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Preface to ”New Strategies for Innovative and
Enhanced Meat and Meat Products”

Meat and meat products are an important part of the human diet. Even though non-essential,

they provide high amounts of protein, vitamins, and minerals in a concentrated form. However, the

consumption of meat and meat products has been associated with an increased risk of health-related

problems. Once the harmful components of meat and meat products are elucidated, novel

technologies can help in identifying, removing, replacing, and/or minimising their deleterious

effects. In addition, meat products can be and are being utilised as carriers of added bioactive

compounds due to their processing versatility and high worldwide consumption. New strategies

in the field of meat and meat product development are certainly needed in order to overcome not

only the health-related problems these products might contribute to, but also from the sustainability

and economy perspective. This book compiles ten original studies and two comprehensive reviews

that will tackle some of these issues.

Gonzalo Delgado-Pando and Tatiana Pintado

Editors
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Gonzalo Delgado-Pando * and Tatiana Pintado
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tatianap@ictan.csic.es
* Correspondence: g.delgado.pando@gmail.com

New strategies in the field of meat and meat product development are certainly needed
in order to overcome not only the health-related problems these products might contribute
to, but also from the perspectives of sustainability and the economy.

Sustainability is now on the agenda of the United Nations member states, who in
2015 declared the sustainable development goals for 2030. The meat industry should be
one of the food industries more concerned about this issue, as the low efficiency of animal
production as well as environmental issues make this sector key in advancing towards
food sustainability. In this Special Issue, Pintado and Delgado-Pando [1] reviewed the
use of meat extenders as a way of contributing towards more sustainable meat products.
The use of pulses, cereals, tubers, fruits, mushrooms, food by-products, and insects were
evaluated as meat replacers or extenders in several types of meat products. Even though
there are many of these ingredients that have been successfully employed for substituting
meat content, there is need for further research where not only the product quality but also
the consumer acceptance is jointly evaluated. A very interesting manuscript presented
by Bakhsh et al. [2] proposed the use of plant-based meat analogues for tackling this
sustainability issue. The authors use methylcellulose in different concentrations for the
development of beef patty analogues of soy protein isolate and soy-based textured vegetable
protein. These analogues were compared to a beef patty control in terms of physicochemical
and sensory properties. Promising results were obtained in the patty with soy-based
textured vegetable protein and 3% of methylcellulose, although a much lower hardness
than the control patty was still an issue to improve. The use of by-products as ingredients
in meat products can have a double purpose of increasing sustainability and improving the
healthiness. Coffee silver skin (CSS) is a unique by-product of coffee roasting that is usually
discarded, contributing to food waste. CSS was used in chicken burgers, contributing to
the use of these by-products and improving the nutritional properties of the burgers: more
fibre, minerals, and bioactive molecules [3]. Another proposal of using a food by-product
was made by Summo et al. [4] that utilised oat hull, a by-product of oat milling, as a fat
replacer in low-fat beef burgers. The authors found that a 100% substitution of fat from
animal origin by this by-product generated burgers more appealing to the consumers with
a higher juiciness and a softer texture.

Meat and meat product consumption has been related to an increased risk of develop-
ing certain cancers and cardiovascular disease [5,6]. Saturated fat, naturally present in foods
from animal origin, have been targeted as one of the issues towards CVD. Pintado and
Cofrades [7] proposed a novel approach of substituting the pork backfat of dried fermented
sausage with a mixture of oils from plant origin: olive and chia. The authors manufactured
a beeswax oleogel and an emulsion gel as carriers of these oils and found an improved
lipid profile and a good oxidative and microbiological status, irrespective of the carrier
used. Other components of meat products related to health issues are the additives. An
extensive review of clean label alternatives proposed by Delgado-Pando et al. [8] explored
the idea of replacing the traditional additives with clean label alternatives. Even though
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the terminology is not yet properly defined, the ideas of consumers and industry were
discussed. The origin of the additive, i.e., natural vs. synthetic (e.g., nitrites from green
vegetables vs. synthetic nitrites), could be perceived as a good trait but the health problems
associated with some additives do not distinguish if the substance is extracted from nature
or synthesised in a laboratory, the chemical component remains the same. Nitrites have
been related to the formation of N-nitroso compounds, known as human carcinogenic [8].
Tomovic et al. [9] explored the idea of using the Juniperus communis L. essential oil as an
alternative for sodium nitrite in dry fermented sausages. The authors found that this
essential oil could partially replace the use of nitrite as it provides significant antioxidant
activity, maintaining the shelf life. Another additive that is being scrutinised is phosphate.
Phosphates are widely used texturisers in meat products and have been related to increased
CVD in people with chronic kidney disease. Although not harmful for healthy people,
EFSA found that the exposure was higher than the acceptable daily intake for some popula-
tion groups [8]. Goemaere et al. [10] studied the use of seven protein-based ingredients as
phosphate replacers in emulsified meat products. The authors found that blood plasma and
soy were superior in phosphate-free cooked sausages compared with sausages containing
phosphates, in terms of texture, cooking yield, and stability. However, the authors admit
that the meat matrix is important when selecting one ingredient or another as phosphate
replacer. On the other hand, restructured ostrich ham was successfully formulated with a
partial substitution of phosphates by iota carrageenan [11]. Another clean label alternative
was proposed by Mancini et al. [12] who utilised common spices such as salt and garlic
powder in rabbit burgers. They observed that these two ingredients played an important
role in colour changes during storage and that higher garlic levels should be explored if a
bacteriostatic effect is also intended.

This Special Issue was completed with two research articles that will contribute
to economic improvement by innovation and consumer information. From the latter,
Yang et al. [13] did a thorough study of how providing nutritional information can boost
the purchase intention of meat products by consumers in Taiwanese wet markets. This
shows that sales could be improved by studying the information the consumer obtains
during shopping. In terms of innovation, Hrbek et al. [14] proposed a technique for
the authentication of meat and meat products, as well as meat adulteration, by using
triacylglycerol profiling and DNA analysis. The authors proposed a direct analysis in real
time, coupled with high-resolution mass spectrometry and combined with a multiplex
polymerase chain reaction.

Author Contributions: G.D.-P. and T.P. conceived and wrote this editorial. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The low efficiency of animal protein (meat products) production is one of the main
concerns for sustainable food production. However, meat provides high-quality protein among other
compounds such as minerals or vitamins. The use of meat extenders, non-meat substances with high
protein content, to partially replace meat, offers interesting opportunities towards the reformulation of
healthier and more sustainable meat products. The objective of this review is to give a general point of
view on what type of compounds are used as meat extenders and how they affect the physicochemical
and sensory properties of reformulated products. Plant-based ingredients (pulses, cereals, tubers and
fruits) have been widely used to replace up to 50% of meat. Mushrooms allow for higher proportions
of meat substitution, with adequate results in reduced-sodium reformulated products. Insects and
by-products from the food industry are novel approaches that present an opportunity to develop
more sustainable meat products. In general, the use of meat extenders improves the yield of the
products, with slight sensory modifications. These multiple possibilities make meat extenders’ use
the most viable and interesting approach towards the production of healthier meat products with less
environmental impact.

Keywords: meat extenders; meat products; meat substitutes; sustainability; plant-based proteins;
insects; by-products; pulses; mushrooms

1. Introduction

In 2015, all United Nation Member States adopted “The 2030 Agenda for Sustainable
Development” [1]. In this agenda, the countries agreed to 17 Sustainable Development Goals
(SDG) to be achieved by the end of 2030. Sustainable food production is one of the main pillars of
the document, where foods needs to be sufficient, safe, affordable and nutritious, as well as part
of a sustainable production system. The world population growth and industrial development are
causing an expansion of food production and an increased demand for animal protein [2]. One of the
main concerns is the low efficiency of animal protein production. It is estimated that 7 kg of food
from plant origin (animal feed) yields 1 kg of milk or meat for human consumption [3]. In addition,
animal production is believed to use around 30% of the global land surface, contributing to deforestation
and the loss of biodiversity [4]. However, the environmental impact of livestock production goes
further than biodiversity loss: important greenhouse gas emissions, vast use of fertilisers and the
deterioration of water quality due to effluents [4,5]. Westhoek et al. [6] estimated that “halving the
consumption of meat, dairy products and eggs in the European Union would achieve a 40% reduction
in nitrogen emissions, 25–40% reduction in greenhouse gas emissions and 23% per capita less use of
cropland for food production”. However, meat represents an important source of energy, high-quality
protein and micronutrients such as iron, zinc, selenium, vitamin B12 and vitamin D [5,7]. Meat and
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meat products currently provide one-sixth of the total energy intake of a European adult and widely
contribute to total protein, vitamin D and iron consumptions up to 40%, 30% and 23%, respectively [7].
Hence, meat and meat products should not be disregarded in the diet, as they contribute to the
avoidance of essential nutrient deficiencies and can also protect against malnutrition in countries where
access to other types of highly nutritious products is limited [5,8]. Deficiencies of iron and vitamin D
are of high prevalence around the world [9,10]. A suboptimal vitamin B12 status occurs in 30–60%
of the population, mainly in less-developed countries [11]. A recent study by Vatanparast et al. [12]
found that decreasing by 50% the red and processed meat consumption and increasing by 100% the
consumption of plant-based alternatives in Canadian individuals improved the overall nutritional
diet value but adversely affected the intake of protein, zinc and vitamin B12. However, not only
undeveloped or developing countries are affected. Rippin et al. [8] detected deficiencies in these
micronutrients for certain segments of the European population. There is no unique food alternative to
meat or meat products with similar nutritional profiles, and even a combination of several foods does
not assure the same nutritional intake. Vitamin B12 is only present in foods of animal origin, which
makes people following vegan and vegetarian diets in need of supplementations to achieve the dietary
reference intake (DRI) for this micronutrient [13]. Furthermore, non-meat foods contain only 20–60%
the protein density of that of the meat, and the digestibility and bioavailability of some micronutrients
from these sources are known to be lower [14]. Even though highly desirable, a vast improvement of
meat production efficiency and sustainability in the near future is not likely. Current strategies should
focus on limiting the environmental impact of our diets without risking nutrition deficiencies.

Meat products are inherent to food culture and are widely consumed all around the world.
Imamura et al. [15] estimated a global consumption of processed meat from 3.9 g/day (first quintile) to
34 g/day (fifth quintile). Even though their consumption has been linked with the burden of chronic
diseases like coronary heart disease, type 2 diabetes and certain types of cancer [16,17], a number of
gaps still exist (such as the underlying mechanisms of cancer development and the role of cooking) that
could offer room for mitigation during their processing [16,18]. Versatility, more attractive products,
waste reduction opportunities and higher shelf lives are some core characteristics that differentiate meat
products from fresh meat. Therefore, the reformulation of meat products to produce healthier and more
sustainable versions seems like a robust strategy in-line with the SDG. The research on the development
of healthier meat products started in the 1990s but still comprises a big proportion of the current research
in this field. Two strategies are primarily followed: the reduction of harmful components to appropriate
amounts and the incorporation of potentially health-enhancing ingredients [19]. The former is focused
on the reduction of harmful saturated fatty acids [20], salt [21], cholesterol [22] and additives such as
nitrite [23] or phosphates [24], whereas the latter studies the incorporation of the so-called “functional
ingredients”, mainly from plant origin, that provide healthier characteristics to the product [25–27].

In the last decade, meat substitutes or analogues have received much interest as plant-based
similar-in-properties alternatives to conventional meat products [28]. However, most of these analogues
are produced under heavy processing manufacture and, thus, limiting the environmental sustainability
gain and losing the healthier prerogative that they were originally based on. Meat reduction arises as a
more meaningful alternative to a complete elimination of meat from the diet and, sometimes, a more
sustainable option than meat substitutes [29,30]. The integration of plant-based ingredients into meat
dishes has been proven as a successful and consumer-accepted strategy [29] and has opened the way to
a different approach towards the reformulation of healthier and more sustainable meat products: meat
substitutions with plant-based ingredients. Although originally devised to reduce costs, the use of
meat extenders presents an opportunity to reduce the meat content while incorporating some healthier
ingredients to the meat product. Meat extenders are non-meat substances with high protein contents
that can also modify some of the product’s properties, such as water-holding capacity (WHC), texture,
palatability and appearance [31].

In this review, we aim to evaluate the use of extenders as meat substitutes and how they affect
the physicochemical and sensory properties of the meat products. The review has been structured
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in different sections, where meat extenders have been grouped based on their origin. In addition,
a section discussing the consumer perspective about the acceptance of novel and more sustainable
meat products has also been included.

2. Meat Extenders

2.1. Pulses as Meat Extenders

“Pulses are edible dry seeds of plants belonging to the Leguminosae family” [32]. Pulses’ protein
contents range from the 18.4% of the Bambara bean to the 34.1% of the lupin. They not only contain
a great amount of protein, but they also present the highest protein digestibility score among the
plant-origin proteins. In addition, pulses are also a rich source of micronutrients such as iron, zinc and
B-vitamins. Even though iron from plant origin is less absorbed by the human tract, when combined
with meat, the absorption increases substantially [32]. Therefore, from a nutritional point of view,
pulses are a great candidate as meat substitutes, providing high quantities of proteins and similar
micronutrients to the ones in meat. Hence, several studies have analysed their role as meat extenders
in the past fifteen years (Table 1). Even though soybean is not a pulse as per the definition, it is a
legume, and for this reason, a study with texturised soy granules as a meat extender has also been
included in Table 1.

Table 1. Use of pulses as meat substitutes (extenders).

Ingredient Used Meat Product Meat Substitution (%) Effect on Properties References

Green pea flour
emulsion Pork patties 10.1–44.6 Higher yield, lower redness values, increased yellowness at higher

substitution levels, increased hardness at all levels [33]

Chickpea flour
emulsion Pork patties 10.1–44.6 Higher yield, lower redness values, increased yellowness at higher

substitution levels, increased hardness at lower substitution levels [33]

Lentil flour emulsion Pork patties 10.1–44.6 Higher yield, increased hardness at lower substitution levels [33]

Bean flour emulsion Pork patties 10.1–44.6 Higher yield, lower redness values, increased hardness at lower
substitution levels [33]

Texturised soy
granules

Dehydrated chicken
ring meat 5 Lower meat flavour, lower yellowness hue and chroma [34]

Cowpea Chicken seekh kababs 15 Sensory properties not affected, lower TBARS * values, higher
microbial counts [35]

Green gram Chicken seekh kababs 15 Sensory properties not affected, lower TBARS values, higher
microbial counts [35]

Black bean Chicken seekh kababs 10 Sensory properties not affected, higher microbial counts [35]

23 different pulses Beef patties 35–50
Higher yield (highest for yellow split bean), colour values not affected
with most of pulses, texture not different from control on black-eyed

pea, baby lima bean, purple hull pea and crowder pea patties
[36]

23 different pulses Pork sausage patties 35–50
Higher yield (highest for small red), colour values not affected with

most of pulses, texture not different from control on black bean, lentil,
black-eyed pea, green split pea and baby lima bean

[36]

Bengal gram flour Quail meat rolls 3–9 Higher yield, sensory not affected at 3–6%, lower protein [37]

Bengal gram flour/Pea
flour Chicken patties 5–10 Pea flour higher yield, stability and sensory scores than gram flour at

higher levels of substitution [38]

Blackeye bean flour Meatballs 10 Higher yield and overall palatability, lower yellowness and tougher
compared with Rusk [39]

Chickpea flour Meatballs 10 Higher yield, lower yellowness and tougher compared with Rusk [39]

Lentil flour Meatballs 10 Higher yield, lightness and overall palatability, lower yellowness and
tougher compared with Rusk [39]

* TBARS: thiobarbituric acid reactive substances.

Pulses in different forms have been used in meat product reformulations as binders or to increase
their nutritional and healthier properties [40–43]. The starch, fibre and protein contents make pulses
great binders, as they can form complex gel networks with meat proteins. These networks can trap the
water and other compounds, forming stronger bonds between them and, thus, helping to achieve a
higher retention in the meat matrix during processing [44]. Aslinah et al. [45] used adzuki bean flour as
a fat and corn flour replacer in meatballs due to its water-holding capacities. Soy protein has been also
widely used when developing reduced fat meat products due to its gelling properties [46,47]. The type
and quantity of the pulse utilised, as well as the type of product, will determine the overall effect
on the product stability in terms of WHC. In this regard, Nagamallika et al. [38] used two different
pulses, Bengal gram flour and pea flour, to replace the meat content in chicken patties at two levels:
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5% and 10%, yielding a higher stability at the higher level of substitution. Pea flour proved to yield
a significantly lower cooking loss (9.5% vs. 30.3%) and higher emulsion stability (4.2% vs. 2.2%)
and WHC (64.3% vs. 30.8%) when used at the 10% level compared to the Bengal gram flour patties.
Nonetheless, at the 5% level of substitution, the emulsion stability and cooking loss were significantly
lower for the patties with gram flour, whereas the WHC was significantly higher (19.8% vs. 47.8%).
Yadav and Yadava [37] observed an increase in the yield and emulsion stability with an increasing
level of substitution (3–9%) with gram flour in quail meat rolls. In a comprehensive analysis with
23 different type of pulses as meat substitutes in chicken and beef patties, this variation among the
pulse types was also found [36]. The authors observed that cooking losses in beef patties ranged from
8.0% in the yellow split pea patty samples to 15.1% in the patties with pink beans, whereas the control
had a 37.9% cooking loss. In the case of the pork patties, the control had a cooking loss of 22.9%,
and the substitution improved the yield in all cases, with the cooking loss ranging from 5.6% to 10.7%,
the lowest being the patties with small red beans and the highest for the ones with speckled butter
beans. In an interesting study by Serdaroǧlu et al. [39], three different pulse flours (lentil, chickpea and
blackeye bean) were used in low-fat meatballs, replacing not the meat but the rusk used in the control
samples. Lower cooking losses and an increased WHC were found in the meatballs reformulated with
pulses. This gives an idea that not only the starch (on higher quantities in the rusk) but the protein and
fibre contents (much higher in the pulses) have big impacts on the water-holding capacities of meat
products. The pulses with higher protein contents, blackeye beans and lentils, gave significantly higher
yields to the meatballs. The substitution percentage also determined the effect of the extender on the
product yield. Argel, Ranalli et al. [33] evaluated four different pulses (chickpea, lentil, green pea
and bean) as extenders in pork patties with six different levels of meat contents. At the lower level
of substitution (10.1%), the patties manufactured with bean flour had the highest cooking yields,
followed by lentil and green pea, significantly different from the ones with chickpea flour. However,
at the highest level of meat substitution (44.6%), the bean flour had the lowest cooking yield among
the four pulses; the reformulated patties had higher cooking yields at all substitution levels than a
commercial one. The different compositions of these flours might explain this, as the chickpea flour
had the lowest protein and fibre contents but the highest fat levels. On the other hand, no significant
yield changes were observed in dehydrated chicken ring meat using soy as a meat extender at a 5%
level of substitution [34].

Another property closely related to the water-holding properties of meat products is the texture [48].
Texture is usually evaluated using a texturometer by means of a texture profile analysis (TPA) or a
measurement of the hardness with the shear force value. A TPA analysis of pork patties substituted
with pulse flour showed that the hardness and chewiness increased when compared to the control
and commercial ones, but that this difference disappeared when the substitution level was above 35%
and added water was at its highest level [33]. In the same study, the authors found that cohesiveness
was lower in all the extended pork patties and that the bean flower had the lowest hardness among
the four pulses studied. In addition to the level of substitution, the type of pulse will also affect the
textural properties. An increase in hardness was observed when the rusk used in low-fat meatballs
was replaced (10%) by the flour of three different pulses, being the meatballs with chickpea flour the
ones with significantly higher hardness, followed by black bean and lentil flour [39]. Out of 23 varieties
of pulses, only four pulses did not affect the shear force value when substituting 50% of the meat in
beef patties and five pulses when pork patties were prepared instead [36]. The overall mean shear
force was lower for the majority of the pulses used. As the substitution values for this study ranged
between 35% and 50%, this agrees with the aforementioned results. The type of meat product will also
affect how the substitution alters the textural parameters, as the networks formed in the matrix will be
different depending on the degree of comminution and the quantity of fat, water and proteins. A great
example can be observed in the 23-varieties study where the beef patties with green northern beans as
the extender had the lowest hardness value, whereas in pork sausage patties, the hardness was one of
the highest for this same pulse.
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Colour is perhaps the attribute most difficult to mask when substituting meat with pulses, as not
many of them have similar colour to meat. In addition, cooking of the meat product can also affect the
colour changes generated by the use of pulses as extenders. Any colour comparison should be mainly
addressed on the product at the state it is going to be purchased, although extra analyses can also be
taken into consideration. Lightness was not affected by pulses as extenders in pork and beef patties
with varying levels of substitution [33,36]. However, the use of some pulses as extenders in a variety
of meat products have significantly affected the redness and yellowness values [33,34,36,39].

The product appearance is the first attribute the consumer observes before purchasing the
product, and even though the instrumental colour measurements are correlated with the appearance,
the consumer might not be able to detect the differences as the instrument does, or they could like
better the colour change. In the same way, texture results from instrumental measurements and
those from sensory panels differ substantially. Serdaroǧlu et al. [39] found that general appearance
scores for meatballs with pulses as extenders did not significantly differ when compared to the rusk,
but instrumental colour values for the same products showed significant changes in the yellowness
value. In the same study, the meatballs with chickpea flour had the harder texture value, and it was
scored lower by the panellists, but the one with the highest score was not the one with the softer
texture but the second-hardest. These sensory analyses were done by trained panellists on a nine-point
hedonic scale, and even though this practise should be avoided—hedonic analyses should always be
carried out by non-trained panellists—it can give an idea of the sensorial properties of the product.
When black beans, green grams and cowpeas were used as extenders in chicken seekh kababs, the
sensory properties remained unaltered throughout storage, with no significant differences among the
pulse varieties [35]. Yadav and Yadava [37] found that gram flour substituting meat in quail meat rolls
at levels 3% and 6% did not affect the sensory properties, although, at 9%, they observed a significant
decrease in the colour and flavour scores by the panellists. The use of texturised soy granules in
dehydrated chicken meat only affected the meat flavour intensity, according to a sensory panel [34].
Argel et al. [33] found that pork patties where the meat was substituted (37%) with chickpea, lentil,
green pea and bean flour emulsions had acceptable sensory properties, with no significant differences
among the pulse types.

The use of pulses as meat extenders has been researched mainly in patties and similar meat
products, but no work on comminuted ones, although some studies with pulses as binders can be
found for these types of products [40–42]. In general, pulses seem to be an adequate ingredient to be
used as a meat replacer, as they have a very similar nutritional composition and do not affect extremely
the physicochemical properties of the finished product. Unfortunately, a limitation from pulses and
legumes as extenders can be found on the allergenic potential of some proteins contained in soybean
and peanuts that would restrict population access to these products (people with allergies) and would
need proper labelling [49].

2.2. Other Meat Extenders of Plant Origin: Cereals, Tubers and Fruits

Other plants such as cereals, tubers and fruits have also been used in meat product formulations.
The main reason of using these food products as ingredients in meat products has been the healthy
properties they possess: high fibre contents, vitamins and minerals, important proportions of
phytochemicals and antioxidants and void of cholesterol, among others [50,51]. Apart from their
nutritional properties, some of these plants also have good functional and technological properties,
such as improved water-binding and yield properties, fat emulsifiers, increased flavour, etc. [52].
Even though their main usage has been for the development of functional meat products [53–56],
there has been also some research about the use of these ingredients as meat substitutes/extenders.
Research about the use of cereals, tubers and fruits as meat extenders in the last thirteen years is
summarised in Table 2.
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Table 2. Use of cereals, tubers and fruits as meat substitutes (extenders).

Ingredient(s) Used Meat Product Meat Substitution (%) Effect on Properties References

Blend of potato, soy protein, oat meal,
barley flour, whey protein concentrate Restructured spent hen 23.5–25.5 Sensory properties not affected and higher yield.

Softer texture and increased chroma values [57]

Dried pumpkin pulp and seed Beef patties 2.8–6.9 Increased water-holding capacity (WHC), lower
redness, no changes in texture and sensory [58]

Olive cake powder Beef patties 2.6–7.9 Lower sensory scores, higher protein and yield,
increased yellowness [59]

Different blends of fibre, carrageenan and
pork rind

Beef and chicken
sausage 35–50

Decreased hardness, similar flavour to control but
loss of general sensory quality, with the exception of

a few blends
[60]

Rice flour Dehydrated chicken
ring meat 10 Sensory properties not affected, higher yield,

lower iron [34]

Barnyard millet flour Dehydrated chicken
ring meat 10 Higher yield, multiplied iron content, lower

meat flavour [34]

Blend of lentil flour, sorghum, potato and
water chestnut flour

Restructured chicken
meat blocks 15 Higher yield, similar texture properties, lower

sensory scores [61]

Plum puree Beef patties 5.1–15.4 10% substitution best sensory results with no
detrimental effects on physicochemical properties [52]

Corn flour Quail meat rolls 3–9 Higher yield, sensory not affected at 6%,
lower protein [37]

Several cereals, tubers and plants Meat cubes 10 Pearl millet, carrot and cabbage showed
highest-ranking scores in sensory properties [62]

Melon flour from kernels Beef sausages 10–40 Higher yield, no changes in sensory attributes up to
20% substitution. Lower TBARS values. [63,64]

Sorghum flour Chicken patties 5 Lower TBARS at end of storage, sensory properties
not significantly different [65]

Barley flour Chicken patties 10 Lower TBARS at end of storage, sensory properties
not significantly different [65]

Pressed rice flour Chicken patties 5 Lower TBARS at end of storage, sensory properties
not significantly different [65]

Fruits and their by-products have been used as ingredients in meat products to improve the shelf
lives and provide meat with antioxidants, fibre and other phytochemicals [66]. However, their role as
meat extenders is yet to be explored, with only a few studies in the scientific literature. Melon flour,
from defatted melon kernels, was used to substitute meat in beef sausages at levels 10–40% [63].
The authors found an increased yield, WHC and better sensory properties with the increasing levels of
substitution. No significant differences with control on the overall acceptability and appearance were
found at the 20% substitution level. The same authors found that, after two and four weeks of storage,
the thiobarbituric acid reactive substance (TBARS) values were significantly lower for the sausages
with substitution levels above 20% [64]. Low-fat beef patties where the meat was substituted with
plum puree (5–15%) showed an increase in the cooking yield and redness of the patties but a decrease
in WHC, lightness and yellowness [52]. The TBARS values of the extended patties with plum were
lower at the end of the storage period, irrespective of the substitution level. In addition, the sensory
properties were improved at the 10% and 15% levels of substitution, being the former the one with
the best scores in overall acceptability, flavour, texture and juiciness. An increased cooking yield has
been also found in beef patties extended with olive cake powder at levels 2.6–7.9% [59]. The olive
cake powder also increased the amount of polyphenols and the antioxidant activity of the patties,
but the instrumental colour was also affected, with a decrease of the lightness and an increase of the
yellowness with increasing levels of substitution. The sensory properties were negatively affected,
with significantly lower values at the higher levels of substitution. When using plum puree as an
extender in beef patties (2.8–6.9% substitutions), the cooking yield and sensory attributes remained
unaltered, but the WHC increased with the increasing levels, the redness dropped and the hardness
increased [58]. All of these studies proved that fruits can be used as meat extenders, but further
research is needed on different meat products (not only patties) and with different types of fruits and
substitution levels.

Cereals are crops of the family Gramineae, which comprises nine species: corn, barley, millet, oat,
rice, rye, sorghum, triticale and wheat. They are an important source of proteins (ranging from 7–18%
dry matter) and vitamins (B group and E) [67]. Chicken patties where the meat was substituted by
sorghum (5%), pressed rice (5%) and barley flour (10%) showed a significant decrease on the extract
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release volume and lower TBARS values at the end of storage, with no significant impact on the sensory
properties [65]. Mishra et al. [34] found that rice flour at a 10% substitution level in dehydrated chicken
ring meat did not affect the sensory properties, whereas a 5% meat substitution with barnyard millet
flour decreased the sensory perception of the meat flavour intensity while not affecting any of the other
sensory attributes. The same authors also observed that the yield was improved by these two extenders
without affecting the instrumental colour. Both cereals also significantly reduced the cholesterol content
and increased the manganese; the millet chicken meats had also a 10-fold increase of their iron contents,
while the meats with rice had lower iron contents when compared to the control. Corn flour used as a
meat extender in quail meat rolls increased the yield and emulsion stability with the increasing level of
substitutions (3–9%) [37]. However, the sensory perceptions of colour and flavour were impacted on
the rolls where meat was substituted at a 9% level but remained unaffected at the lower substitution
levels. A screening of a combination of five different cereals and six plants and tubers as meat extenders
(10%) in sheep meat cubes was performed using a Plackett-Burman design [62]. The authors found
that millets, carrots and cabbages gave the cubes the most desirable sensory characteristics and that
further research with these ingredients should be guaranteed. Malav et al. [61] analysed the use of
a blend of sorghum with potato, lentil and water chestnut flours as extenders (15%) in restructured
chicken. The blend of extenders exerted higher yields and similar texture attributes but lower sensory
scores. Another study where cereals were combined with other ingredients as meat extenders in the
same type of product was done by Gupta and Sharma [57]. Wheat, oat and barley were blended
with potato, whey and texturised soy protein in three different combinations that were compared to a
control. The three blends increased the cooking yield and decreased the hardness, but only one of them
did not differ in the overall acceptability of the product; the other two had lower scores for flavour.
With regards to the instrumental colour, the redness was not affected, but the yellowness increased in
all the reformulated samples. However, the sensory appearance was higher for the sample with the
highest chroma value. Cereals proved to be important and successful ingredients when used as meat
extenders, but their behaviours in meat products different than restructured meat and chicken are still
unknown. It is also important to highlight that cereals containing gluten (wheat, rye, barley and oats)
have allergenic potentials that must be declared in the labelling.

2.3. By-Products of the Food Industry as Meat Extenders

The food industry (from vegetables or animal products) produces high amounts of residues and/or
by-products that are edible compounds with high percentages of proteins and/or fibres. In today’s
global scenario, the use of these compounds—in many cases, undervalued—could be an opportunity
to replace meat for manufacturing more sustainable meat products [68]. Furthermore, many of
these residues are a source of polyphenols, organic acids and fatty acids, among others, which are
underutilised, providing added value to the products in which they are included [69]. In this regard,
some studies have assayed the use of residues from the agri-food industry as meat extenders (Table 3).

Table 3. Use of by-products of the food industry as meat substitutes (extenders).

Ingredient Used Meat Product Meat Substitution (%) Effect on Properties References

Okara Beef patties 7.5–37.5
Cholesterol reduces for raw (6–56%) and cooked (9–42%). Higher

cooking yield, pH, lightness and yellowness. Sensory attributes valued
negatively with 37.5% of meat replacements.

[70]

Okara Beef burger 5–25 Increase lipid and moisture contents. Higher luminosity and dimmed
during storage. Changes in the brown colour [71]

Okara Beef sausages 10–40
Carbohydrate, ash and fibre contents increased, while moisture, fat and

protein contents decreased. Improved WHC but decreased
textural parameters

[72]

Okara Beef burgers 6 and 12
Sixty percent less calories. Increased hardness but decreased

cohesiveness, chewiness and springiness. Lower sensory scores with
12% of substitutions

[73]

Okara Pork meat gels 3–27
Higher cooking yield. Increased in lightness, hardness, chewiness and
breaking force of gels but decreased in cohesiveness. Higher storage

(G′) and loss (G”) modulus by heating.
[74]
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Table 3. Cont.

Ingredient Used Meat Product Meat Substitution (%) Effect on Properties References

Cashew apple residue
powder Hamburgers 7.1–14.3

Reduced 35% of the lipid content and increased of up to 7.6% of the
fibre. Lower humidity but sensorial acceptable with 7.1 and 10.7% of

meat replacements
[75]

Apple pomace
Buffalo

emulsion-based
sausage

2–8 Increased fibre content and improve cooking yield and
emulsion stability [76]

Enoki (Flammulina
velutipes) mushroom
stem waste powder

Goat nuggets 2–6
Increased dietary fibre, ash and phenolics compounds. Improved the

emulsion stability, WHC, oxidative stability and shelf-life. Slight
hardness decrease. No negative effects in the sensory attributes.

[77]

Textured whey
proteins (TWP) Beef Patties 0–50 Higher cooking yields. Patties containing up to 40% of hydrated TWP

obtained similar sensory evaluations than all-beef patties [78]

Protein concentrates
from porcine blood Irish breakfast sausage 15 and 30

Higher protein contents in raw samples. Decreased fat levels in cooked
samples. Higher cooking yield and WHC for 15% of replacements.
Decreased hardness and chewiness with 30% of meat substitutions

[79]

Protein concentrates
from pork hams

exudates
Irish breakfast sausage 15 and 30

Lower fat contents in raw samples. Higher protein contents with 30%
of meat replacements. Decreased WHC. Decreased hardness and

chewiness values with 30% of replacements
[79]

Protein concentrate
from residues of edible

fat processing
Irish breakfast sausage 15 and 30 Decreased fat contents. Similar WHC and cooking yield. Decrease

hardness and chewiness values with 30% of meat replacements [79]

Protein concentrate
from brine solutions Irish breakfast sausage 15 and 30 Higher protein contents. Higher cooking losses. Decreased redness in

raw samples but increased when they are cooked [79]

Okara is a by-product with low commercial value that is generated in massive volumes (about
two to three tons for each ton of soybean processed) during the manufacturing of soymilk and tofu [80].
This component presents solvent-binding properties, making it an ideal low-cost ingredient to increase
yields in meat products (Table 3). Moreover, okara contains valuable components such as fibre and
high-quality protein (40% on a dry weight basis) due to the presence of a good essential amino acids
profile and its digestibility [80]. In that sense, okara has been applied to extend meat contents both in
fresh and cooked emulsion-based meat products (Table 3). In beef burgers, lean meat has been replaced
by wet okara in different quantities, up to 37.5% (Table 3). In general, it was observed an increase
of the moisture content and a decrease of the protein level in the reformulated burgers [70,71,73].
Moreover, Tie Su et al. [73] obtained beef burgers with 60% less calories than commercial products
when 12% of okara was added. The use of okara as a meat extender improved the cooking yields of the
samples [70]. Tie Su et al. [73] noticed that, as the percentage of okara increases, an increase in hardness
occurs, while Strada de Oliveira et al. [71] observed an improvement in tenderness with respect to the
control samples. The effect of wet okara on the sensory properties was significant, and higher scores
for overall acceptability were recorded for products with approximately 20% added okara [70,73].
In cooked emulsion-based sausages, contrary to those observed in fresh meat products, the moisture
content was increased with an okara addition [72]. Water and oil-holding capacities were improved as
a consequence of okara additions, and in that sense, the cooking yield was improved [72]. For textural
properties in cooked emulsion-based products, the incorporation of okara presented contradictory
behaviours. The same authors observed an increase for the texture parameters with up to 40% of okara
added to beef sausages, while a decrease of the hardness, chewiness and breaking force occurred when
okara was incorporated in pork meat batters [74]. On the other hand, the overall acceptability of the
samples decreased with the okara incorporation [72].

The residue obtained from the production of cashew apple juice (skin and the husk) has been
used to extend beef meat in the formulation of hamburgers. With increasing the concentrations of the
residues, the samples showed lower moisture, protein and lipid levels, while their fibre contents were
higher. Hamburgers with improved yields and similar flavours than the control were observed with
additions up to 10.70% of the residue [75]. Apple pomace powder was employed (2–8%) to replace
buffalo meat in emulsion-based sausages by increasing the fibre contents. Moreover, the cooking yield
and emulsion stability got enhanced [76].

Mushroom by-products are described as a good source of protein, dietary fibre and phenolic
components, with the potential to be strong antioxidants [77]. In that sense, the use of different amounts
(2%, 4% and 6%) of enoki (Flammulina velutipes) mushroom stem wastes as meat extenders in nuggets
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enhanced their composition (Table 3). The inclusion of meat extenders improved the oxidative stability
and shelf-lives of treated nuggets without impacting the sensory attributes of reformulated nuggets.

Whey is a by-product of the dairy industry, which is generated in massive quantities during the
manufacture of cheeses, yogurts and other dairy products [81]. Its great content of high biological value
proteins offers interesting possibilities to be used during the processing and manufacturing of meat
products. Hale et al. [78] extruded a dry whey protein concentrate (80% protein) to obtain an ingredient
that they used to substitute from 0% to 50% of beef in the elaboration of patties. Samples containing
up to 40% of whey extrudes were as acceptable to a consumer panel as all-beef patties. Moreover,
the cooking yield was improved, and these patties suffered less diameter reductions and less water
and fat losses by the cooking process.

The meat industry also generates compounds that hold strong potential for higher-value
techno-functional applications due to their high-quality protein contents (Table 3). However, their use
as meat extenders in meat products is very limited. For example, Álvarez et al. [79] extracted
protein concentrates from different residues of the meat industry to be used as meat replacers in the
elaboration of an Irish breakfast-type sausage: blood plasma, exudates generated from ham elaboration,
brine solutions and water produced during edible fat processing. Two levels were assayed: 15% and
30% (Table 3). Regarding the composition, raw products showed lower fat contents and higher protein
levels than the control ones. However, the technological properties were conditioned by the type of
protein used and the level of meat substitution. In general, for all types of protein, the 15% meat
replacement offered products with a better overall final product quality. Regarding the type of protein,
plasma proteins at both replacement levels had the most positive effect on the technological properties,
whereas the use of protein concentrates from brine solutions to substitute meat resulted in sausages
with lower fat and water-binding properties and redness values (Table 3).

Based on the foregoing, it seems that the use of residues or by-products from the food industry as
meat replacers endows products with compounds that offer positive effects on health without being a
detriment to their technological properties. In addition, this strategy offers multiple advantages to
maintaining a more sustainable world by both using industrial residues and reducing meat productions.

2.4. Mushrooms as Meat Extenders

Fungi have been used in human foods for a long time. Of more than 14.000 species of mushrooms,
at least 2000 of them have various degrees of edibility [82]. Mycoprotein is fungal in origin, and it
is utilised as a high-protein, low-fat, health-promoting food ingredient [49]. Mycoproteins could
be obtained by the continuous-flow fermentation of F. venenatum on a glucose substrate, and it is
used to elaborate meat analogues. However, in the development of more sustainable meat products,
some studies were carried out adding mushrooms directly to meat products (Table 4), replacing
different proportions of meat proteins by mycoproteins.

Table 4. Use of mushrooms as meat substitutes (extenders).

Ingredient Used Meat Product Meat Substitution (%) Effect on Properties References

Mushroom (Agaricus
bisporus) Beef Patties 10–50

Allows reduced sodium patties (1.5% NaCl). Increasing mushroom
extender level; samples perform similar to an all-meat control in yield,
lightness and redness; increase moisture and yellowness and decrease

mechanical properties, sodium and fat contents.

[83]

White mushroom
(Agaricus bisporus) Beef taco blend 50 and 80 Enhancement of overall flavour and mitigated salt reduction. [84]

White mushroom
(Agaricus bisporus) Carne Asada 50 Allows reduced sodium samples. No alterations on the overall

flavour strength. [84]

White jelly mushroom
(Tremella fuciformis) Pork Patties 10–30

Improve cooking yield and increase lightness and yellowness. Ten
percent substitution improved the sensory acceptance, while 30%

decreased the approval of patties.
[85]
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Table 4. Cont.

Ingredient Used Meat Product Meat Substitution (%) Effect on Properties References

Lentinula edodes Pork sausage 25–100

Increased moisture, fibre, essential amino acids and total phenolic
content. Higher cooking yield and antioxidant activity. Decreased

protein, energy ash, pH and texture parameters. Twenty-five percent
substitutions are the best sensory acceptance.

[86]

Pleurotus sajor-caju Beef patties 25 and 50
Increased insoluble fibre content, mainly β-glucan. Decreased fat

retention during the cooking process. Best cooking yield with 25% of
substitutions. No differences in sensory attributes.

[87]

Pleurotus sajorcaju Chicken frankfurters 2–6 Decreased fat content. Enhancement of dietary fibres up to 6.20% and
β-glucan up to 14.30%. Hardness was decreased. [88]

Mushrooms are a good source of dietary fibre, where approximately one-third is chitin and
two-thirds β-1,3 glucan and 1,6 glucan. Chitin is a modified polysaccharide with an analogous
structure to cellulose and considered an insoluble fibre with potential prebiotic properties in gut
microbiota [89]. In addition, mushrooms are also a source of proteins; essential amino acids; vitamins
(such as thiamine, riboflavin and niacin) and essential minerals (such as Ca, P, Mg, Cu, Se and Zn).
Moreover, these products are low in calories, fat and sodium [90]. In that sense, the application of
mushrooms as meat extenders could also be an opportunity to improve the presence of health-promoting
bioactive components in meat products.

White mushrooms (Agaricus bisporus), the most cultivated edible mushroom, poses a dual
opportunity as a meat extender by reducing the meat content while also imparting flavours that
can complemented and enhance the saltiness perception [82]. Wong et al. [83] compared two meat
extenders, a traditional one (textured soy) and Agaricus bisporus, to replace 10% to 50% of meat in the
development of beef patties (Table 4). Increasing textured soy improved the cooking yield of patties but
did not affect their colour or textural properties. However, increasing the level of mushroom extenders
performed statistically similar to an all-meat control in yield, lightness and redness, while decreasing
the mechanical properties. Additionally, meat extension using mushrooms yielded sensory liking
scores more similar to the all-meat formulations than textured soy in reduced sodium samples. In the
same way, white mushrooms were used to replace meat in two meat-based dishes, carne asada and
beef taco blends, whose sodium contents were reduced [84]. In carne asada, the beef substitution
(50%) with mushrooms did not alter the overall flavour strength of the dish, but the replacement of
50% or 80% of meat in the beef taco blend enhanced its overall flavour. The ability of mushrooms
to mitigate sodium reductions in terms of the overall flavour has been attributed to the fact that
mushrooms contain umami tastants [82]. White jelly mushroom (Tremella fuciformis) is another type of
edible mushroom that has been used as a meat extender in pork meat patties (Table 4) [85]. In this
case, higher mushroom quantities (30%) decreased the sensory acceptance of patties because of the
mushroom flavour. However, patties containing 10% of mushrooms improved significantly the sensory
affections due to their oil-holding capacities. Furthermore, this ability, along with its capacity to bind
water, allowed improving the cooking yield of patties formulated with white jelly mushroom [85].
In pork sausages, Lentinula edodes has been used as meat extender to replace 25%, 50% and 100% of the
meat (Table 4). Regarding sensory acceptability, all samples were satisfactory. Although those with 25%
of substitutions showed the highest scores for sensory attributes. From a technological point of view,
the presence of mushrooms improves the oxidation stability and the cooking yield of sausages [86].

The use of Pleurotus sajor-caju as a meat extender (25% and 50% of meat substitutions) in beef
patties and in lower proportions (2% to 6%) to replace chicken meat in the formulation of frankfurters
produced an increase of their fibre contents. It should be noted that this fibre was insoluble mainly
based on β-glucans (0.78 g/100 g in the case of patties and 1.43 g/100 g in frankfurters) [87,88]. As with
other mushrooms, the use of Pleurotus sajor-caju as a meat replacer improved the cooking yield of
the products. The hardness values of the reformulated products were lower. However, the sensory
analysis scores indicated that the products were accepted by the panellists [87,88].

Mushrooms seem to be an adequate ingredient to be utilised as a meat replacer. The use of
mushrooms allows for the development of healthier meat products with higher fibre and less salt
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contents (as they have the potential to increase saltiness perceptions) without affecting much the
physicochemical properties.

2.5. Insects as Meat Extenders

Entomophagy, or the practise of eating insects, is a long-time practise and an important nutritional
source (high-quality protein, lipids, carbohydrates, mineral elements and certain vitamins) for
many cultures, mainly located in Africa, Asia and Latin America [91]. More than 40 years ago,
Meyer-Rochow [92] already suggested that insects could supplement traditional animal protein sources.
Currently, there is a growing interest in edible insects as a novel source of protein due to their high
contents, as well as their functionalities, which have been described similar to conventional proteins
(included meat proteins) [91]. However, probably due to insect food neophobia in Western countries,
there are only a few studies using insects as meat extenders, and the majority are from Eastern Asian
countries (Table 5). With the aim to decrease this well-known food neophobia related to insects,
Caparros Megido et al. [93] decided to test the level of sensory-liking of patties in which beef was
replaced (53%) by mealworms, allowing them to hide insects and to present them in a familiar way.
The authors concluded that insect integration into Western food culture could be feasible, as the taste
and appearance of burgers were rated higher than neutral scores, positioning them between a fully
meat burger and a fully vegetable burger.

Table 5. Use of insects as meat substitutes (extenders).

Ingredient Used Meat Product Meat Substitution (%) Effect on Properties References

Mealworm (Tenebrio
molitor L.) Pork patties 10–60

Improved cooking yield. Higher fat content. Decreased moisture and
protein content. Lower lightness but higher force shear. No sensory

characteristics affected
[94]

Mealworm larvae
(Tenebrio molitor) Burger patties 53

The appearance of insect-based burgers was preferred by men. In terms
of overall liking, meat substitution by insects was better valuated than

by legumes
[93]

Mealworm larvae
(Tenebrio molitor L.) Frankfurter 10–60

Decreased moisture and fat content while increased protein level.
Decreased lightness and textural parameters. Greater replacement than

15%. decreased emulsion stability. Less sensory acceptance
[95]

Mealworm larvae
(Tenebrio molitor) Emulsion sausage 10

Increased protein and mineral contents but decreased moisture.
Improved cooking yield. Samples with more lightness but with lower

values for textural parameters.
[96]

Silkworm pupae
(Bombyx mori) Emulsion sausage 10

Increased protein and mineral contents but decreased moisture.
Improved cooking yield. Samples more lightness but with lower values

for textural parameters
[96]

House Cricket (Acheta
domesticus) Emulsion sausage 5 and 10 Increased protein and minerals (P, K and Mg), no negative impacts on

cooking yield and textural properties [97]

The incorporation of mealworms as meat replacers was also studied to evaluate their effects in
the composition and technological properties of new products. Ju-Hye et al. [94] studied the effects
of different replacement ratios (10% to 60%) of pork meat in the development of patties (Table 5).
The addition of mealworms conditioned significantly the composition of the samples, decreased
protein contents and increased fat levels. The cooking yield was improved with the presence of insects.
There were no significant differences in the sensory characteristics of burgers, although the shear force
was reduced and the lightness was increased with the replacement of meat by insects.

In emulsion-based meat products, mealworms (Tenebrio molitor L.) have been used to replace
10–60% of pork meat (Table 5). Reformulated samples had increased protein and fat contents when the
meat was replaced at the 10% level [95,96]. However, Choi, Kim, Choi, Park, Sung, Jeon, Paik and
Kim [95], who assayed higher levels of extended meat (up to 60%), observed that frankfurters
with a higher meat replacement by mealworms increased the protein content but decreased the fat
content approximately to 30% in respect to all-pork meat samples. Moreover, the incorporation
of edible insects increased the mineral contents of emulsion sausages [96]. The cooking yield was
improved with a substitution of meat of 10%; extended higher meat decreased the cooking yield [95,96].
Additionally, replacing pork meat with up to 10% mealworms successfully maintained the sensory
quality of frankfurters.
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Silkworm pupae (Bombyx mori) and the House cricket (Acheta domesticus) are two other types
of edible insects used as meat extenders (Table 5). Kim, Setyabrata, Lee, Jones and Kim [96] added
freeze-dried Silkworm pupae (Bombyx mori) to replace 10% of the pork meat in an emulsion-based meat
product. They assayed three strategies to incorporate the insects: ground, defatted and acid-hydrolysed.
The inclusion of insects had no impact on the protein solubility of emulsion sausages. The protein
contents of sausages were increased for all the treatments; however, the fat contents only were increased
when insects were ground. Additionally, the mineral content was improved when ground and defatted
Silkworm pupae was incorporated [96]. The replacement of pork meat with house cricket flour within
a 10% level could fortify the product with proteins and some micronutrients (phosphorus, potassium
and magnesium) without a negative impact on the cooking yield and textural behaviours [97].

Edible insects possess the necessary physical properties to be used as an alternative nonmeat
ingredient for incorporation within fresh or emulsified meat products, which could be further promoting
to improve the image that the consumers have of them. Moreover, the addition of invisible insects in
food preparations helps to reduce insect food neophobia [93].

3. Meat Products′ Sustainability from the Consumer Perspective

As stated before, protein production has a large impact on the climate change, with proteins from
meat being much less sustainable than plant-based proteins [98]. It seems logical to think that the
daily choice of food has a high impact on the environment, and therefore, acting to change consumer
preferences seems an appropriate strategy to reduce the negative impact that food production may
have [99].

Some alternatives for meat products made entirely of vegetable components (e.g., tofu) can be
already found in the supermarkets, although the market shares of these products are still very low
compared to meat and meat products. The lower penetration of these products in households could
be partially explained by the lack of texture and taste reported for some of them [100]. In addition,
the heavy processing conditions to obtain these products and, in consequence, the multiple additives
that they contain are sometimes neglected; besides, they can have a really high carbon footprint [28].

Complex external cues (perceived healthfulness, animal welfare, environmental impact and
sustainability) are increasingly taken into account in our preference for meat [101]. However, despite
a seemingly close match between the consumers’ image of a sustainable, healthy and a plant-based
diet [102], there is actually low consumer awareness of the environmental impact of meat production,
as well as a low willingness to change meat consumption behaviours in terms of reducing or substituting
meat in Europe. It is therefore relevant to determine the opportunities and barriers for consumers to
adopt such alternative meat protein sources in their diets [100]. Preconceptions towards vegetarian
diets, habits and prices and a lack of familiarity with meat substitutes, among others, are barriers to
changing meat consumption behaviours [103]. Despite all of the above, it must be taken into account
that the complete elimination of meat from our diet is impractical and might even have negative
societal consequences [104].

The challenge of developing healthier foods with high consumer appeal underscores the need
for integrated culinary, sensory and consumer research in this area [105]. Although Hoek et al. [99]
concluded that, for the development of new foods, more emphasis is needed on consumer evaluation
instead of on the sensory properties of the individual product. In that regard, studies that also
take consumer behaviours into consideration could be an alternative to standard consumer sensory
analyses. A recent alternative method called Mind Genomics has been applied on meat analogues,
with promising results [106]. In addition, in order to increase the acceptance of novel products, it is
necessary to obtain knowledge about the demographics, the consumption patterns and the sensory
drivers of consumers [107]. In Western countries, vegetable proteins have a high level of acceptance
and are consumed regularly. However, the same does not occur with the inclusion of nonconventional
meats, insects or food by-products in our diet.
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An alternative to conventional meat production is the use of more sustainable species like
rats or other pest rodents [108,109]. Although rats are a regular staple in some Asian regions,
the mere suggestion of its consumption in Western countries generates a big consumer rejection.
Caparros Megido et al. [93] concluded that insect-tasting sessions are important to decrease their
neophobia, because they observed that people with previous entomophagy experience gave globally
higher ratings to meat products that contained insects-based proteins. In addition, Meyer-Rochow
and Hakko [110] concluded that the acceptability of insect consumption would be higher if they were
presented in flours or pastes. The inclusion of food by-products or residues from the meat industry
can also present a challenge to consumer acceptance. Even though this practise presents a double
opportunity towards healthier and more sustainable meat products, their acceptance is quite limited.
Some of the reasons are related with consumer perceptions of these by-products as actual waste and,
thus, unhealthy, but even if healthiness would be proven, consumers would also reject some of these
reformulated products due to “ideational” reasons [111]. This concept is linked to the sensation of
disgust some products produce in consumers just because of their origin (e.g., insects, by-products,
etc.) and bad taste.

Meat eating is a habitual behaviour that is difficult to change; there is an unwillingness to reduce
or substitute meat among the vast majority of consumers in various European countries [100]. In search
of new alternatives, it is necessary to know how different food-related attitudes and behaviours (food
choice motives, food fussiness, etc.) and socio-demographics (gender, age, education, etc.) influence
the consumption of such protein sources [103]. In that sense, although some studies concluded that
there is an urgent need for meat moderation campaigns that provide a broad spectrum of measures
and habit-breaking interventions—including the promotion of vegetarian options [112]—the use of
extenders to reduce animal proteins in the development of meat products could help to minimise their
environmental impact without having to give up entirely the meat products in our diet.

4. Conclusions

A global demand for high-protein foods is on the rise. Meat and meat products are an important
protein source in our diets but also great contributors to environment degradation through the
far-from-sustainable production and increased carbon footprint of the finished products. Alternatives
to more sustainable protein productions fall into two categories: mitigation of the negative impact and
the use of more sustainable protein sources. With the use of meat extenders in meat products, we would
be mitigating their negative impact by reducing the meat content, but we would also be maintaining
the nutritional properties (i.e., protein and minerals) by using more sustainable sources. Even though
pulses are the main extenders we should be looking at—similar nutritional profiles to meat—there
are other extenders worth exploring. Apart from mushrooms, cereals, tubers and fruits that can be a
great choice for some types of meat products, novel approaches such as insects and by-products from
the food industry present an opportunity to develop healthier and more sustainable meat products.
However, there is a need to devise strategies to increase consumer awareness and acceptance of these
types of products. The plethora of sources and possibilities make the use of meat extenders the most
viable and interesting approach towards the production of more sustainable meat products.
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Abstract: This study assessed the effects of Methylcellulose (MC) at different concentrations on
plant-based meat analog (PBMA) patties, comprised of commercial texture vegetable protein (C-TVP)
and textured isolate soy protein (T-ISP) as key ingredients, and compared to beef patty control.
A significantly higher difference was observed in moisture content in control with increasing MC
concentration than the C-TVP and T-ISP patties. However, protein varied significantly among three
different protein sources, with control had higher protein content than PBMA patties. Crude fiber
content recorded higher values in C-TVP as compared to control. Significantly lower pH values
were recorded in control than C-TVP and T-ISP respectively. Regardless, with the addition of MC
or ingredient PBMA and control patties tend to reduce lightness (L*) and redness (a*) value after
cooking. Although control sample before cooking exhibits lighter and redder than PBMA patties
(C-TVP and T-ISP). Likewise, water holding capacity (WHC) decreases as the concentration of MC
increases (1.5–4%) in control and PBMA patties. Warner-Bratzler shear force (WBSF) and texture
profile analysis (TPA), including hardness, chewiness, and gumminess of control, were significantly
higher than C-TVP and T-ISP. Consequently, panelists’ in the sensory analysis presented that C-TVP
patties containing 3% of MC had better sensory properties than T-ISP. Hence, PBMA patties with
C-TVP and incorporation of 3% MC are considered ideal for manufacturing of meat analog as related
to control (beef).

Keywords: plant-based meat analog; commercial texture vegetable protein; texture soy isolate
protein; methylcellulose

1. Introduction

The term “meat analog” denotes food products that are not made from red meat
exclusively, commonly known as meat alternatives, meat substitutes, fake, mock, and
imitation meat [1]. However, it possesses texture, mouth-feel, taste, and nutritional quali-
ties that resemble meat [2]. Meat contributes to the food industry by supplying specific
functionalities and has its attraction on consumers for its organoleptic features. Meat
proteins are responsible for their characteristic appearance, textural and functional prop-
erties [3]. However, mimicking these meat protein characteristics by any other source of
protein is difficult. Moreover, recently the International Agency for Research on Cancer,
the cancer agency of WHO (World Health Organization), has classified the consumption
of red meat (particularly processed meat) as carcinogenic to humans [4]. Furthermore,
Food and Agricultural Organization (FAO) reports have been critical of the ecological
impact of high levels of meat consumption and potentially transmissible diseases [5,6]. To
mask these disadvantages of red meat, meat analogs are just one example of a variety of
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products recently demanded by a substantial portion of the population, especially those
concerned about red meat’s potential health effects [7]. Additionally, the projections for
the increasing demand for animal protein in the coming decades are distressing, while
extensive livestock production is also causing severe environmental and ecological imbal-
ance [8]. Consequently, the research community is targeting refining the current production
systems, searching for efficient novel technologies, while at the same time focusing on the
improvement of consumption habits and food cultures [9].

In the current study, soy-based texture vegetable protein (TVP), and textured isolate
soy protein (T-ISP) have been used as a meat replacer with many economic and functional
benefits [3]. Soy-based TVPS are plant-based protein products with low saturated fat, a
high concentration of essential amino acids, and is cholesterol-free [10]. The manufacturing
process of TVP involves a high-pressure extrusion process and a final spinning or extraction
of the finishing product, which can then be used in meat analogs [7]. The low/intermediate
moisture TVP has advantages in handling, storage, and shelf stability but requires time
to hydrate before consumption. Upon hydration, it presents a spongy textured, fibrous
structure mimicking meat [7]. Furthermore, numerous investigators have reported that by
using soy protein and wheat gluten as TVP constituents, the final product could mimic the
texture, appearance, taste, smell, and functionality of red meat [5].

In red meat, textural and taste parameters are important to the consumers and repre-
sent high economic value as some cuts bring exorbitant prices. In contrast, meat analogs
lack these features and are generally regarded as substandard to cheaper meats. Numerous
plant proteins, including cereal, oilseed, legume, and soy proteins (textured, flour, concen-
trate, and isolate), are recommended additions to the meat analogs. These elements have
appropriate functional properties (e.g., water and oil absorption capacity, emulsification),
which allow them to create numbers of distinctive meat substitutes [5,11].

The binding ability of the different ingredients in plant-based meat is of significant
importance as non–adhesive behavior of varying plant ingredients can significantly affect
the final analogy. Earlier binding agents such as egg solids, hydrocolloids, starch, and
milk protein have been used in various commercial products [12]. In the present study,
Methylcellulose (MC) has been used as a binder. Quality characteristics of MC include
binding abilities and moisture retention, boil-out control, increase volume, and texture
improvement in several types of meat analogs and processed meat [13]. Through synthetic
modification, the naturally occurring polymer cellulose is converted to hypromellose or
MC and is considered safe for consumption by humans [13]. Moreover, MC is classified
as GRAS (generally recognized as safe) by the FDA (21 CFR 182.1480) and is also allowed
in USDA regulated meat patties at concentrations up to 0.15% (9 CFR 3 t 8.7). Previously,
the use of binding agents in meat analogs has been widely investigated, although no such
attempt has been made to study the effects of MC on quality characteristics of Plant-based
meat analog (PBMA) patties. Therefore, the objective of the present study was to evaluate
the effects of MC on quality characteristics of PBMA with the incorporation of different
texturized soy vegetable proteins.

2. Materials and Methods
2.1. Materials

Commercial texture vegetable protein (C-TVP) (Anthony’s goods, Glendale, CA, USA)
and ISP (isolate soy protein) (Shandong, China) were as the base for PBMA and MC
(high viscosity, Modernist Pantry, Eliot, ME, USA) was incorporated as a binder. Other
ingredients, including molasses, yeast seasoning, umami seasoning, coconut oil, canola oil,
garlic powder, and pepper were used in the formulation (Table 1).
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Table 1. Treatment and formulation of plant-based meat analogs.

Ingredients %
Concentration

(MC)

Treatments

Control
(Beef) C-TVP T-ISP

1.5% 3% 4% 1.5% 3% 4% 1.5% 3% 4%

Lean beef
C-TVP
T-ISP

82.1 80.82 80.00 76.08 74.90 74.13 70.08 74.90 74.13

Methylcellulose 1.5 3.00 4.00 1.50 3.00 4.00 1.50 3.00 4.00
Garlic powder 2.28 2.25 2.22 2.28 2.25 2.22
Yeast extract 2.28 2.25 2.22 2.28 2.25 2.22
Black pepper 1.52 1.50 1.49 1.52 1.50 1.49
Mushroom 2.28 2.25 2.22 2.28 2.25 2.22

Salt 1.14 1.11 1.11 1.14 1.11 1.11
Beef back fat 16.4 16.18 16.00
Coconut oil
Canola oil

3.80
3.80

3.75
3.75

3.71
3.71

3.80
3.80

3.75
3.75

3.71
3.71

Beet juice 3.04 3.00 2.96 3.04 3.00 2.96
Molasses 1.52 1.50 1.49 1.52 1.50 1.49

Umami seasoning 0.76 0.74 0.74 0.76 0.74 0.74

C-TVP: Commercial textured vegetable protein. T-ISP: Textured isolate soy protein. MC: Methylcellulose.

2.2. Sample Preparation and Processing

The flow diagram for processing meat analog is described in Figure 1. For meat-
less patties, C-TVP and texture isolate soy protein (T-ISP) were used as the base. The
texturization of ISP was carried out by mixing ISP powder with water at a ratio of 1:6
(w/v). The mixture was stirred continuously over a lower flame until it forms a thickened
paste. Subsequently, the paste was heated in an oven for two hours at a temperature
of 120 ◦C T-ISP was a secondary option for comparing the quality characteristics of the
created meatless patties to C-TVP. A total of three hundred g of each C-TVP and T-ISP were
mixed with water separately (2 times in volume) and allowed to hydrate for “1 h” at 4 ◦C
for a single concentration of MC with three repetitions and two formulations having raw
and cooked patties respectively. After that, the hydrated C-TVP and T-ISP were mixed
with the ingredients listed in Table 1 using a Kitchen Aid (Classic Plus Stand Mixer, St
Joseph, MI, USA). Subsequently from the whole mixture, 50 g of the mixture was then
shaped into patties using a patty press maker. The current experiment had three different
concentrations of MC (1.5%, 3%, and 4%), from every single concentration of MC three
patties (repetition) were prepared with one control and two treatments. In total, for one
control, two treatments, and two formulations, 27 raw and 27 cooked patties were prepared.
Therefore, in total, 54 patties were shaped. Eighteen patties were allocated for each control
and two treatments separately.

A beef patty was used for the control formulated as describe in Table 1. The patties
were cooked by dry heat, cooking on a non-stick pan at 150 ◦C for 5 min per side. They
were flipped three times or until the internal temperature reached 75 ◦C as measured by a
probe thermometer. Patties were allowed to cool at ambient temperature for 30 min before
measuring the physicochemical and sensory attributes.
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Figure 1. Flow diagram for manufacturing the meat analog. C-TVP: Commercial textured vegetable
protein. T-ISP: Textured isolate soy protein. PBMA: Plant-based meat analog.

2.3. Proximate Analysis

Moisture, protein, fat, and ash contents were determined based on the standard
AOAC [14]. Moisture content was quantified by the oven (BioFree, BF-150C, Buchen
Korea), drying 5 g samples at 105 ◦C for 16 h. Protein was determined by the established
procedure of Kjeldahl assay N analyzer (B-324, 412, 435 and 719 S Titrino, BUCHI, Flawil,
Switzerland) (N × 6.25) using 0.1 g of sample. The crude protein was determined by using
the following formula.

%N =
[V(1)− V(B1)].F.c.F.M(N)× 100

M.1000
(1)

% P = % N × PF (2)

V(1): consumption of titrant, sample (mL)
V(BI): average consumption of titrant, blank (mL)
F: molar reaction factor (1 = HCl, 2 = H2SO4)
c: concentration of titrant [mol/L]
M(N): molecular weight of N (14,007 (g/mol))
M: sample weight (g)
1000: conversion factor (mL in L)
PF: protein factor
% N: % of weight of N
% P: % of weight of protein
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Crude fat was measured with 2 g samples by extraction in a Soxhlet apparatus (MS-
EAM9203-06, Seoul Korea) by using petroleum ether as a solvent. The crude fat content
was calculated by using the following formula.

%Crudefat = (W2 − W1)× 100
S

(3)

Weight of empty flask (g) = W1
Weight of flask and extracted fat (g) = W2
Weight of sample = S
Ash was determined after incineration of 2 g of sample in a furnace (CFMD2, Changsin,

Korea) at 500 ◦C. Crude fiber determination was estimated using an Ankom 200 Fiber
Analyzer (Ankom Technology, Macedon, NY, USA) by digesting 0.5 g with H2SO4 and
NaOH. The loss of weight resulting from ashing (2 h at 600 ± 15 ◦C) was collected to
calculate the crude fiber content [15].

2.4. Physicochemical Analysis

The pH values of raw and cooked patties were measured with a digital pH meter
(Mettler Toledo, MP230, Schwerzenbach, Switzerland) using 3 g of sample homogenized
with 20 mL of distilled water.

The color of raw and cooked patties was measured using a Konica Minolta Colorimeter
(Chroma meter, CR-300, Japan). The apparatus was standardized through a white ceramic
plate (Y = 93.5, X = 0.3132, y = 0.3198), and lightness (L*), redness (a*), and yellowness (b*)
values were recorded.

Release water percentage (RW%) was measured based on a method described by
Joo [16]. The cooking loss (CL%) was determined as a percentage method adopted by
Biswas et al. [17] using the following formula: Cooking loss (%) = (Weight of the patties
after cooking/Weight of the patties before cooking) × 100.

Warner-Bratzler shear force (WBSF) was determined on the cooked sample using the
established AMSA procedure [18]. The shrinkage percentage of the patties’ diameter was
measured at four different locations both before and after cooking. A total of 18 (nine raw
and nine cooked) patties were allocated for physiochemical analysis.

2.5. Visible Appearance

The appearance of the control and PBMA patties were assessed by adding the different
concentrations of MC (1.5%, 3%, and 4%) respectively. The external and internal appearance
were photographed using a digital camera (EOS 700D, Canon, Tokyo, Japan), and various
features were distinguished. In total, 18 (nine raw and nine cooked) patties were used for
visible appearance.

2.6. Texture Profile Analysis

Samples were uniformly cut into 1 × 1 × 1 cm, and they were axially compressed
using a Sun Rheometer (Compact-100 II, Sun Scientific Co., LTD., Tokyo, Japan) with a
flat pressure adaptor of 25 mm in diameter (No. 1). The samples were compressed at a
crosshead speed of 60 mm/min at a final strain of 60% through a 2-cycle sequence with a
load cell of 10 kg [19]. The following parameters were determined: hardness, cohesiveness,
springiness, gumminess, and chewiness. A total of nine patties were assigned for the
determination of texture profile analysis.

2.7. Sensory Evaluation

A 10-member trained panel from the laboratory of meat science Gyeongsang Na-
tional University Korea, with 20 members of the untrained panel, includes students and
researchers from the Department of Animal Sciences at Gyeongsang National University,
Republic of Korea, assessed sensory characteristics of prepared patties. The panelist as-
sortment was approved according to Lawless and Heymann [20], modified by Rahman
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et al. [21]. Small pieces of different samples (2 cm × 2 cm × 2 cm) were prepared and
marked, random coding was allotted on pre-positioned glass container (Pyrex, Charleroi,
PA, USA), and the pieces of samples were permitted to rest for 30 min at room temperature
and then disseminated among the panelists. For judging each sample in a triplicates way,
fluorescent light was used. For every sensory evaluation procedure, the panelist was
provided with drinking water for washing the mouth for every new sample evaluation.
Sensory traits that were recorded included appearance, shape, firmness, color, and overall
acceptability. The samples were judged using a 9-point hedonic scale ranging from extreme
dislike (score = 1) to extreme like (score = 9). A total nine number of PBMA patties were
assigned for sensory evaluation.

2.8. Statistical Analysis

The results of PBMA based on C-TVP and T-ISP content are represented as the mean
plus/minus standard error of the mean (SEM). The effect of main ingredients and concen-
tration of MC on the variation of proximate composition, physicochemical properties, and
visible appearance was described as mean and standard error of mean (SEM). Analysis of
variance (factorial ANOVA) was carried out using SPSS version 23 (IBM Corp., Armonk,
NY, USA). For multiple mean comparisons, the Tukey’s test was run at the level of 5%.

3. Results and Discussion
3.1. Proximate Analysis

The proximate composition of control and PBMA patties are presented in Table 2.
Moisture content prepared from a lower MC concentration (1.5%) was not statistically
different among treatments. However, control beef patties with a higher concentration of
MC (3–4%) expressing a higher moisture content than patties prepared from soy-based
C-TVP and T-ISP. The ability of MC in reducing the loss of moisture content was due to the
thermal gelation of MC. During heating, MC formed an adhesive layer, which acted as a
barrier to prevent moisture loss [22].

Table 2. Proximate chemical composition of plant-based meat and control (beef) with different concentration of methylcellulose.

Ingredient Beef (Control) C-TVP T-ISP
SEM P Ingre-

dient
P

Concen-
tration

P ing *
P Conc.Concentration 1.5% 3% 4% 1.5% 3% 4% 1.5% 3% 4%

Moisture 57.49
b,c,d 59.46 a,b 62.64 a 57.43

b,c,d 51.54 e,f 48.32 f 57.80 b,c 53.77 d,e 54.28
c,d,e 1.21 <0.001 0.026 <0.001

Protein 20.56 b 21.19 b 21.18 b 16.48 b 16.77 b 16.93 b 16.96 b 16.95 b 16.07
b 0.71 0.079 0.650 0.345

Fat 18.38 a 19.12 a 18.85 a 14.28 a 15.05 a 15.83 a 17.25 a 16.13 a 15.28
a 2.17 0.126 0.997 0.945

Ash 2.92 a,b 2.22 b 2.64 a,b 3.11 a 3.24 a 2.84 a,b 2.65 a,b 2.83 a,b 2.65
a,b 0.25 <0.001 0.857 0.831

Crude fibre 1.38 c 1.56 c 1.69 c 6.04a b 6.87 a 7.82 a 3.15 c 3.66 bc 3.70
b,c 0.90 <0.001 0.499 0.932

a–f Different superscript letters within the same row mean significantly different between treatments (p < 0.05). SEM: standard error of
mean; *: interaction between ingredient and concentration. C-TVP: Commercial texture vegetable protein; T-ISP: Texture isolate soy protein

The mechanism by which MC gelation is achieved between meat protein and plant-
based protein is still unclear. One standard theory is that when in solution, hydrophobic
methyl groups along the methylcellulose polymers are surrounded by cage-like structures
of water molecules [23]. With increasing temperature, the cage structure is disrupted, and
the polymers gradually lose their hydrated water. At the gelation point, polymers’ asso-
ciation occurs due to extensive hydrophobic associations between exposed hydrophobic
segments [24]. Elevated temperatures highly favor the hydrophobic associations, and
strong gels can form [25].

However, in the current study protein belongs to a heterogeneous mixture of different
sources. Therefore, purifying the protein following different sources will result in different
protein profiles, quality, and functionality [26]. The protein content of three types of patties’
varied significantly between various protein sources, with control (beef) indicated higher
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protein than PBMA patties. Although at any concentration of MC, there was no significant
difference detected between C-TVP and T-ISP.

Consequently, PBMA patties with different MC concentrations exhibit no major
(p > 0.05) difference in fat content among control (beef), C-TVP, and T-ISP respectively. It
has been reported that the fat content of plant-based meat is rationally varied as compared
to traditional patties [27], however, the fat content of the present study was within the
range of Bohrer [27]. Generally, meat analogs are considered low in fat and protein content;
however, the new generation of meat analogs products contain substantially greater fat and
protein content than traditional meat analog products [9]. Therefore, our argument regard-
ing the average level of fat and protein in meat analog was supported by Ahirwar et al. [28]
who described that ready-to-eat meat analog has a good percentage of protein and average
fat content manufactured from vegetable and cereal sources.

Irrespective with an application of different concentrations of MC or C-TVP and T-
ISP ash content showed no difference. As expected, fiber content for PBMA patties was
recorded higher than the control sample, with C-TVP represents the highest value. Similar
results were also reported by Bohrer [27] in modern meat analogs. The higher fiber in
PBMA patties was probably due to the plants and polysaccharides incorporated into the
plant-based patties recipe. The fibrous nature of meat alternatives gives good textural and
sensory sensation. Additionally, dietary fiber has been considered to play an essential role
in preventing large bowel disease, ischaemic heart disease, and diabetes mellitus [29].

3.2. Physicochemical Analysis

The physiochemical indicators, including pH and colorimetric evaluation, are given
in Table 3. There was a significant difference in pH between meat analogs and control (beef
patties). The lower pH value of control was likely due to the regular glycolytic changes
in meat [30]. However, C-TVP and T-ISP showed a pH of more than 6. The higher pH
of PBMA could be due to the slight alkalinity of TVP (pH 7.42–7.43) [31]. Consistent
with the current study, Bell and Shelef [32] recorded the pH of minced meat containing
vegetable protein had higher pH than as compared to control, while Ahmad et al. [33] also
determined that integration of soy protein isolate at 25% expressively increase the pH in
meat sausage, which is similar to the outcomes of the present study.

Table 3. Physiochemical characteristics of plant-based meat and control (beef) with different concentration of methylcellulose.

Ingredient Beef (Control) C-TVP T-ISP
SEM P Ingre-

dient
P

Concen-
tration

P ing *
P Conc.Concentration 1.5% 3% 4% 1.5% 3% 4% 1.5% 3% 4%

pH before 5.54 d 5.35 d 5.52 d 6.34 c 6.50 b,c 6.35 c 6.28 c 6.68 b 7.08 a 0.08 <0.001 0.002 <0.001
pH after 5.71 e 5.63 e,f 5.51 f 6.43 c 6.20 d 6.77 a,b 6.15 d 6.61 b 6.88 a 0.05 <0.001 <0.001 <0.001

L before 46.47 a 47.83 a 46.93 a 45.91 a 39.95 b 38.88 b,c 34.70 d 36.63
c,d 40.16 b 0.85 <0.001 0.456 <0.001

a before 17.83 a 16.05 b 16.25 b 12.39 d 14.09 c 11.68 d,e 12.94 c,d 10.83
e,f 9.90 f 0.41 <0.001 <0.001 0.001

b before 11.87 c,d 11.24 d 11.55 d 17.50 a 13.37 b,c 13.76 b 12.04 c,d 11.02 d 11.85
c,d 0.54 <0.001 0.001 0.011

L after 38.48 a 35.46 a,b 32.20
b,c,d 29.15 d 31.15 c,d 30.45 c,d 31.33 c,d 30.71

c,d
32.93

b,c 1.10 <0.001 0.470 0.009

a after 8.59 b,c 8.73 b,c 7.75 c 10.08 a,b 9.77 a,b 10.01 a,b 10.62 a 9.60 a,b 8.52 b,c 0.53 0.004 0.089 0.359

b after 11.36 a,b 12.34 a,b 10.19 a,b 14.30 a,b 12.89 a,b 11.49 a,b 15.61 a,b 12.60
a,b

15.56
a,b 1.57 0.061 0.539 0.476

a–f Different superscript letters within the same row mean significantly different between treatments (p < 0.05). SEM: standard error of
mean; *: interaction between ingredient and concentration. C-TVP: Commercial texture vegetable protein; T-ISP: Texture isolate soy protein.

Likewise, pH and calorimetric measurements are interconnected with each other.
The color coordinates are considered to be one of the essential physical properties in
determining consumer acceptance of the product. All patties tended to decrease in lightness
(L*) and redness (a*) after cooking. The results show that the control sample before cooking
was lighter and redder than PBMA patties (C-TVP and T-ISP). However, our results were
in contrast with the reported results of the literature on L* and a* values. Deliza et al. [34]
reported an increase in the textured soy protein concentration in beef patties increased the
L* values, but a* values were not statistically different. Hidayat et al. [35] also found a
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similar observation on the beef sausage. The variation of L* and a* values in the present
study compared to other studies could be due to the substitution of plant-based proteins
(100% substitution) in the formulation. The small globules from meat, such as water and
fat, can cause more light reflection, which will probably contribute to higher lightness [36].

The a* values of control before cooking were higher than C-TVP and T-ISP treatments
due to the myoglobin pigment in red meat. However, an increase in myoglobin denatu-
ration can be shown by the lower a* values after applying the heat treatment [37], which
in tandem with our result in Table 3. The cooking did not affect the redness values of
textured soybean protein incorporated samples [34]. Similar effects were noticed in the
raw and cooked samples incorporated with either C-TVP or T-ISP as described in Table 3.
The b* values of C-TVP and T-ISP before cooking were higher than control. The yellowish
coloration of PBMA patties can be associated with the yellow color of soy protein ingre-
dients. Subsequently, the yellowish-brown color initially, affecting the final products’ [9].
However, MC’s concentration at different percentages only plays a minor role in reducing
the b* values of raw and cooked patties.

In the current study, WHC is expressed in two parts, RW and CL, shown in Table 4. The
concentration of MC had a significant effect on the RW and CL. An increase in MC concen-
tration from 1.5% to 4.0% lowered the RW and CL in all treatments. These findings were
similar to the result reported by Hill and Prusa [38] for beef patties. They described that
cellulose hydrocolloids bind moisture in product formulation, and it can gel upon heating.
According to Hill and Prusa [38], surface moisture probably would not be affected by gum
addition; therefore, evaporative losses were not affected by treatment. Consequently, the
present data shows that MC’s incorporation did not increase cooked moisture content, but
it generally reduced total cook loss. Previously Arora et al. [3] proved that carrageenan and
xanthan gum types binding agents had a higher yield than protein-based binding agents.
At the same time, they concluded that WHC depends upon protein binding properties,
which consequently agreed with our results.

Table 4. Water-holding capacity and tenderness related measurement of plant-based meat and control (beef) with different
concentration of methylcellulose.

Ingredient Beef (Control) C-TVP T-ISP
SEM P Ingre-

dient
P

Concen-
tration

P ing *
P Conc.Concentration 1.5% 3% 4% 1.5% 3% 4% 1.5% 3% 4%

Release
water (%) 3.9 a 1.8b c,d 1.8 b,c,d 4.06 a 2.21 b,c 1.44 c,d 3.47 a 2.43 b 1.77 d 0.20 0.980 <0.001 0.044

Cooking
loss (%) 7.91 c,d 6.55 d,e,f 5.36 f 9.98 b 8.69 b,c 7.12d e 12.01 a 7.30

c,d,e 6.11 e,f 0.48 <0.001 <0.001 0005

WBSF (N) 3.6 b,c 3.80 b 4.26 a 2.14 f,g 2.74 e 3.20 d 2.41 e,f 2.41 e,f 3.29 c,d 0.12 <0.001 <0.001 0.044
Diameter

before 14.99 a,b 15.83 a,b 15.52 a,b 16.63 a,b 15.47 a,b 15.83 a,b 16.30 a,b 15.37
a,b

15.70
a,b 0.38 0.256 0.406 0.121

Diameter
after 11.59 d 12.30 c,d 12.81 c,d 14.96 a 13.57 b,c 15.16 a 15.08 a 14.29

a,b
14.81

a,b 0.41 <0.001 0.308 0.038

a–f Different superscript letters within the same row mean significantly different between treatments (p < 0.05). SEM: standard error of
mean; *: interaction between ingredient and concentration. C-TVP: Commercial texture vegetable protein; T-ISP: Texture isolate soy protein;
WBSF: Warner-Bratzler shear force.

Subsequently, WBSF for control represents the highest value, and there is no significant
difference between C-TVP and T-ISP treatments. The softer textural properties of C-TVP
and T-ISP affect their shear force values. Ruiz de Huidobro et al. [39] reported that shear
force value was significantly correlated to hardness, springiness, and chewiness. The
shear force in meat is a good measure of initial bite tenderness, which can cause changes
during the cooking process are related to heat-induced alteration of myofibrillar proteins
and connective tissue, as solubilizes the connective tissue leading to meat tenderization.
In contrast, the denaturation of myofibrillar proteins causes meat toughening [40]. The
finding of the current study aligns with the Danowska-Oziewicz [41], who detected lower
values shear force for the samples containing soy isolate protein as likened to control
(pork patties).

Diameter before and after cooking of control and PBMA patties are presented in Table
4. The degree of shrinkage (diameter after) was ranged from about 17.46–22.68% for control,
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4.23–12.28% for C-TVP, and 3.64–8.98% for T-ISP. Control represents higher shrinkage due to
the connective tissue denaturation and fluid (moisture and fat) loss Table 4. The substitution
with plant-based protein reduces the shrinkage markedly in T-ISP, although no difference
to C-TVP. According to Gujral et al. [42] the addition of fibers and non-meat protein
ingredients may reduce diameter shrinkage and weight loss. Similarly, in the current study,
the increase in MC concentration (4%) decreases shrinkage of all patties (control: 17.46%,
TVP: 4.23%, and T-ISP: 3.64%).

3.3. Visible Appearance

The external and internal appearance of meat analogs before and after cooking has
been presented in Figure 2. The external appearance before cooking showed no difference
in observation at different concentrations of MC. However, MC’s effect can be seen after
thermal treatment, in which the higher concentration (4%) can maintain the structure
of patties. MC is essentially incorporated in some modern meat analog due to product
consistency and binds all ingredients together to be more intact and stable [9]. MC is a
useful binder, especially on the meat analog that does not require pre-heat for gel formation
due to its unique thermal gelling and right emulsifier properties [43].

Foods 2021, 10, x FOR PEER REVIEW 9 of 15 
 

 

TVP and T-ISP affect their shear force values. Ruiz de Huidobro et al. [39] reported that 
shear force value was significantly correlated to hardness, springiness, and chewiness. 
The shear force in meat is a good measure of initial bite tenderness, which can cause 
changes during the cooking process are related to heat-induced alteration of myofibrillar 
proteins and connective tissue, as solubilizes the connective tissue leading to meat tender-
ization. In contrast, the denaturation of myofibrillar proteins causes meat toughening [40]. 
The finding of the current study aligns with the Danowska-Oziewicz [41], who detected 
lower values shear force for the samples containing soy isolate protein as likened to con-
trol (pork patties).  

Diameter before and after cooking of control and PBMA patties are presented in Ta-
ble 4. The degree of shrinkage (diameter after) was ranged from about 17.46–22.68% for 
control, 4.23–12.28% for C-TVP, and 3.64–8.98% for T-ISP. Control represents higher 
shrinkage due to the connective tissue denaturation and fluid (moisture and fat) loss Table 
4. The substitution with plant-based protein reduces the shrinkage markedly in T-ISP, alt-
hough no difference to C-TVP. According to Gujral et al. [42] the addition of fibers and 
non-meat protein ingredients may reduce diameter shrinkage and weight loss. Similarly, 
in the current study, the increase in MC concentration (4%) decreases shrinkage of all pat-
ties (control: 17.46%, TVP: 4.23%, and T-ISP: 3.64%). 

3.3. Visible Appearance 
The external and internal appearance of meat analogs before and after cooking has 

been presented in Figure 2. The external appearance before cooking showed no difference 
in observation at different concentrations of MC. However, MC’s effect can be seen after 
thermal treatment, in which the higher concentration (4%) can maintain the structure of 
patties. MC is essentially incorporated in some modern meat analog due to product con-
sistency and binds all ingredients together to be more intact and stable [9]. MC is a useful 
binder, especially on the meat analog that does not require pre-heat for gel formation due 
to its unique thermal gelling and right emulsifier properties [43].  

. 

Figure 2. The external-internal appearance of cooked and uncooked plant-based meat patties. Figure 2. The external-internal appearance of cooked and uncooked plant-based meat patties.

The drawback of using TVP and T-ISP is that we can see the patties’ surface’s granular
appearance. The internal appearance of all patties appeared more homogenous and
cohesive with a higher concentration of MC. This proved that the addition of MC could
bind well all the ingredients. The interior of C-TVP and T-ISP patties show a rough with
intact and no crack appearance. Nevertheless, the interior of C-TVP shows more finely
structure than T-ISP patties. The probable reason could be due to adequate hydration of
C-TVP during the preparation of the dough. Earlier, MC’s phenomena as a binder have
been reported, which confirmed that MC helps maintain product shape and firm texture in
various commercially available products, i.e., impossible burgers and beyond burgers [27].
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3.4. Texture Profile Analysis

The textural properties are crucial for developing meatless patties because in meat
analog’s texture is an essential factor in mimicking the organoleptic taste of muscle. Figure 2
illustrates the textural parameters, including hardness, chewiness, gumminess cohesiveness,
and meat analogs’ springiness with different concentrations of MC%. The hardness,
chewiness, and gumminess of control were significantly higher in comparison to C-TVP and
T-ISP. The higher hardness in control was expected due to the muscle proteins denaturation
phenomenon, which led to hardness in the meat system [19]. It is evident from the shrinkage
percentage shown in Table 4, whereby meat protein has a higher degree of shrinkage than
plant-based proteins. An increase in MC concentration from 1.5% to 4% increases ‘hardness
of all patties. The current result was consistent with the results reported by Arora et al. [3],
who described that when the binding agent increased, the hardness, chewiness, gumminess,
and compression values increased proportionally. Similarly, Ayadi et al. [44] reported that
incorporating carrageenan at higher concentration (0.5% to 1.5%) increased hardness of
sausage products. The reason for lower hardness values in TVP and T-ISP treatments
were due to extensive hydration of textured protein with water at the early stage of the
processing phase, ultimately causes the PBMA patties to be softer. According to, Ruiz de
Huidobro et al. [39] hardness, chewiness, and springiness are instrumental parameters for
assessing meat texture.

However, in the present study, only springiness values of PBMA patties (TVP and T-
ISP) showing marginally or no difference to the control. The hardness and chewiness values
were showed a substantial difference between treatments and control. As we mentioned
earlier (introduction), to mimic conventional beef patties’ textural properties is the most
challenging part in the development of meat analogs.
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soy isolate protein and different methylcellulose concentrations. (A) Hardness (N); (B) Chewiness 
(mJ); (C) Gumminess (N); (D) Cohesiveness; (E) Springiness (mm). Those are just different concen-
trations of MC (Methylcellulose) and the concentration is there on the top right  
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Figure 2. The texture profile analysis (TPA) parameters of plant-based meat on the type of texture soy isolate protein and
different methylcellulose concentrations. (A) Hardness (N); (B) Chewiness (mJ); (C) Gumminess (N); (D) Cohesiveness;
(E) Springiness (mm). Those are just different concentrations of MC (Methylcellulose) and the concentration is there on the
top right.

3.5. Sensory Evaluation

Sensory parameters are a chief concern for the development of PBMA patties using
MC as a binder. The sensory traits for control (beef), C-TVP and T-ISP are presented in
Figure 3. Based on the percentage of MC, the control patties expressing higher values in
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4% MC for shape, firmness and color, although panelists scored higher, appearance and
overall acceptability with 1.5% MC respectively. C-TVP patties obtained the highest score
for appearance, shape, firmness, color and overall acceptability with 3% and 4% of MC
concentration. Though, T-ISP samples incorporating 3% MC performed well than 1.5%
and 4% MC concentration. The subjective evaluation demonstrated a clear preference
towards 3% MC in PBMA patties (C-TV and T-ISP). Samples with the integration of 1.5
and 4% of MC were the least preferred on sensory evaluation basis. In contrast to our
study, Imkyung et al. [45] described that with hydroxypropyl methylcellulose application
as an animal fat replacer for meat patties, there is no significant difference in color, flavor
and taste; however, tenderness, juiciness and overall acceptability show a statistically
significant difference.
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lulose percentage.

Based on previous literature, it has been reported that the application of water alone in
ground beef patties in control without methylcellulose and hydroxypropyl methylcellulose
did not satisfy the sensory panel; they further reported that color and aroma of ground
patties were least affected by the application of methylcellulose [46]. The vast variability
of PBMA patties as compared to control could be due to plant-derived proteins (soy and
wheat protein) in meat analogs expressing more elastic, rubbery and chewy sensation and
poor mouth feel due to their agglomeration properties.

Moreover, previous literature confirmed that incorporating a different type of soy
family (soy paste, soy protein isolate or texture soy protein) generates a unique beany
essence in meat products and downgrade sensory scores [41]. Remarkably, in the current
study, no beany essence was noticed. The possible reason might be due to various types
of plant-based ingredients (Table 1) used to mask the beany flavor in PBMA patties suc-
cessfully. Furthermore, due to natural differences between muscle and plant materials, i.e.,
structure and size of protein molecules, amino acid composition, peptide sequence, and
the chemical composition of both intracellular and extracellular materials, it is difficult to
reproduce the complex and delicate sensory profile of animal meat products.
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4. Conclusions

The present study assessed the physicochemical, textural, and sensory properties
of PBMA patties with two types of texturized soy isolate protein (C-TVP and T-ISP)
and incorporation of different concentrations of binding agent (MC). The addition of
MC significantly affected the quality characteristics of C-TVP and T-ISP-based PBMA
patties. C-TVP with 3% MC showed promising results, with adequate physicochemical,
textural parameters, and with satisfactory patty visible appearance, thereby improving the
comprehensive process yield compared to T-ISP. Although samples with 4% MC also exhibit
similar results compared to 3 % MC, they failed to satisfy the sensory panelist in C-TVP
and T-ISP. Using beef as a control, it can be concluded that C-TVP with a 3% MC (binding
agent) is recommended to prepare acceptable PBMA patties with good physicochemical,
textural, and sensory acceptability.
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Abstract: Coffee Silver Skin (CSS) is the unique by-product discarded after the roasting of coffee
beans. This research aimed to evaluate the effect of two levels of CSS (1.5% and 3%) added as a
natural ingredient in new formulations of chicken meat burgers. This is one of the first studies
proposing a “formulation approach” to control the emergence of off flavours after meat cooking.
Physical, chemical, and sensory analyses were carried out, within the CSS content and the evolution
of volatile organic compounds in different samples. Newly formulated chicken burgers could limit
food waste, while also becoming a source of fibres, minerals, and bioactive molecules. CSS limited
weight losses (after cooking process) to 10.50% (1.5% addition) and 11.05% (3% addition), significantly
lower (p < 0.01) than the control (23.85%). In cooked burgers, the occurrence of hexanal was reduced
from 55.1% (CTRL T0) to 11.7% (CSS T0 1.5%) to 0 (CSS T0 3%). As for the limitation of off-flavours,
CSS also showed good activity, contrasting with the emergence of octanal, alcohols and other markers
of lipid oxidation. From the sensory test carried out, the volatile profile of CSS does not seem to
impair the flavour of burgers, though at higher percentages hydrocarbons and pyrazines are traceable.
The thiobarbituric acid reactive substances (TBARS assay confirmed the protective effect of CSS
against oxidation.

Keywords: coffee by-products; chicken burger; meat formulation; cooking yield; volatile compounds;
warmed off-flavours

1. Introduction

Minimally processed raw by-products are available in large quantities and their re-
utilization might be enhanced to recover bioactive compounds, on top of their promising
technological properties [1]. Many valuable molecules such as phenolic acids, carotenoids,
and flavonoids can mitigate oxidation occurrence, so there is an increased demand for new
methods and technologies to recover and use these [2]. Many publications attest the positive
role of by-products’ addition in meat formulations to limit oxidation occurrence [3,4].

Oswell et al. [5] explain how some unprocessed food components can help reducing
the list of ingredients of a formulation, supporting trends towards the clean and green
label. In fact, many by-products have technological properties, acting as additives and
ingredients [6].

Coffee Silver Skin (CSS) is a thin layer tightly adherent to coffee seeds, present in all
coffee species and impossible to separate when seeds are unroasted [7]. Among all the
by-products of the coffee industry, CSS is unique in being discarded immediately after the
roasting step [8].

Common features of CSS are high content in fibres (both soluble and insoluble), in
minerals such as Calcium and Potassium, and in capability as an adsorbing material [2].

To our knowledge, there are no studies of the inclusion of untreated coffee silver skin
(CSS) in meat-based foods such as chicken products. It is well known that poultry meat is
easily oxidised; its content of monounsaturated fatty acids (MUFAs) and polyunsaturated
fatty acids (PUFAs) (including phospholipids that are distributed in muscles and cellular
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membranes) make it the elective substrate for lipid oxidation [3]. Feeding of animals
is responsible for many qualitative characteristics of meat, progressing to the eventual
development of off-flavours (after slaughtering) [9,10]. In chicken products, clove, oregano,
thyme, and sage were successfully used as natural substitutes of synthetic antioxidants [11].
Kim et al. [12] used residues of coffee brewing (spent coffee) as antioxidants against meat
oxidation in raw and cooked samples. Recently Delgado-Ospina et al. [13] added cocoa pod
husk flour, discovering an interesting application for quality improvement of frankfurters.
Cooked and refrigerated meat products develop undesired rancidity and a great variety of
off flavours known as warmed over flavours (WOF). These defects can also come about
by heating ready to eat foods or high-processed meat-based items and can be present in
many products where food remains exposed to light, oxygen, and heat for a long time
(canteens, fast food outlets, collective restaurants). In the study by Lungu et al. [14], most
respondents affirmed exposure to WOF defective foods, especially ready to eat meats;
moreover, besides the reduced sensory quality, respondents confirmed a preference for
defective foods due to their lower cost. The development of WOFs does not impair food
safety, but a high oxidation rate affects the nutritional profile; therefore a huge quantity of
safe food is discarded daily due to detrimental sensory defects.

In this scenario, the present research investigated the chemical and physical properties
of CSS against oxidative phenomena after the cooking of chicken burgers. This study
points to the nutritional advantages of including CSS as a new ingredient for chicken
burger recipes, while testing some technological functionalities. Lastly, we were able to
evaluate the role of CSS on the shelf life of refrigerated cooked burger, focusing on the
spreading of WOF and oxidation markers along with an analysis of the volatile compounds
and a sensory test with trained panellists.

2. Materials and Methods
2.1. Coffee Silver Skin

Coffee silver skin (CSS) was received from the toasting plant Marcafè Torrefazione
Adriatica s.p.a. (Giulianova, Italy). After 10 cycles of roasting (10 × 240 kg of roasted
coffee), 3.3 kg of CSS were recovered. CSS used for this experiment was a blend of 5 arabica
varieties (Coffea arabica) (India Arabica, India Cherry, Vietnam, India Mysore, and India
Caracolito) and 5 robusta varieties (Coffea canephora) (India Parchment, Santos, Uganda
CRV 18, Uganda CRV 17, Togo). CSS was ground at 10,200 rpm for 1 min (Bimby®, mod.
TM 31, Wuppertal, Germany) until arriving at a particle size of 125–250 µm. Then, physical,
and chemical analyses were carried out. CSS was kept frozen at −20 ◦C until analysis.
Qualitative analyses were carried out and results were reported in our previous study [2].

2.2. Preparation of Burgers

Chicken breast fillets were purchased on the market (antibiotic-free, genetically modi-
fied organism-free diet, and high welfare/partial free range system meat).

Chicken burgers were obtained from 1 kg of fresh breast fillets with the addition of
1.4% salt and 5.0% water. These ingredients were cut and mixed for 2 min at 1800 rpm with
Bimby® mixer (Wuppertal, Germany), mod. TM 31, to obtain a perfectly homogenised blend.

From the whole mixture (meat, water, and salt) 3 batches were obtained: control,
without any addition of coffee silver skin (CTRL), coffee silver skin addition of +1.5% (CSS
1.5%) and coffee silver skin addition of +3.0% (CSS 3.0%). CSS was added by mixing for
30 s at 500 rpm.

8 burgers (45 g each approximately) were prepared for each experimental batch
(Figure 1).
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Figure 1. Uncooked burgers of the three experimental batches: (a) control (CTRL) without CSS
additions; (b) with addition of +1.5% of coffee silver skin (CSS 1.5%); (c) with +3.0% of coffee silver
skin (CSS 3.0%).

Then, burgers were cooked on an electrical griddle Bosch (München, Germany), mod.
TFB4431V, potency 2000 W for 4 min until reaching an internal temperature of 90–92 ◦C.
Cooked burgers are shown in Figure 2. After cooking, some burgers were eaten during
the panel test, and others were left singularly covered with a plastic oxygen permeable
film at +4 ◦C for 72 and 120 h. The utilization of this covering film was chosen to allow
the permeability of O2 and thus the spreading of WOFs and other products of oxidation.
Moreover, this condition is the closest to what can happen to consumers at home. The trial
was replicated on another two independent occasions.
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Figure 2. Cooked burgers of the three experimental batches: (a) control (CTRL); (b) with addition of
+1.5% of coffee silver skin (CSS 1.5%); (c) with +3.0% of coffee silver skin (CSS 3.0%).

2.3. Physico-Chemical, Colour, and Compositional Analyses

The values of water activity (aw) were obtained with the Aqualab 4 TE kit (Court
Pullman, WA, USA). Values of pH were taken with a pH meter (model 3510, Jenway, Stone,
UK). All values were measured in triplicate.

Colour was determined in different locations of burger samples by a colorimeter CR-5
(Spectrally based, Konica Minolta, Tokyo, Japan) with D65 light source and observer 10◦.
Colour was expressed as L* (lightness, intensity of white colour), a* (+a, red; −a, green) and
b* (+b, yellow; −b, blue) values. Samples were measured in triplicate and at least fifteen
measurements were obtained for each batch. To better define the final color observed, the
saturation index (chroma, C*) was calculated according to Formula (1).

C* = (a*2 + b*2)1/2 (1)

Proximate analysis on moisture, proteins, and ashes was obtained following the
Association of Official Analytical Chemists procedure [15]. Total lipids were measured
using a modification of the chloroform to methanol procedure described by Folch et al. [16].

The determination of such micronutrients as calcium, potassium, and total dietary
fibers (TDF) was performed by calculating their presence in a 45 g burger at different

43



Foods 2021, 10, 1833

formulations; the estimation of Ca, K, and TDF accounts of the values found in our
previous work on the characterization of CSS [2]. Quantities found refer to the presence of
a defined element and not on bioavailability. We used easy proportions to find percentages.

Here, as example, we propose the calculation used for the calcium determination (2),
(3) in 1.5% CSS formulation:

546.5 mg:100 g = 3.3 g:x (2)

x =
(546.5 mg ∗ 100 g)

3.3 g
= 16.54 mg (3)

where 546.5 mg is the Ca content in 100 g of CSS, 3.3 g is the amount of CSS in a 45 g burger,
and 16.54 mg is the intake of Ca in a 45 g burger formulated with 1.5% of CSS.

2.4. Cooking Yield

The cooking yield parameter is a useful and practical tool to easily calculate the
quantity of meat available for consumption after the cooking process. Uncooked samples
were prepared and weighted singularly, then underwent the established cooking process
and weighed again. This formula was used to arrive at the result (4)

100 −
(
(raw burger weight − cooked burger weight)

(raw burger weight)
× 100

)
(4)

2.5. Thiobarbituric Acid Reacting Substances (TBARS) Assay

A thiobarbituric reactant species test was carried out following the methods of
Soyer et al. [17] with some modifications. Raw meat (25 g) was ground in 125 mL of
pure water for 2 min to homogenise the mixture. From this, 5 mL were filtered and trans-
ferred in falcon tubes (15 mL) with 3 mL of a solution containing trichloroacetic acid (15%,
w/v) and thiobarbituric acid (80 mM) in HCl 0.25 N. Samples underwent a centrifuga-
tion step (2000 rpm for 5 min) to precipitate proteins. After centrifugation, 3 mL were
transferred in tapped glass tubes and kept at 40 ◦C for 90 min.

Samples obtained were read at 532 nm with a spectrophotometer UV-VIS (Jenway,
Stone, UK) after a further filtration with filters 0.45 µm. All samples were read in double,
and data were expressed as mean ± standard deviation.

The calibration curve was obtained by using a 1,1,3,3-tetraetoxypropane (Sigma-Aldrich,
St. Louis, MO, USA, ≥96%) in methanol, at a concentration range of 0.625–20 µM.

2.6. Volatile Compounds (VOCs)

The experimental plan was designed to have triplicate samples of each formulation
of T0 cooked samples, T72 and T120 samples. Cooked samples T0 were immediately
chopped and put in glassy vials of 20 mL capacity (Perkin Elmer, Waltham, MA, USA)
with approximately 3 g of meat each, tightly closed and stocked at −40 ◦C, assuring the
highest headspace, until gas chromatograph mass spectrometer (GC-MS) analysis. GC-MS
analysis was performed with a gas chromatograph (Clarus 580, Perkin Elmer, Waltham,
MA, USA) coupled with a mass spectrometer (SQ8S, Perkin Elmer Waltham, MA, USA).
Other samples were left in refrigerated conditions for the time required to obtain T72 and
T120, then carefully chopped and stocked in 20 mL vials at −40 ◦C, until GC-MS analysis.

The GC-MS analysis followed the method proposed by Qi et al. [18] with some
modifications. Vials were left for 1 h at room temperature, then put in a water bath
at 50 ◦C for 20 min. Volatiles from meat were extracted with a headspace solid phase
microextraction fibre (SPME 65 µm Polydimethylsiloxane/Divinylbenzene (PDMS/DVB);
Supelco, Bellofonte, PA, USA) and collected for 30 min at 40 ◦C, then inserted into the
GC injector and desorbed for 3 min at 250 ◦C. Volatile compounds were separated on a
Capillary GC column ZB- Semi Volatiles (30 m length, 0.25 mm internal diameter, 0.25 µm
film thickness: Phenomenex, Torrance, CA, USA). The oven temperature was maintained
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for 3 min at 40 ◦C, increased at 3 ◦C/min to 70 ◦C, then at 5 ◦C/min to 180 ◦C, then at
10 ◦C/min to 260 ◦C, and maintained for 5 min at 260 ◦C. Helium was the carrier gas with
a constant flow of 1 mL/min. The mass-selective detector was operated in the electron
impact mode (70 eV) and full scan mode (35–500 m/z range). The identification was
performed using the National Institute of Standards and Technology mass spectral library
(NIST Mass Spectral library, Search Program version 2.0, National Institute of Standards
and Technology, U.S. Department of Commerce, Gaithersburg, MD, USA).

2.7. Descriptive Sensory Analysis of WOF Assessment, Rancidity and Extraneous Flavours

Chicken burger samples were evaluated for four classes of descriptors grouped as:
odour, flavour, taste, and aftertaste [19]. The vocabulary used for descriptors comes from
the review of recent literature about rancidity and warmed off-flavours (WOF) assessment
in meat products [20–24].

A panel group of six women and two men from twenty to fifty years old was trained
for evaluation of quality assessment of meat burgers. After their recruitment, panellists
were screened for their ability to distinguish odours and tastes, then were trained for
vocabulary development through a series of triangular tests (ISO), 8586:2012 [25]. Training
duration was 80 h, including familiarization with relevant descriptive terms and ways of
perceiving the selection and quantification of the sensory characteristics of cooked meat, as
well as the use of intensity scales (ISO) 4121:2003 [26].

Panellists were asked to taste cooked burgers (T0) and cooked burgers refrigerated
at +4 ◦C for 72 h. Samples of 120 h at +4 ◦C were not tasted to avoid any microbial
contamination. A hot bath at 72 ◦C was used to heat up to the core temperature of 70 ◦C.
Panellists were provided with individual templates, where descriptors were grouped per
section. They used a scale from 1 to 5 where 1 meant the absence of the attribute while 5 the
maximum rate. Pie shaped pieces of warm burgers were quickly served to panellists trying
to maintain the temperature between 70 and 60 ◦C as recommended by [27]. Samples were
codified with random numbers to avoid external influences on liking rating of panellists.
Meat pieces were served on white plates. All sensory tests and training sessions were
carried out in the sensory laboratory of the University of Teramo that fulfils the required
standards for these analyses according to (ISO) 8589:2007 [28].

2.8. Statistical Analysis

All determinations were done in triplicate. Means and relative standard deviations
were calculated. Analysis of variance (ANOVA) was performed to test the significance of
the effects of the factor variables (formulation, time of storage); differences among means
were separated by the least significant differences (LSD) test.

Statistical analysis of data was performed using XLSTAT software version 2019.1 for
Microsoft Excel (Addinsoft, New York, NY, USA). All results were considered statistically
significant at p < 0.05.

3. Results and Discussion

Results of qualitative characteristics (proximate composition, colour, pH, aw) of un-
cooked and immediately cooked burgers are shown and discussed in the first section,
highlighting significant differences among treatments. Data shown and discussed in the
second section (TBARS, VOCs, sensory analysis) evidence the significant differences be-
tween sampling times with respect to the oxidative phenomena occurred in the refrigerated
cooked chicken burger samples.

3.1. Effect of CSS on the Qualitative Characteristics of Burger Samples
3.1.1. Compositive Characteristics

Results from proximate compositional analyses of meat are shown in Table 1 (un-
cooked burgers); data agree with the literature [29,30]. Generally, macro-elements checked
do not change so much. Moisture, proteins, and lipids remained at around their normal

45



Foods 2021, 10, 1833

values; ashes had a small significant increase reaching the highest point of 2.69% for 3%
CSS sample. TDF for samples (calculated as reported in Section 2.3) are 1.70% and 3.40%,
for 1.5% and 3% CSS, respectively.

Table 1. Proximate composition (mean ± standard deviation, SD) of raw burger samples (before
cooking): control (CTRL), with addition of +1.5% of coffee silver skin (CSS 1.5%) and +3.0% of coffee
silver skin (CSS 3.0%).

Sample Moisture (%) Proteins (%) Lipids (%) Ashes (%)

CTRL 74.56 ± 0.05 19.72 ± 0.05 2.48 ± 0.01 1.97 a ± 0.01
CSS 1.5% 74.14 ± 0.03 20.01 ± 0.23 2.74 ± 0.02 2.11 b ± 0.01
CSS 3% 73.39 ± 0.05 19.62 ± 0.05 2.69 ± 0.01 2.69 c ± 0.01

sign. n.s. n.s. n.s. **
Legend: data followed by different superscript letters, in the same column, are significantly different (least
significant difference (LSD) test, p < 0.05); asterisks indicate significance at ** p < 0.01, n.s. not significant.

pH of breast fillets used for the burger production was 5.93 ± 0.04, not differing with
reported values which indicate values around 5.89–6.00 [31]. Formulated burgers (un-
cooked and cooked) registered pH values, shown in Table 2, in line with other sources [32].
Cooked burgers had similar pH and aw values.

Table 2. Results (mean ± SD) of pH, water activity (aw) values and cooking yield (%) in burger
samples (CTRL, control; CSS 1.5% and CSS 3.0%, with +1.5% and +3.0% of coffee silver skin as
ingredient, respectively).

pH Uncooked pH Cooked aw Cooked Cooking Yield %

CTRL 5.82 ± 0.03 6.10 ± 0.03 0.985 ± 0.0013 76.15 a ± 0.58
CSS 1.5% 5.75 ± 0.01 6.06 ± 0.01 0.986 ± 0.0016 89.5 b ± 0.36
CSS 3% 5.75 ± 0.01 6.02 ± 0.01 0.986 ± 0.0007 88.95 b ± 0.52

sign. n.s. n.s. n.s. **
Legend: data followed by different superscript letters, in the same column, are significantly different (LSD test,
p < 0.05); asterisks indicate significance at ** p < 0.01; n.s. not significant.

In eating a newly formulated burger (45 g) with a CSS inclusion of 1.5%, 16.54 mg of
calcium and 65.7 mg of potassium can be assumed. Harvard Health Publishing in 2019
reviewed the daily intake of calcium for women between 50 and 71 years old fixing this at
1200 mg [33]. The same value was established by the National Institute of Health (NIH)
which also defines limits [34] for men at 1000 mg. Potassium was fixed at 3400 mg and
2600 mg for males and females from 19 to 50 years old, respectively.

For marketing within the European Union (EU), it is very important to define whether
by-products, such as CSS, need to obtain an approval as ingredient for novel foods [34],
with special reference to legal status within the EU and potential options for producers to
obtain approval according to Novel Food [35–37].

3.1.2. Cooking Yield

The cooking yield allows calculation of how much water and fats a food item loses
after a cooking process. The US Department of Agriculture (USDA) in 2014 [38] released a
table of cooking yield and retention factors for many meat products. These factors can be
used to calculate nutritional values where analytical data for cooked foods are unavailable.
Obviously, meat represents an important class of cooked foods and in this way the cooking
yield covers an important aspect. Beside this, the cooking yield parameter tells us how
much in terms of weight a formulation has lost, and this is also an index of profitability.

Table 2 shows that the addition of coffee by-product allowed an increase in cooking
yield (%) in respect to the control. While the control lost 23.85% of its initial weight,
CSS addition limited this loss to just 10.50% (+1.5% CSS addition) and 11.06% (+3% CSS
addition). This trait of CSS comes from good water holding capacity (WHC) and oil holding
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capacity (OHC).For CSS, values of WHC 5.11 ± 0.20 and 5.5 ± 0.2 were found; for OHC,
these were 4.72 ± 0.10 and 4.8 ± 0.2 [39–43]. The increased cooking yield also marked a
significant difference (p < 0.01) between CTRL and CSS added burgers, while burgers with
CSS, at both percentages, were similar as regards cooking yield.

Losses are limited even with little addition, registering a high capacity and a possible
increase in economical revenue.

3.1.3. Colour

Breast fillets used to formulate burgers had a value L* of 45.91, on average according
to Ziober et al. [43], L* > 53 denoted pale soft exudative (PSE), L* < 44 is analogous to
dark firm dry (DFD), and 44 ≤ L* ≤ 53 is normal meat. Colour values of burgers are in
line with what Longato et al. [4] have found in their study on chicken burgers with the
addition of hazelnut skin; their results on uncooked (control) samples are L* a* b* values of
53.83 ± 4.48, 0.30 ± 0.69, 9.12 ± 1.8, and 64.98 ± 2.55, 1.64 ± 0.55, 15.48 ± 1.15 for cooked
burgers. Data on the colour determination (uncooked and cooked samples) are reported in
Table 3.

Table 3. Colour values (mean ± SD) of L* (lightness), a* (redness), b* (yellowness), and C* (chroma) for uncooked burgers
and cooked burgers, in control (CTRL) and in samples with +1.5% (CSS 1.5%) and +3.0% (CSS 3.0%) of coffee silver skin
as ingredient.

Uncooked Samples L* a* b* C*

CTRL 45.91 ± 0.18 a 0.28 ± 0.11 b 10.95 ± 0.53 10.96 ± 0.53 b

CSS 1.5% 32.83 ± 1.33 b 3.81 ± 1.21 a 13.74 ± 1.58 15.42 ± 1.82 a

CSS 3% 29.40 ± 0.71 c 4.96 ± 0.83 a 14.60 ± 0.31 14.28 ± 0.52 a

sign. ** ** n.s. *

Cooked Samples

CTRL 56.12 ± 0.76 a 1.18 ± 0.77 16.75 ± 0.49 a 16.80 ± 1.08 a

CSS 1.5% 47.35 ± 0.44 b 2.25 ± 0.60 10.94 ± 0.36 b 11.17 ± 0.42 b

CSS 3% 43.54 ± 0.27 b 2.83 ± 0.60 12.05 ± 0.40 b 12.38 ± 1.22 b

sign. * n.s. ** **

Legend: data followed by different superscript letters, in the same column, are significantly different (LSD test, p < 0.05); asterisks indicate
significance at * p <0.05; ** p < 0.01; n.s. not significant.

CSS is easily reducible to a fine crumb and this determined a uniform distribution.
Burgers with CSS are in fact darker, more yellow, and redder with respect to the control.
Unfortunately, no studies are available to compare these data. Chroma (C*) values for
uncooked and cooked chicken burgers were searched by de Oliveira et al. [44], who added
chia seeds to a blend of breast and thigh chicken skinless meat and pork backfat. They
reported levels of 14.0 ± 4.8 (raw samples), and 16.8 ± 2.4 (grilled samples). As in our case,
burgers were darker than control. Conversely, their data do not show higher saturation.
C* values of burgers here analysed are shown in Table 3. Generally, the addition of
CSS increased the C* value meaning a higher saturation and, thus, a more vivid colour
after cooking.

3.2. Effect of CSS on the Shelf Life of Cooked Chicken Burger Samples
3.2.1. Thiobarbituric Acid Reacting Substances (TBARS) Test

The TBARS values of cooked samples are presented in Figure 3. Generally, over time
TBARS values increase in all the cases, but the CTRL set showed significantly higher values
immediately after cooking (p < 0.05), as well as a statistically significant increase during
the refrigerated storage (p < 0.05). In all burgers with CSS, TBARS mean values were lower
than the acceptance limit of TBARS for rancidity (1.0 mg MDA(Malondialdehyde)/kg) [45]
until 72 h; after 120 h CSS3% showed a TBARS mean value near to the critical content,
while this limit was exceeded in all samples without CSS.
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Figure 3. Results of Thiobarbituric acid reacting substances (TBARS) test, expressed as malon-
dialdehyde (mg MDA kg−1) in control (CTRL) and burgers formulated with CSS (1.5% and 3%,
respectively), immediately after cooking (T0) and after refrigerated storage (at 4 ◦C, for 72 and 120 h,
T72 and T120 respectively). Results are expressed as means ± standard deviations. Different lowercase
letters indicate significant differences (p < 0.05) among storage time of each batch; different uppercase
letters indicate significant differences (p < 0.05) among different batches, at same storage time.

The TBARS test is helpful for a first screening of the oxidation rate of a food, but it
does not discriminate which kind of oxidation is occurring. We cannot be sure if what is
observed with this assay comes from lipid oxidation itself, or if proteins too have taken part
in the process and are the principal cause starting the reactions. As is known, chicken meat
is poor in lipids that are mainly unsaturated fatty acids which are the elective substrate for
the oxidation. Moreover, [46] have searched for the lipidic profile of CSS and their results
show a small content of lipids, which are mainly saturated fatty acids (SFAs). So, one
could refer all the defective odours and tastes to the lipidic oxidation complex of reactions.
Unfortunately, the oxidation process is very unstable and sometimes unpredictable. Besides
lipids, proteins and iron ions boost the process within other factors (rise in temperature,
oxygen and light exposure, salt addition, etc.) making TBARS not such an affordable
method to establish the lipidic oxidative status of a food [47,48].

Anyway, from our results we can imagine that the contribution of CSS to the global
oxidation burgers and its lipids increment are almost zero, while its protective effect seems
to be promising. This may depend on the high content in phenolic and bioactive species.

3.2.2. Volatile Compounds (VOCs) and Warmed Off-Flavours (WOF) in Chicken Burgers

Among analyses used in this work, GC-MS analysis was used to trace markers of
oxidation as a more reliable method than TBARS or any other faster, but less accurate,
method. Results show a complex profile of compounds emerging from oxidative phe-
nomena, Maillard reaction occurrence, and by-products addition. Table 4 contains all the
volatile compounds found in CSS-containing samples. Data depicted refer to T0 and T72
samples. Chromatograms are shown as Supplementary Material (Figures S1–S3).
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According to Chen et al. [49], most of the typical odorants from cooked chicken meat
are caused by phospholipids oxidation/degradation that led to the formation of long-
chain aldehydes such as hexanal, (Z)-2-decenal and (E)-2-decenal. In any case, even if
responsible for WOF development, these aldehydes are key aroma compounds of freshly
cooked chicken meat. CSS samples showed these classes even if ketones and esters were
not found. T0 1.5% added samples had hydrocarbons as the first class traced, followed by
aldehydes, nitrogen containing compounds and alcohols. T0 3% added samples showed
aldehydes at first place followed by Nitrogen containing compounds, alcohols, hydro-
carbons, and other compounds. T72 containing 1.5% of CSS showed nitrogen containing
compounds, hydrocarbons, other compounds, aldehydes, alcohols, and ketones, while
3% addition showed aldehydes, hydrocarbons, alcohols, other compounds, and Nitrogen
containing compounds.

In general, patties tested in this study, especially CTRL, seem to have a small com-
pounds presence if compared with other articles [50–52]. To our knowledge, this is one
of the first studies where cooking conditions did not pass 92 ◦C and were not prolonged
for more than four minutes. These conditions were selected to best simulate domestic
conditions using an electric device set at medium cooking heat. Most studies on chicken
meat burgers have tested grilled or oven-cooked patties. Other references on chicken
meat evaluated entire boiled or roasted chicken. This is a fundamental step in explaining,
for example, the absence of sulphur containing volatiles. In line with findings of other
researchers [53], these compounds come from the interaction among Maillard reaction
compounds and lipid oxidation products. Thus, quick cooking processes, medium/low
heating, or their combination seem not to favour this interaction. These settings did not
allow the development of traceable Maillard reaction products (desired and undesired).
T72 (CTRL) samples showed an increase in concentration of hexanal, the emergence of
heptanal, some alcohols such as 2-Nonen-1-ol, (E)-, ketones as 2,3-Octanedione and 7,9-
Di-tert-butyl-1-oxaspiro (4,5) deca-6,9-diene-2,8-dione, and just one Sulphur containing
compound: N-Methyl-taurine. These are all markers of lipid oxidation and muscle damage.
The addition of by-products provoked a mitigation of some WOF species, but also gave to
patties specific odorants not conducible to meat oxidation and potentially undesirable.

CSS addition reduced the occurrence of aldehydes such as hexanal that reduced
from 55.1% (CTRL T0) to 11.7% (CSS T0 1.5%) to 0 (CSS T0 3%). At T72 CTRL contained
72% and reduced to 0 in both concentrations. Heptanal was found only in CTRL T72;
octanal too, was just found in CTRL samples and not found in samples 1.5 and 3% at both
times. Some alcohols such as 2-Nonen-1-ol, (E)- were limited in T72 samples, but were
present in T0 CSS 3% with other alcohols, probably from the degradation of lignocellulosic
precursors. This same pathway is followed by hydrocarbons which are totally absent in
CTRL samples while being present in added patties [54]. According to data here shown,
Nitrogen containing compounds present in CSS formulations probably came from the
degradation of CSS proteins and from the Maillard complex of reactions which takes place
during the roasting process. As for CSS, the significant role of phenols’ interaction with
Maillard reaction products to produce specific compounds can be assumed. Unfortunately,
CSS developed p-xylene and o-xylene, involved in the rise of WOF and referred to as
“cardboard-like” [55,56]. No references are available to compare results obtained, especially
for CSS properties.

Chromatograms, in all cases, showed a great reduction of WOF or general active
odorants. As a demonstration of this, CTRL T0 and T72 images had a resolution with an
order of magnitude of 1010, while CSS had values of 108. From pictures, the peak of hexanal
that eluted at around 6.48 min is always visible and it is clear how much it decreases in
respect of additions of by-products. In all samples at around minutes 13.44 and 16.49, long
chain aldehydes were eluted (i.e., octanal, decenal). At around minutes 19.35–37 2-Nonen-
1-ol, (E)- was eluted in almost all samples. After minute 19.40, the main compounds traced
were siloxanes and low matched compounds.
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Of course, a better characterization of the aromatic profile of these molecules is
fundamental to understand if and how volatiles from these substrates can have a negative
impact on the final flavour of meat products.

3.2.3. Sensory Analysis

Panellists involved in this analysis were asked to try samples T0 and T72 of all for-
mulations on separate days without knowing what they were eating, with the objective
of evaluating the presence and the intensity of WOF markers and possible perceptions of
extraneous flavours in cooked burgers after refrigerated storage. Descriptors were care-
fully explained, especially those difficult to associate with food, such as “cardboard-like”
or “paint”.

In Table 5 are reported all the average values for burger samples tasted immediately
after cooking (T0) and after 72 h of refrigerated storage (T72).

Table 5. Average scores for cooked CSS containing samples of panelists for each descriptor in all formulations; immediately
after cooking process (T0) and after 72 h of refrigerated (+4 ◦C) storage (T72).

Average Scores
CTRL CSS 1.5% CSS 3%

0 h 72 h 0 h 72 h 0 h 72 h

Descriptors

cooked meat odour 1.8 ± 0.9 b 4 ± 1.4 a 2.9 ± 1.1 a 2.7 ± 1.0 ab 2.8 ± 1.1 a 2.6 ± 0.7 ab

cardboard 1.9 ± 0.8 1.7 ± 0.9 1.5 ± 0.7 2.0 ± 0.5 1.6 ± 0.9 2.0 ± 0.1
Sulphur/rubber 1.6 ± 1.0 2.0 ± 1.0 1.3 ± 0.4 1.5 ± 1.0 1.3 ± 0.4 1.5 ± 0.7

roasted 2.1 ± 1.1 1.7 ± 0.7 2.6 ± 0.7 1.8 ± 0.8 2.8 ± 1.3 2.5 ± 0.9
painty 1.0 ± 0.0 1.3 ± 0.7 1.0 ± 0.0 1.1 ± 0.3 1.5 ± 1.0 1.2 ± 0.4
rancid 1.6 ± 1.0 1.5 ± 0.7 a 1.0 ± 0.0 1.1 ± 0.3 1.2 ± 0.3 1.3 ± 0.7

vegetable oil-like 1.6 ± 0.7 1.6 ± 0.7 1.6 ± 0.9 1.3 ± 0.5 1.6 ± 0.7 1.6 ± 0.7
sour 1.8 ± 0.7 1.2 ± 0.4 a 1.9 ± 0.8 a 1.6 ± 0.7 1.6 ± 0.9 1.6 ± 1.0
bitter 1.3 ± 0.5 b 1.4 ± 0.2 b 1.9 ± 1.0 ab 1.6 ± 0.7 ab 2.6 ± 0.3 a 2.3 ± 0.9 a

metallic 1.3 ± 0.5 1.1 ± 0.3 1.4 ± 0.7 2.0 ± 1.2 a 1.3 ± 0.4 1.8 ± 1.1
astringent 1.6 ± 0.7 1.8 ± 0.7 1.8 ± 0.9 1.7 ± 0.9 2.4 ± 1.0 2.6 ± 0.8

Legend: data followed by different superscript letters, in the same row, are significantly different (LSD test, p < 0.05).

T0 samples of all formulations did not show significative differences, and panellists
were not able to trace significant variability from control. Statistical analysis did not show
significance between samples even if, looking at the average values, some considerations
can be made. The score reported for the bitter descriptor rose to 2.25 for the 3% CSS
formulation, while CTRL was 1.25 and CSS 1.5% was 1.87. CSS addition did not influence
the average score for all descriptors, and, in most cases, they were the same as CTRL or very
near to it. CSS seemed to influence the perception of cooked meat odour rising from 1.75 in
CTRL, to 2.87 in 1.5% addition, to 2.75 in 3% addition. This is one of the few situations in
which 1.5% received higher scores than 3%. Astringency also registered an increase from
CTRL to the 1.5% CSS addition of 3%: from 1.62 to 1.75 to 2.37, respectively.

Generally, all the descriptors for all formulations received increased scores, but some
significant differences were traced via the statistical analysis or can be noted from the direct
comparison among the average scores. Only two descriptors for CSS formulations were
significant (p < 0.05): cooked meat odour and bitter. Cooked meat odour was mitigated,
mainly by CSS addition. For this descriptor, the score decreased from 4 (CTRL) to 2.75
(1.5%) and 2.62 (3%). This limitation can be seen neither as negative nor positive. If the
cooked meat odour can be directly linked with positive sensations, we do not know the
considerations of each panellist regarding cooked meat. Nevertheless, from the explanation
of each descriptor and the training, these lower scores do not directly show a positive thing.
For better discrimination, a comparison with the roasted descriptor can be made; although
not significant, it received lower scores than cooked meat.
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The presence of this descriptor was not casual, because it helped in separating what
flavours, odours, and aromas can come from a fresh grilled or oven/pan-cooked burger,
instead of an already cooked and reheated burger. Panelists were not aware of the cooking
process. The ‘roasted’ adjective generally includes those positive flavours coming from the
Maillard complex of the reaction, while cooked meat is mainly linked with sensations of
staling. In these terms, the mitigation obtained from by-products can be positive, while
increasing the stability of the product. Bitterness perceived in CSS formulated patties can
be a result of the reheating of meat. The data show an increase from CTRL at 1.37, to
1.62 (CSS 1.5%), and to 2.35 (CSS 3%). Heat can make the condensation or splitting of
phenolic species easier. During the roasting process, chlorogenic acids degrade to active
taste lactones which give desirable sourness and bitterness [57]. When exposed to further
heating, these species undergo greater degradation which leads to the splitting of quinic
acid which, in successive steps will give metallic, lingering bitter phenyl-indanes which
are undesirable for coffee taste. Caffeine and, in general, methylxanthines-alkaloids give
a bitter and astringent note. Probably, the double exposure to heating, even if at lower
temperatures, can determine higher bitterness.

Refrigerated storage can also favour the condensation of flavonoids to tannins or
bigger phenolic species, but no sources are available at this time. A general positive
comment is that none of the descriptors directly linked with the development of WOF
(paint, cardboard-like, vegetable oil-like and sulphur/rubber) was increased. Even if not
significative, average scores of the CSS added sample were lowered in respect of CTRL.
Control had 2, while CSS fell to 1.75 for 1.5% addition, and to 1.5 for 3% addition. Acidity
and even metallic sensations were not increased. To better investigate the significance of
cooked meat flavour and bitterness, different factors were considered. Time, Formulation,
and Time x Formulation were selected as factors. For cooked meat flavour, the time factor,
i.e., the effect of time, was significant for p < 0.01 while time x formulation factor had a
p < 0.05 (Table 6). Formulation alone did not influence the results. Conversely, bitterness
was influenced only by the formulation with a p < 0.05. Neither time nor time x formulation
factors made an effect. Overall, T0 samples did not show any significant difference for the
cooked meat odour descriptor. After 72 h of refrigerated storage, the time effect greatly
influences (p < 0.01) this characteristic.

Table 6. Anova matrix results for significant descriptors (cooked meat odour and bitterness).

Cooked Meat Odour Bitterness

Factor F sign. F sign.
Formulation 1.8019 n.s. 3.7026 *

Time 14.6049 ** 0.7326 n.s.
Formulation × Time 3.4424 * 0.4273 n.s.

Legend: asterisks indicate significance at * p <0.05; ** p < 0.01; n.s. not significant.

4. Conclusions

The present study provides data on technological performance, nutritional aspects
and effects on stability of newly formulated meat products.

Coffee silver skin could be considered as a food ingredient that can solve a complex
problem in limiting the decay of meat foods (especially of poultry origin) and lowering the
food waste caused by coffee production. CSS can become a cheap but valuable integrator
of fibres and bioactive molecules; moreover, it is a great source of minerals such as calcium,
potassium, and others.

Data obtained are the starting point of a deeper study to comprehend what are the
best conditions to use this by-product and how to develop “tailor-made” formulations
enjoyable to consumers. Burgers were among the easiest preparations, allowing a direct
comparison with reality.

CSS has shown potential for being implemented in meat formulations to limit losses
connected with the cooking process.
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Considering the principal aim of this study (to understand the role of CSS on WOF
occurrence), encouraging results are provided. The sensory analysis conducted gave
confirmation that the spreading of WOF, or in general of oxidation markers, was arrested,
even if bitterness and astringency can emerge with time. The inclusion of CSS among new
ingredients for food production is hoped for, even if further analysis is needed with further
consultation procedures regarding current novel food statuses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10081833/s1, Figure S1: Chromatogram of volatile compounds (VOCs) in chicken
burgers immediately after cooking (a, CTRL T0) and after 72 h of refrigerated storage (b, CTRL T72);
Figure S2: Chromatogram of volatile compounds (VOCs) in chicken burgers formulated with CSS
1.5%, immediately after cooking (a) and after 72 h of refrigerated storage (b); Figure S3: Chro-
matogram of volatile compounds (VOCs) in chicken burgers formulated with CSS 3%, immediately
after cooking (a) and after 72 h of refrigerated storage (b).
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Abstract: Low-fat beef burgers with high beta-glucan content was obtained using a gel made from
an oat-hull-based ingredient as fat replacer. Two levels of fat substitution were considered: 50% (T1)
and 100% (T2). The nutritional composition, cooking yield, textural properties, color characteristics
and consumer preference were evaluated, in comparison with a burger without fat replacer (CTRL).
After cooking, T2 burger showed a significant increase in the cooking yield and a very low lipid
content (3.48 g 100 g−1) as well as a level of beta-glucans per single portion (2.96 g 100 g−1) near
the recommended daily intake. In T1 burger, the decrease of lipid content was mitigated during
the cooking process, because the beta-glucans added had a fat-retaining effect. Compared to
CTRL, replacing fat led to a softer texture of cooked burgers evaluated by Texture Profile Analysis.
The differences in color, significant in raw burgers, were smoothed with cooking. The consumer
evaluation, carried out according to the duo-trio test, highlighted significant differences between
CTRL and T2 burgers in terms of odor, taste, color and texture. The consumers expressed a higher
preference for the T2 burger, probably due to its softer texture and greater juiciness.

Keywords: beef burgers; soluble fiber; TPA; consumer evaluation; fatty acid composition

1. Introduction

Meat and meat products play an important role in human nutrition, constituting a rich source
of proteins with high biological value, vitamins (A, B1, B3 and B12), as well as iron, zinc and other
micronutrients [1]. The consumption of meat and meat products dates back to antiquity, but these
products are still part of the gastronomic tradition of many countries. Therefore, a high number
of Protected Designation of Origin (PDO) and Protected Geographical Indication (PGI) European
brands—which link the quality of food products to a specific geographical area—have been awarded
to “Meat products—cooked, salted and smoked” (205 registered products, accounting for 12.95% of the
total PDO and PGI products) and “Fresh meat and offal” (180 registered products, i.e., 11.37% of the
total PDO and PGI products) [2]. However, the high fat content of meat products (including saturated
fatty acids and cholesterol) is related to increased risk of developing coronary heart diseases [3].

In this context, researchers and private companies alike are strongly engaged in trying to improve
the nutritional value of meat products by lowering the cholesterol and lipid content, as well as
decreasing saturated and increasing polyunsaturated fatty acids. Fats, however, play an important role
in meat products, ensuring optimal rheological and textural properties [4] and conferring pleasant
sensorial characteristics in terms of flavor and juiciness [5]. Therefore, the reduction of lipid content
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in meat involves the use of ingredients able to mimic the properties of fat, such as polysaccharides.
Several experimental trials have therefore been performed that included various mostly fiber-rich
polysaccharide-based fat replacers in the formulation of meat products, such as ground poppy seeds [6],
mixtures of wheat fiber and pig skin [7], legume flours [8] and other vegetable sources, as indicated
in recent reviews [9]. Dietary fiber can form a compact gel due to the ability to bind water improving
the structural characteristics of reduced-fat products [10].

Among dietary fibers, beta-glucans from cereal grains have been recently studied in relation to
the health benefits associated with their consumption such as the reduction of cholesterol level and
a chemo-preventive effect as reported by Ho et al. [11].

Moreover, beta-glucans show several technologically useful properties (gelling capacity,
emulsifying activity, fat/water binding capacity), which make them suitable ingredients
in health-promoting functional foods [12]. The major applications of beta-glucans in food formulation
are in milk-based products, such as fermented milk products and yogurt [13] and in bakery products [14].
Several beta-glucan sources have also been considered for improving the nutritional quality of meat
products, with [15–17] or without [18] fat replacement. However, the level of beta-glucan enrichment
reported in previous studies on meat products does not reach the recommended daily intake for
beta-glucans, which accounts for 3 g per day [19].

In this frame, the aim of this study was the production of low-fat burgers with a beta-glucan
content very close to the recommended daily intake and with good textural and sensorial characteristics.

2. Materials and Methods

2.1. Preparation of the Fat Replacer

An oat-hull-based ingredient (Nutraceutica S.R.L., Monterenzio, Italy) containing, as declared by
the producer, 55% beta-glucans, <10% proteins, <2% fat, was used to prepare a gel by mixing 27.27 g
of flour with 72.73 mL of distilled water for 5 min at 13,500 rpm by means of a T25 Ultraturrax (IKA,
Staufen, Germany). The gel was then cut into small pieces to be used, freshly prepared, as a fat replacer
in burgers.

The ratio flour:water was defined in preliminary tests to obtain a gel: (i) able to mimic as much as
possible the consistency and homogeneity of the beef fat conventionally used to prepare meat burgers;
(ii) having a beta-glucan concentration able to achieve, when added to burgers as total fat replacer,
a beta-glucan content as near as possible to the daily intake recommendation (3 g per day) [19].

2.2. Preparation of the Beef Burgers

Beef meat, purchased at a local butcher’s shop, was manually sectioned with a sharp knife
to separate the lean meat from the visible adipose and connective tissues. Then, the lean meat
(3.5 g 100 g−1 fat content) and the adipose tissue (71.5 g 100 g−1 fat content, still containing residual
proteins and moisture) were separately ground using a grinder equipped with a 4 mm plate (Kenwood
MG510, Delonghi Appliances, Treviso, Italy). Adipose tissue and lean meat, both ground, were then
mixed manually. During the mixing step, three batches were prepared, according to three different
formulations at increasing levels of fat: control (CTRL), with 15% of beef adipose tissue added; T1,
with a partial (50%) substitution of beef adipose tissue (i.e., with 7.5% beef adipose tissue and 7.5%
oat-hull-based gel added); and T2, with a total substitution of beef adipose tissue (i.e., with 15%
oat-hull-based gel added). With the exception of salt, no other spices or ingredients were added.
The formulations of the three burgers are reported in Table 1. The burgers, weighing approximately
50 g, were finally shaped (70 mm diameter, 10 mm thickness) using a burger maker mold. The whole
experiment was repeated twice.
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2.3. Cooking Procedure

The burgers were cooked according to the American Meat Science Association methodology [20],
i.e., were roasted in an electric oven (Delonghi EO 3275, Delonghi Appliances, Treviso, Italy) preheated
at 163 ◦C, until their internal temperature, measured by a digital thermometer (LT−101, TFA Dostmann,
Reicholzheim, Germany), reached 71 ◦C. Approximatively 10 min was sufficient to cook all the
samples perfectly.

Cooked burgers were then submitted to the chemical and textural determinations, as well as
consumer test. The colorimetric determinations, instead, were carried out on burgers both before (raw)
and after cooking.

Table 1. Formulation (g kg−1) of three different beef burgers without fat substitution (CTRL) and at
50% (T1) and 100% (T2) fat substitution.

Ingredient/Formulation Samples

CTRL T1 T2

Beef lean meat 835.25 835.25 835.25
Beef adipose tissue 150.00 75.00 0
Oat hull based gel * 0 75.00 150.00

Salt 14.75 14.75 14.75

* Gel as fat replacer formulated with 27.27 g of oat hull ingredient at 55% of beta-glucan concentration emulsified
with 72.73 mL of distilled water.

2.4. Chemical Composition of Beef Burgers

Protein content (total nitrogen × 6.25), ash, and moisture content were determined, according to
the AOAC International methods, to be 928.08, 920.153 and 950.46, respectively [21]. The lipid content
was determined by Folch method [22] using chloroform and methanol (Sigma Aldrich, Milan, Italy)
as extracting solvent. The carbohydrate content was determined as difference. The total beta-glucan
concentration was determined by the AOAC International method 995.16 [23] by using the Megazyme
mixed-linkage beta-glucan assay kit (Megazyme International, Bray, Ireland). The total energy value
for each product was calculated by using the Atwater coefficients as reported in Summo et al. [24].
All determinations were carried out in triplicate.

2.5. Fatty Acid Composition of Beef Burgers

The fatty acid composition was determined by gas-chromatographic (GC) analysis of fatty acid
methyl esters. The lipid fraction was cold-extracted with methanol/chloroform (1:2 v/v) following
the method proposed by Folch et al. [22]. The methylation was carried out according to the AOCS
(American Oil Chemists Society) method Ch 1–91 [25]. The GC system and conditions were the same
as those reported in a previous paper [26]. The identification of each fatty acid was carried out by
comparing the retention time with that of the corresponding methyl ester standard (Sigma Aldrich,
Milan, Italy). All determinations were carried out in triplicate.

Atherogenic (AI) and Thrombogenic (TI) indices were calculated according to the following
equations [27]:

AI = [C12:0 + (4 × C14:0) + C16:0]/(n-6 PUFA + n-3 PUFA + MUFA) (1)

TI = (C14:0 + C16:0 + C18:0)/[0.5 ×MUFA + 0.5 × n-6 PUFA + 3 × n-3 PUFA + (n-3
PUFA/n-6 PUFA)]

(2)

where PUFA are polyunsaturated and MUFA monounsaturated fatty acids. C12:0, C14:0, C16:0 andC18:0

are lauric, myristic, palmitic and stearic acids, respectively.
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2.6. Cooking Yield

The cooking yield of beef burgers was determined by measuring the weight (w) of the burgers
before and after cooking according to the following equation:

Cooking yield = (w cooked burger/w raw burger) × 100. (3)

The calculation has been performed on ten burgers.

2.7. Texture Profile Analysis

Texture profile analysis (TPA) of beef burgers was performed according to Afshari et al. [17] with
some modifications, using a texture analyzer model Z1.0 TN (Zwick Roell, Ulm, Germany) equipped
with a 3.6 cm cylindrical probe and a 1 kN load cell. The samples were heated in an oven at 60 ◦C
in order to simulate the serving conditions. Then, a portion of 2 cm of diameter was cut from the
center of the burger. A two-compression cycle was carried out at the speed of 5 mm s−1, with 5 s of
pause between the two compressions, up to 70% of recorded deformation. The following parameters
were assessed: hardness (N), indicating the maximum force recorded during the first compression;
cohesiveness, measured as the area of work during the second compression divided by the area of
work during the first compression; gumminess (N), calculated as hardness × cohesiveness; springiness,
measured by the distance of the detected height during the second compression divided by the original
compression distance; chewiness (N), calculated as gumminess × springiness. Ten different burgers
per formulation were considered, and each burger was subjected to one measurement by TPA.

2.8. Color Determination of Burgers

Instrumental determination of the surface color of both raw and cooked burgers was carried out
by using the CM-600d colorimeter (Konica Minolta, Tokyo, Japan) supported by SpectraMagic NX
software (Konica Minolta, Tokyo, Japan). The CIE (International Commition on Illumination) L*, a*,
and b* parameters were recorded: lightness (L*), red index (a*) and yellow index (b*), together with
∆E [28].

∆E = [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2 (4)

Three samples per formulation were analyzed, and four readings were recorded in different areas of
each sample.

2.9. Duo-Trio Consumer Test

CTRL and T2 burgers were submitted to consumer test according to the duo-trio test
methodology [29] to determine if the differences between them could be recognized. Sixty people,
regular consumers of meat and neither food-allergic nor intolerant, were recruited among the researchers
and students of the Agricultural Faculty of the University of Bari Aldo Moro (Bari, Italy). The study
protocol followed the ethical guidelines of the laboratory. Each participant was given information about
study aims and individual written informed consent was obtained from each participant. The consumer
test was performed at a local restaurant sited in Bari (Italy). Each participant received three samples
on the same dish: one as reference (CTRL or T2 randomly, and codified with an alphanumeric code),
and the other two were both CTRL and T2 randomly distributed, codified with an alphanumeric code.
Each consumer was asked to indicate the sample that was different respect to the reference in terms of
color, odor, taste and texture. Moreover, each panelist expressed a judgment indicating which burger
preferred. The results were expressed as number of correct answers.

2.10. Statistical Analysis

Data were subjected to one-way ANOVA followed by the Tukey’s HSD test. Significant differences
were determined at p < 0.05 by the XLStat software (Addinsoft SARL, New York, NY, USA).
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The results of duo–trio test were expressed as number of correct answers considering thirty-nine,
forty-one and forty-four as minimum correct answers to identify statistically significant differences at
p < 0.05, p < 0.01 and p < 0.001, respectively [30].

3. Results and Discussion

3.1. Chemical Composition

The addition of the fat replacer significantly influenced the chemical composition of cooked
burgers (Table 2). An increase of moisture was observed at increasing content of fat replacer. This is
principally due to the high moisture content of the fat replacer. These findings agreed with those of
a previous study involving the use of oat beta-glucan as fat replacer [16]. However, in another study,
the use of gelled emulsion (based on olive oil, gelatin and 9% inulin) caused an increase of moisture
content only in raw patties, whereas a significantly lower moisture of cooked product was observed
due to lower cooking yield and water holding capacity of the gel [31]. Therefore, our results could
be due also to better moisture retention of fat-substituted burgers during cooking due to the high
hydrophilicity of beta-glucans [32], able to increase the water-holding capacity of the product. The total
substitution of fat (T2), indeed, caused a significantly higher moisture content than in CTRL and T1.

Table 2. Chemical composition, cooking yield and energy value of the cooked beef burger without fat
substitution (CTRL) and at 50% (T1) and 100% (T2) fat substitution with an oat-hull-based gel.

CTRL T1 T2 p-Value

Moisture (% f.w.) 57.24 ± 0.22C 58.79 ± 0.46B 63.39 ± 0.26A p < 0.001
Protein (% f.w.) 28.41 ± 0.29A 26.98 ± 0.15B 25.83 ± 0.10C p < 0.001

Fat (% f.w.) 8.42 ± 0.04A 7.25 ± 0.12B 3.48 ± 0.03C p < 0.001
Ash (% f.w.) 2.42 ± 0.31AB 2.29 ± 0.25B 2.93 ± 0.16A p = 0.045

Total Carbohydrates (% f.w.) 3.51 ± 0.43B 4.70 ± 0.43A 4.38 ± 0.49AB p = 0.044
Beta-glucan (% f.w.) 0.01 ± 0.01C 1.35 ± 0.13B 2.96 ± 0.07A p < 0.001
Cooking Yield (%) 71.82 ± 1.39B 75.14 ± 2.13B 80.30 ± 2.50A p = 0.007

Energy Value (kcal/100 g) 203.44 ± 0.13A 186.47 ± 3.49B 146.24 ± 1.88C p < 0.001

Data on the chemical composition were expressed as % on fresh (f.w.) weight. Different letters in the same row
indicate significant differences at p < 0.05.

On the contrary, the protein content of beef burgers (on fresh matter), showed a progressive
and significant decrease when the fat replacement increased. Piñero et al. [15] and Afshari et al. [17]
reported that the addition of a beta-glucan-based fat replacer had no significant influence on the protein
content. Our findings could be related to a higher level of gel incorporation and a consequently higher
moisture content. Moreover, the beef adipose tissue used in CTRL and T2 formulations contained
muscular residues, which also contributed to the protein content, in accordance with other authors [33]

Compared to CTRL, the addition of the fat replacer resulted in a slight but significant fat decrease
in T1 formulation, whereas the T2 burger showed a more marked decrease. Considering the lipid
content of the beef adipose tissue (accounting for 71.5%) used in CTRL and T1 formulations, and the
contribution of the residual intramuscular fat of the lean fraction (3.5%), the lipid content of the CTRL
raw burger could be estimated at 13.6 g 100 g−1. After cooking, the CTRL burger showed a lipid content
of 8.42% (6.04 g of fat in 71.82 g of cooked burgers); therefore, an estimated fat loss of 56% occurred.
The lipid content of the raw T1 burger could be estimated at 8.17 g 100 g−1, whereas the cooked burger
had a 7.25% fat content (5.45 g of fat in 75.14 g of cooked burger), with a fat loss of 34%. Therefore,
even if considering estimated values, cooking induced a more limited fat loss when fat was replaced by
the beta-glucan based gel than in the CTRL burger. This phenomenon could be imputable to the ability
of the beta-glucans to form a tri-dimensional network which entraps fat and water within the meat
protein system [15]. Therefore, it has to be considered that partial fat replacement with beta-glucans
lowers fat content in the raw product, but this nutritionally positive effect is mitigated by higher fat
retention during the cooking process. As a consequence, a total fat replacement has to be made to
achieve a significant nutritional effect on the cooked product.
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The use of the fat replacer caused, as expected, a slight but significant increase in the carbohydrate
content of T1, even if no significant differences were observed comparing T1 and T2. This was imputable
to the presence of carbohydrates in the oat-hull-based ingredient. The addition of vegetable fat replacer
in burgers is reported to be influential on the chemical composition of the product [34]. The content of
beta-glucans reached a level that made the health claim “beta-glucans contribute to the maintenance
of normal blood cholesterol levels” applicable to both T1 and T2 burgers since the concentration
of these compounds was always higher than 1 g per recommended portion (in meat products, this
quantity corresponds to 100 g). However, the claim regulation specifies that “the beneficial effect
is obtained with a daily intake of 3 g of beta-glucans” [19]. In this regard, T2 burger contained
2.96% of beta-glucans. Therefore, the recommended daily intake of beta-glucans, according to the
above-mentioned regulation, could be reached by consuming a single portion (100 g) of T2 burger.
This result is particularly important because it is possible to achieve a significant improvement in the
nutritional characteristics of burgers. Indeed, by combining the total substitution of animal fat with the
inclusion of functional macromolecules, a positive effect on cholesterol reduction could be expected.
Indeed, it is known that beta-glucan has an active role on the reduction of LDL-cholesterol [11] by
modulating the cholesterol metabolism and the gut microbiota [35].

The fat substitution resulted in a significant decrease in energy value, from 203.44 kcal 100 g−1

(CTRL) to 146.24 kcal 100 g−1 (T2). In particular, the T2 formulation allowed the research to obtain
a product with lower fat content and, consequently, lower energy value compared to the products
proposed by other studies [17–19]. An effective improvement of the nutritional value of meat products
was therefore achieved, due to reduced fat content, relatively low energy value and high concentration
of beta-glucans.

3.2. Cooking Yield

The fat replacement caused an increase in cooking yield. The difference, compared with the control
burger, became significant in the T2 formulation. These findings agreed with previous studies [17,36]
in which higher cooking yield and moisture retention with the increase of beta-glucan content was
observed. This behavior can be explained with the already mentioned ability of beta-glucans to form
three-dimensional structures with meat proteins, which can easily entrap water and fat, increasing the
cooking yield [15].

3.3. Fatty Acid Composition

Fatty acid composition of burgers is reported in Table 3, as mg 100 g−1 of burger and g 100 g−1

of fatty acids. The nutritional value of beef burgers is also related to the composition of the lipid
fraction, which usually is dominated by saturated fatty acids, palmitic and stearic acids in particular,
whereas oleic acid was the most abundant unsaturated acid. The fatty acid composition of cooked
burgers agreed with other studies carried out on the same category of products [17,37]. Owing to the
fat substitution, a significant reduction was observed of the quantity (mg 100 g−1 of burger) of all fatty
acids due to the general decrease of lipid content. Moreover, a different level of reduction was observed
as a function of the unsaturation rate. In particular, T2 showed a content of palmitic acid 60% lower than
the CTRL. The reduction was slightly lower for oleic acid (−57%), whereas linolenic, the most abundant
polyunsaturated fatty acid, decreased by 45% comparing T2 with CTRL. This aspect could be better
explained considering the composition of fatty acids expressed as percentage. In particular, comparing
the T2 with the other formulations, we observed a significantly (p < 0.05) lower percentage of saturated
fatty acids and a higher percentage of the polyunsaturated fatty acids, whereas the monounsaturated
fatty acids remained constant across the formulations. Previous studies report significant differences
in the fatty acid composition of subcutaneous and muscular beef fat, with the latter characterized by
higher polyunsaturated and lower saturated fatty acids [38,39]. This could explain the differences
observed in our samples, because in CTRL and T1 burgers, the fatty fraction added was mainly
subcutaneous fat, while in T2 the residual fat was constituted principally by muscular fat.
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Table 3. Fatty acid composition (g 100 g−1 of burger and g 100 g−1 of fatty acids) and the nutritional
index of the beef burger without fat substitution (CTRL) and at 50% (T1) and 100% (T2) of fat substitution
with an oat-hull-based gel.

mg 100 g−1 of Burger g 100 g−1 of Total Fatty Acids

CTRL T1 T2 CTRL T1 T2

Myristic C14:0 395.29 ± 12.98A 300.95 ± 20.07B 111.52 ± 4.78C 4.69± 0.15A 4.15 ± 0.28B 3.20 ± 0.14C

Myristoleic C14:1 115.74 ± 7.41A 75.77 ± 0.59B 37.93 ± 5.14C 1.37 ± 0.09A 1.05 ± 0.01B 1.09 ± 0.15B

Pentadecanoic C15:0 45.57 ± 0.37A 38.12 ± 0.94B 17.44 ± 0.85C 0.54 ± 0.00A 0.53 ± 0.01A 0.50 ± 0.02A

Pentadecenoic C15:1 14.58 ± 0.82A 12.06 ± 2.50A 8.23 ± 0.03B 0.17 ± 0.01B 0.17 ± 0.03B 0.24 ± 0.00A

Palmitic C16:0 2300.53 ± 31.67A 1985.39 ± 53.88B 934.19 ± 14.64C 27.32 ± 0.38A 27.38 ± 0.74A 26.84 ± 0.42A

Palmitoleic C16:1 460.47 ± 15.01A 370.8 ± 14.13B 173.9 ± 1.34C 5.47 ± 0.18A 5.11 ± 0.19AB 5.00 ± 0.04B

Heptadecanoic C17:0 72.67 ± 1.48A 71.02 ± 2.33A 28.22 ± 0.99B 0.86 ± 0.02B 0.98 ± 0.03A 0.81 ± 0.03B

Heptadecenoic C17:1 56.71 ± 0.17A 57.06 ± 2.17A 32.72 ± 0.92B 0.67 ± 0.00C 0.79 ± 0.03B 0.94 ± 0.03A

Stearic C18:0 1146.61 ± 29.63A 1067.91 ± 18.60B 485.95 ± 5.80C 13.62 ± 0.35B 14.73 ± 0.26A 13.96 ± 0.17B

Oleic C18:1 n-9 3252.74 ± 56.21A 2939.81 ± 113.70B 1361.05 ± 45.98C 38.63 ± 0.67A 40.45 ± 1.57A 39.11 ± 1.32A

Linoleic C18:2 n-6 409.06 ± 19.51A 266.87 ± 34.27B 236.6 ± 22.44B 4.86 ± 0.23B 3.68 ± 0.47B 6.80 ± 0.64A

Linolenic C18:3 n-6 39.67 ± 4.77A 30.33 ± 1.23B 11.26 ± 0.42C 0.47 ± 0.06A 0.42 ± 0.02A 0.32 ± 0.01B

dihomo-γ-linolenic C20:3 n-6 58.61 ± 7.50A 17.20 ± 5.95B 23.55 ± 2.43B 0.70 ± 0.09A 0.24 ± 0.08B 0.68 ± 0.07A

Arachidonic C20:4 n-6 29.96 ± 11.23A 9.61 ± 3.47B 9.41 ± 0.95B 0.36 ± 0.13A 0.13 ± 0.05B 0.27 ± 0.03AB

Eicosapentaenoic C20:5 n-3 9.77 ± 2.08A 3.29 ± 1.75B 3.40 ± 2.95B 0.12 ± 0.02A 0.08 ± 0.02A 0.10 ± 0.03A

Docosapentaenoic C22:5 n-3 12.03 ± 0.88A 3.82 ± 0.49C 5.48 ± 0.41B 0.14 ± 0.03A 0.12 ± 0.02A 0.16 ± 0.03A

ΣSFA 3960.67 ± 16.87A 3463.39 ± 53.96B 1577.32 ± 13.74C 47.04 ± 0.20A 47.77 ± 0.74A 45.33 ± 0.39B

ΣMUFA 559.09 ± 45.97A 331.13 ± 44.70B 289.70 ± 27.59B 46.32 ± 0.75A 47.56 ± 1.36A 46.37 ± 1.19A

ΣPUFA 3900.24 ± 62.84A 3455.48 ± 98.65B 1613.83 ± 41.29C 6.64 ± 0.55B 4.67 ± 0.62C 8.32 ± 0.79A

MUFA/SFA ratio 0.98 ± 0.02A 1.00 ± 0.04A 1.02 ± 0.04A

PUFA/SFA ratio 0.14 ± 0.01B 0.10 ± 0.01C 0.18 ± 0.02A

AI 0.87 ± 0.02A 0.88 ± 0.05A 0.73 ± 0.02B

TI 1.68 ± 0.01A 1.71 ± 0.05A 1.57 ± 0.02B

n-6/n-3 PUFA 24.78 ± 1.41A 22.35 ± 9.47A 33.35 ± 8.89AB

SFA = Saturated fatty acids; MUFA = Monounsaturated fatty acids; PUFA = Polyunsaturated fatty acids;
AI = Atherogenic Index; TI = Thrombogenic Index. Different letters in the same row indicate significant differences
at p < 0.05.

Albeit in low amounts, we detected also some polyunsaturated fatty acids important from
a nutritional point of view, such as the arachidonic (C20:4 n-6) eicosapentaenoic (C20:5 n-3) and
docosapentaenoic acids (C22:5 n-3), without significant differences among the formulations. The amount
of these important fatty acids was lower than that reported in other studies carried out on the raw beef
lipid fraction [40]. This difference could be related to the cooking procedure, which causes the loss of
these fatty acids [37]. In studies carried out on cooked beef burgers, these fatty acids were indeed not
determined [17,41].

As a consequence of the different lipid composition, the nutritional indices linked to the fatty acid
composition were also influenced by the fat replacement. In particular, the PUFA/SFA ratio significantly
increased in T2 compared to CTRL. Moreover, the atherogenic and thrombogenic indices related to
fatty acid composition significantly decreased in T2 burger with 100% fat substitution, although the
values were higher than those recommended [42]. The n-6/n-3 ratio was higher in T2 compared to
CTRL and T1. It is reported that lowering the n-6/n-3 ratio to less than 4 is desirable to improve the
healthiness of the product [43,44]. However, the achievement of this target in meat product is not
possible solely with a fat reduction, because fat composition needs to be reformulated by the addition
of oils rich in n-3 PUFA [44,45].

Similar improvements were observed by Pintado et al. [45] in fresh sausages obtained using
an olive oil in water emulsion containing chia and oat as fat replacer. The authors explained the
results with the high level of polyunsaturated fatty acids of chia. The oat-hull-based ingredient used
in our study was characterized by a very low lipid content; therefore, its contribution to the fatty acid
composition was of relevance. Several studies report that the unsaturated fatty fractions are combined
with structural compounds of meat so that their loss during cooking is less influenced than saturated
fatty acids [44]. The saturated fatty acids could easily be lost during cooking, and this could explain
the observed results.

3.4. Texture Profile Analysis

Significant differences in the textural properties were observed among burgers with different
formulation (Table 4). The incorporation of a fat replacer led to a significant decrease of hardness,
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cohesiveness, gumminess and chewiness in T1 and T2 burgers compared to CTRL, indicating that these
burgers had a softer texture and then required less energy to be compressed. No significant differences,
however, were found between T1 and T2, highlighting the fact that the level of fat substitution did not
influence the textural properties of beef burgers.

Table 4. Texture profile analysis (TPA) of the beef burger without fat substitution (CTRL) and at 50%
(T1) and 100% (T2) of fat substitution with an oat-hull-based gel.

Hardness (N) Springiness Gumminess Chewiness (N) Cohesivity (N)

CTRL 159.1 ± 10.4A 0.71 ± 0.02A 56.2 ± 7.7A 40.2 ± 6.4A 0.35 ± 0.04A

T1 116.0 ± 7.5B 0.68 ± 0.02B 33.9 ± 2.7B 23.0 ± 2.3B 0.29 ± 0.01B

T2 113.7 ± 9.8B 0.62 ± 0.03C 29.8 ± 3.8B 18.5 ± 2.7B 0.26 ± 0.02B

p-Value p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Different letters in the same column indicate significant differences at p < 0.05.

The trend of moisture and fat as an influence on texture [17] could be explained by a compensation
between the differences in moisture and fat contents of T1 and T2 (Table 2), leading to similar textural
properties. The effect of the fat substitution level was significant only for springiness, which showed
the lowest value in T2 formulation.

Owing to the important structural functions of fat, the influence on the textural properties
should be considered when the target of a new food formulation is fat substitution. The use of
beta-glucans as fat replacement in beef burger or beef patties was previously studied by other authors
with contrasting results, depending on whether beta-glucans were added as powder, gel or emulsion.
In particular, Szpicer et al. [16] reported an increase in hardness of meat burgers after the addition of
30% beta-glucan concentrate powder. When the beta-glucans were added as gel [15] or emulsion [36],
a significant reduction of hardness and other textural parameters were observed. With the increase of
beta-glucans concentration, the amount of water available for proteins decreases and meat products
lose springiness [46]. This behavior could be explained by a higher moisture retention of burgers and
a consequently lower compactness of protein matrix [36]. Furthermore, beta-glucans have the ability
to bind not only water but also fat, allowing the formation of a softer [47] and juicier product [17].

3.5. Color Indices

Color evaluations on the raw burger were made because the color characteristics of the meat
products can influence the consumers’ willingness to purchase, with increasing appreciation for bright
red products. In raw burgers, a progressive and significant increase of lightness (L*) and yellowness
(b*) was observed with fat replacement, while redness (a*) was not significantly influenced (Table 5).
The increase of the lightness and yellowness could be related to the presence of yellow pigments such
as lutein in oat (the source of beta-glucan enriched gel), as previously reported in [48]. In contrast,
a* remained constant, indicating that the fat substitution was not significant on this index. Moreover,
in a previous study, the fat substitution with a chia oil emulsion gel caused no significant variations of
a* but significant changes of L* and b* [49]. In the same study, L* and b* were slightly higher than ours,
probably because of the presence of the oil in the fat replacer.

The differences observed among raw burgers were smoothed by cooking, after which no significant
differences were found for all the color indices, as reported also by Gök et al. [6]. The color of burgers
reformulated with fat replacers is influenced by the type of ingredients used for this purpose.
In particular, Lucas-González et al. [49] reported a decrease of L* and an increase of a* during cooking
of burgers formulated with chestnut flour and chia oil emulsion gels. By contrast, Heck et al. [43]
reported an increase of L* and a decrease of a* in cooked burgers produced by the inclusion of linseed
or chia oil microparticles. During the cooking process, meat color changes due to the heat-induced
denaturation of myoglobin. Our results, assessed on the cooked burgers, were not influenced by fat
substitution; however, it is reasonable to say that the primary contribution to color is given by meat.
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The role of fat in influencing the color of cooked meat is not fully understood [50], but it should have
a lower influence on color than other critical parameters, such as pH and storage conditions [50].

Table 5. Instrumental color determination of the beef burger without fat substitution (CTRL) and
at 50% (T1) and 100% (T2) of fat substitution with an oat-hull-based gel before (Raw) and after
(Cooked) cooking.

Raw Cooked

CTRL T1 T2 CTRL T1 T2

L* 39.04 ± 0.77C 41.07 ± 0.30B 42.97 ± 1.28A 48.00 ± 2.21A 48.22 ± 2.00A 47.69 ± 1.41A

a* 13.63 ± 0.40A 13.40 ± 0.63A 14.15 ± 1.76A 6.09 ± 0.91A 6.22 ± 0.73A 6.23 ± 0.41A

b* 14.73 ± 0.32C 17.84 ± 0.18B 20.35 ± 2.17A 13.26 ± 1.30A 11.60 ± 0.86AB 12.18 ± 0.67B

∆E vs. CTRL 3.89 ± 0.36 7.16 ± 2.61 3.38 ± 1.55 2.58 ± 1.62

Different letters in the same row indicate significant differences at p < 0.05.

The ∆E of T1 and T2 formulations, calculated by comparing them to the CTRL, was determined
in order to improve evaluation of the color differences between samples. The ∆E was higher in raw
than in cooked burgers, reaching the maximum of 7.16 in T2 formulation, whereas T1 showed a value
of 3.89. ∆E values were between 3.5 and 5.0, meaning that the observer can clearly perceive the
difference between samples; thus, T1 raw burgers could be easily distinguished from CTRL. ∆E values
higher than 5 indicate the presence of two distinct colors [51]. When considering the cooked burgers,
a decrease of ∆E of both T1 and T2 was observed. The changes occurring in T2 burger were particularly
interesting due to the drop of ∆E at 2.58. When 2.0 < ∆E < 3.5, even an unexperienced observer can
notice the difference in color between products [51].

3.6. Consumer Test

CTRL and T2 were submitted to a consumer test, according to the duo–trio test methodology [28],
which was chosen to determine if the differences between burgers in terms of color, odor, taste and
texture were recognizable by consumers. T1 burger was not considered for two main reasons.
Firstly, after preliminary sensory analysis, a small group of trained panelists agreed that T1 burger
was similar to CTRL. Moreover, considering the nutritional characteristics of T2 burgers, they were
noticeably more interesting than T1, therefore we selected only T2 burger, which had no fat added and
had a high content of beta-glucans.

As shown in Figure 1, the consumers recognized the difference between CTRL and T2 burgers for
all the descriptors. In particular, forty-one people recognized CTRL and T2 for their different color
(p < 0.01), whereas the number of correct answers increased when considering odor, texture and taste,
with highly significant results (p < 0.001). The consumer test confirmed the results of textural and
colorimetric evaluations (see for example the ∆E parameter). Szpicer et al. [16] also reported that
consumers could distinguish products containing fat replacers, based on differences in color, texture,
aroma and taste. Moreover, Afshari et al. [17] highlighted that fat substitution was perceived as
significantly different by sensory analysis. On the whole, the substitution of fat with the beta-glucan gel
changed the textural and sensorial quality of burgers, but the modification did not cause a deterioration
of the general appreciation of products. In actual fact, 59.32% of panelists expressed a preference
for T2 burger, and 40.68% preferred the CTRL burger. This difference was devoid of statistical
significance (p > 0.05); therefore, the addition of beta-glucan gel did not cause a significant decrease
in the sensorial acceptability of the burgers. Both texture and taste, in fact, are known to influence the
acceptability of meat products, especially the juiciness and the tenderness [52]. Moreover, as reported
by Desmond et al. [53], a low water binding capacity implicates a negative effect on palatability, due to
the lack of juiciness and brittle texture which are both generally unacceptable to the consumers.
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Figure 1. Number of people recognizing the difference between burger without fat substitution (CTRL)
and at 100% fat substitution (T2) in a duo–trio consumer test. **: significance p < 0.01; ***: significance
p < 0.001.

4. Conclusions

The use of an oat-hull-based gel as fat replacer allowed us to obtain a beef burger with a very low
lipid content (3.48 g 100 g−1 in the formulation with a total fat substitution) and with a 2.96 g 100 g−1

content of beta-glucans, almost reaching the recommended daily intake per single portion of burger.
With a partial substitution, the decrease of lipid content in the raw product was mitigated during
the cooking process (34% and 56% of estimated fat loss in T1 and CTRL respectively). This could
be related to the fat-retaining effect of beta-glucans added. Compared to CTRL, replacing fat by the
oat-hull-based gel caused a significant decrease in hardness and other textural parameters of cooked
burgers. Conversely, the differences in color, significant in raw burgers, were smoothed with cooking.
The consumer evaluation, carried out according to the duo–trio test, highlighted significant differences
between CTRL and T2 burgers in terms of odor, taste, color and texture. The consumers expressed
a higher preference for the T2 burger, probably due to its softer texture and greater juiciness.

These results are a step forward for the improvement of the nutritional characteristics of meat
products and indicate that the use of the oat-hull-based ingredient, rich in beta-glucans, as gel is
an effective strategy for a complete fat substitution.
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14. Kurek, M.A.; Małgorzata, M.; Sabina, K.; Horbańczuk, O.K.; Rodak, E. Application of rich in β-glucan flours
and preparations in bread baked from frozen dough. Food Sci. Technol. Int. 2019, 26, 53–64. [CrossRef]

15. Piñero, M.; Parra, K.; Huerta-Leidenz, N.; De Moreno, L.A.; Ferrer, M.; Araujo, S.; Barboza, Y. Effect of oat’s
soluble fibre (β-glucan) as a fat replacer on physical, chemical, microbiological and sensory properties of
low-fat beef patties. Meat Sci. 2008, 80, 675–680. [CrossRef] [PubMed]

16. Szpicer, A.; Onopiuk, A.; Półtorak, A.; Wierzbicka, A. Influence of oat β-glucan and canola oil addition on
the physic-chemical properties of low-fat beef burgers. J. Food Process Preserv. 2018, 42, e13785. [CrossRef]

17. Afshari, R.; Hosseini, H.; Khaneghah, A.M.; Khaksar, R. Physico-chemical properties of functional low-fat
beef burgers: Fatty acid profile modification. LWT Food Sci. Technol. 2017, 78, 325–331. [CrossRef]

18. Apostu, P.M.; Mihociu, T.E.; Nicolau, A.I. Technological and sensorial role of yeast β-glucan in meat batter
reformulations. J. Food Sci. Technol. 2017, 54, 2653–2660. [CrossRef] [PubMed]

19. European Commission. Commission Regulation (EU) No 432/2012 of 16 May 2012. establishing a list of
permitted health claims made on foods, other than those referring to the reduction of disease risk and to
children development and health. Off. J. Eur. Communities 2012, 136, 1–40.

20. AMSA. Research Guidelines for Cookery, Sensory Evaluation and Instrumental Tenderness Measurements of Meat,
2nd ed.; American Meat Science Association: Champaign, IL, USA, 2015; p. 16.

21. AOAC International. Official Methods of Analysis of AOAC International, 17th ed.; AOAC International:
Gaithersburg, MD, USA, 2006.

22. Folch, J.; Lees, M.; Stanley, G.H.S. A simple method for the isolation and purification of total lipides from
animal tissues. J. Biol. Chem. 1957, 226, 497–509.

23. McCleary, B.V.; Mugford, D.C. Determination of beta-glucan in barley and oats by streamlined enzymatic
method: Summary of collaborative study. J. AOAC Int. 1997, 80, 580–583. [CrossRef]

24. Summo, C.; Palasciano, M.; De Angelis, D.; Paradiso, V.M.; Caponio, F.; Pasqualone, A. Evaluation of the
chemical and nutritional characteristics of almonds (Prunus dulcis (Mill). D.A. Webb) as influenced by
harvest time and cultivar. J. Sci. Food Agric. 2018, 98, 5647–5655. [CrossRef] [PubMed]

67



Foods 2020, 9, 1057

25. AOCS. Official Methods and Recommended Practices of the American Oil Chemists’ Society, 4th ed.; AOCS Press:
Champaign, IL, USA, 1993.

26. Summo, C.; Centomani, I.; Paradiso, V.M.; Caponio, F.; Pasqualone, A. The effects of the type of cereal on the
chemical and textural properties and on the consumer acceptance of pre-cooked, legume-based burgers.
LWT Food Sci. Technol. 2016, 65, 290–296. [CrossRef]

27. Ulbricht, T.; Southgate, D. Coronary heart disease: Seven dietary factors. Lancet 1991, 338, 985–992. [CrossRef]
28. CIE. Recommendations on uniform color spaces, color-difference equations, and metric color terms. Color. Res.

Appl. 1977, 2, 5–6. [CrossRef]
29. International Organization for Standardization. Sensory Analysis–Methodology–Duo-trio Test, ISO Standard

10399, 3rd ed.; Copyright Office: Genève, Switzerland, 2017.
30. Pagliarini, E. Valutazione Sensoriale–Aspetti Teorici, Pratici E Metodologici, 1st ed.; Hoepli: Milan, Italy, 2011;

pp. 53–54.
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Abstract: The present work evaluates the suitability of beeswax oleogels and emulsion gel prepared
with a healthy lipid mixture (olive and chia oils) as pork fat replacers for the development of a dry
fermented meat product (fuet). Because these systems offer various possibilities, this study has
compared their effect on the nutritional quality and sensory acceptability of fuets and their behaviour
with regard to technological properties and microbiological and oxidative stability during 30 days of
chilled storage. This strategy allowed products with an improved fatty acid profile and a 12-fold
decrease of the polyunsaturated fatty acids (PUFA) n-6/n-3 ratio, as compared to the control samples.
Irrespective of the structuring method used as animal fat replacer, reformulated samples showed a
good oxidative status during chilled storage. In general, no differences that depended on the use of
oleogel or emulsion gel were observed in the technological properties and microbiological status,
so the choice of one or the other would be conditioned by other factors than the characteristics that
the product develops. However, further studies are needed to improve the sensory attributes of the
reformulated samples.

Keywords: oleogel; emulsion gel; dry fermented sausages; healthier lipid content; chia oil; olive oil

1. Introduction

Fuet is a type of small-caliber non-acid fermented sausage from northeast Spain made with
pork meat, pork fat and various seasonings. Traditionally, fermented sausages were considered safe
and healthy foods, but nowadays these products have been associated with health hazards owing
to the presence of some components such as saturated fats [1]. In this regard, several options have
been assayed to improve lipid content in meat products based on the incorporation of vegetable
oils, directly added into the meat matrix, stabilized in oil-in-water emulsion, etc. [2]. However,
the interest in alternative technologies has been increasing, and therefore efforts have been made to
develop healthy solid fats for foods, attaching importance to their ability to help to promote health
and wellbeing [3]. Oleogels and emulsion gels are two different solid oil structured systems that
offer interesting characteristics for use as animal fat replacers in the development of healthy meat
products [4–8]. In oleogels, liquid oil is transformed into a ‘gel-like’ structure by using an organogelator,
while emulsion gels may be generated from a stable liquid-like emulsion by gelling the continuous
phase [3]. Regardless of the type of structured oil system, it is desirable to select an oil or a mixture
of oils with a healthy fatty acid profile (reduced saturated fats, rich in unsaturated fats and good Σ
polyunsaturated fatty acids (PUFA) n-6/ΣPUFA n-3 ratio, etc.), according to recommendations [9,10].
Accordingly, a mixture of olive oil, which is characterized by its high oleic fatty acid [11], and chia
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oil, which is the richest known botanical source of n-3 linolenic acid and does not contain any of the
antinutritional compounds (total linamarin, linustatin and neolinustatin) or vitamin B6 antagonist
factors that are present in other commercially-available sources of n-3 linolenic acid [12], could provide
a way of obtaining new solid lipid materials with healthy fatty acid as animal fat replacers.

Some studies have been carried out to improve the fatty acid profile of cooked (frankfurter
sausages) or fresh meat products (patties, longanizas, merguez) by using solid lipid material based on
emulsion gels or oleogels [6,13–23]. However, there are very few studies of this kind on fermented
meat products. For example, for this purpose linseed emulsion gel [24,25] or oleogel [26] was used to
replace animal fat in dry fermented sausages. But we have found no studies that compare the use of
emulsion gels and oleogels as animal fat replacers to improve the lipid content in meat products of
any kind.

Accordingly, taking into account the particularity of this type of dry fermented meat product
owing to the reactions that occur during the ripening process, the present study aimed to evaluate
the quality of a functional fermented meat product (fuet) as a function of the olive-chia oil mixture
structured as an oleogel or emulsion gel, used as animal fat replacer. The behaviour during one month
of chilled storage was also evaluated.

2. Materials and Methods

2.1. Oleogel and Emulsion Gel Preparation

Two different animal fat replacers based on solid-structuring oil systems were made: an oleogel
(OG) and an emulsion gel (EG). OG consisted mostly of oil (90%), while EG had half that oil content (45%).
In both, the lipid phase consisted of a mixture of 80% olive oil (Carbonell Virgen Extra, SOS Cuétara,
S.A., Madrid, Spain) and 20% chia oil (Primaria Premium Raw Materials, S.L., Valencia, Spain).
The olive oil contained 13% saturated fatty acid (SFA), 75% monounsaturated fatty acid (MUFA) and 8%
polyunsaturated fatty acid (PUFA), as reported by Delgado-Pando [27]. According to the information
provided by the supplier, the chia oil contained 10% SFA, 5% MUFA and 80% PUFA.

Beeswax (Manuel Riesgo, S.A., Madrid, Spain), which was used as an organogelator in the
OG formulation, was prepared as previously described by Gomez-Estaca [6]. Briefly, the oil mixture
(90%) and beeswax (10%) were heated (65 ◦C) under constant stirring (500 rpm) in a food processor
(Vorwerk Thermomix TM 31, Wuppertal, Germany) until complete melting and mixing. The resulting
solution was then immediately poured into metal containers under pressure to compact it and prevent
air bubbles, and it was stored at 3 ± 1 ◦C after standing for 60 min at room temperature in darkness.

EG was prepared as described by Pintado [7]. Briefly, soy protein isolate (10%) (Manuel Riesgo,
S.A., Madrid, Spain) was mixed with water in a Thermomix TM 31 (Wuppertal, Germany) food
processor (30 s, approx. 5600 rpm). Then, as a gelling agent, gelatin (3%) (type B, 200–220 bloom) from
Manuel Riesgo, S.A. (Madrid, Spain) was added and combined (15 s, approx. 5600 rpm). The final
mixture was mixed at approx. 5600 rpm with gradual addition of the appropriate amount (45%) of the
oil mixture described previously. Finally, it was placed in metal containers under pressure to compact
it and prevent air bubbles, and stored in a chilled room at 3 ± 1 ◦C for 20 h until use.

2.2. Fuet Design and Preparation

Sufficient fresh post-rigor pork meat (a mixture of biceps femoris, semimembranosus,
semitendinosus, gracilis and adductor muscles) and pork backfat were obtained from a local market.
Both the pork meat and the backfat were vacuum packed in batches of approximately 1000 and 500 g
respectively, to be frozen and stored at −20 ◦C until used (less than one month).

Four different fuet-type dry fermented sausages were formulated (Table 1) in a pilot plant. Two
formulations without replacement of pork backfat were prepared as references: one with normal fat
content (NF/C) and the other with reduced fat content (RF/C). Additionally, two reduced-fat fuets were
formulated, in which pork backfat was partially replaced by oleogel (RF/OG) or emulsion gel (RF/EG).

72



Foods 2020, 9, 830

Although the level of fat replacement was the same, different amounts of OG and EG had to be added
to obtain a similar lipid content.

Table 1. Formulation (g/100 g) of different fuets.

Meat Pork Back Fat Oleogel Emulsion Gel Water

NF/C 74.0 20.0 0.5
RF/C 74.0 9.0 11.5

RF/OG 74.0 4.0 7.5 9.0
RF/EG 74.0 4.0 15.0 1.5

Normal fat (NF/C) and reduced-fat (RF/C) dry fermented sausages (fuet) formulated with all-animal fat. Reduced-fat
fuets reformulated by partially replacing (80%) pork backfat with oleogel (RF/OG) or emulsion gel (RF/EG). All
samples contain 5.5% of special commercial seasoning preparation for fuet.

Previously thawed pork meat and pork backfat (~18 h at 2 ± 2 ◦C) and the new lipid materials
(OG in RF/OG and EG in RF/EG) were minced to a particle size of 6 mm (Van Dall S.r.l., model FTSIII,
Treviglio, Italy). The ingredients for each formulation (Table 1) were placed in a mixer (MAINCA,
Barcelona, Spain) and homogenized for 1 min. Half of the water and a commercial seasoning
preparation for fuet (COMPLET FUETIB CU-425, Pilarica, Valencia, Spain) were added to the mixture
and it was mixed for 1 min. Then the other half of the water and seasoning were added and the result
was mixed again for 2 min. The mixture was stuffed (manual stuffer, MAINCA, Barcelona, Spain)
into 34/36 mm-diameter natural pork casings (Julio Criado Gómez, S.A., Madrid, Spain), resulting in
sausages weighing about 200 g. The sausages were dipped in a meat surface starter suspension of
Penicillium nalgiovense and Penicillium candidum (TEXEL NEO 1 Danisco, DuPont™, Madrid, Spain)
prepared according to the manufacturer’s instructions. The sausages were placed in a ripening cabinet
(BINDER model KBF 240, Tuttlingen, Germany) under the following conditions: 2 days at 19 ◦C and
80–85% relative humidity (RH) and 15 days at 13 ◦C and 75–80% RH. These conditions were set for all
the products in order to have no other variables, despite the fact that the water content conditions
the ripening process of fermented products [28]. The fuets were packed in plastic bags under aerobic
conditions and kept in chilled storage (2 ± 2 ◦C) for 30 days.

Samples from each formulation were taken at 0 (the end of the ripening process and the beginning
of storage), 15 and 30 days of chilled storage for analysis.

2.3. Processing Losses

Losses were calculated by weight difference during the fuet ripening period and expressed as a
percentage of the initial weight.

2.4. Chemical Composition and Energy Value of Fuets

The chemical composition of the fuets was analyzed at the end of the ripening period. Each analysis
was performed three times. Moisture and ash content were determined using official methods [29].
A LECO FP-2000 Nitrogen Determinator (Leco Corporation, St Joseph, MI, USA) was used to evaluate
protein content and fat level was measured in accordance with Bligh and Dyer [30]. The energy value
was calculated on the basis of 9 kcal/g for fat and 4 kcal/g for protein.

The fatty acid content was evaluated in triplicate by saponification and bimethylation according
to Lee [31] in samples previously freeze-dried (Lyophilizer Telstar Cryodos Equipment, Tarrasa, Spain).
The analysis of fatty acid methyl ester (FAME) was carried out on an Agilent gas chromatograph
(Model 7820A, Santa Clara, CA, USA) fitted with a GC-7 Agilent HP-88 capillary column
(60 m × 250 µm × 0.2 µm) using a flame ionization detector The temperature of the injector and
the detector was 250 and 260 ◦C respectively. On the other hand, the temperature profile of the oven
was 125 ◦C, increasing by 8 ◦C/min to 145 ◦C (held for 26 min) and 2 ◦C/min to 220 ◦C (held for 5 min).
C13:0 was used as internal patron and for the identification of fatty acids, that was carried out by
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comparison of the retention times, it was used the standard 47015-U Supelco PUFA No.2 Animal Source
(Sigma-Aldrich Co., St. Louis, MO, USA). Fatty acids were expressed as g of fatty acid/100 g product.

2.5. Technological Properties

Technological properties were evaluated during the chilled storage of the fuets, at 0, 15 and
30 days.

The pH was determined (in quadruplicate) at room temperature in water in a ratio of 1:10 (w/v)
using a 827 Metrohm pH-meter (Metrohm AG, Zofingen, Switzerland).

Water activity (Aw) was measured (in triplicate) at 25 ◦C, after removing the casing, in a
LabMaster-aw instrument (model 1119977, Novasina AG, Lachen SZ, Switzerland).

Colour was measured (ten times) in fuet cross-sections using a Konica Minolta CM-3500 D
spectrophotometer (Konica Minolta Business Technologies, Tokyo, Japan) set to D65 illuminant/10◦
observer. The CIELAB colour space was used to obtain the colour coordinates L* (black (0) to
white (100)), a* (green (–) to red (+)), and b* (blue (–) to yellow (+)).

Texture profile analysis (TPA), as described by Bourne [32], was carried out using a TA-XTplus
Texture Analyzer (Stable Micro Systems Ltd., Godalming, UK) equipped with a 30 kg load cell. Six
cores (diameter = 12 mm, height = 20 mm) per sample were axially compressed to 50% of their original
height at a crosshead speed of 0.8 mm/s to calculate hardness (N). The tests were performed on the
samples at room temperature immediately after refrigeration at 3 ◦C.

2.6. Lipid Oxidation

The fuets were assessed for oxidative stability by measuring secondary oxidation products, based
on changes in concentrations of thiobarbituric acid-reactive substances (TBARs) and the main volatile
aldehyde compounds formed by lipid oxidation [33].

TBARs, which were expressed as mg malonaldehyde (MDA)/kg fuet based on a standard
curve prepared from 1,1,3,3-tetraethoxypropane in advance, were determined according to
Delgado-Pando [34],. Volatile compounds of the fuet samples were extracted by solid phase
micro-extraction and determined according to Alejandre [24]. The gas chromatograph (Agilent,
model 6890N, Santa Clara, CA, USA) was equipped with a 5973 Mass Selective Detector and it used a
DB-WAXetr polyethylene glycol capillary column (60 m × 320 µm × 0.25 µm). For the analysis the
oven temperature was set initially at 40 ◦C (4 min hold), increased to 110 ◦C at 4 ◦C/min, to 180 ◦C at
6 ◦C/min, and to 240 ◦C at 8 ◦C/min (15 min hold). Helium was used as a carrier gas at 1.3 mL/min;
injector and detector temperatures were held at 250 and 240 ◦C, respectively. Identification of the peaks
was based on comparison of their mass spectra with the spectra of a commercial library (Wiley 7th
edition and NIST/EPA/NIH 02 mass spectral library) and by comparison of their retention times with
those of standard compounds. For semi-quantitative purposes, peak area was measured by integration
of the total ion current of the spectra. Results were expressed as area/sample weight (g) × 103.

Determinations for each sample, volatile compounds, and TBARs were performed in triplicate at
day 0 and after 30 days of chilled storage.

2.7. Microbiological Analysis

Total viable counts (TVC) and lactic acid bacteria (LAB) were evaluated as described Pintado et al. [19].
For results exposure, all microbial counts were converted to logarithms of colony-forming units per
gram (Log cfu/g).

2.8. Sensory Analysis

The sensory analysis was carried out with a panel of 30 assessors selected from the Institute of
Food Science, Technology and Nutrition (ICTAN-CSIC) staff. These people were chosen because they
are acquainted with meat products and the terminology used for the analysis. For samples preparation,
the fuets were cut into 3-mm-thick slices. Two slices per sample were presented to the panellists,

74



Foods 2020, 9, 830

who were instructed to rinse their mouth with bread and water between samples. The sensory
attributes (general appearance, odour, flavour, texture and overall acceptability) were evaluated on a
10-point scale, 0 being considered as “dislike strongly” and 10 as “like strongly”. The panellists were
also asked to make any comments that they considered relevant about their sensory perception of
the samples.

2.9. Statistical Analysis

The whole experiment was performed twice. Statistical tests were made employing the SPSS
computer program (v24 SPSS Statistical Software, Inc., Chicago, IL, USA). One-way and/or two-way
analyses of variance (ANOVA) were performed. Differences between pairs of means were assessed on
the basis of confidence intervals using Tukey’s Honestly-significant-difference (HSD) test. The level of
significance was p ≤ 0.05.

3. Results and Discussion

3.1. Processing Losses

At the end of the ripening process, the losses that products suffered were calculated to
evaluate the yield for the various products as a consequence of the reformulation strategy (Figure 1).
Samples with all-animal fat had the highest weight losses, 53.4% (RF/C), and the lowest, 42.2% (NF/C).
Several authors [28,35,36] have observed higher losses in reduced-fat fermented sausages than in
sausages with normal fat. In the present study, the strategy of reducing fat and improving the lipid
profile by using oleogel (OG) and emulsion gel (EG) led to products with better binding properties
than when only the fat content was reduced (RF/C) (Figure 1). No differences were observed between
samples with OG or EG despite the higher quantity of water added directly during the preparation of
RF/OG than in the case of RF/EG, in which water was stabilized or entrapped in an emulsion (Table 1).

Figure 1. Weight losses and the processing yield of the fuets as a consequence of the ripening process.
Normal fat (NF/C) and reduced-fat (RF/C) dry fermented sausages (fuet) formulated with all-animal fat.
Reduced-fat fuets reformulated by partially replacing (80%) pork backfat with oleogel (RF/OG) or
emulsion gel (RF/EG). Different letters indicate significant differences by formulation in weight losses
and processing yield (p < 0.05).

3.2. Chemical Composition and Energy Value

The fuet composition (Table 2) was mainly influenced by the formulation (Table 1). However,
for this type of meat product, the ripening process should be taken into account because during this
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period there is a high water loss (Figure 1), which is one of the characteristics that determine the final
composition of the product because it results in concentration of the components.

Table 2. Chemical compositions and nutritional significance ratios of different fuets after the
ripening process.

Parameters
Samples

NF/C RF/C RF/OG RF/EG

Composition (%)
Moisture 32.63 ± 0.87 a 36.07 ± 0.47 b 37.45 ± 0.70 b 36.84 ± 0.76 b

Ash 4.72 ± 0.04 a 6.13 ± 0.03 c 4.90 ± 0.01 ab 5.07 ± 0.15 b

Protein 31.17 ± 0.07 a 37.74 ± 0.74 c 31.92 ± 0.96 a 35.12 ± 0.24 b

Fat 29.73 ± 2.42 b 19.78 ± 1.86 a 22.30 ± 2.13 a 22.01 ± 0.61 a

Fatty acid profile (g/100 g of fuet)
Myristic C14:0 0.50 ± 0.01 c 0.37 ± 0.04 b 0.17 ± 0.00 a 0.16 ± 0.01 a

Palmitic C16:0 7.85 ± 0.24 c 5.82 ± 0.57 b 3.92 ± 0.06 a 3.76 ± 0.12 a

Stearic C18:0 3.54 ± 0.17 c 2.63 ± 0.28 b 1.56 ± 0.03 a 1.55 ± 0.06 a
∑

SFA 12.11 ± 0.42 c 8.99 ± 0.90 b 5.79 ± 0.09 a 5.61 ± 0.19 a

Vaccenic C18:1n7 1.19 ± 0.03 c 0.91 ± 0.08 b 0.63 ± 0.01 a 0.62 ± 0.02 a

Oleic C18:1n9 13.60 ± 0.33 c 10.30 ± 0.93 a 12.29 ± 0.20 b 11.94 ± 0.18 b
∑

MUFA 16.12 ± 0.38 c 12.20 ± 1.10 a 13.51 ± 0.22 b 13.10 ± 0.21 b

Linoleic C18:2n6 2.31 ± 0.04 b 1.81 ± 0.14 a 1.81 ± 0.02 c 1.77 ± 0.03 c

Linolenic C18:3n3 0.12 ± 0.00 a 0.09 ± 0.01 a 1.68 ± 0.03 b 1.61 ± 0.03 b
∑

PUFA 2.83 ± 0.05 b 2.25 ± 0.17 a 3.81 ± 0.04 d 3.60 ± 0.04 c

Nutritional significance ratios
PUFA/SFA 0.23 ± 0.01 a 0.25 ± 0.01 a 0.66 ± 0.01 b 0.64 ± 0.02 b

n-6/n-3 14.0 ± 0.22 b 15.04 ± 0.47 b 1.12 ± 0.01 a 1.19 ± 0.02 a

SFA: saturated fatty acid; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid. For sample
denominations, see Table 1. Different letters in the same row indicate significant differences (p < 0.05) between
formulations. Means ± standard deviation.

As expected on the basis of the fuet formulations (Table 1), products with two different fat levels
were obtained (Table 2). The two strategies used in this work, the replacement of animal fat by water
alone or by the use of structured oils, OG (RF/OG) and EG (RF/EG), led to products with similar
(p > 0.05) fat content (Table 2). Moisture content increased significantly as a result of the reduction in
fat level, as other authors have found in dry fermented sausages [24,37]. Despite the differences in
water losses (Figure 1), no significant differences were found in moisture content that depended on
the type of fat used as the lipid source (all-animal-fat, OG, or EG). Reduced all-animal-fat fuet (RF/C)
had the highest (p < 0.05) ash content, probably because it had the highest losses (Figure 1) during
processing. The protein levels of the fuets were between 31.17% and 37.74% (Table 2). The use of
oleogel and emulsion gel as fat replacers resulted in samples with different (p < 0.05) protein contents,
probably because of the use of soy protein isolate as emulsifier in the preparation of the emulsion gel.

Both strategies, the pork backfat reduction and the partial pork backfat replacement by oleogel
and emulsion gel systems, improved the fatty lipid profile, with decreased SFA and increased PUFA
(p < 0.05). With regard to SFA, the use of OG and EG as animal fat replacers significantly reduced
the myristic, palmitic and stearic acid contents in the fuets by more than half compared to the control
(NF/C) (Table 2). The highest (p < 0.05) MUFA content was in the control samples (NF/C). However,
MUFA represented 54% of total fat in NF/C, whereas in RF/OG and RF/EG MUFA content was
approximately 60% of total fat. Oleic acid was the main fatty acid in all samples (Table 2), which is
consistent with reports for fatty acid composition in pork fat [38] and in olive oil [27], which was the
main oil used in the development of OG and EG. The RF/OG and RF/EG products showed the highest (p
< 0.05) PUFA content, with a notable increase inα-linolenic fatty acid (ALA) in both samples owing to the
presence of chia oil, which is the richest known botanical source of n-3 linolenic acid [12]. Consequently,
owing to the technological advantages that chia seed and chia flour offer and their high lipid content
(30–35%), both products have also been used (added directly or in emulsion or emulsion gel) to improve
the fatty acid profile of various meat products, such as frankfurters, burgers, longanizas, etc. [19,39–41].

76



Foods 2020, 9, 830

The PUFA/SFA ratio is one of the main parameters currently used to assess the nutritional quality of the
lipid fraction of foods, and a PUFA/SFA ratio above 0.4 is recommended [38]. The PUFA/SFA ratio in
the all-animal-fat samples (N/FC and R/FC) was around 0.2 (Table 2), which is consistent with reports by
other authors concerning conventional meat products [20,42], whereas replacement of pork fat by the
new healthy lipid materials (OG and EG) increased this ratio (p < 0.05) to 0.6 (Table 2), thus complying
with the recommendations. The PUFA n-6/n-3 ratio is also of great interest, because diets with high
PUFA n-6/n-3 ratios promote the pathogenesis of many diseases (cardiovascular diseases, cancer, etc.),
whereas increased n-3 PUFA content exerts a suppressive effect [43]. The nutritional recommendation
for this ratio is that it should be lower than 4, and the strategy based on the replacement of animal fat
by OG or EG produced a drastic decrease to values close to 1 in the PUFA n-6/n-3 ratio in the RF/OG
and RF/EG fuets, complying with the recommendations. Increasing the PUFA/SFA ratio as well as
reducing the PUFA n-6 / n-3 ratio to get closer to the reference values, has been tested using new lipid
materials such as EG or oleogels elaborated with oils that have a healthy profile of fatty acids (olive,
flax, chia, etc.). This strategy, which has been tried on other types of meat products (fermented, cooked
or fresh), has given similar results to those obtained in the present study [6,8,17,18,24].

According to the composition specified, the energy value of the normal-fat fuets (NF/C) was
approximately 392 kcal/100 g. As a consequence of the reformulation strategies based on lipid content
improvement, the energy value decreased to values between 328 kcal/100 g (RF/OG and RF/C samples)
and 338 kcal/100 g in fuet with emulsion gel (RF/EG). These changes represent an energy reduction of
around 14–16% in the reformulated products. Similar or lower energy reductions have been observed
in other reduced-fat fermented sausages [24,37].

3.3. Nutritional and Health Claims

According to the composition presented in Table 2 and Regulation (European Commission) no
1924/2006 and Regulation (EU) no 432/2012 [44,45], all the fuets could be labelled with the nutritional
claim “high protein content” and the corresponding health claims presented in Table 3. On the
other hand, the sample with reduced all-animal-fat content (RF/C) showed a fat reduction of more
than 30% with respect to the control and could therefore labelled with a “reduced fat content” claim.

Table 3. Nutrition and health claims authorised in fuets according to Regulation (EC) No 1924/2006
and Commission Regulation No 432/2012.

Claims Conditions Applying to Them
Fuet Samples

NF/C RF/C RF/OG RF/EG

“high protein”
Proteins contribute to a growth in muscle
mass and the maintenance of muscle mass
and normal bones. Protein is needed for

normal growth and development of bone in
children.

May only be made where at least
20% of the energy value of the

food is provided by protein
X X X X

“reduced fat”
May only be made where the

reduction in content is at least 30%
compared to a similar product

X

“high unsaturated fat”
Replacing saturated fats with unsaturated

fats in the diet contributes to the
maintenance of normal blood cholesterol

levels.

May only be made where at least
70% of fatty acids present in the

product derive from unsaturated
fat under the condition that

unsaturated fat provides more
than 20% of the energy of the

product.

X X

“high omega-3 fatty acids”
Alpha-linolenic acid (ALA) contributes to

the maintenance of normal blood
cholesterol levels. Information shall be

given to the consumer that the beneficial
effect is obtained with a daily intake of 2 g

of ALA.

May only be made where the
product contains at least 0.6 g

ALA / 100 g of product and per
100 kcal.

X X
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Furthermore, the strategy based on partial replacement of animal fat by healthy structured oil
systems (OG and EG) allows other nutritional and health claims for these fuets according to European
regulations [44,45]. With regard to nutritional claims, the RF/OG and RF/EG fuets could be labelled with
“high unsaturated fat” and “high omega-3 fatty acids” claims (Table 3). With regard to health claims,
the labelling of these samples could include the claim that “ALA contributes to the maintenance of
normal blood cholesterol levels” (Information shall be given to the consumer that the beneficial effect
is obtained with a daily intake of 2 g of ALA). Taking into account that it is recommended to limit the
consumption of processed meat to 50 g per day [46], this amount of the RF/OG and RF/EG samples
covers more than 50% of ALA needs. Accordingly, the presence of chia and olive oil oleogel or emulsion
gel in the fuets reflected healthier nutritional properties when compared with the control samples.

3.4. Technological Properties

In order to know the consequences of the different composition of the fuets as well as the
phenomena that occurred during the ripening process, the technological properties were evaluated
during the storage period, after ripening, which is when the product is consumed. The water activity
(Aw) of the fuets was affected by the formulation (Table 4), with values ranging between 0.87 and 0.90
just after the ripening period (day 0 of storage). The use of OG or EG as fat replacement in the fuets did
not significantly condition the initial Aw, but their values were higher (p < 0.05) than those observed
in the samples with all-animal fat and than those expected for this kind of product [47]. However,
Triki [48] observed decreased Aw values in chorizo (a Spanish fermented sausage) fermented sausages.
In the present work, what may have happened is that the use of the mixture of structured olive and
chia oils in the development of the fuets conditioned the ripening process, requiring a longer time to
produce a reduction in water activity levels. In general, chilled storage had hardly any effect on water
activity (Table 4). Similar behavior has been observed in fermented sausages during storage [48].

Table 4. Technological properties of fuets during chilled storage: pH and water activity (Aw) values,
colour parameters (L* lightness, a* redness and b* yellowness) and texture profile analysis (TPA)
(Hardness, N).

Samples
Days of Storage (5 ◦C)

0 15 30

Aw

NF/C 0.87 ± 0.02 a1 0.89 ± 0.01 c1 0.88 ± 0.00 a1

RF/C 0.88 ± 0.01 a2 0.84 ± 0.00 a1 0.87 ± 0.00 a2

RF/OG 0.91 ± 0.01 b1 0.90 ± 0.00 c1 0.90 ± 0.00 b1

RF/EG 0.90 ± 0.01 b2 0.88 ± 0.01 b1 0.92 ± 0.00 b3

pH

NF/C 5.41 ± 0.01 b1 5.74 ± 0.11 b2 6.34 ± 0.04 a3

RF/C 5.50 ± 0.01 b1 5.87 ± 0.07 c2 6.5 ± 0.04 b3

RF/OG 5.27 ± 0.01 a1 5.60 ± 0.04 a2 6.64 ± 0.03 c3

RF/EG 5.20 ± 0.01 a1 5.77 ± 0.12 bc2 6.62 ± 0.02 c3

Colour parameters

L*

NF/C 41.45 ± 2.85 a12 42.74 ± 2.99 a2 38.76 ± 1.59ab1

RF/C 45.68 ± 2.79 b2 41.02 ± 1.63 a1 39.60 ± 3.99 b1

RF/OG 41.69 ± 2.47 a1 41.69 ± 1.92 a1 40.76 ± 2.39 b1

RF/EG 42.12 ± 1.86 ab2 39.85 ± 2.52 a2 35.31 ± 3.50 a1

a*

NF/C 14.11 ± 0.99 ab2 11.60 ± 2.99 a1 17.75 ± 1.73 b3

RF/C 12.79 ± 1.87 a1 16.82 ± 1.17 b2 16.72 ± 1.70 ab2

RF/OG 15.58 ± 1.38 b1 16.75 ± 0.88 b1 16.74 ± 2.04 ab1

RF/EG 14.25 ± 1.29 ab1 16.52 ± 1.01 b2 15.33 ± 0.95 a12

b*

NF/C 6.07 ± 0.82 a1 4.66 ± 1.39 a1 7.77 ± 1.36 a2

RF/C 8.23 ± 2.40 b1 7.01 ± 1.19 b1 7.66 ± 0.83 a1

RF/OG 7.91 ± 0.98 b1 10.19 ± 1.08 c2 10.43 ± 1.10 b2

RF/EG 8.95 ± 0.78 b1 9.70 ± 0.74 c1 9.32 ± 0.82 ab1

Texture profile analysis

Hardness (N)

NF/C 5.81 ± 0.91 b1 4.54 ± 1.40 a1 12.30 ± 1.66 b2

RF/C 9.51 ± 0.18 c1 12.36 ± 2.06 c1 16.79 ± 3.34 c2

RF/OG 3.75 ± 0.49 a1 3.78 ± 0.65 a1 5.36 ± 0.52 a2

RF/EG 5.84 ± 0.50 b1 7.71 ± 1.08 b2 7.97 ± 0.73 a2

For sample denominations, see Table 1. Different letters in the same column and different number in the same row
indicate significant differences (p < 0.05) between formulations or chilled storage process. Means± standard deviation.
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The sausage formulations and chilled storage conditioned (p < 0.05) the pH values of the fuets
(Table 4). However, all the pH values were within the normal range reported for similar commercial
products [47] or products in which animal fat was replaced by n-3 long-chain PUFA in konjac
glucomannan matrix or linseed EG [25,49]. At day 0, samples with OG or EG as fat replacer showed
the lowest (p < 0.05) pH values. Similar behavior has been described for fuets in which animal fat
was replaced by sunflower oil [28] and in higher caliber (50 mm) dry fermented sausages made with
linseed oil EG as animal fat replacer [25]. On the other hand, [24] did not observe an effect on pH
values as a consequence of fat replacement (26.3%, 32.8% and 39.5%) by linseed oil gelled emulsion
in dry fermented sausages. During chilled storage a significant increase in pH values was observed.
Similar results have been found in dry fermented sausage produced using different lactobacilli as
starter culture [50]. These authors found that the pH started to increase after 28th day of ripening and
the increase continued during storage at refrigeration (8◦ C). An increase of pH could be related to the
breakdown of lactic acid following the depletion of the added sugar [50].

Table 4 shows the values obtained for lightness (L*), redness (a*) and yellowness (b*) in the
control and reformulated fuets. As a result of reducing animal-fat content (comparison between NF/C
and RF/C), increases (p < 0.05) in lightness and yellowness were observed, while no effect on redness
values was found. However, as a result of the replacement of pork backfat by structured chia and
olive oil systems (RF/OG and RF/EG samples), in comparison with the control (NF/C), only yellowness
increased (p < 0.05) (Table 4). This means that the strategy of reducing and replacing animal fat with a
mixture of structured olive and chia oils gives rise to products that maintain the characteristic redness
of this type of product, unlike what happens when there is only a reduction in fat content (RF/C),
which causes greater changes in colour. It is important to note that the healthier fuets (RF/OG and
RF/EG samples) were more stable, with smaller changes in colour parameters after 30 days of chilled
storage, than the products made with only animal fat (Table 4).

The hardness of the fuets varied as a result of the modifications that were assayed (Table 4). Initially
it was noted that there was a significant increase in hardness in the fuets with reduced animal fat,
probably owing to greater water losses in the RF/C samples (Figure 1). These results are in agreement
with those found by several authors [28,51,52], who reported higher hardness in low-fat dry fermented
sausages than in high-fat ones. The type of structured oil system used as the animal fat replacer
conditioned the hardness of the fuets. Thus, fuets made with EG as animal-fat replacer (RF/EG) showed
similar (p > 0.05) hardness to the control (NF/C), whereas those with oleogel (RF/OG) had the lowest
(p < 0.05) hardness values. Hardness has a negative relation with moisture content in dry fermented
meat products, as other authors have observed [51,53]. Accordingly, given that the RF/OG and RF/EG
samples had similar moisture values (Table 2) and processing losses, the differences in hardness
could be attributed to how the water was added during the preparation of the products, directly to
the meat matrix (RF/OG) or stabilized in EG (RF/EG). In chorizo Jimenez-Colmenero [54] detected a
decrease in hardness as a consequence of replacing various animal fat levels by an oil-in-konjac matrix.
Similar behavior was observed by other authors when they used linseed oil EG or OG as an animal fat
replacer in dry fermented sausages [25,26]. Conversely, in salchichón (a Spanish fermented sausage)
and fuet, the replacement of various animal-fat levels by fish oil encapsulated in konjac gel (salchichón)
or by sunflower oil added directly (fuet) resulted in harder samples [26–28]. As expected, during
chilled storage all the samples experienced an increase (p < 0.05) in hardness (Table 4), probably
because all the samples lost water during that period. However, it should be noted that, as with color,
the changes in the texture of the OG and EG fuets during chilled storage were smaller than those in the
control samples made with animal fat.

3.5. Lipid Oxidation

Lipid oxidation is the main non-microbial cause of quality deterioration in meat products and one
of the most important reactions of fermented meat products that generates volatile compounds [33].
Accordingly, the effect of the partial replacement of pork backfat by structured chia and olive oil
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systems (oleogel or emulsion gel) on lipid oxidation, measured as volatile compounds and MDA levels,
is shown in Table 5.

Table 5. Parameters related to lipid oxidation of fuets during chilled storage: thiobarbituric
acid-reactive substances (TBARs) values (mg malonaldehyde (MDA)/kg sample) and volatile
compounds (area/sample weight (g) × 103).

Compound
Samples

NF/C RF/C RF/OG RF/EG

TBARs
day 0 0.103 ± 0.025 a1 0.085 ± 0.010 a1 0.404 ± 0.028 b1 0.404 ± 0.028 b1

day 30 0.107 ± 0.016 a1 0.091 ± 0.010 a1 0.384 ± 0.040 b1 0.365 ± 0.041b1

Hexanal
day 0 156.0 ± 0.4 a1 152.3 ± 20.8 a1 239.8 ± 26.2 b2 367.0 ± 15.2 c2

day 30 119.4 ± 18.4 a1 121.3 ± 9.9 a1 153.1 ± 0.5 a1 279.4 ± 26.2 b1

Heptanal
day 0 17.5 ± 3.1 a2 30.8 ± 4.8 a2 65.3 ± 36.8 b2 60.1 ± 3.8 b2

day 30 11.9 ± 1.3 a1 12.3 ± 5.6 a1 35.6 ± 1.1 b1 48.0 ± 1.2 c1

Octanal
day 0 74.2 ± 4.0 a1 55.4 ± 1.9 a1 473.3 ± 188.5 b2 462.2 ± 139.3 b2

day 30 51.4 ± 3.4 a1 51.0 ± 6.1 a1 96.5 ± 0.5 b1 137.9 ± 11.5 c1

Nonanal
day 0 366.9 ± 20.7 a1 352.6 ± 39.4 a1 971.8 ± 164.4 b1 809.2 ± 1.1 b1

day 30 324.9 ± 18.1 a1 387.8 ± 66.2 a1 762.2 ± 22.3 b1 882.5 ± 20.9 b1

For sample denominations, see Table 1. Different letters in the same row indicate significant differences by
formulation and different number in the same column indicate differences by chilled storage (p < 0.05). Means ±
standard deviation.

TBARs values were significantly higher in the RF/OG and RF/EG samples, reflecting increased
lipid oxidation in the fuets owing to the higher level of unsaturated fat, although their oxidation levels
remained well below the rancidity threshold which is usually when the MDA concentration is above 1
mg per kg of sample [33]. Chilled storage did not have a significant effect on TBARs values, probably
because of the stability provided by the structured systems in which the oil mixture was located,
unlike what occurs when the oil is incorporated directly [55]. Similar results have been found in
various meat products with an improved lipid profile based on plant and marine oils stabilized in
different ways [48].

Aldehydes are the most abundant volatile compounds produced by lipid oxidation, and hexanal is
the aldehyde that has been considered to be the best indicator [33]. As expected, higher (p < 0.05) levels
of all volatile compounds were observed after the ripening process (day 0) in samples with OG (RF/OG)
or EG (RF/EG) used as animal fat replacer (Table 5). These results are in agreement with those obtained
in the determination of TBARs and those found by some other authors. Thus, Alejandre [24] and
Glisic [25] observed higher levels for aldehydes in dry fermented sausages in which the lipid content
was improved by using linseed emulsion gel as an animal fat replacer. On the other hand, although
RF/EG showed higher (p < 0.05) hexanal levels than RF/OG, non-significant differences were observed
in heptanal, octanal and nonanal levels depending on the structured oil system used as healthier lipid
material (Table 5). Josquin [56] assayed the replacement of pork backfat with pure, pre-emulsified or
encapsulated fish oil in fermented sausages and observed differences in volatile levels, depending on
the strategy used to incorporate the oil. The sausages in which encapsulated oil was incorporated had
lower volatile compound levels than the others.

After chilled storage, a significant decrease was observed in the volatiles studied, except for
nonanal in the samples made with OG or EG, whereas the samples with all-animal fat generally
showed values (Table 5) similar to those at the beginning of storage.
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3.6. Microbiological Analysis

Microbiological factors during chilled storage are known to affect the stability and shelf life of meat
products. Figure 2 shows changes in total viable count (TVC) and lactic acid bacteria (LAB). All samples
presented high initial microbial counts (>8 log cfu/g) of TVC and LAB, which in general were maintained
during chilled storage. However, fuet formulated with emulsion gel (RF/EG) experienced a significant
increase in TVC and LAB counts after 30 days in refrigeration, reaching levels close to log 9 cfu/g
(Figure 2). These results are in accordance with others observed in dry fermented sausages in which
various animal-fat levels were replaced [35,48].

Figure 2. Microorganism (a: total viable count; b: lactic acid bacteria) counts (log cfu/g) of fuets during
30 days of chilled storage. For sample denominations see Table 1.

3.7. Sensory Analysis

The external appearance of the fuets was similar regardless of the formulation strategy used
(Figure 3). However, some differences were observed in their cross-sectional appearance, depending
on the lipid source that was used. Thus, while the animal fat was perfectly differentiated in the
meat matrix, the oleogel or EG in R/OG and R/EG, respectively, could not be seen (Figure 3).

Figure 3. Effect of formulation strategies on the external and cross-sectional appearance of the fuets
after the ripening process. For sample denominations see Table 1.

The results of the hedonic analysis for the attributes evaluated are shown in Figure 4. In general, for
all of them, the samples made with all-animal fat received higher scores than the others. With regard to
RF/OG and RF/EG, the panelists evaluated them with similar scores for all attributes. The lower scores
that the reformulated samples received could be attributed to the high aldehyde content as compared
to the control (Table 5), as other authors have reported for this type of meat product [57]. On the
other hand, the differences observed between their appearances (Figure 3) may have conditioned
how the panelists evaluated other sensory attributes [58]. Furthermore, after 30 days of storage,

81



Foods 2020, 9, 830

when they showed lower aldehyde contents (Table 4), RF/OG and RF/EG received higher scores for
flavor or general acceptability. Alejandre et al. [24] did not observe differences in taste and juiciness
but found differences in odor between control dry fermented sausages and others made with linseed
emulsion gel as animal-fat replacer. However, the sensory attributes could be further improved by
slight modifications to the product, including modifications to the conditions associated with the
ripening process.

Figure 4. Sensory analysis scores for general appearance, odor, flavor, texture and general acceptability
of the fuets: a) after ripening process; b) after 30 days of chilled storage. For sample denominations see
Table 1.

4. Conclusions

The healthy oil mixture based on chia and olive oil, structured into an oleogel or emulsion gel,
was proved to be an interesting option for the development of functional dry fermented sausages.
These products could be labelled with certain nutritional and health claims according to European
legislation, mainly because of the high α-linolenic fatty acid content. The strategy of reducing and
replacing animal fat with a mixture of structured olive and chia oils gives rise to products that maintain
the color characteristic of this type of product and a good oxidative and microbiological status during
chilled storage. Fuets made with EG as animal-fat replacer had similar hardness to the control whereas
those with oleogel were softer. Nevertheless, further studies are necessary to improve sensory attributes
of the reformulated fuets with this type of lipid material but no great differences resulting from the use
of one or the other were observed. Moreover, the strategy based on reduction and improvement of the
lipid fraction yielded products that were stable during chilled storage.
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Abstract: Food authorities have not yet provided a definition for the term “clean label”. However,
food producers and consumers frequently use this terminology for food products with few and
recognisable ingredients. The meat industry faces important challenges in the development of
clean-label meat products, as these contain an important number of functional additives. Nitrites
are an essential additive that acts as an antimicrobial and antioxidant in several meat products,
making it difficult to find a clean-label alternative with all functionalities. Another important additive
not complying with the clean-label requirements are phosphates. Phosphates are essential for the
correct development of texture and sensory properties in several meat products. In this review,
we address the potential clean-label alternatives to the most common additives in meat products,
including antimicrobials, antioxidants, texturisers and colours. Some novel technologies applied for
the development of clean label meat products are also covered.

Keywords: clean label; meat products; nitrites alternatives; phosphates alternatives

1. Introduction

Over the last few years, food producers have identified the term “clean label” as an
important market trend. Nevertheless, what does “clean label” mean? So far there, is
no official nor clear definition of the term [1,2]. Asioli et al. [3] proposed two ways the
consumers can interpret a product as being clean label. In a broad sense, by looking at
the front of pack, consumers might assume a product is clean label if related visual claims
appear, such as “free from . . . ”, “organic”, “no additives”, etc. In a strict sense, the authors
conclude that, on the back of the pack, consumers associate clean-label products with those
that have a short list of ingredients, are non-synthetic, are common for the consumers, etc.
Therefore, a definition of clean label should relate to the number and type of additives
(synthetic or not) a product has as well as its wholesomeness. An attempt of a definition
was released in the official blog of the Institute of Food Technologists: “clean label means
making a product using as few ingredients as possible, and making sure those ingredients
are items that consumers recognize and think of as wholesome” [4]. We believe that this
is a very accurate definition of the term. It relates to all the three important aspects of the
clean-label trend: short list of ingredients, trust in the ingredients and perceived healthiness.
In line with this, Aschemann-Witzel et al. [5] found that consumers perceived ingredients
as belonging to one of these two opposing categories: known-“natural”-good or unknown-
synthetic-bad. The former being the one related with the clean-label option. It is important
to remark the following finding: there is a correlation for an additive of being perceived
as potentially unsafe, unhealthy or of low quality if the name is not common or difficult
to pronounce [6,7]. A survey in the USA showed that, depending on the ingredient name,
the perceived naturalness differs. When asked about added salt, 65.6% of the respondents
considered it natural. However, when they were asked about added sodium chloride, only
32% considered it natural [8]. As with the term “clean label”, the term “natural” does not
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have a proper definition given by the regulators. Although consumer might understand it
as a synonym of non-chemical, good and healthy, this is far from the reality where sodium
chloride is the same as common salt or nitrites from synthetic origin are the same as the
ones extracted from the Swiss chard. Nonetheless, consumer perception must be taken into
account for product success and we do not need to forget that safety plays an essential role
for the consumer, along with health, being a top-ten consumer trend in 2021 [9].

The meat industry faces important challenges, and as part of the food industry con-
glomerate, it needs to address changes towards clean-label options. Meat products, per
definition, need to utilise an important amount of additives during their processing, so
that the typical technological and organoleptic characteristics are met. In addition, many of
the additives also employed during meat processing are essential to preserve the safety
and shelf life of the products. Many synthetic-sounding ingredients offer functionalities
that are paramount for meat quality. For this reason, nowhere else are these challenges
greater than in meat production.

Additives are one of the most researched substances in the world, as they are constantly
monitored by food-safety agencies, such as The European Food Safety Authority (EFSA)
in the EU and (Food and Drug Administration) FDA in the USA. Within the EU, there is
a list of permitted additives and their maximum level of use depending on the type of
product [10]. For meat products, the list is long, including antimicrobials, antioxidants and
texturisers as the most used ones, but also some other additives (such as colours, stabilisers
and acidity regulators) are allowed to be used in some of the European meat products
(Table 1). Consumers might perceive these additives as unhealthy or unnecessary due to
their chemical-sounding name. However, all the additives used in meat processing are
considered safe within the established limits by the food safety authorities.

In this article, we present a thorough review of the clean-label options in the form of
ingredients or novel technologies that can offer a real clean-label alternative to the most
common additives used in meat processing.

Table 1. Additives permitted in the EU for meat product according to Reference [10].

E-Number Additive Names Max Dosage (mg/kg) Permitted Products

E120 Cochineal, carminic acid,
carmines

100
Sausages, pates, terrines, breakfast

sausages (min 6% cereal) and burger meat
(4% vegetables or cereal)

200 Chorizo, salchichón

quantum satis pasturmas

E129 Allura Red AG 25
Luncheon meat, breakfast sausages (min

6% cereal) and burger meat (4% vegetables
or cereal)

E124 Ponceau 4R, Cochineal
Red A

250 Chorizo, salchichón

200 Sobrasada

E150a–d Caramels quantum satis
Sausages, pates, terrines, breakfast

sausages (min 6% cereal) and burger meat
(4% vegetables or cereal)

E160a Carotenes 20 Sausages, pates, terrines

E160c Paprika extract,
capsanthin, capsorubin 10 Sausages, pates, terrines

E162 Beetroot Red, betanin quantum satis Sausages, pates, terrines

E200–203 Sorbic acid-sorbates 1000 Pates, aspic

E210–213 Benzoic acid-benzoates 500 aspic

E214–219 p-hydroxybenzoates 1000 pates
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Table 1. Cont.

E-Number Additive Names Max Dosage (mg/kg) Permitted Products

E220–228 Sulphur dioxide-sulphites 450
breakfast sausages, burger meat (4%
vegetables or cereal), salsicha fresca,

longaniza fresca, butifarra fresca

E249–250 Nitrites
150 Non-sterilised meat products

100 Sterilised meat products (F0 > 3.00)

E251–E252 Nitrates 150 Non heat treated meat products

E300–301 Ascorbic acid, sodium
ascorbate quantum satis

Foie gras, foie gras entier, blocs de foie
gras/Libamáj, libamáj egészben,

libamáj tömbben

E310–320 Gallates, TBHQ and BHA 200 Dehydrated meat

E315–316 Erythorbic acid, sodium
erythorbate 500 Cured meat products and preserved

meat products

E338–452
Phosphoric

acid-phosphates-di-, tri-
and polyphosphates

5000
Except foie gras, foie gras entier, blocs de

foie gras, Libamáj, libamáj egészben,
libamáj tömbben

E385

Calcium disodium
ethylene diamine

tetra-acetate (Calcium
disodium EDTA)

250 Libamáj, libamáj egészben,
libamáj tömbben

E392 Extracts of rosemary 150
Dehydrated meat, heat treated and

non-heat treated meat products excluding
dried sausage

100 Dried sausage

E427 Cassia gum 1500 Heat treated meat products

E473–474 Sucrose esters of fatty
acids-sucroglycerides 5000

Heat treated meat products except foie gras,
foie gras entier, blocs de foie gras, Libamáj,

libamáj egészben, libamáj tömbben

E481–482 Stearoyl-2-lactylates 4000 Minced and diced canned meat products

E959 Neohesperidine DC 5

As flavour enhancer only, except for foie
gras, foie gras entier, blocs de foie gras,

Libamáj, libamáj egészben, libamáj
tömbben

2. Clean-Label Ingredients in Meat Products
2.1. Antimicrobial

Consumers’ demand for safe and high-quality meat and meat products is more dy-
namic and diversified nowadays than in the past. They want minimally processed, easily
prepared, all-natural ready-to-eat (RTE) meat products [11]. To date, the trend in consumers’
food demands, clean labelling has rapidly increased, particularly for meat products contain-
ing many food additives [12]. Researchers in parallel with producers and manufacturers
have been challenged to develop healthy meat products with high quality and safety
criteria. The microorganisms associated with the spoilage of meat and meat products are
bacteria such as Pseudomonas, Acinetobacter, Brochothrix thermosphacta, lactobacillus spp.,
Enterobacter, as well as yeasts and moulds that can affect the organoleptic characteristics of
food [13].

The extended use of nitrites led to growing awareness and concern about the health-
iness of meat products. Numerous safety issues about nitrite have been raised because
it can be converted into N-nitroso with amines in meat products, known as carcinogenic
compounds to humans [14,15]. Therefore, several studies counter this challenge and help
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produce meat products with low or no-nitrite salts using potential alternatives with similar
antimicrobial effects without causing any health hazards [16,17]. Additionally, nitrite play
a major role in inhibiting the growth of foodborne pathogens such as Listeria monocytogenes,
salmonella spp., Campylobacter jejuni, Escherichia coli O157:H7, Flavobacterium, micrococcus
spp. and clostridium spp. that can cause important public health problems with million
cases of foodborne diseases occurring each year [15,18].

Another additive used as preservative in meat products is sulphites. Sulphites or SO2
are antibacterial agents more powerful against gram-negative bacteria [19]. These additives
are considered allergens as certain people have adverse reactions to their consumption,
especially those sensitive to asthma, including triggering of anaphylactic reactions, hy-
potension, abdominal pain, dermatitis, etc. [20]. In addition to be declared as allergen
content, sulphites and sulphiting agents are controlled and, in the EU, sulphites and SO2
are the only ones permitted at a maximum dose of 450 mg/kg and only for the following
meat products: breakfast sausage, longaniza fresca, butifarra fresca and burger meat when
it has 4% of cereal or vegetable.

In the meat processing industry, several traditional thermal and novel non-thermal
preservation techniques are being used to increase the products’ shelf life and enhance the
sensory properties. To achieve this, meat curing is a well-developed processing stage that
includes the addition of salt, nitrite and nitrate even on fresh-cut meat imparting several
distinctive properties to the meat products [21,22]. The main synthetic nitrites used in the
meat industry are sodium nitrite (NaNO2) and potassium nitrite (KNO2) because they
are cost-effective, stable, and easy to prepare and use [23]. Before using compounds of
natural origin as a replacement for nitrite, their antimicrobial efficacy should be examined,
and this review provides a comparison of the published data. Foodborne pathogens can
easily contaminate raw meat or meat products, and during prolonged periods of storage,
spoilage microorganisms may produce an unwanted visual appearance and diminish
their organoleptic properties. Research for additives of natural origin with antimicrobial
activities, especially of plant origin, has notably increased in recent years [23]. Numerous
natural extracts have been applied to meat and meat products, with herbs and spices
being the most used as clean-label alternatives to nitrites and sulphites [24]. Among these,
some plant extracts can serve as natural nitrate sources, as nitrate naturally occurs in the
environment (plants, soils, water, etc.) [25]. However, nitrites of natural origin do not
offer any healthier advantage towards synthetic nitrites, and they only provide a clean-
label option for the consumer. Table 2 presents some potential antimicrobial alternatives
from natural origin for nitrite and sulphites that can be used effectively in clean-label
meat products.

Table 2. Studies on the application of clean-label antimicrobial compounds on meat products.

Antimicrobial Dosage Product Target Main Effects References

Clove (Syzygium
aromaticum) EO 5 and 10%

Ground beef L. monocytogenes

L. monocytogenes population completely
inactivated after 3 days of storage at 0, 8
and −18 ◦C (10% clove oil) and inhibited

with 5% clove oil
[26]

Cinnamon
(Cinnamomum

cassia) EO
2.5 and 5.0%

L. monocytogenes counts reduced by 3.5–4.0
Log CFU/g after 7 days at 0 and 8 ◦C and
after 60 days at −18 ◦C (5% cinnamon oil)

Oregano oil and
Sodium nitrite

400 pm and
50–100 ppm Minced pork C. botulinum

The synergistic effect of oregano oil and
NaNO2 inhibited the growth of

C. botulinum
[27]

Cinnamon EO and
Grape seed extract

0.02–0.04% and
0.08–0.16%

individually and
in combination

Lyoner-type
sausages

Lactic acid bacteria
(LAB), Total viable

count (TVC),
Psychrotrophic

count, mould and
yeast count, and C.

perfringens

Combination of cinnamon oil with grape
extract 0.04 and 0.08%, respectively,

reduced the final population of all counted
microorganisms after 40 days, at 4 ◦C

The combined effect of cinnamon oil with
grape extract 0.04 and 0.16% reduced C.

perfringens by 1.72 Log CFU/g at the end
of storage

[24]
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Table 2. Cont.

Antimicrobial Dosage Product Target Main Effects References

Grape seed extract,
Pine bark extract,

and Rosemary
extract

1% for each
extract applied

separately
Ground beef

E. coli O157:H7, L.
monocytogenes and

S. Typhimurium

After 9 days of storage at 4 ◦C, E. coli
O157:H7 reduced by 0.62, 0.66 and 0.18

Log CFU/g; L. monocytogenes by 1.01, 1.34
and 0.89 Log CFU/g; and S. Typhimurium

by 1.11, 1.33 and 1.06 Log CFU/g,
respectively, by 1% grape seed, 1%

pine bark
and 1% rosemary extract, compared with

the control samples

[28]

Ziziphora
clinopodioides EO

and Nisin

0.1–0.2% and
250–500 IU/g

individually and
in combination

Raw beef
patty

TVC,
psychrotrophic and
Enterobacteriaceae

count and
Staphylococcus
aureus and E.
coli O157:H7

All treatments affected the growth of TVC,
psychrotrophic and Enterobacteriaceae

count, as well as S. aureus and E. coli
O157:H7

Treatment with 0.2% EO+ 500 IU/g nisin
presented the highest effect on

microorganisms during storage for 9 days,
at 4 ◦C

E. coli O157:H7 and S. aureus counts were
under the detection limit after 7 days,

at 4 ◦C

[29]

Nisin and
Lactoferrin

0, 100 and
200 µg/g

individually and
in combination

Turkish style
meatball

TVC, LAB, Total
psychrophilic

bacteria,
Pseudomonas spp.,
sulfite-reducing

anaerobic bacteria,
yeast and mould,
and coliforms, E.

coli, Total
staphylococcae

count, and S. aureus

All groups of microorganisms
significantly reduced after treatment with

nisin and lactoferrin alone or in
combination after 12 days of storage at
4 ◦C Nisin (100 µg/g) and lactoferrin

(200 µg/g) reduced the coliform (> 5-Log
CFU/g) and E. coli population to

undetectable level after 3 days, at 4 ◦C
Nisin (200 µg/g) and lactoferrin

(100 µg/g) effectively reduced S. aureus by
3.50 Log CFU/g

[30]

Lysozyme Nisin
and Disodium

ethylenediaminete-
traacetic acid

(EDTA)

250 ppm,
250 ppm and

20 mM in
combination

Ostrich Meat
Patties

TVC, LAB,
Pseudomonas spp.,

Enterobacteriaceae
and

L. monocytogenes

L. monocytogenes population decreased
below the detection limit of 2.00 Log

CFU/g and LAB counts reduced about
2.00 Log CFU/g after treatment on patties
packaged in air and vacuum and stored at

3 ◦C for 8 days

[31]

Tomato, red grape,
olive and

pomegranate
by-product extracts

1000 mg/kg Lamb meat
patties

Mesophilic
bacteria,

Psychrotrophic
counts, LAB,

Enterobacteriaceae,
and

L. monocytogenes
and Salmonella spp.

Microbial counts on lamb patties packed
in MAP and stored at 2 ◦C (7-day storage)
after treatment with by-product extracts

were significantly lower than control
samples Results showed the absence of

L. monocytogenes and Salmonella spp.

[32]

Removing nitrite from meat products could be problematic because of its high an-
timicrobial efficacy. Hence, McDonnell et al. [33] evaluated several compounds for their
antimicrobial efficacy against L. monocytogenes to uncured and alternative cured RTE pro-
cessed meat and poultry products. The addition of vinegar, lemon and cherry powder
blend (1.5%) delayed the growth of L. monocytogenes inoculated on the surface of cured ham
and deli-style turkey breast. They suggested using the three antimicrobials on uncured
roast beef as no growth of L. monocytogenes was observed after 12 weeks of storage at
4 ◦C. Moreover, L. monocytogenes effectively inhibited and decreased by 4 and 3 Log on
RTE bologna type turkey meat coated with Nisaplin and Guardian (antimicrobial gelatin)
films, respectively, after 56 days of refrigeration (4 ◦C) storage [34]. The efficacy of chitosan
coating as an alternative to chemical protective additives demonstrated by Bostan and
Mahan [35] on sausages. All sausages were dipped into 0.25, 0.50 and 1.00% chitosan
solutions prepared with 1.00% acetic acid. The authors observed that the shelf life of the
products increased and that 0.25% chitosan concentration was enough to inhibit the growth
of aerobic bacteria, whereas higher concentrations were needed to inhibit the lactic acid
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bacteria (LAB). Soultos et al. [36] observed a positive effect of chitosan (0.50 and 1.00%)
against the total viable count, LAB, pseudomonas spp., B. thermosphacta, Enterobacteriaceae,
yeasts and moulds on Greek-style fresh pork sausages. Golden et al. [37] evaluated the
efficacy of antimicrobial blends containing dried vinegar (DV), together with fruit and
spice extracts with salt, against C. perfringens in uncured ham compared to traditionally
cured ham. They manifested that combining the clean-label antimicrobials used had similar
inhibition effects against C. perfringens in uncured compared to traditionally cured ham.

Additionally, a broad range of essential oils (EOs) with antimicrobial effects is widely
used on meat products to prevent the growth of foodborne pathogens and spoilage mi-
croorganisms and extend the shelf life. EOs are secondary metabolites obtained from
plants [38], are composed of a complex mixture of volatile compounds of low molecular
weight and are characterised by being mainly liquid at room temperature [39]. Oregano oil
has been extensively used on meat with positive results against common spoilage micro-
biota [40–42] and pathogens such as S. Enteritidis [43], S. typhimurium [28,41], S. aureus
and L. monocytogenes [44]. Interestingly, Hernández-Hernández et al. [45] used a novel
method to encapsulate Mexican oregano (Lippia graveolens Kunth) EO and found that it
was efficient to control the naturally occurring microbiota of fresh pork meat during cold
storage. Although it is challenging to replace nitrite with a single antimicrobial compound
owing to its broad-spectrum activity [46], especially against inactivation of C. botulinum
spores in cured meat products [21], a combination of nitrite and different antimicrobial
agents may be successful. In this way, De Oliveira et al. [47] reported that different levels
of winter savoury with 100 ppm of sodium nitrite allowed them to control the growth of
C. perfringens on mortadella sausages. The authors attributed the antimicrobial activity
of the EOs to the presence of carvacrol, ρ-cymene, linalool and thymol. The study by
Bellés et al. [48] showed that the use of carvacrol in lamb burgers could be an option as an
alternative to sulphites, as it showed a delay on microbial growth. Cui et al. [49] evaluated
the antimicrobial efficacy of nutmeg, sage and clove plant extracts in a model meat food.
They observed a synergistic effect of the natural extracts with 10 ppm NaNO2 against
C. botulinum, showing a potential combination in the control of botulism in minimally pro-
cessed meat. Furthermore, Xi et al. [50] reported that lemon and lime powders and grape
seed extract are less effective against L. monocytogenes. Still, cranberry powder together
with nitrite (150 ppm) reduced the growth of L. monocytogenes by 2–4 Log CFU/g in cured
cooked meat. Cranberry powder, long recognised as a source of natural antimicrobials,
combined with nitrite (150 ppm) and grape seed extract, also offers a potential combina-
tion to inhibit L. monocytogenes growth in natural and organic processed meats [50]. The
antimicrobial activity of the EOs is commonly attributed to the presence of the phenolic
compounds [12,44,51] that can disturb the phospholipid bilayer of the cytoplasmic mem-
brane and damage the membrane proteins leading to increased permeability of the cell
membrane. However, there are several other mechanisms leading to the inactivation of
the target microorganism, such as the disruption of a variety of enzyme systems [52] and
destruction of genetic material [53].

The application of EOs is partially limited due to their intense aroma, which may
cause adverse organoleptic effects and limited consumer’s acceptance. To overcome this
problem, novel thermal and non-thermal techniques [53,54] and the use of EOs as part of
the hurdle technology together with other compounds and other processing technologies,
such as the encapsulation of EOs in nanostructures, are essential to improve the shelf life
and the sensory attributes of meat products.

2.2. Antioxidants

Antioxidants are added to meat and meat products to extend their shelf life through
the deactivation of free radicals, and thus slowing down the rancidity. Various factors can
promote lipid oxidation in meat products. Based on their mode of action, primary antioxi-
dants prevent lipid peroxidation by preventing a chain reaction, reacting directly with lipid
radicals and converting them into relatively stable products; and secondary antioxidants
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act by donating a hydrogen atom (H·) and binding to catalysts such as metal ions [55,56].
The list of approved antioxidants is small within the EU but larger for the USA. The only
synthetic “pure” antioxidants approved in the EU list are gallates, tert-Butylhydroquinone
(TBHQ) and butylated hydroxyanisole (BHA), which are allowed for only one specific
meat product: dried meat. Other additives that provide antioxidant capacity but also have
other functions are nitrites, ascorbates, erythorbates and citrates. Even though the safety of
synthetic antioxidants has been questioned, the safety of antioxidants of natural origin is
not much different [57], as the chemical compounds are the same irrespective of their origin.
However, consumers relate the word “natural” to “good”, as we mentioned before. For this
reason, there has been an increase of the research and use of antioxidants of natural origin.

Antioxidants of natural origin have been identified in spices, herbs, fruits or vegetables
and applied on meat and meat products primarily for their flavours and aroma. However,
several natural extracts have been proven to offer the same functionality as their synthetic
alternatives, with the advantage of being label-friendly and process compatible. Phenolic
compounds are well known as a major group of natural antioxidants [28,58,59]. A growing
list of clean-label natural extracts with antioxidant activity Generally Recognised as Safe
(GRAS) by the FDA in the last years (USFDA, 2018) can be used in the meat industry. To
name some of the commercially available antioxidants used throughout the meat industry,
these are coffee, grape seed, green tea, oregano, sage (Greek and Spanish), lavender,
lime, dill, parsley and rosemary extract between them being the most used in the meat
industry [60,61]. Conversely, the EU has only approved rosemary extract as antioxidant
additives for meat products [10], but the spices can be used as ingredients in the formulation
following all the safety controls.

One of the most important natural antioxidants is 3,4-dihydroxyphenylethanol or
hydroxytyrosol (HXT), showing interesting antioxidant characteristics and having bene-
ficial effects on health [62]. Martinez-Zamora et al. [63] tested both natural (HXTo) and
synthetic (HXTs) antioxidants on lamb meat burgers. Natural HXTo consisted of organic
hydroxytyrosol (HXTo, sample 7% purity from olive tree leaves, 200 ppm) showed higher
preservative activity in maintaining the nutritional value than the control synthetic HTX
(HXTs, 99% purity, 200 ppm) made with sulphites. Rosemary, orange and lemon extracts
were investigated in cooked Swedish-style meatballs, with the citrus extracts showing a
50% control of rancidity. The rosemary (water and oil soluble) extracts presented a complete
elimination of rancidity after 12 days of storage at 8 ◦C [64]. In the same way, Kim et al. [65]
also observed that rosemary extract had high antioxidant properties that could delay the
onset of rancidity in meat fats. In this context, to explore for alternatives to synthetic
additives, numerous industrial by-products of chestnuts (wood, flowers, leaves, shells,
etc.) [66–69] and various fruits [32,70–74] have been used for their antioxidant activity
on meat and meat products. The use of industrial by-products agrees with the circular
economy concept [67]. It reduces the environmental impact of food processing and waste
production while bringing benefits for the meat industry that avoids significant losses by
protecting the meat products from oxidation, increasing their quality and shelf life.

As we mentioned earlier, many natural extracts can negatively affect the aroma of
meat products. However, there are several plants, such as spinach, radishes and celery, that
contain more than 2500 mg nitrate/kg [25,75], and their extracts can be used as natural
sources of nitrate in meat products. Celery has been extensively studied and used commer-
cially because it does not affect the sensory attributes of meat products [76]. The addition of
celery powder in cooked sausages significantly inhibited the quality deterioration during
cold storage for four weeks [77]. Sausages containing celery powder (0.8%) showed compa-
rable pH, thiobarbituric acid reactive substances (TBARS) and volatile basic nitrogen (VBN)
values to the control samples containing sodium nitrite (0.01%). These results manifested
that celery powder effectively protected sausages from quality deterioration and can be
used as nitrite source from natural origin. Similarly, added celery juice powder and starter
culture in emulsified sausages presented good quality characteristics without significant
differences with the control samples containing sodium nitrite [78]. Nitrate obtained from

93



Foods 2021, 10, 1615

plant sources can be used directly in the brine solution or the product together with a starter
culture (to form nitrate into nitrite) or as a “cultured”, “prefermented” or “pre-converted”
nitrate-containing plant source. The meat industry mainly applies the second method
because they can control the specific natural pre-converted nitrites they use and their
concentrations [76,79].

When evaluating natural antioxidant compounds that may prevent or retard protein
and lipid oxidation, it is essential to consider the compound’s fat solubility, effective dose,
optimum temperature, pH and thermal stability, as well as cost, availability and regulatory
status. The meat industry has an excellent opportunity to utilise antioxidants of natural
origin in their products, following the consumers’ demands for clean-label meat products.

2.3. Texturisers

Phosphates are the most widely used additive in processed-meat products because of
their functional effects. Phosphates possess a certain antimicrobial effect and inhibit lipid
oxidation, which condition the colour and the flavour of the products; but the main reason
for their use is that they increase the water-holding capacity (WHC) affecting texture and
sensory qualities [80]. Based on this, their replacement can lead to several technological
limitations; therefore, it is essential to find alternatives that will not compromise the
functions phosphates provide. Fibres, seaweeds and vegetable powders are ingredients
with similar capacities to phosphates and could offer an opportunity towards clean-label
meat products [80]. Phosphates are of concern for people with chronic kidney disease, as
their excess in blood is associated with cardiovascular risk [81]. For the healthy individuals,
even though phosphates present no concern with respect to genotoxicity or carcinogenicity
and their acute oral toxicity is low, the EFSA found that the exposure was higher than
the acceptable daily intake for some population groups in their re-evaluation of these
additives in 2019 [82]. This is another reason for trying to find alternatives to phosphates
in meat products.

In general, strategies based on the reduction or elimination of phosphates have been
studied in emulsion-type sausages (Table 3); however, they have been used in others, such
as ham, bacon, delicatessen meats, breaded chicken products or injected poultry pieces [80].

Fibres present potential as functional alternatives to phosphate due to their technolog-
ical advantages (high water- and fat-holding capacity, improved emulsion stability, and
texture enhancement) and their positive effect on health [95]. In that sense, several rich-
fibres components (whole seeds, fibre extracts, etc.) have been used to improve the texture
and sensory attributes of meat products, mainly in those with reduced fat or reduced salt
content [95]. However, in the development of free-phosphates meat products, the use of
fibres as replacers is not so widespread.

Chia seed presents several functional advantages but can also affect consumers’ health
positively due to its high content of soluble dietary fibre [96]. In that sense, chia mucilage
(formed after soaking chia seeds in water) has been used in powder and gelled form in
two concentrations (2 and 4%) as sodium tripolyphosphate replacer in the development
of bologna sausages [87]. New healthier products showed similar yield than controls,
with both concentrations of mucilage, and in the two forms (powder and gel). Other
alternative could be the use of mushrooms due to their high levels of nutrients (protein,
polysaccharides, fibre and vitamins) and several biological benefits. Lyophilized and
pulverized winter mushrooms were used in different concentrations (0, 0.5, 1.0, 1.5 and
2.0%) as sodium pyrophosphate (0.3%) replacer in emulsion-type sausages to evaluate
their technological properties [89]. Over 1% of mushrooms powder, the exudation of fat
from sausages was inhibited and an increase of pH was noted. Moreover, lipid oxidation
of sausages was inhibited. However, it was observed that free-phosphates samples were
softer [89] (Table 3).
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Table 3. Ingredients used as phosphates alternatives in the development of clean-label meat products.

Ingredient Meat Product Effects in Meat Products Reference

Inulin (powder or gelled) restructured chicken
steaks

Maintain sensory scores.Better juiciness scores with
gelled form.

Oxidative and microbiological stability during
frozen storage.

[83]

Citrus fibre Cured bologna sausages Similar emulsion stability and yield. Good
behaviour during chilled storage. [84]

Bamboo fibre Bologna sausages Sensorially accepted [85]

Mango peel Chicken marinade breast Similar cooking/thawing yield [86]

Chia mucilage (powder
and gelled) Bologna sausages

Reduced chewy and firm.
With 2% of mucilage better emulsion stability and

sensory acceptability
[87]

Sea tangle emulsion type sausage Similar cooking loss, overall acceptability [88]

Winter mushroom powder emulsion type sausage No negative effects in colour and sensory
parameters with <2% [89]

Dried Plum Products Chicken marinade fillets similar sensory characteristics and yield

SavorPhosp (commercial
blend)

Rotisserie chickens and
chicken breasts

Yield improved. No negative effects on
technological and sensory properties [90]

Porcine blood plasma Frankfurter sausages Similar water holding capacity, cooking loss and
texture. Modified flavour. [91]

Dehydrated beef protein Beef strip loin steaks Similar sensory characteristics, colour and microbial
stability. Lower oxidation stability and tenderness. [92]

Fructo-oligosaccharides
(FOS) Cooked hams Higher cooking loss, satisfactory technological

quality. [93]

Calcium powders from
egg and oyster Cooked meat products Similar yield and texture properties

lighter colour. [94]

Fructo-oligosaccharides (FOSs) are soluble prebiotic fibres that have been used as an
alternative clean-label ingredient to phosphates in the production of restructured chicken
steaks and cooked hams [83,93]. For phosphates-free restructured steaks’ development,
inulin was added in gel and powder form (4.5%). In the case of hams, FOSs were employed
in different concentrations as substitutes for phosphates and dextrose, using response
surface methodology. In general, the behaviour of these healthier products was similar
when comparing with samples with phosphates. However, authors indicated the need
to tolerate some processing compromises, such as a reduction in yield [83,93]. Other
type of fibres used to avoid the use of phosphates was bamboo fibre. Its use in Bologna
sausages (2.5 and 5%) resulted in being similar to others cited. Although some technological
properties were conditioned with bamboo fibres, sausages maintained emulsion stability
and yields [85].

By-products of the food industry that have a high fibre content could be a phosphate
replacement that would allow for the industry to obtain healthier meat products while
improving sustainability (many of them would otherwise go unutilised) (Table 3). Citrus
fibre, a by-product of the fruit-juice industry, has been used in different concentrations
(0.50, 0.75 and 1.00%) instead of tripolyphosphate with optimal results for some functional
properties, such as adequate emulsion stability and yield [84]. However, authors considered
that citrus-fibre levels must be assayed more critically depending on the content and type
of protein present in the products. Aside from applying phosphates replacement strategies
directly in the reformulation of the product, others have tried it in marinades for chicken
products. Plum ingredients, dried plum powder and dried plum fibre (0.06%), and a blend
of them (0.06%) were used to replace sodium tripolyphosphate in chicken breast fillets
marinade [97]. A hedonic analysis and a 5-point just-about-right (JAR) demonstrated that
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the marinade of the blend of plum fibre and powder was not distinguishable from the
control. Moreover, no differences were observed in cooking and thawing losses. Mango
peel is another by-product that has been evaluated as a phosphate substitute to marinade
chicken breast. Samples treated with mango peel showed similar cooking and thawing
yield than those with marinate solution containing tripolyphosphate [86].

By-products obtained from the meat industry, such as porcine blood plasma or de-
hydrated beef proteins, could be used as phosphates alternatives and have been studied
added directly to meat products (frankfurters) or through brines (for beef strip loins) [91,92].
The use of both meat industry by-products as phosphate replacers resulted in being positive
regarding their yield; however, sensory quality was affected, as it increased animal taste
and odour in frankfurters [91] and decreased tenderness in beef steaks [92].

Sea tangle (Lamina japonica) is a type of brown algae with water retention and bind-
ing ability that has been added to totally replace the sodium pyrophosphate (0.2%) in
an emulsion-type sausage. Both 1.5 and 3% of sea tangle offered similar cooking loss to
sausages without negative effects on sensory acceptability [88]. Natural calcium pow-
ders obtained from eggs and oyster shells were used individually or in combination as
phosphate alternatives to formulate pork meat products [94]. It was observed that the
combination of oyster (0.2%) and egg (0.3%) shell powder would enable the replacement of
synthetic phosphate with desirable qualities in the reformulated products.

Based on some of the ingredients mentioned, commercial alternatives to phosphates
have been patented. An example that has been evaluated in marinade chicken-meat prod-
ucts is SavorPhos (Formtech Solutions Inc., College Station, TX, USA), a proprietary blend
labelled as citrus flour, all natural flavourings and less than 2% of sodium carbonate [90].
The use of SavorPhos blend as replacer of a commercial phosphate blend, both in water
and oil-based marinades, resulted in an optimal option in rotisserie chickens and chicken
breasts. Similar yields were obtained with water-based marinades; however, the use of
SavorPhos improved the yield with oil-based marinades. Moreover, texture values of
breast were improved with the use of SavorPhos and without negatively affecting colour
or sensory acceptability [90].

2.4. Colours

Food colours are used to help improve the appearance of food products that could be
affected by exposure to light, moisture, air and temperature variations, as well as to enhance
the naturally occurring colours or give colour to otherwise colourless products. This type of
additives comes from natural and synthetic origin and according to EU legislation [10] only
a few are accepted and most of them limited to some dosage and specific products. From
the additives of synthetic origin, only two are permitted for meat products within the EU:
Allura Red AG and Ponceau 4R. The former can be applied for luncheon meat, breakfast
sausages and burger meat, whereas Ponceau 4R can only be applied in three specific
products: chorizo, salchichón and sobrasada. The clean-label alternatives for these colours
are the food colours from natural origin, such as cochineal and carminic acids, as well as
caramels, carotenes, paprika extracts or beetroot red. However, not all of these colours are
permitted in the aforementioned products (Table 1). In addition, some of the food colours
might present poor stability to light and time (such as beetroot red or paprika extracts), are
not soluble in fat (such as cochineal) or are not soluble in water (such as carotenes) [19]. A
problematic with food colours is the consumer perception of their use. Some might have a
negative perception as food colours can mask other colours in the food product [98] and
also for the relationship of some of them with attention-deficit/hyperactivity disorder in
children [99]. Consumers might perceive a meat product as clean label if it has food colours
of natural origin in it, but even these food colours can dissuade the consumer if the food
colour is not a recognizable ingredient in that product, e.g., caramel in sausages. For this
reason, the use of food colours in clean-label meat products should be limited to the few
already accepted in the traditional recipes.
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3. Novel Technologies for the Development of Clean-Label Meat Products

Thermal processing in addition to the use of additives, have been the only gener-
ally recognized methods for reducing food spoilage. However, the high temperatures
used during these processes induce changes in the structure of food and losses of con-
sistency and, in addition, lipid oxidation, which is the main cause of rancidity. These
negative effects on the nutritional and sensory properties and the probable health risks
have given rise to new technologies called non-thermal processing/mild processing/hurdle
techniques [100]. High-pressure processing (HPP), ultrasound and packaging—mainly
modified atmospheric packaging (MAP)—are non-thermal techniques that currently are
gaining interest in the development of minimally processed food products. However, these
techniques also need of an optimisation step to maintain the product quality while also
extending or maintaining its shelf life.

High-pressure processing (HPP) is a treatment based on the application of high
pressure (100–800 MPa), at mild temperatures (<45 ◦C), that is uniformly distributed
through the product by a liquid transmitter. The utilization of HPP allows us to inactivate
microorganisms and enzymes for a longer period without the need of chemical additives.
Nonetheless, to assure food safety and to extend shelf life, the applied pressure and
the temperature must be chosen according to the characteristics of the product [101].
In general, the treatment involves a minimal impact on sensory quality and nutritional
value, but the noticeable differences in thermal and aggregative behaviour of proteins
can condition the products’ colour and texture [102]. In beef patties, the texture and
cooking loss increased with higher pressure levels [103], but a contrary effect was observed
in beef gels in which HPP treatment improved the yield and texture parameters [104].
Furthermore, Maksimenko et al. [104] observed a decrease in colour values of beef gels
under HHP treatment. On the other hand, as a consequence of the aggregation that HPP
caused on proteins, the digestion of the meat can be improved [105]. However, high-
pressure treatment may also induce lipid oxidation depending on the processing time and
the pressure level applied [101]. However, this negative effect could be solved by using
antioxidants of natural origin, thus maintaining the condition of clean label. For example,
the use of sage powder on beef burgers pressurized at 600 MPa retarded the lipid oxidation
of products over 60 days of chilled storage [106].

The introduction of the ultrasonic treatment promotes the production of pro-health,
minimally processed food, which is currently very popular among consumers. Power ultra-
sound is a non-thermal processing technology that uses sound energy at frequencies higher
than human audible range (>20 kHz) and lower than microwave frequencies (10 MHz)
with many applications on muscle products, included meat tenderization, acceleration
of maturation and mass transfer, and shelf-life extension [107]. Moreover, is a treatment
characterized with a low impact on the organoleptic properties and the nutritional value of
meat products. The use of ultrasound reduces microbial contamination due to its capacity
to cause damage on biological cells, especially microbial cell membranes [108]. In addition,
the use of ultrasound may allow us to reduce the use of additives, such as phosphates, due
to its ability to improve the emulsification and gelling properties of proteins [109,110]. The
characteristics of this technology make it attractive to reduce or even eliminate the use of
additives and obtain clean-label meat products [108,111].

In addition, PEF (Pulsating Electric Field) or Pulse Light are non-thermal technologies
that are receiving increased attention. Both technologies, in comparison with conventional
thermal sterilization make it possible to achieve effective inactivation of microorganisms
in a much shorter processing time and using less energy [108]. Moreover, the impact on
nutritional and sensory characteristics of the final products is, in general, minimal.

Food packaging is an indispensable element that serves as the protection from con-
tamination, external environment and mechanical damage. Currently, a new generation
of packaging is emerging with several functions that, among others, extend the shelf life
of meat products. For example, it has been observed that the combination of vacuum-
packaging technology and shrinking largely extends shelf-life in comparison with tradi-
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tional packaging [108]. In addition, this packaging is growing as an eco-friendly technology
due to the use of biodegradable films. The new packaging materials are developed by
considering not only the sustainability of their materials but also to extend shelf life, in a
healthier and convenient way. The packaging that not only acts as a barrier from the outside
environment but also has some active functions towards improving the shelf life is called
active packaging. There are four classes of active packaging depending on the function:
scavenging or absorbing, emitting, creating barriers and regulating [112]. The first class
comprises mainly gas or liquid absorbers and is barely used in meat products; however,
in fresh meat, they are more popular (e.g., sachets that absorb losses from fresh meat).
Within the active packaging, emitting antioxidants and creating antimicrobial barriers are
the most popular functions for meat products in order to prevent oxidation and microbial
spoilage, and thus improving shelf life. The use of edible coatings with antioxidants and/or
bioactive compounds (as the ones mentioned in Section 2.1) are being tested in different
meat products. Zhao et al. [113] found that chitosan and carvacrol starch packaging films
delayed microbial spoilage by up to 25 days in ham. A novel edible film made up of
calcium alginate was developed by Noor et al. [114] that included Asparagus racemosus as
bioactive ingredient. The use of this film prevented the lipid oxidation and improved the
storage quality of a model meat product. A recent and thorough review of edible coatings
as active packaging in meat products can be found in [115]. Consumers might perceive
some risks associated with this new active packaging (technology acceptance, toxicity of
new materials, economic risk, malfunction, etc.) and, thus, reject it. Although most of the
attitudes towards active packaging are neutral to mildly positive, there is low familiarity
with it, and if educational communication is not provided of the information of its value
(i.e., extending shelf life), consumers might reject this technology [116].

4. Conclusions and Future Trends

The use of some additive is so extended in the manufacturing of meat products that
the meat industry did not worry about finding alternatives until very recently. Consumers
are demanding safe, nutritious and healthier meat products and have put the focus on the
additives they contain. A clean-label meat product should only contain the ingredients
from the traditional recipes easily recognised by the consumers. Some additives, such as
texturisers or colours, are being replaced with alternative options. However, avoiding the
use of some additives can create situations where food safety is at risk. Some alternatives
rely on the origin of the additive: natural vs. synthetic (e.g., nitrites from green vegetables
vs. synthetic nitrites), as natural is perceived as a good trait for most of the consumers.
This would be enough for the industry, as products with “natural” alternatives will be
perceived as being clean label. Nonetheless, the health problems associated with some
additives do not distinguish if the substance is extracted from the nature or synthesised in
a laboratory, the chemical component remains the same. We believe that future research
should focus on the application of synergistic alternatives, such as a combination of novel
technologies and the use of preservatives with no health implications. There is a surge
in different antioxidants and antimicrobials from natural sources, but these would need
to be thoroughly evaluated before being utilised as alternatives just for being “natural”.
Innovations in the packaging industry are yet to be widely applied in the meat industry.
Once they are fully developed, they will make an important impact on the products’ shelf
life in a sustainable manner. The meat industry and meat scientists should explore further
the clean-label alternatives to develop safer, nutritious and healthier meat products.
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Abstract: The effect of Juniperus communis L. essential oil (JEO) addition at concentrations of 0.01,
0.05 and 0.10 µL/g on pH, instrumental parameters of color, lipid oxidation (2-Thiobarbituric acid
reactive substances (TBARS)), microbial growth, texture and sensory attributes of dry fermented
sausages produced with different levels of fat (15 and 25%) and sodium nitrite (0, 75 and 150 mg/kg)
was assessed. Reduced level of sodium nitrite (75 mg/kg) in combination with all three concentrations
of JEO (0.01–0.10 µL/g) resulted in satisfying physico-chemical (color and texture) properties and
improved oxidative stability (TBARS < 0.3 mg MDA/kg) of dry fermented sausages produced with
25% of fat. However, sausages produced with 0.10 µL/g of JEO had untypical flavor. No foodborne
pathogens (Escherichia coli, Listeria monocytogenes, Salmonella spp. and sulfite-reducing clostridia)
were detected in any sample throughout the storage period (225 days). The results of this study
revealed significant antioxidative activity of JEO and consequently its high potential as effective
partial replacement for sodium nitrite in dry fermented sausages.

Keywords: Juniperus communis L.; essential oil; sodium nitrite; dry fermented sausage

1. Introduction

Fermented sausages have been manufactured in many countries worldwide. Currently,
customers are becoming progressively aware of these meat products for their unique sensory
characteristics and important health benefits [1]. Dry fermented sausages are produced using fresh
or frozen meat (70–80%) and back fat (20–30%), salt, starter cultures, spices and food additives [2,3].
Owing to the relatively high level of fat and distinctive processing technology (e.g., using diverse
raw materials, absence of thermal treatment), fermented sausages are highly susceptible to quality
deterioration, including lipid oxidation and bacterial growth [2,3].

Lipid oxidation is one of the chief non-microbial factors in quality deterioration in meat and
meat-derived products [4]. It is well known that meat products become very susceptible to oxidative
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deterioration due to high levels of unsaturated lipids (e.g., polyunsaturated fatty acids, phospholipids
and cholesterol), a variety of oxidizing agents in the muscle tissue, the presence of metal catalysts,
heme pigments, etc. Lipids (triacyl-glycerides, phospholipids and sterols) are largely spread in both
the intra- and extracellular space of muscle tissue. Oxidation of lipids is a three-step radical chain
reaction which involves: initiation, propagation and termination with the free radical’s formation [5].
It should be highlighted that lipid oxidation leads to loss of nutritional quality, reduced shelf life,
intensified toxicity and reduction of the market value of meat and meat-derived products [4].

Spoilage (Acinetobacter, Lactobacillus spp., Pseudomonas, Proteus spp., Enterobacter, Leuconostoc
spp., Moraxella, etc., yeasts and molds) and pathogenic (e.g., Salmonella spp., Campylobacter jejuni,
Listeria monocytogenes, Escherichia coli O157:H7, Clostridium spp.) microorganisms can diminish the
quality of meat and meat products and consequently induce numerous foodborne contaminations [6].
The growth of spoilage microorganisms causes the degradation of lipids and proteins present in meat
and meat products and affects the development of unpleasant quality characteristics (e.g., discoloration,
slime and gas production, off-odors and off-flavors). On the other hand, pathogenic bacteria are
primarily responsible for foodborne diseases and food poisoning of meat and meat-derived products.
Furthermore, in past decades, foodborne diseases have been marked as essential factors of growing
public health and economic problems all around the world.

Therefore, lipid oxidation and microbiological deterioration of meat and meat products can be
marked as major limitations in the modern meat industry [6].

The use of synthetic additives is one of the main approaches for preventing microbial growth and
oxidative reactions in meat products [7]. Nitrites (sodium and potassium nitrite) are well known food
additives and curing agents in meat processing [8]. They are officially registered as preservatives by
European Union directives [9]. During the process of curing, nitrites are applied in order to improve
the product’s shelf life because they efficiently suppress the growth of many harmful microorganisms
and impart significant antioxidant potential to meat products [10,11]. Besides the strong preservative
effect, the use of nitrites contributes to the of development of the typical reddish-pink color and flavor
of cured meat products [11,12]. However, these preservatives were recently marked as unhealthy to
humans because they promote the formation of carcinogenic N-nitroso-compounds [13,14].

Hence, consumers are increasingly demanding fresh, natural, and negligibly processed products
with lower content of artificial additives [12,15]. Essential oils are defined as volatile oils with
peculiar scents isolated from aromatic and medicinal plants by hydro-distillation or by cold pressing
from citrus fruit peel. It is well known that essential oils obtained from different aromatic and
medicinal plants possess a significant antioxidant and antimicrobial potential and therefore they are
progressively used as natural additives in the modern food industries [16,17]. They represent the
complex mixture of terpenoid compounds which can be present in different parts of herbs, particularly
in their waxy channels, glands and trichomes. From a chemical point of view, essential oils are usually
multipart mixtures of different organic compounds (e.g., terpenoids), aldehydes, ketones, esters,
acids and alcohols, where the main constituents commonly constitute up to 85% of the essential oils,
while minor compounds and trace elements constitute up to 15% [18]. Predominantly, essential oils are
attracting attention as natural food additives (antioxidants and/or antimicrobials), as they are “generally
recognized as safe” (GRAS) and have a wide customer acceptance [19]. Hence, several authors have
investigated the application of essential oils as natural additives in dry fermented sausages [20–22],
as well as potential replacements for nitrites in processing of cooked [12,16,23] and dry cured meat
products [24].

Juniperus communis L. is an evergreen coniferous plant widespread throughout Europe, North
America and North Asia [25]. The berries obtained from the medicinal herb Juniperus communis L.
are conventionally well known as a strong immune system booster and powerful detoxifier [26].
Juniperus communis L. is most frequently used in natural remedies for respiratory infections, sore throat,
arthritis, muscle aches and fatigue. It has been found that plant stems have also been used in order to
prevent both short- and long-term illnesses. Juniperus communis L. essential oil has been assessed and
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established for its in vitro antiradical and antioxidant activities which are mostly dependent on its
chemical shape [25,26].

Due to its strong antioxidant, antibacterial, antifungal, and anti-inflammatory properties,
Juniperus communis L. and its essential oil are widely used in food processing, and in the pharmaceutical
and cosmetic industries. Terpenoids (e.g., α-pinene, limonene and myrcene) determine the strong and
distinctive aroma of juniper essential oil [27].

Recently, the application of Juniperus communis L. essential oil as natural additive was investigated
in several studies [28–30]. Selim et al. [29] found that Juniperus communis L. essential oil added
at concentrations of 0.1, 0.5, and 1% possesses a weak inhibitory effect towards Enterococci and
Escherichia coli O157:H7 that were inoculated in ground beef meat, stored at a temperature of 7 ◦C for
14 days. However, in an earlier study, Schelz et al. [28] determined the strong antimicrobial potential of
Juniperus communis L. essential oil against Saccharomyces cerevisiae. In our previous research, we found
that Juniperus communis L. essential oil efficiently suppressed lipid oxidation and microbial growth and
enhanced the color of cooked pork sausages [30].

A literature review has exposed only a few published research papers that discuss the application
of essential oil as natural additive in dry fermented sausage processing. There is also a lack of data
regarding the application of essential oils as sodium nitrite replacements in this type of dry cured
meat product. Regarding its strong antioxidant and antimicrobial potential, we hypothesized that
Juniperus communis L. essential oil could be used as an alternative for sodium nitrite in meat processing.
Thus, the aim of this study was to assess the effect of Juniperus communis L. essential oil as an alternative
for sodium nitrite in dry fermented sausages. For these purposes, several physicochemical (pH,
color and texture), microbiological (total plate count, lactic acid bacteria) and sensory (color, odor and
flavor) parameters of dry fermented sausages were determined.

2. Materials and Methods

2.1. Juniperus communis L. Essential Oil

GC-MS Profile of Terpenoid Compounds

Juniperus communis L. essential oil (JEO) was purchased from the manufacturer Herba doo
(Belgrade, Serbia). JEO was kept in dark glass bottles at 4 ◦C prior to the experiments.

For identification of volatile terpenoids from JEO, GC-MS analysis was used according to the
method described by Pavlić et al. [31]. Agilent GC890N system coupled to mass spectrometer Agilent
MS 5759, with HP-5MS column (0.25 mm inner diameter and 0.25 µm film thickness, 30 m length),
was applied for the characterization of terpenoid profile. Flow rate of helium was 2 mL/min. JEO was
dissolved in dichloromethane (approx. 1 mg/mL) and 5 µL of solution was injected in the device
with split ratio 30:1. Temperature conditions were: injector temperature 250 ◦C, detector temperature
300 ◦C, initial 60 ◦C with linear increase of 4 ◦C/min up to 150 ◦C. The NIST 05 and Wiley 7n data
base were used for compound identification. Retention equations, which describe dependence of
peak area on different concentration (R2 > 0.99), were obtained using standard compounds dissolved
in dichloromethane at different concentrations (1–500 µg/mL). Results were expressed as relative
percentage (%).

2.2. Samples

Dry fermented sausages were created with two levels (15 and 25%) of pork back fat (FC). In both
obtained batters, sodium nitrite (NC) was added at three concentrations (0, 75 and 150 mg/kg). Next,
each batter was divided into four parts, and into each part the corresponding concentrations of JEO
(0.00, 0.01, 0.05 and 0.10 µL/g) were added. The total number of batches (B) was: FC (2) ×NC (3) × JEO
(4) = 24 (Figure 1). Samples were collected at different storage periods (SD) involving three randomly
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selected dry fermented sausages from each batch at the end of drying (0) and after 75, 150 and 225
days of storage. The total number of samples was: B (24) × SD (4) × 3 = 288.
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2.3. Preparation of Dry Fermented Pork Sausages

Dry fermented sausages were produced in a local industrial plant (A.D. Dim-Dim, Laktaši,
Bosnia and Herzegovina). Batters were produced using lean pork shoulder and pork back fat in the
ratio 75:25 and 85:15%. The amounts of other ingredients were calculated in relation to raw material
weight, and were as follows: NaCl (2.50%), gluconic delta-lactone (0.70%), spice mix (0.50%), dextrose
(0.10%), sodium nitrite (0, 75 and 150 mg/kg) and JEO (0.00, 0.01, 0.05 and 0.10 µL/g.) The meat and
back fat were minced using a cutter (Krämer & Grebe, Germany), and then the other ingredients
were added and mixed with them until the required temperature (1 ◦C) was achieved. The sausages
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were stuffed in 37 mm diameter collagen casings and were placed in a climate chamber (Frigovent,
Serbia) for 21 days. The processes of fermentation, smoking, drying and ripening were performed at a
temperature of 14–16 ◦C and a relative humidity of 80–95%. Produced sausages were vacuum packed
(Multivac C500, Wolfertschwenden, Germany) and stored at 15 ± 1 ◦C for 225 days. The proximate
chemical compositions of the sausages produced with 15 and 25% of back fat at the end of drying
process are presented in Table S1 (Supplementary material).

2.4. Physico-Chemical Analysis

The proximate chemical composition (moisture, protein, fat and ash) was determined according
to International Organization for Standardization (ISO) procedures [32–35].

The pH was evaluated using a digital pH meter Testo 205 (Testo AG, USA). Before measurement it
was calibrated using standard buffers (pH = 4.00 ± 0.05 and pH = 7.00 ± 0.01 at 20 ± 2 ◦C). pH values
were determined for three samples, from each group of dry fermented sausages, in duplicate.

Color (CIE-LAB values: L*—lightness; a*—redness; b*—yellowness) of each sample of the dry
fermented sausages was measured on fresh cross cut immediately after slicing. The L*, a* and b* color
coordinates were determined using a MINOLTA Chroma Meter CR-400 (Minolta Co., Ltd., Osaka,
Japan) using D-65 lighting, a 2◦ standard observer angle and an 8-mm aperture in the measuring
head [16]. Prior to measurement it was calibrated using a Minolta calibration plate (No. 11333090;
Y = 92.9, x = 0.3159; y = 0.3322). Color was measured for three samples (2 cm thick) from each group
of dry fermented sausages in triplicate.

The TPA (Texture profile analysis) test was conducted at room temperature using TA.XT2 Texture
Analyzer (Texture Technologies Corp., Scarsdale, NY/Stable MicroSystems, Godalming, UK) equipped
with a standard ∅ 75 mm cylindrical plate. TPA parameters hardness (g), springiness, cohesiveness,
and chewiness (g) were determined as described by Ikonić et al. [36]. The cylindrical shape samples
(2.54 cm in diameter, 2 cm thick) were taken from the central part of the sausage, and were analyzed
in two cycle compressions to 50% of their original thickness at a constant test speed of 1 mm/s.
Peak force during the first compression cycle was marked as hardness. The rate at which a deformed
sample goes back to its undeformed condition after the deforming force is removed was defined as
springiness. The ratio of the area under the second and first curve was defined as cohesiveness. Lastly,
by multiplying hardness, cohesiveness and springiness, chewiness was obtained. TPA was performed
for three samples from each group of dry fermented sausages in duplicate.

Lipid oxidation of dry fermented sausages was assessed using the 2-Thiobarbituric acid reactive
substances (TBARS) test according to the method of Botsoglou et al. [37], with some modifications.
The final step of the extraction procedure was carried out with total volume (10 mL) of TCA
(trichloroacetic acid) in ultrasonic bath XUB 12 (Grant Instruments, Cambridge, UK). Spectrophotometer
Jenway 6300 (Jenway, Felsted, UK) was used for absorbance measurement at 532 nm. The results of the
TBARS test were expressed as milligrams of malondialdehyde per kilogram of sample (mg MDA/kg).
TBARS was determined on three samples from each group of dry fermented sausages in duplicate.

2.5. Microbiological Analysis

Microbiological analyses were performed on three samples from each group of dry fermented
sausages in duplicate. Samples (20 g) were homogenized in 180 mL 1 g/L buffered peptone water
(Merk, Darmstadt) for 10 min at 200 rpm (Unimax 1010, Heidolph, Germany) and the serial of
decimal dilutions were prepared (up to 7–10). From each dilution 1 mL was placed in a sterile
Petri plate and poured with appropriate media depending on the type of tested microorganisms.
The following microorganisms were determined: total plate count (TPC), lactic acid bacteria (LAB),
Escherichia coli, Salmonella spp., Listeria monocytogenes and sulfite-reducing clostridia count [38–43].
TPC was enumerated in Plate Count Agar (PCA) (Merk, Darmstadt, Germany) and incubated at 30 ◦C
for 72 h; LAB was enumerated in de Man, Rogosa and Sharpe (MRS) Agar (Merk, Darmstadt, Germany)
and incubated at 30 ◦C for 72 h; Escherichia coli was determined on Tryptone Bile Glucuronic Agar (TBX
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agar) (Merk, Darmstadt, Germany) after an incubation at 44 ◦C for 24 h; Salmonella spp. was determined
on Xylose Lysine Deoxycholate (XLD) agar (Merk, Darmstadt, Germany) after an incubation at 37 ◦C
for 24 h; Listeria monocytogenes was determined on Listeria agar acc. Ottaviani and Agosti (ALOA)
(Merk, Darmstadt, Germany) after an incubation at 37 ◦C for 24 h; sulfite-reducing clostridia count
was determined on Tryptone Sulfite Cycloserine (TSC) Agar (Merk, Darmstadt, Germany) after an
incubation at 37 ◦C for 24–48 h under anaerobic conditions. After incubation, microscopic observation of
cell morphology and biochemical tests were used for typical and atypical grown colonies identification.
Results were expressed as a log number of colony forming units per gram (log CFU/g).

2.6. Sensory Analyses

Sensory analysis was carried out by a trained panel consisting of ten members, aged 25 to 50 years,
per two sessions. All panelists work at the Faculty of Technology Novi Sad, Serbia, and have wide
expertise in the sensory evaluation of foods. Panelists were trained according to methods described
in ISO 8586 [44], in a sensory laboratory equipped according to ISO 8589 [45]. Evaluation of sensory
attributes (color, odor and flavor) was performed using the difference-from-control test [46]. Prior to
analyses, sausages were equilibrated to room temperature for about 15 min. and marked with a
three-digit sample number. The sausages were sliced into 2 mm thick pieces and placed on a white
porcelain plate. Consumers were firstly questioned to evaluate the control sample (without JEO and
with the corresponding contents of fat and nitrite) and afterward to determine how different the coded
samples were from the control one. The difference was rated on a scale from 0 to 6, where 0 = no
difference; 1 = very slight difference; 2 = slight/moderate difference; 3 = moderate difference; 4 =

moderate/large difference; 5 = large difference; and 6 = very large difference.

2.7. Statistical Analysis

The statistical program STATISTICA 13.0 (TIBCO Software Inc., Palo Alto, CA, USA) was used
for data analyses. The main effects (fat content, nitrite content, JEO content and storage day) were
compared. All data were expressed as mean value with their standard deviation (Stdev). The two-way,
three-way and four-way interactions between these effects were also tested. Differences among
treatment means were compared according to t-test and Duncan’s multiple range test (p < 0.05).

3. Results and Discussion

3.1. Chemical Profile of JEO

Chemical profile of JEO was determined by GC-MS and results are presented in Table 1.
It can be observed thatβ-myrcene (14.12%) was the predominant compound in JEO, obtained using

the conventional technique of hydro distillation. Other compounds detected in JEO with relative
percentage higher than 1% were: (1) monoterpene hydrocarbons: sabinene (9.51%), β-pinene (5.39%),
α-terpinene (1.95%), p-cymene (3.92%), d,l-limonene (8.36%), γ-terpinene (3.38%) and α-terpinolene
(2.80%); (2) oxygenated monoterpenes: 4-terpineol (6.88%); (3) sesquiterpene hydrocarbons: α-cubebene
(1.22%),α-copaene (1.39%),β-elemene (3.38%), caryophyllene (3.94%),α-humulene (3.26%), germacrene
D (3.81%), ledene (1.40%), α-muurolene (1.30%), α-amorphene (5.43%) and germacrene B (3.74%),
while all other compounds were present in content less than 1%. Results suggested a majority of
terpenoids with hydrocarbons, while a lower amount could be accounted for by the oxygenated
monoterpenes and sesquiterpenes. Present results were in accordance with similar studies since it
was reported that monoterpene hydrocarbons [α-pinene (31.1%), β-myrcene (16.3%), sabinene (7.5%),
limonene (6.2%) and β-pinene (3.7%)] were the major compounds identified in commercial JEO [47].
Similar results were also reported by Radoukova et al. [48] and Zheljazkov et al. [49]. It should be
highlighted that variations in chemical profile of JEO could be related to genetic properties, geographical
origin and climate conditions. Besides conventional technique of hydro distillation, Orav et al. [50]
and Marković et al. [51] investigated the possibility of using a novel technique of extraction for JEO
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recovery. Orav et al. [50] reported that the JEO obtained using supercritical fluid extraction (SFE)
with carbon-dioxide had a lower content of monoterpenes and a higher content of sesquiterpenes
compared to JEO obtained using conventional hydro distillation. On the contrary, Marković et al. [51]
determined a similar chemical profile for JEOs obtained using conventional hydro distillation and novel
microwave-assisted hydro distillation. Therefore, it could be assumed that supercritical fluid extraction
will cause co-extraction of other lipophilic compounds which could further alter the bioactivity of
these extracts. Besides that, juniper variety, geographical origin, climate and post-harvest processing
could significantly affect JEO yield and chemical profile of terpenoids. Furthermore, the possibility of
utilization of other juniper materials, such as the needles (leaves) during hydro distillation cannot be
excluded [47].

Table 1. Chemical profile of JEO determined by GC-MS.

Retention Time (min) Relative Percentage (%)

Sabinene 4.37 9.51
β-Pinene 4.45 5.39
β-Myrcene 4.71 14.12

Phellandrene 5.02 0.46
∆-3-Carene 5.14 0.22
α-Terpinene 5.29 1.95
p-Cymene 5.49 3.92

d,l-Limonene 5.58 8.36
γ-Terpinene 6.33 3.38

n.i. 1 6.68 0.28
α-Terpinolene 7.12 2.80

Linalool 7.47 0.29
n.i. 7.66 0.12
n.i. 8.09 0.08
n.i. 8.20 0.58

trans-Pinocarvenol 8.60 0.47
n.i. 8.77 0.23
n.i. 8.89 0.25

Borneol 9.47 0.36
4-Terpineol 9.80 6.88

p-Cymen-8-ol 10.07 0.35
n.i. 10.20 1.46

Benihinal 10.31 0.24
Verbenone 10.72 0.39

n.i. 12.34 0.10
n.i. 12.71 0.27

Bornyl acetate 13.10 0.72
n.i. 13.32 0.09
n.i. 13.38 0.12
n.i. 14.33 0.22
n.i. 14.72 0.14

α-Cubebene 15.09 1.22
Ylangene 15.76 0.13
α-Copaene 15.91 1.39

n.i. 16.21 0.20
β-Elemene 16.45 3.38
Isoledene 16.72 0.35

Caryophyllene 17.26 3.94
Aromadendrene 17.54 0.29
α-Humulene 18.30 3.26

trans-β-Farnesene 18.44 0.86
Germacrene D 19.15 3.81
β-Selinene 19.29 0.17
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Table 1. Cont.

Retention Time (min) Relative Percentage (%)

Ledene 19.54 1.40
α-Muurolene 19.72 1.30
α-Amorphene 20.44 5.43
γ-Selinene 20.72 0.55
Aristolene 20.81 0.48

Germacrene B 21.36 3.74
n.i. 21.63 0.19

Spathulenol 21.99 0.62
Caryophyllene oxide 22.10 0.51

Humulene oxide 22.86 0.31
n.i. 23.01 0.38
n.i. 23.40 0.24

tau-Muurolol 23.82 0.85
α-Cadinol 24.18 0.99

n.i. 25.58 0.16
n.i. 25.89 0.17

Total 100
1 Not identified.

3.2. pH and Instrumental Parameters of Color of Dry Fermented Sausages

The pH values of dry fermented sausages are presented in Table 2.

Table 2. pH, instrumental parameters of color and 2-Thiobarbituric acid reactive substances (TBARS)
values of dry fermented sausages.

pH L* a* b* TBARS (mg MDA/kg)

FC (%)

15 5.46 ± 0.10 a 47.8 ± 3.0 b 14.0 ± 1.7 a 8.01 ± 1.27 a 0.17 ± 0.12 a

25 5.33 ± 0.10 b 52.4 ± 3.4 a 12.8 ± 1.7 b 7.66 ± 1.13 b 0.15 ± 0.10 a

p <0.001 <0.001 <0.001 <0.001 0.258

NC (mg/kg)

0 5.38 ± 0.12 a 50.7 ± 4.1 a 13.5 ± 1.9 a 7.76 ± 1.16 a 0.20 ± 0.12 a

75 5.41 ± 0.12 a 50.1 ± 3.7 a,b 13.4 ± 1.8 a 7.83 ± 1.22 a 0.14 ± 0.10 b

150 5.39 ± 0.12 a 49.5 ± 3.9 b 13.3 ± 1.7 a 7.91 ± 1.27 a 0.15 ± 0.10 b

p 0.362 0.019 0.680 0.484 <0.001

JC (µL/g)

0 5.37 ± 0.10 a 51.2 ± 4.2 a 13.3 ± 1.9 a 7.80 ± 1.13 a 0.20 ± 0.11 a

0.01 5.40 ± 0.12 a 49.9 ± 3.8 b 13.3 ± 1.9 a 7.83 ± 1.36 a 0.16 ± 0.11 a,b

0.05 5.40 ± 0.14 a 49.8 ± 3.7 b 13.4 ± 1.8 a 7.82 ± 1.22 a 0.14 ± 0.11 b

0.10 5.41 ± 0.11 a 49.4 ± 3.9 b 13.5 ± 1.7 a 7.89 ± 1.15 a 0.14 ± 0.10 b

p 0.316 0.001 0.759 0.924 0.003

SD

0 5.26 ± 0.08 d 50.8 ± 3.6 a 13.0 ± 1.8 b 7.59 ± 1.21 b 0.04 ± 0.03 d

75 5.47 ± 0.08 a 50.3 ± 4.1 a,b 13.2 ± 1.6 b 7.51 ± 1.11 b 0.12 ± 0.06 c

150 5.40 ± 0.10 c 49.7 ± 3.7 b 13.2 ± 1.8 b 7.72 ± 1.06 b 0.20 ± 0.05 b

225 5.44 ± 0.10 b 49.5 ± 4.3 b 14.2 ± 1.8 a 8.52 ± 1.22 a 0.28 ± 0.09 a

p <0.001 0.020 <0.001 <0.001 <0.001

FC—fat content; NC—nitrite content; JC— Juniperus communis L. essential oil (JEO) content; SD—storage day;
Means ± Stdev with different letters (a–d) in the same column are significantly different (p < 0.05).
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The fat content and storage time had a significant (p < 0.05) effect on the pH values. The samples
produced with 15% of fat had a higher pH value. Regarding storage time, it can be observed
that pH values inconsistently increased throughout storage, probably as the result of formation of
amino-compounds during the proteolysis in fermented sausages [52,53]. The two-way (SD × JC),
three-way (FC × NC × SD, FC × SD × JC) and four-way (FC × NC × SD × JC) interactions had a
significant (p < 0.05–0.001) effect on the pH values (Table S2—Supplementary material). Values of pH
ranged from 5.11 (FC = 25%, NC = 0 mg/kg, SD = 0, JC = 0.05 µL/g) to 5.63 (FC = 15%, NC = 150 mg/kg,
SD = 75, JC = 0.10 µL/g). Similar results were observed by Kurćubić et al. [52] and Ozaki et al. [54] in
fermented meat products.

Color is one of the key quality parameters for meat and meat products [16]. The instrumental
parameters of color (L*, a* and b*) are displayed in Table 2. The contents of fat, nitrite and JEO, as well
as storage time, had a significant (p < 0.05) effect on L* values. As expected, the samples produced
with 15% of fat had lower L* values. Moreover, storage time had the effect of decreasing L* values,
according with the findings of Pateiro et al. [55]. Finally, the addition of JEO decreased the L* value,
probably as the result of interactions among bioactive compounds of JEO (phenolics, terpenes) and
myoglobin [30]. The two-way (FC × SD) and four-way (FC × NC × SD × JC) interactions were also
significant (p < 0.05) for L* values (Table S2). The L* values ranged across a wide interval from 43.92
(FC = 15%, NC = 150 mg/kg, SD = 225, JC = 0.10 µL/g) to 56.64 (FC = 25%, NC = 0 mg/kg, SD = 0,
JC = 0.00 µL/g).

Fat content and storage time had a significant (p < 0.05) effect on the a* values. As expected,
the samples produced with 15% of fat had higher a* values. Concerning storage time, the increasing
of a* values after the 150th day of storage can be noticed. This is in accordance with the findings
of Pateiro et al. [55]. The increase of a* values could be related to the growth of the Staphylococcus
species [56]. Faustman and Cassens [56] reported that enzymes (NADH-cytochrome b5 reductase
systems, metmyoglobin reductase and nitrate reductase) of S. carnosus or S. xylosus can alter
metmyoglobin to form red myoglobin derivatives and enhance the color of meat products. Two-way
(FC × NC) and three-way interactions (FC × NC × SD and FC × SD × JC) suggested a significant
(p < 0.05–0.01) effect of using both sodium nitrite (150 mg/kg) and JEO (0.10 µL/g) for enhancing the
redness of low-fat (15%) dry fermented sausages (Table S2). The lowest (9.38) and the highest (15.95) a*
values were determined in the samples: FC = 25%, NC = 0 mg/kg, JC = 0.00 µL/g, SD = 0; FC= 15%,
NC = 150 mg/kg, JC = 0.10 µL/g SD = 225. No significant (p > 0.05) four factor interaction was detected
for the a* value.

Fat content and storage time had a significant (p < 0.05) effect on the b* values. Surprisingly,
the samples produced with 15 fat had higher b* values. After the 150th day of storage, the increase in
b* value can also be noticed. Similar findings were observed by Rubio et al. [57] for comparable meat
products. Two-way (FC × SD, FC × JC, NC × JC, SD × JC), three-way (FC × NC × SD, NC × SD × JC)
and four-way (FC ×NC × SD × JC) interactions were significant (p < 0.05–0.001) for b* values (Table
S2). The lowest (5.88) and the highest (10.17) b* value was detected in the samples: FC = 25%, NC = 0
mg/kg, SD = 75, JC = 0.01 µL/g; FC = 15%, NC = 150 mg/kg, SD = 225, JC = 0.01 µL/g.

3.3. TBARS Values of Dry Fermented Sausages

Lipid oxidation is one the most important parameters of quality for meat and meat products [30].
TBARS values of dry fermented sausages are presented in Table 2. The contents of nitrite and JEO
and storage time had a significant (p < 0.05) effect on TBARS values. The inclusion of sodium nitrite
(75 and 150 mg/kg) decreased TBARS values. This was probably the result of the antioxidant activity of
sodium nitrite [11]. Furthermore, Honikel [11] reported that antioxidant activity of nitrites is associated
with the ability of NO to fix and stabilize heme iron (Fe) of meat myoglobin, making it unavailable
to catalyze reactions of oxidation. Also, Karwowska et al. [58] reported that the reduction of nitrites,
from 150 to 50 mg/kg, increased TBARS values in cooked meat products. Moreover, samples produced
with the addition of JEO (0.05 and 0.10 µL/g) had lower TBARS values compared to samples produced

113



Foods 2020, 9, 1066

without JEO. This is the consequence of the strong antioxidant potential of JEO. Höferl et al. [25]
reported that juniper berry oil significantly prevented the formation of lipid peroxidation by-products
caused by TBA. Certain compounds, such as α-terpinene, γ-terpinene and α-terpinolene exhibit strong
antioxidant activity in prevention of lipid oxidation which could be compared with α-tocopherol [59].
On the other hand, certain compounds from JEO (pinene, sabinene and limonene) have a rather
weak effect. Similar findings of the antioxidant effects of JEO in meat products were observed in our
previous study [30]. As expected, storage time had a significant (p < 0.05) effect on increasing TBARS
values, as the result of lipid oxidation [2]. The two-way interactions (FC × SD and NC × SD) were
significant (p < 0.05) for TBARS values. Moreover, three-way (FC ×NC × SD and FC × SD × JC) and
four-way interactions had a significant (p < 0.05–0.001) effect on TBARS values (Table S2). The highest
TBARS value (0.398 mg MDA/kg) was observed in the sample: FC = 15%, NC = 0 mg/kg, SD = 225,
JC = 0.05 µL/g. At the same time, TBARS values in the samples were: FC = 25%, NC = 75 mg/kg,
SD = 225, JC = 0.01 µL/g and FC = 25%, NC = 75 mg/kg, SD = 225, JC = 0.05 µL/g amounted 0.117 and
0.110 mg MDA/kg, respectively. According to Melton [60], the TBARS value of 0.3 mg MDA/kg is
marked as the threshold for rancidity of meat products. The obtained results suggested that interaction
between sodium nitrite (75 mg/kg) and JEO (0.01 and 0.05 µL/g) efficiently reduced the lipid oxidation
in high-fat (25%) dry fermented sausages. Regarding the strong lipo-solubility of terpenoid compounds
(e.g., β-myrcene, sabinene, β-pinene, limonene) JEO possessed a higher antioxidant potential in dry
fermented sausages produced with higher fat content (25%).

3.4. Microbiological Analysis of Dry Fermented Sausages

Total plate count (TPC) and lactic acid bacteria (LAB) of dry fermented sausages are presented in
Table 3.

Table 3. Microbiological quality of dry fermented sausages.

TPC (log CFU/g) LAB (log CFU/g)

FC (%)

15 5.55 ± 0.73 a 5.71 ± 0.87 a

25 5.43 ± 0.84 a 5.53 ± 0.87 a

p 0.459 0.336

NC (mg/kg)

0 5.51 ± 0.77 a 5.64 ± 0.75 a

75 5.57 ± 0.77 a 5.67 ± 0.80 a

150 5.40 ± 0.81 a 5.55 ± 1.04 a

p 0.705 0.851

JC (µL/g)

0 5.51 ± 0.96 a 5.62 ± 0.70 a

0.01 5.65 ± 0.66 a 5.68 ± 0.93 a

0.05 5.44 ± 0.68 a 5.55 ± 0.93 a

0.10 5.37 ± 0.68 a 5.63 ± 0.99 a

p 0.642 0.968

SD

0 5.10 ± 0.38 c 6.47 ± 0.51 a

75 4.74 ± 0.53 d 5.81 ± 0.67 b

150 6.23 ± 0.47 a 5.52 ± 0.44 b

225 5.91 ± 0.63 b 4.68 ± 0.71 c

p <0.001 <0.001

TPC—total plate count; LAB—lactic acid bacteria; FC—fat content; NC—nitrite content; JC—JEO content;
SD—storage day; Means ± Stdev with different letters (a–d) in the same column are significantly different (p < 0.05).
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The contents of fat and nitrite did not exhibit a significant (p > 0.05) effect on TPC and LAB.
In the case of JEO, the addition of this essential oil (≥0.05 µL/g) had a tendency to reduce the
TPC (for 0.14 log cfu/g), but differences among the samples were not significant (p > 0.05). Hence,
further optimization with a higher concentration is necessary. Moreover, in our previous study [30]
we found that JEO addition (≥0.10 µL/g) efficiently reduced TPC in cooked pork sausages. On the
contrary, Selim et al. [29] showed that JEO had no effect on the reduction of microbial growth in
fresh beef meat. The antimicrobial potential of essential oil depends of its chemical shape. Generally,
monoterpenes from the JEO (α-pinene, β-pinene, sabinene, γ-terpinene, β-myrcene, and limonene)
are not efficient antimicrobials when applied singly [61]. However, a mixture of these compounds
with the presence of other JEO constituents present as a minor content could result in additive or
synergistic antimicrobial effects [62]. As mentioned, the utilization of a novel extraction technique
(e.g., SFE) could be a good solution in order to improve the chemical profile of JEO [50]. Orav et al. [50]
found that JEO obtained using SFE contained less monoterpenes (5.1%) and more sesquiterpenes
and oxygenated sesquiterpenes (69.8%) with a higher antimicrobial potential. As expected, storage
time significantly (p < 0.05) affected TPC and LAB. TPC decreased during the first 75 days of storage,
then increased until the 150th day of storage and again decreased until the end of storage. This trend
could be related to the reduction of LAB during storage, especially after the 150th day of storage.
As mentioned, the population of LAB decreased throughout storage, probably as the consequences
of low storage temperature (15 ◦C) and the exhaustion of sugar [63]. No significant (p > 0.05) two,
three or four factor interactions were detected for both TPC and LAB (Table S2). It can also be noticed
that foodborne pathogens (Escherichia coli, Listeria monocytogenes, Salmonella spp. and sulfite-reducing
clostridia) were not detected in any sample throughout the storage. The obtained results suggested
that all treatments provided a satisfactory microbiological quality according to EU regulation [64].

3.5. Texture Analysis of Dry Fermented Sausages

Results of instrumental determination of texture characteristics are shown in Table 4.
As expected, fat content significantly changed (p < 0.05) the texture parameters (hardness,

springiness, cohesiveness and chewiness). Samples with lower fat content showed a higher value
of hardness and chewiness. An increase in hardness and chewiness as fat content decreases in
dry fermented sausages was also reported by other authors [65,66], probably as a result of a more
pronounced moisture loss in sausages with higher proportions of lean meat [66]. During the storage,
hardness and chewiness values showed significant (p < 0.05) increase until the 150th day of storage,
followed by decrease till day 225. Springiness value showed constant increase, while cohesiveness
showed constant decrease until the 150th day of storage. Rubio et al. [67] reported increase of hardness,
springiness, cohesiveness and chewiness of dry fermented sausage over the whole storage period
(till 210 days), while Severini et al. [68] reported decrease in firmness, due to proteolysis. In the case
of nitrites, it can be observed that the addition of sodium nitrite significantly (p < 0.05) affected the
cohesiveness of dry fermented sausages. A similar finding was observed by Dong et al. [69] in cooked
pork sausages. Moreover, Villaverdre et al. [70] found that the sodium nitrite addition at the levels of
75 and 150 mg/kg increased the hardness of fermented sausages. This could be related to the ability
of sodium nitrite to promote protein oxidation and Schiff base formation [70]. Regarding JEO, it has
been noticed that JEO addition had no impact on the texture parameters (hardness, cohesiveness and
chewiness) of dry fermented sausages. Similarly, Viuda-Martos et al. [71] reported that rosemary
essential oil has no effect on texture parameters of cooked sausages. Two-way (FC × SD) and four-way
interactions were also significant (p < 0.05–0.001) for all texture parameters (Table S2). The main
texture parameters (hardness and chewiness) ranged in interval from 3539 (FC = 25%, NC = 75 mg/kg,
SD = 0, JC = 0.00 µL/g) to 10,990 g (FC = 15%, NC = 0 mg/kg, SD = 150, JC = 0.05 µL/g) and from 926
(FC = 25%, NC = 0 mg/kg, SD = 225, JC = 0.05 µL/g) to 2759 g (FC = 15%, NC = 150 mg/kg, SD = 225,
JC = 0.05 µL/g), respectively. Similar results for hardness of different dry fermented sausages were
observed by Triki et al. [65] and Rubio et al. [67].
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Table 4. Texture parameters of dry fermented sausages.

Hardness (g) Springiness Cohesiveness Chewiness (g)

FC (%)

15 7579 ± 1611 a 0.488 ± 0.05 a 0.511 ± 0.03 b 1902 ± 489 a

25 5282 ± 1020 b 0.505 ± 0.05 b 0.525 ± 0.04 a 1407 ± 321 b

p <0.001 <0.001 <0.001 <0.001

NC (mg/kg)

0 6271 ± 1707 a 0.489 ± 0.05 a 0.504 ± 0.04 c 1552 ± 438 b

75 6542 ± 1874 a 0.500 ± 0.05 a 0.519 ± 0.04 b 1694 ± 508 a

150 6462 ± 1712 a 0.500 ± 0.05 a 0.531 ± 0.03 a 1713 ± 480 a

p 0.377 0.079 <0.001 0.005

JC (µL/g)

0 6269 ± 1752 a 0.508 ± 0.05 a 0.523 ± 0.04 a 1654 ± 449 a

0.01 6502 ± 1570 a 0.492 ± 0.05 b 0.516 ± 0.03 a 1671 ± 467 a

0.05 6672 ± 211 a 0.492 ± 0.05 b 0.512 ± 0.04 a 1675 ± 562 a

0.10 6264 ± 1556 a 0.494 ± 0.04 b 0.521 ± 0.04 a 1612 ± 437 a

p 0.219 0.022 0.093 0.739

SD

0 4730 ± 915 c 0.444 ± 0.04 c 0.553 ± 0.04 a 1153 ± 202 c

75 6649 ± 1341 b 0.505 ± 0.03 b 0.521 ± 0.03 b 1741 ± 323 b

150 7518 ± 1641 a 0.516 ± 0.03 a 0.503 ± 0.03 c 1940 ± 416 a

225 6801 ± 1718 b 0.521 ± 0.03 a 0.496 ± 0.03 c 1777 ± 506 b

p <0.001 <0.001 <0.001 <0.001

FC—fat content; NC—nitrite content; JC—JEO content; SD—storage day; Means ± Stdev with different letters (a–c)

in the same column are significantly different (p < 0.05).

3.6. Sensory Analysis of Dry Fermented Sausages

Results of sensory analysis are shown in Table 5.
The fat content, JEO content and storage time had a significant (p < 0.05) effect on the sensory

attribute of color. Two-way (FC × NC, FC × SD, NC × SD, FC × JC, SD × JC), three-way (FC × NC
× SD, FC × NC × JC, FC × SD × JC, NC × SD × JC) and four-way interactions were also significant
(p < 0.05–0.001) for this sensory attribute (Table S2). Moreover, nitrite content, JEO content and storage
had a significant (p < 0.05) effect on sensory attribute of odor. Furthermore, two-way (FC×NC, NC× JC,
SD × JC) and three-way (FC × NC × JC, NC × SD × JC) interactions had a significant (p < 0.05–40.001)
effect on odor (Table S2). It should also be noticed that the numerical data for the sensory attributes
of color and odor did not exceed the values of 2.0 (slight differences, less than 1.67 (color) and 1.78
(odor)), in any samples. Hence, the obtained results suggested that the fluctuations of fat, sodium
nitrite and JEO, as well as storage time had no negative impact on these sensory attributes. Nitrite
content, JEO addition and storage time had a significant (p < 0.05) effect on sensory attribute of flavor.
Two-way (FC × JC, NC × JC, SD × JC), three-way (FC ×NC × JC, FC × SD × JC, NC × SD × JC) and
four-way interactions had also a significant (p < 0.05–0.001) effect on the flavor (Table S2). The highest
differences (>3, higher than moderate) of typical flavor were observed in the samples: FC = 25%,
NC = 150 mg/kg, SD = 225, JC = 0.10 µL/g; FC = 15%, NC = 150 mg/kg, SD = 225, JC = 0.10 µL/g.
Regarding JEO content of 0.05 µL/g, the highest difference (1.33) was observed in samples: FC = 15%,
NC = 150 mg/kg, SD = 225, JC = 0.05 µL/g; FC = 15%, NC = 75 mg/kg, SD = 150, JC = 0.05 µL/g).
This difference could be the result of interaction among the sodium nitrite and terpenoid-compounds
of JEO. In our previous study we also determined that a high percentage of JEO had a significant effect
on the strong aroma of cooked pork sausages [30]. Using novel extraction techniques (e.g., supercritical
fluid extraction) at optimum conditions results in extracts which possess a strong antioxidant and
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antimicrobial potential, as well as mild flavor, which enables their application at lower concentration
in meat processing [17,23].

Table 5. Sensory parameters of dry fermented sausages.

Color Odor Flavor

FC (%)

15 0.32 ± 0.64 b 0.34 ± 0.67 a 0.89 ± 1.18 a

25 0.77 ± 0.77 a 0.29 ± 0.68 a 0.81 ± 1.12 a

p <0.001 0.164 0.137

NC (mg/kg)

0 0.58 ± 0.78 a 0.18 ± 0.46 b 0.74 ± 1.06 b

75 0.57 ± 0.77 a 0.36 ± 0.73 a 0.85 ± 1.17 a,b

150 0.49 ± 0.67 a 0.41 ± 0.77 a 0.98 ± 1.20 a

p 0.063 <0.001 0.002

JC (µL/g)

0 0.00 ± 0.00 c 0.00 ± 0.00 d 0.00 ± 0.00 d

0.01 0.67 ± 0.72 b 0.10 ± 0.36 c 0.17 ± 0.49 c

0.05 0.72 ± 0.81 b 0.22 ± 0.50 b 0.80 ± 0.77 b

0.10 0.80 ± 0.79 a 0.94 ± 0.94 a 2.44 ± 0.86 a

p <0.001 <0.001 <0.001

SD

0 0.34 ± 0.65 c 0.27 ± 0.68 b 0.70 ± 1.07 b

75 0.48 ± 0.67 b 0.15 ± 0.41 c 0.76 ± 1.09 b

150 0.91 ± 0.82 a 0.46 ± 0.77 a 0.94 ± 1.10 a

225 0.45 ± 0.69 b 0.38 ± 0.73 a 1.01 ± 1.29 a

p <0.001 <0.001 <0.001

FC—at content; NC—nitrite content; JC—JEO content; SD—storage day; Means ± Stdev with different letters (a–d) in
the same column are significantly different (p < 0.05).

4. Conclusions

Monoterpene hydrocarbon β-myrcene (14.12%) was the most abundant compound identified in
JEO. The sausages produced with a lower fat content were significantly darker and redder (p < 0.05).
Moreover, the values of hardness and chewiness were significantly (p < 0.05) higher in the samples
produced with a lower fat content. The variations in the contents of nitrite and JEO had no negative
impact on the color and texture parameters of dry fermented sausages. No foodborne pathogens
were detected in any samples. The highest concentration of JEO (0.10 µL/g) had negative impact on
flavor. The addition of JEO (0.01 and 0.05 µL/g) combined with reduced concentration of sodium
nitrite (75 mg/kg) efficiently retarded the lipid oxidation of high-fat (25%) dry fermented sausages
during 225 days of storage. Hence, JEO with evident antioxidant potential could be used as a
partial replacement for sodium nitrite in fermented sausages processing. In order to enhance the
antimicrobial potential of JEO, the usage of novel extraction technique (e.g., SFE) could be an effective
solution. Further investigations are needed to analyze the synergistic effects of different natural extracts,
isolated from various plant sources, on improving the quality and shelf-life of meat products.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/8/1066/s1.
Table S1. Proximate chemical composition of dry ferment sausages; Table S2. The effect of two-way, three-way
and four-way interactions among processing parameters on the quality of dry fermented sausages expressed as
p-value.
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Microencapsulation of antioxidant compounds through innovative technologies and its specific application
in meat processing. Trends Food Sci. Technol. 2018, 82, 135–147. [CrossRef]

8. Abd Hamid, N.F.H.; Khan, M.M.; Hoon, L.L. Assessment of nitrate, nitrite and chloride in selected cured
meat products and their exposure to school children in Brunei Darussalam. J. Food Compos. Anal. 2020,
91, 103520. [CrossRef]

9. European Commission (EC). Directive 2006/52/EC of the European Parliament and of the Council of 5 July
2006 amending Directive 95/2/EC on food additives other than colours and sweeteners and Directive 94/35/EC
on sweeteners for use in foodstuffs. Off. J. Eur. Union 2006, 204, 10–22.

10. Choi, J.H.; Song, D.H.; Hong, J.S.; Ham, Y.K.; Ha, J.H.; Choi, Y.S.; Kim, H.W. Nitrite scavenging impact of
fermented soy sauce in vitro and in a pork sausage model. Meat Sci. 2019, 151, 36–42. [CrossRef]

11. Honikel, K.O. The use and control of nitrate and nitrite for the processing of meat products. Meat Sci. 2008,
78, 68–76. [CrossRef]

12. Jin, S.K.; Choi, J.S.; Yang, H.S.; Park, T.S.; Yim, D.G. Natural curing agents as nitrite alternatives and their
effects on the physicochemical, microbiological properties and sensory evaluation of sausages during storage.
Meat Sci. 2018, 146, 34–40. [CrossRef] [PubMed]

13. Herrmann, S.S.; Granby, K.; Duedahl-Olesen, L. Formation and mitigation of N-nitrosamines in nitrite
preserved cooked sausages. Food Chem. 2015, 174, 516–526. [CrossRef] [PubMed]

14. Slima, S.B.; Ktari, N.; Trabelsi, I.; Triki, M.; Feki-Tounsi, M.; Moussa, H.; Salah, R.B. Effect of partial
replacement of nitrite with a novel probiotic Lactobacillus plantarum TN8 on color, physico-chemical, texture
and microbiological properties of beef sausages. LWT Food Sci. Technol. 2017, 86, 219–226. [CrossRef]

15. Posthuma, J.A.; Rasmussen, F.D.; Sullivan, G.A. Effects of nitrite source, reducing compounds, and holding
time on cured color development in a cured meat model system. LWT Food Sci. Technol. 2018, 95, 47–50.
[CrossRef]
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Abstract: The addition of phosphates to meat products improves the emulsifying and gelling proper-
ties of meat proteins, in turn enhancing overall product quality. The current market trend towards
additive-free products and the health issues related to phosphate challenge the industry to develop
phosphate-free meat products. The aim of this study was to evaluate the potential of seven protein-
based ingredients (pea, blood plasma, gelatin, soy, whey, egg, and potato) to remediate quality losses
of emulsified meat products (cooked sausages) upon phosphate elimination. First, the intrinsic
gelling and emulsifying characteristics of the proteins were assessed. Next, the proteins were added
to phosphate-free sausages, of which quality characteristics during production (viscoelastic behavior
and emulsion stability) and of the final products (texture, cooking loss, and pH) were screened. Blood
plasma and soy were superior in phosphate-free cooked sausages, as no significant differences in
hardness, cooking yield, or stability were found compared to phosphate-containing sausages. Egg
and pea also improved the previously mentioned quality characteristics of phosphate-free sausages,
although to a lesser extent. These insights could not entirely be explained based on the intrinsic
gelling and emulsifying capacity of the respective proteins. This indicated the importance of a
well-defined standardized meat matrix to determine the potential of alternative proteins in meat
products.

Keywords: phosphate elimination; emulsified meat products; proteins; standardized meat matrix

1. Introduction

Food phosphates exist in different types (mono-, di-, tri-, and polyphosphates) and
are often used in the meat industry due to their impact on pH, chelation, ionic strength,
and antibacterial activity. They fulfill several functional properties in meat products
such as a good buffering capacity (monophosphates) and the ability to dissociate the
actomyosin complex of meat (diphosphates) and activate the meat proteins by chelating
the protein-bound Mg2+ and Ca2+, leading to increased solubilization of the meat proteins
and depolymerization of the thick and thin filaments (tri- and polyphosphates) [1,2].
Due to these effects, meat proteins can maximally exert their emulsifying and gelling
properties, which are very important with regard to water holding capacity (WHC) and
fat emulsification. In addition, most di- or polyphosphates contribute to an increase in
pH or ionic strength, respectively. Both effects result in increased electrostatic repulsion
and consequently more space to bind water and fat between the meat proteins, which
again contributes to increased water and fat stabilization. The different phosphate types
(or blends) in meat products can be added to a maximum amount of 0.5% (expressed as
P2O5) according to European legislation [3]. However, in a former study of Ritz, et al. [4],
an association was found between a high intake of phosphate additives and cardiovascular
morbidity and mortality. This health issue was already recognized for chronic kidney
disease patients, but questions arose with regard to the general population. The EFSA Panel
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on Food Additives and Flavorings further investigated the matter and provided a scientific
opinion re-evaluating the safety of phosphates as food additives in 2019. They considered
phosphates to be of low acute oral toxicity, and there was no concern with respect to
genotoxicity and carcinogenicity. Furthermore, the Panel considered an acceptable daily
intake (ADI) of 40 mg/kg body weight per day. However, this ADI does not apply to
humans with a reduction in renal function. Ten percent of the general population might
have chronic kidney disease with reduced renal function and they may not tolerate the
proposed ADI [5].

In a recent study, it was shown that the current amount of P2O5 added to emulsified
meat products (cooked sausages) can be strongly reduced with minimal loss in product
quality [6]. Nevertheless, the market trend towards additive-free products [2,7] and the
negative effect of phosphates on human health for certain population groups justify at-
tempts to develop phosphate-free emulsified meat products. Unfortunately, phosphate
elimination results in decreased meat protein functionality, which causes quality defects
such as compromised water and fat stabilization [6]. Therefore, alternative ingredients or
even innovative technologies are needed to compensate for this functionality loss. These
include pH improving ingredients, starches, hydrocolloids, or the use of high-pressure tech-
nology [2,8–11]. Additionally, proteins, from both animal and vegetable sources, can act
as enhancers to compensate for the loss of functionalized meat proteins due to phosphate
elimination in meat products. This is mainly related to their gelling and emulsification
properties. They have already been proven useful to boost the quality characteristics of
meat products related to water and fat binding properties, gel network formation, texture,
and/or sensorial properties. In this respect, they have been successfully deployed as
fat-replacers, processing aids of low-cost meat products, and substitutes for meat pro-
teins [12–20].

However, only a limited number of studies aimed to investigate the opportunities of
reduction/replacement of phosphate in meat products [11], especially with regard to the
use of alternative proteins. Hurtado, et al. [21] concluded that porcine blood plasma was a
useful functional ingredient to replace phosphate and caseinate in frankfurters. Pereira,
et al. [22] stated that the addition of collagen fibers improved cooking yield and hardness in
phosphate-free sausages. Enhancement of water holding capacity, sensorial attributes, color,
and microbial stability could also be achieved by replacing phosphates with a purified
beef collagen powder in injected beef strip loins [23]. Furthermore, Muguruma, et al. [24]
stated that the addition of biopolymers containing soybean and milk proteins may permit
a reduction in phosphate content without a loss of the texture of chicken sausages.

In summary, alternative proteins have been proven to function as functional ingre-
dients in different meat systems on account of their gelling and emulsifying capacities.
In contrast, the more specific ability to act as a phosphate replacer, in order to manage
the loss of functionalized meat proteins, has only been studied for a limited number of
proteins. Furthermore, standardized comparison between proteins remains difficult, be-
cause these surveys were conducted on different meat matrices (difference in meat product
class, composition of recipes, processing conditions) and different analyzing techniques
were applied, making it impossible to identify the most promising protein. Xiong [25]
stated that a valid comparison between proteins is only possible if the screening is made
under identical processing and storage conditions. Therefore, the aim of this study was
to evaluate the potential of seven protein-based ingredients, from both animal and veg-
etable sources, to counter the loss of quality due to phosphate elimination in emulsified
meat products (cooked sausages). In the first stage, the intrinsic protein characteristics
(gelation and emulsification potential), related to improving the quality of meat products,
are studied. In the second stage, the ability of the proteins to enhance the properties of
phosphate-free cooked sausages (viscoelastic and textural properties, emulsion stability,
cooking loss, and pH) is evaluated. This research is of important industrial relevance, since
phosphate elimination in emulsified meat products will decrease potential health concerns
and is a promising step towards clean-label products.
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2. Materials and Methods
2.1. Determination of the Intrinsic Characteristics of Selected Proteins

The proteins discussed in this study are egg white (Pulviver), pea (Nutralys), potato
(KMC), soy concentrate (Pulviver), blood plasma (Veos), gelatin (Rousselot), and whey
(Caldic) protein. Proteins were selected based on their industrial relevance. In addition,
a balanced distribution between animal and vegetable proteins was envisioned. In order
to learn more about their intrinsic properties related to enhancing meat product quality,
their gelation and emulsification potential were studied in a watery environment. It is
well described that the salt level and acidity of a medium have an important impact
on protein characteristics [12,26,27]. In order to create an aqueous medium that reflects
the composition of emulsified meat products, proteins were suspended in a 0.05 M Na
phosphate buffer (pH = 6) containing 3.5% NaCl and stirred (800 rpm) for 105 min at room
temperature before analysis. The applied protein concentration was dependent on the
screening technique used, as described below. The concentration of salt corresponds to its
quantity in the cooked sausage model (see Section 2.2) expressed in the water phase, and
the pH value is in the range of common meat products.

2.1.1. Gelation Potential

The gelation properties of the proteins were determined through rheological measure-
ments using an AR2000ex stress-controlled rheometer (TA instruments, New Castle, DE,
USA) equipped with a 40-mm parallel plate system. A crosshatched upper plate and a
lower plate were used to prevent slippage of the sample. The gap was set at 500 µm. The
AR2000ex was supplemented with an efficient Peltier temperature control system and an
upper heated plate (TA Instruments) to control the sample temperatures accurately. Temper-
ature sweeps were conducted to investigate structural changes of the protein suspensions
(4.5% protein) during a heating and cooling process, representative of the manufacturing
process of emulsified meat products. The following profile was applied: (1) a heating step
from 20 to 76 ◦C at a constant heating rate of 2 ◦C/min; (2) an isothermal heating step at
76 ◦C for 3 min; (3) a cooling step from 76 to 20 ◦C at a constant cooling rate of 2 ◦C/min.
Oscillation measurements during the entire process were performed at a fixed frequency of
1 Hz and a strain of 0.025, a value found to be within the linear viscoelastic region based
on preliminary experiments. The storage modulus (G’) and phase angle (δ, with δ of 90◦

representing a fully viscous material and δ of 0◦ representing a fully elastic material) at
the end of the isothermal heating step and cooling step (G’76 ◦C,suspension, δ76 ◦C,suspension
and G’end,suspension, δend,suspension, respectively) were derived from the temperature sweep
profiles using the software (Rheology Advantage Data Analysis, v. 5.7.0, TA Instruments).
All G’-values are expressed logarithmically. Protein suspensions were made in duplicate
for each protein, and determination of the gelling potential was performed in duplicate per
suspension.

2.1.2. Emulsification

The emulsifying properties of the proteins were screened according to the procedure
described by Steen, et al. [28], which was based upon the turbidimetric method of Pearce
and Kinsella [29]. Emulsions were prepared by mixing 2.0 mL sunflower oil and 8.0 mL pro-
tein suspensions (0.15% protein) for 1 min at a speed of 12,000 rpm and room temperature
using an Ultra-Turrax homogenizer (model T25, IKA-Werke GmbH, Staufen, Germany).
Immediately and 10 min after emulsion formation, 50 µL of the emulsion was taken and
diluted with 5 mL of 0.1% sodium dodecyl sulfate (SDS) solution. Absorbance values were
measured at 500 nm (A500) and used to calculate the emulsifying activity index (EAI, m2/g)
according to the equations below.

EAI
(

m2/g
)
=

2xTxF
ϕ C

(1)
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T =
2.303xA500

L
(2)

where A500 represents the absorbance at 500 nm, L the light path length (L = 0.01 m), ϕ
the volume fraction (v/v) of the dispersed phase (ϕ = 0.20), C the protein concentration
(C = 1500 g/m3) before emulsification, T the turbidity, and F the dilution factor (F = 100).
The emulsion activity index immediately after emulsion formation is represented by the
abbreviation EAI0. Emulsion stability (ES) was the percentage of emulsion turbidity remain-
ing after 10 min. Emulsions were made in duplicate for each protein, and determination of
the emulsifying properties was performed in duplicate for each emulsion.

2.2. Manufacturing of Cooked Sausage

Cooked sausages were prepared in the pilot plant of the research group “Technology
and Quality of Animal Products” (KU Leuven Technology Campus Gent, Belgium). Raw
materials (pork shoulder and pork backfat) were obtained from a local industrial meat
supplier (De Lausnay Rene bvba, Destelbergen, Belgium), chopped, homogenized to
generate one batch, vacuum-packed, and stored at –18 ◦C until preparation. Cooked
sausages contained pork shoulder (35/100 g), pork backfat (35/100 g), and ice (30/100 g),
together with nitrite curing salt (1.5/100 g), sugar (0.5/100 g), white pepper (0.2/100 g), foil
(0.05/100 g), ascorbic acid (0.05/100 g), glutamate (0.05/100 g), coriander (0.025/100 g),
and cardamom (0.025 g/100 g). All non-meat ingredients were purchased from Solina
Group (Eke-Nazareth, Belgium). Ingredients were calculated relative to the total mass
of meat raw materials (pork shoulder and pork backfat) and ice. First, a standardized
reference treatment was prepared, containing 0.32/100 g tetrasodium pyrophosphate
(TSPP) (Solina Group, Eke-Nazareth, Belgium), which is equal to 0.171% P2O5, a standard
amount used in the meat industry for emulsified meat products. The reference containing
phosphate will be referred to as M+TSPP. Secondly, TSPP was eliminated and standardized
phosphate-free cooked sausages were prepared. These cooked sausages will be referred
to as M-TSPP. Finally, the seven above-described protein-based ingredients were added
to the phosphate-free treatment. All proteins were added in a mass fraction of 2/100 g, a
commonly used dosage [17]. Proteins were calculated relative to the total mass of meat
raw materials (pork shoulder and pork backfat) and ice. These phosphate-free treatments
containing protein-based ingredients will be referred to as M-TSPP+“corresponding protein
source”. During manufacturing of the M+TSPP preparations, the raw lean meat was
first pre-chopped together with ice, salt, and TSPP in a bowl cutter for 7 min and 30 s
(Stephan cutter UM12, Hameln, Germany), corresponding to a final temperature of 5 ◦C.
Next, the pork backfat was added to the meat batter together with the remaining food
ingredients. The total mass was ground under vacuum for 4 min and 30 s to obtain a
homogenous batter. The temperature did not exceed 14 ◦C during processing to avoid
protein denaturation and fat coalescence. Phosphate-free sausages were prepared the same
way, but without the addition of TSPP. When phosphate-free sausages containing protein-
based ingredients were prepared, these proteins were added during the first grinding step
of the manufacturing process instead of TSPP. Part of the batter, prepared in duplicate per
treatment, was immediately analyzed for dynamic viscoelastic properties (Section 2.3) and
emulsion stability (Section 2.4). In order to standardize the cooking process, the remainder
of the batter was filled into cans of standardized dimensions (diameter 7 cm, height 5 cm,
mass ± 250 g, Crown Verpakking België NV, Hoboken, Belgium), cooked at 76 ◦C (core
temperature 72 ◦C) for 90 min in a cooking chamber (Rational Climaplus Combi CPC 61,
Claes Machines, Paal, Belgium) and finally cooled to 4 ◦C. The resulting meat products,
cooked in cans, served as a model product for cooked sausage and will be referred to as
“cooked sausages”. Each treatment, including the reference products with or without TSPP,
was manufactured in duplicate. One week after the manufacturing process, three sausages
per replicate were analyzed for cooking loss (Section 2.5), pH (Section 2.6), and textural
properties (Section 2.7). The number of measuring points is described in the respective
analyses below.
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2.3. Dynamic Viscoelastic Properties

The dynamic viscoelastic properties of the batters were analyzed using the same
equipment as described in Section 2.1.1. The gap was set at 1000 µm for both rheological
procedures described below (stress sweep and temperature sweeps).

Stress sweeps were conducted at a temperature of 13 ◦C, between 0.1 and 1000 Pa,
and at a fixed frequency of 1 Hz to determine the linear viscoelastic region (LVR). Hereby,
parameters G’, G” (storage and loss modulus respectively), and δ were directly obtained
from the software. The complex modulus (G*), representing the materials’ overall rigidity
or resistance to deformation, was calculated by the following formula,

G∗ =
√

G
′2 + G”2 (3)

The LVR represents the stress range within which G* (and thus G’,G”) is independent
of the imposed stress amplitude and is determined according to Glorieux, Goemaere, Steen
and Fraeye [6]. LVR is determined in duplo per replicate of each treatment and referred to
as LVRbatter. Furthermore, the corresponding G*batter, expressed logarithmically, and δbatter
within the LVR are reported.

Temperature sweeps were conducted to investigate the impact of phosphate elimi-
nation and use of alternative proteins on the structure formation of meat batters during
a heating and cooling procedure, representative of the manufacturing process of cooked
sausages. Similar profiles and conditions were applied as described in Section 2.1.1., except
for the initial (before heating) and final (end of cooling) temperatures, which were both set
at 13 ◦C in accordance with the final temperature of the raw batter at the end of the cutter
process. The parameters G’ and δ at the end of the isothermal heating step and cooling
step (G’76◦C,batter, δ76◦C, batter and G’end,batter δend,batter, respectively) were derived from the
temperature sweep profiles using the software. G’-values are expressed logarithmically.
All rheological parameters (G’76◦C,batter, δ76◦C,batter, G’end,batter, δend,batter) were determined
in duplo per replicate of each treatment.

2.4. Emulsion Stability

Emulsion stability of the meat batter was determined immediately after the grinding
process, according to Glorieux, Goemaere, Steen and Fraeye [6] with slight modifications.
Summarized, emulsion stability is expressed as drip loss upon heating (30 min, 70 ◦C) and
centrifugation at 4230× g (6000 rpm in a rotor Cat. No. 1620 A, Hettich, Germany) at 25 ◦C
for 3 min, of a pre-weighed amount of raw batter. The percentage of total expressible fluid
(TEF) was expressed as follows:

TEF (%) =
drip loss meat batter

initial weight meat batter
× 100 (4)

Furthermore, the relative amount of water, next to the fat in the drip, was determined.
Therefore drip loss after centrifugation was weighed before and after drying in an oven
(Typ U 40, Memmert, Germany) for 24 h. The relative amount of water in the drip loss was
expressed as follows:

Relative amount of H2O in drip, (%) =
drip be f ore drying− drip a f ter drying

drip be f ore drying
× 100 (5)

TEF and Relative amount of H2O in drip were determined six times per replicate of
each treatment.
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2.5. Cooking Loss

Cooking loss (CL) of the cooked sausages of each treatment was measured according
to Glorieux, Goemaere, Steen and Fraeye [6]. CL was calculated as follows:

CL (%) =
drip loss sausage

initial weight sausage
× 100 (6)

Measurements were determined in triplicate per replicate of each treatment.

2.6. pH Measurement

The pH of the cooked sausages was measured three times on three different sausages
(nine measurements) per replicate of each treatment, according to the methods described
in Glorieux, Goemaere, Steen and Fraeye [6].

2.7. Texture

The hardness of the cooked sausages was analyzed using a Lloyd Texture Analyzer
(Model LF plus, Lloyd Instruments, Bognor Regis, UK) and expressed as the maximum
force (N) to penetrate the sample, as described in Glorieux, Goemaere, Steen and Fraeye [6].
Per replicate of each treatment, hardness was measured three times on three different
sausages (nine measurements).

2.8. Statistical Analysis

Results are expressed as mean ± standard deviation. All results were evaluated by
one-way ANOVA. A Tukey’s post hoc test was performed with a significance level of
p < 0.05 to identify significant differences. Statistical analysis was performed using the
software IBM SPSS Statistics 25 (IBM, Armonk, NY, USA).

3. Results and Discussion
3.1. Intrinsic Characteristics of Selected Proteins

Screening of the intrinsic characteristics of functional ingredients is often executed in
watery media. It is a rather quick and easy method to evaluate ingredient functionality
that requests no specific and often expensive process equipment to imitate industrial
food products. Moreover, it can provide a broad view of the application potential of the
ingredients in several food products. Food proteins are mainly applied in meat products
in relation to their gelling and emulsifying properties, enabling them to improve overall
meat product quality. Results regarding these intrinsic characteristics are described below
in Sections 3.1.1 and 3.1.2.

3.1.1. Gelation Potential

The gelling characteristics of proteins are one of the key reasons they are applied for
meat product improvement. Figure 1 shows the gelling properties of the proteins upon
heating, with the exception of gelatin. Gelatin is a cold-gelling protein that solubilizes dur-
ing heating [30] and can therefore only participate in gel network formation at sufficiently
low temperatures. The critical temperature below which gelling can occur is dependent on
gelatin concentration, cooling rate, and maturing temperature [31]. The applied thermal
processing and used gelatin (concentration, source) did not allow the expression of the cold
gelling character of gelatin. For all other protein suspensions, the heating and subsequent
cooling process caused in general an overall increase in G’ and a decrease of δ. This sug-
gests the formation of a gel-like structure and increased elastic behavior. G’76◦C,suspension
and G’end,suspension are highest for potato and egg white protein, indicating the strongest
gelling potential of all screened proteins. The irreversible heat coagulation of egg white
proteins involves the formation of spherical aggregates via hydrophobic interactions, which
are further stiffened through sulfhydryl–disulfide reactions to finally give rise to a gel,
which explains the rather high values of G’76◦C,suspension. Furthermore, the G’-values of egg
white protein still increase (G’76◦C,suspension vs. G’end,suspension) during cooling, which can
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be attributed to the numerous hydrogen bonds that are formed at lower temperatures [32].
The suspension of potato protein also exerted very good gelling properties upon heating.
The low denaturation temperature of patatin, one of the main potato protein fractions, may
be partially responsible for this. The denaturation temperature is roughly 20 ◦C lower
compared to common food proteins as ovalbumin (egg) or soy glycinin [33,34]. Figure 1
reveals no significant difference between G’76◦C,suspension of the egg white protein and
G’76◦C,suspension of soy concentrate, indicating good gelation characteristics of the latter. Pea
proteins are mainly composed of globulins. Pea globulins are recognized for their lower
gelling ability compared to their soy counterparts. This can also be observed in Figure 1,
where G’76◦C,suspension and G’end,suspension of pea proteins are significantly lower than the
values of soy concentrate. The gelation of pea proteins appeared to be governed mainly
by nonspecific interactions, whereas the involvement of disulfide bonds was reported for
soy proteins [35]. Furthermore, high temperatures are required to induce the gelation of
the pea proteins because of their high denaturation temperature (>85 ◦C) [36]. The applied
thermal processing in this research was therefore not sufficient to obtain proper gelling of
pea proteins. Whey protein suspensions start to form gels at concentrations higher than
80 mg whey protein/g H2O when heated above 75 ◦C [37]. The rather short heating time
above 75 ◦C and applied concentration could therefore explain the somewhat low values of
G’76◦C,suspension, and G’end,suspension of whey protein. Blood plasma also showed relatively
low values of both G’76◦C,suspension, and G’end,suspension and is probably attributed to the
same reasons as described for whey protein. Research stated that heating to 75 ◦C was a
necessity to create strong gels from 4% w/v plasma protein solutions [38]. Other sources
claimed that suspensions containing 4–5% blood plasma already tend to form firm and
irreversible gels when temperatures over 70 ◦C are applied [39].
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Based upon the gathered data and literature study, potato and egg white protein show
the most potential for use in meat products. Their gelling properties may lead to a better
structure formation of the meat gel and as a consequence to improved water binding or
texture of the sausages.
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3.1.2. Emulsification

In addition to their gelation potential, proteins are also of interest to the meat industry
because of their ability to stabilize emulsions. The intrinsic emulsifying and emulsion-
stabilizing properties of the proteins can be derived from Figure 2. The EAI0 indicates the
area of interface stabilized per unit weight of protein (m2/g) and is associated with the
ability of the protein to coat the water–oil interface immediately after emulsion formation.
ES represents the percentage of emulsion turbidity remaining after 10 min and therefore
refers to the ability of an emulsion to resist changes in its properties over time, e.g., droplet
coalescence, creaming, and/or flocculation [28].
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Gelatin possesses good emulsifying properties, as can be noticed by the high values of
both EAI0 and ES in Figure 2. Gelatin is capable of reducing the surface tension of aqueous
environments and forming the necessary identically charged film around the fat droplets
of the dispersed phase. Therefore, the isoelectric point (IEP) is of great importance in the
surface activity effects of the used gelatin [40]. The protein carried a net negative charge
under the conditions in which this analysis was performed. Whey proteins are well-known
for their ability to stabilize interfaces, explaining their great emulsifying properties, as
seen in the present research [41]. Figure 2 also shows that blood plasma and egg white
protein exerted excellent emulsifying properties. Research by Rodriguez Furlán, et al. [42]
confirmed the good emulsifying properties of blood plasma. Yet, literature stated that
ovalbumin, the major protein in egg white, may perform good emulsifying ability and
stability under extreme acidic conditions, which is in contrast to the watery suspensions
applied in this research, while under neutral and alkaline pH the stability of egg white
emulsions was limited [43]. The emulsifying capacity of soy concentrate was rather limited,
as indicated by the low value of EAI0 in Figure 2. The study of Amine, et al. [44] also
indicated soy protein as a poor emulsifier for oil in water emulsions, based upon the
measurement of oil droplet particle sizes. The same research presented potato protein as
the better emulsifier compared to soy and pea proteins, as was the case in this study. Pea
protein also exhibited poor emulsifying properties, as seen in Figure 2. Several studies
concluded that pea proteins are usually inferior to traditional emulsifiers such as milk and
egg proteins [45].

Results indicated the use of egg white protein, blood plasma, gelatin, or whey protein
may be more beneficial in stabilizing meat emulsion regarding water and fat binding
compared to the other screened proteins because of their high initial emulsion activity in
combination with their good emulsion stability.

3.2. Impact of Seven Different Protein-Based Ingredients on the Quality Characteristics of Cooked
Sausage

The results presented in the following sections deal with the impact of the selected
proteins on several quality characteristics of phosphate-free sausage.
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3.2.1. Dynamic Viscoelastic Properties of Meat Batters Influenced by Protein Source

Stress sweeps were performed to study the structure of the raw meat batter immedi-
ately after the grinding process, prior to thermal processing. Data (Table 1, Stress sweeps)
indicated that the LVR, the stress range in which the structure of the sample remains intact,
significantly (p < 0.05) increased when TSPP was eliminated (M-TSPP) compared to the
model preparation containing phosphate (M+TSPP). Since TSPP has the ability to dissociate
the actomyosin complex [1], the M+TSPP batter was presumably more sensitive to external
deformation. This is reflected in a significantly (p < 0.05) lower δbatter value compared to
the M-TSPP sample, the latter having more “solid-like” behavior. In parallel, the G*batter of
M-TSPP was significantly higher compared to M+TSPP, indicating that M-TSPP showed
high resistance to deformation. A higher LVRbatter, lower δbatter, and higher G*batter as a
result of phosphate elimination were also seen in our previous study [6].

The addition of protein-based ingredients to phosphate-free raw sausage batters did
not affect the LVRbatter or G*batter compared to the M-TSPP preparations, with the exception
of the preparation with gelatin (M-TSPP+gelatin) and egg white protein (M-TSPP+egg).
The addition of gelatin to phosphate-free raw sausage batter (M-TSPP+gelatin) significantly
increased the G*batter, which can possibly be attributed to the cold gelling capacity of the
protein [46]. Raw phosphate-free sausage batter containing 2% egg white protein (M-
TSPP+egg) gave rise to a significantly lower LVRbatter, and, at the same time, a remarkably
high G*batter compared to M-TSPP. An explanation of this striking observation is given in
Appendix A.

To study the rheological properties of the sausage batters during thermal processing,
all samples were subjected to a temperature sweep as described in Section 2.3. The heat
causes the myofibrillar proteins to unfold and/or dissociate, followed by association and
aggregation, resulting in a gelled system in which water and fat are entrapped [47,48]. The
high G’batter-values in Figure 3 confirmed the formation of gel structures. δ76◦C,batter is
lower than 10◦ for all batters, indicating a strong elastic behavior of the formed network.
Significant differences in δ76◦C,batter between batters have little relevance.
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Comparison between M+TSPP and M-TSPP indicated that the elimination of phos-
phate had an effect on the viscoelastic behavior of the meat batter during heating (G’76◦C,batter
δ76◦C,batter). Values of G’76,batters revealed that phosphate elimination significantly reduced
gel strength at the end of heating prior to cooling. On the other hand, upon subsequent cool-
ing, no significant differences could be observed anymore between M+TSPP and M-TSPP
(G’end,batter and δend,batter). The stronger increase of G’ during heating upon the addition of
phosphates was possibly caused by conformation transitions, exposure of hydrophobic
groups, and the formation of more disulfide bonds of the meat proteins [49]. In other
words, TSPP promoted gelation, as it aids in the extraction of myofibrillar proteins that
will subsequently aggregate and gel upon thermal processing [48,50–52]. However, Sun
and Holley [48] also reported that it was possible that polyphosphates do not influence
myofibrillar gel strength, as this is dependent on the applied protein source and preparation
and gelation conditions that are used.

The strong gelling properties of potato protein nullified the drop in G’76◦C,batter due to
phosphate elimination (M-TSPP+potato). A similar observation can be made when egg
white protein (M-TSPP+egg) is used, although the total impact of phosphate elimination on
G’76,batters could not be compensated, since a significant difference in G’76◦C,batters between
M+TSPP and M-TSPP+egg remained. Furthermore, G’end,batter and δend,batter significantly
increased (p < 0.05) with the addition of egg white (M-TSPP+egg) and potato proteins
(M-TSPP+potato) compared to M-TSPP. Potato and egg white proteins probably formed
additional protein networks or improved interactions for gel formation compared to the
other proteins, leading to increased structure formation. Studies on the impact of egg
albumin on the thermal gelation of myofibrillar proteins are contradictory. Some authors
concluded egg proteins caused disruption of the meat gel by interfering with the gelling
process of the myofibrillar proteins or by the formation of mixed egg–myofibrillar protein
gels, while others reported egg proteins participated in meat gel network formation [53].
Hunt, et al. [54] also observed a positive effect on gelation characteristics of Alaska pollock
fish protein upon the addition of dried egg white protein. No significant difference in
G’76◦C,batters, G’end,batter, or δend,batter between M-TSPP and preparations with pea, gelatin,
whey, blood plasma, or soy concentrate (M-TSPP+pea, M-TSPP+gelatin, M-TSPP+whey,
M-TSPP+plasma, and M-TSPP+soy, respectively) could be observed. On the other hand,
the studies of Wang, et al. [55] and Li, et al. [56] claimed an improvement of the gelling
characteristics and structural strength of myofibrillar protein gels upon the addition of
soy protein. Additionally, the addition of blood plasma has been shown to affect the
thermal gelation of myofibrils and therefore influence the final gel strength [57,58]. Sun and
Holley [48] stated that due to a lack of interaction between nonmeat and muscle proteins,
it is possible that texture is negatively affected by interference with the gelation of the
myofibrillar proteins. This could not be deducted from Figure 3, as the final gel strength
(G’end,batter) of all phosphate-free batches with different proteins is similar or higher on
average compared to M-TSPP.

The rather strong gelation potential of egg white and potato protein in the meat
matrix during heating was also seen in the watery medium (Figure 1), as described in
Section 3.1.1. Despite this similarity, batter parameters G’76◦C,batter and G’end,batter were
significantly higher for potato protein compared to egg white protein, which was not
the case for G’76◦C, suspension and G’end,suspension of the same proteins. Furthermore, blood
plasma and whey protein resulted in similar values of G’76◦C,batter and G’end,batter compared
to egg white protein, which was not observed in G’76◦C, suspension and G’end,suspension of
the same proteins. In contrast, soy concentrate resulted in a significantly lower value of
G’76◦C,batter compared to egg white protein, while this was not the case for G’76◦C,suspension.
On the other hand, G’76◦C,batter was lowest for preparations with pea protein and gelatin,
which was identically reflected in G’76◦C,suspension.

Evaluating these insights, it seems that the gelation potential of the different proteins,
as determined in an aqueous medium during thermal processing (Section 3.1.1), was not
always clearly noticeable in a meat system. This suggests the importance of a well-defined
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meat matrix, imitating industrial meat products, to determine and understand the impact of
ingredient functionality. A food environment is a more complex system, where ingredients
and other components (i.e., salts, lipids, and proteins) may interact, thus modifying the
added value to the product quality of the functional ingredient.

3.2.2. Emulsion Stability of Meat Batters and Cooking Loss of Cooked Sausages Influenced
by Protein Source

Significant (p < 0.05) differences in emulsion stability and cooking loss (CL) were
found between the different preparations (Table 1). Elimination of TSPP (M-TSPP) resulted
in a significant increase of total expressible fluid (TEF) and thus lower emulsion stability,
and increased CL compared to M+TSPP. These findings are in line with our former study [6].
It is known from the literature that TSPP is able to dissociate the actomyosin complex,
releasing myosin, which can act as a natural emulsifier. Additionally, more myofibrillar
proteins are extracted by TSPP, helping to stabilize the protein matrix in which water and
fat are entrapped [1].

Preparations containing egg white protein (M-TSPP+egg), pea (M-TSPP+pea), soy
concentrate (M-TSPP+soy), and blood plasma proteins (M-TSPP+plasma) significantly (p <
0.05) reduced TEF compared to M-TSPP and even resulted in similar percentages of TEF
as the preparation containing phosphate (M+TSPP), indicating an equal stabilization of
moisture and fat in the meat matrix. These proteins were thus able to compensate for the
decreased emulsion stability due to phosphate elimination. On the other hand, there was no
significant difference in TEF between M-TSPP and preparations with the addition of potato
(M-TSPP+potato), whey proteins (M-TSPP+whey), and gelatin (M-TSPP+gelatin). Further-
more, the use of some proteins also caused a shift in composition (water vs. fat) of the drip
loss. The relative amount of fat in the drip loss was significantly higher when adding blood
plasma (M-TSPP+plasma), gelatin (M-TSPP+gelatin), soy concentrate (M-TSPP+soy), or
whey protein (M-TSPP+whey) to phosphate-free sausages (M-TSPP). This could mean that
fat stabilization in the meat matrix could be altered by using additional proteins, which
could affect the final product characteristics such as texture or mouthfeel [59].

In almost all cases, CL significantly (p < 0.05) decreased with the addition of protein-
based ingredients compared to M-TSPP. The addition of blood plasma (M-TSPP+plasma),
whey proteins (M-TSPP+whey), egg white proteins (M-TSPP+egg), and soy concentrate
(M-TSPP+soy) even resulted in similar CL as the cooked sausages containing phosphate
(M+TSPP). Blood plasma proteins are good emulsifiers [9] and were found to be a useful
substitute for polyphosphate in frankfurters, as they did not affect the water holding
capacity and cooking losses compared to frankfurters containing 0.5% sodium tripolyphos-
phate [21]. Research by Prabhu [60] also indicated blood plasma was suitable to improve
the emulsion stability, texture, flavor, and juiciness of comminuted meat products. Addi-
tionally, the use of pea protein (M-TSPP+pea) could significantly decrease CL compared to
M-TSPP, although to a lesser extent than the previously mentioned proteins. On the other
hand, the addition of gelatin (M-TSPP+gelatin) or potato protein (M-TSPP+potato) did not
change CL compared to M-TSPP. This was in contrast with the study by Nieto, Castillo,
Xiong, Álvarez, Payne and Garrido [20] in which cooking losses were reduced when 2.5%
hydrolyzed potato proteins were added to phosphate-free meat emulsions.

Comparison between the intrinsic properties of the proteins discussed in Section 3.1
and their impact on fat and water binding characteristics of cooked sausages indicated
limited analogy. Stronger gelation potential of the protein samples as measured in the
watery medium would suggest better water and especially fat binding in meat products.
Furthermore, proteins with good emulsifying capacities are expected to be able to stabilize
emulsified meat products to a greater extent and contribute to reducing cooking loss
(especially fat release). While potato and egg white protein both showed very good
gelation properties, only the latter could positively improve the cooking yield. In contrast,
pea proteins showed both low emulsifying capacity and gelling behavior in the watery
medium, while in the cooked sausages, they could reduce cooking loss and TEF. Results
even surpassed those of potato protein. Blood plasma proteins, showing an average
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gelation potential and good attribution to emulsion stability in the watery environment,
outperformed the other proteins, with the exception of soy concentrate, regarding water
and fat binding in cooked sausages. Again, these results underline the importance of a well-
defined meat matrix, close to industrial meat products, to determine and fully understand
the impact of ingredient functionality.

3.2.3. pH of Cooked Sausages Influenced by Alternative Protein Source

Data (Table 1) showed that the elimination of TSPP (M-TSPP) resulted in significantly
lower pH values compared to the model system containing TSPP (M+TSPP), which was
in line with our former study [6]. The pH of TSPP (1% solution) is equal to 10.2 [1],
which explains the pH difference between preparations M-TSPP and M+TSPP. Due to
phosphate elimination, the pH of the meat product was decreased and was closer to the
iso-electric pH of the myofibrillar proteins. This led to a reduction in their net charge
and repulsion between proteins, causing a negative impact on water and fat binding,
as seen in Section 3.2.2 [61]. The decrease in pH by phosphate elimination could not be
compensated by the addition of protein-based ingredients, as seen in Table 1. Velemir,
et al. [62] determined no significant difference in pH upon the addition of 1.5% whey or
soy protein to sausages. Blood plasma, despite its higher pH, could also not remediate
the lower pH of phosphate-free sausages, which was also seen in the research of Hurtado,
Saguer, Toldrà, Parés and Carretero [21]. The proteins could therefore not contribute to
water binding by generating a higher concentration of negative meat protein charges.

3.2.4. Textural Properties of Cooked Sausages Influenced by Protein Type

The differences in hardness of the different preparations are limited (Table 1). Phos-
phate elimination (M-TSPP) did not significantly affect the hardness of the cooked sausages,
which was in line with our former study [6]. A lower hardness might be expected when
TSPP is eliminated, since TSPP dissociates the actomyosin complex, resulting in more pro-
teins being available for emulsification and the formation of a more stable gel matrix during
heating. Yet, gel strength at the end of thermal processing (see Section 3.2.1) also revealed
no difference in G’end,batter between M+TSPP and M-TSPP. On the other hand, the increase
in CL when phosphate is eliminated could lead to a firmer meat product. The addition of
gelatin (M-TSPP+gelatin) increased hardness compared to M-TSPP, despite no significant
difference in CL being measured. Therefore, it could be concluded that gelatin itself had an
impact on the final hardness of the phosphate-free cooked sausage, which could probably
be attributed to its cold gelling properties [46]. The addition of the other protein-based
ingredients did not significantly affect hardness compared to M-TSPP, but a significant
increase in hardness compared to the reference sausage containing phosphate (M+TSPP)
was determined upon the addition of pea, potato, egg white protein, and again gelatin.
Nieto, Castillo, Xiong, Álvarez, Payne and Garrido [20] found that the addition of 2.5%
hydrolyzed potato proteins had no effect on the hardness of phosphate-free frankfurters,
which was also in line with our results. Furthermore, Youssef and Barbut [14] concluded
that soy protein could increase or decrease the product texture depending on the type of soy
used. The impact of whey proteins on hardness is linked to their degree of denaturation,
which is dependent on their production process. In general, undenatured whey protein
preparations deteriorate textural properties, while partially denatured whey concentrates
enhance the binding and texture of sausages and other comminuted meat products [25].
This could possibly explain the mild impact on the observed hardness of whey proteins.
Fernandez, et al. [63] also found no difference in hardness when 2% of dried egg white
was added to chicken meat batters. Cofrades, Guerra, Carballo, Fernández-Martín and
Colmenero [19] noted an increase in the product hardness of Bologna sausages when blood
plasma was applied. This observation could not be established in this research.
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4. Conclusions

The elimination of phosphate had a negative impact on several quality characteristics
of cooked sausages. Next to an increase in cooking loss and reduced emulsion stability, a
change in gel network formation during thermal processing could be observed, although
the final gel strength was not influenced. The cause of these quality losses is mainly related
to the reduced functionality of the myofibrillar proteins due to phosphate elimination.
This research indicated that the addition of specific proteins could remediate the negative
impact of phosphate elimination. However, it is important to keep in mind that different
protein sources exhibit varying potential in this respect. Hereby, it is crucial to evaluate
the potential of the proteins in a well-defined standardized meat matrix. The intrinsic
protein properties, gelation and emulsification, related to improving meat quality are often
evaluated in aqueous media. This study showed that protein characteristics determined
in this manner did not entirely reflect their capacity to enhance the characteristics of
phosphate-free emulsified meat products.

In phosphate-free cooked sausages, blood plasma and soy protein overall showed the
most promising results, as no significant differences in terms of product hardness, cooking
yield, or emulsion stability could be found compared to standard phosphate-containing
sausages. These proteins may therefore provide an added value for the meat industry to
further reduce E-numbers and contribute to the healthy image of meat products. Other
screened proteins, such as egg white, pea, and whey protein, also proved to be beneficial,
yet the quality level of the phosphate-containing sausages could not be equaled. Potato
protein and gelatin showed the least improvement to the phosphate-free cooked sausages.

Future research can be conducted on the use of combinations of different protein
sources or mixtures of proteins with certain hydrocolloids to further remediate the loss of
quality due to phosphate elimination in emulsified meat products.
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Appendix A

Raw phosphate-free sausage batter containing 2% egg white protein (M-TSPP+egg)
gave rise to a significantly lower LVRbatter, and, at the same time, a remarkably high G*batter
compared to M-TSPP, as seen in Table 1 (main text). In order to gain insight into this
striking observation, the stress sweeps as seen in Figure A1 were evaluated.
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According to Glorieux, Goemaere, Steen and Fraeye [6], the LVR is calculated as the
stress level at which G* deviates more than 5% from a constant G* (plateau) value and
indicates irreversible structure breakdown. However, the raw sausage batter containing
egg white proteins (M-TSPP+egg white) contained two plateau regions in which G’ and
G” (and thus G*) were independent of the applied stress amplitude. The first plateau
was characterized by a high Gbatter* value and ranged up to ±10 Pa, the stress value at
which structure breakdown occurred. However, from around a stress value of 30 Pa, the
structure stabilized again, resulting in another plateau that reached stress values of±200 Pa
until irreversible structure breakdown occurred (Figure A1). The two LVR regions could
possibly be explained by the presence of two distinct protein structures. The first plateau is
characterized by G*batter higher than G*batter of M-TSPP, which may be attributed to the
presence of the egg white proteins. The second plateau is characterized by G*batter values
in the same order of magnitude as M-TSPP, and the LVR ends at a comparable stress value,
presumably indicating that this part of the LVR was stabilized independently of the added
protein-based ingredient.

References
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Abstract: The influence of iota carrageenan (iota-CGN) as a partial replacement of sodium tripolyphos-
phate (STPP) was investigated on the physical (pH, yield, instrumental color, texture profile analysis),
chemical (moisture, protein, total fat, ash, phosphate) and sensory (descriptive analysis, acceptance
testing) quality of restructured ostrich ham (95% lean meat plus fat). Treatments consisted of five
decreasing levels of STPP (0.70%, 0.53%, 0.35%, 0.18% and 0%) that were simultaneously substituted
with five increasing levels of iota-CGN (0%, 0.1%, 0.2%, 0.3% and 0.4%). Cooked yield, hardness,
cohesiveness, and gumminess of restructured ostrich ham increased (p ≤ 0.05) with decreasing levels
of STPP (and increased levels of iota-CGN). No significant trend in instrumental color measurements
or springiness were observed between treatments. Ostrich ham with 0.35% STPP and lower had
increased ostrich meat aroma and flavor, while spicy aroma and flavor, mealiness and consumer
acceptance decreased. Iota carrageenan can be substituted for STPP (up to 0.35% STPP and 0.2%
iota-CGN) to produce reduced STPP ham.

Keywords: iota carrageenan; chemical composition; consumer acceptance; descriptive analysis; ham;
ostrich; phosphate; polysaccharide; processed; restructured meat; sensory profile

1. Introduction

Restructured ham is usually prepared from large pieces of meat that are molded
together to resemble a whole muscle meat product after cooking. The actual binding of
adjacent meat pieces relies on extraction of myofibrillar proteins by salt (NaCl), phosphate
and mechanical action (massaging or tumbling). During subsequent heating, the latter
proteins, of which myosin is the major protein, coagulate and act as a bonding agent
holding the meat pieces together [1–5]. The binding properties of restructured ham are
essential to produce a uniformly attractive product with desirable slicing characteristics.
The most desirable properties of high-quality cooked ham are cohesiveness, textural
firmness, and juiciness.

Polyphosphates are used extensively in restructured meat products due to their func-
tional properties of increasing binding strength, water holding capacity and yield [4,6–10].
Polyphosphate action is ascribed to the increase in the pH and ionic strength in meat
products [11,12]. Tripolyphosphates (TPP) are the most widely used of all the phosphates
utilized in meat processing and are typically permitted up to 3.5% of final product weight.
However, there is an increase in the demand for meat products with reduced phosphate
levels [13].
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The presence of excessive amounts of phosphates in the diet may influence the cal-
cium, iron, and magnesium balance in the human body, and can increase the risk of bone
diseases [14–16]. Furthermore, consumers and retailers generally associate polyphosphates
with cost reduction and lower quality products. Consumers also seem to associate the term
‘polyphosphates’ with non-food applications, viewing them as ‘chemical products’. The
former indicates an opportunity for the use of alternatives to phosphates in restructured
cooked meat products [3,5,13,17]. Numerous non-meat functional ingredients, mainly pro-
teins and polysaccharides, have been applied as binders, fillers, and extenders to improve
the quality of restructured meat products [4,5,18,19]. These ingredients are primarily used
for their water binding ability and texture modification functionality [20].

Hydrocolloids with their unique characteristics in building texture, stability and
emulsification are of great interest in the low-fat processed meat area due to their ability to
bind water and form gels [21]. Carrageenan (CGN), a sulphated polysaccharide extracted
from seaweed, is a hydrocolloid used extensively in the food industry in a broad range of
applications because of its water binding, thickening and gelling properties [22,23]. There
are three major types: kappa (κ, gelling); iota (ι, gelling); and lambda-CGN (λ, non-gelling).
These differ in degree and manner of sulphation, the position of the 3–6 anhydrogalactose
residues, their pyranose ring conformations, and the cations associated with the sulphate
groups [23]. Carrageenans, alone or combined with other ingredients, have been used
extensively in restructured meat products [24–29] for their ability to form gels, retain water
and to provide a desirable texture [30,31]. Various levels of ingredients in combination
with CGN have been studied; for example, the use of 1.5% salt with iota-CGN improved
the cooking yield, juiciness, and tenderness of restructured pork nuggets [25]. Kappa-
CGN favorably affected hydration properties and thermal stability, yielding lower cooking
loss, purge, and expressible moisture of beef gels [27], whilst kappa-CGN increased the
sliceability and rigidity in roasted turkey breasts [24], and improved the adhesion in pork
hams [26].

Ostrich meat is frequently marketed as a healthy alternative to other red meats as it
has a favorable fatty acid profile and a low intramuscular fat content [32–34]. Ostrich meat
has a high ultimate pH of ca. 6.0 [35] and should by implication have a high-water binding
capacity and thus be able to retain high levels of moisture. Therefore, moisture-retaining
agents, such as phosphates, in restructured ostrich meat products could be reduced.

To maintain the health characteristics of ostrich meat, it is suggested that an alternative
ingredient, that mimics the textural, functional and flavor characteristics of phosphate,
be introduced in the formulation of restructured meat products. Therefore, the aim of
this study was to investigate the effect of replacement of sodium tripolyphosphate (STPP)
with iota carrageenan (iota-CGN) on the physical, chemical, sensory characteristics, and
consumer acceptability of restructured cooked ostrich ham.

2. Materials and Methods
2.1. Ham Manufacture

Five different ham formulations with decreased levels of STPP and increased levels
of iota-CGN were produced (Table 1). Each treatment was formulated to contain a 95%
Total Meat Equivalent (TME) on chemical analysis (lean meat and fat). Brine ingredients,
expressed as percentage in the brine, consisted of 9% NaCl, 0.25% sodium erythorbate, 1%
curing salt (NaCl + 0.6% nitrite), 20% starch (corn flour), 1% ground garlic, 1% ground
ginger, STPP (3.5%, 2.63%, 1.75%, 0.88% and 0%, respectively), iota-CGN (0%, 0.5%, 1.0%,
1.5% and 2.0%, respectively), and water (64.25%, 64.62%, 65.00%, 65.37% and 65.75%,
respectively). The corn flour was added to the brine and the meat after the first tumble cycle.
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Table 1. Formulation of five ostrich ham treatments.

Sodium Tripolyphosphate/Iota Carrageenan Levels

Ingredients (%) 0.70%/0.0% 0.53%/0.1% 0.35%/0.2% 0.18%/0.3% 0.00%/0.4%

Sodium
tripolyphosphate 0.70 0.53 0.35 0.18 0.00

Iota carrageenan 0.00 0.10 0.20 0.30 0.40
Additives * 6.45 6.45 6.45 6.45 6.45

Water 12.85 12.92 13.00 13.07 13.15

Brine 20.00 20.00 20.00 20.00 20.00
Meat 80.00 80.00 80.00 80.00 80.00

Total 100.00 100.00 100.00 100.00 100.00

* Salt (1.8%), curing salt (0.2%), sodium erythorbate (0.05%), ginger (0.2%), garlic (0.2%), starch (4%).

Ostrich (Struthio camelus var. domesticus) fan fillets (n = 40 different birds; 1–1.5 kg
weight per fan fillet) were obtained from a local European Union approved abattoir,
Mosstrich (Mossdustria, Mossel Bay, South Africa), with all the muscles being randomly
sampled from one day’s kill. The meat was vacuum packed and frozen before being
transported to Stellenbosch; where it was stored at −20 ◦C until used. Iota-CGN (GENU®

texturizer type MB-150F) from Tranarc (Tranarc Holdings Pty Ltd., Benmore, South Africa)
was used. All the remaining ingredients were provided by a single provider, Deli Spices
(Epping, Cape Town, South Africa).

The thawed (24 h at 4 ◦C) ostrich fan fillets (n = 10 fillets per batch) were cut into
fist sized pieces (±100 g per piece) and mixed in a container. The meat structure was
subsequently further disrupted by the mild shearing action of passing through a meat
mincing machine without any cutting blades or plates. The latter opened the meat structure
to facilitate brine penetration and protein extraction, without reducing particle size. The
meat from each batch was then divided into five smaller batches—one batch per treatment.
The brine mixture for each treatment was then added to the meat and the latter mixture was
tumbled (Biro VTS-41) under vacuum (25 kPa) for 6 h (4 ◦C) with a cycle of 20 min tumble
and 10 min rest. After tumbling, the ham mixtures were vacuum stuffed (Talsa Model
T0101, Germany) into impermeable plastic casings. The above-mentioned procedures were
followed four times to produce four replications per treatment. Each replicate sample
weighed approx. 1.5 kg and was 30 cm in length and 12 cm in diameter. Each stuffed casing
within each treatment was weighed and cooked in a water bath until a core temperature of
72 ◦C was reached (approximately 1 h). The internal temperature of the ham was measured
using a thermocouple probe inserted into the center of the product. After cooking, the hams
were immediately immersed in cold water containing ice for 15 min before refrigeration at
4 ◦C prior to subsequent analyses.

2.2. Chemical Analyses

Homogenized samples of the five ham treatments (of a randomly selected ham within
each treatment) were analyzed in duplicate for total percentages of moisture, ash, and phos-
phorus (according to AOAC Official Methods 934.01, 942.05, and 960.03, respectively) [36].
The total crude protein content was determined on dried (60 ◦C for 24 h), defatted and
ground (with a pestle and mortar to a fine powder) samples (0.1 mg) encapsulated in
LecoTM foil sheets and analyzed using a Leco Protein Analyzer (FP-528, Leco Corporation).
An EDTA calibration sample (Leco Corporation, St. Joseph, HI, USA, Part number 502–092,
lot number 1038) was analyzed before and after every 10 samples, with the intention of
ensuring the accuracy and recovery rate of each sample. A Nitrogen conversion factor of
6.25 was used to determine the total protein content. The total fat content was determined
by extracting the fat with a 2:1 mixture of chloroform:methanol [37]. The laboratory at the
Department of Animal Sciences, Stellenbosch University, is accredited by the Agricultural
Laboratory Association of South Africa (AgriLASA) to perform accurate and reliable proxi-
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mate analyses. For validation of accuracy and repeatability, the laboratory partakes in the
monthly National Inter-laboratory Scheme where blind tests are conducted. The lean meat
equivalent (LME) was calculated using a conversion factor of 30 to convert protein to lean
meat and the total meat equivalent (TME) was obtained through the summation of the
LME and fat.

2.3. Physical Analyses

The pH of the refrigerated (4 ◦C) cooked hams was measured with the use of a
calibrated (standard buffers pH 4.0 and 7.0) portable Testo 502 pH-meter. Cooked yield,
color (CIE lightness L*, a* and b* color coordinates) and Texture Profile Analysis (TPA)
measurements were recorded on each of the four ham replicates per treatment. Cooking
yield was expressed as follows:

Cooked yield (%) = (W1 − W2) × 100 where W1 = ham weight after cooking and W2 = ham weight before cooking

The weight of the cooked product was recorded after 24 h chilling (4 ◦C), when the
products were removed from the casings, touch dried with absorbent paper, and casing
weight recorded, separate from product weight. Product weight losses occurred primarily
during thermal processing; weight loss due to the exudate remaining in the tumbler was
small (about 1%) as the tumbler surfaces had been scraped with a spatula to reclaim as
much exudate as possible.

Instrumental color measurements of cooked ham were recorded on three slices ob-
tained from each of the four ham replicates per treatment [38]. A color-guide 45◦/O◦

colorimeter (Cat no: 6805; BYK-Gardner, BYK-Instruments, Orlando, FL, USA) was used;
the colorimeter was calibrated using the supplied calibration white tile according to the
supplier’s instruction before and between every 10 samples. Three ham slices (1.5 to 2.0 cm
thick) of each treatment were allowed to “bloom” for 30 min at ambient temperature (ca.
20 ◦C) prior to color measurements. Four color measurements were recorded for each
slice at randomly selected positions and expressed by the coordinated L*, a* and b* of the
CIELab colorimetric space. In the color space L* indicates lightness and a* and b* are the
chromaticity coordinates, where a* is the red-green range, and b* the yellow-blue range of
the color spectrum.

Instrumental textural properties were analyzed using the Instron Universal Testing
Machine (UTM, model 3344, 825 University Ave, Norwood, MA, 02062–2643, USA). Texture
Profile Analysis (TPA) was performed on five cores (2.5 cm height and 2 cm diameter) per
slice (two slices of each of the four replicates within the five treatments = 40 measurements
per treatment). The cores were placed on the platform of the UTM. A circular plate of
2.5 cm diameter was attached to a 50 N load cell and the sample was compressed to 50% of
its original height at a cross head speed of 200 mm/min twice in two cycles [39]. Hardness
(N), springiness (mm), cohesiveness (ratio) and gumminess (N) were calculated for each
sample [39].

2.4. Sensory Evaluation
2.4.1. Descriptive Sensory Analysis

Descriptive sensory analysis (DSA) was conducted to determine the effect of STPP
reduction on the sensory quality characteristics of all five treatments of ostrich ham [40]. For
each treatment four replicate encased hams were produced. The encased hams (stored at
4 ◦C) were opened 2 h prior to sensory analysis, sliced into 3.5 mm thick slices and vacuum
packed (Multivac C200, Bahnhofstraße 4, D-87787 Wolfertschwenden, Germany). Four
slices were placed next to each other and the slices did not overlap when vacuum packed.

A panel of assessors (n = 8), with extensive experience in DSA of meat, was trained in
two interactive sessions to familiarize them with the treatments and to identify the aroma,
flavor and mouthfeel characteristics associated with the respective treatments. Reference
standards were also used to enable the assessors to calibrate their sensory perception during
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training, thereby allowing them to recognize and score all the characteristics tested in the
respective treatments. The reference standards included commercial beef fillet, ostrich fan
fillet and pork ham, resembling the meaty, ostrich meat and spicy aroma and flavor notes,
respectively. Beef liver was used to illustrate a mealy meat texture. The questionnaire was
compiled during the first training session and refined and tested during the second training
session. Unstructured 100-point line scales were used to analyze the sensory characteristics.
Table 2 depicts the sensory characteristics and definitions used.

Table 2. Definitions of sensory characteristics for descriptive sensory analysis of five ostrich ham treatments.

Characteristics Definition Scale

Meaty aroma The intensity of an overall meaty aroma,
perceived by sniffing 0 = None; 100 = Strong

Ostrich meat aroma The intensity of an ostrich meat aroma,
perceived by sniffing 0 = None; 100 = Strong

Spicy aroma The intensity of a spicy aroma, derived from
ginger and garlic content, perceived by sniffing 0 = None; 100 = Strong

Meaty flavor The intensity of an overall meaty flavor,
perceived by tasting 0 = None; 100 = Strong

Ostrich meat flavor The intensity of an ostrich meat flavor,
perceived by tasting 0 = None; 100 = Strong

Spicy flavor The intensity of a spicy flavor, derived from ginger
and garlic content, perceived by tasting 0 = None; 100 = Strong

Mealiness The degree of mealiness in the mouth, indicative
of cohesiveness of sample, perceived by tasting 0 = None; 100 = Prominent

Sensory testing was performed in individual booths fitted with Compusense® soft-
ware (Compusense, Guelph, ON, Canada) in a temperature—(20 ◦C) and light-controlled
(equivalent to daylight) sensory evaluation area. A sample of each of the five treatments
was served to the assessors in a randomized order in four replicate test sessions (two
sessions per day). The sample size per treatment per test session was one slice, with each
assessor receiving an eighth (1/

8) of a slice. Each sample was coded with a three-digit
blinding code and served at a refrigeration temperature of ca. 6–10 ◦C. Assessors were
provided with distilled water, dried apple pieces and water biscuits as palate cleansers.

2.4.2. Acceptance Testing

Sensory acceptance testing was conducted with a hundred target consumers (79 females,
21 males) recruited among staff and students at Stellenbosch University, Stellenbosch, South
Africa. The consumers tested three of the treatments (STPP levels 0.70%, 0.35% and 0.00%),
without any knowledge of the formulation of the products. The sample size per treat-
ment per consumer was an eighth (1/8) of a slice. Samples were coded with three-digit
blinding codes and served in a random order to each consumer at a refrigeration tem-
perature of ca. 6–10 ◦C. Testing was done in a temperature- (20 ◦C) and light-controlled
(equivalent to daylight) sensory evaluation area. Consumer acceptance testing was tested
using the traditional nine-point hedonic scale ranging from 1 (dislike extremely) to 9 (like
extremely) [40].

2.5. Statistical Analysis

The experimental design consisted of five treatments and four replicates per treatment.
One-way analysis of variance (ANOVA) was performed to compare treatment means in
terms of chemical, physical and sensory data, using SAS version 9.1 statistical software [41].
The Shapiro–Wilk test was performed to test for non-normality [42]. In some cases, devia-
tions from normality were the cause of one or two outliners, which were removed before
the final analysis [43]. Student’s t-Least Significant Difference (LSD) was calculated at a
5% significant level to compare treatment means. Pearson correlation coefficients were
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also calculated to measure the strength and direction of the linear relationship between
selected variables.

For the consumer data, hedonic score values of three of the treatments were subjected
to one-way ANOVA. Student’s t-Least Significant Difference (LSD) was calculated at a 5%
significant level to compare treatment means.

3. Results and Discussion
3.1. Chemical and Physical Characteristics

The chemical composition, total meat equivalent (TME), product pH, cooking yield,
textural properties, and instrumental color of the five ham treatments with decreasing
levels of STPP are presented in Table 3.

Table 3. Means (±SD) of the chemical and physical characteristics of five ostrich hams manufactured with decreasing
Sodium tripolyphosphate levels (n = 4 per treatment) *.

Sodium Tripolyphosphate/Iota Carrageenan Levels
LSD

0.70%/0.0% 0.53%/0.1% 0.35%/0.2% 0.18%/0.3% 0.00%/0.4%

Chemical composition
Moisture (%) 73.2 b ± 0.0 73.4 b ± 0.1 73.8 ab ± 0.1 74.3 a ± 0.6 73.4 b ± 0.0 0.78

Fat (%) 2.9 a ± 0.1 2.8 a ± 0.3 2.5 a ± 0.2 2.8 a ± 0.3 2.7 a ± 0.2 0.61
Protein (%) 19.4 a ± 0.3 19.6 a ± 0.4 19.4 a ± 0.0 18.9 a ± 0.8 19.6 a ± 0.1 1.07

Ash (%) 4.0 a ± 0.0 3.7 ab ± 0.0 3.4 bc ± 0.3 3.3 bc ± 0.1 3.2 c ± 0.1 0.42
Phosphorus (%) 1.42 1.03 0.78 0.76 0.51 n/a

TME (calculated)¤ 97.00 96.79 95.87 93.28 96.78 n/a
Product pH 6.24 6.23 6.26 6.21 6.20 n/a

Cooked yield (%) 86.0 d ± 0.9 88.1 c ± 0.2 91.9 b ± 2.4 94.1 a ± 1.5 92.5 ab ± 1.2 2.0
Instrumental color

Lightness (L*) 48.1 c ± 1.9 49.4 bc ± 2.3 51.7 a ± 1.2 48.6 c ± 1.5 50.8 ab ± 2.2 1.53
Redness (a*) 9.8 a ± 0.6 9.1 b ± 0.7 8.3 c ± 0.5 9.5 ab ± 0.8 9.5 ab ± 0.9 0.59

Yellowness (b*) 11.4 b ± 0.5 12.4 a ± 1.2 12.7 a ± 1.2 12.6 a ± 0.9 13.0 a ± 0.7 0.77
Instrumental textural properties
Hardness (N) 18.9 c ± 4.2 21.2 c ± 2.3 29.5 b ± 5.1 30.8 b ± 4.2 35.1 a ± 3.3 3.55

Cohesiveness (ratio) 0.42 c ± 0.64 0.44 bc ± 0.05 0.46 abc ± 0.03 0.49 ab ± 0.07 0.49 a ± 0.07 0.05
Gumminess (N) 8.3 c ± 2.0 10.9 bc ± 2.5 11.6 bc ± 6.5 14.3 ab ± 4.1 15.5 a ± 3.6 3.64

Springiness (mm) 5.3 c ± 0.6 5.1 c ± 0.5 5.6 bc ± 0.5 6.5 a ± 0.6 5.9 b ± 0.6 0.52

* Statistical analyses were performed on all data except for phosphorus, TME (Total Meat Equivalent: % Lean Meat Equivalent + % Total
Fat) and pH, as these were measured/calculated only once per treatment; SD, Standard Deviation; LSD, Least Significant Difference (p =
0.05); a–d Means within the same row with different superscripts differ significantly (p ≤ 0.05), where L* represents white (100) to black (0),
a* represents green (−ve values) to red (+ve values) and b* represents blue (−ve values) to yellow (+ve values).

3.1.1. Chemical Composition

The ham formulated with 0.18% STPP presented the highest moisture content of 74.3%
that differed (p ≤ 0.05) from the hams formulated with 0.70%, 0.53% and 0% STPP (Table 3).
As expected, since no fat was added during the manufacturing process, there were no
differences (p > 0.05) in the lipid and protein content between the five ham treatments. In an
earlier study [44], the lipid content of restructured pork shoulder was found to be in a range
of 23% to 25%. This is much higher than the lipid content (2.5% to 2.9%) in the present study,
which could be attributed to the low intramuscular fat content of ostrich meat [32]. The ash
content decreased (p ≤ 0.05) with decreased levels of STPP; the ham formulated with 0.70%
STPP had the highest ash content (4.0%) whilst the ham formulated with 0% STPP had the
lowest (3.2%). As the spice content was kept constant, the decrease in ash content may be
attributed to the decreasing STPP levels. As expected, the phosphorus content in the hams
also decreased with decreasing levels of STPP. However, the phosphorus content measured
in the end-product proved to be much higher than the expected calculated phosphate
content. These elevated values could be due to the natural phosphorus content (0.51%)
of the meat as reflected in the ham formulated with no STPP added to the brine. Since a
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constant amount of phosphate was incrementally decreased in the formulation, it could
be assumed that the discrepancies in the elevated phosphorus values were due to either
sampling error or increased phosphorus content of a specific batch. Decreasing levels of
STPP were found to have no effect on the pH of the cooked product.

3.1.2. Total Meat Equivalent (TME)

In this study the TME values of the hams formulated with 0.70%, 0.53% and 0%
STPP were higher than the targeted value of 95% and therefore exceeded legal require-
ments, whereas the TME value of the 0.18% STPP level ham was lower (93.28%) (Table 3).
Once more, the reason for this variation is unknown but may be linked to the latter sam-
ple having a lower protein and higher (p ≤ 0.05) moisture content thus resulting in the
calculated difference.

3.1.3. Cooked Yield

The decrease in STPP levels with a concomitant increase in iota-CGN levels resulted
in an increase (p ≤ 0.05) in the cooked yield of the restructured ostrich ham (Table 3). The
latter can be attributed to the gelling properties and increased water binding capacity of
the increased iota-CGN content [4]. During cooking, water and water-soluble components
are released from myofibrils caused by the heat denaturation of the muscle proteins.
Carrageenan develops a gel layer on the surface of the ham, which has a sealing effect,
thereby decreasing the loss of the internal components [4]. The cooked yield levels observed
in this experiment (86.0% to 94.1%) are substantially lower than that reported by Fisher
and co-workers [44], who found that an ostrich ham-like product formulated with 0.3%
and 1.5% phosphate produced a cooking yield of 99.21% and 99.42%, respectively. This
difference could be due to different processing techniques, i.e., Fisher and co-workers [44]
tumbled the meat for 20 min, whereas in this study, the meat was tumbled for 6 h.

3.1.4. Instrumental Color

The lightness (L* value) of the samples ranged between 48.1 and 51.7, redness (a*
value) between 8.3 and 9.8 and yellowness (b* values) between 11.4 and 13.0 units (Table 3).
The ham formulated with 0.35% STPP, was found to be the lightest (51.7) and least red
(8.3) in color. However, the instrumental color measurements of the different ostrich ham
samples revealed no pattern with relation to the decrease in STPP levels. This result is
supported by a visually observed variation in the composition of each of the sample slices.
Ostrich meat is known to have a darker color than other red meat types [45]. This is
also evident in this study where the range of a* values (redness) in ostrich ham (8.3 to
9.8) are much higher than that of, for example, restructured beef steaks (3.82 to 5.94) [46].
Though not measured, it was observed that storage of the chilled (<4 ◦C) ham under
lighting conditions (exposure of ham to light) between manufacture and consumption
(over a 2-week period) led to browning of the product (decrease in redness). Light has a
pro-oxidant effect that provokes a decrease in a* values due to oxidation and degradation
of the nitroso-pigment [47,48]. This rapid oxidation warrants further investigation as does
the use of higher nitrite levels to minimize this phenomenon.

3.1.5. Instrumental Texture Properties

The effect of the variation of the composition within each sample slice was reflected
in the results for instrumental texture as no significant pattern was observed with the
incremental decrease in the STPP levels (Table 3). However, significant differences in
hardness, cohesiveness and gumminess were only observed with relation to the extreme
manipulation of STPP (0.70% and 0%) during this experiment. The 0.53%, 0.35% and
0.18% STPP levels did not have a significant effect on the mentioned characteristics. The
observed increase in the measured textural properties may be the results of increased levels
of iota-CGN that forms a firm cohesive gel structure during cooling. These findings agree
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with results by Ulu [49], who studied the effect of carrageenan on the cooking and textural
properties of low-fat meatballs.

3.2. Sensory Characteristics and Consumer Acceptance

The effect of reduced STPP on the sensory profile of five ham treatments is shown in
Table 4. A meaty aroma was found to be the highest in the ham formulated with 0.35%
(30.9), followed by 0.18% and 0.70% (25.7 and 25.4, respectively) STPP. Additionally, the
ham formulated with 0.35% STPP was found to have the strongest (p ≤ 0.05) meaty flavor,
compared to the other ham treatments. All ham treatments illustrated perceptible meaty
aromas and flavors, irrespective of STPP level. Ostrich meat aroma and flavor for the ham
formulated with 0.18% and 0% STPP was found to be much stronger (p ≤ 0.05) than the
other ham treatments. The assessors were not able to discriminate (p > 0.05) between the
ham treatments formulated with 0.70%, 0.53% and 0.35% STPP in terms of ostrich meat
aroma and flavor. Therefore, a STPP level in ostrich ham of 0.18% and lower, does not
conceal the typical aroma and flavor of ostrich meat even though spices were included at a
constant level in all five treatments. Ginger and garlic were included in the formulae to
mask the typical ostrich meat aroma and flavor. The sensory assessors perceived a slight
spicy aroma and flavor in all ham treatments, which was perceived at lower intensities
in the ham treatments with lower STPP levels (0.18% and 0%). Mealiness was defined as
the mouthfeel experienced when the meat pieces separate upon chewing. This percep-
tion is indicative of the degree of cohesion between the meat pieces of the restructured
ham. It seemed that STPP levels of 0.35% and higher resulted in increased mealiness
(p ≤ 0.05), significantly more than STPP levels 0.18% and 0.00%. Mealiness also correlated
negatively (r > −0.9; p ≤ 0.05) with the instrumental textural properties, particularly with
the instrumental variables, hardness, and cohesiveness [49,50]. This increased mealiness
could also be attributed to the increased cooking loss (Table 3) experienced in the higher
% STPP inclusion treatments. This indicates that decreasing levels of STPP (coupled with
increasing levels of iota-CGN) has a negative impact on the textural quality of the product
as perceived by a trained taste panel.

Table 4. Means (±SD) for the sensory characteristics and hedonic scores (±SE) of five ostrich hams manufactured with
decreasing Sodium tripolyphosphate levels (n = 4 per treatment).

Sodium Tripolyphosphate/Iota Carrageenan Levels
LSD

0.70%/0.0% 0.53%/0.1% 0.35%/0.2% 0.18%/0.3% 0.00%/0.4%

Sensory characteristics
Meaty aroma 25.4 ab ± 12.5 23.0 b ± 10.3 30.9 a ± 15.8 25.7 ab ± 14.3 23.6 b ± 15.3 5.88

Ostrich meat aroma 2.9 b ± 6.6 4.2 b ± 7.8 4.6 b ± 7.4 14.5 a ± 13.0 16.0 a ± 14.4 4.41
Spicy aroma 18.1 ab ± 17.6 19.2 a ± 16.8 13.1 b ± 11.8 4.6 c ± 8.2 6.3 c ± 10.7 5.48
Meaty flavor 26.8 b ± 14.4 25.5 b ± 14.5 40.2 a ± 18.5 22.1 b ± 15.4 22.2 b ± 16.4 5.08

Ostrich meat flavor 3.4 b ± 8.7 4.8 b ± 7.9 2.3 b ± 5.0 14.0 a ± 14.9 16.2 a ± 18.1 4.29
Spicy flavor 18.2 a ± 14.8 19.1 a ± 13.2 10.8 b ± 9.9 3.8 c ± 7.5 6.6 bc ± 11.0 5.38
Mealiness 17.5 a ± 14.4 18.8 a ± 16.2 11.8 b ± 10.0 3.5 c ± 4.2 5.7 c ± 8.8 4.29

Consumer preference
Degree of liking 6.5 a ± 1.4 NE 6.4 a ± 1.4 NE 5.4 b ± 1.4 0.40

a–c Means within the same row with different superscripts differ significantly (p ≤ 0.05); SD, Standard Deviation; SE, Standard Error; LSD,
Least Significant Difference (p = 0.05); NE, Not Evaluated. Sensory characteristics were scored on 100-point scales, whereas the 9-point
hedonic scale was used to score consumer preference.

Table 4 illustrates the degree of liking, as perceived by a group of target consumers,
for three of the ostrich ham treatments. This group of consumers equally liked the ham
formulated with 0.70% and 0.35% STPP (p > 0.05). However, the ostrich ham prepared with
0% STPP was found to be significantly (p ≤ 0.05) less liked (an average value of 5.4 translates
to neither like nor dislike on the nine-point hedonic scale). Therefore, it can be concluded
that the STPP level in ostrich ham can be successfully reduced to an acceptable level of
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0.35%. These results serve as a further confirmation that further product development is
necessary to produce a feasible phosphate-free ostrich ham to the consumer [51].

4. Conclusions

The results from this study indicate that the production of a reduced STPP ostrich ham
is a viable option for the ostrich meat industry. Due to the variation in the composition
within the replicate samples of each treatment, no significant tendency was found with
decreasing levels of STPP with relation to the chemical composition and physical properties
measured. However, decreasing levels of STPP showed significant increases in the cooked
yield, which could be attributed to the water binding ability of the increased levels of
iota-CGN. The low-fat content of ostrich ham makes it a healthy option for the consumer.
Descriptive sensory analysis and consumer acceptance results revealed that the STPP level
in ostrich ham could be reduced to an acceptable level of 0.35%. Further research should
investigate the use of other alternatives to substitute phosphate compounds and focus on
optimizing the processing technique (i.e., tumbling time) for optimum myofibrillar protein
extraction to manufacture a product with optimum textural and sensory quality. Further
research should also include the use of antioxidants to control color changes and shelf-life
studies of the product.
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Abstract: The aim of the research study was to evaluate the effects of a common culinary spice such
as garlic powder and salt addition on the quality and microbial shelf life of rabbit meat burgers.
Rabbit burgers were evaluated for pH, the colour parameters, the water holding capacity and
microbial loads during storage time of seven days at 4 ◦C. Four different formulations of burgers
(n = 180 in total) were tested as control samples (only meat, C), burgers with garlic powder (at 0.25%,
G), burgers with salt (at 1.00%, S) and burgers with both garlic powder and salt (0.25% and 1.00%,
respectively, GS). As results, it was highlighted that garlic powder and salt addition significant
affected pH, water holding capacity and some colour parameters of burgers. In particular, salt affected
the pH of the raw burgers, leading to lower values that partially influenced all the colour parameters
with higher a* values of S burgers. The mix of garlic powder and salt (GS burgers) showed mixed
effects even if more closed to the G burgers than S ones. Salt expressed its properties of binding
water molecules reducing drip and cooking losses in S and GS burgers. No variations in microbial
loads were highlighted in relation to the formulations. Storage time affected all the parameters,
highlighting a deterioration of the burgers’ quality and an increase of the microbial loads.

Keywords: spice; ingredient; colour; ready-to-cook; meat preparation

1. Introduction

Decreasing rabbit meat consumption is spreading around the world, and the Mediterranean
basin in particular, where rabbit meat was historically consumed, displays a decreasing per-capita
consumption [1,2]. Other kinds of meat and the low amount of time available for cooking are affecting
rabbit meat consumption, mostly among young consumers looking for more approachable kinds of
food [3]. Indeed, rabbits are normally sold as pre-packed whole carcasses or cut-up (such as hind
legs and loin) [4,5]. Production of meat products with rabbit meat could be a response to increase
consumers’ willingness to purchase this product.

Burgers are extensively consumed as fast meals and are recognizable and well known worldwide.
Burgers represent an appetizing and easy to cook protein food that does not require long cooking
processes or culinary preparation. This popularity and high rate of consumption have driven the
lifestyle changes that drive consumers to also prefer ready-to-cook products in meat sector.

Burgers, and in general meat products, could represent a way to reintroduce rabbit meat to daily
consumption. Indeed, in the last years attention has been paid to several different types of meat
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used as a basis for protein burgers as this type of product could be a solution to meet the consumers’
willingness to purchase. Moreover, these combinations raise rabbit meat to a right market level of
importance also in relation to its nutritional value, especially for children and the elderly [2].

Normally, burgers are sold as a ready-to-cook product, and several different recipes are available
on market shelfs to attract consumers’ attention. Burgers are sold as meat mixed with spices and other
ingredients among which salt is always present. Spices and herbs are used as flavours, colours and
aroma enhancers and also as preservatives due to their phytochemicals [6]. Salt (NaCl, sodium chloride)
due to its chemical properties, mostly the ability to reduce water activity, can also play a role as a
bacteriostatic in meat products that contain a low level of salt, typically 1–3%, increasing the overall
safety of the food product [7].

In this study we tested garlic (Allium sativum L.), a widely used spice in the Mediterranean
basin, in rabbit recipes. Garlic, besides its importance as flavour carrier and sensory characteristics,
can also play an import role as an antimicrobial [8,9]. In this work burgers added with salt alone and
garlic powder and salt mixes were tested in order to identify more products that could reliably meet
consumers’ liking. Although rabbit burgers are already on the market in some European countries
where cuniculture and rabbit meat consumption have a historical tradition, such as Italy and Spain,
the products have a low market penetration.

Therefore, the aim of this study was to evaluate different effects of garlic powder and salt, alone and
in combinations, on burgers quality and microbial loads during refrigerated storage in order to increase
our knowledge about rabbit meat products.

2. Materials and Methods

2.1. Experimental Design and Burgers Manufacture

Frozen rabbit hind legs (−20 ◦C, 1 month of frozen storage), derived from hybrid rabbits
reared under intensive conditions (ninety day-old, 2.7 ± 0.30 kg) and fed commercial pelleted feed,
were thawed for 18 h at 4 ◦C and then deboned. Meat was finely ground with a DN30323 meat
mincer (DiNa Professional, Catania, Italy) into twelve meat batches, as previously reported [10,11].
Four different formulations (three batches per formulation) were performed as: control (C, only meat);
meat supplemented with 0.25% of garlic powder (G); meat supplemented with 1.00% of salt (S);
meat supplemented with 0.25% of garlic powder and 1.00% of salt (GS). Garlic powder and salt were
purchased as food ingredients (garlic powder produced by Drogheria e Alimentari S.p.A., Florence,
Italy, batch number: L010545; salt was sea salt type, NaCl).

Each batch was hand mixed and fifteen burgers of 100 g were formatted with a DN8097 forming
machine (DiNa Professional, Catania, Italy; diameter 100 mm), for a total of forty-five burgers
per formulation and 180 burgers in total. Burgers were then packaged in single Styrofoam trays,
overwrapped with polyethylene film and stored raw at 4 ± 0.5 ◦C. At the fixed storage times (day 0,
4 and 7 of storage; D0, D4 and D7) burgers from each batch were tested as raw samples and as
cooked samples.

Raw and cooked burgers were analysed at D0, D4 and D7 for the determination of the pH, the colour
parameters, the water holding capacity and microbial loads (performed only on raw samples).

2.2. pH

The pH was measured using a pH meter (Eutech pH2700 Meter, Eutech Instruments Pte Ltd.,
Singapore) equipped with a XS Sensor Standard S7 (XS Sensor, Modena, Italy) and an automatic
temperature compensator. pH meter was calibrated before each session with buffer solutions at pH
4.01 and 7.01 (HI7004L and HI7007L Hanna Instruments, Padova, Italy).
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2.3. Colour

Colour was expressed as L*(lightness), a* (redness), and b* (yellowness) according to the CIElab
system [12]. Colour parameters were measured using a Minolta CR300 chroma meter (Minolta, Osaka,
Japan) with an aperture size of 8 mm, illuminant D65 and incidence angle of 0◦. Before each session,
the colorimeter was calibrated with a white tile (L* = 98.14, a* = −0.23 and b* = 1.89). Each data point
was the mean of three replications measured on the surface of the burgers at randomly selected locations.
Chroma (C*) and Hue angle (h*) were calculated as function of a* and b* following the formulas:

C∗ =
√(

a∗2 + b∗2
)

h∗ = tan−1
(

b∗

a∗

)

The total colour difference (∆E) was calculated as proposed by Sharma and Bala [13] between two
different formulations at the same storage time or between two different storage times for the same
formulation following the formula:

∆Eα−β =
√
(L∗α − L∗β)

2 + (a∗α − a∗
β
)2 + (b∗α − b∗β)

2

where α and β subscripts of L*, a* and b* referred to two different formulations at the same storage
time or two different storage times for the same formulation. Cooking effect on colour were determined
for each F at each storage time (ST). As proposed by Sharma and Bala [13], the threshold of a human
noticeable difference was fixed at 2.3 points.

2.4. Water Holding Capacity

Drip loss was calculated as proposed by Lundström and Malmfors [14] within the F between
D0-D4 and D0-D7. Cooking loss was calculated as percentage of the decrease of weight before and
after cooking in a preheated oven at 163 ◦C to an internal temperature of 71 ◦C and were turned every
4 min to prevent excess surface crust formation [15].

2.5. Microbial Quantifications

Ten grams of sample were aseptically removed and homogenised in a Stomacher 400 Circulator
Lab Blender (Seward, Worthing, UK) with 90 mL of 0.1% peptone salt solution. Further serial dilutions
were made in the same diluent and used for standard plate enumerations.

Total aerobic mesophilic and psychrotrophic bacteria were determined on Plate Count Agar
(pour plate method) with incubation at 30 ◦C for 72 h, and 7 ◦C for 10 days, respectively;
Enterobacteriaceae on Violet Red Bile Glucose Agar at 37 ◦C for 24 h; Escherichia coli on Tryptone
Bile X-Glucuronide Medium (TBX) at 44 ◦C for 24 h, lactic acid bacteria on MRS Agar (pour plate
method) in anaerobiosis (Anaerogen 2.5L) at 30 ◦C for 72 h; Brochothrix thermosphacta on Streptomycin
Thallous Acetate (STA) agar with STA selective supplement at 25 ◦C for 48 h; Pseudomonas spp. on
Pseudomonas Agar base with CFC supplement at 25 ◦C for 72 h; yeasts and moulds on Yeast Extract
Glucose Chloramphenicol Agar (pour plates method) after incubation at 25 ◦C for 5 days. Where not
specified, spread plate method was used. All cultural media and supplements were from Oxoid
(Basingstoke, UK). The bacterial counts were expressed as log Colony-Forming Units (CFU) per gram
of sample.

2.6. Statistical Analysis

The effects of the formulation (F), of the storage time (ST) and their interaction (F × ST) on the
burger parameters were analysed through a two-way ANOVA using the R software Version 1.2.5019
(R Core Team, The R Foundation for Statistical Computing, Vienna, Austria) [16]. The significance
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level was set at 5% (statistically significant for p < 0.05), and if statistical significance was found,
the differences were assessed using Tukey’s test (p < 0.05). When the interaction F × ST was not
significant the results are reported as the mean of the fixed effects F and ST; the variability is expressed
as root mean square error (RMSE).

3. Results and Discussion

Results of the pH, the colour parameters and the water holding capacity of the raw burgers are
reported in Table 1. The formulation (F) significatively effected all the tested parameters. Furthermore,
also storage time influenced quite all the parameters, indeed, only L* and b* coordinates did not show
significant differences for ST (p = 0.099 and = 0.066, respectively). The addition of salt lead to lower pH
values in average, as evidenced by the pH of S and GS formulations in relation to C and G burgers
(p = 0.002). These differences in pH values might played a role in the colour values; indeed L* of S and
GS burgers were lower than C and G ones (p < 0.001), as pH and lightness are linked by a negative
correlation. Additions of garlic powder modified the redness (a*) and yellowness (b*) coordinates
(p < 0.001 and p = 0.013, respectively). Natural pigments in garlic powder lead to a pale-yellow raw
product than when processed turn to a strong yellow colour turning more vivid. Due to degradation
processes the garlic pigments could produce a green-yellow tone [17–19]. Garlic natural pigments
showed their effect in G and GS burgers with the reduction of redness value, as well as an increase of
yellowness value. Additions of ingredients, both salt and garlic powder and its mix, decreased the
chroma index in relation to the C burgers, beside S and GS burgers showed a greater decrement in
chroma as salt addition affected negatively both a* and b* coordinates (p < 0.001). On the other hand,
garlic induced an increase in h* leading to light-yellow burgers in colour due to the increase of b* value
at the expense of a* value (p < 0.001).

Table 1. pH, colour parameters and water holding capacity of raw rabbit burgers.

Item
Formulation (F) Storage Time (ST, Days) p-Value

RMSE
C G S GS D0 D4 D7 F ST F × ST

pH 5.97 a 5.96 a 5.87 b 5.86 b 5.89 y 5.89 y 5.97 x 0.002 0.002 0.360 0.058
L* 57.24 a 57.65 a 51.31 b 51.04 b 55.38 53.80 53.75 <0.001 0.099 0.861 2.769
a* 5.86 a 4.62 b 5.53 a 4.09 b 5.57 x 5.34 x 3.97 y <0.001 <0.001 0.343 0.759
b* 6.07 b 7.43 a 5.93 b 6.41 ab 7.04 5.97 6.37 0.013 0.066 0.252 0.938
C* 10.34 a 8.83 ab 8.29 b 7.71 b 10.19 x 8.10 y 8.07 y <0.001 <0.001 0.234 1.209
h* 40.70 b 58.46 a 48.19 b 58.70 a 44.22 y 49.34 y 60.97 x <0.001 <0.001 0.224 6.250

Drip loss% 0.63 a 0.77 a 0.40 b 0.44 b 0.00 z 0.73 y 0.95 x 0.016 <0.001 0.316 0.835
Cooking loss% 24.33 a 22.00 a 17.83 b 16.15 b 21.07 x 21.17 x 17.99 y <0.001 0.032 0.828 0.024

C: control; G: control + 0.25% of garlic powder; S: control + 1% of salt; GS: control + 0.25% of garlic powder + 1%
salt. a,b Different letters in the same row indicate significant differences at p < 0.05 for F. x,y,z Different letters in the
same row indicate significant differences at p < 0.05 for ST.

During storage time a slight increase in pH was revealed at D7 (p = 0.002), that might be imputable to
an alkalinisation of meat resulting from an increase in ammoniacal nitrogen levels and to the degradation
of proteins and amino acids by Gram-negative bacteria [20–22]. Also the reduction of a* and C* and the
increase of h* during storage time (p < 0.001 for all indexes) could be ascribed to bacteria metabolism
actions and due to the formation of metmyoglobin produced by myoglobin oxidation [23,24].

Water holding capacity was affected principally from salt addition as both S and GS burgers
showed lowest drip and cooking losses (p = 0.016 and p < 0.001, respectively), indeed salt due to
its chemical properties contributes to water and fat binding in meat products and this property is
enhanced by mincing processing [25–27]. As expected during storage time drip loss increased due to
the natural water release, furthermore, the loss of water by the raw product during the storage lead to
day 7 at more dry samples with a consequence of a lowest cooking loss.

Cooking flattered the formulation differences, with statistical evidence only on L* and h* parameters
(Table 2). After cooking the presence of salt in the samples affected the L* value with lower values of S
ang GS than C and G samples (p < 0.001), following the trend reported in raw samples. Even if a* and
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b* coordinates were not affected by F (p = 0.065 and p = 0.278, respectively) the h* index revealed a
difference in colour between C and the other formulation that appeared lighter in colours (p = 0.004).
During storage time a rise in b* value was highlighted (p < 0.001) as degradation of the pale pink colour
of rabbit meat and the formation of yellowness complex. As consequence of b* value rise also both C*
and h* increased their values meaning a lighter vivid yellowness samples at D7 than D0 (p < 0.001 and
p = 0.032, respectively).

Table 2. pH and colour parameters of cooked rabbit burgers.

Item
Formulation (F) Storage Time (ST, Days) p-Value

RMSE
C G S GS D0 D4 D7 F ST F × ST

pH 6.13 6.11 6.07 6.06 6.10 6.07 6.11 0.218 0.053 0.893 0.102
L* 69.70 a 70.60 a 66.43 b 65.31 b 67.76 68.61 67.66 <0.001 0.452 0.201 2.278
a* 7.19 6.48 6.09 6.18 6.29 6.21 6.95 0.065 0.567 0.084 0.959
b* 14.77 14.27 15.23 16.14 14.09 y 14.58 y 16.64 x 0.278 <0.001 0.522 1.341
C* 16.43 15.70 16.42 17.29 15.44 y 15.86 y 18.09 x 0.567 <0.001 0.291 1.436
H* 64.09 b 65.98 a 68.02 a 68.97 a 65.90 y 66.97 x 67.42 x 0.004 0.032 0.102 2.563

C: control; G: control + 0.25% of garlic powder; S: control + 1% of salt; GS: control + 0.25% of garlic powder + 1%
salt. a,b Different letters in the same row indicate significant differences at p < 0.05 for F. x,y Different letters in the
same row indicate significant differences at p < 0.05 for ST.

Cooking might affect several chemical, physical, and even biological characteristics of the products.
As burger require a cooking section to be eaten it is important how this final step is performed in order
to maintain the chemical and nutritional properties added via formulation and physical properties
related to sensory acceptance by consumers [28,29].

Colour differences (∆Es) within F between ST are reported in Table 3; colour differences (∆Es)
within ST between F are reported in Table 4. All the F changed in a noticeable way the overall colour
during the 7 days of storage (D0–D7). The addition of the sole garlic powder induced a strong variation
colour after 4 days as reported by the ∆E value of D0–D4 period. That might be related to the rapid
oxidation of the garlic compounds and the formation of a green-yellow hue that mitigate the pink
rabbit meat colour. This modification in raw burgers affected also the ∆E between cooked burgers at
D0 versus D4 as G formulation was the only one to reported values over the threshold of 2.3 points.
On the contrary C, GS S cooked burgers showed higher variation in colour between D4 and D7.

Table 3. Colour differences (∆E) within Formulation (F) between Storage Time (ST).

Storage Time (ST, Days)

Raw Samples Cooked Samples Raw–Cooked Samples

Formulation (F) D0–D4 D4–D7 D0–D7 D0–D4 D4–D7 D0–D7 D0 D4 D7
C 2.21 3.09 * 5.18 * 0.97 3.38 * 4.32 * 13.65 * 14.93 * 17.42 *
G 4.66 * 2.51 * 3.57 * 3.69 * 6.96 * 3.58 * 12.63 * 18.39 * 14.51 *

GS 2.72 * 2.57 * 5.18 * 2.78 * 3.06 * 4.50 * 15.76 * 19.30 * 20.05 *
S 2.48 * 2.24 4.33 * 1.96 3.11 * 2.37 * 15.27 * 16.57 * 20.34 *

* Value over the threshold (2.3 points) with a noticeable difference in colour between the samples. C: control; G:
control + 0.25% of garlic powder; S: control + 1% of salt; GS: control + 0.25% of garlic powder + 1% salt.

Table 4. Colour differences (∆E) within Storage Time (ST) between Formulation (F).

Storage Time (ST, Days)

D0 D4 D7

Formulation
(F) C G S GS C G S GS C G S GS

C 2.81 * 8.21 * 7.21 * 4.84 * 7.29 * 7.39 * 4.94 * 5.37 * 4.94 *
G 0.67 8.27 * 6.64 * 4.03 * 6.15 * 5.27 * 0.51 7.02 * 8.10 *
S 5.77 * 5.40 * 1.73 2.67 * 6.26 * 3.70 * 2.84 * 2.41 * 1.15

GS 5.34 * 4.82 * 2.25 6.21 * 9.93 * 1.88 3.53 * 3.06 * 1.68

* Value over the threshold (2.3 points) with a noticeable difference in colour between the samples. C: control; G:
control + 0.25% of garlic powder; S: control + 1% of salt; GS: control + 0.25% of garlic powder + 1% salt. In the
columns of ∆Es within ST between F the values in italic or bold refer respectively to raw and cooked samples.
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Colour differences at the same storage time between F highlighted that salt addition strongly
changed the burgers’ colour at D0 in both raw and cooked samples, reaching high ∆Es between S
and GS in relation to C and G formulations. This tendency was maintained also at D4 even though
also G burgers increase their colour distances from the control burgers. After cooking no noticeable
differences was reported between S and GS burgers, countering the garlic effect on colour. After 7 days
of storage the cooked burgers showed the lowest ∆E values between the formulations highlighting that
the oxidation process occurred by the time affected all the samples inducing a general colour variation.

In Table 5 are reported the microbial loads of the raw burgers. No statistical differences were
highlighted for the F main factor; thus, no effect of salt or garlic addition was evidenced on the microbial
load. Escherichia coli and Brochothrix thermosphacta were not detected in the burgers both in relation to
the formulation and the storage time. All the detected bacterial loads increased during storage time
(p < 0.001 for all the parameters), mostly with differences between each fixed day of analysis. Only the
total aerobic psychrotrophic bacteria showed to reach the highest value at D4 and to maintain it at D7.

Table 5. Microbial determinations on raw rabbit burgers.

Item
Formulation (F) Storage Time (ST, Days) p-Value

RMSE
C G S GS D0 D4 D7 F ST F × ST

Enterobacteriaceae 3.80 3.94 3.77 3.94 1.59 z 3.96 y 6.04 x 0.824 <0.001 0.691 0.445
Pseudomonas spp. 5.41 5.31 4.91 4.96 2.23 z 5.73 y 7.48 x 0.507 <0.001 0.984 0.748
Lactic acid bacteria 3.49 3.79 3.42 3.99 2.21 z 3.36 y 5.44 x 0.633 <0.001 0.969 0.923
Yeast and moulds 3.69 3.44 3.19 3.09 1.99 z 3.34 y 4.73 x 0.355 <0.001 0.665 0.686
Total aerobic mesophilic bacteria 6.62 6.49 6.05 6.21 4.22 z 6.73 y 8.08 x 0.293 <0.001 0.692 0.603
Total aerobic psychrotrophic bacteria 6.29 5.71 5.95 5.53 3.61 y 6.42 x 7.58 x 0.703 <0.001 0.794 1.299

C: control; G: control + 0.25% of garlic powder; S: control + 1% of salt; GS: control + 0.25% of garlic powder + 1%
salt. x,y,z Different letters in the same row indicate significant differences at p < 0.05 for ST.

Spices and other ingredients added into minced meat products, such as burgers, might affect
in different ways the growth of microorganisms. Turmeric and ginger powders showed a
bacteriostatic effect against several different bacteria in rabbit burgers stored at 4 ◦C [20,23]. Similarly,
pork burgers/patties supplemented with different plant products, such as passion fruit co-products and
tea or grape extracts, showed a lower bacterial growth than the respective control treatment [30–32].
Ingredients’ activity against microorganisms’ growth might be also related to the physical form
and technological transformations, to the employed concentrations or to the meat used. Indeed,
Sallam et al. [33] reported activities against aerobic plate count of fresh garlic (30 g/kg) and garlic
powder (9 g/kg) added in chicken sausages stored at 3 ◦C up to 21 days. Also Aydin et al. [34] reported
activities of fresh garlic (10%) in ground beef refrigerated for 24 h in terms of total aerobic mesophilic
bacteria and coliform bacteria.

4. Conclusions

The additions of garlic powder and salt to rabbit meat could bring several characteristics
modifications to burgers along with culinary perceptions. Both garlic powder and salt also played a
role in the colour changes in relation to the storage time. No effects on the microbial loads suggest
that higher concentrations of garlic powder or salt are needed if their use is to be also intended as
bacteriostatic additives. Different garlic products such as fresh minced or extracts could produce
higher/lower beneficial effects, thus further studies are needed to better the potential application of this
spice and how addition of salt and/or garlic could affect burgers’ flavour and consumers’ acceptance.
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Abstract: The application of nutritional labels provides information regarding the health and
nutritional value of products and allows consumers to engage in healthier dietary habits. However,
not all types of retail markets provide full nutrition information for meat products. Since there is
no nutritional information for fresh meat products in traditional wet markets, this study aimed
to investigate consumer purchasing intention and willingness to pay (WTP) for this nutritional
information in Taiwanese traditional wet markets. A total of 1420 valid respondents were examined
using the random utility theory to explain consumer purchasing intention and WTP for nutritional
information. Results showed that most (over 60%) consumers in traditional wet markets have
positive purchasing intent for meat products with the nutrition information provided. Furthermore,
the nutrition information in traditional wet markets significantly boosts consumers’ purchasing
intention and WTP when consumers have a personal health awareness on meat, have proficient
experience in buying meat, and continuously receive information from health-related media.
Specifically, consumers’ shopping background and their level of health consciousness would be the
key factors that would alter their WTP, if provided nutritional claims.

Keywords: traditional wet market; food product’s label; nutritional information; willingness to pay

1. Introduction

A healthy lifestyle awareness regarding healthy eating habits among consumers is rising in these
recent times. Nowadays, consumers are starting to think about the healthiness of food as one of the
most important attributes and are starting to buy more products that positively relate to their health [1].
Additionally, unhealthy food selection leads to health issues such as diabetes, hypertension, and other
non-communicable diseases (NCDs) [2–4]. Therefore, consumers are starting to be more selective
when choosing their foods [5], and Taiwan had risen to be one of the top countries whose citizens think
health is the most important factor when purchasing foods in the market [6].

Taiwanese consumers’ behavior in selecting food is consistent regardless of buying food at
restaurants or for cooking at home. Moreover, it is widely believed that making food at home is
associated with healthier food [7] and better life quality [8]. Thus, on many occasions, Taiwanese
consumers are still keen on cooking at home. The habits of the Taiwanese are conducive to the
prevalence of them visiting traditional markets because home cooks often visit there to purchase the
freshest ingredients. However, cooking at home may be decreasing due to many factors, one of which
is a lack of access or limited information regarding choosing healthy food products [9], especially
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in Taiwan [10]. Accordingly, this correlates with the decline of people visiting Taiwan’s traditional
markets [11].

Taiwan’s traditional markets are quite popular among food buyers. These markets are often
referred to as traditional wet markets [10,11] because they are often damp as a result of melting ice
at meat stands and a sprinkling of water at vegetable vendors [12]. Nevertheless, buyers are still
willing to frequent them despite their modest environments. Traditional wet markets are often visited
by consumers of varied professions to buy foods, ranging from the elderly to managers of hotels
and restaurants, particularly when seeking fresh products [13–15]. Traditional wet markets have
other strengths that outshine other types of markets. These strengths include freshness [16], quality,
social benefits (personal trust with buyers, buying–selling dialogue, and personal connectivity) [17–20],
and the bargaining experience that saves money [12,21–23]. There are more than 50,000 merchants
located in roughly 650 traditional wet markets across Taiwan [24], and their sales account for over
$5.4 billion (3.84%) [25]. On the other hand, the vast emergence of hypermarkets (e.g., Carrefour and
Costco) and the trend of younger Taiwanese consumers (which comprise approximately one-third of
the population) who prefer to eat out put traditional wet markets’ continued popularity at stake [26–29].
Favorably, there are still distinctive products in traditional wet markets that can offset this worry and
can possibly sustain their superiority relative to products in the more modern hypermarkets.

For example, meat products consistently attract consumers in Taiwanese traditional wet markets.
People would rather buy meat in traditional wet markets because of its freshness, the flexibility in
choosing particular meat parts, and lower costs [21]. Meat products in traditional wet markets draw
more attention than other markets, resulting in the fact that up to 50% of the items sold in traditional
wet markets are meat [16]. However, a significant risk remains that meats are still often connected with
occurrences of non-communicable diseases [30,31]. Thus, consumers need tools to guide them to be
healthy and to support their decision at the point of purchase.

Food labels might be able to help because food labels are believed to be a marketing tool
and information strategy that eventually impacts consumers’ perceptions of food quality [32,33].
Additionally, if food labels regarding quality are applied to a product, they may create positive
outcomes such as a willingness to pay significantly more or the ability to lure the consumers into
becoming loyal buyers [34–40]. In addition, to address the healthier choice issue on consumers,
nutritional information could help sellers target this better. Nutrition information is one of the
helpful attributes of food labels that are used in many countries around the world, including Taiwan,
to help consumers in deciding what to buy and to develop health-conscious food choices [41–44].
It has also been suggested by the Food and Drug Administration (FDA) and the United States
Department of Agriculture (USDA) to apply this method. Food labels with nutrition information
give easier information related to nutrition content and health in any food products corresponding
to the food guide pyramid [45–49]. Furthermore, products with nutrition information should have
a higher consumer willingness to pay (WTP) at the time of purchasing [50]. However, the benefits
and utilization of nutrition information have not been realized among meat products in traditional
wet markets.

Previous research studies involving traditional wet markets have been commonly focused on their
management, marketing, and pricing strategies in comparison to other types of markets. Research
regarding the attributes of consumers’ behaviors in traditional wet markets has not been widely
observed [51,52]. The positive impact of nutritional information on consumers’ preferences about
food products has been researched earlier in menus [53,54], supermarkets [55–57], grocery stores [58],
cafés [59], and restaurants [60]. In addition, for specific products like meat, the effect of increasing
purchasing power has been found to be similar in packaged meats in supermarkets [61,62], processed
meats in hypermarkets [63,64], and meats at restaurants [60], which later increased buyers’ preferences.
Therefore, this study fills this gap in research regarding nutritional information, as it has not yet been
applied to traditional wet markets.
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This study used an open-ended contingent valuation method to elicit consumers’ valuation on
non-existing product attributes in the real market by asking them to what extent they are willing
to pay extra in hypothetical markets [65]. Since nutritional labels are quite rare (or even not yet
available) in the real traditional wet market environment, respondents evaluated the WTP of meat
products with nutrition information like they do with non-market goods. Since this model follows an
open-ended method, it is commonly used for this kind of research [66,67]. This research also adopts
the random utility theory (RUT) to understand consumers’ behavior based on their circumstances and
their habits [68]. Thus, the main objectives of this study were to investigate the impact of consumers’
preferences of nutritional information on meat products in traditional wet markets of Taiwan and
to assess their WTP meat products bearing nutritional information. The first hypothesis suggested
that consumers would give positive feedback differently based on their demographic background,
even when applied in traditional wet markets. The second hypothesis suggested consumers would
want to pay more for meat products that command premium prices. This paper also examined what
kind of consumers prefer more or less of these types of meat products, as nutrition information’s effect
would be varied based on their demographic profile. In addition, an increased consumer purchasing
tendency may be a result when compared to prior research that has been done in different market
contexts [58,60,64].

2. Materials and Methods

Traditional wet market consumers are likely to be unfamiliar with nutrition information for
fresh meat products, so this study aimed to investigate consumers’ WTP if provided such nutrition
information. This study adopted the contingent valuation method to explain consumer WTP for
nutritional claims’ impact on meat products in a hypothetical condition within a traditional wet market.
The consumers were surveyed with an open-ended questionnaire. To observe each consumers’ utility
in buying meat products with nutrition information, the RUT was adopted in the research. Details of
the methodology are explained further in the following section.

2.1. Participants and Survey Design

The study was conducted between July and August 2015 in cities across Taiwan. The respondents
were interviewed at Taiwan traditional markets and train stations. The instructions given for the
questionnaire were thinking about pork belly products that provided nutritional information. Pork belly
meat products were chosen, because it is one of the most prominent animal parts bought in the Taiwan
markets. Furthermore, pork belly’s price was at approximately 110–150 NT$/600 g in 2015 [69]. Thus,
we acknowledge that based on the market study, the price for pork belly meat products across Taiwan
(from south to north) were within this price range. We designed the survey based on the price that was
currently available in the market. In the end, we took the 130 NT$ as the middle price.

A total valid 1420 respondents were collected. The sortation of 1420 people then provided options
of who was reported to know the market price or who did not know/not sure the market price.
For the respondents who knew the market price, they were sorted in one of the following categories:
(i) 110 NT$, (ii) 130 NT$, or (iii) 150 NT$. People who chose (iv) do not know/not sure the market
price were put in the situation of 130 NT$ price. Randomization was automatically generated by
SurveyMonkey. The final sample sizes were as follows: (i) 110 NT$ group (N = 467), (ii) 130 NT$ group
(N = 223), (iii) 150 NT$ group (N = 102), and (iv) the do not know the market price group (N = 628).
An example of how participants are categorized in each of the three groups are shown in Table 1.
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Table 1. The description of sample statistics of variables (N = 1420).

Variables Mean Description

Dependent Variables

Positive WTP 0.61 BV = 1 if respondent is willing to pay any extra from 0 NT$ for
nutrition information, 0 o/w

WTP for nutrition information 5.16 CV = Respondent’s WTP for nutrition information

Independent Variables
Socio-Demographic

Female 0.66 BV = 1 if respondent is female, 0 o/w
Age 41.07 CV = Years of age
Family number 4.14 CV = Number of members at home
Family income 65.47 CV = Monthly average household or family income
Education 15.22 CV = Years of education
Housewife 0.13 BV = 1 if occupancy of the respondent is housewife, 0 o/w
Northern Taiwan 0.49 BV = 1 if respondent is from Northern Taiwan, 0 o/w
Central Taiwan 0.28 BV = 1 if respondent is from Central Taiwan, 0 o/w
Urban 0.64 BV = 1 if respondent is from urban area, 0 o/w

Shoppers’ Customs

Frequency cook at home 6.74 CV = Frequency to cook at home (the average number of times
in one week)

Main-shopper (Always) 0.50 BV = 1 if respondent is always a major food shopper in the
house, 0 o/w

Main-shopper (Sometimes) 0.32 BV = 1 if respondent is sometimes a major food shopper in the
house, 0 o/w

Time spent (30–60 min) 0.50 BV = 1 if respondent spends 30–60 min to buy food in the
traditional market, 0 o/w

Time spent (>1 h) 0.14 BV = 1 if respondent spends over 1 h to buy food in the
traditional market, 0 o/w

Shopping time (5–11 a.m.) 0.43 BV = 1 if respondent purchases the food in the traditional
market at 5–11 a.m., 0 o/w

Shopping time (11–5 p.m.) 0.22 BV = 1 if respondent purchases the food in the traditional
market at 11 a.m.–5 p.m., 0 o/w

Nutrition-Related Information

Safety certificate 0.73 BV = 1 if respondent examines safety certificate and meat
safety are relevant, 0 o/w

Meat grade
information

Fair 0.30 BV = 1 if respondent thinks the meat grade as a potential
service provided by butcher is fairly important, 0 o/w

Important 0.47 BV = 1 if respondent thinks the meat grade as a potential
service provided by butcher is important, 0 o/w

Very Important 0.15 BV = 1 if respondent thinks the meat grade as a potential
service provided by butcher is very important, 0 o/w

Nutrition and calorie label 0.20 BV = 1 if respondent thinks the nutrition and calorie label item
can increase the willingness to buy meat, 0 o/w

Fat and lean ratio information 0.36 BV = 1 if respondent thinks the fat and lean ratio item can
increase the willingness to buy meat, 0 o/w

Health media concern 0.40 BV = 1 if respondent often watches the health-related content
on TV or magazines, 0 o/w

Source: Grouped by this research. Note: (BV) and (CV) represent the binary and continuous variables, respectively,
WTP represents the willingness to pay, and the o/w represents otherwise.

Before going further into the questions, the respondents were asked several screening questions,
namely: (1) “Have you been to any traditional wet market in the past 12 months?” and (2) “Have
you purchased any fresh meat products at a traditional wet market in the past 12 months?” If the
respondents chose “No, I have not” or “No, I do not remember” and “No, I have not” or “No, I do not
know,” respectively, then they were be considered for further analysis. To know the WTP of nutrition
information, these kinds of questions were necessary to reduce sampling bias.

As the WTP for nutrition information was treated as a dependent variable in Equation (5),
there were questions based on many independent variables categorized into the following three groups.
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The first independent variable group was socio-demographic, which consisted of (1) gender, (2) age, (3)
family number, (4) family income, (5) education level, (6) housewife status, (7) location of survey (north,
central, or south), and (8) respondents’ origin (urban or rural). The second independent variable group
was shoppers’ customs, which consisted of (1) frequency of cooking at home, (2) main-shopper habits,
(3) time spent for shopping, and (4) when visiting the market. The last independent variable group was
nutrition-related information. This group consisted of (1) safety certificate, (2) meat grade information
(whether it was fairly important, important, or very important to the respondents), (3) nutrition and
calorie label, (4) fat and lean ratio information, and (5) health media concern. A detailed explanation
for each variable’s measurement is shown in Table 1.

2.2. Theoretical Model Used

In traditional wet markets, specific attributes may contribute to consumers’ final purchase
decisions, e.g., the cleanliness of the atmosphere, the bargaining situation, or other attributes that relate
to their habits such as visiting time to a market. All of these attributes can affect their final decision.
The RUT describes a consumers’ utility given the alternatives of attributes. The RUT is the model for
each individual’s utility given the same situation of research with various ranges of each individual’s
behavior and individual story. In other words, the RUT can be used to capture personal mobility
choices. It has a basic hypothetical thought that every consumer is a decision-maker and they can
maximize their utility relative to his/her choices [68]. By using the RUT, the shopper’s utility from one
product can be comprised of the product’s function of attributes [70]. Moreover, regarding the budget
issue of shopper’s perception, prior literature has suggested picking the set of attributes that might
enlarge consumers’ utilities [71].

In this research, consumers’ personal choices were determined by the following three types of
independent variables: socio-demographic, shoppers’ customs, and nutrition-related information.
Therefore, the derived RUT mathematical model was written in vector notation as:

Uij = βkXi jk + εi j (1)

where Uij represents the utility of ith shopper for pork j with nutrition information, β represents a
homogenous vector of coefficients in which located among consumers, Xijk represents the kth attribute
of pork j for the ith shopper, and εij represents the random residual that is unknown deviation for the
user i’s utility.

2.3. Data Analysis

The consumers’ decision on meat products bearing nutrition information does not solely rely on
the meat’s health perception, as it is also associated with the independent variables that consist of
socio-demographic, shoppers’ customs, and nutrition-related information. Thus, this study observed
these factors predicting a probability regarding whether consumers would like to pay extra for meat
products bearing nutrition information in traditional wet markets. Therefore, the data were analyzed
using the logit model with the probability to give a positive WTP:

p = pr(yi = 1|Xi) = F(X′β) = eX′β

1 + eX′β =
exp(X′β)

1 + exp(X′β)
(2)

where yi = 1 stands for the probability to give a positive WTP and Xi stand for independent variables
such as socio-demographic, shoppers’ customs, and nutrition-related information. Moreover, ∂p/∂xj =

F’(x’β)βj shows the calculation of the marginal effect in this logit model.
Furthermore, this study attempted to estimate how much WTP for nutritional information of

meat products in traditional markets. Interval regression was utilized because it has a mathematical
simplicity and asymptotic characteristics, which constrained the predicted probabilities to a range
of 0–1 and forecast the probability of willingness to pay [72] for nutritional labeling on pork belly
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products. Regarding the known interval boundaries of WTP, the interval regression model set-up can
be demonstrated as below:

y∗i = x′iβ+ ui (3)

Pr
[
a j < y∗ ≤ a j+1

]
= Pr

[
y∗ ≤ a j+1

]
− Pr

[
y∗ ≤ a j

]
= F∗

(
a j+1

)
− F∗

(
a j
)

(4)

where y∗i is observed to be in the (J + 1) mutually exclusive intervals (−∞, a1], (a1, a2], . . . ,
(
aJ,∞

)
.

Given the answers individuals gave in the survey, y∗ was found to lie in corresponding intervals, i.e.,
y∗ ≤ 0, 1< y∗ ≤ 3, 4 < y∗ ≤ 6, . . . , and 16 ≤ y∗. The empirical specification for the WTP for nutrition
information on meat products in traditional wet markets is as follows:

WTP for nutrition information = y∗ = β0 + β1X1 + β2X2 + . . .+ β23X23 + ε (5)

where the WTP for nutrition information is explained by twenty-three independent variables (grouped
into “socio-demographic” variables, “shoppers’ customs” variables, and “nutrition-related information”
variables) that are represented by Xs. Then, βs represent the parameters to be estimated, and ε denotes
the unobserved error term.

3. Results and Discussion

3.1. Sample Distribution

The distribution of the sample is presented in Table 1. According to Table 1, the willingness to
pay for pork products with nutrition information in Taiwan traditional wet markets was found to
be approximately 5.16 NT$/600 g. The socio-demographic data showed that more than half of the
shoppers were 41-year-old or older females who had at least an associate degree (education period at
least 15.22 years). Due to this fact, the monthly household income averaged 65,470 NT$ (or 785,640 NT$
as an annual household income). Moreover, about 13% of total respondents are purely identified as a
housewife at their family, and the average number of family members are about four people in a family.
Finally, the respondents were distributed geographically as follows: close to half were from Northern
Taiwan, and one quarter were from Central Taiwan. These demographic patterns were similar to
the previous studies in the Taiwan market that most of the samples are occupied by women (50%),
with respondents above 30 years of age, high school graduates or below in education, approximately
775,673 NT$ annual household income, and housewives accounting for 25% of the sample [22,73–77].
Therefore, the sample means were very close to the population means in income and other measured
categories. This revealed that our sample results may have been a good representative for the overall
market conditions—though our sample means were representative of the population means, they had
no effect on the WTP estimation. However, being representative of the population means may imply
that our WTP estimations were close to the market condition as well.

Shoppers’ customs suggested that they are likely to cook their meals daily. The data also suggested
that half of the respondents were the primary buyers of groceries for the family, while the rest were
just casual buyers. Furthermore, the schedule and the duration of the shopping indicated that roughly
half of the shoppers liked to shop in the morning between 5 and 11 a.m. and liked to take 30–60 min to
buy food. It can be presumed that these respondents went for this period because the composition
of them consisted of females and housewives who would have had time in the morning and the
evening. However, roughly 10% of the buyers are the people who like to spend over 1 h wandering
around the traditional wet market. Lastly, nutrition-related information suggested that 73% of the
respondents thought that meat safety is relevant when supported by a safety certificate. Half of them
also reported that the meat grade as provided by the butcher as a potential service is important (47%)
or very important (17%). The reason for this was that almost half of the respondents were eager to get
health-related information. Lastly, less than 40% of the people believed the nutrition and calorie label
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items, as well as fat and lean ratio information on meat products, would increase their willingness
to pay.

3.2. The Probability of WTP an Extra

According to Table 2, the logit regression model fit well with these 23 independent variables,
based on the indication of Wald χ2 test. Female shoppers showed a significant difference in wanting to
pay extra if given additional nutrition information as compared to the males in this study. As shown
in Table 1, the largest distribution of the sample was from the northern part of Taiwan. However,
from Table 2, it can be seen that people from Central Taiwan had a higher WTP if provided nutrition
information than the people from Southern or Northern Taiwan. This was supported by a previous
researcher who mentioned that the penetration of the traditional market in the central area was stronger
than other parts of Taiwan [78].

Table 2. The summary of logit model and marginal effect results for WTP an extra for nutrition
information (N = 1420).

Independent
Dependent Positive WTP

Coefficient M.E.
Socio-Demographic

Female 0.23 * 0.05 *
Age 0.00 0.00

Family number 0.04 0.01
Family income −0.04 −0.01

Education 0.00 0.00
Housewife −0.23 −0.05

Northern Taiwan 0.18 0.04
Central Taiwan 0.30 * 0.07 **

Urban 0.06 0.01

Shoppers’ Customs

Frequency cook at home 0.00 0.00
Main-shopper (Always) 0.03 0.01

Main-shopper (Sometimes) 0.26 0.06
Time consumed (30–60 min) −0.08 −0.02

Time consumed (>1 h) −0.08 −0.02
Morning shopping time (5–11 a.m.) 0.08 0.02
Evening shopping time (11–5 p.m.) 0.04 0.01

Nutrition-Related Information

Safety certificate 0.15 0.03

Meat grade information

Fairly
Important 0.47 ** 0.10 **

Important 0.47 ** 0.11 **
Very important 0.63 ** 0.14 ***

Nutrition and calorie label 0.59 *** 0.13 ***
Fat and lean ratio information 0.09 0.02

Health media concern 0.20 * 0.05 *
Constant −0.40

Log-Likelihood −923.51 −923.51
Wald X2 51.28

Pseudo R2 0.03 0.03

Source: Calculated by this research. Note: (***), (**), and (*) denote statistical significance at the 1%, 5%, and 10%
significance, respectively.

As seen in Table 2, the variables in shoppers’ customs did not indicate any significance in the
results of estimated coefficients and marginal-effects likelihood. On the contrary, the variables within
nutrition-related information were observed to show positive answers towards the importance of the
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potential service items provided by the butcher, namely meat grade information. The classification
of meat grades—whether fairly important, just important, or very important—has a positive chance
to add money to a consumer’s WTP. Nevertheless, the people who think meat grade information
is very important, have the highest willingness to pay for nutrition label when compared to the
other categories.

Moreover, from Table 2, it is seen that only nutrition and calorie labels would add to consumers’
WTP to purchase meat in the Taiwan traditional wet market, while fat and lean ratio information
would not. These findings might link to health media concerns. Whereas, it is indicated that the
respondents who frequently gain health information for themselves from mass media would give a
more positive effect on WTP for nutrition information than the people who occasionally or never pay
their attention to those platforms [79]. It can be said that females who think additional nutritional
information can increase WTP are the groups of people who are aware of the healthy and food-borne
disease. This finding was similar to the previous study that females tend to buy healthier meat than
males in a market situation [80]. In short, the WTP for nutrition information is mostly affected by
nutrition-related information that has an absolute impact.

3.3. The WTP for Nutrition Information on Pork

Based on Table 3, it can be seen that the respondents presented mostly as groups who knew the
price. These groups represented 55% of the sample. However, 44% of consumers chose “do not know”
or were not sure about the current meat price in Taiwan traditional markets. Since the groups who
knew the price were based on the respondents’ knowledge about prices, this could be considered a
random sortation for each group. Therefore, the largest group being those who knew the price value
might have indicated that more people go to the lowest priced market or that more traditional markets
are adopting the lower price market strategy. Within the groups of those who knew the price, the
group with the lowest price value (110 NT$) dominated the sample, with 467 observations. They were
followed by the other groups of people who selected 130 NT$ and 150 NT$, who had sample sizes of
223 and 102, respectively. From Table 3, it appears that the consumers who shopped for the lowest
meat price might have had the highest WTP if given additional nutrition information.

Table 3. The estimation of WTP for nutrition information.

Independent
Dependent Chosen 110

NT$
Chosen 130

NT$
Chosen 150

NT$
Chosen Do Not Know

(130 NT$)
Socio-Demographic

Female 0.25 −0.23 −1.88 1.37 **
Age 0.01 −0.02 −0.19 0.03

Family number 0.32 0.94 *** −0.79 0.09
Family income 0.01 −0.03 0.00 0.01

Education −0.39 ** −0.06 −0.39 −0.01
Housewife −1.32 0.30 0.57 −1.86 **

Northern Taiwan 1.15 −0.18 −0.71 0.40
Central Taiwan −0.01 −0.22 0.22 0.80

Urban −0.28 1.46 −4.26 0.95 *

Shoppers’ Customs

Frequency cook at home −0.01 0.05 0.06 −0.04
Main-shopper (Always) −1.06 −1.36 10.11 ** −0.05

Main-shopper (Sometimes) −0.23 −1.19 12.61 *** 0.95
Time consumed (30–60 min) 0.31 1.04 −2.86 −0.78

Time consumed (>1 h) 0.37 1.12 −6.54 * 0.03
Morning shopping (5–11 a.m.) −1.21 −0.60 5.49 ** 0.67
Evening shopping (11–5 p.m.) −0.43 0.95 3.73 0.36
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Table 3. Cont.

Independent
Dependent Chosen 110

NT$
Chosen 130

NT$
Chosen 150

NT$
Chosen Do Not Know

(130 NT$)
Nutrition-Related Information

Safety certificate 0.31 0.49 −0.80 2.00 ***

Meat grade
information

Fairly
Important 2.00 1.31 7.31 2.89 **

Important 2.47 * 0.72 7.54 2.63 **
Very important 4.05 *** 4.14** 11.45 4.63 ***

Nutrition and calorie label 2.38 ** 1.29 3.43 1.94 ***
Fat and lean ratio information 0.83 −0.36 −3.97 0.01

Health media concern 0.43 2.00 ** 6.51 *** 0.85
Constant 9.94 *** −2.89 −2.66 −7.311 **

Observations (n) 467 223 102 628
Log-Likelihood −1014.52 −380.42 −127.37 −1110.35

Wald X2 43.67 42.94 42.65 59.49
AIC 2079.04 810.84 304.73 2270.70

Source: Calculated by this research. Note: (***), (**), and (*) denote statistical significance at the 1%, 5%, and 10%
significance, respectively.

3.3.1. Ordinary Buyers

The people who chose the 110 NT$ option had shorter education histories and could be assessed
as ordinary buyers since they selected the lowest price (110 NT$) when they knew the price. They were
regular people who would go to Taiwan traditional markets and might utilize additional information,
such as nutrition and calorie labels and meat grade classification, as their decision-making factors.
Though this was different than results from a prior study that stated that higher education people
would pay attention to nutrition information more [81], this study showed that these Taiwanese people
with less formal education would pay attention to nutrition information on meat products in traditional
wet markets. When this group of people thought that this item was a very important potential service
item provided by the butcher, they said that they would have a 4 NT$ more WTP for meat grade
classification information. This group of ordinary buyers also said that they would increase their
WTP by up to 2 NT$ if nutrition and calorie labels were added. Thus, this group’s dependability and
WTP level on nutrition information were significant because they reported wanting the meat grade
classification and nutrition and calorie label.

3.3.2. Nutrition Information-Oriented Buyers

Ordinary buyers’ dependency on nutrition-related information was similar to the group who did
not know the meat price. This group said that when they were provided with nutrition-related
information attributes, they increased their WTP. This group could be considered nutrition
information-oriented buyers since almost all the entire nutrition-related information factors showed
significant and positive WTP. In addition, female consumers in this category reported that they would
add about 1.3 NT$ to their WTP if provided nutrition labels. As described, females in this group did
not know the price, so they relied on other information given by the butcher in nutrition information.
This conclusion was supported by similar research found that that women are willing to pay an extra
price for higher nutritional content in meat [80,81] since a woman’s decisions in the market often
depend on external impulses [75]. Additionally, other findings have shown that this group raises its
WTP by roughly 1 NT$ if the constituents are from an urban area and not a housewife. This finding
might suggest these women are career women who live in big cities because they do not shop as often
as housewives do. This is similar to prior research on career consumers that found that if products are
given additional information, they might buy them more [82]. However, this result does not cover
the fact that more career women exist than housewives nowadays. As stated before, the number
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of Taiwanese who are likely to eat out is growing [28,29], so these consumers tend to rely more on
nutrition information when they do visit the market.

Moreover, nutrition information-oriented buyers who scored the meat grade classification as very
important showed an approximately 0.60 NT$ higher WTP compared to ordinary buyers. This was
consistent with previous studies that have shown that when nutrition information-oriented buyers care
the most about meat grade, they are willing to pay more for the meat because they care greatly about
quality, food safety, and health benefits [83–85]. This cluster also showed that they paid more attention
to a safety certificate than the clusters who chose 110 NT$, 130 NT$ and 150 NT$. Thus, even though
they did not know the price, if the meat product was given this kind of certificate, the WTP for nutrition
information would rise by roughly 2 NT$. However, these consumers showed less WTP for nutrition
and calorie labels than ordinary buyers, which means that they most likely perceived that safety and
nutrition information were more important for their food choice. This is also supported by other prior
studies that have stated nutrition information-oriented buyers’ preferences on nutrition information
are based on their particular and personal nutrition utility satisfaction regarding meat products [62,86].
In general, nutrition information-oriented buyers are highly dependent on nutrition information,
as they show a positive WTP in many of the nutrition-related information independent variables.

3.3.3. Family-Oriented Buyers

The respondents who selected 130 NT$ as the meat price considered how many people lived in
their house. The more family members they had, the more they were willing to pay at about 1 NT$.
Additionally, this cluster was aware of the health media content through many mass media outlets
since their WTP elicits approximately 2 NT$ more than the groups who do not know the price or
chose 110 NT$. In addition, because they thought that meat grade was very important, they added
an additional 4 NT$ to their WTP for this information. Thus, we can say that the shoppers who
chose 130 NT$ were family-oriented buyers because they buy meat based on quality. Additionally,
the management of food stock in their house was found to relate to their family member numbers.
This finding aligned with similar prior research that found that a family with four or more members
prefers to buy foods in traditional markets [77] and have a higher WTP if given additional nutrition
information [87]. This is also supported by their knowledge about nutrition information from the
mass media they access, so they know about the relevance of nutrition information for a healthy diet.
Based on prior research, health media is one of the keys to increasing consumers’ preferences regarding
nutrition information [79]. However, because they are family-oriented, these consumers may choose a
standard price (130 NT$) because they need to manage their money for the welfare of the whole family.
Therefore, this group was found to have a relatively higher dependability and WTP for nutrition
information than ordinary buyers.

3.3.4. Experienced and Proficient Buyers

The buyers who chose 150 NT$ were the people who relied on their previous buying experience
in traditional wet markets. The effect of health content publication on mass media caused a rise of the
WTP of the respondents in this group. It was shown that the health-related content, which they often
obtained through mass media, increased their WTP by 6.5 NT$. Due to this habit, these consumers
were seen as the only group who significantly relied on shoppers’ customs variables, such as their
custom as the family’s shopper, their time management, and visiting time selection at the market.
First of all, this group reported to prefer to be the primary shopper for their household, whether always
or sometimes, and were willing to pay 10–12 NT$ more if they were given the nutrition information.
Through these findings, it can certainly be observed that these people were more experienced than
other categories and had more knowledge about the nutrition label, so they would prefer the highest
price (150 NT$). For this reason, they were considered experienced and proficient buyers. This was
aligned with a previous study that found that well-informed consumers show a high WTP on products
bearing nutrition information [63]. Because of this reason, they would rather go to Taiwan traditional
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wet markets in the morning rather than the evening or night because they already know the best time to
buy the best quality products [12,88]. They also seemed more efficient than other clusters because they
did not prefer to stay in the market for more than 15 min since they already knew about the personal
indicators that would affect their choices. It can be said that this category was more experienced about
healthy diets because of their purchasing experiences including their knowledge from mass media [89];
thus, although they are a smart buyer, they rely on nutrition information and are willing to pay more
for it.

3.4. The Estimation of Additional WTP for Nutrition Information

The results in this section describe the estimation of an additional WTP for nutrition information.
These results were calculated by multiplying the average of each variable with the WTP in different
consumers’ groups that showed significant results. Based on Table 4, the highest additional WTP
of the socio-demographic group was found with consumers who had a higher family number in
the household. These people were willing to pay up to roughly 134 NT$ when they chose 130 NT$.
The next category of female shoppers, career shoppers, and urban shoppers who chose “do not know”
showed a willingness to pay up to approximately 132 NT$. It can be said that people who chose
110 NT$ (who were previously considered ordinary buyers) suggested that the less education they
have in their life, the more they need the nutrition level and the more additional money they add
to the price. However, the overall WTP estimation was still negative for education. These results
might indicate that consumers with a higher education would have a much less WTP than those who
have a lower education. One reason that nutrition information-oriented buyers and family-oriented
buyers were found to only have 2–4 NT$ additional budget might be that they think this 2–4 NT$
is a reasonable supplementary value for pork with nutritional information in traditional markets,
if purchased at a middle price (130 NT$).

Table 4. The estimation of additional WTP for nutrition information.

Independent
Dependent Average Chosen 110

NT$
Chosen 130

NT$
Chosen 150

NT$
Chosen Do Not Know

(130 NT$)
Socio-Demographic

Female 1 - - - 1.37
Family number 4.14 - 3.91 - -

Education 15.22 −5.88 - - -
Housewife 1 - - - −1.86

Urban 1 - - - 0.95

Shoppers’ Customs

Main-shopper (Always) 1 - - 10.11 -
Main-shopper (Sometimes) 1 - - 12.61 -

Time consumed (>1 h) 1 - - −6.54 -
Morning shopping (5–11 a.m.) 1 - - 5.49 -

Nutrition-Related Information

Safety certificate - - - - 2.00

Meat grade
information

Fairly Important - - - - 2.89
Important 1 2.47 - - 2.63

Very important 1 4.05 4.14 - 4.63
Nutrition and calorie label 1 2.38 - - 1.94

Health media concern - - 2.00 6.51 -
Constant 1 9.94 - - −7.23

Total of Additional WTP 12.96 10.04 28.19 7.23

Source: Calculated by this research.

Following shoppers’ customs in Table 4, the top two additional WTPs were found not only from
their behavior as a major buyer in the household but also their decision to choose a high-ranking price
of 150 NT$. These experienced and proficient buyers who were the main shoppers were eager to buy
pork with nutrition information until a price of 163 NT$. However, people in this group who were
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early bird shoppers and liked to spend less than one-hour shopping in traditional markets elicited a
WTP of around 156 NT$. These experienced buyers (who were also primary shoppers) have the highest
additional WTP. That is probably because they were either sometimes or always the decision-makers
in their house for buying food, so nutrition information was important for them. Thus, when it came
to the price, they did not hesitate to pay a premium, with an added price of up to 13 NT$. However,
early-bird shoppers and speedy shoppers might have some personal preferences related to the time
consumed and time visiting that interfere their decision in traditional markets. Thus, when facing pork
with nutrition information, they were willing to pay a premium price, but only by about 7 NT$—about
half of the added price of main shoppers’ attribute.

As for the nutrition-related information, the inferior additional WTP came from consumers who
value safety certificate attributes, meat grade information (fairly important and important) attributes,
and nutrition and calorie label attributes. These people were spread across consumers who chose
110 NT$ and 130 NT$ and did not know price options. Generally, they desired to pay roughly only
an additional 2 NT$ for pork with nutrition information. This was consistent with a previous study
that discussed meat product with a safety certificate and found that if consumers are provided with
safety certificate information, they, in turn, have a higher positive WTP [90]. The middle place was
the consumers who presumed that meat grade was very important for the supplementary vendor’s
service. All buyers from all groups, except those who chose 150 NT$, said that they would pay an
additional 4 NT$. Moreover, the elevated additional WTP was found on people from experienced
and proficient buyers (chose 150 NT$), who are often concerned about health material learned from
mass media. When they chose 150 NT$, they wanted to pay up to 157 NT$ for pork with nutrition
information. The high additional WTP, up to 157 NT$, for nutrition-related information might be the
result of their health knowledge gained from various platforms of mass or social media. The other
groups with other nutrition-related information variables did not have a concern for health-related
content, so their additional WTP only allowed them to upgrade by around 2–4 NT$. It can be stated
that the more consumers have this access, the more they will increase their WTP, regardless of the
attributes of nutrition-related information or price options, since they are considered health-conscious
individuals [91].

The total for each additional WTP for nutrition information is discussed further in the following
visualization of Figures 1 and 2. As seen in Figure 1, the additional WTP for each consumer group was
combined based on three variable groups. Regarding the group who chose 110 NT$, it can be seen
that nutrition-related information variables were important to them when deciding whether to buy
pork with nutrition information. The people who chose 110 NT$ have significantly higher WTP for
nutrition-related information (approximately 8 NT$) than the groups who chose 130 NT$ or 150 NT$.
However, the total WTP of socio-demographic variables were negative among higher-education
buyers for those who chose 110 NT$. This marked a significantly higher negative value than that
of socio-demographic variables in the nutrition information-oriented buyers and family-oriented
buyers’ groups. However, regarding shoppers’ customs variables, only the people who chose 150 NT$
showed a positive WTP, while the rest just revealed zero. From this result, it can be interpreted that
ordinary buyers care more about nutrition-related information attributes when they visit traditional
wet markets and buy pork with nutrition information. Those factors help them to better finalize their
decision than the other two groups of independent variables. Nevertheless, as can be seen in Figure 1,
family-oriented buyers’ nutrition-related information variables were not significantly higher than
experienced and proficient buyers’, but these variables seemed to be the most important to them. Even
though their socio-demographic variables were lower than the ordinary buyers’, they were higher than
those of the nutrition information-oriented buyers and experienced and proficient buyers. This showed
that when buying pork with nutrition information in a traditional market, both factors could impact a
consumer’s additional WTP.
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Moreover, in Figure 1, when combining the additional WTP of nutrition-information-oriented
buyers’ (did not know the price) socio-demographic and shoppers’ customs variables, they did not have
as much of an impact as much as nutrition-related information variables. It is because they both showed
a value of almost zero. while nutrition-related information variables rose up to 15 NT$ and revealed
significantly higher than ordinary buyers’ (8 NT$). It can be said that whenever people go to traditional
markets not knowing the price and preferring nutrition attributes, they increase their WTP for pork
with nutrition information. The reason for this is that they need more information to buy or simply
because they prefer products with more nutrition-related information. Lastly, from Figure 1, we can
also infer that experienced and proficient buyers’ shoppers’ customs variables showed significantly
higher impacts than for the other price option groups, accounting for up to 22 NT$ when others
accounted for nothing. This result could be seen as proof that when buyers have more experience and
knowledge, their behavior on buying things in traditional markets impacts their preferences, especially
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on their additional WTP. Thus, providing pork with nutrition information is a good strategy to gain
these people’s attention and money.

In addition, Figure 2 visualizes the total of all variables in every consumer group. According
to Figure 2, the sum of the total variables showed significant differences across the four groups.
This figure also shows a similar pattern in additional WTP, but one obvious result was that only three
groups had the same 3 NT$ interval of the total. They were ordinary buyers, family-oriented buyers,
and nutrition information-oriented buyers. Though they were significantly different from each other,
their gap was still considerably smaller than each of their gaps with experienced and proficient buyers.
When people chose 130 NT$ or did not know the price, their WTP rose until 140 NT$ and 137 NT$,
which means that the people in these groups had an averagely similar thought pattern when facing
pork with nutrition information. However, when they chose either the lowest or premium price,
their WTP was added up to more than 10 NT$. Like ordinary buyers, their WTP went up to around
123 NT$. It can be said that when they chose lower price and were presented with pork with nutrition
information, their WTP could reach middle or regular prices, which means that nutrition information
gives them a chance to choose 130 NT$ in the future. However, for the experienced and proficient
buyers, the addition of nutritional information can also capture a new possibility for pork belly’s price
at around 175 NT$/600 g. We can conclude that these experienced and proficient buyers are likely to
appreciate more nutrition information on meat products in traditional markets. Ultimately, a market
vendor could enact a more optimal strategy by placing a premium price, since these experienced and
proficient buyers are predisposed to pay an even higher price for nutrition information. This finding is
similar to that of previous study that also concluded that additional improved-quality information for
meat products made buyers willing to pay a premium price [63,71,91], even if it is over the current price.

4. Conclusions

Since many options, yet little health information, exist in traditional wet markets in Taiwan,
consumers need guidance to decide which healthy products to choose. Nutrition information in
traditional wet markets seems to be a tool in this modern era to help people pay more attention to
healthy eating habits. Through this study, it was found that the nutrition information generally gives
a positive impact throughout the independent variables and across several types of traditional wet
market buyers. In conclusion, female shoppers, career woman shoppers, primary shoppers, morning
shoppers, and big family shoppers reported their ability to increase their WTP for nutrition information
on meat products in traditional wet markets. On the other hand, a less-educated buyer with longer
shopping time in a market was found to not prefer nutrition information. Generally, variables in
nutrition-related information were important in all of the groups. The variables in socio-demographic
and shoppers’ customs might adjust to the consumers’ preferences. This adjustment is based on the
influence of health-related-content (from mass media) and on their personal health preferences of meat.
Thus, it can be said that when people think that the healthiness of food is one of the most important
attributes, they are willing to pay attention to the additional labels.

Secondly, nutrition information showed a positive impact on the family-oriented buyers and
experienced and proficient buyers since these two groups might watch and access the health-related
content in mass media so they were varied from medium to high levels in terms of their reliability on
nutrition information and WTP enhancement for the price selection of 130 NT$ and 150 NT$, respectively.
The nutrition information-oriented buyers showed a more positive impact for nutrition-related
information variables, because they were not equipped enough for the knowledge of nutrition labels
and price (do not know the price). Thus, they reported requiring more instructions to finalize their
decision. However, ordinary buyers showed a low reliability and WTP regarding nutrition information
on meat products since they come from lower educational backgrounds and prefer to pay the lowest
price (110 NT$).

Since there has not been much research observing traditional wet market consumers’ WTP
concerning meat products bearing nutrition information, this research shows that the choice of
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applying nutrition information will bring positive feedback from the buyers and particular groups of
consumers are even willing to pay more for this nutrition information. Thus, these findings will benefit
traditional wet marketers in Taiwan if they apply these lessons to their marketing strategies. Lastly,
these findings might be useful for the government to promote nutrition labels and other health-related
content using mass media. Thus, the awareness of people to buy healthy food will be improved,
including when they visit traditional wet markets, most of which currently do not provide additional
nutrition labels. A limitation of this study was that the WTP estimation was done in hypothetical
situations, and what a consumer intends to do (stated preferences in contingent valuation surveys) [92]
and what they do in the real market could be different. Future research on this topic might approach
different types of nutrition information such as nutrition claims, health claims, and traffic light labels,
so meat consumers’ choices can be further described to help Taiwan traditional wet marketers build
their marketing strategies.
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Abstract: Two alternative, complementary analytical strategies were successfully used to identify
the most common meat species—beef, pork and chicken—in meat products. The first innovative
high-throughput approach was based on triacylglycerols fingerprinting by direct analysis in real
time coupled with high-resolution mass spectrometry (DART–HRMS). The second was the classic
commonly used DNA analysis based on the use of nuclear or mitochondrial DNA in multiplex
polymerase chain reaction (mPCR). The DART–HRMS method represents a rapid, high throughput
screening method and was shown to have a good potential for the authentication of meat products.
Nevertheless, it should be noted that due to a limited number of samples in this pilot study,
we present here a proof of concept. More samples must be analyzed by DART–HRMS to build a
robust classification model applicable for reliable authentication. To verify the DART–HRMS results,
all samples were analyzed by PCRs. Good compliance in samples classification was documented.
In routine practice under these conditions, screening based on DART–HRMS could be used for
identification of suspect samples, which could be then examined and validated by accurate PCRs.
In this way, saving of both labor and cost could be achieved. In the final phase, commercially available
meat products from the Czech market were tested using this new strategy. Canned meats—typical
Czech sausages and luncheon meats, all with declared content of beef, pork and chicken meat—were
used. Compliance with the label declaration was confirmed and no adulteration was found.

Keywords: meat; authentication; triacylglycerols; ambient mass spectrometry; DNA; PCR

1. Introduction

The adulteration of food is a current socioeconomic worldwide problem. Consumer demand for
correct and understandable food labeling is growing. The informed choice of the products that they
want to buy is issue of high concern.

One relatively common fraudulent practice is the replacement or dilution of a highly valuable
commodity by a cheaper one. This problem may be encountered in meat products—specifically in
minced ones. Pork, beef or chicken meat are among the most popular and nutritionally valuable food
commodities. Nevertheless, as chicken meat is the cheapest, it may be used to substitute for expensive
beef. In addition to economic fraud, hazard for consumers suffering of allergic reaction to certain meats
(e.g., chicken protein allergy) must be considered. Moreover, religious aspects may be of concern,
as eating pork is not acceptable in Muslim populations.
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With regards to the above facts, analytical strategies that can quickly, affordably and reliably
detect such unfair practices are urgently needed. A number of approaches have been employed for
authentication purposes. The most common of them is target analysis of specific markers such as
nucleic acids, peptides/proteins or metabolites. Wide variety of techniques including chromatographic,
electrophoretic, spectroscopic immunochemical and molecular–biologic methods have been used for
meat authentication [1–5]. In routine practice also immunological methods based on the interaction
between an antigen and antibody (mainly ELISA) are used for authentication of animal species in
meat products.

Various molecular techniques used for food authentication have been developed and reviewed [6,7].
These techniques are based on the DNA polymorphism between species and are classified into three
types. (1) polymerase chain reaction (PCR)-based techniques, (2) hybridization-based techniques and
(3) sequencing-based techniques such as DNA barcoding to analyze short standard DNA sequences
and forensically informative nucleotide sequencing FINS [5,8–14]. Various PCR methods have been
described: endpoint PCR, real-time qPCR and digital dPCR that allow the amplification of a chosen
region of genomic or mitochondrial DNA. In animal cells, mitochondrial DNA (mtDNA) is present in
many copies, while genomic DNA is mostly present in one copy. Genomic DNA is an appropriate target
for quantification, while a small addition of undeclared species to the sample can be demonstrated by
the detection of mtDNA [12].

Regarding specific markers screening by chromatographic methods, in our recent study,
we demonstrated the possibility to recognize addition of 2% chicken meet addition to pork by assessing
specific ratios of amino acids 1-methylhisitidine/3-methylhistidine [15]. However, this approach is
rather time-consuming. The same applies e.g., for proteomics-based procedures in which meat species
authenticity is performed by means of well-defined proteogenomic annotation, carefully chosen
surrogate tryptic peptides ad analysis using a high resolution mass spectrometry HRMS [16].
This technique, thanks to high spectral resolution, enables skipping over chromatographic separation.
The use of ambient ionization method such as direct analysis in real time (DART) allows a great
simplification and increase in the speed of mass spectrometry-based measurements. In particular case,
the sample investigation can be performed in the open environment of the laboratory by its introduction
into the ionization region, where it is exposed to a stream of ionizing medium [17]. The attractive
features of DART have made this technique, apart of other applications, a challenging tool rapid
characterization of food composition and/or assessment of its authenticity based on metabolomic
fingerprinting [18]. For processing of data generated by DART–HRMS advanced statistical methods
represented by principal component analysis (PCA) followed by discriminant analysis, e.g., partial
least squares discriminant analysis (PLS-DA) are commonly used.

The objective of this pilot study was to demonstrate the applicability of a new authentication
strategy for large sets of selected meat products enabling both labor and cost saving. In the first
phase, samples with suspect triacylglycerols (TAGs) profile were rapidly identified by DART–HRMS
technique, in the next step, the confirmation was performed by validated PCRs. To our knowledge,
this is the first study that analyzes meat samples by both mentioned methods and discusses their
discrimination potential.

2. Materials and Methods

2.1. Samples

Samples were purchased through the retail network of the Czech Republic. In total, 36 samples
were available: pork (n = 3), chicken (n = 3), beef (n = 3) and heat-treated meat products: ham
(n = 3), sausages (n = 11), luncheon meat (n = 7) and meat in its natural juices (n = 6). Approximately
200-g of each sample was homogenized by means of an electric grinder (Grindomix GM 200, Retsch,
Düsseldorf, Germany) and stored in a plastic container at −20 ◦C until analysis. The fat content and
meat composition of the commercial meat products are shown in Table 1. All samples were tested using
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both analytical approaches, DART–HRMS–represents a rapid screening method and PCR–verification
method. DART–HRMS models for data evaluation were created from nine samples of meat (pork,
chicken and beef), 27 samples (meat products) were used for comparison of use in practice. It must be
mentioned, that due to the very low number of analyzed samples, this innovative strategy was being
tested to determine the potential of this method for the purpose of authentication of meat and meat
products. The purpose of this pilot study was to present the suitability of this combination; it is proof
of the concept.

Table 1. Declared composition of analyzed samples.

Sample Product Pork Meat/Lard (%) Chicken Meat (%) Beef Meat (%) Max Fat Content (%)

1 Chicken ham – 92 – 1.5
2 Poultry ham – 60 – 1.5
3 Pork ham 95 – – 10
4 Sausage 16/Y – 35 40
5 Sausage 40/Y – 10 40
6 Sausage 62/Y – 23 40
7 Sausage 40/25 – 10 34
8 Sausage 54/Y – 26 44
9 Luncheon meat N/Y – Y 40

10 Sausage 16/Y – 35 45
11 Sausage 17/Y – 26 N
12 Sausage 17.5/Y – 38.5 45
13 Meat in natural juices 70 – – 33
14 Luncheon meat 79 – – 30
15 Meat in natural juices 92 – – N
16 Meat in natural juices 70 – – 40
17 Meat in natural juices 70 – – 30
18 Sausage 33/30 – 22 N
19 Sausage 71/Y – 16 45
20 Sausage 43/30 – 17 45
21 Luncheon meat 48 Y – 40
22 Meat in natural juices 30 + MSM/Y – N
23 Luncheon meat 18 32 – 30
24 Luncheon meat 35 30 – 25
25 Luncheon meat 71 – 40
26 Luncheon meat 31/Y 39 – 26
27 Meat in natural juices Y Y 70 27

Y—label on packaging indicates the usage, but the percent content is not stated; N—not labeled on the packaging;
MSM—mechanically separated meat.

2.2. Direct Analysis in Real Time Coupled with High-Resolution Mass Spectrometry (DART–HRMS) Analysis

2.2.1. Sample Preparation for Instrumental Analysis

6 mL of hexane was added to the homogenized sample (2 g) in a 15-mL plastic tube. The sample
in the plastic tube was extracted for 1 min using a Turrax instrument (T 10 basic ULTRA-TURRAX®,
IKA, Staufen, Germany). After centrifugation (5 min, 20 ◦C, 10,000 rpm), the extract was transferred to
a glass vial and ready for DART–HRMS analysis. (QC) 100 µL of each pure meat hexane extract (beef,
chicken and pork) was mixed as a quality control sample.

2.2.2. Conditions of DART–HRMS Analysis

For the analysis using ambient mass spectrometry, the DART ion source (DART-SVP) was fitted
with a 12Dip-ItTM tip scanner autosampler (IonSense, Saugus, MA, USA) coupled to an ExactiveTM

benchtop (Thermo Fisher Scientific, Bremen, Germany). A VapurTM interface (IonSense, Saugus, MA,
USA) was employed to couple the ion source to the mass spectrometer and low vacuum in the interface
chamber was maintained with a membrane pump (Vacuubrand, Wertheim, Germany). The distance
between the exit of the DART gun and the ceramic transfer tube of the Vapur was set to 10 mm, the gap
between the ceramic tube and the inlet to the heated capillary of the Exactive was 2 mm.
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The DART and MS instruments were operated in positive ionization mode and the optimized
settings were as follows: helium pressure: 5.5 bar; gas temperature: 450 ◦C; discharge needle voltage:
1000 V; grid electrode: 250 V. For mass spectrometric detection, the settings were as follows: capillary
voltage: 60 V; tube lens voltage: 120 V; capillary temperature: 250 ◦C. The sheath, auxiliary, and sweep
gases were disabled during DART–MS analysis.

The mass spectrometer was operated at a mass resolving power of 50,000 FWHM calculated for
m/z 200. The mass spectra acquisition rate was 2 spectra s−1. Liquid samples were delivered into the
DART ionization region with the use of a 12 Dip-It tip scanner autosampler. Dip-ItTM tips (IonSense,
Saugus, MA, USA) were inserted into a holder. µL of hexane extract of each sample were individually
placed on the end of glass tips. The Dip-It holder was mounted on the body of the autosampler and
the Dip-It tips were automatically moved at a constant speed of 0.5 mms−1 through the helium gas
between the exit of the DART gun and the inlet of the Vapur interface.

Standard external mass calibration of the MS system in the range of 50–1000 m/z was performed in
positive mode prior to the measurement of every sample set (sequence) according to the manufacturer’s
instructions. Moreover, an adjusted mass calibration for ESI(+) in the mass range of m/z 50–1000 using
collision-induced dissociation (CID) at 25 eV was subsequently performed to cover the lower masses.

2.2.3. Data Analysis

Chemometric analysis included multivariate data analysis using unsupervised and supervised
models. Principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA)
were employed based on SIMCA software (v. 13.0, 2011, Umetrics, Umea, Sweden; www.umetrics.com).

In the first stage, data processing and data pretreatment must be carried out to capture the bulk of
the variation between different datasets. In this way, raw data generated by meat samples analysis
employing the DART–HRMS technique (TAGs signals in positive ionization mode) in the form of
absolute peak intensities were preprocessed using a constant row sum, that is, each variable was
divided in the sum of all variables for each sample; this procedure transformed all the data to a
uniform range of variability. In other words, the intensities of the variables obtained from the profile
of the analyzed sample were summed and then each specific variable was divided by the sum thus
obtained, thus avoiding the different intensities of the individual ions which would be caused by the
measurement itself and not by the differences of analyzed samples. DART–HRMS data were initially
processed with the software Xcalibur 2.2 and copied to MS Excel 2010. The macro function was used in
the following step to create the final tables which were exported to the SIMCA software.

Subsequently, Pareto scaling was applied prior to PCA and PLS-DA [19]. Then, PCA analysis
enabled the transformation of the original variables (normalized intensities of ions) to the new
uncorrelated variables (principal components). In this way, the reduced dimensionality of the data
were obtained while still preserving information from the original data set. Additionally, PLS-DA was
subsequently applied to identify and reveal the most significant TAGs. PLS-DA was performed to
provide a better distribution of samples and enable the creation of a statistical model and validation.

The quality of the models was evaluated by the goodness-of-hit parameter (R2X), the proportion
of the variance of the response variable that is explained by the model (R2Y) and the predictive ability
parameter (Q2), which was calculated by a k-fold internal cross-validation of the data using a default
option of the SIMCA software. In general terms, the value of R2 must be higher than Q2 and an
acceptable value of Q2 is more than 0.5 [20]. In addition, the models were also evaluated in terms of
their recognition and prediction abilities. Recognition ability represents the percentage of samples in
the training set that were correctly classified. Prediction ability is the percentage of samples in the
test set that are correctly classified by using the model developed during the training step. For this
purpose, seven-fold internal cross-validation was used [21]. For the control of the Q2 values, if they
were stable and relevant (correctly calculated), the permutation test was used [22].

S-plot illustrating the distribution of the detected features involved in the statistical evaluation
was used as a tool for ´marker´ selection. Features at the extremes of the S-plot, the outermost ions
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can be considered as ´markers´ with the highest importance for sample separation. For sorting the
´markers´ according their importance, a VIP (variable importance in projection) plot that explains X
and correlates to Y can be used. The most important variables in a given model are those with VIP score
>1. The other tool for explaining/confirming ions as markers is a variable line plot, which illustrates
the variability among the top ions across the sample sets.

The tentative identification of compounds behind the marker ions was based on the
estimation/calculation of the elemental formula (accurate mass and mass error for respective m/z
values in MS1 and isotopic pattern were considered). The estimated molecular structure of the
markers was compared with online databases such as ChemSpider (www.chemspider.com) or Metlin
(www.metlin.scripps.edu/index.php).

2.2.4. Quality Control

To verify the absence of carryover effects and to control the stability of the recorded fingerprints,
blank and quality control (QC) matrix samples were analyzed within the DART–HRMS sequence.
It should be noted that the order of the tested samples within the sequence was random (established
based on random number generation) to avoid any possible time-dependent changes during
DART–HRMS analysis, which could result in false clustering. To check the overall performance
of the instrumental system, QC samples were inserted into the sequence, always after a set of ten
tested samples and analyzed under the same conditions. The QC sample was a pool of all meat sample
extracts. In this way, the repeatability of sample fingerprints could be monitored. The good instrument
performance was documented by a tight clustering of these QC samples (i.e., the similarity of their
fingerprints) in the PCA plot.

2.3. Analysis by Polymerase Chain Reaction (PCR)

Multiplex mPCRs were used for the authentication of meat origin. The design of this study was
as follows: after homogenization of the meat or whole meat product, the isolation of the DNA was
performed, followed by PCRs. The mPCR based on mitochondrial cytochrome b gene amplification was
used for qualitative analysis. Two mqPCRs (triplex and duplex) were used, based on the amplification
of a single copy of chromosomally encoded gene sequences. Single-copy chromosomal genes were
analyzed, such as cyclic phosphodiesterase for cattle, beta actin for pigs; interleukin-2 (Il-2) for chickens
and the myostatin gene for mammals and poultry.

2.3.1. DNA Isolation

DNA was isolated from 200-mg homogenized samples (Section 2.1) using a cetyltrimethylammonium
bromide (CTAB) method [23]. The quality of the isolated DNA was verified by 1% horizontal agarose
electrophoresis in Tris/Borate/EDTA buffer (Bio-Rad, Hercules, CA, USA), DNA concentration and purity
was determined spectrophotometrically with a nanophotometer (Implen, Munich, Germany).

2.3.2. Primers and Probes

The primers and probes used are shown in Table 2 and were synthetized by East Port (Prague,
Czech Republic).
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2.3.3. Multiplex mPCR

For this method, primers complementary to mitochondrial DNA cytochrome b were used [12,24].
mPCR amplification was conducted in 15 µL 1.5-mM MgCl2, 0.2-mM dNTP mix (Promega, Madison,
WI, USA), primer mix (Metabion International AG, Planegg, Germany), 100 ng template DNA and 0.4 U
PlatinumTM DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA). The primers were mixed
in the ratio of 1:0.6:0.6:1.5:1.5 for SIM:B:P:C:H and used together to mPCR (ratio 1 means concentration
0.4µmol·L−1). Amplifications were performed in a Biometra T-Gradient (Whatman Biometra, Göttingen,
Germany) as follows: initial denaturation at 94 ◦C for 2 min, 40 cycles of denaturation at 94 ◦C for 30 s,
annealing at 53 ◦C for 30 s and extension at 72 ◦C for 30 s, final polymerization was for 5 min at 72 ◦C.
Visualization and detection of amplicons were done on 2.5% agarose gel.

2.3.4. Multiplex mqPCRs

Primers and probes used for mqPCR were complementary to single-copy chromosomally
encoded gene sequences. The reaction conditions for pork and beef were adopted from Iwobi
et al. [11], chicken mqPCR from Zdenkova et al. [24]. The analyses were performed in an ABI 7500
(Applied Biosystems™, Foster City, CA, USA), the 7500 Software v2.0.6 was employed for data analysis.
Four fluorescence channels were analyzed separately.

The result of the triplex qPCR was amplification of the 104-bp-long bovine gDNA segment with
the Texas Red fluorescence curve; 107 bp from pork gDNA with a fluorescence curve of the HEX
fluorophore and a 97-bp-long amplicon from the gDNA of mammals and poultry with the FAM
fluorophore. The duplex qPCR amplified the 135-bp-long amplicon of chicken gDNA with the TAMRA
fluorophore together with a 97-bp-long amplicon from the gDNA of mammals and poultry with the
FAM fluorophore.

2.3.5. Data Analysis

To separate the PCR amplicons, a 2.5% agarose gel was used. The confirmation of amplicon size
was based on comparing the length of the amplicons obtained from the samples with the length of the
marker fragments (100-bp DNA ladder, New England Biolabs, Ipswich, MA, USA) and the positive
control during the reaction (target DNA) which, together with the non-template control, was included
in each amplification reaction.

The qPCR data analyses are based on evaluating the fluorescence curves of the amplification
cycle. If the fluorescence value of the sample exceeds the base fluorescence value, the amplification
is positively evaluated, and the sample thus contains the target segment. If the sample does not
contain a target section or its sample content is lower than the detection limit of the method used,
the fluorescence reading does not exceed the fluorescence baseline.

2.3.6. Quality Control

PCR controls were performed for each reaction; a positive control containing the target DNA and
no-template control without any DNA added.

3. Results and Discussion

In this study, TAGs and DNA were used for identification of the meat origin. The workflow was
as follows: In the first step, the potential of using metabolomics profiling, focusing on the analysis
of TAGs, employing DART–HRMS to differentiate pork, beef and chicken samples was investigated.
The aim was to design the conditions of the analysis, which would allow obtaining separate groups
for different meats on the PCA and PLS-DA plots. If such conditions would not have been found,
the authentication of meat cannot be done with this approach. As the samples were differentiated
according to the type of meat, the same strategy for the analysis of commercial meat products was
used. At the same time, the results obtained by the DART–HRMS method were confirmed by the
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established validated mPCRs. A theoretical comparison of the two methods used for our analyses was
also performed. A possible combination of these methods that can facilitate the routine analysis of
meat and meat products was suggested based on both theoretical and practical comparisons. See the
chapters below for more details.

3.1. Results of DART–HRMS Analysis

Hexane was chosen as an extracting agent for sample preparation, since it is a nonpolar solvent
suitable for the isolation of TAGs. Other solvents (e.g., methanol) were tested. However, when compiling
the statistical models, the assumption was confirmed that, for pure meat, methanol and hexane can be
used for the extraction and analysis with excellent classification of different types of meats. However,
the classification is no longer satisfactory with methanol when analyzing meat products containing
other ingredients (besides meat, e.g., spices). The reason for this is the co-isolation of many other
substances that come from other ingredients used in the production of meat products and may be
different for different products. Therefore, the only possible way to use the metabolomic approach
for the authentication of meat in a meat product is TAGs analysis. The profiles of TAGs associated
with various types of meat should be the same in the original meat as in the final meat product, as
shown below.

3.1.1. DART–HRMS Fingerprints of Different Meat Types

Figure 1 shows the characteristic fingerprints, TAGs profiles, associated with all three types of
analyzed meat (beef, pork and chicken). TAGs form [M + NH4]+ ions, which are in the m/z range
800–1000. Apparent differences in TAGs profiles of individual meat species are evident, especially in
the ratios of relative intensities of the individual TAG ions present in the profiles. Different TAGs are
dominant in various types of meat, for example, TAGs with m/z 848.7682, 874.7837 and 900.7996 are
predominantly found in chicken meat, while TAGs with ions with 850.7836, 876.7995 and 902.8148 are
predominantly found in pork and ions with m/z 850.7836, 876.7995 and 904.8306 in beef. The mentioned
differences are mainly in terms of the ratios of ions relative intensities, as shown in Figure 1. This fact
is particularly important from the point of view to reveal the economically motivated adulteration,
i.e., to reveal the addition of undeclared cheap chicken meat, more often to pork meat products, but also
to beef products. Due to the differences in the TAGs present and their ratios, in particular meat profiles,
the employed DART–HRMS strategy indicates a good potential for detecting adulteration.

The fingerprint was converted to an ion list according to m/z and information about the intensities
of the ions. The total number of detected ions related to TAGs in the profiles with signal intensity
higher than 1000 cps was 40. However, it means 40 different summary formulas, but thanks to the
isomers, the number of TAGs is probably higher. Data were transferred to MS Excel and TAG ions
with VIP values higher than 1 (see Section 2.2.3) with their intensities were selected using the MAKRO
function. The total number of selected ions was 15 (see Table 3). Furthermore, SIMCA v13.0 software
was used for chemometric analysis. First of all, PCA was performed, followed by partial least squares
discriminant analysis (PLS-DA). For the statistical analysis, 15 selected ions corresponding to TAGs
were used. The obtained PCA and PLS-DA plots are shown in Figure 2.

As for the processing of DART–HRMS data, PCA clearly separated the meat varieties based on
their TAGs profiles. In Figure 2 presenting the positive ionization data, PC1 and PC2 together described
79% of the sample set variability (64% and 15% for PC1 and PC2, respectively). Considering the fact
that the first five PCs explain 99% (ESI+) of the total variance, The PC1/PC2 plot seemed to be a good
starting point for sample clustering according to meat variety.

In the next step (following PCA analysis), PLS-DA was used, see Figure 2. As expected, efficient separation
of samples into groups was achieved, and the mathematical model (R2X = 0.994, R2Y = 0.989, Q2 = 0.973)
obtained in this way reliably enabled the correct classification of an unknown sample; recognition ability
(100%) and prediction ability (100%) were excellent.
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(1000 cps). This corresponds to addition of approximately 3% of different meat into the other meat 
species. However, in the case of this study, the DART–HRMS method was designed and tested for 
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Figure 2. Principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA)
plot created from ions related to triacylglycerols present in hexane extracts of chicken meat (blue),
pork (red) and beef (yellow).

Although the model was created from a small number of samples, the differences between
the samples of each species were noticeable. There is a certain risk of the model overfitting when
using a small number of samples, for these reasons the model was control using a permutation test.
It ought to be mentioned, that a larger number of samples would make the model probably more
precise. In case of DART–HRMS the accuracy is secured by exact mass measurement and low mass
differences (∆ppm). Furthermore, the specificity is based on exact mass measurement and selection of
appropriate m/z values. Estimation of sensitivity was based on the lowest intensity of selected ions
(1000 cps). This corresponds to addition of approximately 3% of different meat into the other meat
species. However, in the case of this study, the DART–HRMS method was designed and tested for
screening purposes. The obtained results suggested that our DART–HRMS protocol could be used
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for rapid testing of a large number of samples. For precise authentication of suspicious or unclear
samples, the use of validated PCR method is recommended.

Table 3. Characteristic ions for pork, beef and chicken.

m/z ∆ppm Formula Identification Significant Ions for

846.7535 1.259 C53H100NO6 C 50:3 chicken
848.7682 1.339 C53H102NO6 C 50:2 chicken/pork
850.7836 1.559 C53H104NO6 C 50:1 chicken/pork
852.7975 4.820 C53H106NO6 C 50:0 chicken/pork
872.7683 2.104 C55H102NO6 C 52:4 chicken
874.7837 1.562 C55H104NO6 C 52:3 chicken
876.7995 1.672 C55H106NO6 C 52:2 pork/beef
878.8130 2.522 C55H108NO6 C 52:1 pork/beef
880.8246 4.112 C55H110NO6 C 52:0 pork/beef
896.7689 1.412 C57H102NO6 C 54:6 chicken
898.7841 1.898 C57H104NO6 C 54:5 chicken
900.7996 2.050 C57H106NO6 C 54:4 chicken
902.8148 3.636 C57H108NO6 C 54:3 pork/beef
904.8306 1.709 C57H110NO6 C 54:2 beef
906.8457 2.974 C57H112NO6 C 54:1 beef

3.1.2. DART–HRMS Analysis of Real Meat Products

The next step was application of suggested process for real meat products control. As representative
meat products, sausages (as a traditional meat product consumed in the Czech Republic and other
countries) and luncheon meat (as a product with high meat content), were selected for the verification
of the declared meat type on packing. In addition, samples of pork and chicken ham-meat products
containing almost no other ingredients (only pure meat) were analyzed as references. From all of these
products, the hexane extracts, including lipophilic fraction with TAGs, were prepared and to obtain
the TAGs profiles DART–HRMS was used, Figure 3.

The sample preparation chosen for the purposes of this study was affected as little as possible
by the composition (ingredients) of the analyzed meat products. The DART–HRMS method was
based on the analysis of TAGs, which are isolated from samples by a very nonpolar solvent (hexane).
Such a sample preparation procedure naturally discriminates against the influence of inorganic salts
in particular, which are rather polar in nature. Nonpolar substances could be a problem, but as
this is not a quantification of individual substances, this is not a significant problem. Even if there
is a possible suppression of the signal due to the lack of separation, all monitored TAGs would be
suppressed similarly. Due to the use of data normalization during data processing, this effect should
be compensated.

The PCA and PLS-DA chemometric analyses for data processing were used in the same way
as it was mentioned in previous Section 3.1.1 (see Figure 4). As input data, the same TAGs (n = 15,
see Table 3) were used, as in the case of chemometric analysis of data related to pure meat samples
extracts. The PCA analysis focused on PC1 and PC2, which accounted for 81% of the sample set
variability (64% and 17% for PC1 and PC2, respectively). Since the first five PCs explain 94% of the
total variance, The PC1/PC2 plot seemed to be again a good starting point for sample classification.

The PLS-DA plot shows the classification of all three types of meat and meat products together.
Most meat products samples were very close to the group of samples corresponding to pork meat.
The values of the coefficients of recognition and prediction had a low value (R2X = 0.806, R2Y = 0.434,
Q2 = 0.329), because the plot includes four groups of samples. However, the classification of meat
samples into groups by type of meat was perfect, and the attribution of meat product samples to pork
meat samples matched the declaration on the packaging. Two samples (chicken ham), marked with the
number 1 (Figure 4), were separated from the rest of the meat products. They were very close to chicken
meat samples, which again reflected the declaration on the packaging. The sample marked with number
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2 (meat in natural juices, sample number 27)—near the group of beef samples (Figure 4)—contained
70% beef, which again corresponds with the meat declaration on the packaging.
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Figure 3. DART–HRMS profiles of triacylglycerol and hexane extracts of chicken ham, pork ham,
sausages, luncheon meat and meat in natural juices, m/z range 800–1000, positive ionization.

The strategy presented in this article was based on the use of the rapid screening method
DART–HRMS, which after data processing and visualization using a PCA or PLS-DA model will show
suspicious samples in terms of authentication. Sample number 2 was an example of a “suspicious
sample”. The sample was detected from among a group of authentic samples (reference samples) and
thus became suspicious. It was necessary to verify the authenticity using the exact PCR method. In our
case, the content of pork and beef was indicated on the packaging of the product. The position of the
sample in the model corresponded to its composition, and thus the functionality of the model was
verified. For an unknown sample, said PCR analysis could be additionally performed.
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Figure 4. PCA and PLS-DA plots created from ions related to triacylglycerols present in hexane extracts
of meat products (green), chicken (blue), pork (red) and beef (yellow). Group 1—chicken ham samples;
group 2—meat products containing 70% of beef; group 3—pork meat products containing mechanically
separated chicken meat and the rest of the green points represent meat products based on pork meat.

It can be very difficult to identify a sample as suspicious based only on a visual assessment.
Therefore, the PCR method was used to confirm the results of DART–HRMS analyses. All samples
were analyzed by PCRs. Thanks to these analyses, it was possible to determine the boundary (bold red
line) in the PLS-DA model behind which suspicious samples are located, and it is necessary to subject
these samples to confirmatory PCR analysis. Other samples that are located from the border (bold red
line) towards the reference samples are considered as authentic samples containing only pork, as it
demonstrated in Figure 4.

It is worth noting that four pork meat products (marked (x) that contained mechanically separated
chicken meat tended to separate from the meat product made only from pork meat. They were
situated towards the chicken meat samples in the PCA and PLS-DA plot, marked with the number 3
(see Figure 4). The other analyzed meat products mainly contained pork (without beef or chicken meat
addition) were assigned to a group of authentic pork meat samples. From the analyses carried out and
the obtained PLS-DA model, it is clear that this procedure correctly evaluates and assigns samples into
groups according to the meat composition, the type of meat used in the production of meat products
(sausages, luncheon meat, meat in natural juices). TAGs profiling by DART–HRMS could be used as a
screening method to verify the composition of meat in meat products and to detect of adulteration by
chicken meat.

To better demonstrate/simulate pork adulteration by chicken meat (the situation is similar for beef
adulterated by chicken meat), PLS-DA plot (Figure 5A) was created using only the data for samples
of chicken and pork and meat products composed of them. The plots show an excellent separation
of chicken and pork samples (R2X = 0.784, R2Y = 0.929, Q2 = 0.894, recognition ability = 100% and
prediction ability = 100%). In case of adulteration, in the sense of mislabeling, i.e., a meat product
labeled as a pork product contains (undeclared) chicken meat, the sample would be assigned more
to the chicken meat group. For better understanding, one of the chicken samples was marked as
a pork sample. The model did not place it among the other pork samples (red dots), but correctly
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assigned/kept it in the chicken meat samples group (red dot among the blue dots group—chicken meat
samples), as shown in Figure 5B.
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Figure 5. Examples of chemometric analysis of DART–HRMS data obtained from measurement of
hexane extract of chicken and pork samples (meat and meat products). (A) PLS-DA plot; (B) PLS-DA
plot illustrating the situation where the sample is adulterated; (C) S-plot and important chicken and pork
markers; (D) variable line plot (trend plot) for ion m/z 874.7837—chicken meat marker; (E) variable line
plot ion m/z 876.7995—pork meat marker; (F) variable line plot ion m/z 848.7682–chicken meat marker.
Group of samples marked by number 1—four pork meat products which contained mechanically
separated chicken meat.

To visualize ions that can be considered as ‘markers’ with the highest importance for sample
separation, several plots were created from the acquired data. Figure 5 shows an example of an S-plot
(Figure 5C) created from the data obtained from pork and chicken meat (TAGs ions, [M + NH4]+),
which were analyzed by DART–HRMS in positive ionization mode. Four the most remote ions
visualized in the S-plot (highlighted with black circles), which also had the highest values in the VIP-plot,
were selected as ‘markers’ . In fingerprinting-based authentication strategies, the identification of the
detected metabolome components is not essential for sample separation. On the other hand, under some
conditions, e.g., when only marker ions are considered for sample profiling, then the identification of
unique markers may be of interest. The identification was based on comparing their estimated elemental
composition, mass difference (∆ppm) and isotopic profiles with the data available in online libraries
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and scientific papers [28,29]. The variable line plot for the ions at m/z 874.7837, 848.7682 (markers for
chicken meat, Figure 5D,F) and m/z 876.7995 (marker for pork meat, Figure 5E) illustrates the changes in
the content of the respective TAGs in the pork and chicken meat. The estimated elemental composition
of these ions together with their tentative identification are shown in Table 3, where the markers also
for beef are included. These ions are not markers in the true sense of the word, because they are not
unique to one group (meat type). However, due to the fact that statistical data processing takes into
account not only the presence and intensity of the ions, but also their relative ratio, these selected ions
are essential for authentication. For beef, pork and chicken, significant (very abundant) ions were
selected for each type of meat, which are determinants and key for verifying an undeclared addition
of—for example—chicken meat into a meat product or determining which type of meat was used.

It could be concluded that the usage of supervised PLS-DA model could lead to a distortion of the
separation (overfitting). This model was used for completeness and, also for better visualization of the
obtained data and explanation of the context. The PLS-DA model is very similar as the PCA model
in terms of sample separation. Permutation tests were also performed during data processing and
confirmed its applicability. Due to the fact, that DART–HRMS analysis is intended primarily for rapid
screening of large number of samples and identification of only suspicious samples for an additional
accurate PCR method, it is possible to use the PCA model for this purpose.

3.1.3. Confirmation of Isolated DNA Quality and Quantity

DNA was isolated using a CTAB method according to ČSN EN ISO 21,571 (ISO 21571, 2005).
Both the yield and quality of the DNA obtained from pure musculature of beef, pork, chicken,
turkey and horse were higher than 90 ng·µL−1 for all tested, commercially important meat species.
More than 100 ng·µL−1 DNA was obtained from chicken, pork and beef samples. More than 50 ng·µL−1

DNA was isolated from 26 real meat products; the highest yield (316 ng·µL−1) was obtained from meat
in its natural juices (sample number 22). The lowest yield of DNA was isolated from one sausage
(sample number 6), 15 ng·µL−1 was isolated with the ratio of absorbance (A 260 nm/A 280 nm) equal to
1.6 corresponding to nucleic acids with the presence of proteins. DNA of appropriate quality as well as
quantity for subsequent amplifications was isolated from all samples tested.

3.1.4. DNA Analysis of Meat and Meat Products

PCRs for identification of beef, pork, horse and poultry (chicken, turkey) meat were designed and
experimentally verified in our previous work; used PCRs were selective and allowed the detection
of 30 copies of the haploid pig genome, 26 copies of the haploid beef-cattle genome and 11 copies of
haploid chicken genome [24]. The limit of quantification for the mqPCR system was 12.5 ng of DNA
per reaction. Four types of meat products were analyzed in this work: ham, Czech sausage, meat in its
natural juices and luncheon meat. The results of mPCR and mqPCR analysis are shown in Table 4,
examples of primary results in Figure 6.

Table 4. Results of meat sample by DNA analysis.

Product Declared Composition mPCR mqPCR

Pork Chicken Beef Pork Chicken/Turkey Beef Pork Chicken Beef

1 Chicken ham - + - - + - - + -

2 Poultry ham - + - - + - - + -

3 Pork ham + - - + - - + - -

4 Sausage + - + + - + + - +

5 Sausage + - + + - + + - +
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Table 4. Cont.

Product Declared Composition mPCR mqPCR

Pork Chicken Beef Pork Chicken/Turkey Beef Pork Chicken Beef

6 Sausage + - + + - + + - +

7 Sausage + - + + - + + - +

8 Sausage + - + + - + + - +

9 Luncheon meat + - + + - + + - +

10 Sausage + - + + - + + - +

11 Sausage + - + + - + + - +

12 Sausage + - + + - + + - +

13 Meat in natural
juices + - - + - - + - -

14 Luncheon meat + - - + - - + - -

15 Meat in natural
juices + - - + - - + - -

16 Meat in natural
juices + - - + - - + - -

17 Meat in natural
juices + - - + - - + - -

18 Sausage + - + + - + + - +

19 Sausage + - + + - + + - +

20 Sausage + - + + - + + - +

21 Luncheon meat + + - - ł + - + + -

22 Meat in natural
juices + - - + - - + - -

23 Luncheon meat + + - + + + ł + + -

24 Luncheon meat + + - - ł + - + + -

25 Luncheon meat + - - + - - + - -

26 Luncheon meat + + - + + + ł + + -

27 Meat in natural
juices + + + + + - ł + + +

Legend: + amplicon present; - amplicon not detected; ł - difference in results of mPCR and mqPCR analysis.
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Analyses of hams by quadruplex PCR of mtDNA and multiplex qPCR of genomic DNA gave
the same results, the presence of the declared animal species (i.e., chicken or pig) was established.
Eleven samples of typical Czech sausages were analyzed by mPCR, with identical results obtained
for both target DNA (mtDNA and gDNA). The presence of the animal species declared in the label
(i.e., beef and/or pork) was proved. Six cans of meat in natural juices were analyzed, five were made
mainly from pork and one was made mainly from beef. Results that matched the labels were obtained
for both target DNAs (mtDNA and gDNA) for all five pork cans. Beef meat in natural juices (sample
27) also contained mechanically separated poultry meat and pork skin, all three animal´s DNA was
detected by mqPCR with gDNA as a target. It worked despite the heat treatment. Seven different
Luncheon meats were analyzed, all the results obtained by mqPCR with gDNA as a target corresponded
to the declaration on the label. A discrepancy between the results of mtDNA and gDNA analysis was
observed in this type of meat product (luncheon meat). White adipose tissue (univacuolar adipocytes)
contains a low number of mitochondria. The use of mqPCR amplified gDNA, which enables the better
detection of a low amount of target DNA, is recommended for the analysis of samples containing large
quantities of fat (e.g., luncheon meat).

Results obtained by PCR analyses of mtDNA and gDNA were the same for ham and sausages;
for highly processed samples (cans) only PCRs targeting the gDNA appeared to be appropriate.
Four samples of luncheon meat (21, 23, 24 and 26) and one meat in natural juices (27) showed
differences in result of mtDNA and gDNA analyses, these samples were also categorized as a
“suspicious sample” by DART–HRMS as explained in Section 3.1.2. The DART–HRMS analysis is a
quick, cheap and high-throughput compare to moderate time-consuming PCRs (See Table 5). Therefore,
DART–HRMS was proposed to be used as a screening method followed by through, a highly accurate,
more laborious and more expensive amplification of gDNA by mqPCR only of suspicious samples.
The advantages of such combinations are time, money and laboratory personnel-capacity saving.

Table 5. Comparison of DART–HRMS and PCR.

Parameters DART–HRMS PCR

Target molecule Triacylglycerols DNA

Preparation step Hexane extract–lipophilic fraction
containing triacylglycerols DNA isolation—many methods available

Capacity of the machine High-throughput method (+++) Mainly 96 reactions in one run (++)
Cost of the analysis (only the retail price

of chemicals is included) Very low (+++) Low (++)

Duration
Extraction: moderate (+++)

Analysis: quick (+++)
Evaluation: long

Extraction: moderate (++)
Analysis: moderate (++)
Evaluation: quick (+++)

Price of the required instrumentation High (-) Low for classical PCR instrument, moderate
for qPCR device (+)

Feasibility for analysis of raw products Yes (+++) Yes, reliable (+++)
Feasibility for analysis of heat-treated

meat products Yes (++) Yes, reliable (+++)

Feasibility for analysis of mixtures Yes (++) Yes, reliable (+++)
Feasibility for analysis of products

containing high amounts of fat Yes (+++) Yes, gDNA is recommended as a target (+++)

Conduction of the experiment Laboratory device (-), performing the
analysis (+++)

Laboratory device (++), performing the
analysis (+)

Claims for evaluation of results Demanding for evaluation–experience is
needed, because of the statistical analysis.

Simple to evaluate (+++). The PCR amplicon
or fluorescence curve is or is not there, which

is clearly visible from the primary results
Usage Screening method Confirmatory method

The results of mqPCR analyses were identical to the declarations by the manufacturer for the
product labels. This fact is quite encouraging, considering the relatively common occurrence of
fraudulent food practices, including for meat products. One possible explanation is that we focused on
analyzing regional sausages and luncheon meats. The traditional (original) recipe for sausage and
luncheon meat does not allow the addition of chicken meat (it is forbidden) and it can be said that
the manufacturers did not follow these rules when preparing these regional sausages. With luncheon
meat, almost half of the products analyzed were mislabeled.
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The requirements are set out in Act No. 326/2001 Coll., issued by the Czech Ministry of Agriculture,
which imposes requirements for meat labeling. Ham is made from the musculature of pork, poultry or
beef, a heat-treated product. As for sausages, in this study, typical Czech sausages called “Špekáčky”
were analyzed. These are a kind of sausage made from a finely minced mixture of pork and beef with
smoked bacon pieces that gave the product its name. The true sausage according to the original recipe
should consist of 50% beef, 20% pork cut out of the skin and 30% chopped bacon pieces. The basic
raw materials according to current regulations are beef, pork or veal; a minimum of 40% meat and
a maximum of 45% fat are required, and it does not allow the use of mechanically separated meat
and poultry. The last two products were canned, i.e., products hermetically sealed in packaging and
sterilized. According to the current regulation, canned food called “pork in natural juices” must contain
at least 70% meat. The water content must not exceed 70% and the fat may be up to 40%. Canned food
called “beef in natural juices” must contain at least 70% meat, the water content must not exceed 80%,
and the fat may be up to 20%. The sum of all parameters exceeds 100% due to the fact that much of the
fat and water in the product comes from the meat used. Luncheon meat should be made from pork
and beef. The law specifies pork luncheon meat, which has the same limits on meat, fat and water
content as “pork in natural juices”.

3.1.5. Comparison of Methods

Commonly used molecular genetic methods such as PCR are based on the isolation and analysis
of different DNA types, while the new innovative DART–HRMS analytical method is focused on
the analysis of TAGs profiles. PCRs use DNA markers, which are unique, stable, well-known and
independent of the type of animal breeding. Detection/quantification of these DNA markers can be used
also for the investigation of mixed animal meat products. The quality and quantity of isolated DNA is
the crucial parameter for the successful use of molecular genetic methods. There are many different
procedures for isolating and analyzing DNA, which differ in the yield, cost and time requirements of
the procedure. In PCR analysis, the whole procedure usually takes hours. Sample preparation for
DART–HRMS is very simple and fast; the DART–HRMS analysis itself requires only a few seconds.
On the other hand, the evaluation of the obtained data are significantly simplified with PCR analysis
compared to the use of advanced chemometric analysis in the DART–HRMS evaluation procedure.
With the DART–HRMS process, up to 130 samples per hour can be measured, while these 130 samples
can take at least one working day to be analyzed by mPCR. On the other hand, PCR provides
accurate results and is considered an arbitrary method, whereas the DART–HRMS method is primarily
a screening method for testing a large number of samples and selecting only suspect specimens,
which are then confirmed by DNA analysis (Table 5).

4. Conclusions

In the presented work the multiplex mPCR analysis of DNA and DART–HRMS analysis of the
TAGs profile of meat (pork, beef, chicken) in combination with multivariate statistical analysis were
compared theoretically and practically. In both cases, comparable results were obtained. DART–HRMS
is a quick method with a great potential for screening a large number of samples. PCRs analysis can be
used for precise animal species identification; however, it takes more time to get results.

Our results suggest that DART–HRMS could be used primarily as a screening method and
suspected samples could be subsequently analyzed by PCR method. This combination of both
approaches has potential for meat type verification or detection of adulteration, respectively.

Author Contributions: The following authors contributed to this article in the following ways: Conceptualization
and methodology, K.Z. and V.H.; software, V.H. and M.J.; validation, J.P., E.C. and D.J.; formal analysis, K.Z., V.H.,
J.P., E.C. and D.J.; investigation and data curation, K.Z. and V.H.; resources, K.D., J.P. and J.H.; writing—original
draft preparation, all authors; writing—review and editing, K.Z., V.H., J.H. and K.D.; visualization, D.J.; supervision,
project administration and funding acquisition, K.D., J.P. and J.H. All authors have read and agreed to the published
version of the manuscript.

197



Foods 2020, 9, 1269

Funding: This research was funded by a grant from the Ministry of Agriculture of the Czech Republic: National
Agency for Agricultural Research project number QJ1530272: Complex strategies for the effective detection of food
fraud in the production-consumer chain and the projects ERDF CZ.2.16/3.1.00/21537 and CZ.2.16/3.1.00/24503 and
METROFOOD-CZ research infrastructure project (MEYS Grant No.: LM2018100) including access to its facilities.

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

References

1. Hsieh, Y.P.; Woodward, B.B.; Ho, S.H. Detection of Species Substitution in Raw and Cooked Meats Using
Immunoassays. J. Food Prot. 1995, 58, 555–559. [CrossRef] [PubMed]

2. Ballin, N.Z.; Vogensen, F.K.; Karlsson, A.H. Species determination—Can we detect and quantify meat
adulteration? Meat Sci. 2009, 83, 165–174. [CrossRef] [PubMed]

3. Fajardo, V.; González, I.; Rojas, M.; García, T.; Martín, R. A review of current PCR-based methodologies for
the authentication of meats from game animal species. Trends Food Sci. Technol. 2010, 21, 408–421. [CrossRef]

4. Köppel, R.; Daniels, M.; Felderer, N.; Brünen-Nieweler, C. Multiplex real-time PCR for the detection and
quantification of DNA from duck, goose, chicken, turkey and pork. Eur. Food Res. Technol. 2013, 236,
1093–1098. [CrossRef]

5. Iwobi, A.; Sebah, D.; Spielmann, G.; Maggipinto, M.; Schrempp, M.; Kraemer, I.; Gerdes, L.; Busch, U.;
Huber, I. A multiplex real-time PCR method for the quantitative determination of equine (horse) fractions in
meat products. Food Control 2017, 74, 89–97. [CrossRef]

6. Griffiths, A.M.; Sotelo, C.G.; Mendes, R.; Pérez-Martín, R.I.; Schröder, U.; Shorten, M.; Silva, H.A.;
Verrez-Bagnis, V.; Mariani, S. Current methods for seafood authenticity testing in Europe: Is there a
need for harmonisation? Food Control 2014, 45, 95–100. [CrossRef]

7. Murugaiah, C.; Al-Talib, H.; Radu, S. Forensics: Food Authentication Using MtDNA. J. Nutr. Health Food Sci.
2015, 3, 1–10. [CrossRef]

8. Mozola, M.A.; Peng, X.; Wendorf, M.; Artiga, L. Evaluation of the GeneQuence® DNA hybridization method
in conjunction with 24-h enrichment protocols for detection of Salmonella spp. in select foods: Collaborative
study. J. AOAC Int. 2007, 90, 738–755. [CrossRef]

9. Tichoniuk, M.; Ligaj, M.; Filipiak, M. Application of DNA hybridization biosensor as a screening method for
the detection of genetically modified food components. Sensors 2008, 8, 2118–2135. [CrossRef]

10. Chapela, M.J.; Sotelo, C.G.; Calo-Mata, P.; Pérez-Martín, R.I.; Rehbein, H.; Hold, G.L.; Quinteiro, J.;
Rey-Méndez, M.; Rosa, C.; Santos, A.T. Identification of Cephalopod Species (Ommastrephidae and
Loliginidae) in Seafood Products by Forensically Informative Nucleotide Sequencing (FINS). J. Food Sci. 2002,
67, 1672–1676. [CrossRef]

11. Iwobi, A.; Sebah, D.; Kraemer, I.; Losher, C.; Fischer, G.; Busch, U.; Huber, I. A multiplex real-time PCR
method for the quantification of beef and pork fractions in minced meat. Food Chem. 2015, 169, 305–313.
[CrossRef] [PubMed]

12. Matsunaga, T.; Chikuni, K.; Tanabe, R.; Muroya, S.; Shibata, K.; Yamada, J.; Shinmura, Y. A quick and simple
method for the identification of meat species and meat products by PCR assay. Meat Sci. 1999, 51, 143–148.
[CrossRef]

13. Barbuto, M.; Galimberti, A.; Ferri, E.; Labra, M.; Malandra, R.; Galli, P.; Casiraghi, M. DNA barcoding
reveals fraudulent substitutions in shark seafood products: The Italian case of “palombo” (Mustelus spp.).
Food Res. Int. 2010, 43, 376–381. [CrossRef]

14. Thakur, M.; Singh, S.; Shukla, M.; Sharma, L.; Agarwal, N.; Goyal, S.; Sambandam, S. Identification of
Galliformes through Forensically Informative Nucleotide Sequencing (FINS) and its Implication in Wildlife
Forensics. J. Forensic Res. 2012, 4. [CrossRef]
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