi [17] after defrosting using different procedures (room
temperature, running tap water, or high-frequency defroster) marinated chicken meat (leg
and breast) with herbal extract solutions (bay leaves, coriander powder, fennel whole,
thyme whole, cumin seeds, basil whole, basil powder, or star anise). Next, marinated meats
were treated with superheated steam and then smoked with wood sawdust from different
species (oak, apple, chestnut, walnut or cherry). Sensory evaluation was performed after
each processing step. The products were also analyzed for fatty acids and nutrients
(moisture, ash, salinity, calories, sodium, carbohydrates, sugars, dietary fiber, crude fat,
trans fat, saturated fat, cholesterol, crude protein, calcium, iron, potassium and vitamin D),
along with storage tests under different conditions monitored by microbiological, chemical
and sensory analyses. High-frequency defrosting was the best method in terms of drip loss
and thawing time. Bay leaves for marinating and oak wood for smoking were selected as
the best materials for higher sensory scores. Optimal superheated steam conditions that
showed the highest overall acceptance were 225 °C during 12 min and 20 s for leg meat
and 223 °C during 8 min and 40 s for breast meat. The final meat products possessed good
nutritional composition and no severe sensory spoilages were detected during storage.

Cooking is the most widely used procedure for food conditioning before consumption.
Cooking can have positive or negative impact on the organoleptic characteristics and
nutritional value of foods. Therefore, cooking method and parameters should be adapted
to each raw material for optimal quality of cooked products. Nawaz et al. [18] evaluated
the effect of various cooking methods (frying, baking and microwave cooking) on quality,
structure, pasting, water distribution and protein oxidation of fish meat-based snacks. The
findings suggest the endorsement of baking and microwave cooking for obtaining quality,
safe and healthy snacks.

Some foods have a seasonal production but their demand and consumption is pro-
duced throughout the year. In other cases, it is very difficult to adapt the rhythm of
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production to that of consumption. Therefore, food storage is a necessary operation. Some
methods of food preservation (canning, dehydration, irradiation) destroy or inhibit bio-
logical spoilage agents and allow long-term storage of food. However, such preservation
procedures modify the organoleptic properties of foods, significantly distancing them from
the sensory attributes that the same foods have in the fresh state. Some foods therefore
should be stored in the fresh state and it is necessary to adopt other strategies to minimize
their alteration during storage. In such cases, it is extremely important to know the changes
that occur during storage to try to avoid or minimize them. Low temperatures retard
microbial growth to a different degree depending on the nature of the microorganisms and
slow down enzymatic reactions. That is why the storage of food at low temperatures is a
useful and widely adopted procedure for prolonging the shelf-life of foods by minimally
altering their organoleptic characteristics and nutritional value. In this special issue, several
works studied the physical and chemical changes experienced by foods during storage.

The extra virgin olive oil (EVOO) is a typical food in which the extent and conditions
of storage may affect its stability and quality. Mousavi et al. [19] evaluated the effects
of different conditions of storage (ambient, 4 °C and —18 °C temperatures, and argon
headspace) on three EVOOs (with low, medium and high phenol contents) over 18 and 36
months, through the analyses of the main metabolites at six time points. The organoleptic
attributes of the oil samples were evaluated at all time points by a panel of tasters. The
results showed that low temperatures are able to maintain all three EVOOs within the legal
limits established by the current EU regulations for most compounds up to 36 months. The
best temperature for conservation during 36 months was 4 °C, but —18 °C represented the
optimum temperature to preserve the organoleptic properties. This study provided new
insights that should guide EVOO manufacturers and traders to apply the most efficient
storage methods to maintain the characteristics of the freshly extracted oils for a long
conservation time.

The blueberry is widely cultivated throughout the world and its production has
increased considerably in recent years. Yan et al. [20] studied the changes of volatile com-
position and other quality traits (weight loss, decay index, firmness and physicochemical
parameters) of blueberry “garden blue” during postharvest storage. Odor was also evalu-
ated by a sensory panel. Blueberries were packaged in vented clam-shell containers and
stored at 0 °C for 0, 15 and 60 days, followed by storage at room temperature (25 °C) for
up to 8 days for quality evaluation. The results of this work proved that cold storage was a
dependable way to maintain the quality of blueberry. Nevertheless, a flavor deterioration
was observed during subsequent shelf life.

Due to seasonality and short shelf life, approximately 50% of blueberries produced
worldwide are processed, transforming them mainly into juice and dry fruits. Most of the
blueberries used for juice production or drying are frozen fruits. During frozen storage
and transportation, blueberries might be subjected to several freeze-thaw (FT) cycles.
Understanding the changes in frozen blueberries during repeated FT cycles is essential
for the processing of blueberry products because FT treatment will affect the qualities and
flavors of the final food products. With this aim, Zhu et al. [21] studied the effects of FT
cycles on the juice properties and aroma profiles and the hot-air drying kinetics of frozen
blueberry. The authors reported that after FT treatment, the juice yield increased while pH
and total soluble solids of the juice keep unchanged. The total anthocyanins contents and
DPPH antioxidant activities of the juice decreased by FT treatments. The electronic nose
showed that FT treatments significantly change the aroma profiles of the juice. The authors
observed that one FT treatment can shorten the drying time by about 30% to achieve the
same water content. Undoubtedly, the results of this work will be of use for the processing
of frozen blueberry into juice or dried fruits.

In order to exploit the functional properties of fresh beetroot throughout the year, it is
essential to maintain the health-benefiting compounds. With this purpose, Yasaminshirazi
et al. [22] studied the impact of cold storage on bioactive compounds and their stability of
beetroot. In their work, thirty-six beetroot genotypes collected from two field experiments,
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which were conducted under organic conditions, were evaluated regarding their content
of total dry matter, total phenolic compounds, betalain, nitrate and total soluble sugars.
Samples were analyzed directly after harvest and after cold storage periods of one and
four months. The outcome of this study revealed a significant influence of genotype
on all measured compounds. Furthermore, significant impacts were shown for storage
period on total dry matter content, nitrate and total phenolic compounds. Therefore, the
authors concluded that selection of the suitable genotype based on the intended final use is
recommended to retain the quality of the beetroot for an extended time after harvest.

Finally, in this special issue, Lin et al. [23] studied the moisture migration, protein
oxidation, microstructure and the physicochemical characteristics of Atlantic mackerel
(Scomber scombrus) during storage at 4 °C and 0 °C. A slightly continuous decrease in the
content of water and a certain degree of protein oxidation were observed over the course
of storage. The storage process also caused changes in the secondary structure of proteins,
the contraction and fracture of myofibrils and the granulation of endolysin protein. In
addition, the drip loss, total volatile basic nitrogen content, thiobarbituric acid-reactive
substances value and yellowness (b*) value significantly increased with the storage time.

It is evident that in recent years, much progress has been made in generating knowl-
edge in this field. However, the chemical diversity 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 applied
and during storage, and the requirements of consumers who increasingly demand safer
food with higher organoleptic and nutritional quality make even more research necessary
in order to achieve more efficient, economical and sustainable processes.
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Abstract: The effect of a prior chilling period and an alga extract packaging on the quality of a canned
underutilised mackerel species (Scomber colias) was investigated. For this different chilling times
(0,4 and 9 days) were taken into account and three concentrations of aqueous extracts of the macroalga
Fucus spiralis were tested in a brine-packaging medium. Chemical changes related to quality were
analysed after 3 months of canned storage. A substantial increase (p < 0.05) in free fatty acid content
was observed in canned fish by increasing the chilling time; however, alga extract presence in
the packaging medium led to decreased mean values. Concerning lipid oxidation development,
an increased chilling time led to higher values (p < 0.05) of thiobarbituric acid index and fluorescent
compounds formation; remarkably, an increased presence of alga extract led to a higher (p < 0.05)
peroxide retention and lower (p < 0.05) fluorescent compounds content. Average colour L* and a*
values showed a decrease and an increase, respectively, with chilling time; however, such changes
were minimised with the alga extract content in the packaging system. Trimethylamine content
revealed a marked increase as a result of the sterilisation step, but no influence (p > 0.05) of the chilling
time or the alga-packaging medium could be implied.

Keywords: Scomber colias; prior chilling; Fucus spiralis; packaging medium; canning; lipid damage;
colour; trimethylamine; quality

1. Introduction

Canning represents one of the most important and traditional means of marine species
preservation [1,2]. According to the thermal sensitivity of a broad number of constituents included in
marine species, different kinds of detrimental effects have been reported, especially if over processing
is carried out [3,4]. Among them, oxidation of lipids and vitamins and leaching of water-soluble
vitamins and minerals can be mentioned. Contrary to other muscle food, marine species are generally
caught or harvested in distant locations, so that the time elapsed till arrival to cannery can be a decisive
period for the quality of the final product. Consequently, canneries are in the need of storing the
raw material before it is canned or just transported to factory. With this purpose, two strategies have
been employed abundantly, namely frozen and chilled storage. As a result, quality of canned marine
products will strongly depend on the adequacy of storage times and temperatures employed to hold
the raw material [5,6].

For centuries, marine algae have been included in the Asian diet, especially in countries like
China, Japan and Korea. They have revealed to be an important source of beneficial constituents such
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as vitamins, trace minerals, dietary fibre, amino acids and unsaturated lipids [7]. Remarkably, algae are
known to be exposed to a combination of high oxygen concentration and light. The lack of structural
damage in their organs has led to the consideration that their protection against damage arises from
their content on preservative substances [8]. Consequently, marine algae (brown, red and green) are
attracting a great interest as a source of bioactive molecules such as polyphenols, alkaloids, terpenes,
phycocyannins and carotenoids, all of them showing antioxidant activity [9,10]. According to the
European Council regulation [11], algae are considered food or food ingredients, so that their use in
food technology in general should not constitute any hazard to health. In spite of such advantages,
algae use in foods as preservatives can be limited because of flavour, odour and colour considerations
since effective preservative doses may exceed sensorial acceptable limits.

Among brown macroalgae, Fucus spiralis is an abundant species living in the Atlantic coasts of North
America and Europe. This macroalga has attracted a great attention because of its valuable nutrition
content [12,13] and the presence of different kinds of bioactive constituents [14-16], with reported
antioxidant and antimicrobial activity during fish refrigeration [17], chilling [18] and canning [19].

Availability of traditional species is being constantly reduced, so that the search for unconventional
sources has turned necessary for the fish industry [20,21]. Thus, small pelagic fish species represent
a promising valuable and economic choice in different geographic areas. One such under-valued
species is Atlantic chub mackerel (Scomber colias) [22,23], abundantly found in the Mediterranean Sea,
the Atlantic Ocean and the Black Sea. Concerning its technological aptitude, its quality loss evolution
was studied as a result of freezing [24,25], refrigerated storage under modified atmosphere and vacuum
packaging [26], chilling storage [27] and canning [19].

In this study, the effect of a prior chilling period and the presence of a F. spiralis extract in the
packaging medium employed for canning was investigated in canned chub mackerel quality. Quality
analyses (lipid damage, colour changes and trimethylamine content) were carried out in mackerel
muscle after 3 months of canned storage. These indices were chosen as being important markers of
fish quality changes during the technological processes encountered (chilling storage and canning).

2. Materials and Methods

2.1. Initial Raw Fish and Chilling Storage

Specimens (130 fish) of fresh mackerel (length and weight ranges: 24.5-28.0 cm and 157-175 g,
respectively) were obtained at Vigo harbour (North-Western Spain) in November 2017. Once at the
laboratory, 10 fish individuals were taken and divided into five groups (two individuals per group).
This fish (initial raw fish) were beheaded, eviscerated and filleted. Then, the white muscle was
separated, pooled together within each group, minced and analysed independently (1 = 5).

From the remaining whole fish individuals, 40 of them were immediately taken for the canning
process (0 days of chilling time; day-0 samples). On the other side, 80 whole fish specimens were
surrounded by ice at a 1:1 fish-to-ice ratio and placed in a small (2 m X 2 m, 2.5 m height) refrigerated
room (4 °C). After 4 and 9 days of chilling storage, specimens (40 at each sampling time) were taken
for the canning analysis. Storage temperature of fish specimens was +0.5 °C throughout the storage
period. Boxes employed allowed draining, ice being renewed when required.

2.2. Preparation of Alga Extract

Lyophilised alga F. spiralis was obtained from Porto-Muifios (Cerceda, A Corufia, Spain). A mixture
of 14 g of alga and 140 mL of distilled water was submitted to stirring for 30 s, sonication for 30 s and
centrifugation at 3500x g for 30 min at 4 °C. The supernatant was then recovered and the extraction
process was repeated. Supernatants were finally pooled together, made up to 250 mL with distilled
water and then employed in the preparation of the packaging medium during the canning process,
as expressed in the following sub-section.
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2.3. Canning Process and Sampling Procedure

As previously indicated, the canning process was carried out on fish that was previously chilled
for 0, 4 and 9 days. At each canning time, fish (40 whole fish individuals) were divided into 5 groups
(8 specimens in each group). Then, fish were beheaded, eviscerated, filleted and 45 g pieces of mackerel
fillets were introduced in flat rectangular cans (105 X 60 X 25 mm; 150 mL). Such fish portions included
skin and whole muscle (i.e., white and dark muscles). Each can was prepared from one fish individual,
so that eight cans were prepared in each group. For the packaging medium, 0, 5, 15 or 30 mL of
the above-mentioned alga extract (corresponding to 0.00, 0.28, 0.84 and 1.68 g of lyophilised alga,
respectively) were added to the cans and labelled as C-CT (canned control), C-F1 (low E. spiralis
concentration), C-F2 (medium F. spiralis concentration) and C-F3 (high F. spiralis concentration) batches,
respectively, followed by the addition of 40, 35, 25 or 10 mL of distilled water, respectively. Then,
a brine solution (40 mL; 4% w/v) was added to each can, so that a final content of 0.00, 3.50, 10.50 and
21.00 mg extracted alga mL~! packaging system was attained, respectively. At each canning time and
within each group, two cans were prepared having the same alga extract content.

Contents of alga extract employed were based on preliminary trials. A concentration of 21.00 mg
mL! packaging medium showed to be the highest concentration without modifying the flesh odour,
colour and flavour of canned fish. Thus, this concentration was considered in the C-F3 batch, together
with two less concentrated batches (C-F1 and CF-2).

After vacuum sealing, all cans were subjected to heat sterilisation treatment in a steam retort
at 115 °C for 45 min (F, = 7 min) at the CIFP Coroso (Ribeira, A Corufia, Spain). After completing
the heating time, the steam was cut off, the remaining steam was flushed away by air employment,
and cans were cooled at reduced pressure. After a 3-month storage at 20 °C, the cans were opened and
the liquid part was carefully drained off gravimetrically. Then, the fish white muscle was separated,
wrapped in filter paper, and used for analysis. At each canning time, the fish white muscle of two
cans with the same alga extract content was pooled together, minced and employed to carry out the
different quality analyses. Each batch (C-CT, C-F1, C-F2 or C-F3) was analysed by means of five
replicates (n = 5).

Solvents and chemical reagents used were in all cases reagent grade (Merck, Darmstadt, Germany).

2.4. Determination of Lipid Damage

Lipids were obtained by extraction of the mackerel white muscle by applying the Bligh and
Dyer [28] method, which employs a chloroform-methanol (1:1) mixture. Lipid content is expressed as
g lipid-kg ™! muscle.

Assessment of the free fatty acids (FFA) content was carried out on the muscle lipid extract
according to Lowry and Tinsley [29]; this method is based on a complex formation with cupric
acetate-pyridine followed by spectrophotometric determination at 715 nm (Beckman Coulter DU 640
spectrophotometer, Beckman Coulter Inc., Brea, CA, USA). Results are expressed as g FFA-kg‘1 muscle.

Peroxide value (PV) was determined spectrophotometrically (520 nm) on the lipid extract by
peroxide reduction with ferric thiocyanate [30]. Results are expressed as meq. active oxygen-kg™! lipids.

Thiobarbituric acid index (TBA-i) was assessed according to the Vyncke [31] procedure.
This method is based on the reaction between a trichloracetic acid extract of the fish
white muscle and thiobarbituric acid. The content of thiobarbituric acid reactive substances
(TBARS) is spectrophotometrically measured (532 nm) and calculated from a standard curve
prepared from commercial 1,1,3,3-Tetraethoxypropane (TEP). Results are expressed as mg
malondialdehyde-kg~! muscle.

The fluorescent compounds formation (LS 45 fluorimeter; Perkin Elmer Espaiia; Tres Cantos,
Madrid, Spain) was determined in the lipid extract of the fish white muscle as described by Aubourg
and Medina [32]. The relative fluorescence (RF) was calculated as follows: RF = F/Fs, where F is
the fluorescence measured at each excitation/emission wavelength pair (namely 393/463 nm and
327/415 nm) and Fg; is the fluorescence intensity of a quinine sulphate solution (1 ug~mL_1 in 0.05 M
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H,S0y) at the corresponding wavelength pair. Results are expressed as the fluorescence ratio (FR),
which was calculated as the ratio between the two RF values: FR = RF393/463 nm/RF327/415 nm-

2.5. Determination of Colour Changes and Trimethylamine Content

A tristimulus HunterLab Labscan 2.0/45 colorimeter (HunterLab, Reston, VA, USA) was applied
in order to carry out the instrumental colour analysis (CIE 1976). Colour scores corresponding to each
sample were averaged over four measurements, which were taken by rotating the measuring head 90°
among triplicate measurements per position.

Determination of trimethylamine (TMA)-nitrogen (TMA-N) values was carried out by employing
the picrate spectrophotometric (410 nm) method [33]. For it, a 5%-trichloracetic acid extract of the fish
white muscle (10 g 25 mL 1) was prepared. Results are expressed as mg TMA-N-kg~! muscle.

2.6. Statistical Analysis

Chemical and physical values were subjected to the ANOVA method to explore differences resulting
from the effect of the prior chilling storage period and alga concentration in the packaging medium.
As expressed above, five replicates (n = 5) were considered throughout the study. The least-squares
difference (LSD) method was used to perform the comparison of means. Analyses were carried out
using the PASW Statistics v.18 software for Windows (SPSS Inc., Chicago, IL, USA); differences were
considered significant for a confidence interval at the 95% level (p < 0.05).

3. Results and Discussion

3.1. Determination of Lipid Hydrolysis Development

Compared with the initial raw fish, all kinds of canned samples corresponding to a 0-day chilling
time showed a substantial increase (p < 0.05) of FFA content (Figure 1).

Furthermore, an additional general increase (p < 0.05) was also observed in canned fish by
increasing the chilling time up to 4 days; contrary, a chilling storage extension up to 9 days did not lead
to significant differences (p > 0.05) in the FFA content. Concerning the effect of the alga extract in the
packaging medium, average FFA values showed a decreasing effect of F. spiralis extract content when
considering samples corresponding to day-0 chilling time. If a 4 or 9-day chilling period is considered,
average values corresponding to control canned fish (C-CT batch) were higher than their counterparts
from the alga- packaging batches (C-F1, C-F2 and C-F3 batches); however, average values did not show
a decreasing effect by increasing the alga extract presence.

FFA are considered to be the result of hydrolysis of high-molecular-weight lipid compounds such
as triacylglycerols (TG) and phospholipids (PL). In the current research, FFA content can be considered
the result of different factors. First, their formation during chilling storage should increase with chilling
time by action of endogenous and microbial enzymes (phospholipases and lipases in general) [5,34].
Furthermore, the sterilization process can lead to hydrolysis of lipid classes such as TG and PL [6].
Interestingly, FFA are known to be rapidly oxidised by heating according to the fact that they provide a
greater accessibility to oxygen and other oxidants in general when compared with TG and PL [35].
Finally, preservative compounds present in the alga extract can protect FFA from their breakdown
during the heating process. On the basis of the data obtained, it can be concluded that an important
effect of prior chilling time was implied, while the possible preserving effect of alga extract was not
especially important.
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Figure 1. Assessment of free fatty acids (FFA) value (g-kg™! muscle) in canned mackerel previously
subjected to different chilling times and packaged with different alga extract concentrations. Mean
values of five replicates (1 = 5). Standard deviations are indicated by bars. Initial raw fish value:
37.15 + 11.24. For each chilling time, the same low-case letter (a) denotes that no significant differences
(p > 0.05) were obtained related to the alga extract presence. For each alga extract concentration,
different capital letters (A, B) denote significant differences (p < 0.05) by effect of the chilling time.
Alga extract concentrations in packaging media: C-CT (control), C-F1 (low alga content), C-F2 (medium
alga content) and C-F3 (high alga content), in agreement with the Material and Methods section.

In agreement with the current results, sunflower- or brine-packaged sprat (Clupeonella
cultriventris) [36], as well as sunflower oil-packaged canned albacore tuna (Thunnus alalunga) subjected
to different sterilisation conditions [37] revealed a marked FFA formation when compared with the
starting raw material. Contrary to the present study, increasing the prior chilling period in brine-canned
sardine (Sardina pilchardus) [32] and in sunflower oil-canned salmon (Oncorhynchus kisutch) [38] led to
marked increases of the FFA content.

According to the present study, no effect of the alga extract concentration was produced on the
FFA content of canned Atlantic mackerel (Scomber scombrus) packaged with an aqueous extract of
macroalga Bifurcaria bifurcata [39]. Contrary, an increased formation of FFA was implied in canned
Atlantic chub mackerel (S. colias) by increasing the presence of macroalgae Ulva lactuca and F. spiralis
extracts in the packaging system [19].

3.2. Determination of Lipid Oxidation Development

Lipid oxidation development was measured by assessing different and complementary indices in
order to obtain a satisfactory overview on the advance of this damage mechanism.

Canned samples corresponding to all chilling conditions showed a marked PV increase (p < 0.05)
when compared with the initial raw fish (Table 1). Canned fish corresponding to control batch showed
a progressive increase (p < 0.05) with chilling time, while alga-packaged fish did not provide differences
(p > 0.05) as a result of the chilling time period. For all chilling times considered, peroxides content
showed to be higher (p < 0.05) by increasing the alga extract content in the packaging medium. Thus,
canned fish corresponding to C-F2 and C-F3 batches showed significant differences (p < 0.05) when
compared with their counterpart control.
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Table 1. Determination of peroxide value (PV), thiobarbitruric acid index (TBA-i) and fluorescence ratio
(FR) in canned mackerel packaged with different alga extract concentrations and previously subjected
to different chilling times.

Quality Index Alga Extract Concentration Prior Chilling Time (Days)
0 4 9

C-CT al01+024 A al31+0.81 AB a214+0.55B
PV (meq. active oxygen-kg™! lipids) C-F1 b3.08+0.91 A ab2.08 £0.72 A ab2.89 +0.57 A
C-F2 b3.68 £0.61 A bc3.01+055A b3.63+£0.53 A

C-F3 c6.88+1.60 A d6.84+147 A c6.50 £1.24 A

C-CT a0.73+£0.22 A a122+040 AB al39+040B

TBA-i (mg malondialdehydekg’l C-F1 a0.51+0.20A al77+0.65B a128+033B
muscle) C-F2 a0.44 +£0.07 A al69+035B al27+045B

C-F3 2048 £0.09 A al36+0.39B al.02+0.14B

C-CT c4.34+057 A a527+055A b6.08+0.14B

FR C-F1 ab3.30 £0.16 A a5.06 +0.50 B b6.28 +0.31C

C-F2 b3.56+0.14 A a473+0.10B b6.03+025B

C-F3 a296+0.33 A a499+0.12B a5.01+0.36B

Average values + standard deviations of five replicates (1 = 5). Initial raw fish values: 0.43 + 0.31 (PV), 0.52 + 0.24
(TBA-i) and 2.00 + 0.47 (FR). For each chilling time, values preceded by different low-case letters (a, b, ¢, d) denote
significant differences (p < 0.05) by effect of the alga extract concentration. For each alga extract concentration,
values followed by different capital letters (A, B, C) denote significant differences (p < 0.05) related to the chilling
time. Alga extract concentrations in packaging media: C-CT (control), C-F1 (low alga content), C-F2 (medium alga
content) and C-F3 (high alga content), according to the Material and Methods section.

A significant formation of TBARS was not detected (p > 0.05) in canned fish subjected previously
to a 0-day chilling in any of the batches under study (Table 1). However, if a 4-day storage was applied,
a general increase was obtained in all batches, differences being significant (p < 0.05) in all alga-treated
batches. Contrary, no significant differences (p > 0.05) were implied by increasing the chilling time
up to 9 days; in this case, average values provided an increase in control batch, while a decrease was
detected in canned batches including any alga extract concentration. A definite trend could not be
concluded related to the alga extract presence in the packaging system. Thus, control canned fish
showed higher average values after 0 and 9 days of chilling storage, while this batch showed the lowest
average value when a 4-day storage is taken into account.

Comparison between initial raw fish and canned fish corresponding to day-0 storage showed
an important fluorescent compounds formation (p < 0.05) as a result of the sterilisation step in all
batches (Table 1). Furthermore, a progressive FR increase (p < 0.05) was produced in all batches by
increasing the chilling time. This FR increase would be the result of interaction between primary
and secondary lipid oxidation compounds (electrophilic behaviour) and food constituents possessing
nucleophilic functions [32,40]. Remarkably, an inhibitory effect on fluorescent compounds formation
was observed by the alga extract presence in the packaging medium. Thus, considering the canned fish
corresponding to the 0-day time, all alga concentrations tested led to lower (p < 0.05) levels than the
control; additionally, lower levels (p < 0.05) were observed in C-F3-batch canned fish when compared
with their counterparts if a 9-day storage is taken into account.

Lipid oxidation is considered a complex deteriorative mechanism since it involves the formation
of a wide range of molecules, most of them unstable, and consequently, able to breakdown and give rise
to lower-weight compounds susceptible to react with nucleophilic-type molecules (proteins, peptides,
free amino acids, etc.) present in fish muscle. As expressed above, this would be the case of peroxides
and TBARS, widely reported to breakdown and give rise to tertiary (or interaction compounds) lipid
oxidation compounds [32,40]. Since endogenous enzymes and microbial development are inactivated
by heat, most attention in canned fish has been accorded to lipid oxidation and further interaction of
oxidised lipids with other constituents, proteins especially, in agreement with their heat denaturation
and consequently turning into more reactive molecules. Lipid damage development may be especially
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important if a fatty fish species is encountered as in the current study (lipid content: 74.3 + 14.5 g kg™!
white muscle).

On the basis of the strong processing included in canning (i.e., sterilisation step), previous research
has shown that assessment of primary and secondary lipid oxidation products does not lead to
a definite trend about lipid quality changes in different kinds of canned fish such as oil- packaged
canned albacore tuna (T. alalunga) sterilised under different conditions [37], as well as in other pelagic
fish species such as olive-oil packaged bluefin tuna (Thunnus thynnus) and tomato sauce-packaged
sardine (Sardina pilchardus) [41]. Indeed, the TBA-i led to a decreasing value in brine-canned sardine
(S. pilchardus) by increasing the prior chilling time [32]. Remarkably, and in agreement with the
current data, fluorescent compounds formation has shown to be a valuable quality index in canned
fish. Thus, a progressive formation of fluorescent compounds was implied by increasing the chilling
time in brine-canned sardine (S. pilchardus) [32] as well as in fish muscle and packaging system in
sunflower-packaged canned sardine (S. pilchardus) [42].

In agreement with the current study, previous research has shown an increasing effect on peroxides
content in canned fish by increasing the B. bifurcata water-extract [39] or the U. lactuca and F. spiralis
brine-extract [19] contents in the packaging media employed for mackerel canning. In both studies,
it was considered that peroxides breakdown was partially avoided as a result of the algae extract
presence. Also in agreement with the current study, the formation of fluorescent compounds during
canning was partially inhibited by increasing the macroalga extract presence both in water- [39] and
brine-packaged [19] canned fish.

The antioxidant effect of alga F. spiralis extracts has already been proved in in vitro tests [12],
showing a marked content on different kinds of antioxidant molecules such as polyphenols [15],
alpha-tocopherol [13] and phlorotannins [14]. Antioxidant compounds, polyphenols especially,
have been described as being able to stabilise free radical molecules so that lipid oxidation development
would be inhibited and damage to other muscle constituents be decreased. Furthermore, water
extracts obtained from macroalgae have shown to include different kinds of preserving phenolic acids
(i.e., caffeic, chlorogenic, vanillic, etc.) [43], as well as sulphate polysaccharides, proteins, peptides,
glycosides, low-molecular organic acids and salts) having potential preserving properties [44,45].

3.3. Determination of Colour Changes

Colour is considered as an important property in the appearance and acceptability of seafood
by the consumer. Current data on colour assessment are depicted in Figures 2 and 3. Taking into
account the L* value of the initial raw fish, a general increase was observed as a result of canning,
independently of the chilling period applied (Figure 2). Remarkably, no significant differences (p > 0.05)
were practically obtained as a result of the chilling period, although the highest mean values were
obtained in canned fish corresponding to the 0-day period in all batches. For all chilling times
considered, decreasing L* values were obtained by increasing the alga extract concentration in the
packaging system. Compared with control, significant differences (p < 0.05) were implied for canned
fish including the most concentrated alga extract in canned samples corresponding to all storage times
(0, 4 and 9 days).
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Figure 2. Determination of L* colour value in canned mackerel previously subjected to different chilling
times and packaged with different alga extract concentrations. Mean values of five replicates (1 = 5).
Standard deviations are indicated by bars. Initial raw fish value: 38.30 + 2.41. For each chilling time,
different low-case letters (a, b, c) denote significant differences (p < 0.05) as a result of the alga extract
concentration. For each alga extract concentration, different capital letters (A, B) denote significant
differences (p < 0.05) by effect of the chilling time. Alga extract concentrations in packaging media as
expressed in Figure 1.
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Figure 3. Determination of a* colour value in canned mackerel previously subjected to different chilling
times and packaged with different alga extract concentrations. Mean values of five replicates (1 = 5).
Standard deviations are indicated by bars. Initial raw fish value: 15.56 + 3.36. For each chilling time,
different low-case letters (a, b, ¢) denote significant differences (p < 0.05) as a result of the alga extract
concentration. For each alga extract concentration, different capital letters (A, B) denote significant
differences (p < 0.05) related to the chilling time. Alga extract concentrations in packaging media as
indicated in Figure 1.
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Canning process led to a substantial decrease (p < 0.05) of a* value in all kinds of canned samples
(Figure 3).

However, this decrease was partially inhibited (p < 0.05) by the presence of the alga extract in the
packaging medium. Remarkably, an increase of the chilling time led to a progressive increase of average
a* values in most batches, this increase being significant (p < 0.05) in fish corresponding to batches
C-CT (9-day period) and C-F2 (4-day period). Concerning the effect of the alga-extract packaging,
an increased value was detected for this colour parameter with the alga extract content in canned
fish corresponding to all chilling times. It is concluded that the presence in the packaging system of
preservative compounds (antioxidants, especially) from the alga extract has led to an inhibitory effect
on the breakdown of molecules responsible for the a* value (carotenoids and pigments in general) in
the mackerel muscle during the canning process.

Valuable results were not obtained by determination of the b* colour score; consequently, a definite
effect of the chilling time and the alga extract presence in the packaging medium could not be observed
for this parameter.

Previous related research has addressed the colour parameters assessment. Thus, Barbosa et al. [39]
showed a marked increase for L* value in canned Atlantic mackerel (S. scombrus) by comparison with
the initial raw fish. Remarkably, this increase was partially inhibited by increasing the concentration
of an aqueous extract of macroalga B. bifurcata in the packaging system. Furthermore, increasing the
previous storage temperature and time led to an increase in L* value and a decrease in a* value in
canned skipjack tuna (Kafsuwonus pelamis) [46] and coho salmon (O. kisutch) [38]. Indeed, an a* value
decrease has been pointed out as being correlated with haemoglobin-mediated lipid oxidation in fish
and to show an inverse relationship with the content on secondary lipid oxidation compounds [47,48].

3.4. Trimethylamine Content Assessment

Contents on TMA values are depicted in Table 2. Prior chilling storage did not lead to a definite
effect on TMA content in canned fish. Thus, highest average values (p < 0.05) were obtained after 4
days in samples corresponding to C-CT and C-F3 batches, while a 9-day chilling period showed that
canned fish from C-F1 and C-F2 batches revealed the highest levels (p < 0.05). Furthermore, a strong
formation (p < 0.05) of TMA was observed after the sterilisation process in all kinds of canned samples.
Concerning the effect of the alga extract in the packaging medium, some decreasing effect could be
observed in TMA content in canned samples corresponding to a 0-day storage; however, canned
samples related to 4 and 9 days of storage did not provide a definite trend (p > 0.05). Thus, higher
mean TMA-N values were detected in canned control fish than in any other counterpart fish when a 0-
and 4-day chilling period is considered. However, if the longest chilling time (i.e., 9 days) is taken into
account, a higher mean value was obtained in C-F1-batch canned fish.

Table 2. Determination of trimethylamine-nitrogen (TMA-N) content in canned mackerel packaged
with different alga extract concentrations and previously subjected to different chilling times.

Quality Index Alga Extract Concentration Prior Chilling Time (Days)
0 4 9
C-CT a2541+264 A b31.40+£379 A ab28.12 £ 6.10 A
TM‘:EIS f:%él)(g_l C-Fl a2378+565A  al806+326A  b3358+277B
C-F2 a2l1.21+£422A al855+332A a2496 +£511 A
C-F3 a21.70 £1.87 A b28.71+£2.05B 22640 +2.64B

Mean values + standard deviations of five replicates (1 = 5). Initial raw fish value: 1.04 + 0.12 (TMA-N). For each
chilling time, values preceded by different low-case letters (a, b) denote significant differences (p < 0.05) related to
the alga extract concentration. For each alga extract concentration, values followed by different capital letters (A,
B) denote significant differences (p < 0.05) by effect of the chilling time. Alga extract concentrations in packaging
media as indicated in Table 1.
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TMA formation in the present research can be justified as a result of two different pathways.
One side, trimethylamine oxide (TMAO) can be broken down by bacterial hydrolysis during chilled
storage [34]. On the other side, TMA can be produced by breakdown of TMAO and other muscle
constituents during the sterilisation step [6]. Since a great difference between raw and day-0 canned
samples was observed, the second effect has shown to be largely more important than the first one.
Interestingly, as being a tertiary amine, TMA would not be leached into the brine-packaging system
as not being a water-soluble compound. Since no effect of the alga extract presence in the packaging
medium was perceived, it is concluded that alga preservative compounds did not alter the TMA
formation during the sterilisation process.

Although including different packaging media than the current one, similar results on TMA values
have been obtained previously in canned fish. Thus, Gallardo et al. [49] observed a marked formation
of TMA as a result of cooking and sterilisation in oil-packaged canned albacore tuna (T. alalunga),
while a marked loss of TMAO was detected in sunflower-packaged canned sardine (S. pilchardus) by
increasing the prior chilling time [42]. A substantial formation of TMA was also detected in olive-oil
packaged bluefin tuna (T. thynnus), tomato sauce-packaged sardine (S. pilchardus) muscle [41] and
in sunflower oil-packaged canned salmon (O. kisutch) that was previously stored under traditional
and slurry icing conditions [38]. Concerning the effect of the alga extract content in the packaging
system, previous research has shown, as in the current research, no definite effect on the TMA content
in canned mackerel species when a water- [39] or a brine-packaged [19] medium was employed.

4. Conclusions

This study focused on the quality of a canned fish product prepared from a fatty under-valued
species. In it, the effect of a prior chilling period and the employment of a packaging system including
an alga extract on different physico-chemical properties of canned chub mackerel were investigated.
As aresult, an increased chilling time led to a quality loss (p < 0.05) that was observed in lipid hydrolysis
(FFA formation) and oxidation (TBA-i and FR determinations) development; remarkably, no effect
(p > 0.05) was detected in TMA levels and colour parameters (L* and a*). On the other side, packaging
including F. spiralis extracts medium led to an average decrease of lipid hydrolysis development (FFA
content) and to a significant (p < 0.05) quality loss inhibition according to values obtained for the FR
and colour parameters (L* and a*); furthermore, no effect (p > 0.05) of alga-packaging was detected in
TMA content, while a higher retention (p < 0.05) of primary oxidation molecules (i.e., peroxides) was
concluded by increasing the alga concentration.

Current results show the strong dependence of canned fish quality on the holding conditions
of the raw material employed. Remarkably, a packaging system including a macroalga extract has
been tested and found profitable to enhance the quality of a canned under-valued fish species. It is
considered that the development of optimised conditions of this alga-packaging system may open
the way to its application on all kinds of fish species, these including high-value fish such as tuna,
bonito or salmon.
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Abstract: This study evaluated the effects of the canning process and different filling media on the
free amino acid and biogenic amine contents of eels. The main free amino acids were histidine,
taurine and arginine, which constituted 72% of the free amino acids in raw eels. All steps in the
canning process significantly altered the free amino acid content of eels, relative to raw samples.
The changes were influenced by the step, the composition of the frying or filling medium and
the storage time. The biogenic amine contents were very low in all samples. Histamine was not
detected in either raw eels or canned eels. The highest values were obtained for 2-phenylethylamine.
The step of the canning process, the composition of the frying or filling medium and storage time
also determined the changes in the biogenic amine contents. The biogenic amines indices were low,
indicating the good quality of canned eels.

Keywords: free amino acids; biogenic amines; canning; filling medium; European eels

1. Introduction

Fish is a good source of protein, rich in essential amino acids, micro- and macroelements, lipids rich
in unsaturated fatty acids and fat-soluble vitamins. However, it is extremely perishable due to the
high contents of water, protein and non-protein nitrogen compounds and to the activities of autolytic
enzymes, which cause spoilage.

Free amino acids (FAAs) represent one of the most important fractions of non-protein nitrogen in
fish. FFAs play a very important role in bacterial spoilage of fish. They undergo important changes
during processing and storage, and therefore the different technologies used greatly influence the amino
acid profiles. On the other hand, FAAs play an important role in the sweetness, sourness, bitterness
and umami taste of foods. In addition, they can interact with reducing sugars (Maillard reaction or
non-enzymatic browning), giving rise to different tastes, colors and aromas [1,2]. The FAA content of
food and loss of FAA due to processing and storage are also of interest in relation to nutritional aspects.
Some amino acids, such as taurine, which is present in high amounts in fish, can have beneficial effects
on health [3].

Once the fish is dead, the quality of the flesh degrades rapidly due to chemical reactions (changes in
protein and lipid fractions, formation of biogenic amines and hypoxanthine) and microbiological
spoilage. Biogenic amines are nitrogenous, low molecular mass organic bases. They are found in a
variety of foods due to microbial decarboxylation of the corresponding amino acids or to transamination
of aldehydes and ketones by amino acid transaminases [4,5]. Biogenic amine formation depends
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on factors such as the FAA content, development of microbial activity, processing and preservation
conditions during the pre- and post-mortem period [6,7]. However, storage temperature is the most
important factor contributing to the formation of biogenic amines [7]. The most important biogenic
amines in fish are histamine, tyramine, cadaverine and putrescine, which are formed by the enzymatic
decarboxylation of histidine, tyrosine, lysine and ornithine, respectively [8]. Biogenic amines can
have negative effects on health. Histamine is important in fish intoxication and is considered an
indicator of fish spoilage. Consumption of fish containing high levels of histamine can produce a
tingling, burning sensation in the mouth, urticaria, flushing, vomiting and diarrhea [9]. Histamine,
tyramine, 2-phenylethylamine and tryptamine can also affect the nervous and vascular systems [10].
Putrescine and cadaverine potentiate histamine toxicity [11]. Some biogenic amines such as putrescine,
cadaverine, spermidine and spermine are also considered precursors of carcinogens. Cadaverine has
also been found to be a useful indicator of the initial stage of fish decomposition. In canned fish,
biogenic amines are used to indicate the freshness of the fish prior to processing and the sanitary
conditions during the canning process. Biogenic amines are closely correlated with sensory alterations
in fish [12,13]. The profile and content of biogenic amines vary in different fish species [2].

Canning has long been used as a method of preserving fish. However, owing to the thermal
sensitivity of some chemical constituents, different breakdown and hydrolytic reactions occur in canned
fish. The associated changes during the different steps may be desirable or undesirable, and they can
cause important modifications in the nutritional, sensory and safety quality of the final product [9,12,14].
Each step of the canning process contributes to the resulting quality of the final product. The major
steps involved in canning fish are pre-cooking, packing with a filling medium in hermetically sealed
cans and sterilizing to reach commercial sterility. After these steps, a maturation process begins on
storage and continues until the cans reach the consumer.

Various types of filling medium are used for canned fish, including brine and oil. Although
vegetable oils are widely used for canning fish, available information on the effects is very limited.

The European eel (Anguilla anguilla) is a catadromous species, i.e., it spends most of its life in rivers,
during which it grows and matures before migrating to the sea to spawn. Eels are commercially very
valuable in Europe (mainly Spain, Portugal, Italy and Netherlands) and Asia (mainly Japan, China,
Korea and Taiwan). The female can reach a maximum weight of 9 kg, while the males are smaller,
reaching a maximum weight of 2.8 kg, although the specimens in greatest demand are much smaller
(<200 g). The eel population has fallen drastically due to various factors threatening its survival,
including an increase in contamination of human origin and environmental impacts associated with
the construction of diverse obstacles in rivers, such as hydroelectric dams [15]. Canning enables eels
to be consumed throughout the year while respecting the state limitations aimed at protecting the
species. The use of larger eels for canning (less valued as a fresh product) could also help to increase
the reproductive success of the species.

The development of new canned products is also of interest due to the considerable economic
importance of such products, their extensive acceptance by consumers, ease of transport and export
and nutrient supply.

Although a large number of papers published in recent years have addressed the amino acid
and biogenic amine contents of food, information about the loss of free amino acids and formation of
biogenic amines during canning and the effects of different steps and different filling media on these
components is scarce. In addition, existing studies are limited to a few species, such as tuna, mackerel
and sardines, with no reports considering eels.

The present research was undertaken to study the effects of the different steps during canning
(frying, sterilization and storage for 2 and 12 months) and of different filling media (sunflower oil,
olive oil and spiced olive oil) on the free amino acid content and the formation of biogenic amines in
European eels.
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2. Materials and Methods

2.1. Selection and Preparation of Samples

The European eels included in the study were caught in the River Ulla (Galicia, NW Spain)
and purchased at a local market (“Plaza de Abastos, Mariscos vivos del Grove”) in Ourense
(Galicia, Northwest Spain).

All of the eels used in this study weighed between 200 and 600 g. The eels were eviscerated and
transferred to the laboratory, where they were frozen (-20 °C) until canning.

Some randomly selected samples of the frozen eels, hereafter referred to as “raw eels”, were thawed
in a refrigerator at +4 °C for 12 h and processed as control samples. The other samples were thawed
in 12% brine at room temperature for 45 min before being cut into slices (1.5-2 cm). All slices were
mixed to ensure a homogeneous product. The fish slices were fried for 2 min at 190 °C in a deep fryer,
to eliminate the water present in the eel and to prevent formation of a water—oil mixture in the cans.
Two different frying media were used: sunflower oil (refined sunflower oil) and olive oil (refined olive
oil + virgin olive oil). The fried slices of eel were cooled (30 °C) and placed in cans (6 or 7 slices in
each). The hot filling medium was then added: sunflower oil (eels previously fried in sunflower oil),
olive oil or olive oil plus chili and pepper (eels previously fried in olive oil). The olive oil plus chili
and pepper filling medium will be referred to hereafter as “spiced olive oil”. The cans were then
vacuum-sealed and sterilized. The time/temperature combination used for sterilization was 118 °C
and 30 min (FO = 11). Finally, the cans were cooled and stored at room temperature. The gross weight
of each can was 185.68 + 4.29 g and the drained weight 50.00 + 3.91 g.

Eels were sampled raw (control), after each processing step (frying and sterilization treatment) and
at two different times throughout the storage of each final product (2 and 12 months of room storage).
For biogenic amine determinations, the eels were also sampled after thawing-salting, as biogenic
amines can be formed during this step.

2.2. Moisture and pH Determination

The moisture content was determined after drying the eels to constant weight in an oven for 16 h
at 105 + 1 °C [16]. The pH was measured using a digital pH meter (Crison, model GLP21, Barcelona,
Spain) according to the AOAC (Association of Official Analytical Chemists) methods [16].

2.3. Free Amino Acid (FAA) Determination

The FAAs were extracted and derivatized following the procedure described by Franco et al. [17],
with some modifications. Fish samples (2 g) were thoroughly homogenized in 20 mL of 0.6 N HCIO4
in a lab blender (Ultra—Turrax® T25, IKA, Staufen, Germany) for 2 min. The samples were then
centrifuged at 1800x g for 20 min. The supernatant was collected and then filtered. The pH of the
filtrate was adjusted to 7.1 + 0.2 with 30% KOH and then cooled for 10 to 20 min until reaching a
temperature of 2 °C.

For derivatization, 0.2 mL of standard solution or hydrolyzed sample was dried in a vacuum
centrifuge concentrator at 37 °C. A 20 uL aliquot of the derivatizing solution (ethanol + Milli-Q water
+ triethylamine + phenyl isothiocyanate) was then added to the samples, and the solution was mixed
and left to stand at room temperature for 20 min. The resulting solution was evaporated in a vacuum
centrifuge concentrator at 37 °C. The dry residue was resuspended in 500 uL of diluent solution
disodium acid phosphate (675.4 mg) + Milli-Q water (950 mL) and filtered (through Waters 0.45 um
pore diameter filters).

The FAAs were identified and quantified by HPLC, under the conditions described by
Franco et al. [17], with some minor modifications. The liquid chromatography equipment consisted of
a chromatograph (ThermoFinnigan, Silicon Valley, CA, USA) with a UV/VISIBLE photodiode array
detector (Spectrasystem UV6000LP). The samples were separated on a reversed phase column of
diameter 4.6 mm and length 25 cm (C18 Ultrasphere 5-ODS, from Beckman, Fullerton, CA, USA).
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The temperature of the column was maintained at 50 + 1 °C with a column heater (Spectrasystem 3000).
The wavelength of the detector was 254 nm. Standards of the 19 different amino acids were supplied
by Sigma Chemical Co. (St Louis, MO, USA). Data regarding free amino acid composition were
expressed in mg/100 g of muscle. All the samples and standards were injected into the column at least
in duplicate.

Repeatability tests were performed by injecting a standard and a sample into the column
consecutively six times in a day. Reproducibility tests were also carried out by injecting the standard
and the sample into the column twice a day for three days under the same experimental conditions.
The results obtained in these tests were not significantly different (p < 0.05).

2.4. Biogenic Amine Analysis

Biogenic amines were analyzed by the method described by Lorenzo et al. [18]. Fish muscle
(5 g) was mixed with 10 mL of 0.6 N HCLO,4 and 1 mL of internal standard (1-7 diaminoheptane).
The mixture was homogenized with a lab blender (Ultraturrax) for 2 min and then centrifuged at
3000 rpm for 10 min at 4 °C. The supernatant was collected, and the same process was repeated with
the residue for complete extraction. Finally, the two supernatants were placed in a 25 mL volumetric
flask and 0.6 N HCIO,4 was added to make up the final volume.

For derivatization, an aliquot (0.5 mL) of each extracted sample or of the standard solution of any
biogenic amine was immediately placed in a tube, and 100 uL of 2 N NaOH, 150 uL of a saturated
solution of NaHCOj3; and 1 mL of dansyl chloride were added consecutively. The tube was shaken
gently and placed in a water bath at 40 °C for 45 min. In order to remove dansyl chloride residue,
50 pL of ammonia was then added and the mixture was left to stand for 30 min. Finally, the volume
was made up to 2.5 mL with acetonitrile and the mixture was filtered through 0.25 pm pore-size filters
prior to HPLC analysis.

Separation, identification and quantification of the biogenic amines were carried out by HPLC,
following the procedure described by Eerola et al. [19], with the aforementioned HPLC equipment.
The different biogenic amines were separated on a reversed phase column of diameter 4.6 mm and
length 25 cm (C18 Ultrasphere 5-ODS, from Beckman, Fullerton, CA, USA). The temperature of the
column was 40 + 1 °C and the wavelength of the detector 254 nm.

Separation was achieved at a flow rate of 1 mL/min, with a gradient between two solvents:
a solution of 0.1 M ammonium acetate was used as eluent A and acetonitrile as eluent B.

A standard solution containing appropriate amounts of tryptamine, 2-phenylethylamine,
putrescine, cadaverine, histamine, tyramine, spermidine and 1,7-diaminoheptane (as an internal
standard) was used to quantify the biogenic amines present in the samples. Each biogenic amine was
expressed in mg/kg.

Repeatability and reproducibility tests were also performed in the biogenic amine analysis.
The results of the tests were not significantly different (p < 0.05).

The Dbiogenic amine index (BAI) was estimated using the equation described by
Veciana-Nogués et al. [13]:

Biogenic amine index = (histamine + cadaverine + putrescine + tyramine) (1)

2.5. Statistical Analysis

All analyses were carried out at least in triplicate. The data were examined by one-way analysis
of variance (ANOVA), and the least squares test (LSD) was used (p < 0.05) to compare the mean values.
The tests were implemented using Statistica software version 8.0 (Statsoft © Inc., Tulsa, OK, USA).
Canonical discriminant analysis (CDA) was used to classify the eel samples. The CDA variables were
selected by principal components extraction and linear discriminant analysis, and the variables with
the highest discriminatory capacity were selected to establish which FAAs and biogenic amines can be
used to discriminate and classify eels according to the canning step and type of filling medium.
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3. Results and Discussion

3.1. Moisture and pH Values

The moisture contents of raw eels and eels packed in sunflower oil, olive oil and spiced olive
oil, at each step of the canning process and after room storage (for 2 and 12 months), are shown in
Figure 1A. The moisture content of raw eel was 74.15 + 0.64%. Frying in sunflower oil and in olive
oil resulted in water content losses of 11.14 and 15.75%, respectively. Sterilization treatment did not
cause changes in the moisture content of canned eels packed in sunflower oil or in olive oil. However,
sterilization caused a decrease in the moisture content of canned eels packed in spiced olive oil.
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Figure 1. Moisture content (%) (A) and pH values (B) of raw and canned European eels packed in
sunflower oil, olive oil and spiced olive oil throughout the different steps of the canning process and after
2 and 12 months of storage. Values with different superscripts were significantly different (p < 0.05).

After storage for two months, the moisture content of the eels decreased and then remained stable
for up to twelve months of storage. The eels packed in olive oil had a lower moisture content (43.21%)
than canned eels packed in sunflower oil and in spiced olive oil. Water can be lost due to the thermal
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treatment and to denaturation of proteins in muscle, which causes a decrease in the water holding
capacity of the myofibrillar protein fraction [14]. In addition, frying, sterilization and storage cause an
interchange between the water of the fish and filling medium, causing an increase in lipid content and
a decrease in moisture content. In the canned eels packed in spiced olive oil, some active components
could also pass into the muscle.

The pH can significantly affect protease activity and production of biogenic amines. The pH of
raw eels was high, between 6.25 and 6.31 (Figure 1B). The pH increased significantly during frying
(6.48 and 6.60 in eels fried in sunflower oil and olive oil, respectively). Sterilization caused a further
increase in the pH of canned eels packed in sunflower oil and in spiced olive oil; however, it did
not vary in canned eels in olive oil. The increases can be attributed to proteolysis, breakdown of
protein and enzymatic activity. During storage, the pH remained stable at the beginning of storage
and decreased after 12 months of storage in canned eels packed in sunflower oil and in spiced olive oil.
In canned eels packed in olive oil, the pH decreased throughout storage. This decrease may be due to
the degradation of lipids and other components during storage. The change in pH varied depending
on the filling medium. The pH was lowest in canned eels packed in olive oil.

Several studies have reported the relationships between pH and biogenic amine accumulation.
A pH between 4 and 5.5 favors decarboxylase activity [10]. In this study, significant (p < 0.05) positive
correlations between pH and putrescine (r = 0.75), between pH and cadaverine (r = 0.45) and between
pH and spermidine (r = 0.48) were observed.

3.2. Free Amino Acids

The FAA content is very important in order to evaluate protein-rich food. The FAA contents of
the muscle tissue of the raw eel and of eels at each step of the canning process and after room storage
(for 2 and 12 months) are presented in Tables 1 and 2.

The main FAAs in raw eels were histidine (222.76 + 6.99 mg/100 g), taurine (91.63 + 6.62 mg/100 g)
and arginine (80.58 + 6.07 mg/100 g), which constituted 72% of the total FAA content.

Histidine accounts for 41.11% of the total FAAs. This result is consistent with those of previous
studies [1,20]. The histidine contents of fish muscles can vary significantly due to differences in
fish species, sex, season, feeding, living environment, swimming activity and stage of maturity [21].
Histidine is important because of its physiological and nutritional roles in fish. Some migratory species
such as tuna, skipjack and mackerel contain high amounts of histidine that maintain the muscle pH
level during swimming and that act as an energy source during prolonged starvation [21]. The eel is
also a migratory species. This may be the reason for the high histidine content in the eels analyzed,
although it is lower than in other species such as tuna and mackerel [20]. Antoine et al. [20] reported
important variations in histidine content of individual fish of the same species and between red and
white muscle. On the other hand, histidine is the precursor of histamine, which mainly appears when
extreme temperatures are used.

Taurine represented 16.92% of total FAAs in raw eels. The values obtained are similar to those
reported for megrim (95 mg/100 g) by Gormley, Neumann, Fagan and Brunton [22]. These authors
reported a wide range of taurine content in 14 fish species (between 7 and 176 mg/100 g). Taurine is a
derivative of cysteine. It is not strictly an amino acid, and as it contains a sulfonic acid group, it is
referred to as sulfonic acid. Some fish such as mackerel, seabream and tuna have a high proportion of
taurine in their muscle tissue [21,23]. Although taurine does not have an important impact on taste,
this free amino acid is known to benefit human health due to anti-inflammatory, anti-atherosclerotic
effect and anti-obesity effects [3].

Arginine accounts for 14.87% of the FAA content of raw eels. Arginine has anti-aging and
anti-fatigue effects, but it is a precursor of putrescine. Arginine and histidine are associated with a
bitter taste [1].
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Glycine was detected in relatively high amounts in the raw eels (50.24 + 2.29 mg/100 g). This amino
acid is an indicator, together with hydroxyproline, of the presence of connective tissue, principally
collagen, and plays a key role in its stability [24]. Glycine is associated with a sweet taste [1].

Glutamic acid (21.60 + 1.75 mg/100 g) and aspartic acid (14.24 + 0.54 mg/100 g) were also
quantitatively important. They play an important role in the umami taste of food.

Other amino acids such as alanine, serine and threonine, which are associated with a sweet taste,
were also found in appreciable quantities (12.37, 3.81 and 9.07 mg/100 g, respectively). Valine, isoleucine,
leucine, phenylalanine and tryptophan contents of raw eels were 1.73, 2.47, 4.08, 4.83 and 5.24 mg/100 g,
respectively. These amino acids contribute a bitter taste.

The other amino acids were found in lower quantities in raw eels.

The non-essential amino acid (NEAA) content was 286.31 + 19.25 mg/100 g in raw samples.

The essential amino acid (EAA) content is a major factor that affects the nutritional value of protein.
In raw eels, the EAA content was 255.53 + 6.59 mg/100 g. The value of the essential/non-essential
(EAA/NEAA) ratio for FAAs was 0.90 + 0.08.

The FAA composition can vary significantly according to the production conditions during the
preservation and processing of the food. Significantly different (p < 0.05) quantities of some FAAs were
detected at all steps of the canning process.

Frying greatly altered the FAA content of eels, relative to raw samples. The changes were influenced
by the composition of the frying oil and were not homogeneous for the different FAAs, because the
concentrations of some amino acids decreased, while those of others increased. In the eels fried in
sunflower oil (Table 1), significant increases (p < 0.05) in serine, proline, tyrosine, taurine, histidine,
valine and lysine contents and a decrease in the ornithine content were observed. Total essential and
non-essential free amino acids increased during frying in sunflower oil.

In eels fried in olive oil (Table 2), the EAA and NEAA contents both increased significantly.
Arginine, alanine, proline, tyrosine, taurine, valine, isoleucine, leucine, phenylalanine, lysine and
tryptophan contents increased during frying in olive oil, while glycine and ornithine contents decreased.

The increase in FAAs during frying may be derived from the moisture lost during process.
However, some FAAs increased and other decreased, suggesting that moisture was not the only factor
affecting the FAA content during the frying process. Some changes can be attributed to the heat-induced
denaturalization of protein, to the decomposition of FAAs and to the formation of different volatile
compounds such as pyrazines and sulfides, which have important impacts on the aroma and flavor
of fried fish [25]. On the other hand, amino acids can react with sugar, giving rise to the Maillard
reaction. The changes during frying can cause variations in fish flavor, especially those associated
with sweet and bitter tastes, as the amino acids associated with these parameters underwent the most
notable changes.

In general, the sterilization process also had a significant effect on the FAA composition of the
European eel samples. The changes were also influenced by the composition of the filling medium and
were not homogenous for the different free amino acids. In canned eel packed in sunflower oil (Table 1),
aspartic acid, arginine, proline, valine, leucine and tryptophan contents increased significantly after the
sterilization process (p < 0.05). However, glutamic acid, serine, glycine, taurine and histidine contents
decreased. Loss of glutamic acid is of great interest because, although glutamic acid is a NEAA, it is an
important source of nitrogen and it is involved in taste perception, contributing to the umami taste [26].
Both total EAA and NEAA contents were lower in canned eels packed in sunflower oil than in those
packed in the other media.

In canned eels packed in olive oil (Table 2), significant increases (p < 0.05) in aspartic acid,
glycine, arginine, ornithine, histidine, threonine and valine, and decreases in serine and phenylalanine,
were observed after the sterilization process. In the canned eels packed in spiced olive oil, aspartic
acid, glycine, arginine, alanine, histidine, threonine and valine contents increased, while serine and
proline contents decreased after the sterilization process.
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Therefore, important variations between canned eels packed in different filling media were
observed. This may be due to different interactions between FAAs and filling oil. There were
also differences between canned eels packed in olive oil and canned eels packed in spiced olive oil,
and therefore the spices influenced the changes in amino acids during sterilization.

Aubourg [14] reported that FAAs could be lost as a result of extraction by the filling medium
and/or interaction reactions with oxidized lipids. The different fatty acid compositions of the filling
media also condition the heat penetration, which also conditions the effect of the treatments on the
different components [27]. On the other hand, the different biogenic amines levels in canned eels could
be due to the different degrees of heat-induced degradation of FAA in different filling media.

The EAA/NEAA ratio is considered a good way of estimating the production of free essential
amino acids during processing. However, in canned eels, this ratio did not vary during the sterilization
process, as the contents of both total FAAs and total NEAAs increased.

Some studies have reported changes in individual amino acids caused by heating [14].
Heat processing causes denaturalization of protein. The denatured proteins are more reactive
and can interact with other constituents. Other FAAs form amines, volatile acids and other
nitrogenous substances.

Canned storage is normally necessary to produce satisfactory textural and optimal palatability
of canned fish [14]. During storage, many compounds migrate from the fish to the filling medium
and vice versa, in a dynamic equilibrium influenced by the characteristics of the fish muscle and the
filling medium as well as by the type of processing and storage. The values reported in Tables 1 and 2
show that the FAAs underwent greater changes during storage. The changes were also influenced
by the composition of the filling medium and storage time. In canned eels packed in sunflower oil,
storage for 2 months caused increases in glutamic acid, hydroxyproline, glycine, arginine and proline
and decreases in serine, valine and leucine.

In canned eels packed in olive oil, storage for 2 months led to loss of aspartic acid, glycine, tyrosine,
taurine, valine and leucine and an increase in the arginine content. In canned eels packed in spiced
olive oil, the losses were lower during 2 months of storage. Only the arginine content decreased,
and the serine, proline, isoleucine and leucine contents increased.

The greatest changes occurred after 12 months of storage. In canned eels packed in sunflower oil,
the hydroxyproline, serine, arginine, alanine, proline, tyrosine, histidine, valine, leucine, lysine and
tryptophan contents increased, and the aspartic acid and glycine contents decreased after storage for
12 months.

In canned eels packed in olive oil and spiced olive oil, hydroxyproline, arginine and valine
contents increased, and glycine, histidine and lysine contents decreased. In the canned eels packed
in spiced olive oil, aspartic acid, glutamic acid, serine, taurine, leucine and phenylalanine contents
also decreased after 12 months of storage. In canned eels packed in olive oil and in spiced olive oil,
there was a significant decrease in EAA and an increase in NEAA and a consequent significant decrease
in the EAA/NEAA ratio.

These results suggest that the hydrolysis reactions and interactions continued during room storage.
On the other hand, the exchange of FAAs and the interactions appear to differ depending on the
filling medium.

3.3. Biogenic Amine Composition

Biogenic amines are found in very low levels in fresh fish, and their formation is associated with
bacterial spoilage. Exposure of fish muscle to high temperatures causes an increase in biogenic amine
formation in fish [7]. The levels of the biogenic amines found in the samples of fish are shown in
Table 3. In all samples studied, the biogenic amine contents were generally very low.
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Histamine is produced in raw fish due to the action of bacterial histidine decarboxylase at high
temperatures and/or prolonged exposure. Thawing of frozen fish and long storage time at room
temperature before canning can also lead to accumulation of histamine. Histamine is very heat resistant
and it can remain intact during the sterilization process or in other processed fish products [27].
The legal limit for histamine established for fish products by the US Food and Drug Administration [28]
is 50 mg/kg, and that established by the European Commission [29] is 100 mg/kg. Although eels
have a high histidine content, histamine was not detected in either raw eels or canned eels (<LOD),
which showed that the fish used in these products were fresh, and the products were produced using
good manufacturing practices. Adequate storage temperatures and duration of refrigeration prevent
the formation of histamine [7,28]. Ozogul, Ozogul and Gokbulut [30] reported 0.5 mg histamine/100 g
of muscle of eel stored on ice for 1 day, and the content increased with temperature and time of storage.
Veciana-Nogués et al. [13] observed very low histamine content in both fresh and canned tuna. In a
study of various different fish products, Zhai et al. [5] reported the maximum histamine levels in
canned anchovies (26.95 mg/kg) and canned sardines (22.38 mg/kg) and a histamine content of less
than 10 mg/kg in all other canned samples tested. Mohan et al. [27] and Barbosa et al. [12] observed
that cooking tuna before canning increased the histamine content.

The 2-phenylethylamine and tyramine have an aromatic structure [31], which indicate a
vasoconstrictor activity.

The 2-phenylethylamine content of raw eels was 3.10 + 0.73 mg/kg. Similar results were
reported for eels by Ozogul et al. [30]. Salting did not cause changes in 2-phenylethylamine content
(3.05 + 0.72 mg/kg); however, frying increased the content. The increase was similar in eels fried in
sunflower oil (4.54 + 0.25 mg/kg) and in eels fried in olive oil (4.97+ 0.30 mg/kg). No significant
differences (p > 0.05) were observed before and after the sterilization step in eels fried in sunflower oil
(4.01 + 0.21 mg/kg). However, the 2-phenylethylamine content decreased in canned eels packed in
olive oil (3.64 +0.44 mg/kg) and in spiced olive oil (3.02 + 0.12 mg/kg) after the sterilization process.

The different 2-phenylethylamine levels in canned eels could be due to the different degrees of
heat-induced degradation of FAA in different filling media and the different protective effects of the
filling media.

Veciana-Nogués et al. [13] observed a slight increase in 2-phenylethylamine content of canned tuna
after cooking and after packing, and they did not observe this biogenic amine after the sterilization step.
Storage caused a significant increase (p < 0.05) in the 2-phenylethylamine content of canned eels, mainly
after 12 months of storage in sunflower oil and in spiced olive oil. Generally, 2-phenylethylamine is
formed when tyramine concentration is high, and its presence can be related to a non-specific activity
of tyrosine decarboxylase [32].

The tyramine content of raw eels was 1.61 + 0.07 mg/kg. During salting, the tyramine concentrations
increased significantly (by 5.69 + 0.95 mg/kg) (p < 0.05). Subsequent frying did not cause significant
changes in the tyramine content when sunflower oil was used but caused a decrease when olive oil
was used. In canned eels packed in sunflower oil, the sterilization process caused a significant decrease
(p < 0.05) in the tyramine content. However, the tyramine content did not vary during the sterilization
step in canned eels packed in olive oil or in spiced olive oil. During storage, significant decreases were
observed in tyramine content, mainly after 12 months of storage. Tyramine was not detected even
after 12 months of storage in canned eels in sunflower oil and in spiced olive oil, and it decreased
to 0.83 mg/kg in canned eels packed in olive oil. Bilgin and Gengcelep [10] observed that tyramine
was detected in canned tuna, chunk canned tuna, marinated anchovies, canned mackerel and canned
sardines at levels ranging between ND and 48.63 mg/kg.

The concentration of putrescine ranged between 0.41 and 0.52 mg/kg in raw eels. Ozogul et al. [30]
reported higher values in eels stored in ice for 1 day (8.6 mg/kg), and the content increased with
an increase in the temperature and time of storage. Salting increased the putrescine content
(1.89 + 0.29 mg/kg). However, the subsequent frying and sterilization process decreased putrescine
content in both olive oil and sunflower oil. Storage for 12 months caused a significant decrease in
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putrescine content in all samples. The putrescine levels can decrease because this biogenic amine is
an intermediate product in the synthesis of spermidine and spermine [33]. Zarei et al. [4] found that
putrescine was detected in different canned tuna samples in the range 0.29-52.83 mg/kg. Zhai et al. [5]
reported that putrescine was detected within the range ND-25.01 mg/kg. Bilgin and Gengcelep [10]
observed that putrescine was detected in canned sardines, canned mackerel and marinated anchovies
in the range ND-57.30 mg/kg.

Cadaverine content is a good indicator of spoilage. The results in Table 3 show that the mean value
of cadaverine was 1.40 + 0.15 mg/kg in raw eels. Cadaverine was formed, especially after the salting
process. The increase in cadaverine content after salting can be explained by microbial contamination
during handling and salting. Frying and sterilization did not cause changes in cadaverine content.
The cadaverine content of canned eels packed in sunflower oil was stable after sterilization up to
2 months of storage and then decreased. However, in the canned eels packed in olive oil, it increased
throughout storage. When spices were used in the filling medium, the cadaverine content increased
during the first two months of storage but then decreased for up to 12 months. The different behavior of
the cadaverine, as with other biogenic amines, may be due to the reactions with the filling medium and
the different extraction processes. Prester [9] pointed out that biogenic amine content may decrease due
to the loss to the filling medium and elimination prior to analysis of canned muscle. Barbosa et al. [12]
observed an increase during cooking and a marked decrease during canning of skipjack tuna.

The spermidine content of raw eels was 2.36 + 0.17 mg/kg. The content increased during the
thawing-salting process. As for other biogenic amines, the increase may be due to handling and
mechanical preparation during thawing-salting. Barbosa et al. [12] also observed an increase in
spermidine content during thawing of skipjack tuna.

Frying caused a decrease in the spermidine content. The sterilization step did not affect the
spermidine content of canned eels packed in sunflower oil or olive oil; however, this step decreased
the spermidine content in canned eels packed in spiced olive oil. Veciana-Nogués et al. [13] observed
a decrease in spermidine content of canned tuna after cooking and sterilization. Barbosa et al. [12]
reported very variable spermidine contents in cooked and canned samples, which depended on the
degree of handling. Storage for 2 months did not cause changes in spermidine content in canned eels
packed in sunflower oil or olive oil; however, it increased the spermidine content of canned eels in
spiced olive oil. Storage for 12 months caused a decrease in the content, mainly in canned eels packed
in sunflower oil or spiced olive oil.

Different studies have pointed out that the presence of spermidine and other biogenic amines
such as putrescine and cadaverine in canned samples can be considered a health hazard, as biogenic
amine in combination with nitrite can lead to the formation of nitrosamines, which are known to be
carcinogenic [34].

The presence of biogenic amines is not only important from a health point of view but because
these substances can be used as indicators of the degree of freshness of food, as well as spoilage and
sensory quality [12,13].

Zhai et al. [5] observed that the total biogenic amine content in different canned fish products
ranged from 1.94 to 112.54 mg/kg, with a mean value of 46.43 mg/kg.

As noted above, salting caused an increase in total biogenic amines, probably due to handling
during the process. However, during frying and sterilization, a decrease in the biogenic amine content
was observed. As biogenic amines are heat resistant, the decrease may be due to a loss to the oil medium.
The total biogenic amine content increased during the first two months of storage, before decreasing to
12 months. This may be due to the breakdown of protein, reactions with the filling medium and the
different extraction processes. Differences between filling media were observed. The final product
with the highest amine content was canned eels in olive oil. Nevertheless, the values obtained for both
total biogenic amine content and biogenic amine index are very low, well below recommended levels
in all samples. The FDA [28] recommended maximum values of 1000 mg/kg of total biogenic amines in
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fish. The European Commission [35] recommended that the maximum level of total biogenic amines
should be less than 200 mg/kg in fish and fish products.
The biogenic amine index varied in a similar way. All values of biogenic amine index were below
50 mg/kg, indicative of good quality food [13], so that good quality can be concluded in all cases.
However, the quality indices depend on many factors, mainly concerning the nature of the product
(species, fresh, salted, heat treatment, storage, canned). Therefore, more studies on biogenic amines are
required in order to establish the limit for fish acceptability.

3.4. Statistical Analysis

Multivariate statistical techniques were used with the aim of discriminating between eels at
different stages of processing and canning with different filling media. The data on all free amino
acids and biogenic amines studied were included in the factorial analysis to obtain the variables that
contributed most to the classification.

The comparison for free amino acids is shown in Figure 2. Two discriminating functions were
statistically significant (p < 0.05) in each case. In all cases, the most significant function (p < 0.05) was
F1. Five groups were clearly separated in canned eels packed in sunflower oil, each corresponding
to a specific step during canning (Figure 2A). In the canned eels packed in olive oil (Figure 2B) or in
spiced olive oil (Figure 2C), some overlap between fried eels, sterilized eels and canned eels stored
for 2 months was observed. These results indicate that the greatest changes occurred during frying
and these were lower during sterilization and the first two months of storage. The linear discriminant
analysis clearly classified the canned eels stored for 12 months (Figure 2D), indicating that the greatest
changes take place at this last stage. In the eels packed in sunflower oil (Figure 2A), the FAAs
with the highest discriminatory power were proline, tyrosine, taurine, histidine, threonine, lysine
and tryptophan. In the eels packed in olive oil (Figure 2B), hydroxyproline, arginine, tyrosine and
lysine were the fatty acids with the highest discriminatory power. In the eels packed in spiced olive
oil (Figure 2C), these corresponded to glutamic acid, tyrosine, histidine, isoleucine and tryptophan.
In addition, discriminant analysis selected 10 free amino acids (serine, histidine, threonine, lysine,
glycine, hydroxyproline, arginine, tyrosine, leucine and proline) able to discriminate the different types
of canned eels packed with different filling media after storage for 12 months (Figure 2D).

Discriminant analysis was also used to differentiate raw and canned eels according to biogenic
amine content (Figure 3). Two discriminatory functions were statistically significant (p < 0.05),
indicating the ability of biogenic amines to discriminate the eel samples. Figure 3A shows the
classification of eels packed in sunflower oil. Two biogenic amines, phenylalanine and putrescine,
showed high discriminatory power. The percentage of correctly classified eels with these variables is
99%. Figure 3B shows the classification of eels packed in olive oil. Putrescine, tyramine and spermidine
displayed the highest discriminatory power, with correct classification of 98% of the different eel
products. Figure 3C shows the classification of eels packed in spiced olive oil. In this case, putrescine
and spermidine also displayed a high level of discriminatory power, with correct classification of 98%
of the products.

In the canned eels stored for 12 months (Figure 3D), some overlap between canned eels packed in
sunflower oil and canned eels packed in spiced olive oil was observed. Phenylalanine, tyrosine and
spermidine displayed a high level of discriminatory power.
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4. Conclusions

The study findings showed that canned European eels are a good source of free amino acids, with a
good balance of essential amino acids, and that they provide very small amounts of biogenic amines.

In general, canning, filling medium and duration of storage of European eels had significant
effects on the free amino acid and biogenic amine contents of the fish. The changes varied depending
on the free amino acid or biogenic amine considered.

The main free amino acids were histidine, taurine and arginine. Significant differences (p < 0.05)
in the quantities of some free amino acids were detected at all steps of the canning process. The changes
were influenced by the composition of the frying oil and filling medium and continued during
room storage.

The biogenic amine contents of all samples were very low. Histamine was not detected in raw eels
or in canned eels. The highest values were obtained for 2-phenylethylamine. The addition of spices to
canned eels packed in olive oil appeared to reduce the biogenic amine content of the final product,
except that of 2-phenylethylamine. Canned eels packed in spiced olive oil had a similar biogenic amine
content as the canned eels packed in sunflower oil after 12 months of storage.

The findings provide a greater understanding of the influence of canning and filling medium on
free amino acids and biogenic amine composition and can be used to improve the quality of this type
of product.
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Abstract: The effect of canning and the use of different filling media (sunflower oil, olive oil, and
spiced olive oil) on oxidation parameters (acidity, peroxide value (PV), and thiobarbituric acid
reactive substances (TBARS) index), antioxidant capacity, and total phenol and vitamin E contents
in eels was studied. A preliminary frying treatment caused a decrease in titratable acidity and an
increase in TBARS, antioxidant capacity, and vitamin E in the eel muscle. During sterilization, TBARS
also increased significantly. The magnitude of the changes depended on the filling medium. Storage
also had a significant effect on oxidation parameters in eel muscle and in filling media. After one year
of storage, the sunflower oil and canned eels packed in this oil presented higher antioxidant capacity
and vitamin E content than olive oil, spiced olive oil, or canned eels packed in these oils. However,
the total phenol contents were higher when olive oil or spiced olive oil were used as filling media.
Despite the losses, the results show that the canning process and subsequent storage preserved a
great part of the antioxidant capacity and vitamin E content of the filling medium, which is of interest
to the consumer. Both sunflower oil and olive oil as filling media are of great nutritional interest.

Keywords: canned eels; filling medium; olive oil; sunflower oil; oxidation; antioxidants; total phenols;
vitamin E

1. Introduction

Canned fish are products obtained from various marine species, packed in airtight
containers with different filling media, and then sterilized by heat treatment. Canned fish is
one of the most popular forms of fish consumption due to its properties of healthy and high
nutritional value, storability, availability, and ready-to-eat nature. However, the quality of
canned fish can vary with different factors such as type of fish, fresh fish quality, treatment
conditions (time, temperature, and container type), filling medium, etc. [1,2]. The type of
filling medium and its state strongly affect determine the quality of canned fish. The filling
medium influences the nutrient content of the final product and can produce dilution and
extraction of some components of the fish muscle [3]. Moreover, during and after heat
treatment, complex interactions between components of fish and the filling medium take
place, which also affect the characteristics of the canned fish. Different filling media such
as brine, olive oil, sunflower oil, soybean oil, and other vegetable oils can be used in the
packing of canned fish, with the olive and sunflower oils being the most frequently used.

During processing and storage, fish and filling mediums undergo modifications
because of mechanical, thermal, hydrolytic, and oxidative degradations. Particularly,
oxidative reactions during heat treatment produce a deterioration of the oil, decreasing its
quality and affecting canned fish. Lipid oxidation is very important to the quality of foods,
especially of those having highly unsaturated fatty acid contents, and it can cause nutrient

43

Foods 2021, 10, 790. https:/ /doi.org/10.3390/foods10040790

https:/ /www.mdpi.com/journal/foods



Foods 2021, 10, 790

losses, unpalatable flavors and odors, shortening of shelf life, and possible production
of unhealthy molecules [4,5]. In this regard, the rancidity of the oils has been linked to
harmful health effects such as cancer and neurological disorders because of the production
of potentially toxic compounds [6].

In addition, fish lipids are rich in long-chain, highly unsaturated fatty acids, which
are highly susceptible to oxidation [7,8]. However, oxidation can be minimized in the
canned fish by using filling media containing natural antioxidants such as tocopherols
or polyphenols [9].

On the other hand, in order to improve the flavor, some spices and aromatic herbs
can also be added to the filling medium. These spices and herbs also contribute with
their antioxidant and antimicrobial capacities to the nutritional, organoleptic, and healthy
characteristics of the final products [10-12].

The European eel (Anguilla anguilla) is an important fish species in some European and
Asian countries despite the fact that the excessive capture of juveniles and the impossibility
of captive breeding make its availability limited. The canning process would enable eels
to be consumed throughout the year while respecting the regulations aimed at protecting
the species.

The European eel is a fish with a high fat content. It has a high content of monoun-
saturated (51.77%) and polyunsaturated (15.22%) fatty acids. The canning process and
filling medium relate to its fatty acid profile [1]. Canning can also cause oxidation during
fish processing.

Due to the considerations previously made about the peculiarities of the fish lipids
and the effects of the canning process and filling media on the quality of the final product,
the aim of this work was the study of the effect of canning and subsequent storage, and
of different filling media (sunflower oil, olive oil, and spiced olive oil), on the oxidation
processes, antioxidant capacity, and content in some antioxidant compounds such as
phenols and vitamin E, both in canned eels and in the filling media.

2. Materials and Methods
2.1. Sample Preparation

European eels (Anguilla anguilla) were obtained from a local market (Mariscos Vivos
del Grove, Plaza de Abastos) in Ourense (Galicia, Spain). All of the individual eels used
in the study weighed between 200 and 600 g, and they were purchased immediately after
capture. They were transferred to the laboratory, where they were eviscerated and frozen
stored for a maximum of one month at —20 °C. Some randomly selected samples of the
frozen eels, hereafter referred to as “raw eels,” were thawed in a refrigerator at 4 °C for
12 h and processed as control samples.

In order to make canned eels, the fish were thawed in 12% brine at room temperature
for 45 min. The eels were cut into slices and, after mixing to ensure product homogeneity,
the slices were fried at 190 °C for 2 min in a conventional frying pan using refined sunflower
or olive oil as frying media. The fried slices were then cooled (until 30 °C) and placed into
125 mL glass cans (6 or 7 slices in each). The hot filling medium (sunflower oil for eels
previously fried in sunflower oil and olive oil or olive oil plus chili and pepper for eels
previously fried in olive oil) was then added. The filling medium with olive oil plus chili
and pepper will be referred to throughout this paper as “spiced olive oil.” The drained
weight of eel and the amount of oil added in each can were 50.00 £ 3.91 gand 34.9 3.4 g,
respectively. Next, the cans were vacuum-sealed, sterilized at 118 °C for 30 min (Fy = 11),
and finally cooled and stored at room temperature.

Eels were sampled raw (control), after each processing step (frying and sterilization
treatment), and throughout the storage of the canned product (after 2 and 12 months of
storage). The same sampling protocol was followed for the oil samples. Before analysis,
the cans were opened and the filling oil was carefully drained off gravimetrically through
a 3 mm pore sieve and then filtered for 3 min, thus obtaining the fish and the oil separately.
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2.2. Measurement of the Acidity, Peroxide Value, and Thiobarbituric Acid Reactive Substances
Index in Eels and Oils

The acidity of the eel muscle was determined according to the official method of
the Association of Official Agricultural Chemists (AOAC) [13]. The sample (2.5 g) was
homogenized with distilled water (25 mL) and left standing for 1 min. Subsequently, the
homogenate was filtered, and the filtrate (25 mL) was titrated with NaOH (0.1 N) until
pH 8.12. Titratable acidity was expressed as % of lactic acid.

The acidity degree of the oils was assessed according to the procedure described by
the European Regulation [14]. Results were expressed as a percentage of oleic acid.

Fat from eel was extracted according to Bligh and Dyer [15] using a mixture of
chloroform-methanol (2:1 v/v) as solvent. The peroxide value (PV) of eel fat and filling
oils was determined according to standard methods for the oils analysis proposed by
the American Oil Chemists' Society (AOCS) [16] and was expressed as meq. O,/kg of
the sample (fat).

The thiobarbituric acid reactive substances (TBARS) index was determined accord-
ing to the Kirk and Sawyer [17] method. Malondialdehyde (MDA) is the main product
resulting from the degradation of hydroperoxides generated by lipid oxidation, and the
reaction between MDA and the thiobarbituric acid (TBA) generates a pink-red compound
measurable by spectrophotometry using wavelengths between 532-535 nm. The results
were expressed as mg malondialdehyde/kg of sample.

2.3. Determination of Antioxidant Activity

For the determination of antioxidant activity, eel or oil extracts were prepared in ethyl
acetate (eel muscle: 0.5 g/mL; oils: 0.1 g/mL). The mixtures were homogenized for 1
min (IKA T25 digital Ultra-Turrax, Wilmington, EEUU), sonicated for 15 min (Branson
3510 Ultrasonic Cleaner; Branson Ultrasonics Corporation, Danbury, CT, USA), and subse-
quently centrifuged at 14,000 g for 10 min in an Eppendorf centrifuge 5804R (Eppendorf
AG, Hamburg, Germany). The supernatants were collected, filtered, and finally stored at
—30 °C until analysis.

The antioxidant activity was determined by assessing the 2,2-diphenyl-1-picryl-hydrazyl-
hydrate (DPPH) free radical scavenging activity of the eel or oil extracts according to the
method described by Brand-Williams et al. [18], with some modifications. When the DPPH
radical reacts with an antioxidant compound, it is reduced and changes its color. Two mL
of different extract concentrations (muscle of eel: 100, 50 and 12 mg/mL; oils: 25, 10 and
5 mg/mL) were mixed with 0.5 mL of a DPPH solution in ethyl acetate (0.2 mmol/L, v/v).
The reaction mixture was maintained in the dark for 60 min. The color changes were read
as absorbance at 517 nm in a Shimadzu UV-1800 spectrophotometer (Shimadzu Corp.,
Kyoto, Japan) against a control solution prepared by mixing pure ethyl acetate (2 mL) and
the DPPH radical solution (0.5 mL).

The antioxidant activity was expressed in terms of IC5yp DPPH. The IC5y DPPH is
defined as the extract concentration (mg/mL) required to decrease the initial DPPH concen-
tration by 50%. This value was calculated by linear regression analysis of the dose-response
curve obtained by plotting the radical scavenging activity against extract concentration [19].
To calculate the ICs5yp DPPH different percentages of inhibition were calculated as follows:

% Inhibition = [(Acontrol — Asample)/Acontrol] x 100,

where Acontrol i the absorbance of the blank at 0 time, and Agaple is the absorbance of
the sample.

2.4. Determination of Total Phenolic Content

Samples (3 g muscle or oil) were mixed with 10 mL aqueous methanol (80/20 v/v).
After extraction following the previously described procedure, total phenolic content was
determined by the Folin—Ciocalteu colorimetric method assay described by Singleton and
Rossi with some modifications [20]. Aliquots of 0.5 mL of extract were mixed with 2.5 mL of
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Folin—Ciocalteu reagent and 2 mL of NaCOj3 (7.5%; p/v). The mixture was heated at 45 °C
for 15 min in a water bath in darkness and left standing for 30 min before measurement
of the absorbance at 765 nm. The total phenolic content was expressed as gallic acid
equivalents (GAE)/100 g of sample, after interpolating the absorbance values in a standard
curve obtained using different concentrations of gallic acid (5-500 mg/L).

2.5. Determination of Vitamin E Content

The vitamin E content was determined by HPLC techniques, using a ThermoFinnigan
(Silicon Valley, CA, USA) chromatograph equipped with a UV/VISIBLE photodiode array
detector Spectrasystem UV6000LP.

Two and a half g of eel muscle were saponified by mixing with 4 mL of 50% KOH
and 6 mL of ethanol. The mix was then left for 30 min in a water bath at 80 °C under dark
conditions. To avoid deterioration of vitamin E during saponification, 0.25 g of ascorbic
acid was added to each sample. Then, the mix was cooled and after 10 mL of hexane and
5 mL of distilled water were added, it was homogenized in a vortex and centrifuged at
4200x g for 5 min. Next, the supernatant (4 mL) was collected and dried in a stream of
Npy. The dried residue was then reconstituted with 1.5 mL of HPLC quality methanol and
filtered into a vial. The vitamin E was identified and quantified using a C18 reversed-phase
column of 5 um particle size, diameter 4.6 mm, and length 25 cm (Ultrasphere 5-ODS,
Beckman, Fullerton, CA, USA). The detector wavelength was 294 nm. The chromatographic
conditions were 1 mL/min flow for 25 min with a mixture of 96:4 (Methanol:MilliQ water).
The standards were prepared by successive dissolution of x-tocopherol in methanol and
saponification of the mixture as for the samples.

For the determination of vitamin E in oils, 1:10 dilutions of oil in isopropanol were used.
The same HPLC system with a fluorescence (FLD-3100) detector was used. The detector
was set at an excitation wavelength of 290 nm and an emission wavelength of 330 nm. A
normal phase silica column (SunFire™ Prep Silica, 4.6 mm ID x 250 mm, 5 pm particle
size, Waters, Milford, MA, USA) was used. The column oven was thermostated at 30 °C. A
total of 10 pL of each sample and standard were injected. The chromatographic conditions
used were 1 mL/min flow of hexane:isopropanol (98:2) during 15 min. Standards were
prepared by successively dissolving a-tocopherol in isopropanol.

2.6. Statistical Analysis

All analyses were carried out at least in triplicate. The data were examined by analysis
of variance (ANOVA), and the least-squares test (LSD) was used (p < 0.05) to compare
the mean values. The tests were implemented using the Statistica software, version 7.1
(Statsoft© Inc., Tulsa, OK, USA). Correlations between the different parameters analyzed
were determined by multiple regressions, with confidence intervals of 95% (p < 0.05), 99%
(p < 0.01) and 99.9% (p < 0.001).

3. Results and Discussion
3.1. Effect of Processing and Filling Medium on Acidity

Acidity has important effects on muscle quality. Its changes can be used as an indicator
of postmortem transformation of glycogen into lactic acid and of the degradation of muscles
during storage.

The acidity in the eel muscle was calculated as titratable acidity (% lactic acid). Values
of titratable acidity values of raw eels and eels packed in sunflower oil, olive oil, or spiced
olive oil, at each step of the canning process and after room storage (for 2 and 12 months)
are shown in Figure 1A. Titratable acidity (0.36% lactic acid in raw eels) decreased after
frying and sterilization processes. This can be due to the loss of organic acids to the frying
oils and the destruction of some heat-labile acids. There were no significant differences
associated with the type of oil (sunflower or olive) used in the processes. The lower acidity
values in canned fish compared to the raw samples could be due to the formation and
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accumulation of some dibasic amino acid and volatile basic nitrogenous compounds due

to breakdown and proteolysis during heat treatment [21].
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Figure 1. Titratable acidity (% lactic acid) of eels (A) and acidity degree (% oleic acid) of filling oils (B)
throughout the different steps of the canning process (raw, after frying, and after sterilization process)
and after 2 and 12 months of storage. Plotted values are mean of at least three determinations +
standard deviation. ®" Mean values with different letters are significantly different (p < 0.05).

During the first two months of storage, titratable acidity remained stable in all canned
eels. However, the values increased after 12 months of storage. This increase may be due to
the release of organic acids from the food matrix or to the formation of new acid compounds
during storage. Titratable acidity values at the end of the storage were significantly
(p < 0.05) affected by the filling medium, and the highest values were observed in canned
eels packed in olive oil (0.51% lactic acid).

In order to check the variations in the acidity of the oils, this parameter was measured
in raw sunflower and olive oils, and also after frying, sterilization treatment, and storage
during 2 and 12 months (Figure 1B). The acidity degree of the oils depends on their content
of free fatty acids. It is expressed as a percentage of oleic acid, the main fatty acid present in
oils, and allows the evaluation of the behavior of the oil during heat treatment and storage.
The acidity of the raw oils was 0.018 % oleic acid and 0.101% oleic acid for the sunflower
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and olive oils, respectively, and the differences were significant (p < 0.05). Usually, the
susceptibility to oxidation is higher in the oils having higher initial acidity values. The
acidity degree of oils is a very important parameter and depends on the intensity of the
refining process carried out since during this process the free fatty acids were partially
removed using different chemical or physical processes. In the case of olive oil, the acidity
degree is used as a classification criterion that allows distinguishing among refined (<0.3%),
extra virgin (not more than 0.8%), virgin (<2%), and olive oil (<3.3%); the oil is considered
unsuitable for consumption when acidity degree is >2% [22].

Frying resulted in a significant (p < 0.05) increase in the acidity degree value in
sunflower oil (to 0.04% oleic acid); however, no significant changes were observed in the
olive oil (0.09% oleic acid) after this process. During frying, the oils undergo three different
reactions—hydrolysis, oxidation, and thermal degradation. These reactions do not occur to
the same extent in all vegetable oils [23]. The hydrolysis also leads to an increase in acidity,
with further formation of methyl ketones and lactones that cause unpleasant smells and
tastes. The high temperatures can significantly deteriorate the oils, especially if they are
highly unsaturated since oxidation products are formed.

The sterilization process caused a decrease in the acidity degree of sunflower oil
(0.026% oleic acid) with respect to the fried oil; however, no significant changes were ob-
served in olive oil and spiced olive oil (0.08% and 0.09% oleic acid, respectively), compared
to fresh olive oil. During the frying and sterilization processes, the composition of the fried
or packed food and that of the oil/fat used as frying or filling medium change continuously,
mainly due to the alteration of the oil, but also due to changes in the food, and reactions of
interaction between oil and food. A higher degree of acidity indicating a higher release
of fatty acids from triglycerides means a greater degree of deterioration due to the heat
damage. Additionally, the decrease in the acidity values seems to be the result of free fatty
acid degradation via oxidation processes.

Usually, sunflower oil has a higher content of a-tocopherols, but in our case, these
did not seem to protect the oil against oxidation, probably due to the higher content of
easily oxidizable linoleic acid [24]. In the case of olive oil, heat treatments caused fewer
changes in the acidity degree than in sunflower oil. This trend has also been pointed
out in other studies since olive oil is rich in antioxidant compounds such as phenolic
compounds and tocopherols [25,26]. On the other hand, olive oil has a higher concentration
of monounsaturated fatty acids, such as oleic acid, which are more resistant to degradation
than polyunsaturated fatty acids, such as linoleic acid. Sunflower oil had greater amounts of
polyunsaturated fatty acids (PUFAs); thus, taking into account that oxidation susceptibility
is correlated exponentially with the number of unsaturation of fatty acids [5], this could
partially explain our results.

Storage significantly (p < 0.005) increased the acidity degree in the three oils studied.
This increase was higher in the spicy olive oil after 12 months of storage (to 0.27% oleic
acid). During storage, many compounds migrate from fish to filling medium and vice
versa. The balance established depends on the type of fish and previous treatments of it,
the type of filling medium, the canning technology, and storage conditions. Spices and
condiments can sometimes act as pro-oxidants in canned food [10].

In the present study, the spices used in the preparation of spiced olive oil, pepper,
and chili, can also undergo an oxidation process during processing and storage, which
may contribute to the increase in the degree of acidity of the spiced olive oil. Additionally,
during storage, the spices could release some components and these can migrate from
spices to the oil and increase acidity to the filling medium [27].

3.2. Effect of Processing and Filling Medium on Peroxide and TBARS Values

The peroxide value is often used to measure the deterioration of oils. This value
is related to treatments and storage conditions (oxygen, light, temperature, metals, en-
zymes, presence of antioxidants or pro-oxidants, fatty acid composition, the use of oxygen-
permeable packages, etc.) [28]. It allows estimating the degree of oxidation of fatty acids.
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Thermal treatment and high storage temperatures can increase the susceptibility of unsatu-
rated fatty acids toward oxidation resulting in losses of these compounds. Dimerization
and polymerization are important reactions in the thermal oxidation in oil [29]. The heat
temperature and time, filling oil or antioxidant contents, affect the hydrolysis, oxidation,
and polymerization of the fat. The degree of fat oxidation in fish can also be determined by
assessing the thiobarbituric acid reactive substances (TBARS) values that evaluate the for-
mation of secondary oxidation products, especially malonaldehyde (MDA) and its further
transformation and/or reaction with the processed products. Lipid oxidation consists of
three stages—initiation, propagation, and termination. The peroxides that are normally
formed as primary products can subsequently undergo scission to form secondary oxi-
dation products such as carbonyls, alcohols, hydrocarbons, and furans through different
reactions such as cyclization, hydrogen abstraction, addition reaction, recombination, scis-
sion, and polymerization [30]. The aldehydes, such as hexanal malondialdehyde (MDA),
are one of the most abundant products found [31].

PV (expressed as meq. O, /kg of the sample) and TBARS (mg malonaldehyde/kg of
the sample) of raw and canned eels sampled at each stage of the canning process (after
frying, after sterilization process, and after room storage for 2 and 12 months) are shown
in Figure 2.

Peroxide values of raw eels ranged from 1.71 to 2.30 meq. O, /kg. These data were
consistent with those reported by Selmi et al. [32] in fresh tuna (2.50 meq. O, /kg) but lower
than the values observed by these same authors in sardine (8.14 meq. O, /kg). In that study,
fresh sardine showed higher PUFAs content and a lower monounsaturated fatty acids
(MUFAs) fraction than fresh tuna. The European eel has a high content of monounsaturated
fatty acids (51.77%), followed by saturated fatty acids (SFAs) (32%) and polyunsaturated
fatty acids (PUFAs) (15.22%) [1].

It has been reported that the maximum level of TBARS values indicating good quality
of the fresh fish during storage is 1-2 mg MDA /kg [33]. In the present work, the TBARS
values observed in raw eels were very lower (0.17 mg MDA /kg) than those indicated
figures. Ehsani and Jasour [34] found even lower values in rainbow trout fillets (0.06 mg
MDA /kg) such as Naseri et al. [35] in silver carp muscle (0.01 mg MDA /kg). However,
Kong et al. [36] reported higher TBARS values in pink salmon muscle (4.59 mg MDA /kg).
These differences could be due to different concentrations of fat in the fish muscle [1] and
different storage times and conditions before analysis.

Frying did not have a significant effect on PV when sunflower oil or olive oils were
used as frying media. Peroxides are unstable under frying conditions, and the use of
oil for frying does not lead to substantial increases in peroxide values because peroxides
decompose spontaneously above 150 °C to form secondary oxidation products [37]. How-
ever, frying caused a significant increase in TBARS values. No significant differences were
observed between TBARS values of the samples fried in sunflower oil (1.19 mg MDA /kg)
and the samples fried in olive oil (1.06 mg MDA /kg).

The sterilization process did not increase PVs either. The PV levels were lower than
those observed by El-Shehawy and Farag [33] in canned tuna, canned sardine, and canned
mackerel in different filling media.

During the treatment of sterilization, TBARS values increased significantly. In this
case, the increase was higher in canned eels packed in sunflower oil (2.10 mg MDA /kg)
or in spiced olive oil (2.57 mg MDA /kg) than in canned eels packed in olive oil (1.34 mg
MDA /kg). Selmi et al. [32] reported that cooking increased PV in sardine, but canning
did not cause significant changes. In this same line, Uriarte-Montoya et al. [38] indi-
cated that the canning did not have a significant effect on the oxidation in Pacific sardine
(Sardinops sagax caerulea).
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Figure 2. Peroxide values (PVs) (meq. O, /kg of the sample) (A) and thiobarbituric acid reactive substances (TBARS) values
(mg malonaldehyde/kg of the sample) (B) of raw and canned European eel in each step during the canning process and at 2
and 12 months of stored. *f Mean values with different letters are significantly different (p < 0.05).

The high treatment temperatures or long treatment times cause an increase in sec-
ondary oxidation products, such as malonaldehyde [39]. Naseri et al. [35] did not observe
significant differences between the TBARS values of raw silver carp and precooked samples
before the canning process. However, they observed a significant increase in TBARS values
during sterilization (canning) in silver carp packed in sunflower oil and soybean oil, but
not in canned silver carp packed in olive oil. Kong et al. [36] observed a slight increase
during the first 10 min of heating, followed by a significant decrease in TBARS values as
heating progressed.

Medina et al. [40] reported significant differences between TBARS values in canned
tuna when different filling media were used. TBARS values were higher in canned tuna
muscle using brine as the filling medium than in canned tuna packed in extra virgin
olive oil. These authors suggested that the antioxidant activity of phenolic compounds of
olive oil could be responsible for these differences. Bilgin and Gengcelep [41] also found
significant differences among TBARS values of fish canned in different filling media.
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Canned storage is normally necessary to produce satisfactory textural and optimal
palatability of canned fish. Although the shelf life of a canned fish is between one and
five years, storage time can be variable. In this study, the effect of short storage (two months)
and longer storage (12 months) was evaluated. Storage had a significant effect on PV in
canned eels. The PV increased significantly after two months of storage in canned eels
packed in sunflower oil, and then it was stable until 12 months of storage. In the case of
canned eels packed in olive oil or in spiced olive oil, PV remained stable during the first
two months of storage but significantly (p < 0.05) increased after 12 months of storage. No
significant differences were observed between the three types of canned eels at 12 months
storage. Selmi et al. [32] reported an increase in PV levels after six months of storage
in canned tuna. The high temperatures during processing can accelerate oxidation, but
filling medium can dissolve oxidation products, or these can be transformed into secondary
oxidation products, reducing their concentration in the fish [29]. It has been pointed out
that at high temperatures, the initial hydroperoxides formed exist only briefly and will be
quickly decomposed into various volatile and nonvolatile products [42]. Moreover, lipid
oxidation products can interact with proteins, which could explain in some cases a decrease
in primary and secondary oxidation products [43]. Heat and storage can also prompt lipid
hydrolysis. The free fatty acids, which appear as a result of hydrolysis, can further undergo
oxidation reactions. A direct correlation between lipolysis and lipid oxidation of seafood
products has been reported [44]. These free fatty are more susceptible to undergo oxidative
reactions in order to form primary and secondary oxidative products [45].

In addition, the filling medium used can determine the peroxide value of the canned
fish. Leung et al. [46] found in salmon subjected to different treatments that frying, baking,
or using old oil led to an increase in peroxide values, while cooking did not produce
significant changes. Al-Saghir et al. [47], in salmon and trout, reported that during frying,
salmon fried in olive oil or corn oil increased its peroxide value, but the increase was much
greater in baked trout and fried trout in sunflower oil. However, Talab [43] observed that
different treatments produced a decrease in peroxide values in carps. The variation in the
hydroperoxides formed in the fried and canned samples can be attributed to the influence
of the frying or filling medium. In order to evaluate the effect of the filling medium, the PV
in the oils was also determined.

Storage during two months caused a decrease in TBARS values in canned eels packed
in sunflower oil and canned eels packed in spiced olive oil; this decrease was more impor-
tant in canned eels packed in sunflower oil. TBARS values continued to decrease in canned
eels packed in spiced olive oil until 12 months of storage. In canned eels packed in olive
oil or sunflower oil, TBARS values did not undergo significant changes throughout the
remaining 10 months of storage. The decrease of the TBARS values can be due to the disap-
pearance of the malondialdehyde through reactions with amines, nucleosides, nucleic acids,
amino-containing phospholipids, proteins, or other aldehydes that are also by-products
of lipid oxidation [41]. The further oxidation of primary products and the formation of
carboxylic acids and other compounds that are not reactive to the 2-thiobarbituric acid can
be also the cause of the decrease of the TBARS values during storage [5,48]. The changes
in TBARS values may also be explained by the different interactions between fish muscle
and filling medium, by the diluting effect of the filling medium on secondary oxidation
products, and/or by the effect of the thermal treatment.

PV (meq. O,/kg of the sample) and TBARS (mg MDA /kg of the sample) of oils
sampled at each stage of the canning process (raw, after frying, after sterilization process,
and after room storage for 2 and 12 months) are shown in Figure 3.
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Figure 3. Peroxide values (PVs) (meq. O, /kg of the sample) (A) and thiobarbituric acid reactive substances (TBARS) values
(mg malonaldehyde/kg of the sample) (B) of oils in each step during the canning process and at 2 and 12 months of stored.
a-d_ Mean values with different letters are significantly different (p < 0.05).

Peroxide values in raw oils were 1.50 and 2.49 meq. O, /kg in sunflower oil and olive
oil, respectively. The raw oils presented TBARS values of 0.12 mg MDA /kg and 0.31 mg
MDA /kg for sunflower and olive oil, respectively.

Frying caused a significant increase in PV with respect to crude oils (7.26 and 7.13 meq.
0O, /kg of oil in sunflower and olive oils, respectively). However, the sterilization process
did not cause significant changes in PVs of the oils.

TBARS values also increased after frying, with the increase being higher in sunflower
0il (0.73 mg MDA /kg) than in olive oil (0.64 mg MDA /kg). However, sterilization treatment
resulted in a significant decrease in the TBARS index in all oils. In this case, this decrease
was higher in sunflower oil and in olive oil than in spiced olive oil.
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Storage produced a decrease in PV in sunflower oil. In the case of olive oil or spiced
olive oil, no significant differences were observed after two months of storage. However,
after 12 months of storage, a decrease in PV was also observed in olive and spiced olive oil.
The lowest PVs were observed in olive oil after 12 months of storage.

No significant changes in TBARS values of sunflower oil were observed during storage.
In the case of olive oil, TBARS values decreased after two months of storage. On the other
hand, in the spicy olive oil, no changes were observed after two months of storage, but there
was a decrease after one year of storage in relation to the values obtained after sterilization.

Alhibshi et al. [49] pointed out that when the peroxide values are between 30 and
40 meq. O, /kg the rancid flavor is clearly noticeable. In the samples under study, these
indicated values were not observed. Different studies are carried out on the evolution of
the peroxide value in oils after heat treatment. Naz et al. [50] found that the peroxide value
increased in olive oil during frying, and this increase was proportional to the treatment
time. Alajtal et al. [51] also observed an increase in the peroxide value in sunflower and
olive oils after frying. The increase in the peroxide value during frying and sterilization
is due to oxidation processes. A possible explanation for the peroxide values measured
during the frying and sterilization process is that the rate of degradation is similar to the
rate of formation, increasing TBARS values.

The subsequent decrease during storage occurs when the peroxides are transformed
into other chemical compounds, such as aliphatic carbonyls [5,28]. Since the peroxides
formed are not stable compounds, the peroxide value is not always correlated with the
degree of oxidation of oils [5].

The results seem to be related to the fatty acid composition of oils. When oils are
exposed to high temperatures, the polyunsaturated fatty acids are affected, and the oils
with a high n-3 PUFA level experience a greater effect on TBARS values than oils with a low
n-3 PUFA level. Heat treatments cause the oil to experience a series of chemical reactions
such as oxidation, hydrolysis, and polymerization [52].

Caponio et al. [53] evaluated the effect of the replacement of refined oils with extra
virgin olive oil in bakery products rich in fat. They observed that the evolution of the oxida-
tion levels in the analyzed samples during storage was related to the type of oil used. The
use of extra virgin olive oil led to significantly lower values of hydroperoxides, ultraviolet
absorption constants, triacylglycerol, oligopolymers, and oxidized triacylglycerols.

3.3. Effect of Processing and Filling Medium on Antioxidant Capacity

Fish tissues can contain different antioxidant components such as enzymes, carotenoids,
vitamin E, vitamin C, peptides, amino acids, and phenolic compounds that contribute to
their antioxidant defense mechanism. These antioxidants can inhibit the initiation and
propagation steps of lipid oxidation. They act acting as free radical scavengers and metal
ion chelators. They can have multiple effects, and their mechanisms of action are therefore
frequently difficult to interpret. These components are part of the cell plasma, mitochon-
dria, and cell membranes [54]. However, these endogenous antioxidants are consumed
sequentially after the death of the fish. Moreover, in the case of canned fish, some of these
antioxidant components present in the raw fish can be reduced during processing. In
canned fish, the oxidative stability of fish lipids is variable depending on the antioxidant
content and stability of the filling medium. In the case of oils, their stability is particularly
related to the content of different components, such as polyphenols and tocopherols, which
can act as radical scavengers. However, in the case of refined oils, some antioxidant com-
ponents are lost during the refining operations. Additionally, spices and herbs have been
used as a natural source of antioxidant and antimicrobial compounds [11,12].

The DPPH radical is commonly used as substrate in estimating antioxidant activity
because of the ability of the antioxidant compounds to reducing the DPPH free radical.

The DPPH radical scavenging activity (expressed in % inhibition of the DPPH rad-
ical) of different extracts of muscle eels (100, 50, and 12 mg/mL), both raw and after
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each step of processing and storage, and canned in different filling media, is shown in
Supplementary Materials (Figure S1).
The inhibition at 50% (ICsg) values are shown in Table 1.

Table 1. The inhibition at 50% (ICsp; mg/mL) values of European eel and filling oils after each step during the canning

process and after 2 and 12 months of subsequent storage.

Steps Eel Muscle Oils
Sunflower oil 7.88+£0.172
Raw N 107.05£9.63° Olive oil 13.09 = 1.08°
Frying In sunflower oil 2524 4+539P Sunflower oil 7.29 £0.08 2
In olive oil 28.39 + 4.94 b4 Olive oil 13.96 = 1.07°
In sunflower oil 36.43 4+ 4.32%¢ Sunflower oil 751 £0482
Sterilization In olive oil 34.71 £ 1424 Olive oil 12.88 £0.18°
In spiced olive oil 30.28 + 1.77 ¢4 Spiced olive oil 16.85 +0.62 ¢
In sunflower oil 31.77 +£2.83 4 Sunflower oil 8.57 +0.484
2 months storage In olive oil 38.31 £3.32¢<¢ Olive oil 12.58 4+ 0.44
In spiced olive oil 35.03 £ 6.02 ¢ Spiced olive oil 16.11 4 0.28 f
In sunflower oil 36.77 4+ 5.44 ¢ Sunflower oil 10.34 £0.24 ¢
12 months storage In olive oil 40.67 + 0.53 Olive oil 15.75 £ 0.67 f
In spiced olive oil 4354 +159f Spiced olive oil 15.92 £ 0.26 f

Mean values of at least three determinations + standard deviation. f Mean with different superscripts in the same column were
significantly different (p < 0.05); IC5¢: extract concentration (mg/mL) required to decrease the initial 2,2-diphenyl-1-picryl-hydrazyl-hydrate
(DPPH) concentration by 50%.

The antioxidant activity of the muscle eel and oil extracts is concentration dependent,
and lower IC5) values indicate better protective action. The antioxidant capacity of raw
eels was low (IC5p = 107.05 mg/mL). At the concentration of 100 mg/mL, the percentage
of inhibition was 40.48%. The antioxidant capacity of plants has been extensively studied.
However, research on the antioxidants from animal sources is limited so far.

In the case of fish, the few existing studies that have been carried out mainly focused
on protein hydrolysates of fish. On the other hand, the antioxidant capacity can vary signif-
icantly between different fish particularly due to factors such as diet and environmental
conditions [55]. A high percentage of fat in some fish, such as eel, can imply the presence
of high content of antioxidant compounds. In addition, endogenous antioxidants are
sequentially degraded after the death of the fish [56], and the rate of degradation depends
on the packaging method and on the storage temperature and time. Therefore, the storage
conditions prior to canning have a significant influence on the antioxidant compounds in
raw fish and on the final content of oxidation products.

Frying caused a significant increase in antioxidant capacity probably due to the
incorporation of some components of the oil into the muscle. In addition, it has been
pointed out that the Maillard reaction products and the peptides generated during frying
have antioxidant activities [57]. The increase was similar in eels fried in sunflower oil
(ICs50 = 25.24 mg/mL) and eels fried in olive oil (IC5p = 28.39 mg/mL). At the highest
concentration of the extract (100 mg/mL), the percent of inhibition was 87.9 and 93.6% in
eels fried in sunflower oil and olive oil, respectively.

The sterilization process caused a loss of antioxidant capacity in the eel muscle,
although it was only significant in eels packed in sunflower oil. These losses can be due to
the leaching of soluble components, such as vitamins and proteins, into filling medium
and thermal damage during heat treatments [58]. Losses of antioxidant capacity during
storage were low. A significant decrease was only observed after twelve months of storage
in eels packed in olive oil and spiced olive oil.
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The filling media influenced the nutritional quality and antioxidant capacity of canned
fish. Medina et al. [40], in canned tuna, found protective effects against lipid oxidation of
the extra virgin olive oil rich in phenols and also of the soybean oil rich in tocopherols.
Medina et al. [59] investigated the ability of polyphenols extracted from extra virgin olive
oil to inhibit lipid oxidation in canned tuna. They observed that a high concentration
(400 ppm) of these polyphenols was an effective antioxidant. However, a low concentration
(100 ppm) promoted hydroperoxide formation and decomposition. After one year of
storage, canned eels packed in sunflower oil presented higher antioxidant capacity than
canned eels packed in olive oil or spiced olive oil. Mohan et al. [2] reported that canned
tuna packed in sunflower oil as the filling medium offered higher protection compared to
other oils such as groundnut oil and coconut oil, possibly due to its protective antioxidant
activity. These results can be explained by a high content of natural antioxidants such as
tocopherols in sunflower oil.

The DPPH radical scavenging activity of different extracts of oils (25, 10, and 5 mg/mL)
is shown in Supplementary Materials (Figure S2).

Concentration-dependent scavenging activity was also found for the studied oils. The
resulting DPPH inhibition percentages at the highest concentration (25 mg/mL) were 87.8
and 78.2 % in the raw sunflower and olive oils, respectively. The ICsy values were 7.88 and
13.09 mg/mL in raw sunflower and olive oils, respectively. The higher antioxidant activity
of the raw sunflower oil can be explained by its richness in tocopherols.

Antioxidant capacity remained stable during frying. No significant differences were
detected between the antioxidant capacity of the raw and sterilized oils, except in the case
of spiced olive oil. In this case, antioxidant capacity decreased during the sterilization
process. As noted above, spices and condiments can sometimes act as pro-oxidants in
canned food [10].

In the case of sunflower oil and olive oil, the antioxidant capacity decreased during
storage, while in spiced olive oil it remained constant.

3.4. Effect of Processing and Filling Medium on Vitamin E Content

Vitamin E is a common term designing tocopherols and tocotrienols. Vitamin E can
be found in eight chemical forms (e, 3, v, 6-tocopherol and «, {3, v, -tocotrienol) having
different levels of biological activity. «-Tocopherol is the predominant form of vitamin
E in fish muscle, mainly in marine fish. It has the highest bioavailability and is the most
important lipid-soluble antioxidant.

Due to this reason, the x-tocopherol content was determined in the eel muscle after
each treatment, and results are shown in Figure 4A.

The a-tocopherol content ranged from 0.69 to 0.88 mg/100 g in raw eels. The vitamin
E content in fish can differ widely between species and it is also affected by the season,
genetic differences, tocopherols in feed, maturation stage, or storage conditions [4,60].
Additionally, vitamin E content in fish seems to be directly related to lipid content and
n-3-PUFA content [4].

The vitamin E content of fried samples increased significantly (p < 0.05) when com-
pared to the raw eels. This is probably due to the enrichment from the oil in which eels
were fried. The increase was higher in eels fried in sunflower oil than in eels fried in
olive oil.

Sterilization process did not have a significant effect on the vitamin E content of fish,
even though canned eels packed in spiced olive oil showed higher average values than the
fried eels. Ersoy and Ozeren [61] reported a significant increase in tocopherol content in
African catfish after different treatments such as baking, grilling, microwaving, and frying.
Merdzhanova et al. [60] also found a significant increase in tocopherol content after frying
in Black Sea horse mackerel.
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Figure 4. Vitamin E (mg/100 g) of European eel (A) and filling oils (B) after each step during the canning process and after
2 and 12 months of subsequent storage. ** Mean values with different letters are significantly different (p < 0.05).

Vitamin E is sensitive to oxygen, light, and temperature. However, fried and sterilized
eels can be enriched in vitamin E due to uptake from the oil and the absorbed quantity
depends on the type of oil used in these operations. Sunflower oil has a higher content of
vitamin E than olive oil; hence, the highest values in eels fried and packed in sunflower oil.
Chilli and pepper can also have a high content of vitamin E [62], which could explain the
higher vitamin E content of the samples packed in spiced olive oil.

Vitamin E content remained higher and stable during storage in canned eels packed
in sunflower oil. This higher vitamin E content may be related to the higher antioxidant
capacity and lower TBARS values of eels packed in sunflower oil at 12 months of storage.
However, vitamin E increased during the first two months of storage and then decreased
in canned eels packed in olive oil and spiced olive oil. Losses in vitamin E content during
storage appear to be due to degradation processes enhanced by factors that influence
this degradation such as heat temperatures, time, and exposure to light and oxidative
conditions. However, vitamin E is quite stable if foods are adequately protected from
conditions favoring lipid oxidation.

Medina et al. [40] reported that there is an inhibition of peroxide decomposition in
canned tuna due to polyphenols and tocopherols of filling oil (extra virgin olive oil and
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refined olive oil). However, they also reported that the protective effect of the polyphenols
was higher than that of tocopherols.

The amounts of vitamin E absorbed by fish during frying and/or canning processes
depends on the type of oil used [63], and on the number of antioxidants present in the oil.
With the purpose of verifying this, the x-tocopherol content was determined in the oils
during the frying and canning. Results are summarized in Figure 4B.

Sunflower oil showed a high content of vitamin E (39.51 mg/100 mL) in the present
study. These values agree with the concentration found in sunflower oil by Ortiz et al. [64]
(35.9 mg/100 mg). Olive oil presented lower content (10.56 mg/100 mL). High variability
in the vitamin E content was observed in vegetable oils, depending on different factors
such as botanic species, edaphoclimatic environmental conditions, agronomic practices,
and extraction procedures [64].

Vitamin E levels significantly decreased in sunflower oil during frying, coinciding
with the increase of vitamin E content in the fried eel muscle. Thermal degradation during
heating, however, should also contribute to this decrease. No significant changes were
observed in the olive oil during the heating process. Quiles et al. [64] reported that the
decrease in tocopherol with the frying time depends on the type of oil and time of frying.
They reported that olive oils are more stable than sunflower oil during frying processes.

The sterilization process did not cause significant changes in the vitamin E content of
the sunflower oil or olive oil. However, this treatment caused an increase in spiced olive oil.
Spices such as pepper and chili can contain significant quantities of fat-soluble vitamins,
such as tocopherols (mainly vitamin E) [65], which can be dissolved in the oil during the
sterilization treatment, thus increasing their concentrations in the oil.

Storage did not modify vitamin E content in olive oil or spiced olive oil; however, it
slightly but significantly decreased the vitamin E content in sunflower oil.

3.5. Effect of Processing and Filling Medium on Total Phenolic Content

Vegetable oils also contain other natural antioxidants such as phenolic compounds
that strongly contribute to their antioxidant capacity. The Folin-Ciocalteau assay is often
used to determine the total phenolic content of food [66-68].

The total phenol contents were also quantified in fresh fish and raw oils, and in both
fish and oils after each stage of processing and storage. Phenols were not detected in either
the eels or the sunflower oil. Phenolic compounds can be completely destroyed during the
refining process of the oils [69]. Matthaus and Spener [70] reported that carotenoids and
phenolic compounds are removed almost totally, while vitamin E-active compounds and
phytosterols are reduced by about 10 to 40%.

On the other hand, the phenols present in animal tissues come mainly from food.

Total phenolic contents in olive oil and spiced olive oil are shown in Figure 5.

The number of total phenol compounds in olive oil was 13.33 mg GAE/100 g.

According to the literature, the total phenol content in vegetable oils can vary within a
wide range depending on the cultivar, environmental edaphoclimatic conditions, cultural
practices, and ripening stage of the olives [67,71]. The refining process of virgin olive oil can
eliminate practically all the phenolic compounds. In the present study, the olive oil used
was a mix of refined olive oils and virgin olive oils, and therefore, phenolic compounds
are found.

The frying and sterilization processes caused high losses of phenolic compounds.
During sterilization, the highest losses occurred in spiced olive oil. These losses could be
due to thermal oxidation reactions, hydrolysis, and polymerization, or to covalent linking
between oxidized phenols and proteins or amino acids [25,72]. On the other hand, it has
been pointed out that when vegetables are present during heating treatment, they also
contribute to the leaching of substances that are released from disrupted cell walls and
subcellular compartments [68].
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Figure 5. Total phenols (mg gallic acid /100 g) of olive oil and spiced olive oil after each step during the canning process
and after 2 and 12 months of subsequent storage. @ Mean values with different letters are significantly different (p < 0.05).

Baiano et al. [73] reported that the phenolic concentration was higher in the extract
of the unflavored olive oil than in olive oil flavored with lemons, hot pepper, oregano,
rosemary, and garlic. They pointed out that this could be explained based on interactions
between the olive oil and the flavoring agents during the extraction phase, which are
responsible for the formation of bonds between phenolics and components of fruits, spices,
and herbs. This could explain the lower content of phenols detected in the spiced oil in the
present work.

A decrease in the total phenolic content was also observed after the first two months
of storage in olive oil or spiced olive oil, but from this point, the contents remained stable
until 12 months of storage.

4. Conclusions

The different processes during eel canning led to changes in the parameters reflecting
the oxidation and in the antioxidant properties, both in the eel muscle and in the filling oils.
However, canned eels packed in sunflower, olive, or spiced olive oils presented acceptable
values for the parameters indicating fat oxidation after 12 months of storage.

Peroxide and TBARS values were determined by the filling medium and the storage
time. At the end of storage, the peroxide indices were similar in the three types of preserves,
while the TBARS values were higher in the preserves in olive oil.

Canning involves high heat treatments during precooking and sterilization steps,
which promote changes in the fish. The fish quality after processing and storage is a result
of a combination of the phytonutrient extractability, loss of compounds by degradation
and leaching, and interaction between the fish and the filling medium. Canning caused
the exchange of different components between the eel muscle and the filling oil used,
increasing antioxidant capacity and vitamin E content in eel muscle after canning. The
magnitude of these exchanges was dependent on the filling medium.

The antioxidant capacity of fresh eel is very low, but it increased significantly in canned
food due to the filling oil. After one year of storage, canned eels packed in sunflower
oil and the sunflower oil used as filling medium presented higher antioxidant capacity
and vitamin E content than canned eels packed in olive oil or spiced olive oil and their

58



Foods 2021, 10, 790

respective filling oils. However, canned eels packed in olive oil or spiced olive oil and their
filling oils presented higher total phenol contents.

The canning process and subsequent storage preserved a great part of the antioxidant
capacity and vitamin E content of the filling medium, which is of interest to the consumer.
All oils used as filling media (sunflower oil, olive oil, and spiced olive oil) are of great
nutritional interest, and they could be used in canned eels. Therefore, the decision on the
oil to be used must be based mainly on its availability and price, and the market to which
the product may be destined.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10040790/s1, Figure S1: DPPH radical scavenging activity of different extracts (100, 50
and 12 mg/mL) of muscle eels packed in sunflower (A), olive (B) and spiced olive (C) oils after each
stage of processing and storage., Figure S2: DPPH radical scavenging activity of different extracts (25,
10 and 5 mg/mL) of the filling media after each stage of canning process and subsequent storage.
(A) sunflower oil; (B) olive oil; (C) spiced olive oil.
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Abstract: Hydrocolloids are commonly used in canned pet food. However, their functional effects
have not been quantified in this food format. The objective was to determine the effects of select
hydrocolloids on batter consistency, heat penetration, and texture of canned pet food. Treatments
were added to the formula as 1% dextrose (D) and 0.5% guar gum with 0.5% of either dextrose (DG),
kappa carrageenan (KCG), locust bean gum (LBG), or xanthan gum (XGG). Data were analyzed as
a 1-way ANOVA with batch as a random effect and separated by Fisher’s LSD at p < 0.05. Batter
consistency (distance traveled in 30 s) thickened with increasing levels of hydrocolloids (thinnest
to thickest: 23.63 to 2.75 cm). The D treatment (12.08 min) accumulated greater lethality during
the heating cycle compared to all others (average 9.09 min). The KCG treatment (27.00 N) was the
firmest and D and DG (average 8.75 N) the softest with LBG and XGG (average 15.59 N) intermediate.
Toughness was similar except D (67 N-mm) was less tough than DG (117 N-mm). The D treatment
showed the greatest expressible moisture (49.91%), LBG and XGG the lowest (average 16.54%), and
DG and KCG intermediate (average 25.26%). Hydrocolloids influenced heat penetration, likely due
to differences in batter consistency, and affected finished product texture.

Keywords: expressible moisture; gel; gum; heat penetration; thermally processed; texture; wet
pet food

1. Introduction

Canned pet foods are commercially sterilized, low-acid products and come in formats
similar to stews and patés in appearance. These products primarily consist of meats and
water and contain binding/structural ingredient systems similar to restructured meat
products for human consumption [1,2]. Hydrocolloids, such as carrageenan and guar,
locust bean, and xanthan gums, are common choices. They are able to increase the viscosity
of unprocessed meat batters and emulsions [3,4] and may increase or decrease the firmness
of a finished product, depending on the formulation [5,6]. These differences in functionality
are driven by their chemical structures. Briefly, kappa carrageenan is a linear molecule
with repeating galactose units and 3,6-anhydrogalactose units connected with alternating
«-1,3 and (3-1,4 bonds [2]. Xanthan gum consists of a 1,4 linked 3-D-glucose backbone with
a side chain of a glucuronic acid and two mannose units every other glucose unit. Locust
bean gum and guar gum are the most similar as they have the same linear 1,4-3-D-mannose
backbone with galactose side chains connected with 1,6-x-glycosidic bonds. However,
they differ in their galactose content; locust bean gum contains less galactose by weight
compared to guar gum (17-26% vs. 33-40%) [2]. Though it is likely that these ingredients
are included in commercial pet foods for similar functional benefits, this has not been a
primary area of investigation. Instead, research has focused on the nutritional value of
carbohydrate hydrocolloids as soluble fibers [7-9].

The incorporation of hydrocolloids in commercial pet foods has waned as companies
wish to differentiate their products from their competitors” offerings [10]. There are no
reports of why pet food companies use the inclusion of hydrocolloids or lack thereof
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to distinguish their formulas from others. Mixed findings suggest that the addition of
similar ingredients to canned pet foods causes softer stools in dogs [11] while others
reported firmer stools compared to a control diet [12]. A small segment of the population
believes some hydrocolloids to be toxic or carcinogenic to dogs and cats, though this is not
confirmed in the literature [13,14]. Regardless, pet food companies are looking for new
ingredients to replace the commonly used hydrocolloids. However, there are no reports
quantifying and differentiating the functional effects of these ingredients in canned pet
foods. This limits the ability to identify alternative, label friendly ingredients with similar
functionality. Research with sausage, meatballs, and other restructured meat products can
provide some insight, but many of these products utilize hydrocolloids for their ability to
mimic the mouthfeel of fat [2]. As such, conclusions from restructured meat products for
human consumption may not be directly applicable due to differences in formulation and
processing methods.

The objective of this experiment was to characterize the physicochemical and pro-
cessing effects of guar gum and blends of guar gum with another hydrocolloid on the
processing of canned pet foods. The hypothesis was that the addition of hydrocolloids
would decrease heat penetration and alter the color and texture of processed foods. Ad-
ditionally, systems containing guar gum with an additional hydrocolloid would have
measurable differences in texture driven by the mechanism of the additional hydrocolloid.

2. Materials and Methods
2.1. Formulation of Canned Pet Foods

Five treatments were designed to show the effects of guar gum, kappa carrageenan,
locust bean gum, and xanthan gum on functional properties of canned pet food. Dextrose
was chosen as a space-holding control ingredient for its aqueous solubility [15] and its sim-
ilar moisture content compared to the carbohydrate hydrocolloids of interest. Controlling
the moisture content of the samples was a concern to minimize confounding effects on
heat penetration [16]. Guar gum was specifically chosen because of its high thickening
power [2] and its prevalence in commercial canned pet foods. As such, guar gum was also
included in treatments containing either kappa carrageenan, locust bean gum, and xanthan
gum in an attempt to mimic commercial pet foods.

There are limited recommendations for the inclusion level of these ingredients in
canned pet food. Locust bean gum is used in pet foods at 0.2-0.5% [2] for its binding effects,
or the ability to increase interactions between macromolecules themselves and with the
solvent [17]. Additionally, a model lunch meat formula contained 0.6% kappa carrageenan
for its gelling effects [2]. The inclusion level of 0.5% for individual hydrocolloids was chosen
based on these recommendations as well as preliminary data wherein higher inclusion
levels were firmer than commercial canned pet foods (data not presented).

This led to the creation of five experimental treatments (Table 1): 1% dextrose (D), 0.5%
dextrose and 0.5% guar gum (DG), 0.5% guar gum and 0.5% kappa carrageenan (KCG),
0.5% guar gum and 0.5% locust bean gum (LBG), and 0.5% guar gum and 0.5% xanthan
gum (XGG).

Prior to diet production, frozen blocks of mechanically deboned chicken (CJ Foods,
Bern, KS, USA) were ground with a lab-scale meat grinder (Weston Pro Series #32, Southern
Pine, NC, USA) fitted with a die plate with 7 mm diameter holes. Treatments were
replicated three times over three days of production, with each treatment made on each
day. Water was heated in a stock pot until it reached 40 °C, at which point the tempered
ground chicken was added and the mixture was brought back up to 40 °C. Brewer’s rice
(Lortscher Animal Nutrition, Bern, KS, USA), spray-dried egg white (Rembrandt Foods,
Okoboji, IA), sunflower oil (Kroger, Manhattan, KS, USA), potassium chloride (Lortscher
Animal Nutrition, Bern, KS, USA), vitamin premix (Lortscher Animal Nutrition, Bern, KS,
USA), and trace mineral premix (Lortscher Animal Nutrition, Bern, KS, USA) were added
to the stock pot and heated to 60 °C with continuous stirring. Once the batter reached
the target temperature, dextrose (Fairview Mills, Seneca, KS, USA) and/or the respective
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Table 1. Ingredient

hydrocolloid ingredient(s) (Danisco, New Century, KS, USA) were added and the batter
was stirred continuously for 5 min while maintaining temperature. Treatment order was
randomized each day to maintain similar initial internal can temperatures, which can
influence heat penetration and the required length of processing [18,19]. After mixing,
21 cans (size 300 x 407; House of Cans, Lincolnwood, IL, USA) were filled with 405 +5¢g
of batter for each treatment.

composition of thermally processed canned pet foods ! containing select hydrocolloids.

Ingredient, % w/w D DG KCG LBG XGG
Mechanically separated chicken 56.00 56.00 56.00 56.00 56.00
Water 38.35 38.35 38.35 38.35 38.35
Brewer’s rice 3.00 3.00 3.00 3.00 3.00
Potassium chloride 0.50 0.50 0.50 0.50 0.50
Spray-dried egg white 0.50 0.50 0.50 0.50 0.50
Sunflower oil 0.50 0.50 0.50 0.50 0.50
Vitamin premix 2 0.10 0.10 0.10 0.10 0.10
Trace mineral premix 3 0.05 0.05 0.05 0.05 0.05
Dextrose 1.00 0.50 - - -
Guar gum - 0.50 0.50 0.50 0.50
Kappa carrageenan - - 0.50 - -
Locust bean gum - - - 0.50 -
Xanthan gum - - - - 0.50

1D = 1% dextrose; DG = 0.5% guar gum and 0.5% dextrose; KCG = 0.5% guar gum and 0.5% kappa carrageenan; LBG = 0.5% guar gum
and 0.5% locust bean gum; XGG = 0.5% guar gum and 0.5% xanthan gum. 2 One kg of vitamin premix supplies 17,163,000 IU vitamin
A, 920,000 IU vitamin D3, 79,887 IU vitamin E, 22.0 mg vitamin B12 (cobalamin), 4719 mg vitamin B2 (riboflavin), 12,186 mg vitamin B5
(d-pantothenic acid), 14,252 mg vitamin B1 (thiamin), 64,730 mg vitamin B3 (niacin), 5537 mg vitamin B6 (pyridoxine), 720 mg vitamin B9
(folic acid), and 70.0 mg vitamin B7 (biotin). > One kg of trace mineral premix supplies 88,000 mg zinc sulfate, 38,910 mg ferrous sulfate,
11,234 mg copper sulfate, 5842 mg manganous oxide, 310 mg sodium selenite, and 1584 mg calcium iodate.

2.2. Analysis of Pre-Thermal Processing Batters of Canned Pet Food

Three consistency measurements were taken per treatment replication using a Bost-
wick consistometer (CSC Scientific Company, Fairfax, VA, USA). Briefly, this analysis
utilized a sloped trough and slide gate to determine how thick or thin a sample of a set
volume was. Measurements of distance in centimeters traveled in 30 s were recorded. A
sample that traveled farther was considered to have thinner consistency and a sample
that did not travel as far was considered to have thicker consistency. The Bostwick consis-
tometer methodology was chosen because it does not require room temperature samples,
which is a concern for viscosity analysis. Generally, viscosity of food samples is greater
(i.e., thicker) at cooler temperatures [3] and those values would not be relevant for samples
collected directly from production. In the present experiment, all samples were analyzed at
the same temperature immediately after the complete batter was mixed for 5 min at 60 °C.
Additionally, the Bostwick consistometer is widely used by the pet food industry because
of its low cost and limited required training [20,21].

Three pH measurements were taken with a pH meter (P/N 54X002608; Oakton
Instruments, Vernon Hills, IL, USA) fitted with a pointed pH probe (model #FC240B;
Hanna Instruments, Smithfield, RI, USA). Finally, three samples for water activity were
collected and stored in covered containers to return to room temperature for measurement
with a water activity meter (Decagon CX-2; Meter Group, Pullman, WA, USA).

2.3. Analysis of Processing Control Measures and Thermal Processing Calculations

Treatments prepared on the same day were processed in the retort at the same time.
Four thermocouples (Ecklund-Harrison Technologies, Fort Meyers, FL) per treatment
were placed in cans prior to filling and connected to a data capture system (CALSoft
v. 5; TechniCAL LLC, Metairie, LA, USA) to record temperature in the center of the
cans during processing. Fill weight and gross headspace were recorded for these cans as
well. Specifically, gross headspace was measured as the distance from the top of the can
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body to the top of the batter inside the container. Once measurements were taken, lids
(size 300 x 407 sanitary lids; House of Cans, Lincolnwood, IL, USA) were sealed onto
the cans with a seamer (Dixie Seamer, 91118; Athens, GA, USA). Cans were randomly
loaded into a still retort (Dixie, 00-43; Athens, GA, USA) and processed at 144.79 kPa and
121 °C. Thermocouple-containing cans were randomly distributed among all other cans.
Temperature inside the retort was also recorded by the data capture system. The intent
was for the data capture system to record temperature inside the retort and inside each can
every 15 s. However, the data capture system could not consistently record temperature at
this rate during production days 1 and 2. The longest length of time between temperature
measurements was 7.75 min and the average + standard deviation excluding the normal
time intervals was 1.23 & 1.30 min. The cooling cycle was started once the coldest can
among all treatments in the retort containing a thermocouple achieved a minimum lethality,
or the relative amount of time at a constant reference temperature of 121.11 °C [22], of
8 min. This value has been reported as a minimum for commercial canned pet food [23]
and was chosen to remain consistent with pet food industry practices. Cans were cooled
in the retort with municipal water (20 °C) until the last can containing a thermocouple
dropped below 50 °C before removal from the retort.

Calculations for lethality (Equation (1)) [22] and cook value (Cyq9; Equation (2)) were
made using the thermocouple temperature data (Figure S1). Tc(t) is the internal can
temperature at any given time t and At represents the length of time between temperature
measurements. The reference temperature and the z-value representing the change in
temperature required to see a 1 log reduction in the D value, or the amount of time required
to see a 1 log reduction, were specific to the item of interest [22,24]. These values were 121.11
and 10 °C, respectively, for the calculation of lethality. The z value came from experiments
measuring the heat resistance of Clostridium botulinum 213-B in a pH7 phosphate buffer [25]
and had been used in a preliminary experiment with thermally processed pet food [26].
The Cygp calculation utilized the reference temperature (100 °C) and z value (33 °C) for
thiamin, the weakest nutrient. Both equation integrals were solved using the trapezoid
rule (Equations (3) and (4), respectively). These calculations were used to discuss the effect
of the treatments on heat penetration and dissipation. For example, higher lethality and
Cigp during the heating retort cycle were indirect indicators of faster heat penetration rates.
This methodology was used in a preliminary study of the effects of container size and type
on lethality values of wet pet food processed for the same amount of time [26].

Tc(f —121.11 °C
Lethality = / 107 1T At 1)
Te(H)-100 °C °c
Cioo = / 10 “wmT @)
T t)— 121 11 °C
Lethality = 210 At, (3)
(1100 °C
Croo = 2107&, )

2.4. Analysis of Processed Canned Pet Foods

Four cans per combination of treatment and production day were blended (14-speed
Osterizer; Sunbeam Products, Boca Raton, FL, USA) and freeze dried (model #HR7000-L;
Harvest Right, LLC, Salt Lake City, UT, USA) for analysis of moisture content (AOAC
934.01) in duplicate. Can vacuum was measured on 4 cans per treatment replicate with
a glycerin-filled vacuum gauge (#25.300/30; Fisher Scientific, Hampton, NH USA) fitted
with a rubber collar (#10816-11; Wilkens-Anderson Co., Chicago, IL, USA) and metal tip.

Three cans per treatment replicate were analyzed for pH (meter: P/N 54X002608,
Oakton Instruments, Vernon Hills, IL; probe: model #FC240B, Hanna Instruments, Smith-
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field, RI, USA), free liquid, and expressible moisture by centrifugation as an indication of
water holding capacity [27]. Briefly, free liquid was quantified as the mass of the liquid
phase, if present, upon opening the can. Expressible moisture was determined by weighing
approximately 1 g of sample into two Whatman Grade 3 filter papers (GE Healthcare
Life Sciences, Piscataway, NJ, USA) and one Whatman Grade 50 filter paper (GE Health-
care Life Sciences, Piscataway, NJ, USA) folded into a thimble shape and centrifuging
in a 50 mL polypropylene centrifuge tube (Globe Scientific Inc., Mahwah, NJ, USA) at
2000x g (Sorvall® RC 6 Plus; Thermo Electron Corporation, Waltham, MA, USA). As-is
and dried filter paper weights were recorded before and after centrifuging to account for
residue transfer to the filter papers [Equations (5)—(7)]. Analysis of expressible moisture
was conducted in quadruplicate for each can per treatment replicate.

Expressed moisture + residue, g = As — is filter paper after centrifugation, § — As — is initial filter paper, g,  (5)

Expressed residue, § = Dried filter paper after centrifugation, ¢ — Dried initial filter paper, g, (6)

Equation (5) — Equation (6)
As — is weight of sample

Expressible moisture, % = %100, 7)

Texture was characterized with a modified back extrusion test using a texture analyzer
(TA-XT2; Texture Technologies Corp., Hamilton, MA, USA) fitted with a 5.08 cm diameter
and 2 cm tall cylindrical probe and a 30 kg load cell. The trigger force was set to 5 g and
the test speeds (pre-, test, and post-) were set to 1 mm/s. The probe was pressed into the
center of the products in cans to a depth of 2 cm. Firmness was recorded as the largest
force measurement observed during the 2 cm compression. Often this value was similar
to or not different from the force measurement recorded at the end of the compression.
Toughness was calculated as the area under the curve of the compression peak using the
trapezoid rule (Figure S2). Five cans from each treatment replicate were analyzed and
values were averaged together to generate composite values for each replicate. Cans were
selected from the beginning, middle, and end of the filling sequence for each treatment
to accurately capture texture for the entire production. This methodology was selected
instead of a texture profile analysis procedure because some of the treatments did not
form structures that would remain stable if removed from the can. A similar methodology
was applied to canned cat foods processed to comparable lethality values with different
processing conditions [28].

Three cans per replicate of treatment were analyzed for color with a CIELAB color-
space colorimeter (CR-410 Chroma Meter, Konica Minolta, Chiyoda, Tokyo, Japan) with
five measurements taken from four evenly spaced regions of paté from each can. Sections
were created by removing the product from the can and slicing 3 times with a knife. In
cases where slices could not be created, color of the top and bottom of the product were
measured while inside the can and internal color by separating product into 3 sections of
roughly the same size. Color was described in terms of L* (brightness), a* (red to green
scale), and b* (yellow to blue scale). Values of L* closer to 100 indicated lighter products,
whereas values of L* closer to 0 indicated darker products. The red to green and yellow
to blue scales contained negative and positive values. More negative values of a* and b*
indicated greener and bluer color, respectively. On the other hand, more positive values
of a* and b* indicated redder and yellower color, respectively. All three scales form a
three-dimensional space with the intersection point in the middle of each scale.

2.5. Statistical Analysis

Data were analyzed as a randomized complete block design with treatment as the
fixed effect and day as the random block using statistical analysis software (SAS 9.4; SAS
Institute, Cary, NC, USA). Values were presented as least square means =+ the standard error
of the mean and differences were calculated using Fisher’s LSD in the GLIMMIX procedure.
The CORR procedure was used to calculate r and p-values for Pearson correlations. All
tests were considered significant if p < 0.05.
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3. Results
3.1. Pre-Thermal Processing Batter Analyses

Batter pH and batter water activity were not different (p > 0.05) among treatments
and averaged 5.94 and 0.990, respectively (Table 2). Consistency was affected (p < 0.05) by
treatment. The D treatment was the thinnest (23.64 cm) and often traveled the full 24 cm in
less than 30 s. Guar gum alone (DG = 6.60 cm) decreased (p < 0.05) consistency, resulting in
a thicker batter, in comparison to D. The KCG, LBG, and XGG batters exhibited the lowest
consistency with no differences (p > 0.05) between them (average = 2.75 cm).

Table 2. Batter characteristics of thermally processed canned pet foods ! containing select hydrocolloids.

Measurement D DG KCG LBG XGG SEM p-Value
Consistency, cm/30 s 23.642 6.60° 1.69 ¢ 3.63°¢ 294 ¢ 0.719 <0.0001
pH 5.90 5.93 5.95 5.94 597 0.081 0.7411
Water activity 0.984 0.996 0.992 0.987 0.992 0.0067 0.2528

ab¢ Treatment means with unlike superscripts are different (p < 0.05). ! D = 1% dextrose; DG = 0.5% guar gum and 0.5% dextrose; KCG = 0.5%
guar gum and 0.5% kappa carrageenan; LBG = 0.5% guar gum and 0.5% locust bean gum; XGG = 0.5% guar gum and 0.5% xanthan gum.

3.2. Processing Control Analysis and Thermal Processing Values

Data from three thermocouples were removed from statistical analysis due to fail-
ure (2) and low fill weight (1). No differences (p > 0.05) were noted in can fill weight
(average = 406.6 g), gross headspace (average = 13.87 mm), initial internal can tempera-
ture (average = 55.67 °C), or post-processing can vacuum (average = —12.9 kPa) across
treatments (Table 3).

Table 3. Processing controls of thermally processed canned pet foods 1 containing select hydrocolloids.

Measurement D DG KCG LBG XGG SEM p-Value
Number of thermocouples 12 12 11 11 11 - -
Initial internal can temperature, °C 55.32 56.13 58.51 55.01 53.40 1.768 0.2038
Can fill weight, g 404.6 404.9 405.1 404.3 404.0 0.54 0.3900
Gross headspace, mm 14.83 14.53 13.29 13.17 13.53 0.350 0.4248
Post-processing can vacuum, kPa —124 —11.9 —-16.0 —12.7 —-114 1.76 0.4605

1D = 1% dextrose; DG = 0.5% guar gum and 0.5% dextrose; KCG = 0.5% guar gum and 0.5% kappa carrageenan; LBG = 0.5% guar gum
and 0.5% locust bean gum; XGG = 0.5% guar gum and 0.5% xanthan gum.

Heating cycle length and cooling cycle length across the three days averaged 81.25 + 1.392
and 79.58 & 22.735 min, respectively. The total, heating, and cooling lethalities were all
affected (p < 0.05) by the treatments (Table 4). Heating lethality was greater (p < 0.05) for D
(12.08 min) compared to the four other treatments (average = 9.09 min). The same relation-
ship was observed for total lethality (D = 20.24 min; average of all others = 18.46 min). On
the other hand, D (8.17 min) accumulated lower (p < 0.05) cooling lethality than LBG and
XGG (average = 9.60 min) with DG and KCG not different (p > 0.05; average = 8.97 min)
from any of the treatments. The total C;op was not affected (p > 0.05; average = 197.10 min)
by the treatments. However, D accumulated more (p < 0.05) Cyg9 during the heating cycle
(137.01 min) and less (p < 0.05) C1gp during the cooling cycle (64.90 min) compared to all
other treatments (averages = 117.24 and 78.66 min, respectively). Total lethality and Cygg
were very strongly correlated (r = 0.98; p < 0.0001). The same relationship was observed
between heating lethality and Cjgp (r = 1.00; p < 0.0001) and between cooling lethality and
Cigp (r=0.95; p < 0.0001).
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Table 4. Lethality and cook values (Cyop) for thermally processed canned pet foods ! containing select hydrocolloids.

Measurement, min D DG KCG LBG XGG SEM p-Value
Total lethality 20242 18.63 P 18.27° 18.33 P 18.26 0.470 0.0121
Heating lethality 12.082 9.71b 9.25Pb 8.74 b 8.66 P 0.566 0.0177
Cooling lethality 8.17° 8.92 20 9.012b 9.592 9.612 1.714 0.0428
Total Cyqp 201.90 196.41 195.19 196.42 195.56 2.923 0.2307
Heating Cygp 137.012 120.67° 118.84 P 115.38 114.06 ® 3.870 0.0196
Cooling Cygp 64.90 75.74.2 76.36 2 81.042 81.50 9.233 0.0099

b Treatment means with unlike superscripts are different (p < 0.05). ! D = 1% dextrose; DG = 0.5% guar gum and 0.5% dextrose; KCG = 0.5%
guar gum and 0.5% kappa carrageenan; LBG = 0.5% guar gum and 0.5% locust bean gum; XGG = 0.5% guar gum and 0.5% xanthan gum.

3.3. Physicochemical Quality of Processed Canned Cat Food

Many processed treatment characteristics were affected by the differences in carbohy-
drate hydrocolloid content (Table 5). The only experimental treatment to exhibit two phases
was D, with 16.91% =+ 1.629% of the product mass as a free liquid phase. The finished
product pH was greatest (p < 0.05) for KCG (6.38) and lowest for dextrose-containing
treatments (D and DG; average = 5.96) with LBG and XGG (average = 6.26) intermediate.
Total moisture was greater (p < 0.05) for D and DG (average = 79.21%) than for LBG and
XGG (average = 77.29%) with KCG (77.83%) intermediate and not different (p > 0.05) from
any other treatment. Expressible moisture as a percentage of the total sample mass was
greatest (p < 0.05) for D (49.91%) and lowest for LBG and XGG (average = 16.54%) with
DG and KCG intermediate (average = 25.26%). The KCG treatment exhibited the greatest
(p < 0.05) firmness and toughness (27.00 N and 370 N-mm, respectively) of all experimental
treatments, followed by LBG and XGG (average = 15.59 N and 235 N-mm, respectively).
The replacement of 0.5% dextrose with guar gum nearly doubled (p < 0.05) toughness (D
= 67 N-mm; DG = 117 N-mm) but did not affect (p > 0.05) firmness (average = 8.75 N).
Increasing the level of dextrose darkened (p < 0.05) the product. Additionally, LBG was
lighter (p < 0.05) than DG with KCG and XGG intermediate and not different (p > 0.05). No
differences (p > 0.05) in a* and b* were noted between KCG, LBG, and XGG (averages = 4.41
and 15.39, respectively). However, the inclusion of dextrose in D and DG resulted in redder
(p < 0.05; average = 8.37) and yellower (p < 0.05; average = 22.05) color.

Table 5. Finished product characteristics of thermally processed canned pet foods ! containing select hydrocolloids.

Measurement D DG KCG LBG XGG SEM p-Value
pH 5.95¢ 597°¢ 6.382 6.27b 6.24b 0.080 <0.0001

Total moisture, % 79.37 2 79.04 2 77.83 b 7730 77.28 0.798 0.0418
EM 2, % of sample 49912 2693 2359 15.92°¢ 17.16 ¢ 1.905 <0.0001
Firmness, N 9.03 ¢ 8.47°¢ 27.002 1630 P 14.87b 2.673 <0.0001
Toughness, N-mm 674 117¢ 3702 245° 225° 32.5 <0.0001
L*3 53.61 ¢ 56.88 P 57.59 ab 59.09 2 58.65 ab 1.044 0.0023

a*? 8.182 8.562 403" 468" 451b 1.244 0.0108

b*> 21.40° 22,692 14.64° 15.93b 1559 b 1.511 <0.0001

abed Treatment means with unlike superscripts are different (p < 0.05). ' D = 1% dextrose; DG = 0.5% guar gum and 0.5% dextrose;
KCG = 0.5% guar gum and 0.5% kappa carrageenan; LBG = 0.5% guar gum and 0.5% locust bean gum; XGG = 0.5% guar gum and 0.5%
xanthan gum. 2EM = expressible moisture. S represents the lightness/darkness scale of color; values closer to 100 indicate lighter
products and values closer to zero indicate darker products. # a* represents the red/green scale of color; more positive values indicate
redder colors and more negative values indicate greener colors. 5p* represents the yellow /blue scale of color; more positive values indicate
yellower colors and more negative values indicate bluer colors.

4. Discussion

The aim of this experiment was to quantify the functional characteristics present in
canned pet food containing select hydrocolloids, specifically guar gum, kappa carrageenan,
locust bean gum, and xanthan gum. Treatments were designed to show the effects of com-
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mon hydrocolloid systems and guar gum alone at inclusion levels mimicking commercial
canned pet food.

4.1. Characteristics of Pre-Thermal Processing Batters of Canned Pet Food

Consistency was affected by the treatments in the present experiment and generally
thickened when the total hydrocolloid content of the treatment increased. Thickness of a
hydrocolloid solution is dependent in the interactions between the hydrocolloid molecules
and the solvent or liquid component of the system [17]. As such, increasing the amount of
carbohydrate hydrocolloids increased the number of reactions possible with the solvent.
The DG was approximately 3.5 times thicker than D, while KCG, LBG, and XGG were
only an average of 2.4 times thicker than DG. Guar gum has a high thickening power
compared to many carbohydrate hydrocolloids [2] because it contains many hydroxyl
groups that form hydrogen bonds with water. There are no published reference values for
consistency of pre-thermal processing batters of canned pet food. A batter with thinner
consistency may be easier to mix and pump to the container filling station in a commercial
pet food facility. However, a thinner consistency batter may splash more when containers
are filled. This would contaminate the seam area, prevent a proper hermetic seal from
forming, and expose the pet food to potential external contamination during and after
thermal processing [29]. As such, consistency of pre-thermal processing batters should be
considered when formulating new commercial pet foods.

Consistency was chosen as the metric to describe viscosity, which is known to affect
the rate of heat penetration and the time required to reach lethality in food products [30].
The Bostwick consistometer does not measure viscosity directly and is influenced by other
factors including gravitational forces, though it does allow for analysis of samples during
can filling. Consistency is also listed in U.S. federal regulations as a potential critical factor
for scheduled processes for thermally processed low-acid foods [31]. Studies with other
food products have found conflicting results regarding the correlation between direct
viscosity and Bostwick consistency measurements [32,33]. Similar research should be
conducted with pet foods to validate the Bostwick consistometer as a method for apparent
viscosity analysis.

Batter pH and batter water activity were not different among the treatments. The
lack of difference in batter pH suggested that minimal reactions occurred during the 5 min
mixing after the addition of hydrocolloids. It is also possible that differences may have
been detected if the data were analyzed as the concentration of hydrogen ions instead of
as pH values (i.e., the negative logarithm of the concentration of pH values). This would
have yielded a range of average concentration of hydrogen ions from 1.07-1076-1.25-10~°
hydrogen ions in the batters. The lack of difference observed in batter water activity was
mainly influenced by the low concentration of hydrocolloids. Generally, carbohydrate
hydrocolloids do not affect water activity when their inclusion level is less than 2% [1].

4.2. Thermal Processing Controls and Characteristics of Canned Pet Food

The intention of this experiment was to begin the cooling cycle after the last can
containing a thermocouple reached a lethality value of 8 min. However, treatments appear
slightly over-processed as the lowest average heating lethality was 8.69 min (Table 3).
Similarly, another experiment struggled to achieve their targets when processing canned
foods to different Fy values [23]. Three thermocouples failed during the present experi-
ment, but more than the minimum 10 thermocouples recommended by the Institute for
Thermal Processing Specialists [34] were successful across the three replicates for each
treatment. Nevertheless, thermal processing parameters of initial internal can temperature,
fill weight, gross headspace, and post-processing vacuum were constant. This indicated
that differences in lethality were due to the treatments and not influenced by confounding
factors. There are no published reference values for these parameters for commercial
canned pet food. However, a preliminary study of canned pet food with initial internal can
temperatures around 30 °C and can volumes of 88.7 and 162.7 mL observed post-processing
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can vacuums of —0.8 kPa [26]. Initial internal can temperatures in that experiment were
roughly 50% colder than the present experiment and likely influenced the differences in
post-processing can vacuum.

Differences were observed in the heating and cooling of the experimental treatments.
Specifically, D obtained greater lethality and C;gp during the heating phase and lower
values during the cooling phase of retort processing. This could indicate a faster rate of
heat penetration and heat dissipation compared to all other treatments. The thickening of
pre-thermal processing batters due to the increase in hydrocolloid content likely increased
the resistance to heat, leading to lower lethality and C;gp when the foods were processed
under the same time and temperature conditions. Previous research of the effect of viscosity
on heat penetration found that increased food thickness decreased the average heating
slope and increased the amount of time required to thermally process food [35]. This
suggests that thinner food consistencies may benefit production facilities by decreasing the
amount of time to process a food product, which could allow for more products to be made
in the same amount of time. It is likely that the heating and cooking lag factors (j, and j,
respectively) and the heating and cooling penetration factors (fy, and f., respectively) were
influenced by the treatments. The lag factors describe how long a food product initially
takes to begin heating or cooling while the penetration factors describe the rate of heating
or cooling [25]. The present experiment did not investigate these parameters, however,
future experiments should do so to provide more understanding of how hydrocolloids
affect thermal processing.

The Cyp calculation has never been applied in literature to canned pet foods. This
metric can describe the detrimental effect of increased thermal processing on quality
changes such as texture and nutrients. Thiamin degradation is an important concern
for pet foods, especially those for cats. Consumption of a thiamin deficient diet can be
deadly within a few weeks [36,37]. Deficient pet foods should be recalled to prevent
illness and death but recalls are costly to pet food companies. As such, this is a great
concern for the pet food industry. However, there are no published reference values for
acceptable and unacceptable cook values as it relates to thiamin content or other quality
factors of canned pet food. The data presented in this study suggest that canned pet foods
processed under commercial conditions have cook values of at least 195.91-201.90 min.
Future experimentation needs to determine a maximum Cjgy before texture and thiamin
are degraded to unacceptable levels.

4.3. Physicochemical Quality of Processed Canned Pet Food

Color was largely similar between KCG, LBG, and XGG, which was expected. Hy-
drocolloids are rarely involved in browning reactions. For example, an experiment with
chicken sausages found that the level of carbohydrate hydrocolloids only explained 26.5%
of the variation in lightness, 6.6% of the variation in redness, and none of the variation
in yellowness [5]. Instead, other factors, such as fat inclusion level, were more influential.
Differences in color were identified in paté-style canned pet foods containing different
soluble proteins at a 2.5% inclusion level [38]. Companies wishing to alter the color of their
products with ingredients at low inclusion levels may have more success changing soluble
proteins than carbohydrate hydrocolloids. Regardless, values for the lightness, redness,
and yellowness of canned pet foods containing different carbohydrate hydrocolloids have
never been published. A pilot study with canned pet foods presented CIELAB color-space
values for commercial products, but the ingredient compositions were not disclosed [39].
As such, the values presented for KCG, LBG, and XGG could serve as reference values for
chicken-based canned pet foods containing the respective hydrocolloids.

The D and DG treatments appear to have confounding factors influencing their
color. First, D was processed to a higher total lethality, which increased the redness
and yellowness of thermally processed shrimp in curry [40]. The DG treatment was similar
to D in redness and yellowness, which suggested that degree of processing is not the only
confounding factor. It is highly likely that the dextrose in both treatments participated
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in Maillard reactions during thermal processing. This reaction occurs between x-amino
groups in proteins and reducing sugars [41] and is associated with increased redness and
yellowness and more acidic pH levels in infant formula [42]. This suggested that D and DG
could not serve as controls for redness and yellowness in the present experiment. There
are no published values for the redness and yellowness of canned pet foods containing
dextrose. The data for these two treatments are useful benchmarks for pet food companies
who wish to use dextrose to increase the redness and yellowness of their products.

The pH levels of the processed foods were affected by the treatments. The D and DG
treatments had more acidic pH, which could be tied to the production of Maillard reaction
products mentioned in the previous paragraph. It also appeared that pH became more
basic after thermal processing with the degree of change dependent on the carbohydrate
hydrocolloids present. This would suggest that thermal processing caused a degree of
hydrogen bonding, thus decreasing the amount of free hydrogen ions and explaining the
shift to a more neutral pH for treatments LBG and XGG. The KCG treatment shifted even
more because the sulfate half-ester groups in kappa carrageenan are negatively charged [1]
and shift the pH even more. It may also be that the differences in pH are related to the
differences in color. Chicken breasts classified by visual color assessment were further
differentiated by pH and CIELAB color values [43]. Specifically, pH was slightly more
acidic for lighter chicken breasts and slightly more neutral for darker chicken breasts. This
may be related to denaturation of myoglobin due to processing [44], however, this effect
would be small in the present experiment due to the low amounts of myoglobin present
in chicken meat [45]. Unfortunately, the water activity of the processed foods was not
measured in the present experiment. Even though it was not anticipated that water activity
would be different due to the low inclusion levels of carbohydrate hydrocolloids [1], this
information would have enhanced the discussion.

Firmness, toughness, and expressible moisture were affected by the experimental
treatments. Specifically, firmness was higher when guar gum was included with another
hydrocolloid and toughness increased with higher total carbohydrate hydrocolloid inclu-
sions. Increasing the level of hydrocolloids in a product would increase the gel strength [2];
this is observed in the toughness parameter. Experiments with 0.5-1.5% carbohydrate
hydrocolloids in meatballs [6] and restructured hams [4] observed this phenomenon as
increased firmness. It may be that 0.5% guar gum, as in DG, in canned pet foods is not
enough to influence firmness compared to a sample without a hydrocolloid. It is also
possible that the D treatment exhibited enough variability in firmness that the difference
compared to DG was not detectable. This is supported by the visually wider spread in
the force deformation curves for D vs. all other treatments (Figure S2) and visual inspec-
tion of the D treatment cans prior to compression. It was observed that cans filled later
in the sequence for that treatment progressively contained more of the solid phase and
less of the liquid phase. This likely contributed to the variation in force deformation
curves for the D treatment and further illustrated the importance of guar gum keeping
ingredients in suspension and evenly distributed. The effect of increased carbohydrate
hydrocolloid content was also observed in expressible moisture. As was mentioned in
the discussion of consistency, hydrocolloids with hydroxyl groups can form hydrogen
bonds with water [2]. Increasing the level of those hydrocolloids introduces more hydroxyl
groups, resulting in more bonding with water. This would lower the amount of water
that could be expressed and has been observed in restructured hams [4]. The difference
between D and DG highlights this well and illustrates the strong power of guar gum to
interact with water. It is possible that processing D to a higher total lethality decreased
the overall protein functionality [23] and confounded the observed lower toughness and
higher level of expressible moisture. In future experiments, treatments with significantly
different consistencies could be thermally processed separately to ensure that all treatments
receive the same level of processing.

The KCG treatment was firmer and tougher with lower levels of expressible moisture
compared to LBG and XGG. This is caused by the different gel structures formed with
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these hydrocolloids. Gels created by the combination of kappa carrageenan and potassium
ions (i.e., from potassium chloride) can withstand substantial application of force before
fracturing [46,47]. These gel systems are typically described as “firm” and “brittle” [2].
On the other hand, guar gum, locust bean gum, and xanthan gum form bonds with the
hydrogen atoms in water to form a gel structure [2]. Specifically, gels containing xanthan
gum and a galactomannan are described as “firm” and “rubbery” [46]. These different
gelation mechanisms are defining features in this analysis. For example, a difference in
expressible moisture between DG and KCG was not observed or expected because kappa
carrageenan does not participate in many hydrogen bonds with water. This concept was
echoed in the force deformation curves produced by the texture analysis procedure (Figure
52). The KCG treatment exhibited larger peaks during the deformation vs. the LBG and
XGG treatments. As kappa carrageenan gels are “brittle,” the KCG treatment may have
fractured multiple times during the compression as increasing levels of force were applied.
The LBG and XGG treatments contained gels described as “rubbery” and were able to
deform more elastically with less resistance compared to the KCG treatment. As such, the
LBG and XGG treatments exhibited smoother force deformation curves compared to the
KCG treatment.

Quantitative texture analysis of canned pet food is rarely reported, and expressible
moisture has never been documented. As such, the values presented in this manuscript can
serve as references for commercial product development and improvement. These metrics
may be important to pet owner acceptability and pet palatability and food preference.
Reports suggest that cats prefer a softer food requiring less work to chew in the first 7 days
of consuming a canned food [28]. The softer textures for LBG and XGG vs. KCG may
be preferred by cats, but this was not a focus of the present study. Future work should
expand upon this study and utilize palatability testing with dogs and cats as well as
consumer testing with pet owners to determine which textures are preferred and why they
are preferred.

4.4. Proposed Future Research

This work highlighted multiple areas for future research. First, the effect the hydrocol-
loid concentration has on pre-thermal processing batter consistency, heat penetration, and
finished product texture and expressible moisture should be investigated. This would aid
in determining the optimal levels of the hydrocolloids evaluated in the present experiment.
As learned from this research, dextrose is not a good control ingredient and another should
be used to avoid the changes in pH and color that were observed in the present experiment.
The use of the primary meat as the control ingredient is standard practice in evaluating the
effects of hydrocolloids in restructured meat products for human consumption. Another
alternative control ingredient could be cellulose, which is a carbohydrate ingredient but has
no effect on viscosity [48]. Second, the Bostwick consistometer should be validated against
direct apparent viscosity methods. This could be done simultaneously to other work in an
experiment evaluating hydrocolloids. Findings from such an experiment may confirm that
Bostwick consistency is an appropriate methodology or suggest that a different method
should be the standard. Finally, the changes due to dextrose inclusion at low levels were
unexpected. The effect of inclusion level on pH, color, and Maillard reaction products
should be explored in the event that dextrose is essential for future experiments or for
commercial products.

5. Conclusions

Hydrocolloid inclusions affected canned pet foods before, during, and after thermal
processing. Thickening batter consistency to 6.60 cm traveled in 30 s or thicker likely
decreased the rate of heat penetration and lowered the accumulation of lethality and Cp.
The addition of at least 0.5% guar gum toughened wet pet foods and decreased expressible
moisture, but at least 1% hydrocolloid content was needed to observe differences in firm-
ness. Dextrose inclusion at either 0.5% or 1% resulted in lower product pH and increased
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red and yellow color hues. Replacement of guar gum alone may need to focus on increased
consistency prior to thermal processing. On the other hand, researchers should address
the greater firmness and toughness and lower expressible moisture observed when kappa
carrageenan and guar gum were used in combination compared to guar gum with either
xanthan gum or locust bean gum. The differences observed in the present experiment
illustrated the importance of hydrocolloids to canned pet foods. These distinctions may
influence pet palatability and pet owner preference. Additionally, methodologies for quan-
tifying differences in firmness, toughness, and expressible moisture of canned pet food
were described. These methods should be utilized when evaluating new functional and
structural ingredient systems for canned pet food.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/fo0ds10102506/s1, Figure S1: Internal can temperatures for thermally processed wet pet foods
containing different carbohydrate hydrocolloid ingredients !; Figure S2: Force deformation curves
from modified back extrusion procedure applied to thermally processed wet pet foods containing
different carbohydrate hydrocolloid ingredients !.
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Abstract: The dehydration process is the basis to obtain high quality saffron and to preserve it
for a long time. This process modifies saffron’s main metabolites that define its quality, and are
responsible for the characteristic color, taste, and aroma of the spice. In this work, the effect of
microwave dehydration on saffron main metabolites (picrocrocin, safranal and crocetin esters) from
Crocus sativus L. stigmas at three determinate powers and different time lapses was evaluated. The
results showed that this dehydration process obtained similar or lower crocetin esters content, and
after three months of storage, higher concentration was shown in treatments at 440 W for 36 s, 55 s,
and 73 s; at 616 W for 90 s; and at 800 W for 20 s. Picrocrocin content was lower and safranal content
was higher in all treatments compared to the control both before and after storage. Regarding to
commercial quality, microwave dehydration obtained Category I of saffron according to International
Standard Organization (ISO) 3632. After three months of storage, treatments at 616 W for 83 s and
800 W for 60 s obtained lower categories. The results obtained suggest that microwave dehydration
is a suitable process for obtaining high quality saffron, 800 W with 6 lapses of 20 s being the best
conditions studied.

Keywords: saffron quality; secondary metabolites; drying; high performance liquid chromatography-
diode array detection (HPLC-DAD); spectrophotometry

1. Introduction

Saffron is the dried stigmas of Crocus sativus L. and its high value is due to its colour,
flavour, and aroma [1]. There is confusion about the names of the spice and the plant.
C. sativus L. is the plant, while saffron refers to the spice obtained from the dehydrated
stigmas of the plant itself [2,3]. Therefore, the dehydration process is necessary to convert
C. sativus L. stigmas into saffron.

Traditionally, saffron in Spain is obtained by C. sativus L. stigmas dried by a process
called “toasting”, in which stigmas are put on a sieve with a silk bottom placed over a
heating source, whereas in other countries, in terms of temperature, stigmas are dehydrated
at room temperature under sunlight or in the shade. Stigmas’ dehydration is the key process
to obtaining the spice and is responsible for saffron composition [4-6]. During this process,
stigmas lose around 80% of their weight and, according to the International Standard ISO
3632 (2011) [7], moisture must be lower than 12% in order to preserve the spice for a long
time [8]. Its quality is based on the capacity of the spice to give colour, taste, and aroma to
foods and beverages, and these organoleptic properties are influenced by the dehydration
process [8-12]. Saffron colour comes from crocetin esters also known as crocins, its bitter
taste from picrocrocin, and its distinctive aroma from safranal [13,14]. Depending on
the physical and chemical characteristics of saffron, it is classified into one of the three
categories established by the ISO 3632 (2011) standard. This international standard is
principally used to determine the saffron quality in international commercial agreements,

77

Foods 2021, 10, 404. https:/ /doi.org/10.3390/foods10020404

https:/ /www.mdpi.com/journal/foods



Foods 2021, 10, 404

colouring strength being the main parameter from which its price is set. Although the
quality of this spice is measured via Ultraviolet-visible (UV-vis) spectrometry, according to
ISO 3632 (2011), this method does not provide a precise determination of picrocrocin and
safranal concentration [15].

Crocins are a group of water-soluble carotenoids responsible for saffron’s colour
strength [16-19]. For each crocetin ester, there could be various geometric isomers, trans
isomers being the most abundant and more stable than cis [20]. During the dehydration
process, safranal is formed from picrocrocin due to high temperatures. It can also be ob-
tained by extreme pH or a two-step enzymatic process [8,21]. Storage is also a determinant
in saffron quality, as safranal concentration is higher in saffron stored longer than one
month due to its formation from crocetin esters and picrocrocin during storage time [22,23].

Alternatives to traditional dehydration methods are being researched, as this process
is known for being unproductive and slow [24,25]. Some techniques that are studied
today are microwave dehydration, oven dehydration, freeze dehydration (lyophilization),
vacuum dehydration, and infrared dehydration, among others to be applied to saffron
dehydration [26]. These alternative dehydration methods show greater crocin content in
freeze dried saffron and in processes where high temperature is applied [5,14]. Microwave
dehydration provides great efficiency, controllability over the process, and a higher rate
at a lower temperature due to water molecules absorbing the energy and evaporating
quickly [13,27,28]. Compared to heat dehydration, microwave provides higher speed and
volumetric heating, instead of superficial heating on account of traditional dehydration [29,30].

Previous studies have proposed microwave dehydration as a good alternative to tra-
ditional dehydration methods, as it provides higher concentrations of safranal and crocins
in a shorter time under determinate conditions [5,6,14]. However, the effect of microwave
dehydration on the main metabolites of saffron has not been studied in depth. Thus, the
aim of this work was to study the effect of microwave dehydration on saffron’s main
metabolites and its commercial quality. To achieve this, the content of the most important
compounds in saffron—picrocrocin, safranal, and crocetin esters—were measured after
carrying out the microwave dehydration of fresh stigmas at different powers and times,
using high performance liquid chromatography-diode array detection (HPLC-DAD) and
UV-vis spectrometry.

2. Materials and Methods
2.1. Samples and Reagents

Fresh stigmas of Crocus sativus L. were purchased from the company “Molineta
de Minaya” (Minaya, Spain). The control sample consists of a part of fresh stigmas
that were dehydrated according to the own company’s internal procedures, considering
therefore that this saffron belongs to Protected Designation of Origin (PDO) “Azafran de
La Mancha” [4,31]. Acetonitrile used in HPLC gradient was purchased from Scharlau
(Barcelona, Spain). Ultrahigh-purity water was produced using a Milli-Q system (Millipore,
Bedford, MA, USA).

2.2. Dehydration Process

Fresh stigmas were distributed into 15 portions of 1.5 g each and placed into a filter
paper box. The dehydration process was carried out at low, medium, and high power
(440 W, 616 W, and 800 W, respectively) and different time lapses for each (36 s,55s,73's,
and 130 s for 440 W; 265,39 s,52s,79s,83 s, and 90 s for 616 W;20s,30s,40s, and 60 s
for 800 W) in order to control the decrease of humidity and prevent vegetal material from
burning out. Between each lapse, a 10 s rest period was maintained, during which time
the mass was measured to monitor weight loss. Time lapses were repeated until weight
was reduced by 80% = 2, resulting in the total energy applied at every treatment (shown in
Table 1).

78



Foods 2021, 10, 404

Table 1. Dehydration treatments applied to fresh stigmas of Crocus sativus L.

Seconds

Treatment Power (W) (s)/Lapse N° Lapses Total Time (s) Joules (J)
440-36 440 36 6 216 95,040
440-55 440 55 4 220 96,800
440-73 440 73 3 219 96,360

440-130 440 130 2 260 114,400
616-26 616 26 6 156 96,096
616-39 616 36 4 144 88,704
616-52 616 52 3 156 96,096
616-79 616 78 2 156 96,096
616-83 616 83 2 166 102,256
616-90 616 90 2 180 110,880
800-20 800 20 6 120 96,000
800-30 800 30 5 150 120,000
800-40 800 40 3 120 96,000
800-60 800 60 2 120 96,000

2.3. Saffron Extract Preparation

The saffron extracts were prepared according to ISO 3632 (2011) [7] slightly modified.
They were then ground to a powder and passed through a sieve 0.5 mm in pore diameter;
50 mg was then placed in a 100 mL flask, adding 90 mL of Milli-Q water. The solution was
stirred for 1 h at 1000 rpm using a magnetic stir bar in the dark. The flask was filled to
100 mL and homogenised through agitation. The solution was filtered through a 0.45 um
pore sized hydrophilic polytetrafluoroethylene (PTFE) filter (Millipore, Bedford, MA, USA).
Two extracts were obtained from each dehydration treatment, including the control.

2.4. Nomenclature for Crocetin Esters

Abbreviations for crocetin esters were adopted from Carmona et al. [20]: trans-5-
tG, trans-crocetin (tri-p-D-glucosyl)-(8-D-gentibiosyl) ester; trans-5-nG, trans-crocetin (-
D-neapolitanosyl)-(8-D-gentibiosyl) ester; trans-4-GG, trans-crocetin di-(B-D-gentibiosyl)
ester; trans-4-ng, trans-crocetin (B-D-neapolitanosyl)-(B-D-glucosyl) ester; trans-3-Gg, trans-
crocetin (B-D-glucosyl)-(B-D-gentibiosyl) ester; trans-2-gg, trans-crocetin di-(B-D-glucosyl)
ester; cis-4-GG, cis-crocetin di-(8-D-gentibiosyl) ester; trans-2-G, trans-crocetin (B-D-gentibiosyl)
ester; cis-3-Gg, cis-crocetin (B-D-glucosyl)-(B-D-gentibiosyl) ester; trans-1-g, trans-crocetin
(B-D-glucosyl) ester.

2.5. HPLC-DAD Analysis

This analysis was performed according to the method by Garcia-Rodriguez et al. [11].
20 uL of each sample was injected into the Agilent 1200 HPLC chromatograph (Palo Alto,
CA, USA) equipped with a 250 mm x 4.6 mm diameter, 5 um Develosil Octadecyl System-
Trifunctional (ODS-HG-5) chromatographic column (Teknokroma, Sant Cugat del Valles,
Barcelona, Spain) equilibrated at 40 °C. The eluents were water (A) and acetonitrile (B)
with the following gradients: 20% B, 0-5 min; 20-80% B, 5-15 min; and 80% B, 15-20 min at
0.8 mL/min of flow rate. The DAD detector (Hewlett Packard, Waldbronn, Germany) was
set at 250, 330, and 440 nm to detect picrocrocin, safranal, and crocetin esters, respectively.
All analyses were performed in duplicate for each replicate (1 = 4).

Identification of crocetin esters, picrocrocin, and safranal was carried out as previ-
ously reported [11,16]. Quantification was based on the following calibration curves [11]:
C; = (0.00746 + 0.00004)A; — (0.00571 + 0.12863), correlation coefficient (R?) = 0.9999 for
trans-5-tG, trans-5-nG, trans-4-GG and trans-4-ng; C; = (0.00713 + 0.00003)A; — (0.00472
+ 0.05608), R? = 0.9999 for trans-3-Gg, trans-2-gg, trans-2-G and trans-1-g; C; = (0.00531
4+ 0.0004)A; — (0.00571 + 0.12863), R? = 0.9999 for cis-4-GG; C; = (0.00500 % 0.00003)A;
— (0.00331 + 0.05608), R? = 0.9999 for cis-3-Gg; C; = (0.02900 + 0.00002)A; + (0.51940 +
0.02631), R? = 0.9999 for picrocrocin, and C; = (0.03227 4 0.00063)A; + (0.05101 4 0.03103),
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R? = 0.9989 for safranal. Limits of detection (LOD) and quantification (LOQ) were taken
into consideration [11].

2.6. UV-Vis Spectrometry

In order to perform UV-vis spectrometry analysis according to ISO 3632 (2011) [7], the
same extract used for HPLC-DAD analysis was diluted to 1:10 (v/v) and then scanned by
duplicate at a wavelength of 440, 330, and 257 nm by a Perkin Elmer Lambda 20 UV-Vis
spectrophotometer (Perkin Elmer, Norwalk, CT, USA) in a 1 cm pathway quartz cell.

2.7. Statistical Analysis

The statistical analysis was performed using SPSS Statistics 25 for Windows (IBM,
Armond, NY, USA). Data were analysed by performing one-way analysis of variance
(ANOVA), with Duncan’s test for multiple comparisons and Dependent ¢-test for paired
samples with degree of freedom of 3, considering p < 0.05 as statistically significant (95%
confidence interval).

3. Results and Discussion
3.1. Content of the Main Metabolites of Microwave-Dehydrated Saffron

To determine the effect of microwave dehydration on saffron’s main metabolites, the
stigmas were dehydrated at different powers and time lapses, and subsequently analysed
through HPLC-DAD, which is the only way to determine these compounds [11].

Picrocrocin, safranal, and crocetin esters concentrations are shown in Table 2. With
regards to picrocrocin, the first metabolite to be detected in the analysis, control val-
ues were significantly higher in traditional dehydration than the microwave treatments.
Safranal was not quantified in traditional “toasting” because its content was below the
limit of quantification. However, all microwave dehydration treatments showed safranal.
Tong et al. [6] observed that an increase in the time of microwave dehydration of fresh
stigmas (from 3 to 6 min) at 600 W registered a decrease of safranal concentration, while at
450 W a longer time (from 6 to 10 min) obtained a higher concentration. In our study; it is
essential to supply an energy of the same order by combining powers and times (providing
different time lapses), so that within each power studied there is no great difference in
total time to be able to compare our results with those showed by these authors. Another
study described the effect on different dehydration methods, including microwave dehy-
dration [14], in which safranal reported the highest concentration in compared to electric
oven dehydration and vacuum oven dehydration; however, the results in the mentioned
study cannot be compared to ours as the dehydration time employed was excessive (1.9 h).

The total content of crocetin esters showed significant variances between the control
and the other microwave treatments, except for 440-36, 440-130, 616-39, 616-52, and 800-20.
This also happened in the sum of trans crocetin esters with the exception for the treatment
440-130, which also showed significant differences to the control. The cis isomers showed
significant differences in microwave-treated samples against the control, and those samples
which showed the highest concentration of cis isomers were also the ones that had the
highest safranal concentration. In this sense, Carmona et al. [23] reported that a high
temperature for the dehydration process promotes the isomerization of trans crocetin esters
to cis, as well as safranal synthesis from these carotenoids and picrocrocin. Speranza and
Dada [32] observed the formation of 13-cis-crocin, after 1 h of exposition to light. On the
other hand, this is the first time that the concentration of the main metabolites of stigmas
dehydrated by microwave is evaluated in detail. There is no previous study showing the
concentration of trans and cis isomers, which could be used to compare our results, but it
seems that the energy supplied by microwave dehydration of stigmas may be involved
in the formation of cis crocetin esters. Thus, all these results could indicate that different
energy sources could influence the isomerization process and the formation of safranal
from picrocrocin and the cycling of cis isomers.
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Table 2. Content of the main compounds of saffron obtained under different microwave dehydration treatments.

Treatment

Compounds (g/kg Saffron &= SD)

Picrocrocin Safranal Total CE Y Trans-CE Y Cis-CE Trans/Cis
Control 2442 4+891 <LOQ 262.7 + 8.7 f 2604 +89f 235+0.17a 113+ 12¢g
440-36 2154 +01e-g 0.41 4+ 0.03 ab 252.0 £ 1.7 ef 2453 + 1.6 d-f 6.70 £+ 0.14 de 37 £1de
440-55 192.6 £ 3.2 bc 0.71 4 0.07 be 2391+ 64b-e 2318+ 6.1b-e 730 £0.37 e 32+1cd
440-73 1746 £29a 197 +0.15f 226.6 + 2.8 a—¢ 216.3 + 2.6 ab 10.35 + 0.36 fg 21+ 1ab
440-130 201.3 + 0.4 cd 0.40 + 0.01 ab 2489 +15d-f 2424+ 15c—e 6.43 +0.05 de 38+ 1d-f
616-26 208.4 £+ 3.8 d-f 090 +£0.11 cd 2434 +76c-e 2356+ 7.6c-e 772 £0.10e 31+1b-d
616-39 2179 £ 04 fg 1.39+020e 2509 +39d-f 2442 +39d-f 6.71 +0.28 de 37 +2de
616-52 221.7+22¢g 1.34+0.15e 255.2 + 4.0 ef 248.7 + 4.2 ef 6.53 + 0.26 de 38 +2d-f
616-79 202.6 +2.0 cd 0.23+0.02a 2310+ 6.0a— 2251 +5.8a—< 594 +0.17 cd 38+ 1d-f
616-83 1778 £2.7 a 0.21+0.03a 2169 +6.0a 2125+59a 447 £0.30b 48 +3f
616-90 1743 +£2.0a 0.41 + 0.04 ab 221.6 + 3.8 ab 214.7 + 3.6 ab 6.93 +0.19 de 31+2b-d
800-20 233.7+27h 1.15 4+ 0.14 de 252.7 + 8.5 ef 245.7 + 8.2 d—f 7.00 + 0.37 de 35+1e
800-30 207.3 +£ 0.7 de 225+022f 2383 +36b-e 2284+36a-d 9.97 £ 0.78 f 23 +2a—c
800-40 2022 +0.2cd 269+035g 2275+ 4.1a—c 216.2 +4.5ab 11.36 £ 0.9 g 20+2a
800-60 188.7 £4.4b 0.38 + 0.05 ab 2334+ 6.6a-d 2284 +64a-d 497 £0.19 be 46 + 1ef

LOQ = limit of quantification. Total CE = Total crocetin esters. }_ trans-CE = sum of trans isomers of crocetin esters. Y cis-CE = sum of
cis isomers of crocetin esters. Values are the mean of two extracts conducted in duplicate (2 x 2 n), SD = standard deviation. One-way
analysis of variance (ANOVA) for each column is included. Different letters within each column represent statistically significant variances,
according to Duncan test (p < 0.05).

The proportion between trans and cis crocetin esters was analysed, showing that trans
crocetin esters are the predominant form of crocins. All the microwave-treated samples
showed significant variance with the control, the values of which ranged from 20 in 800-40
to 48 in 616-83. Therefore, the saffron obtained by microwave dehydration contains less
content of trans crocetin esters than those obtained from traditional “toasting”, resulting in
saffron with less bioactive capacity, as trans crocetin esters compounds are more bioactive
than cis isomers [3,12,33].

Crocins are a wide group of glycosyl esters, of which the predominant ones are
trans-4-GG and trans-3-Gg. Concentration values of the crocetin esters are shown in
Table 3. One of the predominant crocetin esters is trans-4-GG, which showed differ-
ences to the control in all microwave dehydration treatments, except for 440-73, 616-83,
616-90, and 800-40. The other main crocetin ester is frans-3-Gg, which showed the highest
concentration values of all the reported glycosides and obtained significant differences be-
tween the control and all the microwave dehydration treatments studied. Previous studies
showed that trans-4-GG concentration is higher than trans-3-Gg in traditionally dehydrated
stigmas [11,16,34,35]. Other works are in accordance with our results as a greater value
of trans-3-Gg concentration than trans-4-GG is also registered when stigmas are dried in
the shade or freeze-dried [35,36]. However, under these different methods of dehydration,
contrary results have also been obtained [36,37]. Therefore, it can be mentioned that these
two compounds are the main crocetin esters of saffron.

In the other crocetin esters studied, significant differences to the control were shown
for trans-5-nG, trans-2-gg, trans-2-G and trans-1-g. All these compounds showed higher
content in control except for trans-1-g, whose content was higher in all the microwave
treatments [3].
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Cis-4-GG and cis-3-Gg were the cis-crocetin esters identified and quantified in this
work. Both showed significant differences to the control with higher content in the treat-
ments studied. These crocetin esters are known for being less bioactive than the trans esters,
which results in a saffron with lower bioactive capacity.

Saffron aroma is enhanced after at least a month of its storage in stigmas traditionally
dehydrated, the reason why saffron is not sold immediately after dehydration. In addition,
previous studies observed that saffron’s main compounds’ content evolves over time [4,35].
Thus, microwave dehydrated saffron was stored for three months in order to study the
evolution of the main metabolites, after which these compounds were analysed by HPLC-
DAD again.

Picrocrocin, safranal, and total crocetin esters concentration after three months of
storage are shown in Table 4. Both picrocrocin and safranal maintained the significant
differences shown between the control and the treatments studied before the storage. In
practically all dehydration parameters studied, safranal values were higher after stor-
age, which matches with the previous results of storage effect on safranal according to
Maggi et al. [38]. Moreover, Sereshti et al. [39] reported that safranal content is lower in
freshly dried stigmas, and at least a month of storage is known to be necessary for the
development of saffron aroma [22,23].

Table 4. Content of the main compounds of saffron obtained under different dehydration treatments after being stored for

three months.

Compounds (g/kg Saffron &= SD)

Treatment " X . .
Picrocrocin Safranal Total CE Y Trans-CE Y Cis-CE Trans/Cis
Control 2473 +39g* 0.33+0.11a 2322 +£85de 231.2 £ 85ef 1.04 £0.03a 223 +1h
440-36 2125+ 21e 0.88 & 0.01 be 2682+15g 264.3 + 1.6 hi 390+0.14 ¢ 68+ 3f
440-55 2094 +1.0e 0.81 £ 0.00 b 266.6+72g 262.8 + 6.9 hi 3.76 £0.29 ¢ 71+4f
440-73 1950+ 0.2e 1.59 £ 0.00 f 2549 +04¢g 2499 £0.31i 5.03 +£0.02e 50t1e
440-130 186.6 £2.5b 1.24 £0.02d 2388 £2.7e 2359 +2.5fg 290 +0.16 b 82+4g
616-26 2084 +0.1de* 098+0.01c* 2263+ 1.0c-e  219.0+£0.8c-e 728 £0.19 f 30+ 1bc*
616-39 2031+ 13 c-e 176 £0.02 g 2152 +26¢ 2073 +24c¢ 7.87 £0.12f 26 £0b
616-52 197.8 £ 0.5b-d 1.65 4 0.01 fg 220.6 £ 0.5 cd 212.8 £ 04 cd 7.79 £0.16 f 27 +1b
616-79 189.0 £0.7b 0.78 4+ 0.00 b 1741 +49Db 169.7 £ 4.8b 440 +0.04 cd 39+1d*
616-83 158.1+25a 145 £0.02¢e 1308 +£1.7a 1267+ 15a 4.07 £ 022 cd * 31 +1bc
616-90 1974 £ 0.1 be 1.18 £0.00d 275.1 0.5 fg 267.1 +0.5gh 7.77 £012f 34+1bc*
800-20 2356 +7.0f* 1.59 £0.29 f 2620+33g* 2525+ 33hi* 954+0.07¢g 26 £0b
800-30 205.7 £29de* 3.59 +0.04 h 241.6 £3.6ef* 2282+31d-f* 13.37+051h 17+0a
800-40 193.2 £ 1.7 be 3.82+0.09i 233.8 £35de* 2189+30c-e* 14.85 £ 0.511 15+0a
800-60 1615+ 18a 142 £0.04e 1644 +£0.7b 159.6 £ 0.7b 4814+0.04d* 33+0c

Total CE: Total crocetin esters. Y trans-CE: sum of trans isomers of crocetin esters. }_ cis-CE: sum of cis isomers of crocetin esters. Values are
the mean of two extracts conducted in duplicate (2 x 2 n), SD = standard deviation. One-way analysis of variance (ANOVA) for each
column is included. Different letters within each column represent statistically significant variances, according to Duncan test (p < 0.05).
Data marked with * does not show significant variances to same treatment and compound before storage (p < 0.05).

The content of total crocetin esters was less in the control and in some microwave
dehydration treatments compared to the results obtained before its storage. The treatment
616-83 showed significant variances with the rest of the microwave dehydration treatments
and with the control for total crocetin esters and for the sum of trans crocetin esters. All
dehydration treatments showed significantly higher cis content than the control, resulting
in a lower trans/cis proportion. The treatments that showed the highest concentration
of total cis isomers also registered the highest safranal content, which was also observed
before the storage, reinforcing the previously mentioned relationship between safranal and
cis crocetin esters.

Crocetin esters were analysed after three months of storage to analyse whether deteri-
oration of these compounds had taken place. Main crocetin esters’ concentration values
are shown in Table 5.
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The two main crocetin esters, trans-4-GG and trans-3-Gg kept the previous proportion,
trans-3-Gg concentration being higher than trans-4-GG in all microwave dehydration
treatments studied and in the control. The concentration value of trans-4-GG compared to
the content obtained before storage decreased slightly in the control, while it increased in
some of the microwave dehydration treatments. For trans-3-Gg, the control also obtained
lower value compared to its content before storage, and the treatments increased their
concentration only in some of them. Regarding frans-4-GG, at 440 W for 36 s, 55 s, and
73 s, along with 616-90 and 800-20, there was significant variance compared to the rest of
the treatments. Trans-3-Gg showed similar significant differences to those described for
trans-4-GG in relation to the microwave dehydration treatments. As before the storage of
the saffron, cis-4-GG and cis-3-Gg were identified and quantified. Regarding cis-4-GG, all
microwave treated samples showed significant variances with the control, which obtained
the lowest concentration (1.04 g/kg). Cis-3-Gg, however, could not be detected in the
control and in the treatments performed at 440 W.

Therefore, after storage, new significant variances were observed. Some of the mi-
crowave treated samples presented different trends compared to the control. It is note-
worthy that microwave dehydrated saffron showed higher total crocetin esters content
in some treatments after storage (at 440 W for 36 s, 55 s and 73 s, 616-90 and at 800 W
for 20 s, 40 s and 60 s) and safranal content decreased in 440-73, although the storage
is known for improving safranal content but also diminishing carotenoids due to its ox-
idation [23,24,40]. Considering the main metabolites” content of saffron obtained from
the different microwave dehydration treatments studied, and compared to the control
(traditionally obtained saffron), the treatments that obtained an increase in total crocetin
esters after storage also showed high contents of picrocrocin and safranal. These treatments
were able to dehydrate stigmas of C. sativus L. and obtain saffron with a content of main
metabolites equal to or superior to those obtained by traditionally dehydrated saffron.
Among them, treatment 800-20 stands out for obtaining saffron with the highest content of
picrocrocin, safranal, and total crocetin esters. The 440-130 treatment would stand out for
obtaining saffron with a great bioactive capacity. In addition, it would have high content of
the main metabolites. On the other hand, 616-83 would not be recommended for use due to
the lowest content of all evaluated compounds in the saffron obtained from this treatment.

Discriminant function analysis was performed on results from HPLC-DAD grouped
together according to the power used in the dehydration process, in order to identify
a relationship between the compounds during the dehydration process and determine
canonical functions that separate samples within two functions (Figure 1).

Canonical Discriminant Functions Canonical Discriminant Functions
201 40 Sample
OControl
440 W
B16W
o ] 0800 W
oW ® Group Centroid
‘; o Control %0 w 2 %
] ® o 2
B o ¢ o E o 800
2 800 e &
5 ‘6@'61 6W 5 fSAY
[ o [
Control
10 ~201 {
201 o]
2 10 ] 10 2 40 2 I 2 0
Function 1 Function 1

(a) (b)

Figure 1. Graphical plot of the results from the stepwise canonical analysis of saffron samples
obtained by microwave dehydration at different powers and control samples, before (a) and after
three months of storage (b).
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After the dehydration process, the control sample was separated from microwave
dehydrated stigmas by function 1 (71.4% of variance) and function 2 (92.8% of cumulative
variance) (Figure 1a). Function 1 depended on trans-4-GG, trans-3-Gg, and trans-5-nG
mainly, and function 2 depended on trans-4-GG, trans-5-tG, and trans-2-G primarily. Similar
analysis was performed after three months of storage, and in this case, control sample and
stigmas dehydrated at 440 W were separated from the rest of the treatments by function
1 (82.9% of variance) and function 2 (99.5% of cumulative variance) (Figure 1b). In this
case, function 1 depended on cis-3-Gg, trans-4-GG, and trans-2-G mainly, and function
2 depended on trans-3-Gg, trans-5-tG, and trans-5-nG, principally. After three months
of storage, a higher separation of the treatments at 440 W due to cis-3-Gg, mainly, was
observed. Considering Tables 3 and 5, cis-3-Gg content decreased at 440 W after storage,
while the isomer trans-3-Gg increased. It seems that the dehydration process at this power
produces a less stable isomerization than the rest of the powers studied.

Therefore, the microwave dehydration process separated saffron obtained from the
stigmas dehydrated by “toasting”, and this separation was more pronounced after three
months of storage, due mainly to the content of crocetin esters and more specifically to the
most abundant crocins.

3.2. Commercial Quality of Microwave-Dehydrated Saffron

The commercial quality of saffron is classified into three categories established by ISO
3632 [7]. This standard indicates that the highest quality category must be composed of
saffron with a minimum value of 200 of A}D/gm 440 nm, 70 of A%O/gm 257 nm, and a A%O/gm
330 nm value between 20 and 50. Results of UV-vis spectrophotometric analyses of the

control and saffron dehydrated at different powers and time lapses are shown in Table 6.

Table 6. UV-vis spectrophotometric parameter values of saffron samples obtained under different microwave dehydra-

tion treatments.

(A}, £ SD) Initial (A}"%, + SD) after Storage
Treatment

440 nm 330 nm 257 nm Cat. 440 nm 330 nm 257 nm Cat.
Control 238 + 8 ab 15+1a 146 + 24 b - 235 +£12¢ 22 +1ab 97 £ 3e-h 1
440-36 260 + 3 de 24 +1b-d 9% +1a 1 262 + 3 ef 26 +1b-e 97 £ 1e-h I
440-55 256 + 4 cd 25+ 1b-e 96 +2a 1 268 + 3 fg 26 + 1b-e 100 + 1 gh 1
440-73 239 + 4 ab 25+ 2de 88+2a 1 259+1g 27 £+ 1c—e 95+ 1le-g 1
440-130 265 + 1 d-f 28+1f 9+tla 1 246 + 2 c—e 24 +1bc 87 t1c 1
616-26 256 +5cd 25+ 1c-e 96 +2a 1 248 +1c—e 19+1a 90 +1cd I
616-39 269 + 2 ef 25+ 2de 100+ 1a 1 262 + 2 ef 30 + 2 ef 99 + 3 f-h 1
616-52 274 + 3 f 26 + 1 ef 102+ 1a 1 258 + 2 d-f 25 +1b-d 94 + 2 d-f 1
616-79 259 + 1de 28+ 1f 95 +1a 1 246 +1c—e 29 +1de 93 +2de 1
616-83 237 + 2 ab 23 +1bc 87+1a 1 156+ 1a 3/5+1g 82+1b 11T
616-90 235+ 1a 26 +1d-f 89+1a 1 271 £3fg 27 £ 1c—e 97 £ 1e-h 1
800-20 261 + 2 de 26 + 2 ef 101+1a 1 282 +8¢g 30+ 1ce 110 +41i 1
800-30 248 + 6 bc 25+ 1c-e 95 +3a 1 262 + 2 ef 34 +1fg 101+1h 1
800-40 240 + 2 ab 28 +2f 98 +6a 1 243 + 3 cd 25+ 1b-d 90 +£1cd 1
800-60 247 + 5a—c 23+1b 92 +2a 1 185+ 1b 25+ 1b-d 76+ 1a I

Mean values of two extracts conducted in duplicate (2 x 2 n), SD = standard deviation. Cat. = Category. A dash in category means it could
not be considered as saffron according to ISO 3632 (2011). One-way analysis of variance (ANOVA) for each column is included. Different
letters within each column represent statistically significant variances, according to the Duncan test (p < 0.05).

The initial results showed that the control could not be classified as saffron according
to ISO 3632 [7] due to its low value of A%u/gm 330 nm, while all the microwave treatments
produced saffron belonging to Category L. Color strength (A1% 440 nm) results showed
that there were several differences across different treatments, although saffron obtained
in 440-73, 616-83, 616-90, 800-30, 800-40, and 800-60 did not show significant differences

between traditional and microwave dehydration. Values of ISO parameters obtained in mi-
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crowave dehydration treatments are in concordance with those reported by Maghsoodi [5]
in a previous essay, taking into account their results obtained at 200 W for 720 s (in total),
since the same order of energy (144,000 J) as our work was applied. The values of A%
257 nm were significantly lower for all the microwave dehydration treatments compared
to the control.

After storage, the treatments 616-83 and 800-60 showed a A%U/gm 440 nm value below
200, which relegated them to Category III (<170) and II (<200), respectively. These treat-
ments did not maintain the quality previously observed before storage, which shows that
they are not suitable for producing high quality saffron.

Saffron value is mainly determined by its A]” 440 nm value, therefore, producers
want the saffron with the highest 440 nm value as possible. Between all the treatments
analyzed, those that showed the highest A%O/;’m 440 nm value were 440-55, 440-73, 616-90,
and 800-20. The last mentioned showed high crocetin esters content in HPLC-DAD analysis,
proving to be a good alternative to traditional “toasting” for obtaining high quality saffron.

4. Conclusions

We demonstrated that microwave dehydration produces saffron with similar content
of crocetin esters and more safranal than saffron obtained from “toasting” under conditions
used in 800-20. This treatment maintained high metabolite content after three months of
storage; therefore, microwave dehydration provides saffron with high metabolite content
and better preservation.

Saffron’s commercial quality was measured by UV-vis spectrophotometric analysis in
order to classify the saffron obtained into ISO 3632 categories. Between all the treatments
that produced saffron belonging to ISO Category I, 800-20 was the one that obtained the
highest A1” 440 nm value. The results indicate that saffron obtained from microwave
dehydration is an adequate alternative to “toasting” because of the high metabolite content
produced and the higher commercial quality obtained.
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Abstract: Humidity-controlled dehydration (HCD) was innovatively applied in this paper to control
the growth of microorganisms in fresh wet noodles (FWN). Effects of HCD treatment with different
temperatures (40, 60 or 80 °C), relative humidity (RH, 50%, 70% or 90%) and treatment time (5-32 min)
on the total plate count (TPC), the shelf-life, and qualities of FWN were investigated. The results
showed that HCD reduced the initial microbial load on the fresh noodles and extended the shelf-life
up to 14-15 days under refrigeration temperature (10 °C). A 1.39 log;o CFU/g reduction for the initial
TPC was achieved after HCD treatment at the temperature of 60 °C and RH of 90%. HCD with higher
RH had a more positive influence on quality improvement. The L* values, the apparent stickiness,
and the cooking properties of the noodle body were improved by HCD while good sensory and
texture quality of noodles were still maintained after the dehydration process.

Keywords: fresh wet noodles; humidity-controlled dehydration; microorganisms; shelf-life; noo-
dle quality

1. Introduction

Fresh wet noodles (FWN) are prone to be contaminated by microorganisms in pro-
duction and distribution due to the high-water activity and rich nutrient content [1,2].
Therefore, the pasteurization of fresh noodles is always a key step to be assured in the
industrial production of this traditional staple food, and it is also of great importance to
effectively extend the shelf-life of noodle products without decreasing their edible qual-
ity [3]. Many studies have been done to adopt comprehensive measures to reduce microbial
contamination by using raw materials with low bacteria load, controlling and improving
sanitation during processing, packaging, and distribution of fresh noodle products [4-6].

A lot of research and attempt has been done for validation and improvement of
the fresh-keeping techniques of FWN under room temperature. Decreasing pH by the
addition of organic acid into fresh noodles had been proven to be an effective preservation
method [7], while directly adding into or spraying edible alcohol on the surface of the
noodles is currently the most widely used method for pasteurization during the fresh
noodle production [8]. By adding a variety of natural and/or chemical preservatives,
like sodium/calcium propionate, capryl monoglyceride, tea polyphenols, or chitosan into
the noodle bodies, better antimicrobial and fresh-keeping results have been achieved in
practice [5,9].

In addition to the above chemical methods, physical treatments, like heat and ra-
diation could also kill microorganisms [6]. Most previous studies have been focused
on non-thermal inactivation technologies including high hydrostatic pressure (HHP),
pulsed electric field (PEF), intense pulsed light (IPL), low-temperature plasmas (LTP),
ultrasound or ultraviolet light, etc. [1]. Other technologies like ozone water treatment,
modified atmosphere packaging, control of water activity (aw), and hurdle technology
had been tried for preservation purposes in terms of process improvement in the FWN
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field [10,11]. Moreover, heat treatment can destroy microorganisms by breaking the internal
bonds of thermally activated molecules inside the organisms [12]. Although pasteurization
by high-temperature heat treatment was reported not feasible for heat-sensitive food [1],
moderate dehydration technology with high-temperature at 105-135 °C has been validated
and applied in the production of Chinese semi-dried noodle to reduce the microbial load
and the activity of the oxidase [2].

In general, the industrial drying process of noodle products was often at low tempera-
ture with divided steps, and the humidity of the hot air was usually taken into consideration
for fine dried noodles, Udon noodles, and pasta products [13,14]. Empirically then, the rel-
ative humidity, as well as the temperature of the hot air, should be controlled during the
drying process for both semi-dried noodles and fresh wet noodles. Nevertheless, heat
treatment with excessive temperature and humidity may result in the over gelatinization
or melting of starch, the generation of cracks or chaps in fresh noodles, thus deteriorating
the noodle quality [15]. In terms of microbial control and quality improvements, it is
hypothesized that the fresh noodles would benefit a lot from heat treatment with moderate
or mild conditions. We, therefore, attempted a trial of thermal treatments for fresh noodles
with a gentler method by employing humidity-controlled hot air to test that hypothesis [16].
And to the best of our knowledge, the method has not been done yet. Therefore, this study
aims to investigate the effects of thermal dehydration treatment with medium temperature
and controlled RH on the shelf-life and qualities of the fresh wet noodles.

2. Materials and Methods
2.1. Materials

Wheat flour was obtained from Yihai Kerry Grain and Oil Industry, and the protein,
ash, and moisture contents were 11.28 4= 0.15%, 0.44 & 0.09%, and 13.18 =+ 0.07%, respec-
tively. The table salt used in the noodles was from the local supermarket. Other reagents
used were of analytical grade.

2.2. Preparation of the Fresh Wet Noodles (FWN)

The formula of the fresh wet noodle in this study consisted of 1000 g of flour, 340 mL
distilled water, and 10 g NaCl. For noodle processing, the flour, distilled water, and NaCl
were put into a vacuum mixer (Model HWJZ-5, Nanjing, China) and mixed for 7 min
under a vacuum degree of —0.08 MPa to form the noodle dough. The dough was put
into a plastic bag that was sterilized by ultraviolet radiation beforehand and then rested
for 25 min at 25 °C. Then, the dough was passed through a small roller noodle machine
(Model JMTD-168/140, Beijing, China) gradually. The thickness was reduced from 2 mm to
1.5 mm with the roller gap and finally reduced to 1 mm to obtain a dough sheet. The dough
sheet was passed through the noodle machine to get the resultant noodle strands with the
dimensions of 1.0 mm in both width and thickness. The water content of the noodle body
was about 34% after noodle preparation.

2.3. Humidity-Controlled Dehydration (HCD)

The above fresh noodles were thermally treated by using automatic noodle drying
equipment (SYT-030, Beijing, China). The dehydration temperature and relative humidity
were adjusted to 40, 60, 80 °C, and 50%, 70%, 90% with different combinations before
operations. In this paper, the noodle sample treated under the temperature of 40 °C and
RH of 50% was abbreviated as sample “40 °C-50%" and so on. Since the dehydration speed
varied according to the thermal treatments, the dehydration time was different depending
on the conditions when the water content of all the noodle samples was reduced from 34%
to the same level (about 30%). The moisture content variations and the corresponding
dehydration time of the HCD treated noodles were listed in Table 1 and the water content
of the control sample was 34.53%. The obtained HCD noodles were cooled at room
temperature (about 25 °C) for 1 h in a sterilized plastic bag and then the sealed noodles
were stored at 10 °C before the microbial analysis.
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2.4. Determination of Bacterial Content

The HCD treated noodles (25 g) in different storage stages were sampled, pulver-
ized, and mixed with 225 mL of 0.85% aseptic physiological saline. The mixture was
homogenized by a stomacher machine (Lab-blender 400; Seward Laboratory) for 60 s
before transferred to make different series of dilutions using 0.85% aseptic physiological
saline. 1 mL of appropriate dilutions was pipetted onto sterile plate count agar plates
and incubated at 36 °C for 48 & 2 h before the examination of the total plate counts (TPC)
according to GB/T 4789.2-2016 [17]. The yeasts and molds count (YMC) were also calcu-
lated using Bengal red medium after incubation for 5 days at 28 °C according to GB/T
4789.15-2016 [18].

2.5. Color Measurement of the HCD Noodles

The change of L* value of the HCD treated noodles in different storage days were
measured by a Chroma Meter (Konica Minolta CR-400, Osaka, Japan) equipped with a D65
illuminant. Ten thin strips of the noodles were closely arrayed as a line, and measurement
was carried out at 4 testing points on the surface of each noodle sample. L* is a measurement
of noodle brightness (100 = white, 0 = black) according to CIE L*, a*, and b* system, and
each of the sample points was tested three times.

2.6. Determination of the Degree of Gelatinization

The degree of gelatinization in the noodles was measured based on the starch-iodine
complexes reaction, according to the method reported by Wootton et al. [19]. The HCD
noodles were lyophilized, ground, and passed through a 100 mesh sieve. Two treated sam-
ples (1 g) were placed in tube 1 and tube 2, and the negative control in tube 1, respectively.
Distilled water (50 mL) was then added to each tube, followed by shaking. The sample in
tube 1 was heated in a boiling water bath for 20 min and then cooled to room temperature.
Glucoamylase (2 mL) was added to each tube and incubated in a water bath at 50 °C for 1 h
with shaking every 15 min. After 1 h of incubation, 2 mL of HCI (1 M) was added into each
tube to terminate the reaction. Each sample was placed in a 100 mL volumetric flask filled
with distilled water and filtered. The filtrate (10 mL) of each diluted sample was placed in
a 250 mL volumetric flask, and 10 mL of iodine solution (0.1 M) and 18 mL of NaOH were
added. The flask was then sealed for 15 min before the addition of 2 mL of sulfuric acid
(10%, w/w). Sodium thiosulfate (0.1 M) was used as an indicator to determine the endpoint
of titration and the volume consumption was recorded. The degree of gelatinization was
calculated by the equation:

Degree of gelatinization (%) = (Vo — V3)/(Vo — V1) x 100

where V) is the volume (mL) of sodium thiosulfate consumed by a blank sample, V; is the
volume (mL) of sodium thiosulfate consumed by a fully gelatinized noodle sample, V> is
the volume (mL) of sodium thiosulfate consumed by the ungelatinized sample.

2.7. Cooking and Textural Properties of the Fresh Wet Noodles
2.7.1. Cooking Loss and Water Absorption Index

The cooking loss of the HCD noodles was determined as described by AACC Method
66-50 [20]. The raw noodle sample (Ws, about 25 g) was placed into 400 mL of boiling
distilled water until the optimal cooking time (OCT) was reached. The boiled noodle was
removed from the cooking water and drained for 3 min and weighed. The cooking water
was cooled to room temperature and transferred in a 500-mL volumetric flask filled with
distilled water, and then 100 mL of it was transferred to a 250-mL beaker. After that, the
beaker was placed into an air oven to dry at 105 °C until a constant weight was reached.
The residue was weighed and calculated as a percentage of the starting material (dry weight
basis). In a separate test, the same amount of fresh noodles was weighted, cooked to OCT,
and removed from the cooking water. The boiled noodle was then reweighted after
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absorbing the water on the surface with 5 layers of filter paper. The water absorption index
was calculated as the ratio of cooked noodle weight over the dry sample weight.

2.7.2. Textural Properties

The texture properties of the uncooked and cooked HCD noodles were determined
using a TA-XT2i texture analyzer (Stable Micro Systems, London, UK). The P/35 probe
was used to measure the apparent stickiness of uncooked HCD noodles. The hardness of
cooked HCD noodles was measured according to the description of Wu et al. with some
modifications [21]. Fresh wet noodles were cooked to the OCT before removed from
the cooking water and the remaining moisture on the surface of the boiled noodles was
quickly dried by using five layers of filter paper after draining with cold water. Testing
was completed within 15 min. The tensile testing was performed with an A/SPR probe
and one strand of noodle was located through slots and was wound round parallel friction
roller two or three times. The distance between the two rollers was set at 50 mm and the
maximum operation distance was 100 mm. The pretest and test speed were 2.0 mm/s,
and the post-test speed was 10.0 mm/s. For the hardness test, three strands of noodles
were arrayed on the platform with HDP/FPS probe, and the pretest, test, post-test speed
were 2, 0.8, 0.8 mm/s, respectively. The trigger force was 5 g and the compressive strain
was 75%. The pause between the first and second compression was 2 s. Each of the noodle
samples was tested at least 7 times and an average was applied.

2.8. Sensory Evaluation

The uncooked and cooked HCD fresh noodles were prepared for sensory evaluation
using quantitative descriptive analysis (QDA) according to the method of Costa et al. [22].
The sensory evaluation panel consisted of 12 trained tasters (8 females and 4 males).
The uncooked noodle samples were submitted to the panelists for estimation of color and
appearance. A ten-point hedonic rating scale with “10” indicating “like extremely” and “1”
indicating “dislike extremely”. The chewiness (“20”), elasticity (“25”), adhesiveness (“15”),
smoothness (“5”), flavor (“5”), and overall acceptability (“10”) were assigned different
weights and evaluated for the cooked noodles. The sensory tests were conducted in
triplicate.

2.9. Scanning Electron Microscopy

The morphology of fresh wet noodles after the HCD treatment under different con-
ditions was investigated using a scanning electron microscope (Quanta-200; FEI Ltd.,
Eindhoven, The Netherlands). Noodle samples were rinsed, eluted, and freeze-dried.
The samples were then mounted with double-sided carbon adhesive tabs on aluminum
stubs, and coated with gold-palladium. The surface and cross-section of the noodles were
observed and photographed at an accelerating voltage of 1.0 kV.

2.10. Statistical Analysis

All of the above-mentioned tests were carried out in triplicate and the results are
expressed as the mean + standard deviation. SPSS 17.0 software (SPSS Inc., Chicago, CA,
USA) was used for the analysis of variance (ANOVA), and a significant difference between
any two means was calculated by using Duncan’s multiple range tests. A 0.95 confidence
level (p < 0.05) was applied to determine if a significant difference existed between the two
mean values.

3. Results and Discussion
3.1. Microbial Analysis of HCD Fresh Wet Noodles
3.1.1. Initial Bacterial Content

The effect of HCD on the initial bacterial content including TPC and YMC was shown
in Figure 1A. Under the same condition of temperature or relative humidity, the initial
TPC of HCD noodle samples was significantly decreased (p < 0.05) with the increase of
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relative humidity or temperature, respectively. In this study, the moisture content of fresh
wet noodles was settled to the same level of 30% to evaluate the effect of HCD on storage
quality of fresh wet noodles. Therefore, the RH and HCD time would depend on each other,
since, at higher RH, the time needed to dry the product is longer due to the lower moisture
gradient between product and air. This result indicated that HCD could inhibit the growth
of microbes to a certain degree, and it had a more positive effect under the condition of
either higher RH and temperatures, or longer HCD time. By comparison, the initial TPC of
40 °C-70%, 60 °C-70% and 80 °C-70% samples were lower than that of the control by 0.37,
0.85, 1.54 log1g CFU/g, respectively, and a maximum inactivation level of 1.94 log;o CFU/g
for the initial TPC of the HCD noodles was achieved in this study under the conditions
of 80 °C-90%. As mentioned by Chau et al. [12], heat treatment in a high-temperature
gas or environment could destroy the microorganism by activating the molecules of the
organism and breaking down their internal bonds. In our previous study, the shelf-life of
semi-dried noodles was extended 5 days after high-temperature-short-time (HTST, 120
°C) dehydration treatment, and the TPC was decreased significantly [2]. Inspired by this
work, we tried to explore the applicability of thermal dehydration technology in the fresh
wet noodles field, with some modifications. The results agreed with the previous study
and suggested some thermolabile bacteria were inactivated during the HCD process and
the relative humidity could affect the efficiency of the inactivation by heat. For instance,
60 °C of HCD significantly decreased the initial TPC of fresh wet noodles by 20.7, 23.9,
and 39.5 percent as RH increased from 50% to 70% and 90%. It should be noted that
the HCD time was also increased accordingly from 5 to 23 min, therefore, the effect of
RH should be discussed in conjunction with the effects of HCD time. The YMC of the
fresh noodles was reduced from 150 CFU/g to 125, 78, and drastically to 10 CFU/g as
the temperature increased from 40 to 60 and 80 °C under the same RH of 50% (Table 1).
All yeasts and molds have their optimal growth temperature: that is, if the temperature was
raised above a certain point or critical point, most of the yeasts and molds would be killed
by thermal treatment. The prime example was the progress of high-temperature short-time
(HTST) pasteurization technology in the milk field, and most of the potentially harmful
bacteria could be killed by increasing the temperature to about 60-80 °C [23,24]. In this
study, the yeasts and molds in fresh noodles were effectively inactivated at 80 °C and the
removal efficiency was above 90% (which was 1-logjy reduction) after 3 min of thermal
dehydration. All the microorganisms, no matter it is spoilage or pathogenic bacteria, prefer
to grow in high-a,, conditions and some foodborne pathogens were able to survive in
foods with low ay, as well as in dry environments [25,26]. Except for the temperature,
the relative humidity also had a great effect on the microbial thermo-tolerance in thermal
treatment [26]. The results showed almost 50% of yeasts and molds were induced to death
by thermal treatment at 60 °C and 50% of RH, while a higher inactivation rate of 90%
(1-log1p reduction) was achieved for yeasts and molds in FWN when the RH was increased
to 90%. A high level of relative humidity in environments should have led to a large
number of microbes growing, but the high-moisture hot air during HCD induced microbial
cell killing instead. Therefore, HCD with higher RH (longer HCD time) had a more positive
influence on reducing both TPC and YMC, and we speculated that some heat-resistant
bacteria could be inactivated under high temperatures with higher humidity.
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Figure 1. Application of humidity-controlled dehydration (HCD) in microbial control of fresh
noodles. (A), effect of HCD on the initial total plate count (TPC) and yeast and mold count (YMC).
(B), effect of HCD on the microorganism growth of fresh noodles during storage. Control, fresh wet
noodles; 40 °C-50%, fresh wet noodle samples treated by humidity-controlled dehydration under the
condition of 40 °C and relative humidity (RH) of 50%, etc. The different lowercase letter means there
was a significant difference in TPC/YMC (p < 0.05).

3.1.2. Microbial Growth during Storage

According to the report of Li et al. [2], the fresh wet noodles would deteriorate and their
quality lowered once the TPC was over 10® CFU/g and hence the quality analysis of noodle
samples would be terminated in this study [11]. As shown in Figure 1B, the microbial
load of the control sample with an initial TPC of 3.54 log1g CFU/g would quickly exceed
the threshold level in 3—4 days during storage at 10 °C, and soon the fresh wet noodles
would deteriorate. After HCD treatment, the shelf-life of FWN was extended up to 9-15
days with the increase of treating temperature and RH. The initial TPC is one of the most
important factors that affect the shelf-life of fresh wet noodles, and in general, the shelf-life
of FWN with a lower initial bacterial load could be prolonged. After HCD treatment, the
initial TPC of sample 60 °C-90% was reduced by 1.39 log;y CFU/g compared with the
control, and the shelf-life of which was extended up to more than 12 days. Since there
was no significant difference (p > 0.05) in initial TPC between the sample 40 °C-90% and
60 °C-50%, and between the sample 60 °C-70% and 80 °C-50%, we could not distinguish
the corresponding samples (with same water content of 30%) in terms of TPC variations
and shelf-life.

The change of YMC of FWN during storage was similar to that of TPC and was listed
in Table 1. HCD also had a great influence on the growth of yeasts and molds. Based on
our experience, we assumed that the fresh noodles would deteriorate quickly after 3 days
of storage if the YMC exceeded 2000 CFU/g, which was in step with the evolution of TPC.
Therefore, it is important to take measures to reduce the initial microbial load to extend the
shelf-life of FWN.
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3.2. Quality Analysis of HCD Fresh Wet Noodles
3.2.1. Color Changes

Fresh wet noodles are prone to enzymatic and non-enzymatic browning during
storage [2]; this would result in the noodle darkening and could be measured by the
change of L* value during storage (Figure 2A). Although excessive heat treatment has been
reported to deteriorate the noodle quality including color degradation [26], the L* value of
HCD noodles in this study was much higher than the control (about 76, data not shown)
and were increased to some extent with the increase of dehydration temperature which
indicated a brighter color. This was mainly due to that moderate thermal treatment could
inactivate enzymes especially the polyphenol oxidase [24]. The decrease in L* value (AL)
was 6.95 after 3 d of storage for sample 40 °C-50%, which was only 0.83 for sample 80
°C-90%. For HCD samples treated at 60 and 80 °C, the change of L* value during storage
was less with increasing relative humidity from 50% to 90% since the dehydration time was
accordingly extended from 3-5 min to 18-23 min, respectively (Table 1). The experiment
also showed that the color change was consistent with the results when applying HTST
dehydration on semi-dried noodles [2]. The browning rate was slowed down by HCD
treatment in this study, which was of great significance to reduce the color change during
the storage of fresh noodles [27].
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Figure 2. Effect of humidity-controlled dehydration on the L* value (A) and apparent stickiness
(B) of fresh wet noodles during storage. Control, fresh wet noodles; 40 °C-50%, fresh wet noodle
samples treated by humidity-controlled dehydration under the condition of 40 °C and RH of 50%,
etc. The different lowercase letter means there was a significant difference in the same storage time
(p <0.05).
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3.2.2. Apparent Stickiness

As shown in Figure 2B, the apparent stickiness of fresh noodles was significantly
decreased after the HCD treatment; this was mainly because the water evaporation on
the surface of noodle bodies would result in the formation of a hard shell, thus the stick-
iness decreased. In general, the stickiness was decreased a little bit with the increase of
dehydration temperature and increased with the increase of the relative humidity. Partic-
ularly, the apparent stickiness of the sample group (60 and 80 °C) was reduced and the
increase of which was slowed down during storage. This may due to the aggregation of
protein during the HCD treatment. The aggregated protein network would reduce the
starch swelling, making the fresh wet noodles firmer and non-sticky [28]. This would be
discussed in the next part based on the changes in the degree of gelatinization.

3.2.3. Degree of Gelatinization

The changes in the degree of gelatinization of the HCD fresh wet noodles were listed
in Table 1. During the dehydration process, the starch in fresh noodles gelatinized when
the temperature increased up to 60-80 °C. Besides temperature, the degree of gelatinization
of the HCD noodles was also influenced by the relative humidity, since it needs more
time to dehydrate under higher humidity, during which gelatinization may happen. How-
ever, a relatively high degree of gelatinization would make the characteristics of fresh
noodles deviate from the characteristic of the raw noodles. And through the analysis of
sensory evaluation of fresh noodles with different gelatinization degrees in preliminary
experiments, the level of 35% could be considered as the acceptable threshold of starch gela-
tinization degree for fresh noodles. As listed in Table 1, there was no significant difference
in gelatinization degree between and among the 40 °C sample groups and the control fresh
noodles. With the increasing temperature at 60 and 80 °C, the gelatinization degreed of
HCD noodles was increased up to 33.83% for the sample 80 °C-90%. This is mainly because
the final water amount remaining in the HCD fresh wet noodles was about 30% and might
not be sufficient to cause complete swelling and starch gelatinization [27]. On the other
hand, the gluten matrix in the noodles was capable of entrapping starch granules and
limiting their swelling [27]. Therefore, the HCD noodles in this study still possessed the
characteristic of raw fresh noodles.

3.2.4. Microstructure

The microstructure of the fresh wet noodles treated with HCD under different con-
ditions was investigated by scanning electron microscope (SEM). The micrographs of the
surface (Figure 3A—F) and the cross-section (Figure 3a—f) part of the noodles in 600 x and
300x magnification were shown in Figure 3. The obtained micrograph revealed that the
40 °C-50% HCD noodles presented a dispersed or incompact gluten network formation
with sphere-shaped starch granules, which did not swell too much (similar to the control,
figure not shown). The noodle surface gradually turned from initially rough into smooth as
the temperature and RH rose to 60 °C and 90%, respectively, and the cross-sections turned
from porous into compact. For the sample 80 °C-90%, the starch granules were observed
to be encapsulated by protein and a dense and continuous network was formed, which is
required for excellent cooking and edible quality.
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Figure 3. Microstructure changes of fresh noodles after humidity-controlled dehydration (HCD)
treatment. (A-F), surface of HCD noodles with 40 °C-50%, 40 °C-90%, 60 °C-50%, 60 °C-90%,
80 °C-50%, 80 °C-90%; (a—f), cross sections of HCD noodles with 40 °C-50%, 40 °C-90%, 60 °C-50%,
60 °C-90%, 80 °C-50%, 80 °C-90%.

3.3. Cooking and Texture Properties of the HCD Fresh Wet Noodles

Maintaining integrity during cooking is crucially important for improving noodle
quality [21]. After the HCD treatment, both cooking loss and water absorption of the
HCD fresh wet noodles were decreased with increasing temperature and RH (Figure 4A,B).
This indicated that the leaching of amylose and the dissolution of the water-soluble protein
during boiling was restrained to some extent by HCD [2]. And the cooking loss and water
absorption index of the 40 °C group samples were almost the same, and there was no
statistically significant difference between and among samples. Only when the dehydration
temperature increased to 80 °C, the cooking parameters of corresponding noodle samples
would show a decrease with increasing relative humidity. The cooking quality could be
highly affected by starch gelatinization and protein aggregation [27]. Baiano et al. [29] has
reported that high temperature during the dehydration process could induce the protein
aggregation in fresh noodles, and the dense gluten network would entrap the starch granules,
and led to the reduced swelling of the starch granules and leaching of the starch molecules
during cooking [2,28].

The tensile force and hardness of the cooked HCD noodles were primarily affected
by the dehydration temperature, and then the relative humidity. Wagner et al. [28] have
reported that disulfide-sulfhydryl (SH) would exchange for glutenin and gliadins when the
temperature was above 55 and 70 °C, respectively. At the same time, starch gelatinization
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may happen during the HCD process at 60 or 80 °C. Therefore, the cooking and textural
properties of the fresh noodles after humidity-controlled dehydration treatment in this
study were improved and superior to those of the control [27,28].

3.4. Sensory Evaluation of HCD Fresh Wet Noodles

Changes in sensory properties for uncooked and cooked HCD noodles were listed
in Table 2. Each indicator was assigned a corresponding weight based on its importance
in meeting the demands of consumers. Overall, the fresh wet noodles without dehydra-
tion process scored the highest of 93.48 in almost all indicators except that the color and
the total score of the sensory assessment for HCD noodles fell between 88.36 and 89.48.
However, there was no significant difference in adhesiveness and smoothness among and
between the HCD noodle samples and the control; little difference in other indicators
among the 40, 60, or 80 °C sample groups. On the other hand, although there was no
statistical difference between the 40 °C sample group and the control, both the color and
flavor of FWN were deteriorated as the dehydration temperature increased to 60 and
80 °C. There is a strong correlation between the appearance and the overall acceptability
and between chewiness and toughness of the fresh noodles; meanwhile, dehydration at
middle temperature (60-80 °C) is more likely to give good results than at low temperature
(40 °C). Heat treatment could induce changes in protein network formation and starch
gelatinization in fresh noodle bodies, thus affects the cooking, textural, and sensory proper-
ties of cooked noodles [27]. Although various aspects of the sensory properties of FWN
were not affected too much by HCD treatment, to some extent, this is just what we need.
In conclusion, the fresh noodles could still maintain the characteristics of raw noodles in
terms of sensory evaluation after humidity-controlled dehydration treatment, which was
developed mainly for the control of microbial safety purposes.
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Table 2. Effect of humidity-controlled dehydration (HCD) on the sensory evaluation of uncooked and cooked fresh

wheat noodles *.

Value of Sensory Evaluation

HCD Uncooked Noodles Cooked Noodle Samples
. - . Overall
Color Appearance Chewiness Elasticity Adhesiveness Smoothness Flavor Accentabilit Total Score
P y

9.70 +0.132 9.69 +0.192 1879 £0.182 234240232 137240182 427+0182 47140142 9.18+0152 93.48

9.83 0162 9.06 +0.19P 17.20 +0.15¢ 21284020°¢ 13.70 £0.172 424+0212 44640272 859 +0.18 P 8836

9.79 0192 9.04 0170 17184 0.20¢ 21554 0.18 137140202 42140232 44440212 86340220 88.55

9.78 £0.232 9.11 iUZZb 17.22+£0.21¢ 2149 +023°¢ 13.71 +£0.222 426 +0242 4,17iUZHb 8.ﬁ7i0.24b 88.41

949 +0.16P 924 +024 173540250 2227 £024° 137140182 4230262 405+ 020b 878 +0.15 89.12

9.424022P 9.30 £0.292 1747 +0.23° 22114+0.19° 13.69 +£0.242 42240182 394 +0210 884 +£0272 88.99

94340170 9.37 £0.262 1745 + 018 P 2230 +021P 13.70 £0172 42940252 390 £023P 888 +£0272 89.32

9.48 + 028 94140202 17.56 +0.17 2205+ 024 1373 +£ 0162 4254026 395+017P 88140212 89.24

-70% 943 +017P 9.39 40302 17.62 019 P 2225+ 0261 137140252 42540182 391 £018P 89240192 89.48
80 °C-90% 9.41+0.16" 9.42 40182 17.09 +£0.20 ¢ 2218 + 0280 13.69 £0.152 42940262 386 +0.16P 86240230 88.56

*, Control, fresh wheat noodles; 40 °C-50%, fresh wet noodles were treated by humidity-controlled dehydration under the conditions of 40
°C and RH of 50%, etc. Values represent mean =+ S.D., n = 3. The same lowercase letter means there was no significant difference within the

same column.

4. Conclusions

In this study, thermal dehydration with humidity-controlled hot air was innovatively
applied as an effective way to control the initial microbial load in the fresh wet noodles
before storage. HCD treatment could significantly reduce the microbial load in noodle
bodies and prolong the shelf-life. The storage stability of color and apparent stickiness of the
FWN was greatly improved after the humidity-controlled dehydration process, meanwhile,
the textual and cooking properties also benefited a lot from the process. The humidity-
controlled dehydration treatment seemed like a promising technique to pretreat the fresh
wet noodles before packaging and distribution. However, further research is needed to
optimize the conditions depending on the water content added in practical production
when considering the economic benefits.
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Abstract: The objective of this research was to evaluate the effect of drying temperature and innova-
tive pre-treatments (i.e., microwave and ultrasound) on “Rocha” pear drying behavior and quality
characteristics, such as color, total phenolic content and antioxidant activity. Experiments were
carried out with pear slabs subjected to microwaves (2450 MHz, 539 W, 4 min, microwave oven) and
ultrasounds (35 kHz, 10 min, in an ultrasonic bath) as well as control samples. The drying process was
conducted in a tray dryer at three different temperatures (50, 55 and 60 °C) and a fixed air velocity of
0.75 m/s. Microwave technology resulted in a higher quality deterioration in dried pear samples
compared to those of controls and ultrasound pre-treated samples. The combined application of
ultrasound pre-treatment and the higher drying temperature of 60 °C was characterized by the lowest
color changes (AE = 3.86 & 0.23) and higher preservation of nutritional parameters (total phenolic
content, TPC = 345.60 + 8.99; and antioxidant activity, EC5y = 8.80 + 0.34). The drying characteristics
of pear fruits were also analyzed by taking into account empirical models, with the Page model
presenting the best prediction of the drying behavior. In conclusion, ultrasound application is a
promising technology to obtain healthy/nutritious dried “Rocha” pear snacks as dietary sources
for consumers.

Keywords: “Rocha” pear; ultrasound; microwave; drying; quality characteristics; empirical models

1. Introduction

The “Rocha” pear (Pyrus communis L.) is a traditional Portuguese cultivar classified
with a Protected Designation of Origin (PDO) [1]. In addition to being a commercially
important agricultural product throughout the world, the “Rocha” pear is characterized
by its excellent organoleptic properties, nutritional quality and high resistance due to its
initial rigidity [2—4]. Pear fruits are a rich source of vitamins and minerals, dietary fiber
and phenolic substances. Therefore, pear consumption has received increasing interest due
to its potential health-promoting benefits, in particular high antioxidant activity, as well as
anti-inflammatory, anti-bacterial, anti-diabetic, uro-disinfectant, sedative and antipyretic
properties [5-8]. The “Rocha” pear can be maintained up to 10 months under controlled at-
mosphere storage (2-3 kPa O, + 0.5-0.7 kPa CO; at —0.5 °C and 95% relative humidity) [9].
However, long-term storage under a controlled atmosphere (CA) may promote physiologi-
cal deterioration such as internal browning disorders and superficial scald, influencing the
overall aspects of the pear fruit and therefore consumer acceptability [3,10]. Nevertheless,
post-harvest losses represent a major problem [11], not only from environmental but also
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from economic perspectives [12,13]. Hence, there is a need to develop alternative strate-
gies to contribute to environmental and economic factors and sustain the nutritional and
overall quality of agricultural products such as “Rocha” pears. In this context, the drying
process is one of the most important preservation techniques to prolong shelf-life and
availability, maintain the high-added-value components, valorize traditional food products,
reduce transportation and storage costs and present new ways of consumption. As a
consequence of the consumer’s lifestyle /behavior changes, in recent years, the food dehy-
dration industry, including dried pears, has become an important market segment due to
increased demand for healthy /nutritious ready-to-eat products (i.e., snack preparations,
integral breakfast cereals, bakery/confectionery products and rehydrated functional fruit
recipes). Among the numerous techniques, conventional hot air drying is widely used
in the industry as it enables uniform processing conditions, is easy-to-use, and produces
better-dried products with optimal drying conditions [14-16]. However, this drying tech-
nique may promote the partial degradation of nutritional compounds and undesirable
quality changes of the final product such as color, appearance and structural properties.
These properties extensively depend upon drying conditions (e.g., air temperature and
velocity). In this sense, recent advances in using novel food processing technologies have re-
ceived much attention to reduce various adverse changes and prepare final dried products
with fresh-like characteristics.

Among the so-called emerging technologies, ultrasound waves are applied as a pre-
treatment prior to convective drying of various fruit and vegetables to accelerate the drying
process, reducing drying time [17,18], enhancing mass transfer phenomena [19,20], preserv-
ing functional components [21,22], inactivating enzymes [23] and improving rehydration
characteristics [24,25]. There are two main phenomena induced by ultrasound that can
affect solid-like materials: sponge effect and cavitation. The mechanical force and cavitation
effects cause structural changes to the plant tissue such as the formation of micro-channels,
which can be beneficial for water diffusion [20,23,26,27]. Much of the research on drying
and quality characteristics by these authors have demonstrated that the application of
ultrasound has different mechanisms and effects on various fruits.

Recently, utilization of microwave energy has drawn appreciable attention, as it is
stated to enhance the drying process by lowering the processing time and operational
costs [28,29]. Microwave technology penetrates the foodstuff quickly by heating it from
inside to outside, resulting in an increase of the product temperature and consequently,
rapid water evaporation [27,30]. Despite its benefits for drying efficiency, this technology
has some major drawbacks regarding the dried product’s quality, including color deteri-
oration, the formation of hot/cold spots due to non-uniform heating, nutritional losses,
reduction of volatile aroma compounds and possible textural damage [27,28,31,32]. Addi-
tionally, the high penetration power of microwave energy affects heat transfer behavior
and may lead to overheating agricultural products, depending on the food’s properties
(nature, permittivity, water content), the geometry of the material, dielectric properties and
oven design [27]. The application of microwave energy as a pre-treatment and its effects
on the drying process and quality attributes have been addressed by a limited number of
authors [31,33].

Obtaining an in-depth understanding of the drying process by means of models
is a crucial tool for designing industrial drying systems and optimizing process condi-
tions [34,35]. The most common empirical models are those of Newton, Henderson and
Pabis, Page, Modified Page, two-term and Wang and Singh and have been utilized for vari-
ous food materials including quince [36], cherry [37], grape [38], peach and strawberry [39]
and persimmon [40] to describe several aspects of drying behavior These modeling ap-
proaches allow prediction and simulation of industrial drying systems, and help choose
the most suitable operating conditions for the effective drying of fruits and vegetables.

However, no scientific work has been published concerning the effect of such kinds
of pre-treatments (i.e., microwave and ultrasound applications) on drying behavior and
quality characteristics of the “Rocha” pear. There is a need to study the application of
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emerging technologies to ensure process efficiency and product quality, satisfying the
increased demand for healthy and nutritious snacks. Therefore, the focus of this work
was to investigate the effects of microwave (2450 MHz, 539 W, 4 min, microwave oven)
and ultrasound (35 kHz, 10 min, ultrasound bath) technologies as a pre-treatment on the
convective air drying characteristics of “Rocha” pear slices, using drying temperatures of
50, 55 and 60 °C. Different empirical models were attempted to predict the drying process.
Moreover, dried and raw “Rocha” pears quality attributes were assessed on water activity,
color, total phenolic content and antioxidant activity.

2. Materials and Methods
2.1. Raw Material Preparation

“Rocha” pears (Pyrus communis L. ‘Rocha’) were acquired in a local market (Porto,
Portugal) and stored in a refrigerator at 4 °C (BOSCH DUO SYSTEM, Bosch, Gerlingen,
Germany) until drying or experimental analysis, up to a maximum of 2 days. Pears were
selected taking into account sensory attributes such as freshness, uniform size, color and ab-
sence of mechanical damage and disease symptoms. Prior to drying, samples were washed
with tap water, dried with absorbent paper and peeled. “Rocha” pears were sliced using a
stainless steel slicer in order to maintain a uniform thickness of each sample. The average
diameter and thickness of pear slices were 38 + 0.12 mm and 6 & 0.05 mm, respectively.

The average moisture content of raw pears, determined according to the AOAC official
method [41] at 105 °C for 24 h, was found to be 6.42 kg water/kg d.m (86.52 4 0.66%, w.b.).

2.2. Pre-Treatments Applied to the “Rocha” Pear

Three kinds of dried pear samples were compared in this study: (a) control (C)
(without application of ultrasound or microwave pre-treatment), (b) ultrasound pre-treated
(US) and (c) microwave pre-treated (MW) before drying.

Prior to the ultrasound application, portions of 40 g of pear slabs were hermetically
packaged in eight polyethylene bags (VWR, 120 x 170 x 0.05 mm) (6 slabs per bag).
Bags were subjected to vacuum packaging at 1 mPa during 1.2 s of welding using a vacuum
packaging machine (A300/41/42, Multivac, Wolfertschwenden, Germany). The vacuum-
packaged samples were used to avoid adverse effects of rinsing out substances contained
in the pear fruits. Ultrasound waves, when passing through a liquid medium, lead to
mechanical vibration of the liquid. If the liquid medium contains dissolved gas, which is
the case under normal conditions, microbubbles can form, grow and violently collapse
due to the action of the sound wave. This phenomenon is called “acoustic cavitation”
Therefore, the use of vacuum packaging might decrease cavitation effects in the pear
samples by preventing direct contact with a liquid medium. This methodology is a key
point before ultrasound application to food products, as recommended by Nowacka and
Wedzik [24]. The pear samples were placed in a metal net at the bottom of an ultrasonic
bath (Bandelin Sonorex RK 255H; 300 mm (L) x 150 mm (W) x 150 mm (H)) containing
3 L of distilled water and without any mechanical agitation. The ultrasound frequency
was 35 kHz, and the nominal power of the ultrasounds was 160 W. The experiments
were conducted for an ultrasonic processing time of 10 min at a temperature of 30 °C.
The ultrasonic processing time and temperature conditions were chosen according to the
literature [17,21,24,42]. During the ultrasound applications, the temperature increase was
lower than 2 °C. The slabs of each treatment were removed from the ultrasound bath,
drained with absorbent paper and then subjected to the drying process.

10 pear slabs (approximately 100 g) were placed in a microwave oven (Beko 20 L,
P.C.R, dimensions: 454 mm (W) x 330 mm (D) x 262 mm (H)) with a rotating plate and
then subjected to microwave energy at a frequency of 2450 MHz and power of 539 W
for 4 min. [33]. The total fresh mass of pear slabs was approximately 300 g, and after
microwave heating, the weight of the samples was 251.8 £ 0.6 g, therefore evaporating
around 50 g of water. The energy per mass was around 1294 ] /g. Each run was repeated
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three times to prepare 30 pear slabs for each set. After microwave pre-treatment, all samples
were cooled down and then subjected to drying.

2.3. Drying Experiments

Drying experiments of the control (C), microwave (MW) and ultrasound (US) pre-
treated pear slabs were conducted in a pilot plant convective air tray drier with forced
air (Armfield UOPS, Ringwood, England) and controlled air temperature and velocity,
also including a metallic tube that allows air recirculation [43]. On-line acquisition of weight
loss during the drying was recorded every 3 min by means of a digital balance (Sartorius,
Goettingen, Germany) attached to the drying equipment and connected to a computer
(Hewlett-Packard Vectra, Palo Alto, CA, USA). The tray dryer was previously heated to
the set point temperature, and drying conditions were stabilized and maintained for at
least 30 min before sample drying. An amount of approximately 300 g pear samples was
divided into three similar portions and loaded onto the dryer’s three top trays. The drying
processes of the pears were conducted until a final constant moisture content of less than
0.1 £ 0.01 kg water/kg d.m., using air drying temperatures of 50, 55 and 60 °C at a fixed
air velocity of 0.75 m/s. The air temperature was monitored with a squirrel data-logger
(Grant Instruments 1023, Cambridge, England) and thermocouple wires connected to each
tray. The air velocity was measured regularly by a vane anemometer (Airflow LCA 6000,
Buckinghamshire, England). Outlet dry and wet bulb air temperatures were recorded
to calculate its relative humidity values through a psychrometric chart calculator [44].
Average air relative humidity values were 33.97 £ 0.81%, 31.67 £ 0.46% and 27.27 + 0.75%,
respectively, for drying temperatures of 50, 55 and 60 °C.

Drying experiments were performed at each temperature in three independent sets
(C, MW and US), each with three replicates. After drying, pear samples were cooled down
to room temperature, further packaged using a vacuum packaging machine and allowed
to stand in the dark until further analysis.

2.4. Modeling of Drying Kinetics
“Rocha” pears’ drying kinetics was expressed as a moisture ratio (XR) as a function

of time:
X —Xe

Xo — Xe
where X, Xy and X. were, respectively, the moisture contents at a given time, initial and
equilibrium (kg water kg dry matter—1). This equation can be simplified because Xe is small
compared to X and Xy, and the error of considering it negligible is not significant [39,45].
Therefore, Xe was set equal to zero in all drying models. Moreover, this assumption was
confirmed by calculating an average relative humidity value for all experiments and the
corresponding X, using sorption isotherms.

Several empirical models commonly applied to fruit materials were analyzed to fit
“Rocha” pear drying data including the Newton model [46,47]:

XR

()

X — Xe
Xo— X exp(—kt) )
the Henderson & Pabis model [48,49]:
X — Xe
X~ X a exp(—kt) 3)
and the Page model [50]:
X—=Xe LN
Xo— Xe ~ exp(—kt") ©)

Drying data were normalized to each pear sample’s initial moisture content to allow
comparison between different pre-treatment effects. A non-linear regression analysis was
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used to estimate the coefficients (drying rate constant, k (min~! or min~N), and drying

coefficients, a and N) of the tested models. For each model, the goodness of fit analysis
was based on the following statistical parameter values: coefficient of determination (R?)
and the standard deviation of the experimental error (s). The model better describing
each pear sample’s drying characteristics was chosen according to a higher coefficient of
determination (R?) and a lower standard deviation of the experimental error (s).

2.5. Quality Parameters Evaluation
2.5.1. Water Activity

Each pear sample’s water activity was determined using a water activity meter
(Aqualab, Model Series 3 TE, Decagon Devices, Pullman, WA, USA) at 23 °C, previ-
ously calibrated with a standard solution of water activity of 0.760. Fresh and dried pears
were inserted in a converter chamber, and a,, values were recorded after equilibration.
Each measurement was carried out in triplicate and the mean values calculated.

2.5.2. Color Properties

The color parameters of fresh and dried pear slabs (control and microwave and ultra-
sound pre-treated) were evaluated using a Minolta CR-400 colorimeter (Konica-Minolta,
Osaka, Japan) based on the CIELAB coordinate system. Before the measurements, the in-
strument was calibrated with a white ceramic plate. Three readings of three different
replications were conducted for each sample.

Three color parameters (L*, a* and b*) were recorded. The L* value represented
the brightness and varied from 0 (black) to 100 (white). The chromaticity coordinates
indicated for a* the redness (+)/greenness (—) and for b* the yellowness (+)/blueness (—).
The whiteness index (WI) and total color difference (AE) were derived from the values of
L*, a* and b*. These values were crucial to obtaining an in-depth understanding of the
impacts of pre-treatments and drying process conditions (i.e., temperature and time) on
color changes.

The whiteness index (WI) represented the overall whiteness of fruits and vegetables
that may indicate the extent of discoloration during the drying process [51]. WI was used
to express the degree of whiteness of pear samples, and was calculated as follows [38]:

WI = 100 — \/(100 — L% + (a*2) + (b*2) ®)

Total color difference (AE) represented the degree of overall color changes of pear
samples and was determined according to Equation (6) [52]. The reference value for total
color difference (AE) was the fresh “Rocha” pear.

AE = YL~ 1) + (a* — )’ + (b —bp)?, ©)

where Lj, ajj and by were the color parameters for the fresh pear and L*, a* and b* the
corresponding values after drying.

2.5.3. Sample Extraction

The extraction methodology used was adapted from Salta et al. [53] and Onal et al. [54]
with some modifications. The samples’ extracts for the determination of total phenolics
and total antioxidant capacity were prepared by homogenizing 5 g (+0.01) fresh sample
or 2 g (£0.01) dried sample in 30 mL and 35 mL of methanol, respectively (100%, v/v)
(CHROMASOLV®, for HPLC, >99.9%, Sigma-Aldrich, St. Louis, MO, USA), throughout an
Ultra-turrax (Ika digital T25, IKA®-Werke GmbH & Co. KG, Staufen, Germany) at 11 rpm.
The obtained mixture for each sample was stirred for 10 min by a vortex, and then extracts
were filtered throughout a Whatman No:2 filter paper. Three extracts were prepared for
each sample, and measurements were performed for each replicate.
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2.5.4. Total Phenolic Content

The total phenolic content in pear samples was determined in accordance with the
Folin-Ciocalteu colorimetric method previously reported by Onal et al. [54]. Describ-
ing briefly, the pear extracts were oxidized by the Folin-Ciocalteu reagent in the mixture of
sodium carbonate solution and distilled water. The reaction mixture was allowed to stand
at room temperature for 1 h, and then the absorbance was measured, in triplicate, at 760 nm,
using a visible spectrophotometer (Novaspec II, Piscataway, NJ, USA). The calibration
curve was constructed with standard Gallic acid, and results were reported as milligrams
of gallic acid equivalents per 100 g of dry basis (mg of GAE/100 g d.m.).

2.5.5. DPPH Radical Scavenging Activity

The DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging assay was used to as-
sess the antioxidant activity of fresh and dried pears according to the method proposed
by Adiletta et al. [55] and Onal et al. [54]. Various volumes of pear extracts were pre-
pared and then mixed with 3.5 mL of 6 x 107> m of DPPH methanol solution in cuvettes.
The reaction mixtures were vortexed for 30 s. After 30 min incubating in the dark and
at room temperature, absorbance values were recorded at 517 nm using a visible spec-
trophotometer (Novaspec II, Piscataway, NJ, USA). Observed color variation from purple to
yellow demonstrated the progress of the reaction due to the reduction of the 1,1-diphenyl-
2-picrylhydrazyl (DPPH) solution complex. Pure methanol (v/v) was used as the blank,
and the preparation of the control sample was without adding any pear extract.

The total antioxidant activity of pear extracts was expressed as the percentage inhibi-
tion of the DPPH radical and calculated [56,57] as:

Abscontrol — Abssample
Abscontrol

% Antioxidant Activity = x 100 (7)
where Absonirol = the absorbance of control. Absgymple = the absorbance of sample.

ECs) value, which was defined as the substrate concentration (mg mL~1) needed to
inhibit 50% of the DPPH radical scavenging activity, was employed to express the results.
ECs5p was determined from a graph of antioxidant activity (%) versus extract concentration
of each pear (mg mL~! sample).

2.6. Statistical Analysis

The significance of the pre-treatments (ultrasound and microwave) and drying pro-
cess (i.e., temperature) effects were assessed employing a one-way analysis of variance
(ANOVA). The significance level assumed in all situations was fixed at p < 0.05. Moreover,
Pearson’s correlation tests were performed to determine the relationship between the white
index (WI) and total phenolic (TPC), the white index and antioxidant activity (ECsg) and
total phenolic content and antioxidant activity. Concerning the modeling approaches,
the 95% standard error of the parameter (SE) and statistical indicators of the quality of the
regression (coefficient for determination (R?) and standard deviation of the experimental
error (s)) were also calculated [58]. All statistical analyses were carried out using IBM
SPSS® Statistics® 24 for Windows (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Color Evaluation

Color parameters of fresh pears and control (C), microwave (MW) and ultrasound
(US) pre-treated dried samples at 50, 55 and 60 °C are presented in Table 1, and include
the L*, the whiteness index (WI), and total color difference (AE). According to the results,
color parameters were affected by both applied pre-treatments and drying temperatures.
After the drying process, the L* value decreased in all microwave-treated samples at each
drying temperature, and the lowest L* value was in microwave-treated dried samples at
50 °C. It was visually observed that all microwave treated pears’ color got browner after
hot air drying compared to control and ultrasound treated dried ones. Similar observations
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were reported by Krokida et al. [59] wherein the lightness parameter (L*) decreased signifi-
cantly in microwave treated apple, potato, banana and carrot samples conventionally dried
at 70 °C. A similarity of L* values between the control and ultrasound pre-treated samples
dried at 50 and 55 °C was observed. The highest L* value was observed in ultrasound
pre-treated pears dried at 60 °C as 79.05 & 0.25, while the L* values of fresh samples were
78.60 £ 0.25. The highest L* values of ultrasound pre-treated pears dried at 60 °C indicated
that the ultrasound application with a higher drying temperature of 60 °C was sufficient to
preserve the fresh fruit’s lightness. Thus, the pear’s original color could be better protected
when the samples received the combination of ultrasound pre-treatment and higher drying
temperatures of 60 °C.

Table 1. Color parameters of control (C), microwave (MW) and ultrasound (US) pre-treated “Rocha”
pears dried at 50, 55 and 60 °C.

Sample L* WI AE
Fresh 78.60 + 0.90 © 7211 +1.00f -

C50 °C 71.35+1.98¢ 6121 +1.21¢ 1157 +0.71 4
MWS50 °C 55.77 4+2.99 2 4835+1.17% 2341 +2.18f
US50 °C 73.77 4 0.89 <d 63.23 +0.88 «d 9.80 + 0.71 «d

C55 °C 7246 + 1.66 ¢ 63.03 == 0.60 @ 10.23 + 0.78 <d
MWS55 °C 58.35 4 0.84 2P 51.38 +1.15° 21.99 +0.92f
US55 °C 77.15 + 0.42 de 68.00 +0.48 © 6.11 +0.322b

C60 °C 75.06 + 0.80 cde 64.96 + 0.67 4 8.13 4+ 0.71 be
MW60 °C 60.53 + 0.68 P 52.88 £ 0.95° 14914+ 0.81°¢
US60 °C 79.05 + 0.25 ¢ 70.96 +0.21 f 3.86 £ 0.232

Values in the same column with the same letter were not significantly different (p > 0.05).

Concerning the whiteness index, the drying process reduced its value for all dried
samples. In particular, a significant decrease was observed in all microwave-treated
dried pears. However, ultrasound-pre-treated dried pears at 60 °C demonstrated similar
whiteness index values to those of fresh ones (p > 0.05).

The total color difference is a crucial parameter for dried fruits and vegetables, being an
indicator of the human eye’s ability to differentiate between products [60]. The drying
temperature also influenced the values of total color changes (AE), revealing a decreasing
value with the increase of temperature from 50 to 60 °C. These results showed the color
deterioration during the drying process being more pronounced when the lowest drying
temperature was employed. This tendency may be explained by the browning reactions
or the formation of browning products occurring at lower-temperature and long-time
exposure to the drying process at a low temperature (50 °C). The highest values of AE
were observed for all microwave-pre-treated dried pears. These highest AEs were likely
due to high differences in the L* (lightness) values. This trend may be attributed to non-
uniform temperature distribution during microwave treatment such that few regions of
pear samples could get heated very rapidly, while the remaining region could get heated to
alesser extent. Controlling heating uniformity is an important parameter for obtaining high
quality microwave-dried fruits. During microwave applications, the constant microwave
power can cause an increase in the average product temperature, and overheating of the
food material can be prevented by controlling the microwave power [61]. A large number
of factors may influence temperature distribution during microwave applications such
as the thickness, geometry and dielectric properties of foods and microwave energy [62].
The highest color alterations of microwave-treated dried samples may be dependent on the
thickness of pear, microwave time or loss of homogeneity during the microwave treatment.

The lowest value of AE was observed in ultrasound-pre-treated pears dried at 60 °C,
indicating that the combined pre-treatment of the ultrasound application and higher drying
temperature better helped to preserve the original color of pear in dried snacks (Figure 1).
At this point, it could be concluded that ultrasound pre-treatment could be applied to
control or inhibit browning reactions and attain the desirable color of final dried pears [63].
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Figure 1. “Rocha” pear slabs: fresh (a), control (b), microwave treated (c) and ultrasound treated (d)
dried at 60 °C.

3.2. Total Phenolic Content (TPC)

The total phenolic content of fresh pears and control (C), microwave (MW)- and
ultrasound (US)-pre-treated pears dried at 50, 55 and 60 °C is summarized in Figure 2.
The present experiments demonstrated that drying temperature and microwave and ul-
trasound pre-treatments had a remarkable effect on pear samples’ total phenolic content.
The total phenolic content of fresh pear slabs was found to be 336.82 mg GAE/100 g d.m.
Total phenolic content levels generally decreased after the drying process. A significant re-
duction of total phenolic content was observed in all microwave-treated pears after drying,
and there were no statistical differences (p > 0.05) between all microwave pre-treated dried
samples. These results indicated that microwave pre-treatment had a negative impact on
total phenolic content and damaged the nutritional composition of all dried pears. More-
over, microwave-treated dried pears’ total phenolic content was slightly lower than control
and ultrasound-treated dried pears (p < 0.05). The phenolic compounds’ degradation
by microwave treatment might be due to the heating effect caused by electromagnetic
radiation during the microwave application.
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Figure 2. Total phenolic content of fresh and control (C), microwave (MW) and ultrasound (US)
treated “Rocha” pears dried at 50, 55 and 60 °C. Values with the same letter were not significantly
different (p > 0.05).

The most significant changes in microwave-treated dried pears’ total phenolic compo-
sition might be attributed to the structural changes in fruits due to the combined drying
method (MW application and hot air drying). During the microwave treatments, an ob-
served shrinkage phenomenon could cause internal stress (non-uniform temperature) and
surface tension, resulting in surface microcracks and leakage of exudate from the pears.
Contrary to our findings, Hayat et al. [64] noticed that microwave energy could increase
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the bioavailability of some phenolic compounds (i.e., free phenolic compounds) by lib-
erating them from the food matrix. Microwave heating is associated with an essential
phenomenon of selective heating. The release of phenolic compounds is believed to be
attributed to the selective heating of certain phenolic compounds in the microwave field or
physical forces between the food matrix and phenolic compounds. The thermal instability
of microwave heating could be one of the most important reasons for phenolic compound
losses. Furthermore, the thermal instability of phenolic compounds in the food matrix
can play an important role in the separation process [65]. However, not much knowledge
about the impacts of microwave application on quality attributes of hot-air-dried fruits is
currently available.

Concerning ultrasound pre-treatment, no significant differences (p > 0.05) were ob-
served between all dried control pears and ultrasound-pre-treated ones up to 60 °C.
Among all dried pears, the highest total phenolic content was 345.60 mg GEA /100 g d.m.
in ultrasound pre-treated pears dried at 60 °C, and only this value was not statistically dif-
ferent from the fresh pears. Based on these results, the combined application of ultrasound
pre-treatment and higher drying temperature of 60 °C affected the pears’ total phenolic
content positively. This behavior could be explained by the higher processing temperature
and less exposure time, which contributed to a protective effect against oxidative and heat
damage to pears’ phenolic composition. Such situations may be attributed, in addition,
to the better availability and extractability of antioxidant compounds, which can be en-
hanced by larger pores in the pear tissue, by an ultrasound application, thereby improving
the extraction of polyphenols sample preparation [66,67].

The decrease of total phenolic compounds due to the drying process may be associ-
ated with the modifications in phenolic compounds’ chemical structure or the binding of
polyphenols with other compounds, such as proteins [68,69].

In this case, the ultrasound application with higher drying temperature (60 °C) exhib-
ited better retention of pear samples” antioxidant activity.

3.3. DPPH Radical Scavenging Activity

The antioxidant activity of fresh and dried pears with different pre-treatments was
evaluated by a DPPH radical scavenging activity assay (please see Figure 3). The lowest
ECs corresponds to the highest pears’ antioxidant activity. The fresh samples provided a
radical scavenging activity of 9.39 mg/mL. After the drying process, the samples had less
antioxidant activity except for ultrasound-pre-treated samples dried at 60 °C. According to
these results, dried pears” higher antioxidant activity value was positively correlated with
the higher drying temperature. In this case, the lower drying temperature produced
more degradation of pears” antioxidant activity. Previous studies stated that the lowest
antioxidant activity of conventionally air-dried fruits and vegetables was linked to lower
processing temperature and longer exposure time to heat [27,70,71]. Also, Nicoli et al. [72]
stated that some fruits” antioxidant capacity could be maintained or enhanced by the
formation of new antioxidant compounds. According to Kamiloglu and Capanoglu [73]
and Vega-Galvez et al. [71], generation and accumulation of Maillard-derived melanoidins,
having a different degree of antioxidant activity, could also increase the antioxidant activity
of fruits.

The microwave treatment resulted in significantly less antioxidant activity in dried
pears than control and ultrasound-pre-treated dried pears, demonstrating that some phe-
nolic acids were probably degraded by microwave application. The antioxidant activ-
ity values of control and ultrasound-pre-treated dried pears were significantly different
(p < 0.05) than microwave-treated dried ones. The significantly highest values of EC50
(the lowest antioxidant activity) were obtained in “Rocha” pears subjected to microwave
pre-treatment drying at 50 °C. This behavior could be due to the combined application of
microwave pre-treatment and drying process conditions of exposure time and temperature:
lower temperature and longer exposure time produced more degradation of polyphenols
and consequently, the loss of antioxidant activity. Moreover, microwave pre-treatment prob-
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ably caused significant structural changes in pear cells, which led to the loss of antioxidant
activity on the fruit surface.
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Figure 3. Antioxidant activity of fresh and control (C), microwave (MW) and ultrasound (US) treated
“Rocha” pears dried at 50, 55 and 60 °C. Values with the same letter were not significantly different
(p > 0.05).

All pear samples obtained from ultrasound pre-treatment exhibited better antioxidant
properties. However, no statistical differences (p > 0.05) were observed between ultrasound-
treated pears dried at 55 °C and control ones dried at 60 °C. The ultrasound-treated pears
at a higher drying temperature of 60 °C showed the highest antioxidant activity retention.
Such a situation could probably be attributed to the protection of pear cellular structure
degradation by combined application (ultrasound treatment and higher drying temperature
of 60 °C), which may have improved the samples” antioxidant activity.

Based on these results, microwave and ultrasound pre-treatments differentiated the
phenolic contents and antioxidant potential in dried pears. Nevertheless, numerous factors
may affect food products” antioxidant capacity, such as different drying methods, tempera-
tures, applied pre-treatments, antioxidant assays, main antioxidant compounds’ chemical
structures and the interactions of several antioxidant reactions [55,70].

In our case, this proper combined drying method (ultrasound treatment and higher
drying temperature of 60 °C) may be efficient, preserving the antioxidant activity and
phenolic compounds in “Rocha” pear samples.

Pearson’s correlation test was applied to determine the correlation between the white
index (WI) and total phenolic content as well as the antioxidant activity (ECs value).
The total phenolic content and antioxidant activity influenced the white index (WI) of
“Rocha” pears. Total phenolic content showed a high positive correlation with the white
index (r = 0.928). At the same time, the antioxidant activity (ECsp) had a high negative
correlation with the white index (r = —0.936) because a lower ECsj indicated higher
antioxidant activity. If r is regarded as an absolute value, it is possible to observe a
high correlation.

Moreover, it was confirmed herein by statistically significant negative Pearson’s
correlation among the total phenolic content and ECsy value (r = —0.845). This result
indicated that with a higher polyphenol content, a lower amount of “Rocha” pear tissue
was required to scavenge 50% of initial free radical concentration (lower ECs value).
The analogous relationship was reported by Rahman et al. [74] and Wiktor et al. [67].
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3.4. Drying Kinetics: Experiments and Empirical Models

Figure 4a—c presents the drying curves of control, microwave and ultrasound pre-
treated pear slices at the investigated temperatures of 50, 55 and 60 °C. The drying curves
depended on the applied pre-treatments (i.e., microwave and ultrasound) and drying
conditions (i.e., temperature and time). Fresh pears were characterized by moisture content
0.004. The pear drying process
+ 0.01 kg water/kg d.m. and

of 6.42 4 0.66 kg water/kg d.m. and water activity of 0.98 4
was performed to a final moisture content of less than 0.1
average water activity of 0.41 £ 0.03 (<0.05).
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Figure 4. Experimental (symbols) and Page model-predicted (lines) drying curves of control and
pre-treated (microwave—MW and ultrasound—US) samples at (a) 50 °C, (b) 55 °C and (c) 60 °C.

No constant rate period was detected in all samples within the studied drying ex-
perimental conditions. Only the falling rate period was observed in all samples at each
drying temperature, indicating that the tray dryer’s drying process was controlled by
internal mass transfer diffusion (moisture migration within pear samples). Similar drying
characteristics have been observed in several fruits’ drying, such as the persimmon [75],
apple [52], grape [38] and pineapple [76].

All pear samples’ drying curves presented similar behavior: moisture content de-
creased and the rate of moisture loss decreased as time progressed. Moreover, the drying
process was accelerated when the temperature increased from 50 to 60 °C. Drying be-
havior with increasing drying temperature was explained by Nascimento et al. [77] and
Tao et al. [78]. The temperature rising reduces the relative humidity of the air, increases the
moisture gradient between food materials and air and promotes the moisture movement
within foods, thus enhancing drying time, but may cause also case-hardening. If case-
hardening occurs, the diffusion path of moisture from the internal layers toward the
product surface is impeded. As a consequence, diffusion will become slower, and the
drying time will be prolonged. A similar phenomenon has been observed for yam slices’
convective drying [79].

As shown in Figure 4, in microwave-pre-treated (539 W for 4 min) pear slices, the mois-
ture content decreased faster than in control or ultrasound-pre-treated (US) samples,
thus enhancing the drying process. In this way, the microwave pre-treated samples had
shorter drying times at all investigated temperatures. Pear samples were dried to a final
moisture content less than 0.1 kg water/kg d.m. Considering the practical application,
the smaller time required to achieve the same final moisture content was 315 min for mi-
crowave pre-treated and drying at 60 °C. Corresponding values for control and ultrasound
samples were 453 min and 492 min, respectively. Similar drying behavior was observed
at drying temperatures of 50 and 55 °C. This behavior may be explained by the internal
(volumetric) heating caused by moisture migration to the pear surface during microwave
pre-treatment. Less drying time in the microwave and its combined applications may be
associated with the rapid mass transfer within food materials during microwave heating.
Heat was generated within the food due to the absorption of microwave energy, and it cre-
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ates high internal pressure, temperature and concentration gradients. Therefore, the flow
rate of the liquid through the food to the boundary is increased.

Concerning ultrasound-prior drying applications, at a temperature of 50 °C, sam-
ples had a shorter drying time than control ones. The lower drying temperature and longer
exposure time may have produced higher damage to control samples. However, there was
no drying time reduction in ultrasound-treated pears dried at 55 and 60 °C in comparison
with control samples at the same temperatures. Under these conditions, the drying time
of control and ultrasound pre-treated samples were quite similar. This could probably be
caused by either the fact that ultrasound pre-treatments were applied through the vacuum
packaging and not by the samples” immersion in the water medium or by structural changes
of pear tissue that occurred during ultrasound pre-treatments. The structural properties
of the food material are decisive for the ultrasound waves’ action [77]. From this point of
view, the pears’ composition and structure may be modified by ultrasound application and
can affect pears’ ability to be dried.

The ultrasound application also causes a rapid alternative compression and expansion
of the food matrix called a sponge effect. This mechanism is a direct effect of ultrasound,
leading to the creation of microchannels and facilitating intracellular liquid removal to the
surroundings. Another phenomenon associated with ultrasonic waves is the formation of
thousands of cavitation bubbles in liquids. In our case, considering the effect of ultrasound
application on “Rocha” pears “drying process, these obtained findings could be associated
with the pear samples’ isolation by vacuum-packaging from the liquid medium (water)
during the ultrasound application. This type of pre-treatment procedure probably caused
a limited effect of cavitation, and only sponge effect occurred. Therefore, it can be noted
that the occurrence of this sponge effect was insufficient to accelerate the drying process
and moisture movement. These observations are in good agreement with results reported
for ultrasound-pre-treated dried carrot slices [24]. On the contrary, in the cases where
pre-treatment with ultrasound was applied before drying and food materials were directly
immersed in a liquid medium, a significant reduction of processing time was observed for
pineapple [42], melon [21] and mulberry [20].

“Rocha” pears’ drying characteristics were affected by many factors such as the
fruit’s structure, applied pre-treatments, and drying temperature and time. From this
viewpoint, obtaining an in-depth understanding and description of the microwave and
ultrasound effects, and the involved mechanisms may also improve the drying process.
Microwave application to the drying of pears had a remarkable impact on reducing process
time, which may be attributed to the two microwave mechanisms of ionic polarization
and dipole rotation. In ionic polarization, an electric field is applied to make ions move
and collide with each other. As a consequence, their kinetic energy is converted into heat
inside the food materials [80]. Both mechanisms are related to the “volumetric heating” of
microwave energy. The ultrasound pre-treatment did not accelerate the drying process of
pear fruits. Therefore, detailed information on ultrasound mechanisms (i.e., sponge effect
and cavitation) and their effects on the drying process are needed.

In order to predict the moisture content (X) as a function of drying time (min), em-
pirical models (presented in Section 2.4) were fitted to the experimental data. The drying
kinetic parameters for each attempted model are reported in Table 2, where k is the drying
rate constant (min~! or min~N), and a and N are drying parameters. The corresponding
statistical parameters are summarized in Table 3. The coefficient of determination (R?) and
the standard deviation of the experimental error (s) were the primary criteria to select the
best model to account for variation in the drying curves of pear samples. A good fitting
corresponded to the highest R? value and the lowest value of s [47].

The statistical parameter estimations showed that R? and s values ranged, respec-
tively, from 0.974 to 1.000 and from 0.0255 to 0.2038. According to model parameters in
Table 2, for the Newton and Henderson & Pabis models, the drying rate k had values of
0.446 x 1072 t0 0.925 x 10~2 min~'. The Page model gave the best results and demon-
strated good agreement with experimental data (Figure 4), presenting the highest R* and
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the lowest s values among all tested empirical models. Hence, the Page model could
predict with sufficient accuracy the evolution of moisture content for “Rocha” pear slabs at
each drying temperature. Similar observations were reported by Doymaz and Ismail [37]
and Senadeera et al. [40].

Table 2. Drying kinetics model parameters of “Rocha” pears dried at 50, 55 and 60 °C.

Model Name Temperature Parameters Control Microwaved Ultrasound
50 °C k x 102 (1/min) 0.446 + 0.005 0.558 + 0.024 0.478 + 0.009

Newton 55°C k x 102 (1/min) 0.578 £ 0.015 0.808 £ 0.043 0.546 £ 0.023
60 °C k x 102 (1/min) 0.604 + 0.013 0.851 + 0.071 0.608 + 0.014

50°C a 1.061 + 0.007 1.074 £ 0.019 1.068 £ 0.010

k x 102 (1/min) 0.481 £ 0.006 0.598 £ 0.026 0.508 £0.010

. . a 1.068 £ 0.012 1.098 £ 0.025 1.058 £ 0.010

Henderson & Pabis 55°C k x 102 (1/min) 0.615 = 0.01 0.881 = 0.046 0.577 + 0.012
60°C a 1.074 £ 0.018 1.090 + 0.077 0.632 £ 0.017

k x 102 (1/min) 0.646 £ 0.026 0.925 £ 0.031 1.041 £ 0.011

50°C k x 102 (1/minN) 0.169 £ 0.004 0.154 £ 0.015 0.165 £ 0.008

N 1.184 + 0.005 1.240 £ 0.021 1.191 + 0.009

Pace 500 k x 102 (1/minN) 0.213 £ 0.014 0.170 £ 0.018 0.282 == 0.029

8 N 1.186 + 0.013 1.310 + 0.023 1.124 + 0.022

60°C k x 102 (1/minN) 0.184 £ 0.062 0.177 £ 0.029 0.312 £ 0.019

N 1.224 + 0.019 1.319 + 0.031 1.126 + 0.01

Table 3. Correlation coefficients (R? and s) of empirical drying models.

Model Name Temperature Correlation Coefficients Control Microwaved Ultrasound
50°C R? 0.995 0.984 0.991
s 0.1168 0.1734 0.1622
. R? 0.991 0.978 0.993
Newton UC s 0.1477 0.1925 0.1321
60°C R? 0.986 0.974 0.994
s 0.2038 0.1999 0.1282
50°C R? 0.997 0.989 0.995
s 0.0835 0.1432 0.1263
. . R? 0.994 0.986 0.996
Henderson & Pabis 55°C s 0.1202 0.153 0.1001
60°C R? 0.991 0.983 0.996
s 0.1612 0.1733 0.1071
50°C R? 1 0.997 0.999
s 0.0255 0.0595 0.0481
R? 0.999 0.998 0.998
P. o
8¢ BrC s 0.0541 0.0534 0.0776
60°C R? 0.999 0.997 0.999
s 0.065 0.0737 0.0499

4. Conclusions

The influences of air drying temperature (50, 55 and 60 °C) and innovative pre-
treatments (i.e., microwave and ultrasound applications) on quality attributes and drying
behaviour of “Rocha” pear slices were investigated. Drying process conditions of pears sig-
nificantly influenced all quality descriptors: lower drying temperature and longer exposure
time resulted in more quality deterioration. Moreover, ultrasound pre-treatment combined
with higher drying temperature (60 °C) improved the quality attributes of pear samples:
better color preservation and retention of nutritional compounds (i.e., total phenolic content
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and antioxidant activity). On the other hand, microwave pre-treatment had a negative
impact on the overall quality of dried pears.

Regarding the characteristic drying curve, only the falling rate was observed at all
investigated conditions. The experimental results evidenced that the drying time decreased
with increasing drying temperatures. Microwave pre-treatment was more effective in
intensifying the drying process due probably to the volumetric heating of vapors generated
inside the pear material. Therefore, microwave pre-treated pears had shorter drying
times in comparison with control and ultrasound-pre-treated slices. On the other hand,
ultrasound pre-treatment did not accelerate the drying process, which could be explained
by the different ultrasound application mechanisms resulting probably from the following
effects: the limited cavitation phenomenon and only the sponge effect occurring in vacuum-
packaged pear samples. Among the applied empirical models, the Page model provided
the best fit results (with the highest correlation factor, R?, and the lowest standard deviation
of experimental error, s) to describe the drying behavior of “Rocha” pears at each drying
temperature accurately.

It can be concluded that each pre-treatment exhibits a different effect mechanism
on the drying characteristics and the preservation of nutritional and quality parameters.
Despite the ultrasound not accelerating the drying process of pear fruits, quality attributes
of dried pears were better retained. Current approaches to understanding and improv-
ing drying process efficiency state that more research is needed regarding ultrasound
application conditions (i.e., time, power, etc.) and the ultrasound mechanism. In this con-
text, ultrasound pre-treatment may be a promising technique to obtain high-quality dried
fruits, being an alternative to traditional pre-treatments and suitable to an industrial con-
text. Additional studies must be carried out to determine the influence of pre-treatments’
mechanisms on the dried product’s final quality.

Future research will be devoted to investigating the description and characterization
of “Rocha” pear rehydration behavior. The selection of appropriate pre-treatments seems
crucial for optimizing rehydration process conditions and new product design.
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Abstract: This work studies the ability of a MicroNIR (VIAVI, Santa Rosa, CA) device to monitor
the dry fermented sausage process with the use of multivariate data analysis. Thirty sausages were
made and subjected to dry fermentation, which was divided into four main stages. Physicochemical
(weight lost, pH, moisture content, water activity, color, hardness, and thiobarbiruric reactive
substances analysis) and sensory (quantitative descriptive analysis) characterizations of samples on
different steps of the ripening process were performed. Near-infrared (NIR) spectra (950-1650 nm)
were taken throughout the process at three points of the samples. Physicochemical data were explored
by distance to K-Nearest Neighbor (K-NN) cluster analysis, while NIR spectra were studied by partial
least square-discriminant analysis; before these models, Principal Component Analysis (PCA) was
performed in both databases. The results of multivariate data analysis showed the ability to monitor
and classify the different stages of ripening process (mainly the fermentation and drying steps).
This study showed that a portable NIR device (MicroNIR) is a nondestructive, simple, noninvasive,
fast, and cost-effective tool with the ability to monitor the dry fermented sausage processing and to
classify samples as a function of the stage, constituting a feasible decision method for sausages to
progress to the following processing stage.

Keywords: dry-fermented sausages; near infrared spectroscopy; portable device; PLS-DA

1. Introduction

Dry-fermented meat products are one of the eldest and more remarkable groups of processed
meats and constitute a key aspect in the identity, culture, and heritage of numerous regions. The great
interest in traditional dry-fermented meats is specially remarkable in Europe, due not only to their great
economic weight but also to their unique sensory features, which are a consequence of the raw material
and the manufacturing process [1]. Traditional dry-fermented sausages are mostly manufactured with
lean and fat from pork in small-scale production plants [2]. As other authors reported [3], most of these
sausages are seasoned and processed with traditional manufacturing, the domestic environment being
characterized by the limited degree of mechanization and final product control, which may bring higher
heterogeneity to their quality. The implementation of control systems for the whole dry-fermented
sausage process, ensuring the quality and safety of the product, would contribute to overcoming these
issues. As most of traditional product industries are small-scale, such a control system should be
simple, cheap, and easily implemented in fermenting-drying domestic or pilot-scale chambers.
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Several analytical methods, such as physicochemical, chromatography, mass spectrometry,
or sensory ones, have been shown to be able to collect accurate data from which the global quality
of food products can be inferred. Nevertheless, these techniques are expensive, tedious, time- and
solvent-consuming, and complex to use and require destruction of the sample.

Near-infrared (NIR) spectroscopy may well be an alternative to those other analysis methods,
since it is cheaper than other instrumental techniques and allows for a nondestructive, simple,
and fast analysis [4]. NIR spectroscopy combined with multivariate data analysis (chemometrics) have
recently been demonstrated to be a solution of process analytical technology in the food industry [5].
Indeed, from NIR spectroscopy data, information about chemical, textural, and even microbiological
compositions can be simultaneously inferred. Among the different chemometric methods that could
be applied, Principal Component Analysis (PCA) and Partial Least Square-Discriminant Analysis
(PLS-DA) became of interest, as they are able to take advantage of the structures in highly overlapping
and colinear data [6].

Among the different commercially available NIR equipment, NIR handheld devices are a good
alternative to benchtop instruments, being equally reliable but cheaper and faster and allowing in
situ analyses. In fact, the advantages of NIR portable devices have been reported by other authors,
highlighting cost reduction [7-9] as well as lower environmental impact [10] in comparison with
benchtop ones. In addition, it is important to note that portable instruments are quite suitable for
traditional product analysis, as reported in previous studies [11]. Portable NIR devices have been used
to face different food-related issues, such as the determination of fish freshness [12] or the prediction
of lycopene content in tomato [13]. Among different portable devices, MicroNIR is one of the most
reliable due to its high resolution and broad spectral range. MicroNIR has been largely applied in
several food matrices, including meat products [14], to assess dry cured ham quality parameters in dry
cured ham [15], to monitor chicken meat authenticity [16], or to predict beef quality [17]. However,
its use in monitoring the fermentation process in dry-fermented sausage has not been addressed yet.

Therefore, this work aims at developing a fast and noninvasive approach to monitor the process
of traditional dry fermented sausages and to classify samples according to their processing stage by
using a NIR spectroscopy handheld device coupled with multivariate data analysis.

2. Materials and Methods

2.1. Sausage Manufacturing

Twenty kilograms of pork lean and back fat (in proportion 4:1) were bought in a commercial
supermarket (Mercadona, Caceres, Spain). Firstly, meat and fat were separately ground with a
food grinding machine model PC-114 with a grinding plate of 4 mm (MAINCA, Equipamientos
carnicos S.L., Barcelona, Espafia). Thereafter, the lean and fat were mixed by a mixing machine
model RM-200 (MAINCA, Equipamientos carnicos S.L., Barcelona, Espafia) and added with the
ingredients (salt (2.5% w/w), sucrose (0,75% w/w), garlic power (0,1%), spices (1% w/w), and sodium
nitrite (100 ppm % w/w)). Subsequently, this mixture was stuffed into pork casings (35-40 mm diameter)
of approximately 250 g each. Thus, 30 raw sausage samples were obtained. They were divided in
two batches of 15 sausages (batch 1 and batch 2), which were subjected to the same fermentation and
drying conditions but processed in different chambers.

The fermentation phase was carried out at 22-25 °C and 95% relative humidity (RH) for
approximately 36 h until the pH reached 4.5. Thereafter, sausages were transferred into a drying-ripening
chamber at 55 °C and 80% RH for 24 h (intense drying step) and continued drying at 15 °C for 60 h at
an RH of 65%. The whole process took 120 h.

Figure 1 displays the processing conditions and the sampling. Sausages were analyzed by NIR
spectroscopy at 0, 12, 24, 36, 48, 60, and 120 h. Moreover, three sausages for each processing step were
used to perform destructive analyses to determine weight loss, water activity (aW), moisture content,
and pH. The processing phases considered were the beginning of the processing (as raw material, RM),
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the end of fermentation (EF), and the intense drying (EID) stages. The rest of sausages (1 = 6) finished
the processing and were analyzed as a final product (FP). The determinations done in the FP batch
were the same as the RW, EF, and EID ones but differed by adding instrumental color and texture,
by lipid oxidation, and by sensory analysis.

Fermentation

22/25°C- 95%

Until reaching pH 4,5 (36h)
NIRs (t=12 and 24h)

==
ST

Raw Material
(RM)

Final Product (FP)
«aW

* Moisture

. pH

* Weight

End of Intense

End of
Fermentation (EF) Drying (EID)

« aW

caW . aW

* Moisture « Moisture « Moisture « Instrumental
Colour

« pH « pH « pH

* Weight + Weight + Weight * Hardness, TBARS,

* NIRs (t=0h) « NIRs (t=36h) « NIRs (t=60h) « Sensory evaluation
« NIRs (t=120h)

Figure 1. Scheme of the dry fermented sausage ripening process and analyses carried out at each
stage. RH, relative humidity; aW, water activity; TBARS, thiobarbituric acid-reactive substances; NIRs,
near infrared spectroscopy.

2.2. Physicochemical Analysis (FQA)

Measurement of pH was determined in three different locations of each sausage (to obtain
a representative averaged pH) with a meat pH meter electrode probe model FC232D (HANNA
Instruments S.L., Eibar, Spain) equipped with automatic temperature compensation. The pH meter
was calibrated with commercial buffer solutions (Crison, Barcelona, Spain) at pH 4.0 and 7.0 prior
to use.

Moisture content was determined by drying the samples (5 g) at 102 °C following the procedure
of the official methods of Association of Official Agricultural Chemists (AOAC International reference
method 935.29) [18].

Water activity (aW) was determined by a water activity measuring equipment (Lab Master-aw;
NOVASINA AG, Lachen, Switzerland).

Instrumental color of the sausages was measured using a portable reflectance spectrophotometer
(Konica Minolta CM-600d, Osaka, Japan) that was calibrated with a standard white calibration tile.
The analysis was carried out according to the principles laid down by the Commission International
d’Eclairage (CIE) [19]. The following color coordinates were determined: lightness (L*), redness (a*),
and yellowness (b*).

Instrumental texture (hardness) was analyzed by a texturometer TA XT-2i Texture Analyser
(Stable Micro Systems Ltd., Surrey, UK). For each sample, five cubes (1 cm3) were obtained and
analyzed. They were axially compressed to 50% of the original height with a flat plunger of 50 mm in
diameter (P/50) at a crosshead speed of 2 mm x s~! through a two-cycle sequence.

Lipid oxidation was measured by the thiobarbiruric reactive substances (TBARS) method,
following the procedure described by Salih et al. [20] based on the concentration of malonaldehyde
(MDA), and expressed as mg MDA/Kg sample.

These determinations were carried out in triplicate for each sample except for instrumental color
and texture, which were analyzed in quintuplicate (due to the possible high variability of the samples
and the laboratory error).

2.3. Sensory Analysis

Quantitative Descriptive Analysis (QDA) was carried out using 17 trained panelists (6 male and
11 female, age range 23-60 years). All of them were staff at the Meat and Meat Products Research
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Institute (IProCar) of the University of Extremadura (Spain). Attributes evaluated by the panel were
selected based on attributes reported in previous studies with similar products and taking into
consideration the consensus reached by a focus group of 6 panelists. The following attributes were
chosen: red color intensity and cohesiveness for appearance; hardness, juiciness, and chewiness
for texture; and flavor intensity, saltiness, spicy flavor persistence, and hot-spicy flavor. A 10-cm
unstructured scale was used for attributes scoring, and verbal anchors were fixed as “extremely low” to
“extremely high” for all evaluated attributes. Samples (one slice per plate) were served on glass plates
with a glass of mineral water and a piece of unsalted cracker to follow the rinsing protocol between
samples. Evaluations took place in individual booths under white fluorescence light. The serving
order of the samples was randomized according to the Williams Latin Square design. FIZZ software
2.20 C version (Biosystemes, Couternon, France, 2002) was used for collecting the scores.

2.4. MicroNIR Analysis

MicroNIR OnSite (VIAVI, Santa Rosa, CA) was used to analyze different sausages on the external
surface of four different points equally spaced-out at each sampling time according to the scheme
reported in Figure 2.

Time =0 h (RM) Time=12h Time =24 h Time =36 h (EF) Time =48 h Ti"(‘gg)o h Ti“‘(eR;})ZU h
10 sausages from 5 sausages from 5 sausages from 10 sausages 10 sausages from T i
batch 1 batch 1 batch 1 from batch 1 batch 1 e Fapages
from batch 1 from batch 1
10 sausages from 5 sausages from 5 sausages from 10 sausages 10 sausages e~ i ———
batch 2 batch 2 batch 2 from batch 2 from batch 2 usag e
from batch 2 from batch 2
l [ [ | [ [ [ | l l
4 | ] | L2 |
80 spectra 40 spectra 40 spectra 40 spectra 80 spectra 80 spectra 80 spectra
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1 1 1 1
(RpE SIS IR P e Leemmossossss ES——
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1
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/] I
o ) I
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1
bmmmmmm——- * 140 averaged spectra P PLS-DA

Figure 2. Scheme of the spectra acquisition procedure. RM, raw material; EF, the end of fermentation;
end the intense drying (EID); FP, final product stages; PCA, Principal Component Analysis; and PLS-DA,
Partial Least Square-Discriminant Analysis.

The MicroNIR spectral range was set to 950-1650 nm, with a 12.5 us integration time and 200 scans,
with a spectral bandwidth lower than 1.25% of center wavelength, typically 1% (e.g., at 1000 nm,
the resolution is lower than 12.5 nm) and signal-to-noise ratio of 25,000.

Spectral acquisition was performed for 10 sausages selected from batch 1 and 10 from batch 2,
every 12 h (i.e., at 0, 12, 24, 36, 48, and 60 h) and at the end of the process (120 h) for a total of seven
sampling times and 440 spectra, as reported in Figure 2.

2.5. Data Analysis

Mean values and standard deviation were obtained from physicochemical and sensory data.
Moreover, physicochemical results collected along the four stages of the process (weight losses,
water activity, moisture, and pH) were explored by a Principal Component Analysis (PCA) to
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visualize the relationships among objects and variables with a biplot of scores and loadings. Thereafter,
a clustering approach based on K-Nearest Neighbor s algorithm (K-NN) was applied. K-NN is a simple
nonlinear classification approach based on Euclidean distance and not requiring any assumptions
on the underlying data distribution [21], and it is able to solve complex classification issues [22].
The K-NN algorithm was applied to discriminate clusters according to the sausages’ physicochemical
characteristics to be later used as classes for the development of classification models based on
NIR spectra.

Regarding MicroNIR, the four spectra collected for each sausage at each sampling time were
averaged 2 by 2, thus merging the poles spectra and the ones collected closer to the longitudinal center.
The averaged dataset (220 spectra X 125 wavelengths) was preprocessed to minimize the effect of
noise and to enhance small but relevant spectral feature. Hence, the spectra dataset was transformed
by smoothing (Savitzky-Golay, 3-wavelength gap size) followed by first derivative (Savitzky-Golay,
3-wavelength gap size and 2nd order polynomial) and mean center.

Data exploration by PCA lead to a reduction of the dataset due to outlier presence prior to
developing a classification model by Partial Least Square Discriminant Analysis (PLS-DA). In order to
do that, the 2-by-2 averaged spectra collected by MicroNIR for the sampling points corresponding to
phases RM, EF, EID, and FP (140 spectra x 125 wavelengths) were split into a calibration set accounting
for 66% of the data and a test set with the remaining 33% of samples. The PLS-DA method was selected
to develop a classification model based on the NIR data according to the a priori classes defined by
cluster analysis performed on the physicochemical data. A model was developed from the calibration
dataset and internally validated by the Venetian blinds cross-validation procedure. Furthermore,
the prediction capability was assessed by external validation using the test set, counting samples
not used in the model development. According to Grassi et al. [21], PLS-DA was evaluated in all
phases, i.e., calibration, cross-validation, and prediction, by two metrics, sensitivity (SENS) and
specificity (SPEC), which are computed on the bases of four-factor (True Positive (TP), False Positive
(FP), True Negative (TN), and False Negative (FN)). Thus, SENS describes the model capability to
correctly recognize samples belonging to the considered class, whereas SPEC expresses the model
capability to correctly reject samples belonging to all the other classes. Both metrics values are in a
range from 0 (no correct prediction) to 1 (perfect classification).

Data analyses were performed under Matlab environment (R2017b, The Mathworks, Inc., Natick,
MA, USA) eventually using the PLS toolbox v. 8.5 (Eigenvector Research, Inc., Manson, WA, USA)
software package.

3. Results and Discussion

3.1. Physicochemical and Sensory Results

Table 1 shows, along the four stages, the mean averages and standards deviation of aW, moisture,
pH, and weight loss of both dry-fermented sausages batches together, since no significant differences
were found between them.

Table 1. Moisture, aW, pH, and weight loss results along the four stages of the process as mean values
and standard deviation of batches 1 and 2.

Stage Moisture (%) aW pH Weight Loss (%)
Raw Material (RM) 602 +0.81 0.963 +0.01 572 +0.04 -
End of Fermentation (EF) 56.1+1.7 0.961 +0.01 4.78+0.11 102 +09
End of Intense Drying (EID) 419 +09 0.932+0.02 5.17+0.01 327+17
Final Product (FP) 39.12+0.8 0.875+0.01  5.10+0.07 358 +2.2

! Mean values and standard deviation of batches 1 and 2.
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As expected, weight loss increased through the process, which is crucial for this type of product [23].
As a consequence, moisture and aW also followed a decreasing trend in their values from the first phase
(RM) to the successive stages of the dry fermented process, as has been previously described [24,25].
Concerning pH, it also underwent an initial decrease between the RM and EF phases but, thereafter,
increased during the drying stages, which is a common pattern for this type of product [25]. In the
final product, TBARS (0.23 + 0.01), instrumental color L* (53.8 + 1.4), a* (21.7 + 2.2), b* (25.1 + 4.1),
instrumental hardness (133.5 + 6.8 kg), and QDA attributes (represented in Figure 3) were also
analyzed in order to check whether these dry fermented sausages fulfill the sensory and technological
requirements for this type of product. Comparing the found values with those reported by other
authors, parameters such as aW (ranged from 0.84 to 0.87) and pH (ranged from 5.59 to 5.89) were
similar to reported values [26,27]. Moreover, color intensity and saltiness values were comparable
with those reported in these two studies when considering control traditional samples. Nevertheless,
pH values in our sausages did not experience an increase after the fermentation phase as high as in
other sausages [27,28]. Moisture (33.8%) and weight loss (33.0%) values in samples from the last stage
of ripening obtained by other authors were also comparable with our results, which validates the
dehydration process, crucial for guaranteeing the preservation of these kinds of meat products [29].
Regarding aW, this parameter is crucial for the safety of this kind of product, since values below
0.9 ensure a stable product at room temperature, limiting the growth of spoilage and pathogenic
bacteria [30]. The obtained values in the final product (0.875 + 0.01) ensure the safety of our sausages.

Red Colour Intensity
10

Persistence 8 Cohesiveness

Hot Spicy Hardness

Spicy Flavour Juiciness

Saltiness Chewiness

Overall Flavour

Figure 3. Results on sensory analysis from Quantitative Descriptive Analysis (QDA): the attributes are
assessed within a 10-cm scale, from extremely low to extremely high.

If our traditional small-scale dry-fermented sausages are compared with commercial sausages,
the results are coherent with those reported by Lopez et al. [1], who characterized ten commercial dry
fermented sausages from a physicochemical and a sensory perspective, determining pH (ranged from
5.14 to 6.03), moisture (ranged from 28.75 to 48.70), and color parameters L* (ranged from 32.22 to
54.75), a* (ranged from 16.93 to 26.57), and b* (ranged from 6.42 to 15.91) of the commercial products.

Figure 4a displays the PCA biplot obtained for physicochemical data collected along the four steps
of the dry-fermenting process for both batches, while Figure 4b displays the dendrogram obtained by
cluster analysis through the K-nearest neighbor algorithm performed on the same dataset for both
batches. The PCA biplot, defined by two first-principal components, accounts for 95.74% of the total
variance (70.38 for PC1 and 25.36 for PC2). Both experimental batches were closely located for all
stages of the processing. The RM group (t = 0 h, RM1 and RM2) is located in the I quadrant of the plot
and correlates with pH and moisture content, both located in the same quadrant. Samples from the EF
group (t = 36 h, EF1 and EF2) are situated in the IV quadrant, the same one where weight loss and aW
are located. This location explains that PC2 differentiates samples according to changes mainly linked
to pH, a parameter subjected to high variation during the fermentation process. Indeed, pH passes
from an average of 5.7 to an average of 4.5 from RM to EF samples, respectively, thus distancing
EF from the other samples and from the pH loadings. Samples from EID (t = 60, EID1 and EID2)
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and FP (t = 120, FP1 and FP2) are separated from RM and EF samples along PC1, showing highly
negative PC1 scores. Their location is well explained by moisture content and weight variables, which,
on the contrary, show high positive PC1 loadings. As a matter of fact, the drying process highly
reduced moisture and weight of the sausages, especially in the intense drying step. Thus, EID and
FP samples are characterized by similar PC1 scores but are quite different from RM and EF samples.
The slight difference between EID and FP could be attributed to aW, for which the loadings call EID
samples to slightly lower PC2 scores. PCA results on the physicochemical data could clearly separate
three of the four stages of the dry fermented sausages process, though this analysis only constitutes
a preliminary exploration. Further investigation by K-NN cluster clearly defined the existence of
four groups according to the process phases at a K-NN distance of 1. In detail, Figure 4b reports the
obtained dendrogram: RM1 and RM2 form a cluster differentiating from the other samples at 3 K-NN
distance, the EF1 and EF2 cluster separates from the other samples at a distance of 2 K-NN, and EID1
and EID2 distinguish from FP1 and FP2 at a smaller distance (K-NN = 1), confirming the similarity
observed by PCA.
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Figure 4. Physicochemical results: (a) biplot of Principal Component Analysis and (b) dendrogram
of cluster analysis by K-nearest neighbor. Raw material, RM; end of fermentation, EF; end of intense
drying, EID; and final product, FP.

3.2. Near Infrared Spectroscopy Results Exploration

NIR spectra acquired along the process are reported in Figure 5. The higher differences in the
spectral absorptions are present around 930-1300 nm and 1150-1200 nm and from 1370 to 1650 nm.
In these areas, absorption peaks of water are present: 979, 1200, and 1453 nm, corresponding to the first
overtone of symmetric and asymmetric stretching, to a combination of stretching and bending, and to
a combination of the stretching modes of OH bonds, respectively [31]. In particular, spectra acquired
up to 48 h, i.e., before the drying phase, showed higher bands related to water absorption, whereas the
loss of water during drying highly reduced the height of these bands. The reduction of absorption of
the water bonds led to a better resolution of the shoulder present around 1150 nm, related to the second
overtone of C-H [31] and possibly linked to the lipid fraction. The spectral changes are enhanced
by transformation of the signal by smoothing and first derivative. In Figure 5b, it is possible to see
how the spectra show a high variation along the considered range, discriminating the samples in
two main groups, i.e., before and after the drying phases. Thus, it would be possible to establish the
progress from one phase to the following visually according to spectra behavior. However, to better
uncover the information hidden in the broad band characterizing the NIR spectra, it is necessary to use
a multivariate approach.
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Figure 5. Near-infrared (NIR) spectra: (a) raw MicroNIR spectra and (b) MicroNIR spectra after first
derivative transformation. Spectra are colored according to sampling time (h). Raw material, RM; end
of fermentation, EF; end of intense drying, EID; and final product, FP.

Indeed, through PCA on the transformed spectral data, it was possible to unravel the relation
between samples and variables. Figure 6a shows the PCA score plots defined by PC1 and PC3. First and
third principal components accounted for 93.22% of the total variance (89.79 for PC1 and 3.43 for PC3).
The sample distribution in the scores plot confirmed what was noticed in spectra visualization: the
combination of PC1 and PC3 allowed for discrimination of samples before (from t = 0 to t = 48 h) and
after the drying process (t > 60 h).
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Figure 6. Principal Component Analysis on MicroNIR data: (a) score plots of PC1 vs. PC3 for samples
colored according to sampling times and (b) loadings plot of PC1 and PC3.

As aforementioned, water content such as its activity is responsible for this effect, as observed
in related loadings (Figure 6b). Indeed, the PC1 loadings highlighted the relevance of regions with
maximums at 1224 and 1397 nm with positive effects and of regions with minimums at 1178 and 1497 nm
with negative effects in the sample distribution. At the same extent, PC3 loadings are characterized by
highly positive signal in the region with maximums at 1150 and 1360 nm and highly negative signal in
the region with minimums at 1224 and 1435 nm. As other authors reported [32,33], NIR absorption is
highly sensitive to variations in water content on meat, as occurred in our manufacturing process.

In the score plots (Figure 6a), a group of RM samples is distinguishable, which assumed negative
PC3 scores, and it is mainly located in the IV quadrant. Samples collected between 12 and 48 h
were more disperse, reproducing the inter-variability of the sausages along the process. Finally,
spectra collected for samples undergoing the EID phase were well grouped in the II score quadrant
(negative PC1 and positive P3), showing that the process absorbed the inter-variability of the sausages.
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Furthermore, score distribution allowed the individuation of outliers, i.e., objects lying in an
abnormal distance from observations of the same sampling time. This was the case for 4 samples for
the RM and EID groups and 1 for the EF group.

3.3. PLS-DA Classification Models

The sample groups observed in the exploratory analysis did the groundwork for the development
of classification models to discriminate samples by simple MicroNIR measures according to the process
phase. For this purpose, the classes individuated by clustering analysis on the physicochemical results
were used as a priori information (Y) to build PLS-DA classification models able to predict the ripening
phase based on the MicroNIR data collected (X). The classification model was developed in calibration
considering 88 of the collected spectra and validated both internally and externally by a prediction test
set consisting of 44 spectra, i.e., by considering the 140 spectra collected for 20 sausages in phases RM,
EF, EID, and FP net of the 8 outliers individuated by PCA. In Table 2, the metrics calculated for the model
in cross-validation and prediction are reported. The PLS-DA model shows a successful classification
ability as the RM, EID, and FP classes reached 1 for both sensitivity and specificity, proving the model
capability to fully recognize samples belonging to the considered class (sensitivity = 1) together with
the capability to correctly reject samples belonging to all other classes (specificity = 1). For example,
reaching 1 for sensitivity means that all spectra belonging to the samples a priori identified as EID
(ncal = 24 and npred = 12) were recognized by the PLS-DA model based on MicroNIR data as at the
end of the intense drying process, as were the spectra belonging to RM, EF, and FP. The success of the
classification model relies on the differences present in spectra. Indeed, the main differences observed
in the spectral absorptions were present around 930-1300 nm and 1150-1200 nm and from 1370 to
1650 nm. In particular, changes were ascribed to peaks present at 979, 1200, and 1453 nm, which are
linked to water absorption, the main compound changing during the process.

High specificity describes the perfect capability to correctly reject samples belonging to all
other classes (specificity = 1). This was the case of the RM, EID, and FP classes, whereas for the EF
cross-validation phase, it slowed to 0.98 as one spectrum, a priori defined as RM, was recognized by
the classification model as EF. The misclassification could be linked to a higher moisture reduction on
the pole points of one sausage at the RM phase, leading to a MicroNIR signal closer to the profile of an
EF sample, i.e., with an higher absorption at peaks related to water presence (979, 1200, and 1453 nm).
In any case, the prediction phase resulted in a perfect rejection of samples in all considered classes.

These results demonstrated that the data collected by the MicroNIR device allows for knowing
the stage of the process, which may be useful to determine the passage from one stage to the next one.

Table 2. Results of PartialLleast Square-Discriminant analysis for sausage process stage identification:
sensitivity (Sens) and specificity (Spec) values of models based on MicroNIR data. Raw material,
RM; end of fermentation, EF; end of intense drying, EID; and final product, FP. In between brackets,
the number of samples used for each single class for model calibration and prediction are given.

S RM EF EID FP
Validation Phase N Sample 4,12) a3, 6) @4,12) 6, 14)
Sens Spec Sens Spec Sens Spec Sens Spec
Cross-validation 88 1.00 100 100 098 100 1.00 1.00 1.00
Prediction 44 1.00 100 100 100 1.00 1.00 1.00 1.00

To our knowledge, no other work developed classification models to determine the ripening stage
during the dry fermented sausage process. Previously, NIR spectroscopy has been demonstrated to
be a valid tool for the evaluation of the ripening phase of salami, a typical European dry fermented
sausages [29]. However, in their study, the sampling procedure was destructive, 9 slices were
analyzed for each investigated salami, and a benchtop instrument was employed, resulting in a
higher spectral range (800-2800 nm). The authors succeeded in describing the ripening evolution
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by fitting the PC1 scores obtained from spectral data elaboration as a function of ripening time;
however, no supervised modelling has been developed. Likewise, Gaitdn-Jurado et al. [34] proposed a
Visible-NIR (400-2000 nm)-based approach for online quality control of the packed slices of chorizo
and salchichén (Spanish dry fermented sausages). Besides that, in this study, slices were considered,
highlighting the effect of different factors, mainly plastic turns around the sample and slice thickness,
affecting the sampling procedure and, thus, the prediction models. However, these authors developed
only an approach intended for final product quality control, not considering food processing control,
i.e., not evaluating the potential of NIR to model phenomena occurring during ripening.

Furthermore, other authors [35] developed partial least squares (PLS) regression models for water
activity and moisture content prediction from slices of two types of fermented sausages. These authors
demonstrated that, by prediction of the two parameters, it is possible to control the drying process of
fermented sausages by NIR spectroscopymodels. However, the procedure developed considered only
two out of multiple parameters influencing sausage processing, just the drying process, and it relied
on a destructive procedure, as it required product slicing.

4. Conclusions

In this work, the feasibility of using a portable NIR device to monitor and classify the ripening
process of dry fermented sausages using multivariate data analysis has been demonstrated.

Physicochemical (destructive) determinations allowed for the classification of dry fermented
sausages according to their stage of processing by means of K-NN cluster analysis. Likewise,
the nondestructive technique of NIR spectroscopy also enabled this classification, based on the
visual observation of the spectra and by applying chemometrics on absorbance results, achieving high
sensitivity and specificity classification values with PLS-DA.

Thus, the use of a nondestructive, portable, noninvasive, fast, easy-to-use and cost-effective tool,
such as the MicroNIR device of this study, may be implemented to monitor the industrial processing of
dry fermented sausages. This appears as a very interesting quality-control monitoring strategy specially
for small and medium-sized companies, which usually lack equipped laboratories and analytical
facilities. The implementation of such a procedure would allow for control of the progress from one
stage to another or even to identify sausages that have reached the end of processing without the
need for any other type of analysis. Further studies on different types of sausage processing may be
necessary before upscaling this monitoring strategy to an industrial setup.
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Abstract: Moisture content is an important factor that affects rice storage. Rice with high moisture
(HM) content has superior taste but is difficult to store. In this study, low-dose electron beam
irradiation (EBI) was used to study water distribution in newly harvested HM (15.03%) rice and
dried rice (11.97%) via low-field nuclear magnetic resonance (LF-NMR). The gelatinization, texture
and rheological properties of rice and the thermal and digestion properties of rice starch were
determined. Results showed that low-dose EBI could change water distribution in rice mainly by
affecting free water under low-moisture (LM) conditions and free water and bound water under HM
conditions. HM rice showed smooth changes in gelatinization and rheological properties and softened
textural properties. The swelling power and solubility index indicated that irradiation promoted the
depolymerization of starch chains. Overall, low-dose EBI had little effect on the properties of rice.
HM rice showed superior quality and taste, whereas LM rice exhibited superior nutritional quality.
This work attempted to optimize the outcome of the EBI treatment of rice for storage purposes by
analyzing its effects. It demonstrated that low-dose EBI was more effective and environmentally
friendly than other techniques.

Keywords: Electron Beam Irradiation; rice; moisture; physicochemical properties

1. Introduction

Rice (Oryza sativa L.), the primary staple for more than half the world’s population, is produced
worldwide. Approximately 90% of rice is grown in Asia. From 2000 to 2013, the rice productivity of
the U.S. increased by an estimated 29% or approximately 2.2% on an annual basis; this increase is
second only to the increase in peanut productivity (at 3.5% annually) among major U.S. field crops [1].
China, as the world’s largest rice producer and consumer, produced 199 million tons and consumed
203 million tons of rice between October 2018 and September 2019. Rice stocks reached 176 million
tons in 2018. Rice consumption accounts for the largest grain ration, 81.96%, in China [2].
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Considering the increasing levels of rice stocks, storing rice safely and securely has become a
concern of researchers because improper storage easily results in considerable social and economic
losses due to aging and insect infestation [3-5]. A good method for grain storage is necessary to
maintain good rice quality in the face of massive rice stocks. Farmers generally use sunlight drying to
reduce the moisture content of rice to extend storage time. However, although moisture reduction
extends rice storage time, it will also reduce rice taste by increasing hardness [6,7]. Previous studies
have shown that cooked rice grains have the best textural quality when they are stored with a moisture
content of 15.70% [5]. People are increasingly seeking high-quality experiences along with improvement
in life quality. Therefore, how to extend the storage time of rice while retaining its high-quality taste
has become a thorny problem. Existing rice storage methods include natural drying, cryogenic storage,
controlled-atmosphere storage, and chemical storage [8-10]. However, these methods have their
drawbacks. Physical methods, such as natural drying and cryogenic storage, all require low rice
moisture content. Although these methods can prolong rice storage time, achieving good taste quality
is difficult. Controlled-atmosphere storage technology is a green environmental protection technology
that is unsuitable for high-moisture (HM) grain because it causes alcohol accumulation and affects rice
quality. Chemical methods can cause the accumulation of harmful substances and harm human health.

For several decades, food irradiation technology has been widely used to preserve food, such
as fruit and meat [11,12]. In traditional food irradiation processing, the energy of gamma radiation
produced by a radioisotope (CS-137 or Co-60) is transferred to irradiated food, killing the eggs and
microorganisms that the food contains and thus extending shelf life [13]. Radionuclides have the
disadvantage of continuous gamma ray emission, which can be a potential source of environmental
hazards for operation staff and for some equipment. Electron beam irradiation (EBI), another food
irradiation technique, is produced by an electron accelerator. In contrast to gamma irradiation, it can
be switched off during off-duty hours without causing harm to personnel and equipment. The United
Nations Food and Agriculture Organization suggested that the appropriate use of radiation for food
decontamination is safe and that the irradiation of any food commodity with an overall average
dose of up to 10 kGy presents no toxicological hazard and no special nutritional or microbiological
problems [14].

Given that the EBI treatment of rice has no moisture requirement, newly harvested and non-dried
rice can be irradiated. According to previous studies [5], an excellent texture and edible quality of
rice are maintained by using this treatment. Our research team found that low-dose EBI has little
effect on the quality of rice [15] while simultaneously extending storage time. In this study, EBI was
applied to treat freshly harvested paddy rice and sun-dried rice, and the cooking quality and moisture
migration of irradiated rice and the thermodynamics and digestion properties of the isolated starches
were investigated. This work attempted to optimize the outcome of the EBI treatment of rice for storage
purposes by analyzing the effects of this treatment method. It demonstrated that low-dose EBI was
more effective and environmentally friendly than other methods.

2. Materials and Methods

2.1. Materials

Directly harvested paddy rice (15.03% moisture content) and sun-dried paddy rice (11.97%
moisture content) were supplied by a peasant household (Nantong, Jiangsu, China). Pancreatic
a-amylase (EC 3.2.1.1, 10 units/mg) and amyl glucosidase (EC 3.2.1.3, 3260 units/mL) were purchased
from Megazyme (Wicklow, Ireland).

2.2. Preparation of EBI Paddy Rice

A total of 500 g of paddy rice was placed in a polyethylene bag and spread to a thickness of 1 cm.
Paddy rice was irradiated at doses of 0, 1, 2, 3, or 4 kGy in separate batches by using an industrial
electron accelerator operated at a dose rate of 2 kGy/s. The energy of accelerated electrons was 10 Mev,
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and the beam current was 1.0 mA with 1000 mm scan widths. After irradiation, all samples were
stored in a desiccator at room temperature (~25 °C) for further analysis.

2.3. Low-Field Nuclear Magnetic Resonance Measurement

A MesoMR23-060V-I NMR spectrometer was used to determine moisture migration in irradiated
rice (MesoMR23-060V-I, Niumag Co., LLC., Suzhou, China). To avoid the evaporation of water,
2 g of rice grains were weighed and rapidly placed into sample bottles that were then sealed and
incubated at 25 °C for 30 min. At the same time, other rice grains were soaked in deionized
water for 30 min. Surface moisture was wiped off from the rice grains, which were rapidly placed
into sample bottles that were then sealed and incubated at 25 °C for 30 min to observe moisture
migration. The Carr-Purcell-Meiboom-Gill pulse sequence scanning experiment was performed with
the following parameters: number of sampling points TD = 14,992, number of repeated scans NS = 8,
TW (ms) = 2000, NECH = 500, relaxation decay time DR = 3 s, with a 90° pulse of 7.52 ms, and 90°-180°
pulse spacing of 14.48 ms. The inverse Laplace transformation of T2 curves was performed by using
the associated software of the instrument.

2.4. Pasting Property of Rice

The pasting properties of rice flour were determined by using a Rapid Visco-Analyzer (RVA 4500,
Perten Co. Ltd., Sydney, Australia). Rice paste (3.0 g dry basis, 25.0 g of deionized water) was held at
50 °C for 1 min and heated to 95 °C at a heating rate of 6 °C/min. The paste was held at 95 °C for 5 min
and then cooled back to 50 °C at the same rate. Finally, the paste was held at 50 °C for 2 min. The peak,
hold, and final viscosity values were obtained from viscograms.

2.5. Analysis of Rheological Properties

After the analysis of pasting properties, the corresponding dynamic and static rheological
properties of each rice sample were determined as follows:

A rheometer (DHR-3 rheometer, Waters Co. Ltd., Milford, MA, USA) was used to analyze the
viscoelastic properties of each rice sample. In brief, starch paste (approximately 4 mL) was loaded
onto the lower plate. The upper parallel plate (40 mm diameter) was slowly lowered to reduce the gap
between the two parallel plates to 1.0 mm prior to the run.

Dynamic viscoelasticity measurement: The test temperature was set at 25 °C, the scan strain was
set to 1%, and the frequency was set from 0.1 Hz to 100 Hz to obtain the sample elastic modulus (G’),
loss modulus (G”), and loss tangent (Tan 6 = G”/G’). The changes in viscoelasticity during the sol-gel
transition were indicated by the G value.

Dynamic shear force recovery test: The temperature was set at 25 °C constantly, and the shearing
rate ranged from 0.1 s™! to 100 s~!. The shear structure was recorded as the apparent viscosity.

2.6. Swelling Power and Solubiliy Index

Rice samples (0.5 g) were transferred into pre-weighed centrifuge tubes with 20 mL of distilled
water. The rice flour suspensions were then incubated in a water bath for 30 min at 60 °C, 70 °C, 80 °C,
and 90 °C with vortexing after every 5 min. After cooling the samples to room temperature, the tubes
were centrifuged at 5000x g for 15 min. The supernatant was decanted in a preweighed aluminum
specimen box. The weight gain of the centrifuge tubes was expressed as the swelling index. Moisture
dishes were dried at 105 °C for 12 h and then cooled in a desiccator to room temperature. The weight
gain of the moisture dishes was expressed as the solubility index.

2.7. Instrumental Texture Profile Analysis of Cooked Rice

The textural properties of the cooked rice were measured in accordance with the method of Li et
al. [16] with some modifications. A total of 30 g of rice and 42 g of water were weighed and stewed in
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a rice cooker for 30 min. After the rice was cooled to room temperature, an 8.0 g subsample of cooked
rice grains was weighed and placed in a single layer on the base plate and tested by using a TA. XTPlus
Texture Analyzer (SMS Co. Ltd., Godalming, UK). A cylindrical probe (P/35) was applied with the
following test speeds: pretest speed = 1 mm/s, test speed = 1 mm/s, and post-test speed = 1 mm/s.
The strain was 60%, and the rice samples were compressed twice. Textural parameters, including
hardness, cohesiveness, springiness, resilience, and chewiness, were calculated from the curves that
were provided by the equipment.

2.8. Sensory Evaluation of Cooked Rice

The sensory analyses of cooked rice were performed by five trained panelists. The following
sensory attributes were evaluated: taste, appearance, softness, flavor, and cold rice texture. The sensory
evaluation of rice flours was conducted in accordance with the Chinese National Standard GB/T
15682-2008 [17]. Briefly, 10 g of rice was weighed out and rinsed twice with distilled water. Water was
added to the sample at 1.3 times the sample volume. The sample was soaked at 25 °C for 30 min. Then,
it was cooked in a steamer for 40 min and simmered for 20 min. The different samples were placed
on a white porcelain plate. The reviewer tasted the sample while it was hot. Scoring was as follows:
25 points for taste, 20 points for flavor, 20 points for appearance, 30 points for softness, and 5 points for
cold rice texture.

2.9. Isolation of Rice Starch

Rice starch was isolated via traditional alkaline extraction. Rice grains were ground and soaked
in deionized water for 2 h and subsequently milled for 2 min by using a colloid mill. The mixture was
subsequently centrifuged to remove water and then soaked in 0.2% sodium hydroxide solution for 48 h.
The fluid was changed every 12 h. The filtrate was repassed through a 100-mesh sieve (pore size of
0.15 mm) and centrifuged at 6000x g for 10 min. Then, the upper gray matter (protein) was scraped off
(repeated five times). The pH was adjusted to 7.0 by using dilute hydrochloric acid. This process was
repeated five times to remove salt from the starch by using deionized water through centrifugation at
6000x g for 10 min. This process was followed by freeze-drying for 48 h. The obtained starch samples
were stored in a desiccator for further analysis.

2.10. Differential Scanning Calorimetry

The thermal properties of starch samples were measured by using a differential scanning
calorimeter (DSC3, Mettler Toledo Co. Ltd., Greifensee, Switzerland). Sample pretreatment was
performed in reference to the protocol used by Zhou et al. [18] with some modifications. In a 40 uL
capacity aluminum pan, distilled water was added to starch (3.0 mg) to obtain a starch suspension
containing 70% water. The hermetically sealed pans were maintained at 4 °C for 12 h to ensure
the equilibration of the starch and water before differential scanning calorimetry (DSC) analysis.
The samples were scanned from 30 °C to 100 °C at a heating rate of 10 °C/min with an empty pan used
as reference.

2.11. In Vitro Digestion

The digestibility of the starch samples was mainly determined in accordance with the method
of Englyst and Wang [19,20] with some modifications. A 100 mg starch sample was added into a
screw-cap tube and treated with 4 mL of digestive juice. The remaining steps were consistent with
those of Wang’s method.

2.12. Statistical Analysis

All data were processed by using an Origin 9.0 and presented as mean + standard deviation
(SD). Data were statistically analyzed via one-way analysis of variance and Duncan’s multiple range
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test by using SPSS statistics 17.0. Differences were considered statistically significant at the 95% level
(p < 0.05). Each sample was measured in triplicate.

3. Results and Discussion

3.1. Analysis of Water Status via Low-Field Nuclear Magnetic Resonance

Rice samples with low moisture (LM) content (11.97%) and high moisture (HM) content (15.03%)
were subjected to low-field nuclear magnetic resonance (LF-NMR). The proton distributions in the
control and irradiated rice samples were compared, and the results are presented in Figure 1. The control
and irradiated rice samples were soaked simultaneously for 30 min for comparison, and the results are
presented in Figure 2. The relative peak areas of the less- and more-mobile water fractions in each
sample are displayed in Table S1. The T, relaxation time in the curves reflects the chemical environment
encountered by protons in the sample, and the relaxation times of T, T2, and T3 can be considered
to be related to bound water, nonflowing water, and free water in paddy rice, respectively [21].
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Figure 1. Water distribution in low moisture (LM) and high moisture (HM) rice samples under different
irradiation doses. (a) Control LM and HM rice, (b) 4 kGy LM and HM rice, (c) Control and 4 kGy LM
rice, (d) Control and 4 kGy HM rice.

The intensity in Tp; (0.01-1 ms) was significantly different between freshly harvested rice and
sun-dried rice. After irradiation, the bound water content of the two types of rice increased at the same
time, and the free water content decreased. However, the proportion of the reduction shown by the free
water content of LM rice was higher than that shown by the free water content of HM rice. In contrast
to our study, a previous study showed that EBI treatment reduces the bound water content of egg
white protein [22]. This discrepancy might be attributed to the different proteins present in eggs and
rice. As shown in Figure 1a, the bound water content of freshly harvested rice was higher than that of
sun-dried rice. During sun drying, part of the bound water was likely to have been converted into free
water that evaporated under the influence of high temperature, leading to a reduction in the proportion
of the bound water. After irradiation, the free water proportion of LM rice decreased more than that of
the rice with HM content. LM rice mainly contained a large amount of free water, whereas HM rice
contained a small amount of free water and a large amount of bound water. Irradiation mainly affected
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free water in LM rice but affected free water and bound water in HM rice. Therefore, free water in
LM rice was greatly influenced by irradiation and mainly turned into free radicals. However, the rice
with HM content contained more bound water than the rice with LM content. As free water was
decomposed by irradiation, the electron beam also cleaved the double helixes of starches and proteins.
This effect generated puncture pores on microcosmic surfaces and caused changes in the quantities
of bound water and free water by changing their states through reducing hydrogen bonding such
that the structure increased in flexibility and decreased in compactness. These effects thus changed
water distribution.
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Figure 2. Water distribution in LM rice and HM rice samples after 30 min of soaking and treatment
with different irradiation doses. (a) Control LM rice before and after 30 min soaking, (b) Control HM
rice before and after 30 min soaking, (c) 4 kGy LM rice before and after 30 min soaking, (d) 4 kGy HM
rice before and after 30 min soaking.

As shown in Figure 2 and Table S1, after 30 min of soaking, almost all the LM and HM rice showed
a shortened Ty; and prolonged Ty,. The change in relaxation time (T,) in LE-NMR can reflect the
degree of freedom of water in the sample and the chemical environment encountered by the protons of
the sample. A short T, (0.01-1 ms) is indicative of the tight binding degree between water molecules
and matter and a low degree of freedom of water. It can be considered to be related to chemically
bound water. A long T is associated with weak binding force and a high degree of freedom, and it can
be considered to be related to nonflowing water (1-10 ms) and free water (10-100 ms) [23]. Nonflowing
water represents physically adsorbed water, i.e., water that is trapped or present in cellular structures
and does not easily flow. Free water refers to water that can flow freely and that exhibits the lowest
binding force and strongest mobility. Rice is generally soaked before cooking mainly to improve
the speed and effect of gelatinization. This study aimed to explore whether irradiation and different
water content systems could affect the water absorption efficiency of rice and thus ultimately affect
the cooking quality of rice. As shown in Figure 2, irradiation after soaking in the LM state did not
affect the value of Ty;. By contrast, after soaking in the HM state, the Ty; of irradiated rice moved to
the right. This change indicated that the effect of irradiation tended to weaken the binding strength
of organic matter and water. This result might be related to the effects of irradiation on free water
and bound water in HM rice as mentioned above. In general, compared with that in rice that had not
been exposed to the sun, the combination of water and protein starch in rice that had been exposed to
the sun had lower strength, harder tissue, tighter networks, and lower water absorption rate. At the
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same time, irradiation had a positive effect on the water absorption rate of rice. Therefore, rice with a
high water content and that had been treated with a specific dose of irradiation had the best water
absorption rate and superior cooking quality.

3.2. Pasting Properties of Rice Samples

The RVA profiles of the rice flour samples are shown in Figure 3, and the parameters, including
the peak viscosity (PV), holding viscosity (HV), final viscosity (FV), and pasting temperature (PT)
of rice flour gelatinization are depicted in Table S2. Irradiation treatment resulted in a significant
(p < 0.05) reduction in the PV of all the samples. Sultan et al. also reported a reduction in the HV of
rice upon irradiation treatment [24]. Figure 3 shows that the PV, HV, and FV of LM rice were lower
than those of HM rice. This result was consistent with the research results of Ali et al., who found
that starches extruded under HM (22%) conditions have higher viscosity than those extruded under
LM (14%) conditions [25]. The irradiation effect in the HM state is weaker than that in the LM state.
Simultaneously, no significant difference in the PV of HM rice under 1 and 2 kGy (p < 0.05) irradiation
was observed because the husks protected the rice grains from high irradiation doses. Electron
beams destroy the interior structure of rice [26] and are likely to first act on water molecules [27].
Their action on a large number of water molecules results in the production of free radicals and a
certain amount of thermal energy. Moreover, free radicals and energy cause the chemical bonds of
biological macromolecules to break by acting on biological macromolecules. HM rice had more water
molecules than LM rice. Most of the electron beam energy acted on water molecules, thus causing
limited damage to starch macromolecules and small changes in viscosity.
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Figure 3. Rapid Visco-Analyzer (RVA) pasting profiles of LM and HM rice samples under different
irradiation doses.

3.3. Rheological Properties

The rheological properties of natural starches and irradiated starches are depicted in Figure 4.
The magnitudes of the elastic component, G’, and viscous component, G” of the rice starch pastes
increased with scanning frequency, and G’ was significantly higher than G”, which led to the absence
of crossover between the two moduli over the range of applied frequencies, indicating that these
parameters were all associated with weak gel properties [28]. This study revealed that both moduli of
the gel prepared with irradiated rice samples were lower than those of the gel prepared with normal
rice samples, whereas LM rice showed more reductions than HM rice. EBI treatment might have
destroyed the continuous network structures and resulted in the changes in the internal structure
of the rice kernel, thus weakening the gel network of the rice paste. These results were consistent
with previously reported results [29]. The formation of the gel network in irradiated rice samples
could be related to RVA results. Yu and Wang [30] stated that radiation can generate free radicals in
starch macromolecules. These free radicals are capable of hydrolyzing chemical bonds and breaking
large molecules into small dextrin fragments, destroying the gel network structure and consequently
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decreasing the apparent viscosity of irradiated rice flour. The apparent viscosity of HM rice flour
changed more smoothly than that of LM rice flour likely because, given the large number of water
molecules, irradiation energy first acted on water molecules instead of biomacromolecules.

1000

065 1000 1000

100 Jaamean 100 4

e
n
a2 127
ettt B

o
axracnet?
raarpareart i

G (P)

G" (Pa)
G (Pa)
G" (Pa)

10

G OhGy—+— L hGy—+— 2 kGy—— 3 kGy—+— 4kGy
G 0 Ky 1 Ky 2 kliy——3 Kiy—e— 4 kGy d .
@ 0 Gy — 1 Ky——2 kiy—— 3 Ky — — 3 kGy
G — 0 kGy— — | KGy—— 2kGy—— 3 KGy— — 4 Ky
1 T T 1
1 T T 1
o i i [t 1 10
Trequency {radis) Trequency (rad's)
(@) (b)
05 05
04
03
©
£ 0.2
0.1
00
0 20 0 60 80 100 0 20 a0 60
Trequency (rad/s) Trequency (rad/s)
() (d)
500 500
= OKGy | . 0XGy
« 1kGy I o 1 KGy
400 s 3 400 4 >
8 2kGy ) o 2%Gy
o T 3kGy 3 3 KGy
& ~— 4 kGy & 4 KGy
300 4 3004 :
£ B
Z Z .
2 2 "
g g}
200 4 2004
N g
] ]
j J
Fwoq S
I g
b= T e A
o R = o] R = o = F SN
[l 1 10 100 [l 1 10 100
Shearing rate (Pa) Shearing rate (Pa)
(e) ()

Figure 4. Changes in G’, G” (a,b), tan 5 (c,d), and apparent viscosity (e,f) of RSs under different electron
beam irradiation (EBI) doses. (a,c,e) LM rice; (b,d,f) HM rice.

3.4. Swelling Power and Solubility Index

The swelling power and solubility index were assessed over the temperature range of 60 °C-90 °C
and are presented in Table 1. The swelling power of all the rice flours increased significantly (p < 0.05)
over the temperature range of 60 °C-90 °C. The values for LM rice ranged from 3.20 g/g to 14.37 g/g
and those for HM rice ranged from 3.58 g/g to 13.40 g/g. The swelling power was observed to be
a function of temperature, with the highest value observed at 90 °C [31]. In this study, the effect of
irradiation dose on swelling power was not significant and only slightly increased this parameter.
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In addition, the general swelling index of rice with HM content was slightly higher than that of rice
with LM content. This difference was not significant. A previous study showed that the swelling
power decreases because irradiation causes the depolymerization of amylopectin chains in starch
molecules [32]. The swelling power slightly increases under a low irradiation dose. The slight opening
of amylopectin chains under low-dose irradiation may have promoted water molecule entry, which
leads to the increase in swelling power.

Table 1. Swelling power and solubility index of control and irradiated rice flours *.

Varieties Dose 60 °C 70 °C 80 °C 90 °C
SP (g/g)
LM content 0 3.20 + 0.04 2P 7.24 +0.06 24 8.40 + 0.01 " 12.07 + 0.04 2
1 3.40 + 0.02 P 7.63 +0.12 b4 876 +0.10P" 12,69 + 0.41 2bs
2 3.44 +0.02°P 7.71 £ 0.04 bed 8.85+0.09P"  13.90 + 0.372bs
3 3.28 +0.02bP 778 +0.04%9 901 +012°r 1410 +0.71 2bs
4 3.54 +0.01 9P 7.94 + 0.06 <4 9.20 + 0.00 < 14.37 + 0.87 bs
HM rice 0 3.58 + 0.03 2P 7.28 +0.08 24 8.20 +0.10 " 11.33 +0.17 3
1 412 +0.09 bP 7.24 +0.06 24 833+0.022"  11.94 + 0.252abs
2 4.05+0.11bp 7.32 +0.08 24 852+ 0323  12.43 + (.64 abcs
3 412 +0.04 P 7.25 +0.0124 851+£0.083  12.75+ (.13 bcs
4 3.74 + 0.19 2bP 7.79 +0.23 bd 8.65 + 0.09 & 13.40 + 0.02
SI (g/100 g)
LM content 0 5.70 + 0.06 2P 921 +0.14 2 10.11 +0.133  10.44 + 0.01 "
1 6.74 + 0.34 bP 1554 +0.03P1  1555+0.32P9  21.83 +0.85Pr
2 6.89 £0.32bP  1645+0.029 1679 +0.25P1  23.32 +0.73Pr
3 779+030P  1956+03099 1977 +£0.57°9 2948 +1.44
4 947 +0.149%  21.04+0.11°  2253+0259 3284134
HM rice 0 5.11 + 0.19 2P 7.40 +0.24 24 8.81 +0.20 2 8.07 + 0.06 &
1 635+055PP  1235+0.09P9 1256 +0.42P9 16,95 +0.26 Pr
2 6.14 +0.10 bP 13.77 £0.07°9  13.03+0.78%4  19.95+0.91 <
3 731+019¢P  1571+02099  1575+0.37°9 2449 £ 0289
4 7.83+0089%  1815+0.12°9 1893 +0.119  29.89 +0.19¢

* Mean value + SD with different superscript letters in the same column are significantly different (p < 0.05).
SP = swelling power: SI = solubility index. The first letter represents vertical significance and the second letter
represents horizontal significance.

The solubility index of all the rice flours increased slightly over the temperature range of
60 °C-90 °C. However, with respect to that of native flour, the solubility index of irradiated flours
significantly increased (p < 0.05) over the range of 60 °C-90 °C. The solubility index of flours is largely
attributed to the presence of soluble molecules, such as amylose, sugars, and albumins, in the flour [33].
The increased solubility of irradiated samples could be ascribed to the increased depolymerization of
starch chains that may result in the enhanced hydration of particles [34].

3.5. Textural Properties of Cooked Rice

Texture profile analysis is one of the most important tests used to examine food texture. Table 2
shows the hardness, adhesiveness, springiness, cohesiveness, gumminess, chewiness, and resilience
of cooked rice. The hardness of the rice irradiated at the dose of 2 kGy was higher than that of
cooked nonirradiated rice and gradually increased from 4155.1 to 4266.5. The hardness of cooked rice
is mainly affected by the molecular size of amylose and the ratio of amylose branches with DPs of
1000-2000. Moreover, the stickiness of cooked rice is negatively correlated with amylose content. Thus,
the increased hardness of cooked irradiated rice (2 kGy) observed in this study might be attributed to
the slight reduction in the molecular size of amylose. In general, rice with low water content was hard,
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whereas rice with high water content was soft. Irradiation reduced textural indexes, and texture was
gradually destroyed with the increase in irradiation dose.

Table 2. Textural properties of cooked rice after EBI treatment at different doses *.

Dose/kGy Hard Adhesi Springi Cohesi G i Chewi Resilience
0 41551 £523.12  -1046.9 + 14842 0.72 +0.072 0.26 +0.012 1111.6 £ 168.6°  833.6 +57.3 % 0.08 +0.002
1 32548+4867°  —672.6+96.6° 0.60 +0.01° 0.27 +0.032 899.5+2264% 5372+ 1427 0.08 +0.012
LMrice 2 42665+4941%  -710.3+20.0° 0.63 +0.03 20 0.27 +0.022 1172.9 + 186.8 2 7315 +8332 0.09 +0.012
3 2793.0+4603>  —441.1+326° 0.61 +0.04"° 0.25+0.022 699.8 +118.5° 4227 +547° 0.07 +0.01 2
4 25205+219.1 4777 +542¢ 0.60 = 0.00 0.26 +0.022 649.7 +73.2° 395.6 +95.1° 0.07 +0.002
0 24760 +27482  —602.8 +8292 0.64 +0.022 0.25 +0.01 2> 608.7 +55.4 2 387.9 +35.12 0.06 +0.002
1 235588132 —581.4 +36.12 0.58 + 0.06 ° 0.25 + 0.00 2> 592.0 +32.02 3465 +47.9 % 0.07 +0.002
HMrice 2 2074317012  -375.6+40.8" 0.53 + 0.03 b¢ 0.25 + 0.00 2 517.1 £59.0 2> 273.3 +45.7 b¢ 0.08 +0.00°
3 16927 +147.4%  -327.0+109° 0.47 +0.02 ¢ 0.26 +0.012 4385+ 156" 207.3 + 14.7 0.08 +0.00®
4 1427.8+1094¢  -311.3+253° 051 +£0.05¢ 0.24 +0.00° 338.1+18.1°¢ 173.7 +26.7 94 0.07 + 0.00 2>

* Mean value + SD with different superscript letters in the same column are significantly different (p < 0.05).

3.6. Sensory Properties of Cooked Rice

The sensory properties of cooked native and irradiated rice are presented in Figure 5. As seen in
the figure below, HM rice had better sensory ratings than LM rice. Compared with that of nonirradiated
rice, the aroma of irradiated HM rice decreased with the increase in irradiation dose and that of
irradiated LM rice had almost disappeared. Compared with the control group, the HM rice irradiated
at 1 and 2 kGy did not show significant changes in taste and continued to present light fragrance
and sweet taste. LM rice did not have the same taste as HM rice. Unsatisfactory rice taste might be
ascribed to the production of undesirable flavors as a result of the following: irradiation produces free
radicals, which break rice starch molecules [27], expose hydrophobic side chains inside proteins [35],
and partially oxidize protein and fat. In general, the quality and taste of HM rice were superior to
those of LM rice.
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Figure 5. Sensory evaluation of cooked rice treated with various irradiation doses. (a) LM rice,

(b) HM rice.

3.7. Thermal PROPERTIES

The DSC results for native and irradiated rice starches are presented in Table S3 and Figure 6,
respectively. The figure shows that irradiation had a great influence on the thermodynamic properties
of rice under LM condition but had little effect on HM rice. The heat absorption peak shifted to the
left, and To, Tp, and T¢ decreased in the LM state. Evan’s theory [36] states that the degradation of
the amorphous region of starch granules decreases the stability of the crystalline region and leads to
the reduction in gelatinization temperature. Irradiation caused the degradation of starch molecules,
thus reducing stability and resulting in the decrement in gelatinization temperature. Cooke et al. [37]
pointed out that DSC results are more likely to show the change in crystal structure than the double
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helix structure of starch, indicating that irradiation has destroyed part of the double helix structure
of starch.
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Figure 6. Differential scanning calorimeter (DSC) thermograms of the starches isolated from rice grains
treated with various irradiation doses. (a) LM rice, (b) HM rice.

3.8. In Vitro Digestion

The nutritional properties of the starches were evaluated via in vitro digestion. The rapidly
digestible starches (RDS), slowly digestible starches (SDS), and resistant starches (RS) levels of native
and irradiated rice are presented in Table 3. The results indicated that the digestive changes shown by
all irradiated samples were not significant. In general, the RDS of rice samples with HM content were
significantly higher than those of rice samples with LM content, whereas the RS of rice samples with
HM content were significantly lower than those of rice samples with LM content. After consumption,
RDS induces hyperglycemic response and insulin resistance, which easily cause several diet-related
chronic diseases and metabolic syndromes; by contrast, RS is fermented only by microorganisms in
the large intestine to produce short-chain fatty acids, which are beneficial to intestinal health [19,38].
Therefore, according to the results of this study, rice with LM content has better nutritional quality
than rice with HM content.

Table 3. In vitro digestibility of the starches isolated from rice grains under various irradiation doses *.

In Vitro Digestibility *

Dose (kGy)
RDS (%) SDS (%) RS (%)
0 28.21 +0.612 4750 £0.732 2429 +0.12
1 30.01 + 0.49 2 46.30 +0.732 23.69 + (.24 2P
LM rice 2 32.08+1.223P 4741 +0852 20.51 +2.07 2
3 28.38 +3.292 40.27 +0.73° 31.35 +4.02°¢
4 3397 +0.73b 39.50 +2.56 © 26.53 +1.83 b¢
0 34.75 £ 0.85 2 47.93 +0.852 17.32 + 0.00 be
1 35.44 + 0.61 2 48.53 +0.49 2 16.03 £ 0.12 b
HM rice 2 36.77 +0.122 49.48 +0.37 2 14.05 + 0.49 @
3 37.33 +2.80° 41.99 +3.41° 20.68 + 0.61 ¢

4 36.98 +0.37 2 4518 + 1.58 b 17.84 +1.224

* Mean value + SD with different superscript letters in the same column are significantly different (p < 0.05). #RDS,
SDS, and RS represent rapidly digestible, slowly digestible, and resistant starches, respectively.

4. Conclusions

The results of this study suggested that low-dose EBI treatment changed water distribution in
newly harvested rice with HM (15.03%) and dried rice (11.97%). Radiation mainly affected the free
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water components of LM rice and the combined water and free water components of HM rice, as well
as resulting in the destruction of biomolecules in both types of rice. EBI treatment reduced the viscosity
of rice, and the change in LM rice was more obvious than that in HM rice. Rheological moduli also
changed after irradiation, and the change in HM rice was gradual. The increase in swelling power
after irradiation might be attributed to the slight opening of amylopectin chains under low-dose
irradiation. This effect promoted the entry of water molecules. The increased solubility of irradiated
samples could be ascribed to the increased depolymerization of starch chains that resulted in enhanced
particle hydration. Low-dose irradiation had little effect on the gelatinization, texture, and rheological
properties of most rice samples. The quality and taste of HM rice were superior, whereas the nutritional
quality of LM rice was superior. This work was an attempt to optimize the outcome of the EBI treatment
of rice for storage purposes by analyzing its effects. It showed that low-dose EBI was more effective
and environmentally friendly than other methods.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/9/1139/s1,
Table S1: Differences in proton areas and peak times among rice samples with different moisture contents, Table
S2: Pasting properties of LM and HM rice samples under various irradiation doses, Table S3: Thermal properties
of flours prepared from rice grains treated with various irradiated doses.

Author Contributions: Conceptualization, L.P. and X.L.; formal analysis, L.P,, ].X., X.L., Y.L., Y.Z. and K.Y.;
investigation, L.P., X.L., Y.L. and D.S.; resources, D.S. and Z.C.; writing—original draft preparation, L.P. and
J.X.; writing—review and editing, ] X. and X.L.; All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the funding of the National Key Research and Development Program of
China (2017YFD0401205), National Top Youth for Grain Industry (LQ2018302), and National First-Class Discipline
Program of Food Science and Technology (JUFSTR20180203).

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

References

1. ERS; USDA. Rice Overview. Available online: https://www.ers.usda.gov/topics/crops/rice/ (accessed on
3 June 2020).

2. Network, China Industry Information. Available online: http://www.chyxx.com/industry/202004/850656.html
(accessed on 10 April 2020).

3. Keawpeng, I.; Venkatachalam, K. Effect of aging on changes in rice physical qualities. Int. Food Res. ]. 2015,
22,2180-2187.

4. Srivastava, S.; Mishra, G.; Mishra, H.N. Fuzzy controller based E-nose classification of sitophilus oryzae
infestation in stored rice grain. Food Chem. 2019, 283, 604-610. [CrossRef] [PubMed]

5. Zhou, Z.; Robards, K.; Helliwell, S.; Blanchard, C. Ageing of stored rice: Changes in chemical and physical
attributes. J. Cereal Sci. 2002, 35, 65-78. [CrossRef]

6.  Meullenet, ].E; Marks, B.P,; Hankins, J.A.; Griffin, V.K.; Daniels, M.J. Sensory quality of cooked long-grain
rice as affected by rough rice moisture content, storage temperature, and storage duration. Cereal Chem. 2000,
77,259-263. [CrossRef]

7. Tamaki, M,; Tashiro, T.; Ishikawa, M.; Ebata, M. Physicoecological studies on quality formation of rice kernel
4. effect of storage on eating quality of rice. Jpn. |. Crop Sci. 1993, 62, 540-546. [CrossRef]

8.  Wijayaratne, L K.W.; Arthur, EH.; Whyard, S. Methoprene and control of stored-product insects. J. Stored
Prod. Res. 2018, 76, 161-169. [CrossRef]

9. Richards, C.M.; Reilley, A.; Touchell, D.; Antolin, M.E,; Walters, C. Microsatellite primers for texas wild rice
(Zizania Texana), and a preliminary test of the impact of cryogenic storage on allele frequency at these loci.
Conserv. Genet. 2004, 5, 853-859. [CrossRef]

10. Blumenthal, C.; Rawson, H.M.; McKenzie, E.; Gras, PW.; Barlow, EW.R.; Wrigley, C.W. Changes in wheat
grain quality due to doubling the level of atmospheric Co2. Cereal Chem. 1996, 73, 762-766.

11. Sendra, E.; Capellas, M.; Guamis, B.; Felipe, X.; MorMur, M.; Pla, R. Review: Food irradiation. general
aspects. Food Sci. Technol. Int. 1996, 2, 1-11. [CrossRef]

12. Al Khan, K.; Abrahem, M. Effect of irradiation on quality of spices. Int. Food Res. ]. 2010, 17, 825-836.

146



Foods 2020, 9, 1139

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Sung, W.C. Effect of gamma irradiation on rice and its food products. Radiat. Phys. Chem. 2005, 73, 224-228.
[CrossRef]

Diehl, J.E. Food irradiation—Past, present and future. Radiat. Phys. Chem. 2002, 63, 211-215. [CrossRef]
Luo, X.H.,; Li, Y.L; Yang, D.; Xing, ].L.; Li, K.; Yang, M.; Wang, R.; Wang, L.; Zhang, Y.W.; Chen, Z.X. Effects
of electron beam irradiation on storability of brown and milled rice. . Stored Prod. Res. 2019, 81, 22-30.
[CrossRef]

Li, H.Y;; Prakash, S.; Nicholson, T.M.; Fitzgerald, M.A.; Gilbert, R.G. The importance of amylose and
amylopectin fine structure for textural properties of cooked rice grains. Food Chem. 2016, 196, 702-711.
[CrossRef] [PubMed]

GAQS, Generally Administration of Quality Supervision. Inspection of Grains and Oils-Method for Sensory
Evaluation of Paddy or Rice Cooking and Eating Quality; GB/T 15682-2008 [S]; GAQS: Beijing, China, 2008.
Zhou, X;; Ye, X.J.; He, J.; Wang, R.; Jin, Z.Y. Effects of electron beam irradiation on the properties of waxy
maize starch and its films. Int. J. Biol. Macromol. 2020, 151, 239-246. [CrossRef]

Englyst, H.N.; Kingman, S.M.; Cummings, ].H. Classification and measurement of nutritionally important
starch fractions. Eur. ]. Clin. Nutr. 1992, 46, S33-S50.

Wang, R.; Zhang, T.Q.; He, ].; Zhang, H.; Zhou, X.; Wang, T.; Feng, W.; Chen, Z.X. Tailoring digestibility of
starches by chain elongation using amylosucrase from neisseria polysaccharea via a zipper reaction mode.
J. Agric. Food Chem. 2020, 68, 225-234. [CrossRef]

Zhou, X.X,; Liu, L.; Fu, P.C,; Lyu, F; Zhang, ].Y.; Gu, S.Q.; Ding, Y.T. Effects of infrared radiation drying and
heat pump drying combined with tempering on the quality of long-grain paddy rice. Int. J. Food Sci. Technol.
2018, 53, 2448-2456. [CrossRef]

Jin, Y,; Liang, R.; Liu, ].B.; Lin, S.Y,; Yu, Y.L.; Cheng, S. Effect of structure changes on hydrolysis degree,
moisture state, and thermal denaturation of egg white protein treated by electron beam irradiation. LWT Food
Sci. Technol. 2017, 77,134-141. [CrossRef]

Sanchez-Alonso, I.; Moreno, P.; Careche, M. Low field nuclear magnetic resonance (Lf-Nmr) relaxometry in
hake (Merluccius Merluccius L.) muscle after different freezing and storage conditions. Food Chem. 2014, 153,
250-257. [CrossRef]

Sultan, N.; Wani, I.A.; Masoodi, F.A. Moisture mediated effects of gamma-irradiation on physicochemical,
functional, and antioxidant properties of pigmented brown rice (Oryza Sativa, L.) flour. |. Cereal Sci. 2018, 79,
399-407. [CrossRef]

Ali, S; Singh, B.; Sharma, S. Impact of feed moisture on microstructure, crystallinity, pasting,
physico-functional properties and in vitro digestibility of twin-screw extruded corn and potato starches.
Plant Foods Hum. Nutr. 2019, 74, 474-480. [CrossRef] [PubMed]

Yu, Y.; Wang, ]. Effect of gamma irradiation pre-treatment on drying characteristics and qualities of rice.
Radiat. Phys. Chem. 2005, 74, 378-383. [CrossRef]

Bashir, K.; Aggarwal, M. Physicochemical, structural and functional properties of native and irradiated
starch: A review. . Food Sci. Technol. Mysore 2019, 56, 513-523. [CrossRef] [PubMed]

Yue, X.; Shang, W.; Liu, J.; Sun, H.; Strappe, P.; Zhou, Z. Analysis of the physiochemical properties of rice
induced by postharvest yellowing during storage. Food Chem. 2020, 306, 125517.

Singh, S.; Singh, N.; Ezekiel, R.; Kaur, A. Effects of gamma-irradiation on the morphological, structural,
thermal and rheological properties of potato starches. Carbohydr. Polym. 2011, 83, 1521-1528. [CrossRef]
Yu, Y.; Wang, J. Effect of gamma-ray irradiation on starch granule structure and physicochemical properties
of rice. Food Res. Int. 2007, 40, 297-303. [CrossRef]

Sindhu, R.; Devi, A.; Khatkar, B.S. Physicochemical, thermal and structural properties of heat moisture
treated common buckwheat starches. J. Food Sci. Technol. Mysore 2019, 56, 2480-2489. [CrossRef]

Liu, T.Y.; Ma, Y.; Xue, S.; Shi, ]. Modifications of structure and physicochemical properties of maize starch by
gamma-irradiation treatments. LWT Food Sci. Technol. 2012, 46, 156-163. [CrossRef]

Wani, LA_; Wani, A.A_; Gani, A.; Muzzaffar, S.; Gul, M.K; Masoodi, FEA.; Wani, T.A. Effect of gamma-irradiation
on physico-chemical and functional properties of arrowhead (Sagittaria Sagittifolia L.) tuber flour. Food Biosci.
2015, 11, 23-32. [CrossRef]

Wu, D.X,; Shu, Q.Y.; Wang, Z.H.; Xia, Y.W. Effect of gamma irradiation on starch viscosity and physicochemical
properties of different rice. Radiat. Phys. Chem. 2002, 65, 79-86. [CrossRef]

147



Foods 2020, 9, 1139

35.

36.

37.

38.

Bo, H.; Fan, D.-M.; Wusgal; Lian, H.-Z.; Zhang, H.; Chen, W. The radical production and oxidative properties
of rice protein under microwave radiation. Modern Food Sci. Technol. 2015, 4, 151-156.

Evans, 1.D.; Haisman, D.R. The effect of solutes on the gelatinization temperature range of potato starch.
Starch Staerke 1982, 34, 224-231. [CrossRef]

Cooke, D.; Gidley, M.J. Loss of crystalline and molecular order during starch gelatinization—Origin of the
enthalpic transition. Carbohydr. Res. 1992, 227,103-112. [CrossRef]

Rahman, S.; Bird, A.; Regina, A.; Li, Z.; Ral, J.P,; McMaugh, S.; Topping, D.; Morell, M. Resistant starch in
cereals: Exploiting genetic engineering and genetic variation. J. Cereal Sci. 2007, 46, 251-260. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

148



@ foods MBPY

Atrticle

Evolution of VOC and Sensory Characteristics
of Stracciatella Cheese as Affected by
Different Preservatives

Giuseppe Natrella, Graziana Difonzo, Maria Calasso, Giuseppe Costantino, Francesco Caponio
and Michele Faccia *

Department of Soil, Plant and Food Sciences, University of Bari, Via Amendola 165/A, 70126 Bari, Italy;
giuseppe.natrella@uniba.it (G.N.); graziana.difonzo@uniba.it (G.D.); maria.calasso@uniba.it (M.C.);
giuseppe.costantino@uniba.it (G.C.); francesco.caponio@uniba.it (F.C.)

* Correspondence: michele.faccia@uniba.it; Tel./Fax: +39-080-5443012

Received: 7 September 2020; Accepted: 9 October 2020; Published: 12 October 2020

Abstract: Undesired volatile organic compounds (VOCs) can negatively affect the flavor of fresh
food products; especially those characterized by a mild and delicate aroma. Finding connections
between chemical and sensory analyses is a useful way to better understand the arising of off-flavors.
A study was conducted on stracciatella; a traditional Italian cream cheese that is emerging on
international markets. Samples were prepared by adding two different preservatives (alone or
combined): sorbic acid and an olive leaf extract. Their influence on flavor preservation during
refrigerated storage was investigated by chemical, microbiological and sensory analyses. A strong
change of the VOC profile was ascertained after 8 days in the control cheese and in the sample
added with leaf extract alone. The samples containing sorbic acid, alone or in combination with leaf
extract, gave the best chemical and sensory results, demonstrating a significant shelf-life extension.
In particular, these samples had lower concentrations of undesired metabolites, such as organic acids
and volatiles responsible for off-flavor, and received better scores for odor and taste. Ex and Ex-So
samples had significantly higher antioxidant activity than Ctr and So throughout the entire storage
period, and the color parameter shows no differences among samples taken on the same day. The use
of the olive leaf extract, at the concentration tested, seemed to be interesting only in the presence of
sorbic acid due to possible synergic effect that mainly acted against Enterobacteriaceae.

Keywords: stracciatella cheese; volatile organic compounds; sensory characteristics; natural
preservatives; cheese storage

1. Introduction

One of the decay’s symptoms of an expiring food is its smell [1,2]. Thus, the study of the
volatile organic compound (VOC) profile can be very useful for establishing the organoleptic status
of the product. The onset of off-flavor can be caused by many factors, such as food handling,
processing, spoilage microorganism and lipid oxidation [3-5]. Many researchers have investigated
the VOC responsible of off-flavor and have tried to link them to specific sensory descriptors [5-10].
The fastest way to analyze these compounds is using SPME-GC/MS (Solid Phase Micro Extraction-Gas
Chromatography/Mass Spectrometry). It is widely used among researchers for milk and dairy
products [11-15] and other foods [16-18]. Itis used also in the flavoromics approach [19,20], because it is
capable of ppb detection level for a wide range of molecular weight. Such a kind of studies is very useful
for fresh foods, which are preferred by modern consumers and are highly perishable. For cheeses, too,
the consumer preference is increasingly orienting towards the fresh types, whose production volume in
EU in 2019 was about 3.5 million tons (about 34% of total cheese manufactured) [21]. Several strategies
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have been proposed for slowing down their decaying process, including high pressure and x-ray
treatments, modified atmosphere and active packaging and use of antimicrobial compounds [22-25].
Stracciatella is an Italian traditional fresh cream cheese that is emerging on the international market.
It is made up of mixture of double cream and thin Mozzarella strands (manually shredded) [26];
it is commonly sold packaged in polyethylene trays heat-sealed with laminated film. Due to high
perishability, it must be kept refrigerated until consumption but, being the signs of alteration only
recognizable after tasting, a non-negligible part of the product sold in large-scale retail stores turns into
waste. High perishability of stracciatella is mostly caused by fast fat oxidation and microbial growth,
favored by high pH and moisture content (6.0-6.2 and 62-65%, respectively) [27]. Efforts for preserving
shelf life and sensory characteristics of this cheese have reached poor results. Only little shelf-life
extension was obtained by Gammariello et al. [28], by applying modified atmosphere packaging
(MAP), and by Conte et al. [29] combining it with two antimicrobial compounds (lysozyme and EDTA).
Dambrosio et al. [30] and Rea et al. [31] concluded that the principal obstacle lay in the manufacturing
process that involves intense manipulation. Unfortunately, the stracciatella production process cannot
be mechanized since it is impossible to reproduce the results obtained by the manual procedure
(in particular the mozzarella shredding phase). The only strategy that can be used to keep longer the
original sensory characteristic is the addition of preservatives. Unfortunately, only a few molecules
are allowed by EU legislation in fresh dairy products, and the most commonly used is sorbic acid.
This preservative is able to inhibit the growth of numerous microorganisms, depending on the types,
species and strains, but also on substrate properties and environmental factors. According to the
Codex Alimentarius Commission, the maximum concentration in fresh cheese (as total sorbates) is
1000 mg kg~!. Even though sorbic acid has a GRAS (Generally Recognized As Safe) status, the dairy
industries are asking for more natural preservatives. There is no information about recently studied
aqueous extract obtained from olive leaf (OLE) in fresh cheeses. Its contribution on shelf life and
chemical and sensory characteristics of stracciatella is still unknown. OLE has been recently tested for
antimicrobial activity based on the high polyphenols content [32-34].

The aim of the present work was to study the relationships between the VOC profile,
sensory features and microbiological characteristics of stracciatella cheese during storage, as affected
by the addition of sorbic acid and OLE.

2. Materials and Methods

2.1. Preservatives Concentration and Sample Preparation

According to Ranieri et al. [35] OLE was produced at the laboratory scale, then its concentration to
be added to cheese was chosen on the basis of both of the data reported in the literature and deriving
from sensory preliminary trials. According to Caponio et al. [36] and Difonzo et al. [37], OLE added in
an amount up to 1000 mg kg~! was able to extend the shelf life of vegetable foods. The preliminary
trials (data not shown) highlighted that OLE added at a concentration of 800 mg kg™! negatively
affected the sensory properties, causing an unpleasant odor and loss of freshness and frankness of
flavor, while when present at a level of 400 mg kg™ the typical aroma was maintained. A commercial
food grade sorbic acid was supplied by Farmalabor (Canosa, Italy), and the level of addition was fixed
at the maximum level (1000 mg kg‘l) allowed by European legislation in fresh dairy products [38].

Four types of stracciatella samples were prepared: 3 experimental, containing different types of
antimicrobials (OLE, sorbic acid and a mixture of the two), plus a control (Table 1). The antimicrobials
were added to 30% fat UHT (Ultra High Temperature) cream, then the cream was mixed with freshly
prepared mozzarella strands (1:1 w/w) and gently homogenized at room temperature in a kneader
(40 rounds per minute applied for 5 min). The obtained samples were stored at 8 °C in plastic trays
mechanically sealed with laminated film. OLE, obtained as reported in Difonzo et al. [39], had a total
phenol content of 151 mg gallic acid equivalent (GAE) g~! and a value of 950 umol Trolox equivalent
(TE) g_l. The samples were named Ex (sample with OLE), So (sample with sorbic acid), Ex-So (sample
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with OLE + sorbic acid) and Ctr (control). They were analyzed after 1 day and every 4 days from
production until they resulted in being altered.

Table 1. Ingredients and preservatives concentration used to produce stracciatella cheese.

CTR Ex So Ex-So

Cream/mozzarella
strands (1w as g) 500/500  500/500  500/500  500/500
OLE (mg kg™ - 400 - 400
Sorbic acid (mg kg™") - - 1000 1000

2.2. Chemical, Sensory and Microbiological Analyses

2.2.1. Volatile Organic Compounds (VOCs)

VOCs were extracted at 37 °C for 15 min as reported in a previous paper [40] after addition of
3-pentanone (81.3 ng) as an internal standard for semi-quantitation. A Triplus RSH autosampler was
used, equipped with a divinylbenzene/carboxen/polydimethylsiloxane 50/30 mm SPME fiber assembly
(Supelco, Bellefonte, PA, USA). The fiber was desorbed at 220 °C for 2 min in the injection port of the
gas chromatograph operating in the splitless mode. The GC-MS analysis was performed using a Trace
1300 chromatograph equipped with a capillary column VE-WAX MS (60 m, 0.25 mm) and connected to
mass spectrometer ISQ Series 3.2 SP1 (Thermo Scientific, Waltham, MA, USA). The operating conditions
were: oven temperatures, 50 °C for 0.1 min then 13 °C min~! up to 180 °C and 18 °C min™! up to
220 °C with an isothermal for 1.5 min. The mass detector was set at 1700 V voltage; source temperature,
250 °C; ionization energy 70 eV and scan range 33-200 amu. Peak identification was done by means of
Xcalibur V2.0 Qual Browse software (Thermo Fisher Scientific, Waltham, MA, USA) by matching with
the reference mass spectra of the NIST (National Institute of Standards and Technology, Gaithersburg,
MD, USA) library.

2.2.2. Antioxidant Activity and Oxidative Stability

The ABTS-TEAC (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)/Trolox®—Equivalent
Antioxidant Capacity) assay was carried out as described by Ranieri et al. [35] and the results
were expressed as pmol TE g~1. Induction time was determined by RapidOxy (Anton Paar Prove Tec
GmbH, Blankenfelde-Mahlow, Germany) measuring the time needed for a 10% drop of the oxygen
pressure. The set parameters were the following: T = 140 °C, P = 700 kPa [38].

2.2.3. Color

Colorimetric readings were carried out under D65 illuminant by using a spectro-colorimeter CM-700d
(Konica Minolta Sensing, Osaka, Japan) equipped with a pulsed xenon lamp. The analysis was performed
by placing the sample in a transparent quartz container. Lightness (L*), redness (a*, +red-green) and
yellowness (b*, +yellow-blue) were determined coordinates in the CIE (Commission Internationale de
I’Eclairage) color space [41].

2.2.4. Organic Acids and pH

Organic acids were extracted as reported by Buffa et al. [42]. Separation was carried out on a
Synergy Hydro RP column 80 A4 pum, 250 mm X 4.6 mm (Phenomenex, Torrance, CA, USA), installed on
a Waters HPLC composed of 600E pumps and a 996 diode array detector (Waters Corporation, Milford,
CT, USA). Mobile phases were 0.1% orthophosphoric acid in water (eluent A) and acetonitrile (eluent B).
The gradient was 0-18 min 100% A at 1 mL min~?! flow rate, then 18-18.3 min from 100% to 20% A;
18.3-19.5 min increasing flow rate to 1.4 mL min~}, then 19.5-22.5 isocratic and 22.5-23 min from 20% to
100% A and 23-43 min isocratic. Detection was done at A =214 nm. A pH meter equipped with a dairy
specific electrode (FC2020, Hanna instruments, Woonsocket, RI, USA) was used for pH measurement.

151



Foods 2020, 9, 1446

2.2.5. Sensory Analysis

Sensory analysis was assessed by a trained panel consisting of nine experts (4 women and 5 men,
ranging in age from 25 to 60 years) selected according to the ISO 8586-1993 method. All of them were
members of the Italian Association of Cheese Tasters (ONAF) and had attended a 20 h course about
evaluation of cheese texture and flavor. Evaluation was carried by a quantitative descriptive analysis
(QDA) and the samples were presented in a randomized and balanced way, in white disposable dishes
coded by three-digit codes. The panelists described the cheese using sensory attributes chosen from
the ONAF (Italian Organization of Cheese Tasters) vocabulary [43] and by scoring their intensity from
0 to 10. In the case of perception of an attribute not included in the vocabulary, it was only considered
if the “weight percentage” (frequency of citations X perceived intensity) was more than 30%.

2.2.6. Cultivable Microbiota

Microbiological analyses were performed according to methods described in Minervini et al. [44],
using culture media and supplements purchased from Oxoid (Oxoid Limited, Basingstoke, UK),
starting from 20 g of stracciatella. The microbial groups counted were: total mesophilic aerobic (plate count
agar at 30 °C for 48 h), presumptive mesophilic lactobacilli (MRS agar with 0.1 g L™! cycloheximide at
30 °C for 48 h), presumptive mesophilic cocci (M17 agar with 0.1 g L~™! cycloheximide at 30 °C for 48 h),
enterococci (Slanetz and Bartley agar at 37 °C for 48 h), staphylococci (Baird Parker agar supplemented
with egg yolk tellurite at 37 °C for 48 h), Enterobacteriaceae (VRBGA at 37 °C for 24 h), Pseudomonas spp.
(Pseudomonas agar with CFC supplement at 30 °C for 24 h), yeasts (wort agar supplemented with
0.1 g L™! chloramphenicol at 30 °C for 48 h) and molds (potato dextrose agar supplemented with
0.1 g L™! chloramphenicol at 25 °C for 5 days). The microbiological counts were confirmed by taking
representative colonies for each medium, and checking them for morphology, motility, Gram staining
reaction and catalase test.

2.3. Statistical Analysis

The data were statistically processed by one-way ANOVA followed by Tukey’s HSD procedure
at p < 0.05 using XLSTAT software (Addinsoft, NY, USA). Each sample was analyzed in triplicate.
The data from the sensory analysis were also processed for generalized Procrustes analysis (GPA) with
the same software.

3. Results and Discussion

3.1. VOC

Figure 1 shows the total amounts of volatile compounds during storage of the samples. As expected,
low quantities were detected in the early days, ranging from 200 to 470 pg kg~!. Until day 8,
the differences among samples were not very relevant, even though they were sometimes statistically
significant. Huge differences started after this time, with Ex and Ctr samples showing an increase
to about 1800 ug kg™!, then to about 2700 and 3600 pg kg™' (at day 16), respectively. Differently,
the concentrations in Ex-So and So remained almost constant during time. Increase in VOC formation
during storage was expected, considering the typical chemical and microbiological characteristics
of the product [27,30,31], and from these quantitative data it clearly appeared that a significant
inhibition of their formation was associated to the presence of sorbic acid. In order to better understand
the mechanisms of formation, the entire VOC data set was grouped into seven chemical classes
(Table 2). The samples were rather similar at day 1 as to the most abundant classes (ketones, esters and
aliphatic hydrocarbons), whereas some differences were found in some less represented groups
such as aldehydes, alcohols and sulfur compounds, whose content is known to be influenced by
manipulation (they are highly produced by spoilage microorganism). The main difference at T1
accounted on acids, which were more abundant in So and Ex-So, but it was mainly due to the
presence of sorbic acid added as a preservative. As already observed under the quantitative point of
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view, a clear qualitative differentiation among samples started from day 8, and the pair Ctr/Ex and
Ex-So/So behaving quite similarly until the end of storage. At T8 aldehydes and alcohols resulted to
be higher in the pair Ctr/Ex, whereas esters and acids were more abundant in Ex-So/So. The control
sample had the highest concentration of sulphur compounds and the lowest of aliphatic hydrocarbons.
The higher concentrations of aldehydes and alcohols in Ctrl and Ex could be the consequence of two
different phenomena: (i) lipid oxidation, which is a common source of aldehydes formation in fresh
cheeses, from whose dehydrogenation the corresponding alcohols can successively derive [3,45] and
(ii) microbial metabolism. At the end of storage (T16) almost all chemical groups were much higher
in Ctr and Ex, whereas only sulphur compounds were more abundant in Ex-So. Finally, very low
concentration of aliphatic hydrocarbons characterized the Ex-So sample.

As to the single VOC, 41 molecules were identified in the entire set of samples, the most abundant
compounds detected at the end of the storage period are reported in Table 3. Acetaldehyde and
3-methylbutanal were found only in Ex and Ctr. Acetaldehyde can be formed throughout different
pathways: ethanol oxidation should be a highly probable pathway, considering that ethanol
concentration was very high in these samples (713.6 and 556.4 pg kg~ for Ex and Ctr respectively versus
7.8 and 4.2 ug kg_1 for Ex-So and So, respectively). The mechanism based on phenolic compounds
oxidation could also have played a role in Ex, considering the presence of polyphenols from the leaf
extract [3]. 3-methylbutanal in cheese often arise from the conversion of the corresponding amino acid
(isoleucine) by the LAB activity [46], and its concentration suggests a more marked microbial activity
with respect to the samples without sorbic acid. This hypothesis was supported by the huge increase
of ketones in Ctr and Ex, mainly connected to the formation of acetoin (1839.57 and 1512.48 g kg™
respectively, versus 7.8 and 7.4 ug kg™! in So and Ex-So) that commonly derives from LAB and
yeasts metabolism [47]. Ethyl acetate and ethyl butanoate increased much more in Ex, in connection
with a higher presence of ethanol, which represents the limiting factor for their formation [48].
This aspect was probably connected to the absence of sorbic acid acting against yeasts. On the other
hand, the presence of this preservative in So and Ex-So gave rise to the formation of ethyl sorbate.
Among alcohols, besides ethanol, also 3-methyl-1-butanol greatly characterized the samples without
sorbic acid, suggesting a higher microbial activity in them. In some food matrices such as fruit juices,
3-methyl-1-butanol and phenylethyl alcohol have been related to yeast metabolism [3]. The former
was reported by Morales et al. [49] as an important component of volatilome of Enterobacteriaceae
strains of dairy origin. Other volatiles that could be connected to faster microbial growth in Ctr and
Ex samples were sulphur compounds (i.e., dimethyl sulfide) that are formed, for instance, by some
Enterobacteriaceae species [7], and organic acids such as acetic, butanoic and hexanoic.
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Figure 1. Total volatile compounds in stracciatella cheese during storage at 1 (T1), 4 (T4), 8 (T8), 12 (T12)
and 16 (T16) days. Different letters above the lines indicate statistically different values (p < 0.05).

Table 3. Main volatile compounds (g kg™') found at the end of shelf life (16 days) in stracciatella
cheese (only compounds exceeding 1 pg are reported).

Ctr Ex So Ex-So R
Aldehydes
Acetaldehyde 3.7°+05 1202 £2.3 - - Ms,Std
3-methylbutanal 09°+0.1 842+03 - - Ms,Std
Ketones
acetone 45°+03 510 +02 216 5.0 1552 £1.0 Ms,Std
2-butanone 1592 +09 55.02 2.4 19.4°+28 19.0°+038 Ms,Std
2-heptanone 19.7¢ £ 0.6 224°+0.8 4992 +41 329b 125 Ms,Std
2-hydroxy-3-pentanone 1182+ 1.6 51 +06 - - Ms,Std
2-nonanone 24%+02 28b+02 5.0 102 592+ 1.7 Ms,Std
acetoin 1839.52 +109.0  1512.5° +10.0 78°+29 74°+18 Ms,Std
Esters
ethyl acetate 375¢+08 10752 +5.8 68.3P +13.8 81.82b 1+ 0.3 Ms,Std
butanoic acid, ethyl ester 9352 +77 7500 £1.3 28¢+0.6 13.0¢+13 Ms,Std
2-butenoic acid, ethyl ester (E) 05b+01 142+01 04°+00 - Ms
hexanoic acid, ethyl ester 202+03 322+0.1 0.1°+00 222+08 Ms,Std
sorbic acid, ethyl ester - - 6.02+05 652+19 Ms
Alcohols
ethanol 556.4P +48.0 713.62 £49.5 42¢+04 7.8¢+0.1 Ms,Std
1-propanol, 2 methyl- 9.7° + 0.6 7633 £17 32¢+03 - Ms
1-butanol, 3-methyl 89.1P £ 11.2 888.32 +25.2 50¢+03 79¢+13 Ms,Std
1-pentanol 05°+0.1 0.8°+01 120 +04 393+0.1 Ms,Std
4-methyl-2-hexanol 290101 320 +00 240112 1832 7.1 Ms
1-hexanol, 2-ethyl 04°+0.1 092 +0.0 142403 1.6 +03 Ms
phenilethyl alcohol 0.1°+0.0 272 +0.1 0.1°+0.0 0.1°+0.0 Ms,Std
Sulfur Compounds
dimethyl sulfide 350400 3.6°+05 14°+02 6.8 +0.7 Ms,Std
Acids
acetic acid 19.6° + 8.4 5223 +54 34°£02 1015 +3.1 Ms,Std
butanoic acid 4392 +122 146 +03 58¢+34 59¢+15 Ms,Std
hexanoic acid 51.32 £ 8.0 18.0° £ 0.2 10.8¢+£6.0 92¢+33 Ms,Std
octanoic acid 9.72+1.6 44% 102 33P+14 3.8 +09 Ms,Std
propanoic acid, 2 methyl 0.1 +00 142 +0.0 - - Ms,Std
butanoic acid, 3-methyl 06P+0.1 1.52+02 0.2b¢ + 0.0 - Ms,Std
sorbic acid - - 11592 + 68.3 6632+ 0.7 Ms
Aliphatic hydrocarbons
1-heptene, 2,4-dimethyl- 14.2°0 £ 2.0 241 + 6.7 38.82 +12.3 23°¢+0.1 Ms

Ctr, stracciatella control; Ex, stracciatella with olive leaf extract; So, stracciatella with sorbic acid; Ex-So, stracciatella with
olive leaf extract and sorbic acid. R = identification method; Ms = mass spectrometer; Std = chemical standard.
Values in the rows with different letters differ at p < 0.05.
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3.2. Sensory Analysis and Possible Connections with VOC

Figure 2 shows the quantitative descriptive analysis (QDA) graphs divided into odor (A) and
taste (B) perceptions. All fresh samples had almost the same olfactory characteristics until day 4,
demonstrating the absence of any influence of the preservatives on the sensory profile. Starting from
day 8, in perfect agreement with the evolution of VOC, a loss of the freshness characteristics was
observed in Ctr and Ex. In particular, the overall intensity increased, and considering that stracciatella
must present a mild and delicate aroma, it has to be considered a symptom of ongoing changes.
This variation led to the loss of “frankness” defined as the characteristic aroma of the product; with time,
undesired notes of sour milk, sourdough, banana and boiled cabbage were also perceived. These results
matched well with the increase of some VOC compounds, such as butanoic acid, ethyl esters, ethanol,
dimethyl sulphide and 3-methylbutanal. The same trend was also observed for Ex-So and So, but only
starting from day 12. At day 16 Ctr and Ex samples were totally unacceptable, differently from Ex-So
and So. This finding could be related to the strong increase of some VOC that can be considered as
responsible of off-flavors. As to taste (B) no differences were observed among samples until day 8,
then Ctr and Ex started to lose sweetness and to evidence bitterness and sourness; a slight increase
in sourness was also perceive in So. The responsibility of these changes could be attributed to the
formation of free hydrophobic amino acids deriving from proteolysis and/or increase of organic acids.
At day 12, Ex and Ctr were rejected for excessive sourness and sweetness decreased in Ex-So and
So, but they were still judged as acceptable. At day 16 also these latter samples were rejected for
bad smell (they were not tasted). Figure 3 shows the GPA plot based on the dataset of odor sensory
analysis. Here it is possible to observe the distance among samples on a bidimensional plot. The two
dimensions account for 98.80% of the total variance. Most of the differences (93.08%) can be explained
on F1, where So and Ex-So were positioned on the left side of the plot, correlated to fresh milk and
frankness perceptions. Ex and Ctr were on the right side of the plot, very far between them and
related to ripe fruit and sour yogurt respectively, and in both cases also with sourdough, sour milk
and odor intensity. This information allows us to make connections between the VOC profile and
sensory analyses: So and Ex-So resulted to be quite similar, while Ex and Ctr were far from them and
strongly affected by off-flavors. Thus, using sorbic acid or a mixture of the two preservatives seems to
not interfere negatively on the product.

The potentially involved molecules in stracciatella flavor were hypothesized by calculating the
odor active value (OAV) of VOC according to Qian et al. [50], on the basis of the odor thresholds in air
taken from the literature. The VOC having OAV > 1 are shown in Table 4. Ethyl-acetate exceeded a
value of 1 in all samples at any time, and should be one of the key odorants in this cheese. It presents an
ethereal and green note and was found at the highest level in Ex, where also its precursors, ethanol and
acetic acid, were at the highest level than all samples. Hexanal (green grass odor) should only play a
role in fresh cheese, since OAV > 1 was only found at day 1. Surprisingly, ethanol was only present
at day 1 with OAV = 1.3 in So and Ex-So, but the reason was unclear. As expected, it was not newly
formed in these samples due to the inhibition of yeasts, whereas it strongly increased in Ctr and
Ex, reaching a maximum OAYV value of 69.6 and 89.2 at day 16 respectively. Other two potentially
aroma-active esters, ethyl butanoate and ethyl hexanoate responsible of banana and apple notes [51],
increased faster in Ctr and Ex. In these two samples, also acetoin (buttery and creamy odor) could
contribute to the aroma, whereas in So and Ex-So it remained under the perception threshold. At day 8,
also 3-methylbutanal (ethereal and fruity odor, but acrid when present at high concentration) exceeded
avalue of 1in Ex and Ctr.
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Figure 2. Quantitative descriptive analysis (QDA) of stracciatella odor (A) and taste perceptions (B).
* = statistically different values (p < 0.05). Sampling time is the same as Figure 1.
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Figure 3. Generalized Procrustes analysis (GPA) of the dataset of the odor sensory analysis.

3.3. Chemical and Microbial Analyses

3.3.1. Antioxidant Activity and Color

As shown in Figure 4A, Ex and Ex-So samples had significantly higher antioxidant activity than
Ctr and So throughout the entire storage period. Similar results were reported in studies on different
food matrices [38,52]. The oxidative stability test carried out by RapidOxy gave different results
(Figure 4B). No significant differences between samples were found at day 1, the So samples had the
lowest induction time values after 4 and 8 days, and the Ex-So samples showed a higher value than
Ctr at day 16, in accordance with antioxidant activity. These results could be due to the OLE effect,
but the synergy with sorbic acid and interaction with the food matrix cannot be excluded. Overall,
the results indicated that OLE, both added alone and together with sorbic acid, exerted an antioxidant
activity in cheese. Different authors showed the antioxidant effect exerted by OLE in dairy products
and according to literature the antioxidant power was lower in Ctr in a range of 40-80% and decreased
during storage [53,54]. From this outcome it can be hypothesized that the higher presence of aldehydes
in the VOC profile of OLE samples was mostly due to microbial activity rather than to fat oxidation.
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Figure 4. Antioxidant activity evaluation by means of ABTS-TEAC (2,2"-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)/Trolox®-Equivalent Antioxidant Capacity) (A) and oxidative stability measurement
by RapidOxy (B). Sampling time is the same as Figure 1. Different letters at each sample indicate
statistically different values (p < 0.05). Abbreviations: IT, Induction time.

As to color (Table 5), the values of some indices changed with time, but no significant differences
were observed among samples taken at the same day. L* index decreased, in accordance with other
authors [31,36], and according to Garcia-Pérez et al. [55] it should be connected to the acidification of
the product. Differently, the a* index slightly increased during storage, whereas b* index showed a
non-defined trend. The increase of a* value could originate from polymerization of polyphenols and
related tendency to browning [56].
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3.3.2. Organic Acids and pH

The changes in organic acids in dairy products are highly connected to microbial activities.
In bottled milk and non-fermented products, as is stracciatella, they are undesired since they are
responsible of off-flavors. From Figure 5, it can be observed that changes started early in Ctr and Ex
samples: being a fermentable substrate, citric acid decreased from 0.91 and 0.93 mg kg~! to 0.09 and
0.26 mg kg‘l, respectively; lactic acid increased from 0.12 and 0.13 mg kg‘1 to 0.65 and to 1.05;
acetic acid increased from 0.01 to 0.11 and to 0.24 mg kg™!. There is no information concerning organic
acids content of stracciatella cheese, but looking at other dairy products it is possible to confirm
our results. In fact, citric acid is often involved in the Krebs cycle, and this justifies its reduction.
Moreover, the increase in other organic acids (i.e., acetic and citric) is explained by higher microbial
activities during storage [57-59]. According to Adda et al. [60] citric acid is used as a substrate by
the microorganism to produce pyruvic and acetic acid, this finding clearly suits with our results.
Differently, only slight variations were observed in the other samples containing sorbic acid or a
mixture of the two preservatives. These results matched well with the decreasing trend of pH that went
from 6.34 to 5.89 in Ctr and from 6.29 to 5.83 in Ex; in contrast, pH remained almost unchanged in So
and Ex-So. The lower values in these latter samples found already at day 1 (6.02 and 6.14, respectively)
were caused by the acidic properties of sorbic acid (pKa 4.76). These findings highlight a possible
antimicrobial effect of olive leaf extract in synergy with sorbic acid.
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Figure 5. Trend of organic acids in stracciatella cheese during storage. Sampling time is the same
as Figure 1. Different letters at each sample time for each acid indicate statistically different values
(p <0.05).

3.3.3. Cultivable Microbiota

The evolution of cultivable microbiota during cheese storage matched well with the results of
the chemical and sensory analyses. It changed with different magnitudes in samples during storage,
depending on the storage time and microbial group (Figure 6). The cell densities of mesophilic aerobic
microorganisms ranged from about 4.1 (Ex and Ex-So) to 4.81 (Ctr) log CFU g™ after 1 day of storage.
At the end of shelf life, the values were higher than 7.0 log CFU g~! in all samples, without significant
differences (p > 0.05) between experimental and control. However, preservatives exerted an effect
during storage, since the highest cell load was reached more rapidly (at 8 days) in Ctr than in Ex and
Ex-So samples (at 16 days). Thus, the probability to find earlier VOC responsible for off-flavor in
these samples was higher. Lactic acid bacteria (LAB) in stracciatella are considered altering agents,
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just like in bottled milk. The average cell densities of mesophilic lactobacilli and cocci at day 1 were 4.7
and 5.1 log CFU g7, respectively, while enterococci were about 2.6 log CFU g1, without significant
differences among samples (p > 0.05). Lactobacilli and cocci remained almost constant during storage
in So or in Ex-So samples, whereas their number increased up to 1 log cycle in Ctr and Ex cheeses
at 16 days. Additionally, enterococci increased up to 1 log cycle at the end of storage, but only
in Ctr (about 3.6 log CFU g~!), whereas it decreased in all other samples. These findings suggest
that OLE was effective in controlling enterococci when used alone, whereas it only had an effect on
the other two LAB groups when associated to sorbic acid. Our results corroborate the findings of
Roila et al. [61] and Servili et al. [62], who verified that the inhibitory effects of a polyphenol extract
from an olive oil byproduct against lactic acid bacteria in mozzarella and a fermented milk beverage
were scarce and dose-dependent. According to Hurtado et al. [63], some LAB strains can degrade
oleuropein and metabolize specific compounds of OLE. In addition, the antimicrobial activity of the
leaf extract in dairy products may be partially inhibited by the chemical interaction between phenolic
hydroxyl groups and milk proteins [64]. Pseudomonas spp. are the most feared spoilage bacteria
in fresh cheeses, since they can replicate at refrigeration conditions [65,66]. After 1 day of storage,
the two cheeses containing OLE showed a lower (p < 0.05) cell density of Pseudomonas spp. than
control. Successively, the counts increased in all samples reaching the maximum cell densities of
about 6.3 log CFU g~!. Despite the effect observed at the early stage, OLE did not work against
these bacteria, both alone and in the presence of sorbic acid. Inefficacy could be due to two main
reasons: (1) OLE concentration was too low to have an effect. In fact, antimicrobial activity of olive
polyphenols against Gram-negative bacteria, such as Escherichia coli and Pseudomonas, was reported
to be dose-dependent [61,67] and (2) pH of the cheese (6.0-6.2) was too high for allowing efficacy of
sorbic acid: in cottage cheese it acted against Pseudomonas at pH 4.6-5.1 [68]. As for Enterobacteriaceae,
after the first day of storage significant differences were observed between Ctr (3.8 log CFU g™1)
and So (3.7 log CFU g~!) compared to Ex (1.7 log CFU g™') and Ex-So (<1 log CFU g~!) samples.
Successively, they disappeared more rapidly in the cheeses added with antimicrobials. This finding is
of particular relevance, because Enterobacteriaceae are involved in spoilage phenomena in the dairy
product. In accordance with VOC results, Enterobacteriaceae are known as producers of some VOC
as 3-methyl-1-butanol, found only in samples without sorbic acid [49,69]. Staphylococci and molds
were not detected, differently from yeasts. Overall, effectiveness of OLE in controlling yeasts was
ascertained at early phases (day 4), successively it had an effect only in the presence of sorbic acid,
confirming the usefulness of sorbic acid in controlling mold and yeast.
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Figure 6. Cell numbers (log CFU g~!, average values of 3 triplicates + SD) of mesophilic aerobic microorganisms, presumptive mesophilic lactobacilli, mesophilic

cocci and enterococci (A), Pseudomonas spp., Enterobacteriaceae and yeasts (B) in stracciatella samples. Ctr = control; Ex = added with olive leaf extract; So = added

with sorbic acid; Ex-So = added with both sorbic acid and olive leaf extract. Sampling time is the same as Figure 1. Different letters for each microbial group indicate

significant differences at p < 0.05.
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4. Conclusions

The results of the present work pointed out the importance of relating the VOC profile and sensory
results as a decay’s symptom in fresh cheeses. In particular, VOC analysis could be a fundamental tool
for predicting the shelf life of stracciatella, together with the classic microbiological and sensory assays.
In addition, it could help to monitor the formation of some key volatiles responsible for an off-flavor
and prevent rejection of the product by consumers in large-scale retails. The study allowed us to
suitably evaluate the influence of the preservatives on the sensory characteristics. The samples added
with sorbic acid or a combination of sorbic acid and olive leaf extract gave the best result as to the
evolution of the VOC profile. It was reflected in better flavor preservation during storage, allowing us
to better preserve both stracciatella’s delicate aroma and taste. The color parameter results did not
show any relevant difference among products taken at the same day, so the addition of preservatives
does not influence the product aspect. Although stracciatella OLE-enriched samples reached higher
antioxidant activity than Ctr and So, such performances were mostly connected to the well-known
antimicrobial effect of sorbic acid, also further to a possible synergic effect with OLE, in particular
against Enterococcus spp. and Enterobacteriaceae. Possibly better results might be reached also against
other spoilage microorganisms by increasing the extract concentration, but the negative impact on the
sensory characteristics appears to be a main limit. Nevertheless, the possible synergic effect could help
producers to reduce the concentration of chemical preservatives. A further synergic effect could be
obtained by slight lowering of pH of the cheese, compatibly with maintaining the flavor acceptable.
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Abstract: Aqueous extraction of carob kibbles is the fundamental step in the production of carob
juice and carob molasses. Improving the theoretical yield in sugars during organic solvent-free
aqueous extraction is of prime interest to the food industry. Collateral extraction of phenolics,
however, must be monitored as it influences the sensory and functional profile of carob juice.
We presently examined the impact of source material, kibble size, temperature, and duration on the
efficiency of extracting sugars and phenolics aqueously by conventional heat-assisted (HAE) and
ultrasound-assisted (UAE) methods. Source material was the most influential factor determining the
concentration of phenolics extracted by either method. Source material also influenced the relative
proportions of sucrose, glucose, and fructose, which may impact the perceived sweetness of the
juice. Kibble size (medium size M = 9-13 mm; powder size P = 1-4 mm) was more influential with
UAE than HAE for both sugars and phenolics but was rendered less influential with prolonged UAE
duration. Increasing HAE temperature (from 25 °C to 75 °C) favored the extraction of phenolics
over sugars; however, prolonging extraction at 25 °C improved sugar yield without excessive yield
in phenolics. Disproportionate extraction of phenolics over sugars limits the use of heat-assisted
extraction to improve sugar yield in carob juice production and may shift the product’s sensory profile
toward astringency. Prolonged extraction at near ambient temperature can, however, improve sugar
yield, keeping collateral extraction of phenolics low. Ultrasound agitation constitutes an effective
means of extracting sugars from powder-size kibbles. Industrial application of both methodologies
depends on the targeted functional and sensory properties of carob juice.

Keywords: carob kibbles; carob juice; aqueous extraction; sugars; phenolics

1. Introduction

Carob is an evergreen species (Ceratonia siliqua L.) of the Fabaceae family. It is naturally
self-propagated and cultivated in Cyprus as well as other countries of the Mediterranean basin,
preferring mild and dry habitats [1]. In the last 5-10 years, carob cultivation has attracted renewed
interest from growers driven by growing global demand for carob-based food products. According to the
Food and Agriculture Organization statistics, the leader in the production of carob in 2018 was Portugal
with 41,734 tons, followed by Italy, Morocco, Turkey, Greece, Cyprus, Algeria, Spain, and Lebanon [2].
The low-input cultivation practices required for carob production in combination with the rich bioactive
constitution of its fruit renders carob a sustainable crop warranting further investigation.
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The carob fruit is a pod consisting of about 90% pulp and 10% seeds by weight at full maturity [3].
Carob seeds are in fact considered the most valuable part of the pods exploited industrially for the
production of carob bean gum (locust bean gum, LBG), a widely used natural food additive [4].
Separation of the seeds from the pod by milling also delivers carob pulp kibbles as a low-cost
by-product. Carob pulp kibbles have been used primarily as livestock feed, as cacao substitute
in the confectionery and beverage industries, and as a regional culinary ingredient mostly in the
Mediterranean basin [5,6]. In recent times, increasing attention has been given to products of carob
pulp kibbles such as carob powder, fiber, juice, and molasses used by the food industry for developing a
wide range of health-promoting or niche food products, including gluten-free ones [1,6]. Many studies
have demonstrated the health-promoting effects of these products, notably their contribution to the
prevention of colon cancer and hepatocellular carcinoma, wide antioxidant properties, reduction of
diarrheal symptoms, and lowering of Low Density Lipoprotein cholesterol, as well as antidiabetic
effects [7-10].

Carob kibbles are typically characterized by high sugar content (48-56% d.w.), crude fiber
(around 40% d.w.), protein (2-7% d.w.), ash (2-3% d.w.), total polyphenols (1.4-2.0% d.w.), and low
fat content (0.5-1% d.w.) [1,7,11]. Aqueous extraction of carob kibbles is performed conventionally at
ambient conditions to deliver a juice rich in water-soluble sugars and phenolics [12]. Carob juice is a
natural energy drink, widely consumed in Egypt, shown to have comparable sensory properties to
grape juice, but higher phenolic content [13]. Carob juice can blend with other fruit juices to increase the
nutraceutical value of the product due to the antioxidant and antimicrobial properties of polyphenols
present in the carob juice [13-15]. The extraction of juice high in sugars is the first step in the industrial
production of molasses (carob syrup) which is a concentrate of carob juice (65-80 °Brix) produced
by slow simmering, without the addition of sugars or other additives [16]. Molasses is a nutritious,
energy-rich, and healthy product that can be directly consumed or used as a functional ingredient
alternative to sugar in the food and pharmaceutical industries [16,17]. The high sugar content of
molasses renders it suitable for flavoring yogurt [18], while it is also used as a nutrient medium for
Aspergillus niger, Lactobacillus casei, and the yeast Saccharomyces cerevisiae to produce citric acid and
fermentation-derived lactic acid and bioethanol [1].

Several studies have been conducted to characterize the chemical composition of carob kibbles
and to investigate the nutritional value and beneficial properties of kibble products [1,7,19-22]. To the
best of our knowledge, however, very few works have examined the efficiency of organic solvent-free
and time-efficient methodologies in extracting sugar-rich natural juice from carob kibbles, with the
outlook of being applied on an industrial scale [19,23]. While the principal interest in such methods lies
mainly in their sugar extraction efficiency, their yield in phenolic compounds must also be monitored as
they may influence the oxidative stability and potential nutraceutical value but also the sensory profile
of the products [13,24]. In this respect, the present short study examined the compositional differences
in terms of soluble carbohydrates and phenolics of carob juice produced using two aqueous and
environmentally friendly methods easy to apply at industrial scale extraction: 1. aqueous extraction
under gentle agitation (conventional method—HAE) and 2. ultrasonic-assisted extraction (UAE).
The HAE is traditionally applied by the industry for producing carob molasses. UAE, on the other
hand, was examined briefly as a potential means of accelerating the extraction process. With each
methodology, variable extraction parameters were appraised, including source material, kibble size,
extraction duration, and temperature, in order to assess their comparative effect on the efficiency of
extracting sugars and phenolics.

2. Materials and Methods

2.1. Plant Material

Fully mature carob pods were harvested from two principal phenotypes of local carob
(Ceratonia siliqgua L.) landrace: Lefkaritiki (LF) and Mavroteratsia (MV). These two phenotypes
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produce carobs of slightly different morphology although they are genetically proximate [25]. Carobs of
Mavroteratsia were collected from a unitary source at low altitude (15 m) in the coastal zone (Zygi),
while carobs of Lefkaritiki were collected from an inland unitary source at higher altitude (510 m)
(Lefkara). As phenotype is the result of genotype-environment interaction, for the purposes of this
study, we use the term “source material” to identify the lower-altitude material of Mavroteratsia and
the higher-altitude material of Lefkaritiki.

2.2. Carob Juice Extraction

Carob pods were washed under tap water to remove debris, rinsed with deionized water,
and patted dry. Then the pods were coarsely ground in a Vita Prep 3 blender (Vita-Mix Corp.,
Cleveland, OH, USA) operated at low speed and deseeded. The carob pulp was further ground to
deliver kibbles of medium size (M = 9-13 mm) and powder size (P = 1-4 mm). Both sizes were
placed in 50 mL falcon tubes and covered in distilled water (c. kibbles ~ 15.3 g/H,O ~ 26.1 g) to
obtain a kibbles/water mass ratio of near 0.6. Extraction was performed either by a conventional
heat-assisted method (HAE) or an ultrasonic-assisted method (UA). The HAE extraction was performed
by incubating the tubes in an OLS200 Grant Instruments water bath (Cambridgeshire, UK) under
gentle agitation (80 rpm) in a range of temperatures (25, 50, 75 °C) and durations (80, 160, 240,
320 min). The UA extraction was performed by placing the tubes in an S40H Elma ultrasonic water bath
(Elma Schmidbauer GmbH, Singen, Germany) operated at 340 Watt power and 50/60 Hz frequency
and thermostated at 40 °C for 30 or 60 min. Suspensions from both extraction methods were then
strained through organza and centrifuged for 15 min at 19,341x g. Clear supernatants were used to
determine nonstructural carbohydrates and total phenolics. All treatments were replicated three times.

2.3. Total Phenolics Content

The total phenolic content (TPC) of the aqueous extracts was determined according to the method of
Singleton et al. (1999) [26] with slight modifications, previously described by Kyriacou et al. (2016) [27].
Quantification was performed on a Jasco V-550 UV-vis spectrophotometer (Jasco Corp., Tokyo, Japan)
against linear calibration with external gallic acid standards over the range of 50-500 mg L~!, yielding
a regression coefficient R? > 0.99. The TPC of the extract was expressed in gallic acid equivalents
(GAE) mg L1,

2.4. Soluble Carbohydrates Content

For the analysis of water-soluble carbohydrates extract clarification was performed using Carrez
Clarification Kit (Sigma-Aldrich, St. Louis, MO, USA). Separation and quantification of nonstructural
carbohydrates (glucose, fructose, and sucrose) were accomplished by liquid chromatography on an
Agilent HPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped with a 1200 Series
quaternary pump and a 1260 Series Refractive Index detector operated by Chem-Station software.
Injection volume was 20 uL and separation was performed on a Waters 4.6 X 250 mm carbohydrate
column (Waters, Milford, MA, USA) at 35 °C using an acetonitrile:water (82:18) mobile phase at a flow
rate of 1.5 mL min~!. Quantification was performed against fructose, glucose, and sucrose calibrating
curves established using six external standard concentrations (0.2-2.0 g 100 mL~1) with a coefficient of
determination (R?) greater than 0.999 and expressed as g 100 mL~!.

2.5. Reagents and Standards

Gallic acid, fructose, Folin Ciocalteu’s Phenol reagent, and sodium carbonate were purchased
from Sigma Aldrich (Steinheim, Germany). Glucose and methanol were purchased from Merck
(Darmstadt, Germany). Sucrose was purchased from Fluka AG (Buchs, Switzerland) and acetonitrile
was purchased form Supelco (Bellefonte, PA, USA).
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2.6. Statistical Analysis

All analysis was performed using SPSS statistical package (IBM, SPSS, Chicago, IL, USA, ver. 25).
Data were subjected to analysis of variance (ANOVA) and the percentage of total variance accounted
for by the main effects and their interactions is presented. Mean comparisons were performed by
Tukey’s b test. Two-tailed t test was used to compare mean values of treatments between the two
extraction methodologies. Regression analysis on mean values was employed for profiling change in
total phenolics content with extraction time at different temperatures for the two sources of material.
Regression analysis was performed regardless of kibble size due to the very low percentage of variance
explained by this factor.

3. Results and Discussion

Sugars and phenolics are the key components shaping the sensory and functional profile of carob
juice. A moderate presence of phenolics may improve the stability and antioxidant capacity of the
juice without imparting an astringent flavor at the expense of sweetness [14,19,27]. Carob pulp is
high in sugars, chiefly sucrose (up to 52 g 100 g~! d.w), fructose (1.8-12.5 g 100 g~! d.w), and glucose
(1.8-10.2 g 100 g~! d.w), the relative content of which contributes differentially to perceived juice
sweetness [7]. Cultivar and harvest maturity constitute factors that may substantially affect fruit
sugar content and influence extraction efficiency [27,28]. In terms of phenolic constitution, carob pods
contain mainly gallic acid, hydrolysable and condensed tannins, flavonol glycosides, and traces of
isoflavonoids, the concentrations of which may also be influenced by cultivar and physiological stage
of maturity at harvest [7,15,29,30].

Aside from the extraction of carob juice for consumption as beverage, the extraction of juice high
in sugars also constitutes the fundamental step for industrial production of molasses (carob syrup),
which is a concentrate of carob juice (65-80° Brix) produced by slow simmering, without the addition
of sugars or other additives [16]. Several methodologies were previously examined concerning the
extraction of sugars and phenolics from carob kibbles [22,23,30]; however, the parameters influencing
the efficiency of aqueous extraction have received little attention despite the widespread application
of aqueous extraction by the carob industry [23]. The efficiency of aqueously extracting sugars
and phenolics from carob kibbles was presently assessed for heat-assisted and ultrasound-assisted
extraction methodologies. The relative effect of key parameters (source material, temperature, duration,
kibble size) on extraction efficiency was assessed through their relative contribution to the total variance
of sugars and phenolics concentrations in the obtained carob juice (Tables 1 and 2).

Table 1. Percentage of variance explained by main effects and mean comparisons for fructose (FRU),
glucose (GLU), sucrose (SUC), total sugars, and phenolics obtained by conventional extraction (HAE)
using two source materials (LF: Lefkaritiki; MV: Mavroteratsia) and two kibble sizes (M: medium-size
kibbles; P: powder-size kibbles) in a range of extraction temperatures (25, 50, and 75 °C) and durations
(80, 160, 240, 320 min). GAE: gallic acid equivalents. Interaction plots of main effects on sugars and
phenolics are presented separately in Figure 1A,B.

L. Fructose Glucose Sucrose Total Sugars Phenolics
Sourceof Variation (900 mL-1)  (g100mL)  (g100mL")  (g100mLY)  (mgL! GAE)
Source material Means
LF 2.6b 1.7b 11.3a 15.6a 2595a
MV 3.4a 2.5a 8.2b 14.0b 715b
Kibble size
M 3.0a 2.1 10.4a 15.5a 1573b
P 2.9b 2.1 9.1b 14.1b 1737a
Temperature
25 2.8b 2.1ab 9.7 14.5b 830c
50 3.1a 2.10a 9.8 15.0a 1341b
75 3.0a 2.0b 9.9 14.9ab 2844a
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Table 1. Cont.

£ Variati Fructose Glucose Sucrose Total Sugars Phenolics
Sourceof Variation (400 mL-1)  (100mL)  (@100mL")  (g100mLY)  (mgL! GAE)
Time
80 2.7b 1.8b 9.2¢ 13.8b 1127d
160 2.9 1.9b 10.6a 15.4a 1608c
240 3.1a 2.2a 9.8b 15.0a 1840b
320 3.2a 2.3a 9.5bc 15.0a 2148a
Percentage of Variance
Source materials 42.5 % 50.3 *** 39.9 *** 12.9 #** 37.4 %%
Kibble size 0.8* 0 6.3 %+ 9.6 *** 0.3 **
Temperature 4.0 1.0* 0.1 0.8 30.0 ***
T]me 13.8 R 9‘6 AN 4.5 *HH 7'8 R 5'3 *K

* Significant effect at the 0.05 level; ** significant effect at the 0.01 level; *** significant effect at the 0.001 level. Data
represent means of three biological replicates. Means followed by different lowercase letters within each column

denote significant difference at p < 0.05.
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Figure 1. Interaction plots for total phenolics and sugars obtained by heat-assisted extraction

(HAE; (A,B)) of different source materials (LF: Lefkaritiki; MV: Mavroteratsia) and kibble sizes
(medium and powder). HAE extraction varied in time (80, 160, 240, 320 min) and temperature (25, 50,
and 75 °C). Data points represent means of three replicates with standard error bars.
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Figure 2. Interaction plots for total phenolics and sugars obtained by ultrasound-assisted extraction
(UAE; (A,B)) of different source materials (LF: Lefkaritiki; MV: Mavroteratsia) and kibble sizes (medium
and powder). UAE extraction varied in extraction time (30 and 60 min). Data points represent means
of three replicates with standard error bars.

Table 2. Percentage of variance explained by main effects and mean comparisons for fructose (FRU),
glucose (GLU), sucrose (SUC), total sugars, and phenolics obtained by ultrasound-assisted extraction
(UAE) using two source materials (LF: Lefkaritiki; MV: Mavroteratsia) and two kibble sizes (M:
medium-size kibbles; P: powder-size kibbles) under two extraction times (30 and 60 min). Interaction
plots of main effects on phenolics and sugars are presented separately in Figure 2A,B, respectively.

L. Fructose Glucose Sucrose Total Sugars Phenolics
Source of Variation (5100 mL-1) (g 100 mL-1) (g100 mL-1) (g100 mL-1) (mg L-1 GAE)
Source material Means
LF 1.8b 1.4b 8.8a 12.0 1338.8a
MV 2.5a 1.9a 7.1b 115 379.9b
Kibble size
M 1.9b 1.6 6.5b 10.0b 523.9b
r 2.5a 1.7 9.3a 13.6a 1194.9a
Time
30 2.1 1.7 7.6b 114 775.7b
60 23 1.7 8.2a 12.1 943.1a
Percentage of Variance (%)
Source material 40.1 ** 52.0 *** 18.7 *** 1.1 53.8 ***
Kibble size 33.2 %+ 46 48.2 ** 59.7 *** 26.3 ***
Time 2.3 0.0 2.1% 2.6 1.6**

* Significant effect at the 0.05 level; ** significant effect at the 0.01 level; *** significant effect at the 0.001 level. Data
represent means of three biological replicates. Means followed by different lowercase letters within each column
denote significant difference at p < 0.05.

In the conventional heat-assisted method (HAE), variation in phenolics concentration was
determined mainly by source material and temperature, while variation in total sugars concentration
was not affected by temperature (Table 1). Variation in phenolics content foremost and sugars
secondarily was observed in previous studies and attributed to genetic and environmental factors,
harvest maturity, and postharvest storage [11,31-33]. Lefkaritiki delivered a juice higher in both sugars
and phenolics than Mavroteratsia. The current results indicate that the source material can significantly
affect the sugar and phenolics yield potential of aqueous extracts. This effect was more pronounced on
phenolics than sugars, with Lefkaritiki yielding 3.6-fold higher phenolics concentration and 1.1-fold
higher total sugars concentration than Mavroteratsia (Table 1). These phenotypes of the local carob
landrace are genetically similar and bear limited differences in pod morphology. They were sourced,
however, from different environments, with Lefkaritiki collected at 510 m altitude and Mavroteratsia
near sea level. It has been previously established for arboricultural species as well as seasonal crops
that phenolic content is highly modulated by abiotic stress conditions such as water stress, salinity,
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light intensity, and heat stress [34,35]. Given that carob constitutes an underutilized tree crop largely
limited to cultivation in marginal lands of highly alkaline, calcareous, and infertile soils, where it
subsists strictly under rainfed conditions, the impact of agro-environment on the phenolic content
of the pod is unsurprising. Further research is therefore warranted to investigate the significance of
growth environment on the actual pod content and ultimately juice extract concentrations of sugars
and especially phenolics, variation in which can significantly influence the biological activity of carob
kibble products [32].

Kibble size had limited effect overall on the extraction of phenolics and moderate effect on sugars
(Table 1). Similarly, a previous study demonstrated no effect of kibble size on the phytochemical
composition of carob juice [13]. Significantly higher phenolics concentration was obtained with each
incremental increase of extraction temperature and time (Table 1; Figure 1A). The most pronounced
incremental increase in phenolics concentration was observed with both kibble sizes of Lefkaritiki
when extraction temperature was raised to 75 °C and extraction time to 160 min (Figure 1A). Regression
analysis highlighted the increase in phenolic concentration with progressive extraction time at each
temperature (Supplementary Figure S1). The highest rate of increase in phenolic concentration
over extraction time was observed for both source materials at 75 °C, yielding strong regressions
(LF: R? = 0.848, p < 0.001 and MV: R? = 0.820, p = 0.002). Lefkaritiki was more responsive than
Mavroteratsia, as shown by the slopes of the regressions (13.8 vs. 2.1, respectively). This observation
is in accordance with previous findings that higher extraction temperatures yield higher phenolic
concentrations [12,36]. Temperature and time effects on phenolic concentration may be partly explained
by effective solubilization of condensed tannins abounding in carob pulp [19].

Extraction temperature overall had marginal effects on juice fructose and glucose concentrations
and no effect on sucrose and total sugars concentrations (Table 1). Total sugar yield increased with time
only for middle-sized kibbles extracted at 25 °C. It is worth noting that at 25 °C, the extraction of total
sugars from middle-sized kibbles of Lefkaritiki was particularly increased when extraction was extended
to 240 min, without eliciting an excessive concomitant extraction of phenolics (Figure 1B). According
to Roseiro et al. (1991), the yield of carob carbohydrates aqueously extracted at ambient temperature
(20 °C) increased with the extraction time, reaching a steady state after 6 h [12]. At higher than ambient
temperatures, prolonging the extraction time had no apparent effect on sugars concentration while it
increased the phenolics yield, thereby adding astringency to the juice owing in part to the presence of
high molecular weight tannins [29,37,38]. High levels of tannins render carob juice more bitter in taste
and metallic in aroma compared to grape juice [13]. On the other hand, phenolics and particularly
hydrolysable tannins have gained substantial attention in the food and pharmaceutical industries as
antioxidant and antimicrobial agents that improve the shelf life of a product [1,14]. Raising extraction
temperature up to 75 °C for periods longer than 160 min has been presently shown effective in spiking
the phenolic content of carob juice to be used as a stabilizing agent in juice blending.

Kibble size was the most influential factor for the UAE extraction of sugars (Table 2). It also explained
substantial variation in phenolics. The duration of sonication (30 vs. 60 min) had nonsignificant and
minimal impact on the concentrations of sugars and phenolics in the sonicated aqueous extracts,
respectively (Table 2; Figure 2A,B). However, the effect of kibble size on both sugars and phenolics
extraction decreased when sonication time increased from 30 min to 60 min (Figure 2A,B ). As opposed to
gentle agitation (HAE described above), sonication facilitated more efficient extraction from powdered
than medium-sized kibbles (Figure 2A,B). This might be explained by the larger surface-to-volume ratio
of powdered kibbles which were effectively kept in suspension by constant sonication, whereas in the
case of gentle agitation, solvent circulation through powdered kibbles was impeded by sedimentation of
the solid phase. This is an observation of practical significance for the carob industry since powder-sized
kibbles are a major low-cost by-product of industrial carob milling, which inevitably ends up as animal
fodder or source material for the production of carob juice and molasses.

Comparing the two extraction methodologies under similar temperature-time conditions by
t-Test analysis, the HAE at 50 °C for 80 min (14.4 g 100 mL~1; 1150.3 mg L! GAE) demonstrated
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significantly higher total sugars and phenolics yield (P-sugars < 0.001, P-phenolics < 0.01) compared
to UAE at 40 °C for 60 min (12.1 g 100 mL~!; 943.2 mg L' GAE). The lower phenolics concentration in
the juice facilitated by UAE was therefore outweighed by the lower sugar yield obtained. Nonetheless,
both methodologies can be applied potentially for industrial production of carob juice depending on
the targeted functional and sensory properties of the extracted juice.

4. Conclusions

The results of this study provide an assessment of key parameters that affect the efficiency
of aqueously extracting sugars and phenolics from carob kibbles. The source material was most
influential in determining the concentration of phenolics in carob juice for both the heat-assisted
and ultrasound-assisted extraction; however, the importance of the carob material’s environment of
origin warrants further investigation in this respect. The source material also influenced the relative
proportions of sucrose, glucose, and fructose in the juice, which bear an impact on the perceived
sweetness of the latter. Of the extraction parameters examined, kibble size proved more influential
in UAE than HAE for both sugars and phenolics by facilitating better suspension and preventing
sedimentation of powder-sized particles. Kibble size was less influential as UAE duration increased.
In the case of HAE, increasing extraction temperature favored the yield in phenolics over sugars, thus
shifting the sensory profile of the juice toward astringency. However, prolonging the extraction time at
25 °C improved sugar yield without excessive extraction of phenolics.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/10/1364/s1,
Figure S1: Regression of total phenolics concentration in carob juice with extraction time (60, 180, 240, and 320
min) using heat-assisted conventional method over a range of temperatures (25, 50, 75 °C) for the two source
materials (LF: Lefkaritiki; MV: Mavroteratsia).
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Abstract: Dehydrated pineapple by-products enriched in bromelain using a hydrostatic pressure
treatment (225 MPa, 8.5 min) were added in marinades to improve beef properties. The steaks from
the silverside cut (2 + 0.5 cm thickness and weight 270 + 50 g), characterized as harder and cheaper,
were immersed in marinades that were added to dehydrated and pressurized pineapple by-products
that corresponded to a bromelain concentration of 0-20 mg tyrosine, 100 g~! meat, and 0-24 h time,
according to the central composite factorial design matrix. Samples were characterized in terms of
marination yield, pH, color, and histology. Subsequently, samples were cooked in a water-bath (80 °C,
15 min), stabilized (4 °C, 24 h), and measured for cooking loss, pH, color, hardness, and histology.
Marinades (12-24 h) and bromelain concentration (10-20 mg tyrosine.100 g~ meat) reduced pH and
hardness, increased marination yield, and resulted in a lighter color. Although refrigeration was
not an optimal temperature for bromelain activity, meat hardness decreased (41%). Thus, the use of
pineapple by-products in brine allowed for the valorization of lower commercial value steak cuts.

Keywords: pineapple by-products; hydrostatic pressure; bromelain; enzyme activity; marinade;
meat; texture

1. Introduction

Bromelain is a proteolytic enzyme present in the Bromeliaceae family to which pineapple
(Ananas comosus L.) belongs. Bromelain is also found in pineapple by-products (cores, peels, and leaves),
though in lower amounts than in stems and fruits [1,2]. The minimally processed industry produces
a large amount ~50% (w/w) of pineapple by-products [3]. These by-products remain metabolically
active and respond to postharvest abiotic stresses that induce biosynthesis and accumulation on
secondary metabolites. Hydrostatic pressure treatments (50-250 MPa), as abiotic stress, activate
cellular processes [4]. Pineapple by-products are rich in compounds of interest (i.e., bromelain) that
can be enhanced by the application of abiotic stresses via hydrostatic pressure, avoiding extraction
technologies. Extraction usually involves large quantities of volatile and flammable organic solvents
with negative impacts on the environment and economy. The application of a green technology could
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value by-products with potential application in the food industry. On the other hand, consumers
demand processes without chemicals. Therefore, the food industry’s potential valorization of the
pineapple by-products enriched in bromelain as a novel food ingredient allows for the possibility of
consuming compounds that offer health benefits and reduce environmental impact [5].

The marinating process is a method that improves the sensory properties of meat. Marinating
consists of immersing or injecting meat with a solution that may contain several ingredients, i.e., water,
salts, vinegar, lemon juice, wine, soy sauce, essential oils, tenderizers, herbs, spices, and organic acids
with the aim of flavoring and tenderizing meat or meat products [6]. Marinades are important in muscles
rich in connective tissue and tenderizing properties offer means of commercial improvement [7,8].
Marinades develop an extra succulent texture on the surface of meat and reduce water loss during
cooking. The soaking in marinades increases the tenderness of meat due to the increase in volume
induced by the pH of the muscle fibers and/or connective tissue, faster proteolytic weakening of the
muscular structure, and greater collagen solubilization after cooking [9].

The proteolytic enzymes present in fruits can degrade myofibrillar proteins and collagen in meat
and, consequently, have beneficial effects on tenderness. Meat tenderized with proteolytic enzymes
improves consumer acceptability, although the improvement in tenderization can be related with a
decrease in yield [10]. The positive effect of proteolytic enzymes obtained from fruits on meat tenderness
has been reported by some authors [11,12]. Cysteine proteases such as bromelain have been studied in
relation to meat tenderization [13]. The amino acid structure of meat is crucial for the softening effect
by bromelain because fragmentation occurs in lysine, alanine, tyrosine, and glycine [14]. Bromelain
affects the structure of the myosin and actin filaments in myofibrillar proteins. Proteolytic enzymes
increase the rate of myofibril fragmentation in meat and interrupt the intramuscular connective tissue
structure [15,16]. Bromelain is active against collagen proteins [12]. Bromelain has maximum enzymatic
activity in the temperature range of 37-70 °C [17]. At refrigeration temperatures, the enzyme has low
activity, although it is active at 0 °C [18].

The USDA Food Safety Inspection Service currently considered the enzymes bromelain, papain,
ficin, Bacillus proteases, and aspartic proteases to be safe [12]. Proteolytic enzymes extracted from
plants, namely papain, bromelain, actinidin, zingibain, and ficin have been widely used as meat
tenderizers in several countries [13,19].

The present work aimed to optimize the effects of marinade with pineapple by-products (enriched
in bromelain through treatment with hydrostatic pressure) at different concentrations and contact time
on the sensory characteristics (particularly the hardness) of steaks from silverside cuts considered to
have a lower commercial value due to its sensory characteristics.

2. Materials and Methods

2.1. Meat Samples Collecting and Preparation

The beef cuts silverside (lot 332199042) were from animals that were born, raised, slaughtered,
deboned, cut, and vacuum packaged in Poland according to EU standard commercial practices. Further,
they were transported under refrigeration (0—4 °C) conditions to Portugal where they were again
labelled (lot 194948). Two independent beef cuts (silverside cut constituted mainly by M. gluteobiceps
and M. semitendinosus) from different bovines (Piece 1: 4715 g and Piece 2: 4225 g) were supplied by a
central logistic of hypermarkets in Santarém, Portugal, and transported under refrigerated conditions
(04 °C) to the Faculty of Veterinary Medicine, University of Lisbon. The assay was performed 10 days
after the animals slaughtering. Each beef cut was sliced with a sharp knife into 16 steaks with 2 + 0.5 cm
thickness and a weight of 270 + 50 g.

2.2. Production of Bromelain Powder from Pineapple By-Products

Pineapple (Ananas comosus L.) by-products were provided by the company Campotec S.A. located
in Torres Vedras, west center of Portugal. The core pineapples (~104.5 X 30 mm) were stored under
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refrigeration (5 + 1 °C) approximately 3 h prior to packaging in PA/PE-90 (Alempack - Embalagens
Flexiveis, Elvas, Portugal) that were vacuum sealed (85% of vacuum).

An abiotic stress in packaged by-products (pineapple core) was applied using a pilot-scale high
pressure hydrostatic equipment (Hiperbaric 55, Burgos, Spain) with a 55 L vessel, according to the
conditions optimized in a previous work (225 MPa during 8.5 min) [20]. The core pineapple samples
after pressurization were stored at 5 + 1 °C for 24 h. After storage time all samples were frozen at
—80 °C and lyophilized (Coolsafe Superior Touch, Scanvac, Denmark) during 7 days at —94 °C and
0.2 to 0.09 mbar. Further, 300 g samples were ground in a food processor (Bimby Thermomix TM31,
Vorwerk Thermomix, Cloyes-sur-le-Loir, France) at a speed of 10,200 rpm for 25 s to obtain the powder
sample. The enzymatic activity of bromelain was quantified in the pineapple powder core sample
and showed 9.33 + 0.29 mg tyrosine. g~! dry matter according to Chakraborty (2014) with some
modifications [21].

2.3. Marinating

2.3.1. Optimization of Pineapple By-Products Enhanced in Bromelain Application on Marinated Steaks

Response surface methodology (RSM) constructed on a two-variable central composite rotatable
design (CCRD) was used as a function of two factors [22]. The experimental data through a
stepwise multiple regression analysis using StatisticaTM v.8 Software (StatSoft Inc., Tulsa, OK, USA,
2007) was fitted to a second-order polynomial equation to predict each dependent variable (Y).
The three-dimensional response surface designs as a function of independent variables (bromelain
concentration (X;; mg tyrosine.100 g‘l meat) and time (Xp; min)). by is the interception and b, bj,
and bij (ij = 1,2) are the linear, quadratic, and interaction coefficients, respectively, that are described by
the second order polynomial models, using decoded variables, as follows Equation (1).

Yi=bo+ b1 X1+ b0Xo + an% + bsz% + b2 X1 X2 (1)

A brine was prepared by dissolving 1% (w/w) of coarse salt (purified sea salt for seasoning and
cooking, Pingo Doce: Lot AL73527697) in water and stored at 4 + 1 °C for 3 h to stabilize. Each steak
was placed in a container (23 X 16 X 5.5 cm) and the brine was added.

The pineapple powder core (0 to 20 mg tyrosine.100 g~ meat) was suspended in 400 mL of brine
according to the experimental design matrix in Table 1. The brine mixture with pineapple powder core
was then added to the container with the meat, and the meat remained immersed at 4 + 1 °C for the
time (0 to 24 h) defined by the experimental design for each sample.

The samples were weighed, the color and pH of the steaks was determined, and the pH of
the brine were evaluated before marinating. After the marinade, the samples were weighed again,
the color and pH of the steaks was determined, and the pH of the brine were evaluated, and the sample
was collected for the histological analysis. Subsequently, the steaks were packaged in PA/PE 90 ym
(polyamide (PA) 20 um, polyethylene (PE) 70 um provided by Luis Sanchez and Filhos Lda., Sintra,
Portugal) that were vacuum sealed (85% vacuum - Henkovac, quality vacuum systems, De Bra