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Preface to ”Improving the Sensory, Nutritional and

Physicochemical Quality of Fresh Meat”

Advances in the current meat chain are necessary in our society due to the increasing demand

that require high quality foods. Consequently, meat producers and researchers are facing new and

complex challenges to attend the demand, produce high quality meat, and develop strategies to

increase its preservation. In this context, scientific advances are necessary to improve the knowledge

about key factors of the meat chain that are comprised of production systems, diet composition,

carcass management, volatile composition, microbial quality, and sensory analysis of fresh meat, as

well as meat processing. The e-book and Special Issue titled “Improving the Sensory, Nutritional and

Physicochemical Quality of Fresh Meat” is composed of six original papers about recent advances in the

area of Meat Science about these key factors.

Paulo Eduardo Sichetti Munekata

Editor
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This Special Issue titled “Improving the Sensory, Nutritional and Physicochemical
Quality of Fresh Meat” is comprised of six studies that explored different strategies to
improve the quality of fresh meat, as well as some aspects related to its further processing.

The increasing demand for high quality meat has pushed the professionals and
researchers of the meat production area to face new challenges. Consequently, advances
covering different stages of the meat production chain process and factors have been made
to increase the knowledge and develop strategies to produce and improve the preservation
of high quality meat [1–3]. Therefore, studying the effect of production systems, diet
composition, carcass management, volatile composition of fresh meat related to sensory
properties and further processing are topics of interest in attempts to increase knowledge
about meat quality and pave the way for strategic changes in the meat industry.

The meat production chain has many stages, starting with the rearing of animals
using different systems and diets with optimized composition to favor the animal devel-
opment and the production of meat with characteristics that are aligned with consumer
preferences [3]. Regarding the influence of the production system, Echegaray et al. [4]
evaluated the composition and volatile composition of lamb meat produced in an intensive
or extensive system. Significant increases in intramuscular fat and protein content in
longissimus thoracis et lumborum were obtained from animals reared in an extensive system
in comparison to animals produced in an intensive system. The extensive system also
led to a bigger accumulation of volatile composition in meat in relation to the intensive
system. Interestingly, the authors also discussed the relation of intramuscular fat with the
composition and content of lipid-derived volatile fraction, wherein these differences were
attributed to the presence of specific compounds in each diet (natural antioxidants, for
instance) and lipid fraction composition (unsaturated fatty acids and their susceptibility
to oxidation).

Another experiment in the context of animal production was carried out by Shin et al. [5]
to characterize the effect of stevioside (bioactive compound naturally found in the leaves
of Stevia rebaudiana) and organic selenium (a crucial component for the endogenous an-
tioxidant system in humans and animals) on the quality of Hanwoo meat. These authors
observed significant improvements in animal performance (especially in weight gain and fi-
nal weight) by using these supplements. The characteristics of meat obtained from animals
with the supplemented diet was also improved due to the increase in protein, moisture,
PUFA contents, redness, and oxidative stability, and the simultaneous reduction in total
cholesterol content, shear force, and drip loss. No major effects in sensory attributes of
fresh meat or microbial growth during storage were reported.

Moving forward in the meat production chain, the adequate processing of carcass is
a necessary action in order to obtain high-quality meat [1]. In this sense, the experiment
conducted by Bakker et al. [6] reported significant improvements in the tenderness and
color of beef due to low-voltage electric stimulation of beef carcasses. Moreover, the
authors of this study also reported a non-significant impact in cooking loss between the
meat control and electrically stimulated carcasses.

Foods 2021, 10, 2060. https://doi.org/10.3390/foods10092060 https://www.mdpi.com/journal/foods
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The characteristics of meat, especially the sensory attributes, play a central role when
consumers judge the acceptance of sensory attributes and the whole eating experience [7].
One of the main factors in this context is the accumulation of unpleasant volatile com-
pounds. This context was considered in the study carried out by Burgeon et al. [8], who
evaluated the formation of volatile compounds associated with the perception of boar
taint (strong smell found in uncastrated male pigs associated with the presence of ska-
tole and androstenone) in cooked pork. The authors observed higher concentrations of
androstenone as the temperature was increased, which indicated a temperature depen-
dence effect. However, the same effect was not reported for skatole. Additionally, studies
with further processing of meat were also included in order to explore healthier [9] and
functional [10] meat-based foods.

The advances reported in these studies can be seen as meaningful contributions to the
generation of knowledge of fresh meat quality and assist, to some extent, in the strategic
development of meat production considering the consumer preferences and market trends.
Finally, I would like to thank the authors for their submissions; express my sincere gratitude
to the reviewers for their time, effort, and insightful suggestions and comments during
the reviewing process; and acknowledge the supportive, thoughtful, and expert assistance
of the associated editors of Foods throughout the preparation and management of this
Special Issue.
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Abstract: Today’s society demands healthy meat with a special emphasis on integrated animal
husbandry combined with the concern for animal welfare. In this sense, the raising of lambs in
an extensive system has been one of the most common practices, which results in meats with high
nutritional value. However, both the production system and the diet play a fundamental role in the
chemical composition of the meat, which has a direct impact on the content of volatile compounds.
Thus, the aim of this study was to determine the effect of two production systems (intensive and
extensive) on the chemical composition and volatile profile of lamb meat. Twenty-eight lambs of the
Bordaleira-de-Entre-Douro-e-Minho (BEDM) sheep breed were raised for meat production under
the intensive or extensive system and were fed with concentrate and pasture, respectively. All
animals were carried out in the muscle longissimus thoracis et lumborum. Results evidenced that all the
composition parameters were affected by the production system. Extensively-reared lambs produced
meat with the highest fat and protein contents, while these animals had the lowest percentages of
moisture and ash. Similarly, the total content of volatile compounds was affected (p < 0.05) by the
production system and were higher in the meat of lambs reared extensively. Furthermore, the content
of total acids, alcohols, aldehydes, esters, ethers, furans and sulfur compounds as well as most of
the individual compounds were also affected (p < 0.05) by the production system, whereas total
hydrocarbons and ketones were not affected (p > 0.05). As a general conclusion, the production
system had very high influence not only in proximate composition but also in the volatile compounds.

Keywords: Bordaleira-de-Entre-Douro-e-Minho; rearing system; pasture; concentrate; volatile compounds

1. Introduction

The meat quality is an essential factor in ensuring consumer satisfaction [1] and is
related to several parameters such as visual appearance, quality and distribution of the fat,
texture, juiciness as well as flavor [2]. Specifically, in lamb meat, the odor and flavor are
two of the most important eating quality attributes since the meat of these animals have a
unique aroma [3–5]. In this manner, lamb meat is characterized by a typical species-related
flavor that is denominated as “mutton flavor”, which could seriously affect the acceptability
of consumers [6,7].

On the other hand, in response to consumer demand, the sheep farming sector is
increasingly concerned with incrementing the added value of its products through sus-
tainability, animal welfare and conservation of ancient autochthonous genetic types [8,9].

Foods 2021, 10, 1450. https://doi.org/10.3390/foods10071450 https://www.mdpi.com/journal/foods
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In this regard, the use of autochthonous breeds for meat production is of special interest
due to the promotion of the valorization, protection and conservation of the zoogenetic
heritage [10]. This is the case of the Portuguese native breed, named Bordaleira-de-Entre-
Douro-e-Minho (BEDM), which can also contribute to the diversity of production systems
due to its particular characteristics such as local adaptation, resistance to diseases and
high fertility [11,12]. These qualities allow the use of natural pastures in lamb rearing [13].
Nevertheless, the characteristics generated by extensive rearing can sometimes result in
various unwanted modifications in the organoleptic quality of the lamb meat with respect
to intensive commercial farming. This is the case of the volatile profile, which in addition
to being influenced by the animal’s genetics, slaughter age and management practices is
strongly influenced by the diet supplied [6,14,15]. In fact, previous studies have linked
certain volatile compounds with a specific diet [16,17]. Thus, volatile substances such as ter-
penoids [14,18], phenols [19] and the diketone 2,3-octanedione [14,18,20] were related with
pasture-based diets; while lactones [20,21], branched fatty acids [6,20,22] and compounds
such as 2,3-butanedione [23] and furan, 2-pentyl [24] have been linked to grain-based diets.

Therefore, the overall purpose of the present experiment was to evaluate the influence
of the production system (intensive and extensive) on the chemical composition and the
volatile profile in the muscle longissimus thoracis et lumborum of BEDM breed lambs.

2. Materials and Methods

2.1. Lamb Rearing and Feeding

In the present study, 28 lambs (males) of the Bordaleira-de-Entre-Douro-e-Minho
(BEDM) sheep breed were raised for meat production in the Atlantic bioregion of Ponte de
Lima (at Ponte Lima Agrarian School) under two different exploitation regimes: intensive
and extensive system. Lambs were randomly selected from the flock and all of them
were born and raised single. The weight of the lambs reared in the intensive production
system at birth was 2.57 ± 0.28 kg, while those reared in the extensive regiment was
2.45 ± 0.27 kg, with no significant differences (p = 0.278) in the initial weights at the
beginning of the experiment. In both farms, the feeding system was based on semi-natural
pastures improved by sowing perennial ryegrass (Lolium perenne). The pastures were
mainly constituted by grasses (54.3%) and legumes (28.9%). Specifically, 15 BEDM lambs
were reared in the fall of 2018 under the intensive system and 13 BEDM lambs were reared
in the spring of 2019 in the extensive system. Animals reared under the intensive system
remained with the mothers and had ad libitum access to natural grass hay from birth to
3 months of age. After weaning (3 months), the lambs continued to be fed natural grass
hay, in addition to 300 g/day of commercial compound feed supplied in two intakes
per day (9:00 a.m. and 5:00 p.m.). The commercial compound feed used in the diet of
intensively-reared lambs of the present research was supplied by Alimentação Animal
Nanta S.A. (Marco de Canaveses, Portugal) and it was composed (in unknown proportions)
of barley, wheat bran, extruded dehulled soy meal, dry beet pulp, brewers’ dried grains,
soy hulls, beet molasses, wheat germ, calcium carbonate, sunflower seed meal (extracted),
soy oil, sodium chloride and a vitamins and minerals mix. Its chemical composition
was the following: protein: 15.5%; ether extract: 4.5%; fiber: 8.2%; ash: 8.2%; calcium:
1.1%; phosphorous: 0.40%; sodium: 0.37%. All the information on the composition and
ingredients of the commercial compound feed can be found in Supplementary Table S1. On
the other hand, the lambs reared under the extensive system had access to their mother’s
milk (unweaned) and they went out to graze (ad libitum) with the herd from morning
until dark during the entire experiment (from birth to slaughter; about 4 months). Upon
darkness, the lambs were sheltered in stables where they also had access to meadow
hay and water ad libitum. The growth test was carried out for 4 months and so the
phenological status of the pasture was very varied. This test aimed to characterize the
production systems in a holistic perspective; thus, the animals’ feed was the one usually
used in the farms.
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2.2. Lamb Meat Samples

The trial planned to slaughter the animals at 4 months of age. Thus, the age at slaughter
varied between 4 and 4.5 months and the births were not synchronized, which translated
into the variation in the age at slaughter. With this in mind, at 4–4.5 months old, the
lambs were transported to a commercial abattoir of Portugal. The animals were handled in
batches ranging from 5 to 12 lambs and they were slaughtered according to the conditions
previously reported [9]. Lambs reared in an intensive production system had a live weight
of 13.54 ± 1.48 Kg (5.93 ± 1.02 Kg hot carcass weight), while those reared in an extensive
production system had a live weight of 12.44 ± 2.65 kg (8.29 ± 1.77 Kg hot carcass weight).
The live weight between both groups did not show significant differences (p = 0.176, while
carcass weight of extensively-reared animals was significantly higher (p < 0.01) than those
reared in the intensive production system. After cooling, the longissimus thoracis et lumborum
muscles were removed from the sixth to the thirteenth vertebrae of lamb carcasses (a total
of 56 pieces, 2 muscles, left and right and for each carcass). All muscle pieces were vacuum
packed, refrigerated and transported to the CTC lab for the analysis. The left side was
used for proximate composition analysis (72 h post-slaughter), while volatile analysis were
carried out in the right muscle after refrigerated storage (4 ± 1 ◦C for 15 days). Before the
analysis, a steak of each muscle (about 80 g) was conveniently chopped and homogenized
in order to obtain a representative sample of each animal.

2.3. Analysis of Chemical Composition

Moisture [25], protein (Kjeldahl N × 6.25) [26] and ash [27] were determined and
expressed as percentage following the ISO recommended standards, while intramuscu-
lar fat was quantified according to the American Oil Chemistry Society (AOCS) official
procedure [28].

2.4. Volatile Compounds Analysis

For the volatile compound analysis, Headspace-Solid phase microextraction (HS-SPME)
technique was used for the volatile extraction and concentration, while the separation and
identification of each volatile was carried out using gas chromatography coupled with mass
spectrometry (GC-MS) (Agilent Technologies, Santa Clara, CA, USA) equipped with the
DB-624 capillary column (30 m, 250 μm i.d., 1.4 μm film thickness; J&W Scientific, Folsom,
CA, USA). All analysis steps, chromatographic and mass spectrometer conditions and data
processing were previously reported [29]. The results were expressed as area units of the
extracted ion chromatogram from the quantifier ion (m/z) per gram of sample (AU × 104/g
of sample). The Linear Retention Index (LRI) was calculated for the aforementioned
capillary column (DB-624). Both LRI and m/z values are presented in all volatile tables as
additional information to the volatile analysis.

2.5. Statistical Analysis

A total of 56 samples (28 for the chemical analysis and 28 for the volatile compounds
determination) were analyzed in triplicate for each parameter. Normal distribution and
variance homogeneity had been previously tested (Shapiro-Wilk). The influence of the
production system on the chemical composition and volatile compounds was evaluated
with one-way analysis of variance (one-way ANOVA) using the SPSS package version
23.0 (IBM SPSS, Chicago, IL, USA). Significant differences were indicated at p < 0.05,
p < 0.01 and p < 0.001. Furthermore, the Pearson’s linear coefficient was employed to
determine correlations between the intramuscular fat and volatile content using the same
statistical software.

3. Results and Discussion

3.1. Chemical Composition

The proximate composition of the BEDM lamb meat from the different production
systems is shown as percentage in Table 1.

5
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Table 1. Effects of the production system on the proximate composition of BEDM lamb longissimus
thoracis et lumborum muscle.

Intensive Extensive SEM Sig.

Moisture (%) 78.00 75.91 0.290 ***

Intramuscular fat (%) 0.49 1.51 0.132 ***

Protein (%) 19.32 20.92 0.234 ***

Ash (%) 1.37 1.20 0.022 ***

SEM: Standard error of the mean. Sig.: Significance. *** (p < 0.001).

The values found for the proximate composition parameters agree with those reported
by other authors. In this regard, a recent study comparing three different lamb breeds found
values for fat (about 1.6%), protein (19–21%), moisture (75–77%) and ash (1.06–1.22%) and
are similar to those described in this study [30]. Similarly, an investigation studying the
influence of five different breeds and three (intensive, semi-extensive and extensive) pro-
duction systems [9] or the influence of different slaughtered ages also showed comparable
values for all proximate parameters.

As it can be observed, the production system significantly (p < 0.001) affected all the
composition parameters. Concretely, the extensive production system provided lambs
with a significantly (p < 0.001) higher intramuscular fat (IMF) and protein content than
the intensive production system (1.51 vs. 0.49% and 20.92% vs. 19.32%, respectively).
In contrast, intensively-reared lambs showed significantly (p < 0.001) higher amounts of
moisture and ash (78.00 vs. 75.91% and 1.37 vs. 1.20%, respectively). Our results agree with
those reported by other authors who observed that lamb meat with the highest moisture
content presented the lowest IMF and protein contents [31]. Thus, inverse correlation
between the moisture and IMF contents previously described in the lamb meat [9,31]
explain our findings. However, these differences do not remain constant throughout the
literature. Other studies found that grass-fed lambs decreased intramuscular fat [32,33] and
protein content [34] while the moisture percentage was increased [34]. Several authors even
observed that not all composition parameters were affected by the diet [35–37]. Among
all proximate composition parameters, intramuscular fat is an important parameter that
influenced the lamb meat quality. However, there is controversy about the influence of
multiple factors on this content. In this regard, a recent study demonstrated that rearing
season had an important effect on IMF content [38]. Sheep reared in spring presented
higher IMF content than those reared in autumn. This fact could partially explain the results
obtained by us, since the lambs reared in the extensive system (spring of 2019) presented
higher values of IMF than those reared in the intensive system (fall of 2018). The differences
in the availability and the quality of pasture could be an important factor that could explain
the fact that animals reared in spring presented higher IMF than those reared during the
autumn, since the two main peaks in lamb feeding change are in winter and spring [38].
Additionally, the better quality of the pasture also results in a better milk production
by the mothers characterized by a high fat content due to a diet rich in fiber, which is
undoubtedly related to the higher IMF content in the animals raised in the extensive system
(unweaned) than those raised in the intensive production system (weaned). In line with
the aforementioned elements, another important factor that influences IMF content is the
diet. Generally speaking, the lambs feeding with concentrate presented higher IMF than
those feeding with pasture or silage. This fact was corroborated by Cadavez et al. [9],
who reported that the lambs reared in intensive production systems had higher IMF than
those reared in semi-extensive or extensive systems. This is related with the fact that
feedlot lambs had lower energy expenditure for grazing than lambs reared in the extensive
system [39]. However, as reported in the Material and Methods section, in the present
study both groups of animals graze and, thus, in our study we expect similar expenditure
for grazing in animals from both production systems. Contrary to the results reported
by Cadavez et al. [9], a study in which lambs received silage, silage + concentrate or
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concentrate during 36, 54 or 72 days concluded that both diet and feeding durations did
not have an effect on IMF [34]. They attributed the lack of differences to the similarity in
energy expenditure between animals and a higher rate of gain from good quality grass.
The administration of the different amounts of concentrate in the diet, as well as the
slaughter weight were parameters that did not affect the IMF in Barbarine lambs [40].
Similarly, in another study comparing lambs feeding with pasture and those that are stall-
fed also found no significant differences on IMF between the groups [39]. Other authors
reported that the weaned treatment (early, middle and unweaned) did not influence the
IMF [41]. In contrast, in our case, the extensively-reared lambs (unweaned) presented
higher IMF than the intensively-reared lambs (weaned at 3 months age). This fact could
partially explain the differences of IMF between groups, since a previous meta-analysis
study demonstrated that lambs that received milk had higher IMF than those that only
had access to the pasture alone [42]. In Addition, the weaning also affected the carcass
weight, since the unweaned lambs had heavier carcasses (both under concentrate and
pasture feeding regimes) than the weaned animals [43]. This result agrees perfectly with
our findings, since animals reared in the extensive systems (unweaned) presented both
higher IMF and higher carcass weight than lambs reared in the intensive production system.
Moreover, despite the fact that the carcass weight was significantly higher in extensively-
reared animals, the live weight at slaughter did not show significant differences between
both treatments (13.54 vs. 12.44 kg for intensively-reared and extensively-reared lambs,
respectively). Similar results were observed in the research of Boughalmi and Araba [44],
who found that the feeding management system (grazing vs. grazing with supplement vs.
concentrate diet) did not affected the live weight of Timahdite lambs. In another research
and in accordance with our results, the authors observed that the grass-fed lambs presented
higher values of IMF (2.4% vs. 1.4%) than lambs offered the concentrate diet [45]. In this
case, the authors attributed this fact to the adaptation period after weaning to the indoor
condition and the change of diet type, which could also explain the results found by us in
the present study.

Nevertheless, the large differences found in the literature may be due to the distinct
conditions of the studies (age and weight of slaughter, the diet composition, management,
breed, gender, etc.). Some authors reported, in the same study, contrary behavior of IMF
content between two breeds feeding with three systems [46]. In this case, the authors
reported that Akkaraman lambs feeding with concentrate presented lower values of IMF
than those that received pasture, while in the Anatolian Merino lambs the concentrate-
feeding lambs presented the highest IMF content [46]. This demonstrated that multiple
factors could affect this parameter. In fact, in a recent study, the authors reported that IMF
is strongly affected by diet, sex and age [47]. Thus, it is difficult to attribute the differences
in IMF values to a single factor. However, in the present study, the IMF differences could
be attributable to the different rearing season of the animal groups (availability and quality
of pasture), the weaning treatment and also due to the adaptation period of lambs to
concentrate diet.

3.2. Volatile Profile

In this research, a total of 205 volatile compounds from longissimus thoracis et lum-
borum of the BEDM breed were identified in the headspace of raw meat employing the
SPME/GC-MS technique. The compounds obtained were divided into nine families ac-
cording to their chemical nature: hydrocarbons (linear, branched, aromatic and benzene-
derived hydrocarbons), acids, alcohols, aldehydes, ketones, esters, ethers, furans and
sulfur compounds.

3.2.1. Hydrocarbons: Linear, Branched, Cyclic and Benzene-Derived

Table 2 displays the influence of the production system on the different hydrocarbons
of the raw lamb meat. A total of 99 compounds belonging to this group were found, 70 in
intensive-reared lambs and 48 in extensive-reared lambs. Concretely, in intensively-reared
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animals the hydrocarbons were distributed as follows: 9 linear hydrocarbons, 41 branched
hydrocarbons, 16 cyclic hydrocarbons and 4 benzene-derived hydrocarbons. On the other
hand, in extensively-reared lambs the hydrocarbons consisted of 11 linear hydrocarbons,
24 branched hydrocarbons, 11 cyclic hydrocarbons and 2 benzene-derived hydrocarbons.

Table 2. Effects of the production system on hydrocarbons (expressed as AU × 104/g fresh weight)
of BEDM lamb longissimus thoracis et lumborum muscle.

LRI m/z Intensive Extensive SEM Sig.

Linear hydrocarbons

Butane 496 43 0.00 3.68 0.480 ***

Pentane 500 43 9.52 11.75 0.961 ns

Heptane 700 71 1.00 1.29 0.100 ns

Octane 800 85 0.00 8.49 0.884 ***

4-Octene, (E)- 841 55 0.00 2.42 0.241 ***

Decane 1000 57 3.45 99.48 10.190 ***

Undecane 1100 57 5.53 0.27 0.633 ***

1-Undecene 1129 83 0.68 0.48 0.057 ns

Dodecane 1200 57 3.33 1.30 0.263 ***

Hexadecane 1210 57 0.00 1.30 0.139 ***

1-Tetradecene 1260 71 0.23 0.00 0.030 ***

Tridecane 1300 57 1.55 0.47 0.146 ***

Tetradecane 1400 57 0.87 0.00 0.101 ***

Total linear hydrocarbons 26.15 130.93 11.279 ***

Branched hydrocarbons

Pentane, 2-methyl- 541 71 0.51 2.45 0.199 ***

Pentane, 3-methyl- 550 56 1.18 29.79 2.839 ***

Butane, 2,2,3,3-tetramethyl- 656 57 0.00 10.92 1.208 ***

Hexane, 2,2-dimethyl- 656 57 17.00 0.00 2.111 ***

Pentane, 2,3-dimethyl- 675 56 0.66 0.00 0.091 ***

Pentane, 2,3,4-trimethyl- 759 71 21.00 0.09 2.375 ***

Pentane, 2,3,3-trimethyl- 767 70 46.63 0.19 5.061 ***

Pentane, 3-ethyl- 774 70 0.00 0.48 0.060 ***

Hexane, 2,3-dimethyl- 774 70 1.45 0.00 0.214 ***

1-Pentene, 3-ethyl-2-methyl- 778 55 1.37 0.00 0.169 ***

3,4-Dimethyl-2-hexene 778 83 1.38 0.00 0.193 ***

1-Pentene, 4,4-dimethyl- 788 57 0.00 0.61 0.084 ***

Butane, 2,2,3-trimethyl- 789 85 0.56 0.00 0.067 ***

Hexane, 2,2,5-trimethyl- 806 57 18.43 0.37 2.071 ***

Heptane, 3-methylene- 820 70 5.10 0.00 0.692 ***

Heptane, 3,4,5-trimethyl- 850 85 0.00 8.92 0.894 ***

Pentane, 2,3,3,4-tetramethyl- 850 84 0.00 1.63 0.191 ***

Heptane, 2,3-dimethyl- 850 85 1.42 0.00 0.180 ***

Heptane, 2,6-dimethyl- 863 88 0.37 0.00 0.043 ***
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Table 2. Cont.

LRI m/z Intensive Extensive SEM Sig.

Heptane, 3-ethyl- 917 57 1.50 0.00 0.166 ***

Nonane, 3,7-dimethyl- 925 57 1.08 0.00 0.129 ***

Heptane, 2,2,4-trimethyl- 933 57 1.99 1.20 0.168 *

Heptane, 3,3,5-trimethyl- 947 71 0.00 0.46 0.048 ***

Octane, 3,3-dimethyl- 947 71 1.95 0.00 0.218 ***

Hexane, 2,3,4-trimethyl- 948 57 0.00 0.43 0.046 ***

Pentane, 2,2-dimethyl- 948 57 1.29 0.00 0.141 ***

3-Ethyl-2-methyl-1-heptene 996 84 0.89 0.00 0.100 ***

Heptane, 3-ethyl-5-methylene- 998 70 0.00 1.94 0.226 ***

2,3-Dimethyl-1-hexene 1037 55 1.80 0.00 0.191 ***

Pentane, 3,3-dimethyl- 1046 71 3.01 0.00 0.349 ***

1-Hexene, 3-methyl- 1062 70 3.04 0.00 0.386 ***

(Z)-4-Methyl-2-hexene 1072 98 0.89 0.00 0.096 ***

2,2,4,4-Tetramethyloctane 1078 57 146.91 17.31 16.485 ***

1-Hexene, 5,5-dimethyl- 1090 57 0.00 58.12 6.290 ***

Nonane, 5-butyl- 1097 127 1.45 0.00 0.172 ***

Nonane, 5-(2-methylpropyl)- 1097 71 7.01 0.00 0.868 ***

Heptane, 2,3,4-trimethyl- 1097 57 0.00 57.47 6.317 ***

Dodecane, 2,6,10-trimethyl- 1097 57 14.27 0.00 1.805 ***

Heptane, 2,2-dimethyl- 1101 57 0.93 0.00 0.141 ***

Decane, 6-ethyl-2-methyl- 1104 57 0.00 83.25 8.323 ***

Heptane, 3,3,4-trimethyl- 1135 71 0.00 0.50 0.060 ***

Nonane, 2-methyl- 1136 57 0.69 0.00 0.084 ***

Hexane, 1-(hexyloxy)-3-methyl- 1147 57 2.34 0.00 0.275 ***

2-Undecene, 9-methyl-, (Z)- 1152 98 2.66 0.00 0.286 ***

4-Undecene, 5-methyl- 1165 168 0.30 0.00 0.036 ***

Pentane, 3,3-diethyl- 1181 98 0.34 0.00 0.036 ***

2-Undecene, 3-methyl-, (Z)- 1203 70 0.60 0.00 0.065 ***

Octane, 2,4,6-trimethyl- 1210 71 0.00 0.86 0.089 ***

5-Ethyl-1-nonene 1224 83 0.32 0.00 0.039 ***

1-Decene, 2,4-dimethyl- 1224 70 0.42 0.00 0.052 ***

Hexane, 2-methyl-4-methylene- 1227 71 0.00 0.42 0.046 ***

Heptadecane, 8-methyl- 1227 71 1.12 0.00 0.142 ***

Undecane, 5-ethyl- 1242 57 1.09 0.00 0.157 ***

Dodecane, 2-methyl- 1257 57 0.22 0.00 0.029 ***

1-Undecene, 8-methyl- 1260 97 0.34 0.00 0.046 ***

Tridecane, 3-methyl- 1331 57 0.00 0.39 0.039 ***

Heptane, 2,4-dimethyl- 1349 71 0.00 0.35 0.036 ***

5,5-Dibutylnonane 1358 71 0.00 0.36 0.037 ***

Total branched hydrocarbons 315.54 278.51 15.461 ns
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Table 2. Cont.

LRI m/z Intensive Extensive SEM Sig.

Cyclic hydrocarbons

Cyclopentane, 1,2-dimethyl-, cis- 666 56 0.49 3.39 0.336 ***

Cyclohexane, methyl- 720 83 0.00 5.77 0.628 ***

Bicyclo[3.2.0]hepta-2,6-diene 810 91 15.94 12.09 0.788 *

Cyclopentane, 1,2,3-trimethyl- 820 56 0.62 0.00 0.083 ***

Cyclooctane 822 70 0.00 2.75 0.275 ***

Cyclohexane, 1,3-dimethyl-, cis- 840 97 2.02 0.00 0.228 ***

Cyclohexane, 1,3-dimethyl- 840 97 0.49 0.00 0.059 ***

Cyclobutane, 1,1,2,3,3-pentamethyl- 938 70 1.69 0.00 0.173 ***

Cyclopropane, 1-methyl-2-pentyl- 942 55 0.34 0.00 0.037 ***

Bicyclo[3.1.1]hept-2-ene, 3,6,6-trimethyl- 992 93 2.74 0.00 0.289 ***

Cyclopentane, 1,2,3,4,5-pentamethyl- 996 69 0.86 0.00 0.094 ***

Cyclohexane, butylidene- 1042 67 0.00 0.72 0.078 ***

Cyclodecene, (Z)- 1042 67 3.64 0.00 0.371 ***

Cyclopropane 1063 41 3.04 0.00 0.318 ***

Cyclohexane, 1,2-diethyl-1-methyl- 1075 125 0.52 0.00 0.057 ***

Cyclopentane, pentyl- 1084 68 1.87 0.00 0.193 ***

D-Limonene 1085 93 0.00 0.90 0.099 ***

Cyclooctane, methyl- 1129 55 0.00 0.74 0.115 ***

Cyclopentane, 1-ethyl-1-methyl- 1143 83 0.00 2.05 0.216 ***

Butane, 2-cyclopropyl- 1165 70 0.98 0.00 0.116 ***

Cyclododecane 1249 83 0.62 0.00 0.072 ***

Heptylcyclohexane 1322 82 0.95 0.78 0.094 ns

Cyclopropane, 1,1,2,3-tetramethyl- 1374 71 0.00 0.46 0.051 ***

Cyclohexane, octyl- 1444 82 0.00 0.24 0.024 ***

Total cyclic hydrocarbons 36.81 29.89 0.980 ***

Benzene-derived hydrocarbons

Ethylbenzene 928 91 0.82 0.00 0.087 ***

Benzene, 1,3-dimethyl- 937 106 2.54 1.58 0.177 **

Benzene, n-butyl- 1118 91 0.91 0.00 0.097 ***

Benzene, (1,1-dimethylethoxy)- 1137 94 3.24 0.54 0.286 ***

Total benzene-derived hydrocarbons 7.50 2.12 0.590 ***

TOTAL HYDROCARBONS 386.00 441.44 18.278 ns

SEM: Standard error of the mean. Sig.: Significance. * (p < 0.05); ** (p < 0.01); *** (p < 0.001); ns: no significant difference.

As can be observed, the production system did not significantly affect the total hy-
drocarbon content, although this was slightly higher in lambs produced under extensive
conditions (441.44 vs. 386.00 AU × 104/g fresh meat). However, the total value of families
of linear, cyclic and benzene-derived hydrocarbons were significantly (p < 0.001) affected
by the production system. Specifically, lambs reared in the extensive system presented
higher amounts of total linear hydrocarbons (130.93 vs. 26.15 AU × 104/g fresh meat). On
the contrary, lambs reared intensively had significantly (p < 0.001) higher concentrations
of total cyclic hydrocarbons (36.81 and 29.89 AU × 104/g fresh meat for intensive and ex-
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tensive systems, respectively) and benzene-derived hydrocarbons (7.50 AU × 104/g fresh
meat for intensive and 2.12 AU × 104/g fresh meat for extensive and 2.12). Numerically
but not significantly, the branched hydrocarbons from intensively-reared animals were also
higher (315.54 and 278.51 AU × 104/g fresh meat for intensive and extensive production
systems, respectively).

Most individual hydrocarbons were significantly (p < 0.05) affected by the production
system apart from pentane, heptane, 1-undecene and heptylcyclohexane. Differences in
volatile compounds attributed to the production system may arise from the origin of the
animal feed, since some of these volatile compounds, such alkanes of more than 10 carbons,
can be stored in fatty tissues through diet [48,49]. However, the individual trends varied
depending on the substance in question. Thus, in intensively-reared lambs, the linear
hydrocarbon that was found in the highest concentration was pentane (9.52 AU × 104/g
fresh meat), while for extensively-reared lambs it was decane (99.48 AU × 104/g fresh meat).
In the case of branched hydrocarbons, the highlights were 2,2,4,4-tetramethyloctane, with a
concentration of 146.91 AU × 104/g fresh meat, and heptadecane, with a concentration of
83.25 AU × 104/g fresh meat, for intensive-raised and extensive-raised lambs, respectively.
Moreover, for both production systems, the cyclic hydrocarbon with the highest presence
was the same (namely bicyclo[3.2.0]hepta-2,6-diene) and shoed concentrations of 15.94
and 12.09 10 AU × 104/g fresh meat for lambs reared in intensive and extensive systems,
respectively. Within this group of hydrocarbons, it is also worth highlighting the presence
of the terpene D-limonene in grass-fed lambs (0.90 AU × 104/g fresh meat) and its absence
in lambs fed with concentrate.

Additionally, it should be noted that benzene-derived hydrocarbons did show the
same trend since all the compounds belonging to this group (namely ethylbenzene; ben-
zene, 1,3-dimethyl-; benzene, n-butyl-; benzene, (1,1-dimethylethoxy)-) were found in
significantly (p < 0.01) higher concentrations in lambs fed under the intensive production
system. These results are in disagreement with those obtained by various authors who
reported that benzene-derived hydrocarbons were produced to a greater extent in lambs
fed by grazing than by concentrate [6,17,50]. This discrepancy is difficult to explain since
normally benzene-derived hydrocarbons are related to the consumption of grass and, more
specifically, to the carotenoids present in green plants [51] or even with the contaminants
retained by these vegetables [52,53].

On the other hand, hydrocarbons constituted the largest family of volatile com-
pounds detected in intensive and extensive systems (59.78% and 54.76%, respectively),
with branched hydrocarbons being the volatile compounds most abundant in both diets
(48.87% for lambs reared in intensive production system and 34.55% for animals reared in
extensive production system) and benzene-derivatives being the least abundant ones (1.16
and 0.26% for intensively-reared and extensively-reared lambs, respectively) (Figure 1).
In spite of the distributions of these percentages, linear hydrocarbons (which represent
4.05 and 16.24% in intensively-reared and extensively-reared lamb meat, respectively)
and cyclic hydrocarbons (5.70% for intensively-reared and 3.71% for extensively-reared
lambs) taken together with branched ones, in general, are not particularly important in
contributing to the aroma of meat as they have high odor thresholds [29,54–56]. On the
contrary, benzene-derived hydrocarbons, even those possessing a low percentage of the
total volatile content, could have a significant contribution to the volatile pattern of lamb
meat due to their low odor threshold [48,56,57].

3.2.2. Acids

Seven acids were identified in the meat of BEDM lambs, four in samples from the
intensive production system and six from the extensive system. Moreover, the production
system significantly (p < 0.05) affected both the total amount of acids and that of each
individual compound (Table 3). Specifically, extensively-reared lambs showed a higher
concentration of all the acids determined with the exception of hexanoic acid, which
appeared in intensively-reared lambs (1.33 AU × 104/g fresh meat) while it was not
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detected in extensive farming lambs. In addition, the total amount of acids was also
significantly (p < 0.001) higher in the lambs reared extensively (8.87 vs. 2.51 AU × 104/g
fresh meat).

Figure 1. Volatile families of BEDM lamb longissimus thoracis et lumborum muscle (expressed as percentages) affected by the
production system.

Table 3. Effects of the production system on acids and alcohols (expressed as AU × 104/g fresh
weight) of BEDM lamb longissimus thoracis et lumborum muscle.

LRI m/z Intensive Extensive SEM Sig.

Acids

Acetic acid 696 60 0.05 0.45 0.044 ***

2-Propenoic acid 709 55 0.00 3.64 0.393 ***

Butanoic acid 929 60 1.10 1.91 0.164 *

Pentanoic acid 1101 60 0.00 1.67 0.204 ***

Hexanoic acid 1102 60 1.33 0.00 0.158 ***

Pentanoic acid, 2-methyl-, anhydride 1157 99 0.04 0.95 0.106 ***

Nonanoic acid 1314 60 0.00 0.26 0.031 ***

Total acids 2.51 8.87 0.678 ***

Alcohols

Glycidol 499 44 2.10 90.02 12.230 ***

1-Propanol 570 59 0.20 1.05 0.100 ***

1-Butanol 709 56 2.01 29.94 3.053 ***

1-Butanol, 3-methyl- 814 55 0.22 1.89 0.199 ***

1-Butanol, 2-methyl- 818 57 0.00 4.70 0.506 ***

1-Pentanol 855 55 0.00 33.61 3.542 ***

Cyclobutanol, 2-ethyl- 875 56 1.03 0.00 0.130 ***

2-Octen-1-ol, (Z)- 875 67 0.72 0.00 0.098 ***

2,3-Butanediol, [S-(R*,R*)]- 929 45 3.44 0.00 0.408 ***
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Table 3. Cont.

LRI m/z Intensive Extensive SEM Sig.

DL-2,3-Butanediol 931 45 0.00 0.73 0.084 ***

1-Butanol, 3-methyl-, acetate 952 55 0.05 1.37 0.306 *

1-Hexanol 967 55 3.70 7.84 0.632 ***

1-Heptanol 1062 70 4.66 5.29 0.449 ns

1-Octen-3-ol 1068 57 39.65 33.11 3.525 ns

Ethanol, pentamethyl- 1079 59 0.00 0.72 0.074 ***

2,3,4-Trimethyl-1-pentanol 1099 71 6.45 0.00 0.795 ***

1-Hexanol, 2-ethyl- 1113 57 4.91 2.62 0.371 ***

1-Hexanol, 5-methyl-2-(1-methylethyl)- 1128 71 0.94 0.00 0.109 ***

1-Undecanol 1129 69 0.00 0.32 0.035 ***

4-Ethylcyclohexanol 1130 81 0.24 0.41 0.052 ns

Benzyl alcohol 1145 108 0.27 0.00 0.030 ***

5-Methyl-1-heptanol 1143 70 1.11 2.70 0.220 ***

1-Octanol 1147 56 3.25 3.95 0.289 ns

2-Octen-1-ol, (E)- 1148 57 1.62 1.94 0.203 ns

3-Octen-2-ol, (E)- 1148 67 0.00 1.02 0.117 ***

3-Octen-1-ol, (Z)- 1149 81 0.69 0.00 0.116 **

1-Butanol, 2-methyl-, trifluoroacetate 1152 70 3.35 0.00 0.361 ***

1,8-Octanediol 1168 55 0.00 4.04 0.562 ***

6-Undecanol 1183 55 0.00 0.78 0.093 ***

4-Methyl-5-decanol 1184 83 0.42 0.00 0.066 ***

1-Butanol, 3,3-dimethyl- 1189 56 0.00 0.37 0.038 ***

1,9-Nonanediol 1224 55 0.00 0.20 0.021 ***

1-Nonanol 1224 56 0.21 0.15 0.014 *

1-Butanol, 2-methyl-, propanoate 1349 57 0.00 0.52 0.053 ***

2,4-Di-tert-butylphenol 1456 191 2.52 0.00 0.353 ***

Total alcohols 83.76 229.30 16.597 ***

SEM: Standard error of the mean. Sig.: Significance. * (p < 0.05); ** (p < 0.01); *** (p < 0.001); ns: no significant difference.

Within this group, branched chain fatty acids, such as 4-methyloctanoic, 4-ethyloctanoic
and 4-methylnonanoic acids, are of special interest because they are related to the specific
aroma of lamb meat, contributing to the mutton-like aroma [6,58,59]. However, none
of these compounds were detected in the lambs analyzed regardless of the production
system employed.

The contribution of acids on the total volatile compounds was very low. Indeed,
this family has been the least abundant in intensively-reared lambs and the second with
the least presence in extensively-reared lambs. More concretely, total acids represented
0.39 and 1.10% of the total volatile substances in lambs reared in intensive and extensive
production systems, respectively (Figure 1). This weak presence may be due to the fact
that some acids, such as branched chain, are found mainly in adipose tissue since they are
diminished in muscle tissue [58]. Furthermore, since branched fatty acids tend to increase
with the age of the animals and are associated with older lambs of over two years [60],
their presence in our study was limited due to the young age of the lambs (~4 months).
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3.2.3. Alcohols

In this study, 35 different alcohols (24 in animals from the intensive production system
and 25 in animals from the extensive production system) were detected in the BEDM lambs
meat (Table 3). As can be observed, all these compounds were significantly (p < 0.05)
affected by the production system except for 1-heptanol, 1-octen-3-ol, 4-ethylcyclohexanol,
1-octanol and 2-octen-1-ol, (E)-, although in different manners. Nevertheless, it can be
generally observed that the extensive production system tends to provide BEDM lamb meat
with a higher presence of alcohols, since 20 of the compounds identified in this group were
found in significantly (p < 0.05) higher concentrations compared to their intensively-reared
counterparts. Moreover, BEDM lambs reared in the extensive production system showed a
total content of alcohols significantly (p < 0.001) higher than those reared in the intensive
system (229.30 and 83.76 AU × 104/g fresh meat, respectively). This occurrence could
be due to the fact that some alcohols, such as 1-pentanol and 1-hexanol, are related to
the degradation of their homologous aldehydes during lipid oxidation [61,62]. In this
regard, a previous study demonstrated that the BEDM lambs reared extensively have
very high contents of polyunsaturated fatty acids (specially n-3 PUFA) [9], which are
more susceptible to oxidation [63] and can explain the results observed on the lipid-
derived volatile compounds behavior. Thus, in our study, 1-pentanol alone has been
identified in extensively-reared lambs (33.61 AU × 104/g fresh meat) and 1-heptanol
has shown a concentration of 7.84 AU × 104/g fresh meat in extensively-reared lambs
compared to 3.70 AU × 104/g in intensively-reared lambs. Nevertheless, the greater levels
of 1-hexanol in extensively-reared lambs contrasts with the fact that this alcohol comes
from the autoxidation of linoleic acid [63,64], which is typically present in concentrates
made from grains [65]. Despite these observations, other studies have also found that
grass-raised ewes showed higher amounts of 1-hexanol in meat than intensively-reared
ewes [18]. In addition, 1-pentanol and 1-hexanol could positively affect the aroma of lamb
meat since 1-pentanol is characterized by its pleasant, sweet or fruity odor, while 1-hexanol
has a herbal and fatty odor [29,48,66]. Furthermore, the lambs reared in the extensive
production system displayed a concentration of 1-butanol that is significantly higher than
that of the lambs reared intensively (29.94 vs. 2.01 AU × 104/g fresh meat). These results
agree with the fact that meat from BDEM lambs reared in extensive system presented high
amounts of linoleic acid [9], which is the main precursor of this volatile compound (derived
from oxidation reactions) [63].

On the other hand, two alcohols (namely benzyl alcohol and 2,4-di-tert-butylphenol)
have been identified, which could be related to the diet based on grass as they are phenolic
compounds [19]. However, in the meat of BEDM lambs reared in extensive production
system (fed with grass) none of these two compounds were identified, while in those fed
with concentrate (intensive production system) values of 0.27 and 2.52 AU × 104/g fresh
meat were obtained for benzyl alcohol and 2,4-di-tert-butylphenol, respectively. These
results are similar to those indicated by other authors, which suggest that not all phenolic
compounds are related to grass [14,67].

Regarding the 1-octanol, this alcohol was not significantly affected (p > 0.05) by
breeding, obtaining very similar values for both types of lambs (3.25 and 3.95 AU × 104/g
fresh meat for intensively-reared and extensively-reared lambs, respectively). Similarly,
1-octen-3-ol has not been significantly (p > 0.05) affected by the production system, since
both lambs showed concentrations in the same range (39.65 and 33.1 AU × 104/g for
intensively- and extensively-reared lambs, respectively). This could be due to the fact that
1-octen-3-ol is a compound that arises from several pathways [48]; it is a volatile substance
derived from lipid oxidation that is frequently reported in meat and meat products [63,68].
These facts are in agreement with those obtained by Sivadier et al. [17] who observed that
1-octen-3-ol content did not depend on the diet supplied. In addition, although they are
normally of lower molecular weight, there are various alcohols that are considered to be of
metabolic origin; thus, they are not affected by the diet provided [69].
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With respect to the contribution of alcohols over the total volatile content, this family
is the second most abundant in both production systems. Specifically, this group represents
12.97 and 28.44% in the lambs reared intensively and extensively, respectively (Figure 1).
Despite this, alcohols have a debatable high odor threshold and their contribution to
volatile flavor is less than that of other compounds such as aldehydes [70]. However,
various alcohols, such as 1-pentanol, may contribute to the lamb aroma on account of their
low odor threshold and their mild, fruit and balsamic aroma [66,71].

3.2.4. Aldehydes

In our work, the lambs reared extensively showed a significantly (p < 0.001) higher
total aldehyde value than lambs reared intensively (10.53 vs. 6.40 AU × 104/g fresh meat),
which is inconsistent with what was obtained in Almela et al. [5]. Within the aldehyde
family, 14 compounds were identified (11 in lambs from intensive production and 8 in
lambs from extensive production system) (Table 4), among which hexanal was the only
volatile compound that was not significantly (p > 0.05) affected by the production system
and similar concentrations in both groups of lambs were found (1.07 and 0.97 AU × 104/g
fresh meat). This suggests that the meat from both productions systems could show
similar lipid oxidation states, since hexanal is assumed to be one of the main indicators
of lipid oxidation [72,73]. However, other aliphatic saturated aldehydes found in our
research, apart from hexanal, are also considered as indicators of lipid oxidation in raw
meat because they are derived from the degradation of hydroperoxides [63,74]. This is
the case of the octanal and nonanal aldehydes, which are derived from the oxidation of
oleic acid [63,75]. Concretely, octanal was the one that was found in greater presence in
the lambs reared under intensive conditions (2.30 AU × 104/g fresh meat), while it did
not appear in the lambs reared extensively. This fact could indicate that intensively-reared
lambs may have a greater intensity of rancid odor, since previous studies have found
that octanal is the aldehyde that presented the highest correlation with this parameter in
lamb meat packed under a protective atmosphere [76]. On the contrary, nonanal was only
detected in extensively-reared lambs since it is the aldehyde that appears in the highest
concentration in the meat of these animals (2.56 AU × 104/g fresh meat), after 2-propenal
with a concentration of 4.04 104/g fresh meat, which would provide a plastic and soapy
aroma [77].

Table 4. Effects of the production system on aldehydes and ketones (expressed as AU × 104/g fresh
weight) of BEDM lamb longissimus thoracis et lumborum muscle.

LRI m/z Intensive Extensive SEM Sig.

Aldehydes

Propanal, 2-methyl- 556 72 0.00 0.21 0.021 ***

Butanal, 3-methyl- 659 58 0.26 0.57 0.050 ***

Butanal, 2-methyl- 671 57 0.14 1.00 0.097 ***

2-Butenal 841 70 0.39 0.00 0.047 ***

Hexanal 874 56 1.07 0.97 0.109 ns

Heptanal 987 70 0.27 0.95 0.100 ***

Hexanal, 3-methyl- 988 55 0.23 0.00 0.034 ***

Hexanal, 3,3-dimethyl- 1006 69 0.92 0.00 0.099 ***

Octanal 1084 84 2.30 0.00 0.276 ***

Benzeneacetaldehyde 1139 91 0.09 0.23 0.026 **

2-Propenal 1148 55 0.00 4.04 0.437 ***

Nonanal 1168 57 0.00 2.56 0.278 ***
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Table 4. Cont.

LRI m/z Intensive Extensive SEM Sig.

2-Decenal, (E)- 1298 83 0.40 0.00 0.039 ***

2-Decenal, (Z)- 1299 70 0.32 0.00 0.040 ***

Total aldehydes 6.40 10.53 0.555 ***

Ketones

2,3-Butanedione 589 86 15.54 0.00 1.711 ***

2-Butanone 593 72 0.72 1.93 0.138 ***

2-Pentanone 724 86 0.23 0.66 0.047 ***

3-Pentanone 735 57 6.65 0.00 0.909 ***

2,3-Pentanedione 739 100 0.00 0.79 0.097 ***

1,5-Heptadien-4-one, 3,3,6-trimethyl- 779 83 0.00 0.99 0.115 ***

Cyclobutanone, 2,2,3-trimethyl- 815 70 0.00 2.90 0.306 ***

3-Heptanone 973 57 0.32 2.32 0.258 ***

2-Heptanone 980 58 1.68 8.67 0.851 ***

Pyrolo[3,2-d]pyrimidin-2,4(1H,3H)-
dione 1057 151 9.83 8.21 0.456 ns

3-Ethylcyclopentanone 1058 83 0.00 0.37 0.042 ***

4-Octanone, 5-hydroxy-2,7-dimethyl- 1059 69 0.00 2.49 0.283 ***

Butyrolactone 1061 86 2.71 0.00 0.283 ***

4-Hexen-3-one, 5-methyl- 1062 83 0.41 0.00 0.050 ***

3-Heptanone, 5-methyl- 1069 99 3.28 0.00 0.395 ***

5-Hepten-2-one, 6-methyl- 1073 68 0.74 0.49 0.059 *

2-Octanone 1077 58 2.16 4.08 0.334 *

2(3H)-Furanone, dihydro-5-methyl- 1095 56 0.00 8.53 1.108 ***

5-Hexen-3-one 1151 98 0.90 1.24 0.076 *

3-Nonanone 1155 72 0.61 0.57 0.050 ns

2-Nonanone 1161 58 0.86 0.65 0.039 **

2(3H)-Furanone, 5-ethyldihydro- 1179 85 0.48 0.56 0.040 ns

2-Undecanone 1310 58 0.36 0.00 0.038 ***

2(3H)-Furanone, dihydro-5-pentyl- 1400 85 0.00 0.36 0.037 ***

Total ketones 47.48 45.81 10.626 ns

SEM: Standard error of the mean. Sig.: Significance. * (p < 0.05); ** (p < 0.01); *** (p < 0.001); ns: no significant difference.

Another important aldehyde is heptanal, which is usually an indicator of animal diets
rich in linoleic acid, since it is an aldehyde that appears after the oxidation of this fatty
acid [64]. In this manner, it would be expected that the lambs reared in the intensive system
would obtain higher concentrations of heptanal than those reared extensively because
linoleic acid is typically present at high quantities in cereal grains [65]. Conversely, in our
research, lambs from extensive production system displayed significantly (p < 0.001) higher
amounts of heptanal than intensive-reared lambs (0.95 vs. 0.27 AU × 104/g fresh meat).
It is important to highlight that in a previous study, the BDEM lambs reared in extensive
system also presented high amounts of this fatty acid, which explains our findings [9].
These results are consistent with those shown by Vasta et al. [18], who found that milk
from grass-fed ewes had higher concentrations of heptanal than those fed a grain-based
diet. Therefore, it is not easy to unambiguously link an aldehyde compound with a lamb
feeding or production system [14].
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On the other hand, the fraction corresponding to the group of aldehydes with respect
to the total volatiles was very low in both groups (0.99 and 1.31%, for intensive-reared and
extensive-reared lambs, respectively) (Figure 1). Specifically, it is the second and third group
of volatile compounds that are the less abundant of the nine divisions in lambs produced in
intensive and extensive systems, respectively. This fact is in disagreement with the results
reported by other authors who found that the aldehyde family generally represents the
main contributors to the volatile fraction extracted from ruminant meat [18,78]. Despite
this discrepancy, aldehydes remain one of the most important volatile compounds because
they are the main indicators of rancidity in meat due to their low odor threshold [79,80].

3.2.5. Ketones

A total of 24 ketones were identified in the BEDM lamb meat (17 in intensively-reared
and 18 in extensively-reared lambs). As shown in Table 4, the production system did not
significantly (p > 0.05) affect the total amount of ketones, although it was slightly higher
in extensively-reared lambs (47.48 vs. 45.81 AU × 104/g fresh meat). Despite the fact
that the total content of this family was not affected by production system, each individ-
ual ketone showed significant (p < 0.05) differences according to the production system
employed, with the exception of pyrolo[3,2-d]pyrimidin-2,4(1H,3H)-dione; 3-nonanone
and 2(3H)-furanone, 5-ethyldihydro-, also known as γ-hexalactone, which could be re-
lated to the metabolism of the ruminants since certain ketones are considered to be of
metabolic origin [69]. Conversely, there are ketones that are derived from the diet [18].
This is the case of 2,3-octanedione, which has been considered by several studies as a
typical compound present in grass-fed animals meat [18,20]. However, the results obtained
by Resconi et al. [81] and Gravador et al. [68] did not identify 2,3-octanedione in lambs
regardless of their diet.

On the other hand, 2,3-butanedione (diacetyl), was linked with grain diets [23]. This
event is in agreement with the results obtained in our work, since it has been observed
that only lambs reared in the intensive system had 2,3-butanedione (15.54 AU × 104/g
fresh meat), while this diketone was not identified in extensively-reared animals. In fact,
2,3-butanedione also stands out for being the ketone that appears in greater abundance in
lambs fed with concentrate. Additionally, the presence of 2-heptanone and 2-butanone are
associated with grain-based diets [16,65]. Despite this, in our study, it was found that lambs
reared extensively presented significantly (p < 0.001) higher amounts of 2-heptanone, 2-octanone
and 2-butanone (8.67 vs. 1.68 AU × 104/g fresh meat for 2-heptanone; 4.08 vs. 2.16 AU × 104/g
fresh meat for 2-octanone; and 1.93 vs. 0.72 AU × 104/g fresh meat for 2-butanone) and even
2-heptanone, which is the ketone that was detected in greater abundance in these lambs.
These unexpected outcomes are consistent with those obtained by Vasta et al. [18] who did
not observe significant differences in this 2-ketones, yet did find slightly higher amounts
in lambs fed with grass than with concentrate. Additionally, the high proportion of these
ketones in animals reared in the extensive production system could be due to 2-ketones
being derived from lipid oxidation [63] and BEDM lambs that are extensively-reared had
the highest amounts of PUFA [9], which promotes their formation. Contrary, 2-nonanone
was identified in a significantly higher concentration (p < 0.01) in intensively-reared lambs
(0.86 and 0.65 AU × 104/g fresh meat for intensively-reared and extensively-reared animals,
respectively). Although the value of 2-nonane is significant higher in lambs from intensive
systems than in lambs from extensive production system, it is important to mention that
the difference of content between both groups of animals was less than those described
for the aforementioned 2-ketones. This ketone (2-nonanone) possesses a “fatty, oily, fruity”
odor and has previously been associated with a lamb flavor [82,83], which could indicate
that lambs reared in intensive production system could show a stronger flavor linked to
this compound.

Furthermore, it should be noted that up to four different lactones were identified in
the lamb meat, namely butyrolactone; 2(3H)-furanone, dihydro-5-methyl-; 2(3H)-furanone,
5-ethyldihydro-; and 2(3H)-furanone, dihydro-5-pentyl. It has been previously pointed out
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that this type of lactones have been linked to grain-based diets [20,21] due to its higher
content of oleic and linoleic acids compared to pasture [84]. This is because lactones
arise from the corresponding hydroxy-fatty acids [85], which in turn are formed in the
rumen by the oxidation of dietary oleic and linoleic acids [86]. However, in our work,
only butyrolactone seemed to follow the trend expected, since it was found in intensively-
reared lambs (2.71 AU × 104/g fresh meat) and not in extensively-reared lambs. On the
contrary, 2(3H)-furanone, dihydro-5-methyl- and 2(3H)-furanone, dihydro-5-pentyl- were
only identified in lambs produced in extensive systems and obtained concentrations of
8.53 and 0.36 AU × 104/g fresh meat in these lambs, respectively. Finally, 2(3H)-furanone,
5-ethyldihydro- was not significantly (p > 0.05) affected by the production system.

Regarding the contribution of ketones on the total volatile compounds, this fam-
ily represented 7.35 and 5.68% of the total volatile substances in intensively-reared and
extensively-reared lambs, respectively (Figure 1). This percentage was slightly lower than
that reported by Krvavica et al. [87], who observed ketone values of around 9% in lamb of
the Lika breed. Despite this, the percentage of ketones is relatively high, since this group is
the fourth most abundant family for intensively-reared lambs and the third for extensively-
reared lambs within the nine groups. This occurrence combined with the fact that ketones
have a low perception threshold [56,82] renders this group a notable contributor to the
meat flavor [73].

3.2.6. Esters, Ethers, Furans and Sulfur Compounds

Sixteen different esters were detected in BEDM lambs meat (8 in intensively-reared
and 11 in extensively-reared lambs), which were significantly (p < 0.001) affected by the
production system except for a single compound, namely 2-butenoic acid, 2-methyl-,
2-methylpropyl ester, which did not suffer significant (p > 0.05) variations (Table 5). In
general, esters were found to a greater extent in lambs reared in extensive systems since
10 of the 16 compounds obtained significantly (p < 0.001) higher concentrations in these
animals. In addition, the total content of esters was also significantly (p < 0.05) higher
in the lambs reared in extensive systems compared to those reared in intensive systems
(28.30 vs. 21.62 AU × 104/g fresh meat). These differences could be related to the possible
variability of the fatty acid profile of lambs [88] because the main origin of esters is the
esterification of carboxylic acids [89]. Despite the differences, previous studies have shown
that the contribution of esters to the aromatic profile of lamb meat may be low [68];
several authors did not even detect these compounds [17,81,90,91] or detected a low
number of esters [37,76,87,88]. Therefore, although the fraction of esters to the total volatile
compounds was relatively high (3.35 in intensively-reared lambs and 3.51% for lambs
reared under extensive conditions) (Figure 1), their presence may not contribute to the
overall aroma of the lamb meat.

Regarding the ethers group, only three different compounds were identified (Table 5).
Two were found in intensively-reared lambs (namely, ether, 2-ethylhexyl tert-butyl and
decyl heptyl ether) and one in lambs raised extensively (namely, ether, 3-butenyl pentyl).
All these individual compounds as well as their total content were significantly (p < 0.001)
affected by the production system. Specifically, the lambs fed under the intensive diet
showed significantly (p < 0.001) higher amounts of this group (30.83 vs. 4.69 AU × 104/g
fresh meat). In addition, ethers represented 4.77% of the total volatile content in lambs
from the intensive system and occupies the fifth position of the nine families, while this
group only accounted for 0.58% of the total volatile content in lambs from the extensive
system and is the family that appears in the lowest presence (Figure 1). The literature
consulted did not frequently find these compounds in lamb meat and, in some cases, were
non-existent in many investigations [18,34,91,92]. Furthermore, it was observed that ethers
were not relevant compounds in the aroma of lambs [93] and some of these substances
could be found in lamb due to their possible use as insecticides, acaricides and fumigants
for the soil [48].
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Table 5. Effects of the production system on esters, ethers, furans and sulfur compounds (expressed
as AU × 104/g fresh weight) of BEDM lamb longissimus thoracis et lumborum muscle.

LRI m/z Intensive Extensive SEM Sig.

Esters

Acetic acid, methyl ester 537 74 0.18 0.46 0.044 ***

Ethyl Acetate 598 43 0.64 4.17 0.439 ***

Formic acid, ethenyl ester 708 43 0.00 11.24 1.193 ***

Butanoic acid, ethyl ester 856 70 1.51 0.00 0.158 ***

Formic acid, heptyl ester 1062 56 0.00 5.69 0.599 ***

Sulfurous acid, 2-ethylhexyl nonyl ester 1086 57 15.82 0.00 1.848 ***

Formic acid, octyl ester 1147 55 0.00 3.78 0.431 ***

Propanoic acid, 2-methyl-, 2-propenyl
ester 1177 71 0.00 0.55 0.070 ***

Butanoic acid, 2-propenyl ester 1183 71 0.00 0.63 0.080 ***

2-Butenoic acid, 2-methyl-,
2-methylpropyl ester 1183 83 0.31 0.45 0.039 ns

2-Propenoic acid, 2-methyl-,
(tetrahydro-2-furanyl)methyl ester 1297 71 1.00 0.00 0.103 ***

Sulfurous acid, hexyl nonyl ester 1298 85 1.70 0.00 0.182 ***

Sulfurous acid, 2-ethylhexyl hexyl ester 1331 85 0.00 0.45 0.049 ***

Propanoic acid, 2-methyl-,
2-methylpropyl ester 1384 71 0.00 0.38 0.046 ***

Sulfurous acid, 2-ethylhexyl isohexyl
ester 1412 57 0.46 0.00 0.054 ***

Pentanoic acid, 5-hydroxy-,
2,4-di-t-butylphenyl esters 1454 191 0.00 0.49 0.060 ***

Total esters 21.62 28.30 1.509 *

Ethers

Ether, 3-butenyl pentyl 1046 55 0.00 4.69 0.532 ***

Ether, 2-ethylhexyl tert-butyl 1090 57 28.67 0.00 3.068 ***

Decyl heptyl ether 1169 57 2.15 0.00 0.271 ***

Total ethers 30.83 4.69 2.849 ***

Furans

Furan, 2-ethyl- 706 81 0.90 4.75 0.468 ***

Furan, 2,3-dihydro- 806 70 0.00 1.76 0.228 ***

2-n-Butyl furan 956 81 0.33 0.47 0.042 ns

Furan, 2-pentyl- 1054 81 17.49 6.41 1.331 ***

Total furans 18.73 13.38 1.059 **

Sulfur compounds

Dimethyl sulfide 528 62 0.43 1.67 0.211 **

Carbon disulfide 532 76 47.57 21.34 4.129 ***

Dimethyl sulfone 1090 79 0.30 0.81 0.091 **

Total sulfur compounds 48.30 23.81 4.010 **

SEM: Standard error of the mean. Sig.: Significance. * (p < 0.05); ** (p < 0.01); *** (p < 0.001); ns: no significant difference.
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On the other hand, four furans were identified in both lambs (Table 5), except for
furan, 2,3-dihydro-, which was only found in lambs reared in extensive systems at a concen-
tration of 1.76 AU × 104/g fresh meat. Specifically, the furan that appeared in the highest
concentration was furan, 2-pentyl in both production systems, which has been frequently
identified in lamb meat [76,83,87,92] and related with lipid oxidation [29,75,83], green bean
and butter flavors [66]. According to Fruet et al. [94], feeding with grass provided animals
with significantly (p < 0.001) lower concentrations of furan, 2-pentyl (6.41 AU × 104/g
fresh meat compared to the 17.49 AU × 104/g fresh meat of lambs reared intensively).
This fact could reveal that the grass-based diet has a higher content of α-tocopherol, since
the formation of furan, 2-pentyl is negatively correlated with said antioxidant [24]. On
the contrary, the rest of furans were found in a higher concentration in lambs reared in
the extensive range, being significant (p < 0.001) in the case of furan, 2-ethyl- and furan,
2,3-dihydro-. Despite this, the total content of furans remained significantly (p < 0.01)
higher in intensively-reared lambs (18.13 vs. 13.38 AU × 104/g fresh) due to their higher
contribution of furan, 2-pentyl. Additionally, the furan group represented a percentage
of 2.90 and 1.66% of the total volatile compounds found in intensive and extensive lambs,
respectively (Figure 1). These fractions are not very high, since furans represent the sixth
and seventh family in lambs reared extensively and intensively, respectively. However,
their occurrence can be very important, since these compounds are potential contributors
to the rancid aroma of meat [76].

Finally, in the present research three sulfur compounds were identified in both
intensively-reared and extensively-reared lambs, which were significantly (p < 0.01) af-
fected by the production system (Table 5). Specifically, intensively-reared lambs produced
a significantly (p < 0.01) higher concentration for the total content of these substances
(48.30 vs. 23.81 AU × 104/g fresh). In disagreement with these findings, several studies
displayed that sulfur compounds were present at higher concentration in grass-feed ani-
mals compared to animals fed with concentrates [6,14]. However, the higher content in
our research can be related to the amount of the carbon disulfide, since it turned out to be
the only sulfurous compound found in high levels in lambs reared intensively (45.75 vs.
21.34 AU × 104/g fresh). Despite this difference, disulfide carbon was the most abundant
sulfur compound detected in both production systems. This substance can be derived
from the enzymatic proteolysis of sulfur-containing amino acids [95] and/or from dithio-
carbamate fungicides employed in agriculture [96]. Disulfide carbon could be important
in the aromatic profile of lamb as it has been found to contribute to the overall aroma
of packed meat [95] and possess a pleasant, sweet or ether-like odor [48]. Furthermore,
Karabagias [48] concluded that carbon disulfide could be considered as a typical volatile
compound of raw lamb meat. Contrary, dimethyl sulfide and dimethyl sulfone have
been detected in significantly (p < 0.01) higher amounts in extensively-reared animals.
These compounds are important because they can create adverse flavors in extensively-
reared lambs. In this respect, dimethyl sulfone has been associated with unfavorable
sensory descriptors [6]. Regarding the contribution of sulfur compounds on the volatile
profile, this family represented 7.48 and 2.95% of the total volatile compounds in the lambs
reared intensively and extensively, respectively. This presence can be considered important
since, in addition to being the third and fifth most abundant family in intensively-fed and
extensively-fed lambs, sulfur compounds contribute to the general aroma of meat [95].

A further consideration on the overall meat aroma profile is that lambs fed extensively
displayed a significantly (p < 0.001) higher concentration of total volatile compounds
(806.13 vs. 645.13 AU × 104/g fresh meat). This difference could suggest that extensively-
reared lambs may have a higher flavor intensity than intensively-reared lambs. Further-
more, these outcomes are in line with those encountered by other studies, which found a
greater flavor intensity in the meat of animals fed with pasture [15,18] or whose mothers
were grazing at a pasture [18,97] in comparison to meat from animals fed with concen-
trates. This occurrence could be due to the fact that extensively-reared lambs contain a
significantly (p < 0.001) higher fat content than intensively-reared lambs (Table 1), which
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can generate a greater amount of volatile compounds. In our study no significant (p > 0.05)
correlations were found between intramuscular fat and total volatile content for either
of the two production systems analyzed (r = 0.030; p > 0.05, for intensively-reared lambs;
and r = 0.127; p > 0.05, for extensively-reared lambs). Similarly, the correlations between
intramuscular fat and the different families of volatile compounds were low (r < 0.450) and
not significant (p > 0.05) in any case (except for the correlation found in extensively-reared
lambs for total ethers, where a significant correlation was observed (r = 0.634; p < 0.05)).
However, when the individual volatile compounds were analyzed, a significant correla-
tion (both positive and negative, depending on the volatile substance) between IMF and
180 compounds was detected. Among these compounds, it is important to highlight that
strong, significant and positive correlations (r > 0.6 and p < 0.01) between IMF and the most
important lipid-derived compounds, such as 1-propanol (r = 0.708; p < 0.01), 1-pentanol
(r = 0.642; p < 0.01), 1-hexanol (r = 0.633; p < 0.01), nonanal (r = 0.639; p < 0.01), 2-butanone
(r = 0.654; p < 0.01), 2-pentanone (r = 0.645; p < 0.01) and 2-heptanone (r = 0.684; p < 0.01)
was observed. This fact confirms that the influence of the production system on the lipid
content and that the lipid composition could likely be one of the main important factors
for the release of characteristic volatile compounds that mainly consists of lipid-derived
compounds, which, generally speaking, have a high impact on meat aroma due to their
low odor thresholds.

4. Conclusions

The use of two different production systems (intensive and extensive) significantly
affected the proximate composition of the BEDM lamb meat. Animals reared in an extensive
production system presented the highest values of IMF and protein, while it demonstrated
the lowest values for moisture and ash. In the same manner, the total concentration of
volatile compounds was also affected, being higher in lambs reared in extensive regime,
although it did not seem related to intramuscular fat content. However, the intramuscular
fat content had a strong effect on the most individual volatile content derived from lipid
reactions (lipolysis, lipid oxidation, etc.). Furthermore, most of the individual volatile
compounds were also influenced by the production system, which could be related to both,
and specific compounds linked to the diet or the variation of lipid fraction (lipid content
and fatty acids), which highly influenced the release of lipid-derived volatile compounds.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10071450/s1, Table S1: Chemical composition, ingredients and amounts of mineral and
vitamin mix used in the diet of intensively-reared lambs.

Author Contributions: Conceptualization, V.A.P.C. and J.M.L.; formal analysis, N.E., R.B. and L.P.;
writing—original draft preparation, N.E. and R.D.; writing—review and editing, R.D., U.G.-B., E.H.
and J.M.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the EU ERA-NET programme (project “EcoLamb–Holistic Pro-
duction to Reduce the Ecological Footprint of Meat”), grant number SusAn/0002/2016 through the
Portuguese Foundation for Science and Technology (FCT) and the Agencia Estatal de Investigación
(Acciones de Programación Conjunta Internacional) grant number PCIN-2017-053.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to the compliance with national and/or European Regulations on animal husbandry and slaughter.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: Noemí Echegaray acknowledges Consellería de Cultura, Educación e Orde-
nación Universitaria (Xunta de Galicia) for granting with a predoctoral scholarship (Grant number
IN606A-2018/002). Rubén Domínguez, Laura Purriños, Roberto Bermúdez and José M. Lorenzo
are members of the HealthyMeat network and funded by CYTED (ref. 119RT0568). CIMO au-
thors are grateful to FCT and FEDER under Programme PT2020 for the financial support to CIMO

21



Foods 2021, 10, 1450

(UIDB/00690/2020). Gonzales-Barron acknowledges the national funding by FCT, P.I., through the
Institutional Scientific Employment Programme contract.

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

References

1. Font-i-Furnols, M.; Guerrero, L. Consumer preference, behavior and perception about meat and meat products: An overview.
Meat Sci. 2014, 98, 361–371. [CrossRef]

2. Glitsch, K. Consumer perceptions of fresh meat quality: Cross-national comparison. Br. Food J. 2000, 102, 177–194. [CrossRef]
3. Watkins, P.J.; Frank, D.; Singh, T.K.; Young, O.A.; Warner, R.D. Sheepmeat flavor and the effect of different feeding systems: A

review. J. Agric. Food Chem. 2013, 61, 3561–3579. [CrossRef] [PubMed]
4. Young, O.A.; Berdagué, J.L.; Viallon, C.; Rousset-Akrim, S.; Theriez, M. Fat-borne volatiles and sheepmeat odour. Meat Sci. 1997,

45, 183–200. [CrossRef]
5. Almela, E.; Jordán, M.J.; Martínez, C.; Sotomayor, J.A.; Bedia, M.; Bañón, S. Ewe’s diet (pasture vs grain-based feed) affects

volatile profile of cooked meat from light lamb. J. Agric. Food Chem. 2010, 58, 9641–9646. [CrossRef] [PubMed]
6. Young, O.A.; Lane, G.A.; Priolo, A.; Fraser, K. Pastoral and species flavour in lambs raised on pasture, lucerne or maize. J. Sci.

Food Agric. 2003, 83, 93–104. [CrossRef]
7. Sañudo, C.; Alfonso, M.; Sanchez, A.; Berge, P.; Dransfield, E.; Zygoyiannis, D.; Stamataris, C.; Thorkelsson, G.; Valdimarsdottir,

T.; Piasentier, E.; et al. Meat texture of lambs from different European production systems. Aust. J. Agric. Res. 2003, 54, 551–560.
[CrossRef]

8. De-Arriba, R.; Sánchez-Andrés, A. Production and Productivity in Eastern and Western European Sheep Farming: A Comparative
Analysis. Available online: http://www.lrrd.org/lrrd26/4/arri26066.htm (accessed on 3 July 2020).

9. Cadavez, V.A.P.; Popova, T.; Bermúdez, R.; Osoro, K.; Purriños, L.; Bodas, R.; Lorenzo, J.M.; Gonzales-Barron, U. Compositional
attributes and fatty acid profile of lamb meat from Iberian local breeds. Small Rumin. Res. 2020, 193, 106244. [CrossRef]

10. Ruano, Z.M.; Cortinhas, A.; Carolino, N.; Gomes, J.; Costa, M.; Mateus, T.L. Gastrointestinal parasites as a possible threat to an
endangered autochthonous Portuguese sheep breed. J. Helminthol. 2019, 94, e103. [CrossRef]

11. Mendelsohn, R. The challenge of conserving indigenous domesticated animals. Ecol. Econ. 2003, 45, 501–510. [CrossRef]
12. Paim, T.d.P.; Da Silva, A.F.; Martins, R.F.S.; Borges, B.O.; Lima, P.d.M.T.; Cardoso, C.C.; Esteves, G.I.F.; Louvandini, H.; McManus,

C. Performance, survivability and carcass traits of crossbred lambs from five paternal breeds with local hair breed Santa Inês
ewes. Small Rumin. Res. 2013, 112, 28–34. [CrossRef]

13. Cruz, B.C.; Cerqueira, J.; Araújo, J.P.; Gonzales-Barron, U.; Cadavez, V. Study of growth performance of Churra-Galega-
Bragançana and Bordaleira-de-Entre-Douro-e- Minho lamb breeds. In Proceedings of the XVIII Jornadas sobre Producción
Animal, Zaragoza, Spain, 7–8 May 2019; pp. 66–68.

14. Vasta, V.; Priolo, A. Ruminant fat volatiles as affected by diet. A review. Meat Sci. 2006, 73, 218–228. [CrossRef] [PubMed]
15. Priolo, A.; Micol, D.; Agabriel, J. Effects of grass feeding systems on ruminant meat colour and flavour. A review. Anim. Res. 2001,

50, 185–200. [CrossRef]
16. Vasta, V.; Ratel, J.; Engel, E. Mass spectrometry analysis of volatile compounds in raw meat for the authentication of the feeding

background of farm animals. J. Agric. Food Chem. 2007, 55, 4630–4639. [CrossRef]
17. Sivadier, G.; Ratel, J.; Engel, E. Latency and persistence of diet volatile biomarkers in lamb fats. J. Agric. Food Chem. 2009, 57,

645–652. [CrossRef]
18. Vasta, V.; D’Alessandro, A.G.; Priolo, A.; Petrotos, K.; Martemucci, G. Volatile compound profile of ewe’s milk and meat of their

suckling lambs in relation to pasture vs. indoor feeding system. Small Rumin. Res. 2012, 105, 16–21. [CrossRef]
19. Naczk, M.; Shahidi, F. Extraction and analysis of phenolics in food. J. Chromatogr. A 2004, 1054, 95–111. [CrossRef]
20. Sebastiàn, I.; Viallon, C.; Berge, P. Analysis of the volatile fraction and the flavour characteristics of lamb: Relationships with the

type of feeding. Sci. Aliment. 2003, 23, 497–511. [CrossRef]
21. Suzuky, J.; Bailey, M.E. Direct sampling capillary GLC analysis of flavor volatiles from ovine fat. J. Agric. Food Chem. 1985, 33,

343–347. [CrossRef]
22. Vlaeminck, B.; Fievez, V.; Van Laar, H.; Demeyer, D. Rumen odd and branched chain fatty acids in relation to in vitro rumen

volatile fatty acid productions and dietary characteristics of incubated substrates. J. Anim. Physiol. Anim. Nutr. 2004, 88, 401–411.
[CrossRef] [PubMed]

23. Raes, K.; Balcaen, A.; Dirinck, P.; De Winne, A.; Claeys, E.; Demeyer, D.; De Smet, S. Meat quality, fatty acid composition and
flavour analysis in belgian retail beef. Meat Sci. 2003, 65, 1237–1246. [CrossRef]

24. Vasta, V.; Luciano, G.; Dimauro, C.; Röhrle, F.; Priolo, A.; Monahan, F.J.; Moloney, A.P. The volatile profile of longissimus dorsi
muscle of heifers fed pasture, pasture silage or cereal concentrate: Implication for dietary discrimination. Meat Sci. 2011, 87,
282–289. [CrossRef]

25. ISO (International Organization for Standardization). Determination of moisture content, ISO 1442:1997 standard. In International
Standards Meat and Meat Products; International Organization for Standardization: Genève, Switzerland, 1997.

26. ISO (International Organization for Standardization). Determination of nitrogen content, ISO 937:1978 standard. In International
Standards Meat and Meat Products; International Organization for Standardization: Genève, Switzerland, 1978.

22



Foods 2021, 10, 1450

27. ISO (International Organization for Standardization). Determination of ash content, ISO 936:1998 standard. In International
Standards Meat and Meat Products; International Organization for Standardization: Genève, Switzerland, 1998.

28. AOCS. AOCS Official Procedure Am5-04. Rapid Determination of Oil/Fat Utilizing High Temperature Solvent Extraction; American Oil
Chemists Society: Urbana, IL, USA, 2005.

29. Domínguez, R.; Purriños, L.; Pérez-Santaescolástica, C.; Pateiro, M.; Barba, F.J.; Tomasevic, I.; Campagnol, P.C.B.; Lorenzo, J.M.
Characterization of Volatile Compounds of Dry-Cured Meat Products Using HS-SPME-GC/MS Technique. Food Anal. Methods
2019, 12, 1263–1284. [CrossRef]

30. Gonzales-Barron, U.; Popova, T.; Bermúdez Piedra, R.; Tolsdorf, A.; Geß, A.; Pires, J.; Domínguez, R.; Chiesa, F.; Brugiapaglia, A.;
Viola, I.; et al. Fatty acid composition of lamb meat from Italian and German local breeds. Small Rumin. Res. 2021, 200, 106384.
[CrossRef]

31. Polidori, P.; Pucciarelli, S.; Cammertoni, N.; Polzonetti, V.; Vincenzetti, S. The effects of slaughter age on carcass and meat quality
of Fabrianese lambs. Small Rumin. Res. 2017, 155, 12–15. [CrossRef]

32. Cividini, A.; Levart, A.; Žgur, S.; Kompan, D. Fatty acid composition of lamb meat from the autochthonous Jezersko-Solčava
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Abstract: Boar taint detection is a major concern for the pork industry. Currently, this taint is
mainly detected through a sensory evaluation. However, little is known about the entire volatile
organic compounds (VOCs) profile perceived by the assessor. Additionally, many research groups
are working on the development of new rapid and reliable detection methods, which include the
VOCs sensor-based methods. The latter are susceptible to sensor poisoning by interfering molecules
produced during high-temperature heating of fat. Analyzing the VOC profiles obtained by solid
phase microextraction gas chromatography–mass spectrometry (SPME-GC-MS) after incubation at
150 and 180 ◦C helps in the comprehension of the environment in which boar taint is perceived.
Many similarities were observed between these temperatures; both profiles were rich in carboxylic
acids and aldehydes. Through a principal component analysis (PCA) and analyses of variance
(ANOVAs), differences were highlighted. Aldehydes such as (E,E)-nona-2,4-dienal exhibited higher
concentrations at 150 ◦C, while heating at 180 ◦C resulted in significantly higher concentrations in fatty
acids, several amide derivatives, and squalene. These differences stress the need for standardized
parameters for sensory evaluation. Lastly, skatole and androstenone, the main compounds involved
in boar taint, were perceived in the headspace at these temperatures but remained low (below 1
ppm). Higher temperature should be investigated to increase headspace concentrations provided
that rigorous analyses of total VOC profiles are performed.

Keywords: back fat; boar taint; entire male pig; GC-MS; lipid oxidation; meat quality; pork meat;
SPME; VOC

1. Introduction

Nowadays, a top priority for the pork industry is being able to correctly discriminate
tainted from untainted boar carcasses. In fact, boar taint is a strong and unpleasant smell
found in the meat of some uncastrated male pigs. This smell appears upon cooking of
boar tainted meat and is due to the release of a complex mixture of molecules. The major
molecules responsible for this smell are the steroid androstenone (5-α-androst-16-en-3-one)
and the tryptophan metabolite skatole (3-methylindole), which are well-known for their
urine and fecal smell, respectively [1,2].

To prevent the development of such molecules, surgical castration without pain
relief has often been used worldwide given that it is a fast, cheap, and handy castration
technique for farmers. However, this practice has been criticized for the pain and stress
that it inflicts to piglets. Hence, alternatives to surgical castration have been suggested and

Foods 2021, 10, 1311. https://doi.org/10.3390/foods10061311 https://www.mdpi.com/journal/foods
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are now being promoted [3]. Out of all, two castration techniques appear more realistic:
immunocastration (i.e., testicular functions are deactivated through the neutralization of the
hypothalamic–pituitary–gonadal axis hormones [4]) and rearing of entire males. Whether it
is to discriminate tainted uncastrated male pigs or simply to ensure that immunocastration
has functioned correctly, the detection of tainted carcasses is an essential step in the
slaughtering process.

Currently, many research studies are taking place to develop new detection methods
that are ideally low cost (less than 1.30 euro/analysis), fast (less than 10 s/analysis), 100%
specific and sensitive (no false negatives and no false positives), and automated [5]. These
criteria are essential for methods to be used on the slaughter line.

Several detection principles have been investigated throughout the years [6]. Mass
spectrometry-based methods have recently been examined and have shown interesting
results. Rapid evaporative ionization mass spectrometry (REIMS) provided highly accurate
classification of tainted and untainted samples at a fast speed and has shown its potential
to be used for online applications given its hand-held sampling tool and estimated low
cost [7]. Laser diode thermal desorption–tandem mass spectrometry (LDTD-MS/MS) has
also been thoroughly investigated [8–10]. This method achieved good validation criteria,
fast analysis (once sample preparation has been performed, analysis in itself takes less than
10 s/sample), and is currently being tested in a Danish slaughterhouse [11]. However, both
methods would require substantial investment (expensive instruments and need for skilled
staff), which could lead to reluctance in their application.

Other methods recently tested and presenting lower investment cost are devices based
on Raman spectroscopy [12,13] and a new specific sensor system based on screen-printed
carbon electrodes [14,15]. Additionally, these techniques are easy to use given the hand-
held measuring tool. However, both still need further validation given high prediction
errors for Raman spectroscopy and the absence of real slaughterhouse testing with the
sensor system.

The rapid detection of boar taint through volatile organic compounds (VOCs) detec-
tion has also been widely studied. Some researchers have tried using gas chromatography
mass spectrometry (GC-MS) for this purpose [16,17]. However, the high initial investment
and long (i.e., minimum 3.5 min [16]) analysis time remained two main drawbacks of
GC-MS methods.

Boar taint detection through the use of e-noses has been extensively studied some
years ago [18–22]. An e-nose is composed of an array of sensors for which a response is
induced when gases, and in this case VOCs, are perceived at their surface. In a recent review
by Burgeon et al. (2021) [6], the great potential of new sensor material for skatole and
androstenone has been discussed, and this review concluded that sensor-based methods
might be a solution for the rapid slaughterhouse detection of boar taint provided that it
is able to detect low headspace concentrations of skatole and androstenone in a VOCs-
rich environment. This working environment is due to the extraction conditions used to
volatilize skatole and androstenone.

In fact, skatole and androstenone are lipophilic molecules with low vapor pressure
(7.3 × 10−4 kPa and 1.3 × 10−6 kPa at 25 ◦C, respectively); hence, fat must be heated
at high temperatures to allow the volatilization of these molecules. This heating leads
to the release of a variety of molecules. Most of these molecules are products of lipids
degradation (oxidation of fatty acids starting at 70 ◦C [23]). Lipids can oxidize in three
main ways: autoxidation, enzymatic-catalyzed oxidation, and photo-oxidation. However,
the most probable oxidation mechanism during fat heating remains autoxidation where
the unsaturated fatty acids react with oxygen, which is activated by temperature in this
case, to produce free radicals. These free radicals are unstable and therefore decompose
to form various molecules, including acids, alcohols, esters, ketones hydrocarbons, and
aldehydes. The latter are present in significant quantities in products that underwent
oxidation processes [24].
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Such a VOCs-rich environment can quickly lead to sensor poisoning, i.e., binding of
VOCs to the sensor’s surface, and in turn lead to temporal sensor drift. Such drift is defined
as the gradual deviation of the sensor’s response when exposed to the same molecule in the
same environment [25]. Understanding the VOCs environment in which the volatilization
of skatole and androstenone takes place is primordial, as this could help in creating new
drift-reduction solutions, which are physical solutions (such as filters) aiming to reduce
interfering VOCs present in the headspace but also creating more robust drift correction
models taking such environments into account.

Until now, none of the above-mentioned methods have stood out compared to the
others, and that is why current slaughterhouse boar taint detection is still performed either
through a colorimetric method [26] or mainly by sensory evaluation [27].

Hence, the objective of this research was to examine elevated temperature VOC
profiles to facilitate new sensor development, gain the understanding of VOCs perceived
during boar taint sensory evaluations, and lastly help in understanding which VOCs
perceived by the consumers during the cooking of pork meat are lipid-derived. The 150
and 180 ◦C temperatures were used in the current study, as they are frequently encountered
for sensory evaluation in the frame of boar taint detection [28–32] and appear in the range
of temperatures used for cooking by consumers [33].

Rius et al. (2005) [34] have already analyzed VOCs produced when heating fat at a
temperature of 120 ◦C. However, only back fat with low concentrations in skatole and
androstenone was analyzed, and comparisons of heating temperatures were not performed.

To the best of our knowledge, our study is the first providing a thorough understand-
ing and comparisons of VOC profiles obtained following the heating of sow fat as well
as tainted and untainted boar fat at two elevated temperatures (150 and 180 ◦C) and sam-
pling and analysis by solid phase microextraction gas chromatography–mass spectrometry
(SPME-GC-MS).

2. Materials and Methods

2.1. Samples

Sow back fat (n = 6), tainted (n = 7) and untainted boar fat (n = 7) were collected from a
local slaughterhouse. Sow fat was randomly selected. Tainted and untainted boar fat, on the
other hand, were selected after these had been checked for boar taint by a trained assessor
through an online human nose detection method (soldering iron). The collected samples
were frozen at −20 ◦C at the slaughterhouse, transported in a cooler, and stored again at
−20 ◦C. The presence or absence of boar taint was confirmed through the quantification of
skatole and androstenone in fat by high-performance liquid chromatography fluorescence
detection (HPLC-FD), which is described later in this section.

2.2. Chemicals

Methanol (CAS n◦ 67-56-1, HPLC grade, Sigma-Aldrich, Darmstadt, Germany), dan-
sylhydrazine (CAS n◦ 33008-06-9, Sigma-Aldrich, Darmstadt, Germany ), boron trifluoride
(BF3) at 20% in methanol v/v (CAS n◦ 373-57-9, VWR, Darmstadt, Germany), phospho-
ric acid (H3PO4) (CAS n◦ 7664-38-2, Sigma-Aldrich, Darmstadt, Germany), acetonitrile
(CAS n◦ 75-05-8, HPLC grade, Supelco, Darmstadt, Germany), tetrahydrofuran (CAS n◦
109-99-9, HPLC grade, Supelco, Darmstadt, Germany), liquid nitrogen (CAS n◦ 7727-37-9,
Nippon Gases, Schoten, Belgium), 2,3-dimethylindole (CAS n◦91-55-4, Sigma Aldrich,
Darmstadt, Germany), skatole (CAS n◦ 83-34-1, Sigma Aldrich, Darmstadt, Germany), and
androstenone (CAS n◦ 18339-16-7, Sigma Aldrich, Darmstadt, Germany ) were used in
this experiment.

2.3. Skatole and Androstenone Quantification in Back Fat

This analysis allowed quantifying the skatole and androstenone content in both tainted
and untainted boar fat samples. Boar fat is considered tainted if skatole concentrations
are above the thresholds of 200 ng g−1 of fat and/or above 1000 ng g−1 for androstenone.
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These thresholds were selected given that the commonly accepted threshold generally
range from 200 to 250 ng g−1 of fat for skatole and 500 to 1000 ng g−1 for androstenone [35].
Quantification of these molecules in back fat was performed on the basis of a method
by Hansen-Moller (1994) [36], which consists of a methanolic extraction of the molecules,
derivatization of androstenone, and analysis by high-performance liquid chromatography
fluorescence detection (HPLC-FD). This protocol was slightly adapted as described in
this section.

2.3.1. Extraction of Androstenone and Skatole

Two mL of methanol was added to 0.50 g of back fat cut into pieces (0.5 cm square).
The sample was homogenized by an Ultra-Turrax T25 (Janke & Kunkel, Straufen, Germany)
for 30 s at 13,500 rpm. Then, 500 μL of methanol was added, and the sample was homog-
enized again for 30 s with the Ultra-Turrax; finally, 500 μL of methanol was added and
homogenized for 1 min with the Ultra-Turrax. The sample was ultrasonicated for 5 min
and placed in an ice bath for 15 min before centrifugation at 7700 rpm at 4 ◦C. Then, the
supernatant was passed through a 0.45 μm filter paper (Whatmann, Darmstadt, Germany),
and 140 μL was put in vial for analysis.

2.3.2. Derivatization

The autosampler was programmed to mix 30 μL of 2% dansylhydrazine in methanol,
4.4 μL of water, and 10 μL of 20% v/v BF3 with 140 μL of methanolic extract. A reaction
time of 5 min was observed; then, 20 μL of the incubated sample was injected into HPLC.

2.3.3. High-Performance Liquid Chromatography Fluorescence Detection (HPLC-FD)

The analysis was performed by HPLC (1260 Infinity, Agilent Technologies, Santa Clara,
CA, USA) with a kinetex column EVO C18 100 A (150 × 3.0 mm × 5 μm, Phenomenex,
Utrecht, Belgium) and a precolumn AJO-9297, EVO C18 (Phenomenex, Utrecht, Belgium).
The solutions for the mobile phase are prepared as follows: (A) H3PO4/deionized water
(1:1000 v/v); (B) acetonitrile; (C) THF/deionized water (99:1 v/v). The elution gradient
profile runs as presented in Table 1. The mobile phase was pumped at a flow rate of
0.5 mL min−1 throughout the process.

Table 1. Elution gradient for the separation of skatole and androstenone on an High-Performance
Liquid Chromatography Fluorescence Detection (HPLC) system.

Time (min)
H3PO4/Deionized
Water (1:1000 v/v)

Acetonitrile
THF/Deionized
Water (99:1 v/v)

0 73 0 27

5.3 73 0 27

7.3 42 24 34

13 42 24 34

13.3 10 0 90

18 10 0 90

24 73 0 27

28 73 0 27

The detection with a fluorescence detector (FD) (Agilent Infinity 1260) was performed
with an excitation wavelength of 285 nm and emission wavelength of 340 nm for skatole
and 346 nm for excitation and 521 nm for emission of androstenone. The wavelength
change takes place after 12 min of elution.
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2.3.4. Quantification of Skatole and Androstenone

Quantification of skatole and androstenone was made possible with matrix-matched
calibration curves. These were prepared with sow fat (very low concentrations in skatole
and absence of androstenone) that had been previously spiked with standards solutions.
Calibrations curves were prepared for concentrations ranging from 45 to 500 ng/g for
skatole and from 240 to 5000 ng/g for androstenone.

2.4. Analysis of VOCs Found in the Headspace of Heated Back Fat Samples

VOC profiles were established following 6 different analyses (i.e., 6 modalities): heat-
ing of sow fat at 150 ◦C, untainted boar fat at 150 ◦C, tainted boar fat at 150 ◦C, sow fat
at 180 ◦C, untainted boar fat at 180 ◦C, and tainted boar fat at 180 ◦C. The analyses were
performed as described in this section.

2.4.1. Sample Preparation

First, 2.5 g of back fat was cut and then cooled by adding liquid nitrogen (−196 ◦C).
The sample is ground for 5 s with an A11 basic IKA analytical grinder. Before recovering
1.0 g of sample in a vial, liquid nitrogen is added to the sample to freeze it. The sample is
stored at −20 ◦C until analysis.

2.4.2. SPME-GC-MS VOCs Analysis

Before proceeding to the headspace solid phase microextraction GC-MS analysis (HS-
SPME-GC-MS), 1 μL of 2,3-dimethylindole at 125 μg mL−1 in methanol is added on the
inside of the 20 mL vial, which is immediately sealed with a magnetic screw cap with a
PTFE septum (Sigma-Aldrich, Darmstadt, Germany).

Incubation of the sample takes place at 150 ◦C (for the first analysis) or 180 ◦C (for the
second analysis) for 20 min in a heated agitator (Gerstel, Mülheim an der Ruhr, Germany).
Then, sampling of VOCs was achieved with a divinylbenzene/carboxen/polydimethylsiloxane
(DVB/CAR/PDMS, 50/30 μm) SPME fiber (Supelco, Darmstadt, Germany) through a
5 min exposition in the headspace. The vials were shaken at 250 rpm (agitator on/off
time: 10 s/1 s) during incubation and extraction. Desorption of the extracted and captured
VOCs takes place for 2 min. Injection was performed in splitless mode at 270 ◦C. The
fiber was conditioned for 20 min at injection temperature. Analyses were performed by
GC-MS (7890A-5975C, Agilent Technologies, Santa Clara, CA, USA ) equipped with an
HP-5 MS capillary column (30 m × 250 μm × 0.25 μm, Agilent Technologies, Santa Clara,
CA, USA). Helium was used as a carrier gas at a flow rate of 1.2 mL/min. The oven
temperature program was as follows: starting at 40 ◦C with a hold for 3 min; then, there is
an increase of 5 ◦C/min up to 300 ◦C with a hold for 5 min. The mass spectrometer was
set to have a temperature of 230 ◦C at the ion source and 150 ◦C at the quadrupole. The
mass spectrometer was programmed with a SCAN/SIM acquisition mode. In SIM mode,
the targeted ions were (quantitative ions in bold): 77, 103, and 130 for skatole; 130 and
144 for 2,3-dimethyl-indole; and lastly, 239, 257, and 272 for androstenone. The SIM mode
allowed for semi-quantification of skatole and androstenone in the headspace using the
following formula:

Target (ppb) = (area target quant. ion/area I.S. quant. ion) × mass of I.S. × (1/vial volume) × correction factor. (1)

The correction factor corresponds to 2.5 for skatole and 1/34 for androstenone; IS
corresponds to the internal standard, i.e., 2,3-dimethylindole in this case.

In SCAN mode, mass spectra were scanned from 35 to 500 amu. Then, component
identification was performed by comparison of the obtained spectra with mass spectra in a
reference database (NIST17). Additionally, experimental retention indices (RI) were calcu-
lated following the injection of a mixture of n-alkanes C8-C30 (Sigma Aldrich, Darmstadt,
Germany) under the same chromatographic conditions as those previously mentioned.
This allowed the comparison of these RI to literature RI. Lastly, pure standards were in-
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jected for skatole (CAS n◦ 83-34-1, Sigma Aldrich) and androstenone (CAS n◦ 18339-16-7,
Sigma Aldrich, Darmstadt, Germany) to ensure identification [37–39].

2.5. Data Analysis

General VOC profiles were established through a chromatographic deconvolution
process (Agilent MassHunter Unknowns Analysis), and chromatographic areas were
obtained for each VOC. Then, these results were used in two different ways. In the first
case, they were first reported as a percentage of the total chromatographic area to allow a
general analysis. General linear models (GLMs) were performed on these data to validate
some observations. Fat type was used as a fixed factor and incubation temperature was
used as a covariate for GLM. In the second case, the chromatographic area data were mass-
normalized, auto-scaled, and log-transformed (generalized logarithm transformation) to
obtain a distribution of the variables closer to normal and make results more comparable.
Then, a principal component analysis (PCA) as well as a heatmap were generated with
these normalized data. One-way analyses of variance (ANOVAs) were performed on the
normalized data of the top 25 contributors to the differences observed. The PCA and
heatmap were carried out on metaboanalyst [40]. Pearson correlation coefficients were
determined for the skatole and androstenone headspace and content concentrations data.
These coefficients as well as GLMs mentioned earlier were established with the Minitab 19
software (Minitab Inc., State College, PA, USA). Headspace/content correlation plots for
skatole and androstenone were performed on Excel (Microsoft Office 2016).

3. Results and Discussion

In this section, results concerning the analysis of VOC profiles obtained with the high
incubation temperatures used, i.e., 150 and 180 ◦C, will first be examined. Fat can be heated
even more for boar taint detection; however, lipid oxidation occurs at a greater extent in
this case. Therefore, in this research, 150 and 180 ◦C were studied, as it seemed to be a
compromise between high temperature for the extraction of skatole and androstenone and
minimization of lipid oxidation and the creation of degradation products, which could
potentially interfere with the detection of boar taint compounds and saturate the sensors in
the case of e-noses. Thus, the detection of skatole and androstenone in the headspace will
be examined in the next section.

3.1. VOC Profiles Generated through High-Temperature Incubation of Fat
3.1.1. General Understanding of the Generated VOC Profiles

A total of 48 compounds were correctly identified overall in fat samples regardless of
their taint (Table 2). The profiles are composed of a large diversity of molecules including,
amongst others, alcohols, aldehydes, furanes, and pyridine derivatives. Although some
common characteristics are observed between the six different types of profiles obtained,
some differences are also observed. These mainly exist between the heating temperatures
rather than between the fat types.
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In fact, it can be observed from Table 2 that the major group of compounds identified
is not the same at 150 and 180 ◦C. Aldehydes are the most abundant at 150 ◦C ranging
from 40.09% of the total profile for tainted fats to 55.00% for sow fats compared to much
lower percentages of aldehydes at 180 ◦C, ranging from 19.09% for untainted fat to 26.81%
for tainted fats (effect of temperature: p-value < 0.05). Amongst these aldehydes, some
are present in much greater quantities compared to others. These include (E)-Dec-2-enal,
(E)-Undec-2-enal, (E,E)-Hepta-2,4-dienal, and (E,E)-Deca-2,4-dienal, the latter accounting
for up to 16.34% of the total profile in the case of sow fat.

On the other hand, the fatty acids group is the most present at 180 ◦C, making up
52.88% to 63.14% of the total profile at this temperature. Three fatty acids stand out:
octadec-9-enoic acid (up to 31.93% of the total profile), hexadecanoic acid (up to 15.85%),
and lastly, octadecanoic acid (up to 20.7%). Finding these three molecules as the most
abundant fatty acids is in accordance with what has been found by Zhao et al. (2017) [41],
who analyzed VOCs of stewed pork broth by solvent-assisted flavor evaporation (SAFE)
combined with GC-MS.

Additionally, observing octadec-9-enoic acid and hexadecanoic acid as two of the
three major fatty acids in the VOCs profile corresponds to the actual fatty acids content of
back fat. In fact, several studies have analyzed the fatty acid composition of back fat and
have found that the most abundant was octadec-9-enoic acid followed by hexadecanoic
acid [42,43]. The hydrolysis of triglycerides into free fatty acids (FFAs) and glycerol is con-
trolled by two main lipolytic enzymes: adipose triacylglycerol lipase (ATGL) regulating the
hydrolysis of triacylglycerols into diacylglycerols and FFAs and hormone-sensitive lipase
(HSL) regulating that of diacylglycerols into monoacylglycerols, FFAs, and glycerols [44].
Therefore, this explains the presence of FFAs in back fat.

Regarding their presence in the headspace, one must remember that such long-chain
fatty acids possess low vapor pressures (e.g., octadec-9-enoic acid has a vapor pressure
of 5.46 × 10−7 mm Hg at 25 ◦C [45]); therefore, greater incubation temperatures lead to
greater headspace concentrations of these FFAs. With temperatures increasing from 150 to
180 ◦C, it can be seen from the data that the total acids found in the headspace increase for
all three fat types (p < 0.05).

Serra et al. (2004) [42] and Rius et al. (2005) [34] who have also analyzed VOCs
obtained following incubation of fat observed that aldehydes were the most abundant
class of molecules, making up respectively 37.1% and 69.61% of the total VOC profiles.
However, lower incubation temperatures (60 and 120 ◦C) were used in their study, which
could explain the smaller volatilization of FFAs and hence the smaller relative abundance
of these in their VOC profiles. Seeing that the total aldehydes percentage in the 180 ◦C
profiles is lower is simply due to the fact that more volatiles are being released at 180 ◦C
compared to 150 ◦C.

As observed in Table 2, the majority of aldehydes present are unsaturated, which is
explained by the higher proportions of unsaturated fatty acids than saturated fatty acids in
pork back fat [46]. The most abundant aldehydes are (E,E)-deca-2,4-dienal and (E,E)-hepta-
2,4-dienal, which are VOCs produced following the oxidation of linoleic acid and linolenic
acid, respectively, and which are known to have a fatty and fried smell [24,41,47,48].
Benzaldehyde has also been found to originate from linolenic acid degradation [49].

In smaller proportions are ketones and alcohol. The alcohols detected at these temper-
atures correspond to those that have been found by Rius et al. (2005) [34] at 120 ◦C. On the
other hand, two of the three ketones (pentadecan-2-one and heptadecan-2-one) observed
in our study have not been observed by the latter. However, Zhao et al. (2017) [41] have
found pentadecan-2-one as part of the VOCs found in pork broth.

Furans have also been found in the profiles. Furans are well-known to be responsible
for the characteristic odor of fried foodstuffs. These molecules are found in a multitude of
food products, including meat products [50,51].
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3.1.2. Understanding the Differences between the VOC Profiles Generated

Principal component analysis (PCA) was used to better visualize existing differences
or groupings between the samples analyzed. Figure 1 represents a PCA scores plot of
the first two principal components (PCs) of the VOC profiles dataset. Therefore, in this
PCA scores plot, each sample analyzed is represented based on their respective VOC
profiles. The first principal component (PC 1) explains 22.4% of the variation in the dataset,
while the second principal component (PC 2) explains 7.2% of the variation. In this figure,
the samples that are close to each other have similar VOC profiles. Therefore, the clear
overlap of sow fat, tainted boar fat, and untainted boar fat respectively at 150 and 180 ◦C
suggests that no net distinction is perceived between the VOC profiles of these three fat
types. However, although a slight overlap is observed between the samples at 150 ◦C
and those at 180 ◦C, a separation exists between the VOC profiles obtained following fat
incubation at 150 and 180 ◦C. This suggests, as expected, that temperature has an impact
on the generated VOCs. The molecules majorly responsible for the differences observed
between the temperatures are described later in this section (Figure 2).

Figure 1. Principal component analysis (PCA) scores plot of component area normalized data of
VOC profiles. Red and green dots indicate VOC profiles obtained for sow fat heated at 150 ◦C (n = 6)
and 180 ◦C (n = 6), dark blue and light blue represent VOC profiles for tainted boar fat heated at
150 ◦C (n = 7) and 180 ◦C (n = 7); lastly, pink and yellow dots represent untainted fats at 150 ◦C (n = 7)
and 180 ◦C (n = 7) respectively.
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Figure 2. Heatmap generated with normalized data for the top 25 molecules responsible for the
differences between the profiles. Each column corresponds to a studied modality. Red and green
squares indicate VOC profiles obtained for sow fat heated at 150 and 180 ◦C, dark blue and light blue
represent VOC profiles for tainted boar fat heated at 150 and 180 ◦C, and lastly, pink and yellow dots
represent untainted fats at 150 and 180 ◦C, respectively. Results of ANOVAs are represented after
the molecule name: NS indicates a p-value > 0.05 while *, **, *** indicate p-values < 0.05, <0.01, and
<0.001 respectively.

As a reminder, the general VOC profiles have been established based on an untargeted
approach following the detection of molecules in SCAN mode. Hence, skatole and an-
drostenone semi-quantified following SIM mode detection (addressed in the next section)
have not been included in the PCA data. Several other molecules have been suggested
in the literature as responsible for boar taint. These include indole, 4-phenyl but-3-en-2-
one, styrene, 1,4-dichlorobenzene, 2-aminoacetophenone, 5-α-androst-16-en-3-α-ol, and
5-α-androst-16-en-3-β-ol [2,34,52,53]. However, these molecules were not observed in
the SCAN data, and no targeted approach (such as the use of the SIM mode) was used
to attempt to detect them. Hence, this partially explains the overlapping of tainted and
untainted fats. Additionally, although these molecules are not detected here in SCAN
mode due to very low analytical concentrations, these still impact sensory evaluation as
they may be detected by the human. The concept of odor activity values (OAVs) is very
important in such analysis. This one considers the concentration of a compound in the
food matrix and its odor threshold. OAV values greater than 1 are considered to be main
contributors to the total flavor [54,55]. The OAV in fat of several molecules introduced
above have been studied by Gerlach et al. (2018) [56]. For example, they have found that
androstenone has an OAV of 25 and skatole has an OAV of 40 in boar fat. On the other
hand, (E,E)-deca-2,4-dienal, the most present aldehyde in our study, only had an OAV of 1.
This suggests that although this molecule is present in high concentrations in our study
(Table 2), it only minorly impacts sensory evaluation compared to boar taint compounds.

The interpretation of the molecules responsible for the difference between the two
temperatures is eased through the elaboration of a heatmap (Figure 2). The level of
significance of the differences observed can be observed after the molecule name. From the
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latter, it appears that significant differences exist for 23 of the 25 molecules most responsible
for the differences perceived.

As mentioned earlier and as confirmed by this figure, it can be noticed that overall,
the differences mainly reside between profiles at the different temperatures. The VOCs’
intensities are very different from one temperature to another and imply that assessors
performing sensory evaluation at different temperature are not confined to the same
working environment. This could lead to different results for the same sample. This
stresses the importance of standardizing sensory evaluation protocols, from the training of
the assessors to the evaluation per se performed in the slaughterhouse [27,57,58].

Some molecules are present in significantly higher concentrations in the headspace of
fat heated at 150 ◦C compared to 180 ◦C. For example, this is the case for the aldehydes such
as (E)-non-2-enal, (E)-undec-2-enal, and (E,E)-nona-2,4-dienal. As mentioned earlier, these
molecules are secondary oxidation products of fatty acids. In meat, these molecules can
further react. For example, the molecule (E,E)-deca-2,4-dienal can react with ammonia to
produce 2-pentyl-pyridine [46]. Ammonia usually originates from the Strecker degradation
of cysteine, which is an amino acid frequently found in the meat [59]. Careful attention
was paid when sampling the fat before homogenization; however, the potential traces of
muscle (Longissimus dorsi) in the sample cannot be excluded. The acceleration of such
a reaction at high temperatures could explain the smaller headspace concentrations of
(E,E)-deca-2,4-dienal in samples at 180 ◦C (Figure 2).

To the exception of octadec-9-enamide in the specific case of sow fat, the fatty amides,
hexadecanamide, octadecanamide, and octadec-9-enamide, which are present in the 180 ◦C
profiles, are simply absent from the profiles at 150 ◦C. Such amides have been obtained
in several studies on the pyrolysis of meat products for waste management [60,61], hence
demonstrating the implication of high temperatures in their production. These molecules
are not simple degradation products of fatty acids and suggest once again the presence of
small concentrations of proteins in the fat sample [60].

Another molecule present only in profiles at 180 ◦C is squalene. This one also has
a low vapor pressure (6.3 × 10−6 mmHg at 25 ◦C), which explains its presence only at
the higher temperature. Finding squalene in the three types of fats at this temperature is
explained by the fact that squalene affects cholesterol production, which in turn affects
the production of the steroid pregnenolone. All steroids and hence both androgens and
estrogens in male and female pigs are produced starting from pregnenolone [53].

3.2. Detection of Skatole and Androstenone in the Headspace of Tainted and Untainted Boar Fat

Detection of the ions used for both qualification and semi-quantification of skatole
and androstenone in boar fat was possible at both temperatures (Figure 3).

Figure 3. Detection of ions in selection ion monitoring mode (SIM mode) for samples incubated at 150 ◦C. Quantitative
ions for semi-quantification of (a) skatole (m/z 130, peak at Rt = 23.096 min) and (b) androstenone (m/z 272, peak at
Rt = 41.233 min).
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Additionally, positive correlation coefficients higher than 0.77 are observed between
the content (Table S1 for skatole and androstenone back fat content) and headspace concen-
trations of skatole and androstenone at both 150 and 180 ◦C (Figure 4).

 
(a) (b) 

Figure 4. Correlation plots between headspace concentrations (ppb) and content concentrations (ng/g) of skatole (a) and
androstenone (b) respectively at 150 ◦C (in blue, n = 7) and 180 ◦C (in orange, n = 7). For the content, values below the
linearity range were set at 0 arbitrarily. Pearson correlation coefficients as well as their significance levels are represented on
the graph. **, and *** indicate p-values < 0.01, and <0.001, respectively.

It can be observed from the skatole correlation plots that trends between content
and emissions are similar at 150 and 180 ◦C, which therefore suggests that the skatole
extraction yield and subsequently the concentrations perceived in the headspace are the
same at these temperatures. To increase the headspace concentrations in skatole, several
solutions exist. Amongst these solutions, a large increase in temperature, a reduction
of the headspace volume, or simply the heating of bigger samples (that hence have a
greater absolute quantity in skatole) could be considered. However, as mentioned earlier,
in both cases, the VOCs profile will be rich in many other molecules, which might affect
the response of the boar taint detection method used (saturation of the assessor’s nose in
the case of sensory evaluation and sensor drift for sensor-based methods).

Different results appear for androstenone correlation plots. In fact, it can be seen from
Figure 4b that more androstenone is emitted with increasing temperature. This can in part
be explained by the fact that androstenone has a lower vapor pressure and hence a smaller
tendency to volatilize compared to skatole, thus leading to better androstenone extractions
at higher temperatures.

Low headspace concentrations (maximum below 250 ppb for skatole and 700 ppb
for androstenone) could in part be explained by the strong matrix effects observed with
boar fat. Given the lipophilic character of skatole and androstenone, an efficient extraction
process is often used prior to analytical determinations of skatole and androstenone. Sample
preparation usually begins with a heating or homogenization step followed by an extraction
and purification step prior to analysis. Additionally, measurements are often performed
based on liquefied fat from which connective tissues have been removed (only 60% of the
adipose tissue is constituted of fat per se) [62]. Various methods have been developed in
the last decade to quantify skatole and androstenone content based on headspace analysis.
As it is the case in our study, these researchers have only incubated fat at high temperatures
prior to quantification of the boar taint compound. However, to compensate for matrix
effects and subsequent low analyte extraction, internal standards were spiked directly in
the liquefied fat [63,64]. This procedure was not performed in our study, as we wanted
to determine real headspace concentrations of skatole and androstenone, justifying the
injection of the internal standard 2,3-dimethylindole directly in the headspace of the vial. It
is important to note that what is perceived by the sensory assessor in the slaughterhouse or
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by the consumer when eating pork are compounds that are present in gaseous form in the
headspace. In fact, VOCs can reach the nasal cavity either through orthonasal olfaction
(direct inhalation in front of the nose) or through the throat while chewing (retronasal
olfaction) [65].

The positive and significant Pearson correlation coefficients between the headspace
concentration and the content for skatole and androstenone indicate that what is found
in the headspace at both temperatures is a good representation of boar taint in the fat.
Although extraction is similar for skatole at 150 and 180 ◦C (typical cooking temperatures
of pork), the greater headspace concentrations for androstenone at 180 ◦C imply that higher
temperatures allow a better representation of boar taint. One must remember that boar
taint is a complex smell composed of a large variety of molecules. Only 33% of boar taint
is explained by skatole alone, while 50% of the taint is explained by the combination of
skatole and androstenone [66]. Whether it is for sensory evaluation or for sensor-based
methods focusing on the detection of skatole and androstenone, using higher temperatures
to detect greater amounts of androstenone should allow a better visualization of boar taint
as a whole. Lastly, the headspace concentrations are low for sensor-based methods (which
often operate in up to the ppm [67]) and hence emphasize the importance of testing even
higher temperatures.

4. Conclusions

To the best of our knowledge, this study is the first analyzing VOCs emitted by back
fat samples when heated at elevated temperatures. The aim of this study was to perform a
general analysis of VOC profiles obtained with fat presenting different boar taint intensities,
but being an exploratory study, it did not intend to rigorously compare the impact of
different taint combinations on the emitted VOCs. As a reminder, the comprehension of
the VOC profiles at these typical cooking temperatures was primordial to understand what
composes the exact smell perceived during the sensory evaluation of boar taint at these
temperatures and secondly understand whether VOCs sensor-based methods for boar taint
detection at these temperatures can be developed.

Great differences were observed between the VOC profiles depending on the incu-
bation temperature. Different VOC profiles might result in differences in classification of
the same tainted and untainted fats when heated at different temperatures. Therefore, this
stresses the need to develop and use a standardized method for the sensory evaluation of
boar taint.

VOCs sensors for skatole and androstenone detection could be developed for incuba-
tion temperatures of 150 and 180 ◦C given that both molecules are found in the headspace.
However, the low headspace concentration observed for both these molecules should
encourage further research into higher incubation temperatures. Analyses of the general
VOCs headspace should always complement research into skatole and androstenone detec-
tion as the complexity of the VOCs profile might increase with temperature. The impact
of fatty acids and aldehydes (as these are the most abundant in the VOC profiles at both
temperatures) should be tested on sensor material to determine the rate at which sensor
drift occurs to elaborate more robust drift correction algorithms and finally determine after
how many analyses the sensors should be disposed of. Solutions to reduce the development
of products from lipid oxidation, such as working in a closed and controlled environment,
should be further looked into for sensor development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10061311/s1, Table S1: Quantification of skatole and androstenone in fat determined by
HPLC-FD. The mention < LR indicates that the content is below the linearity range (45 to 500 ng/g
for skatole and 240 to 5000 ng/g for androstenone).
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Abstract: Octenyl-succinylated corn starch (Osan) was used to improve the physicochemical proper-
ties of ground beef patties. The study involved incorporation of 5 and 15% Osan and storage for 30
or 60 days at −20 ◦C. The tested parameters included cooking loss, microstructure image, firmness,
color, and sensory evaluation of the prepared patties. Along with Osan, native corn starch was used
as control and considered the patties with added animal fat. The data showed that Osan reduced
the cooking loss and dimensional shrinkage significantly (p < 0.05), whereas the moisture retention,
firmness and color of beef patties were improved. The sensory evaluation indicated enhanced ten-
derness and juiciness without significant alteration of flavor, color, and overall acceptability of the
cooked patties. Microstructure images of cooked patties indicated uniform/cohesive structures with
small pore size of patties shaped with Osan. Obviously, good storability of the uncooked patties was
reflected on the physiochemical, textural, color, and sensory evaluation of the cooked patties, which
points to the benefit of using Osan in frozen patties and signifies possible use in the meat industry.
The overall sensory acceptability scores were given to cooked patties containing Osan starch as well
as the native starch, whereas 15% animal fat was favored too.

Keywords: beef patties; corn starch; Osan; tenderness; cooking loss

1. Introduction

Meat patties are considered the most popular ready to eat food, due to its desirable
sensory and mouth feel. This qualifies its consumption to be considered as a good part
of human diet in the past few decades, in addition to its nutritional value which includes
essential amino acids, vitamins, and minerals [1]. In processed meat, animal fat is a
principal ingredient, found in lumps and plays a central functional and sensory role
such as a binding and flavoring agent [2]. However, fat content is a critical obstacle
that needs to be addressed especially at high levels. Specifically, fat has been associated
with chronic deceases, such as obesity and high cholesterol which leads to hypertension
and cardiovascular diseases [3]. Therefore, reducing fat turned into a current trend for
the meat-processing industry to meet the consumer demands [4]. Heretofore, countless
efforts have been devoted to address this concern in terms of preparing healthy products
without reducing the characteristics of the final full fat product such as the physical
appearance and sensory qualities. Carbohydrate-based fat replacers, such as inulin, gums,
cellulose derivatives, and starches are wildly considered as fat replacer and/or fat substitute
applied in low fat meat products [5,6], because of its abundancy, superior functionality,
and cost-effectiveness [7,8]. Among these carbohydrates, starch exhibited extremely good
functional properties improving viscosity, solubility, and water-holding capacity, as well as,
adaptability [9].

Because of its poor water solubility and high retrogradation, native starches utilization
is limited. This presented the need for physical, chemical, or enzymatic modifications of
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native starches so as to expand its utilization [10]. Starch modification can improve its
functionality such as viscosity, become more tolerant to various processing conditions such
as extreme pH, high temperatures, and shear. For instance, chemically modified starches
exhibit significant change in its functional properties compared to physical or enzyme
modifications. One of the common chemically modified starches is octenyl-succinylation
(Osan) which accrues by esterification of some OH groups by octenyl molecules [11].
To overcome the hydrophilic nature of the abundant hydroxyl groups, various starch
modifications by introduction of hydrophobic moiety have been reported. Therefore,
amphiphilic modification of starch is one of the methods widely used to improve their
hydrophobicity, because amphiphilic starches have a wide range of applications, mainly in
emulsification and encapsulation. The amphiphilicity of octenyl succinic anhydride (OSA)-
modified starch is improved due to the introduction of dual functional hydrophilic and
hydrophobic groups [12]. The obtained Osan starch was utilized in various application
ranging from pharmaceutical to food products, such as, puddings, sauces, and baby
foods [13]. The use of sodium octenyl succinate starch in a methacrylate/polysaccharides
blends, introduced good flowability, surface-active, smoother particle surface, and low-
viscosity to spray dried emulsion of the blends [14]. In addition, Osan starch has been
used as a fat substitute because it enhances the firmness and high palatability of some
meat products [15]. In contrast, octenyl-modified waxy maize starch was used successfully
in low fat mayonnaise at substitution level up to 75%, where the product exhibited great
sensory quality such as texture and aroma [13]. In baked products, Osan starch improved
dough machinability and handling as well as the loaf volume [16].

The objective of this work is to compare the quality characteristics of beef patties
prepared with starch to those with animal fat. Therefore, ocetinyle succenylated and native
corn starch as fat replacement in beef patties was utilized. This work includes the effect of
storability at −20 ◦C on the quality characteristics of the patties (microstructure, cooking
properties, moisture retention, texture, color, and sensory characteristics of the produced
patties).

2. Materials and Methods

2.1. Materials

Lean beef meat and animal fat (Beef) were purchased from a central meat market
(Al-Taamir Market, Riyadh, Saudi Arabia). Ground lean meats were selected from animals
of the same age, breed, and feeding protocol (aldanon farm). While, fresh fat was obtained
from Riyadh slaughterhouse (Riyadh, Saudi Arabia). Corn starch was purchased from
Middle East Food Solutions Company (Riyadh, Saudi Arabia). Black paper, white paper,
onion powder, garlic powder, were purchased from Panda Retail Company (Riyadh, Saudi
Arabia). Analytical grade reagents, HCL, 2-Octen-1-yl succinic anhydride, NaOH were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).

2.2. Methods
2.2.1. Octenyl-Succinylation of Corn Starch (Osan)

Osan corn starch was synthesized via esterification according to the method of [17]
with slight modification. Starch, (500 g) was suspended in 1125 mL of distill water. The pH
of the slurry was adjusted to 8.5–9 using 1% NAOH, followed by the addition of Osan (4%
based on starch dry weight). The 2-Octen-1-yl succinic anhydride was added slowly with
continuous agitation at 35 ◦C, while maintaining the pH around 8.5–9.0 the reaction was
allowed to continue for one hour and the final pH was adjusted to 6.5 using 1.0 N HCL.
The obtained mixture was centrifuged at (4000× g) for 10 min, washed twice with distill
water and once with acetone. The product was dried at room temperature for two days,
ground, sieved through 250 μm sieve and stored for further use. This product is considered
as food grade according to the followed preparation method.
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2.2.2. Fourier Transform Infrared Spectroscopy (FT-IR)

The stretching vibrational mode of the functional group (Osan) on the modified starch
was detected by FTIR spectrophotometer (Bruker, ALPHA, Hanau Germany). One gram of
dry sample was placed on the FT-IR cell and scanned between 4000 and 500 cm−1.

2.2.3. Preparation and Processing of Beef Patties

Beef patties were prepared and processed as described by Alejandre et al. [18] with
slight modification. Round beef cut was sliced to small pieces and the intramuscular fat
was removed. The obtained lean meat was ground to passed through a 5-mm plate meat
grinder EMG-1600R ELEKTA ltd, Elekta (Hong Kong, China). Simultaneously, the beef caul
fat was melted for 5 min in the microwave oven (sharp, 1200 W output, (Osaka, Japan). Six
formulations with the following common ingredients g/100 g addition based on ground
lean meat weight (100 g), where 1.0 g of the following ingredients were added salt, hot
pepper, white pepper, dry powdered garlic, dry onion powder, and 0.35 g of vinegar, in
addition to 20 g of ice water. The experimental design included two treatments and three
subsamples; two levels of caul fat, two levels of native corn starch, and two levels of Osan
corn starch, hence, the one level included 5% and the second was 15%. Samples with
caul fat are considered the control and the melted caul fat was added to the spiced lean
ground beef drop-wise with constant hand mixing, but in the starch-containing formulation
the caul fat was totally replaced by modified or native starch which was added in small
amounts while mixing using a Stephan UM 12 mixer (Stephan U. Sohner GmbH and Co.,
Gackenbach, Germany). Patties (100 g) were prepared using a patty-making machine
(Expro. Co., Shanghai, China). The compressed patties, 100 mm diameter and 10 mm
thick, were packaged in vacuumed plastic bags and stored at −20 ◦C for 0, 30, and 60 days.
Before analysis, frozen un-cooked patties were placed at room temperature for 1.5 h. The
raw patties were cooked in two steps; the first step was to prepare precooked patties by
steaming for 20 min to stabilize the diameter, whereas the second step was the final cooking
using the electric hot plate (Stilfer model, 0040, Genova, Italy) for a total of 10 min with
5 min on each side at 180 ± 1 ◦C. The internal temperature of the patty was 75 ◦C measured
at the geometrical center of the patties using digital thermocouple probe (Ecoscan Temp
JKT, Eutech instruments, Pte Ltd., Keppel Bay, Harbour Front, Singapore) The sensory
evaluation of the cooked products was carried out directly after cooking.

2.2.4. Scanning Electron Microscopy (SEM)

Microstructures of the obtained cooked patties was examined using JEOL-6360A SEM
(Jeol Ltd., Tokyo, Japan). Samples were cut into small pieces 5 × 5 × 1 mm, mounted
on the pin stubs using copper tape before coating with gold using an automated sputter
coater JFC-1600 Auto Fine Coater (Jeol Ltd., Tokyo, Japan) for 5 min at 2.5 kV operation
energy. Subsequently, four fields of each sample were spotted and the selected images were
captured at magnifications ranging from 100× to 1000×.

2.2.5. Measurement of Cooking Parameters
Cooking Loss

The cooking loss of patties was determined by weighing before and after cooking as
recommended by Hollenbeck et al. [19] using the following equation:

Cooking loss = ((un − cooked patties weight)− (cooked patties weight))/(un − cooked patties weight) ∗ 100

Moisture Content

The moisture contents of un-cooked and cooked patties were determined based on
the AOAC Method 950.46 [20].
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Moisture Retention

The moisture retention, was determined as the amount of moisture retained in the
cooked product per 100 g of raw sample. This value was calculated according to the
following equation described by [21,22], where the weight of the patties was recorded
before and after cooking, and the cooking yield was calculated by dividing the weight of
cooked patties by the weight of uncooked patties and expressed in as reported by [23].

Moisture retention = cooking yield × moisture in coocked patties
moisture in un-cooked patties

Cooking yield = weight before cooking − cooked weight

Patties Diameter, Thickness, and Shrinkage

Change in beef patties’ diameter was determined before and after cooking using
Digital Electric Caliper (Pen Tools Co., Maplewood, NJ, USA) by employing the following
equations.

Diameter =
(un-cooked patties diameter )− (cooked patties diameter)

un-cooked patties diameter
× 100

Thickness =
(un-cooked patties thickness )− (cooked patties thickness)

un-cooked patties thickness
× 100

Dimensional shrinkage =
(Raw thickness − cooked thickness) + (Raw diameter − cooked diameter)

Raw thickness − raw diameter
× 100

Firmness

The firmness of cooked beef patties was determined using a texture analyzer (TA XT
Express, Micro Systems Ltd., Surrey, UK). Samples (60 mm diameter and 10 mm thickness)
were pressed using aluminum cylinder probe (SMS P/20 mm diameter, TA XT Plus Micro
Systems Ltd., Surrey, UK) operated at 1 mm/s. Samples were compressed to 8 mm distance
with 10% strain, where the needed force is expressed in Newton (N). The shear force
corresponds to maximum peak force, expressed in Newton (N). The test was performed at
room temperature (25 ± 1 ◦C).

pH

The pH was measured using a portable pH-meter (Model pH 211, Hanna Instruments,
Woonsocket, RI, USA) by injecting the probe in 25 g of meat patty and held for 10 s to
obtain the pH value.

Surface Color Measurement

The surface color characteristics of un-cooked and cooked patties were determined
after the specified storage time (0, 30, or 60) days. The measurements included, lightness
(L*), redness (a*), and yellowness (b*), assessed using a portable colorimeter (Konica
Minolta, CR-400-Japan; Measuring aperture: 8 mm; Illuminant: CIE D65; Observer angle:
CIE 2◦ Standard Observer). Five color measurements were done, where each patty was
separated into four quarters one measurement on the surface of each quarter was taken
and the fifth was done in the middle.

2.2.6. Sensory Evaluation of Meat Patties

The sensory test was performed using a 9 points hedonic test (Affective Tests), which
includes scale from 1 (dislike extremely) to 9 (like extremely) in a single session. This
test is useful for evaluating the acceptance of new products. The sensory evaluation team
included trained students and King Saud University staff average age between 22 and
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60 years old. The panelists were trained to be able to evaluate the sensory properties of
patties including overall product acceptability according to method of [24]. After training,
13 panelists were selected based on their ability and sensitivity to point out differences
between the parameters. Cooked patties were tested on a 9-points scale method. The test
was conducted in a designated sensory evaluation laboratory with appropriate setting such
as partitioned cabinets and individual lightning at 20 ± 2.0 ◦C. Six treatments with two
levels of fat content (control), native or modified starch were evaluated. Patties were cooked
as described above and cut into triangles (25 × 20 mm) and served warm to the participants.
Water and mint were also provided to neutralize the flavor between samples [25]. The
expert panelists were asked to evaluate the color, flavor, tenderness, juiciness, and overall
acceptability.

2.2.7. Statistical Analysis

The statistical analysis was carried out using the Tukey HSD test (Statistic 10 Data
analysis software, Inc., Chicago, IL, USA) at (p ≤ 0.05). The significance level of the analysis
of variance (ANOVA) was applied to observe the differences. All measurements were done
in triplicate.

3. Results and Discussion

3.1. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR profile is shown in Figure 1. In general, the highly intense peaks noticed
around 3430 cm−1 were ascribed to (O-H) characteristics stretching vibration of amylose or
amylopectin, while peaks around 2930 and 1645 cm−1 are attributed to C–H stretching and
to the tightly bound water present in the starch, respectively [26]. In addition, the peak at
1020 cm−1 was originated from the C–O stretching vibration of glucose monomer (Garcia
and Grossmann 2014). Two new peaks emerged after modification. Evidently, the region
between 1720 and 1570 cm−1 is considered a finger print for the main functional groups
of the octenyl-succinylated (Osan) corn starch [27]. The new peak at 1571 cm−1 emerged
after OSA modification was ascribed to the asymmetric stretching vibration of carboxylate
RCOO–, whereas the other new peak at 1725 cm−1 was observed, which can be attributed
to the characteristic C=O stretching vibration of an ester carbonyl group [28].

Figure 1. FT-IR spectra of (a) Osan-corn starch and (b) native corn starch.
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3.2. Scanning Electron Microscopy (SEM)

The gel network of patties with 5% addition of either fat or starch, was loose and
irregular, because large holes emerged within the structure compared to the 15% (Figure 2).
Nonetheless, the gel network structure of the 15% Osan starch was more compact and
dense. Furthermore, smaller holes were observed in the surface of the patties with na-
tive starch and the holes were more obvious with the increase in the amount of native
starch in the samples. Moreno et al. [29] reported better surface structure using a muscle
homogenizer than samples with added sodium alginate as a cold gelation technology.
Tseng et al. [30] reported dense SEM images of meat balls treated with TGase enzyme
compared to untreated samples which indicates rise in the formation of intermolecular ε
(γ-glutamyl)-lisil cross-links due to the action of the enzyme. In this study, starch generated
a dense network by absorbing the excess water released by the meat during cooking which
leads to swelling and closing of the gaps created during cooking. Therefore, smoother
denser surface was formed in the presence of starch and more so Osan starch compared to
the control. Other researchers used plant material rich in hydrofoils reported improved
microstructure of meat and homogenous network [31].

  

  

  

Figure 2. Scanning electron microscope (SEM) images of cooked patties containing animal fat, native
corn starch and Osan corn starch (a1) control, (a2) native starch, and (a3) Osam starch 15% addition;
(b1) control, (b2) native starch, and (b3) Osan 5% addition.
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3.3. Physical Properties of Beef Patties
3.3.1. Cooking Properties

The cooking properties of the patties prepared with Osan-corn starch, native corn, and
control are presented in Table 1. The addition of Osan-corn starch at 5 or 15%, significantly
(p ≤ 0.05) altered the cooking loss, moisture retention, thickness, diameter, and dimensional
shrinkage of the patties. These parameters were compared to the raw patties. The data
presented here are in agreement with the literature reports on the effectivity of corn starch
to retain moisture of the cooked bologna [10,32,33]. The firmness of patties prepared with
native starch was significantly higher than Osan starch which can be attributed to the
amylose retrogradation which is less in Osan starch, thereby, patties with more starch
exhibited firmer texture (Table 1) [34]. The firmness of the control was much higher at
5% fat content compared to 15% indicating softer texture due to higher fat content but, it
remains significantly higher than those with either type of starch, especially Osan starch.
This could be accredited to the incapacity of fat to retain moisture during cooking compared
to the starch, which is in line with the water retention property difference of the patties
stated in Table 1 [35]. The pH values of the patties were stable throughout the process,
therefore, the use of starch did not affect the pH of the patties during storage or after
cooking. The percent diameter reduction after cooking was 18.3 for the 5% fat content
(control) and 23.5 for the 15% fat content, whereas for the Osan starch patties it was 7.7
and 8.6%, while the native starch exhibited reduction as 13.4 and 16.45%, respectively.
This shows significantly lower diameter reduction of Osan starch patties compared to the
control and the native starch. Thereby, the stability of the patties network structure due
to Osan starch swelling and the formation of a semi solid gel that stabilized the diameter,
is evident (Table 1). This can be attributed to the amphiphilic (hydrophilic-hydrophobic
nature) property of the Osan starch. The control exhibited the greatest diameter loss after
cooking by virtue of increased animal fat content. Park et al. [36] reported diameter and
thickness reduction for pork patties decreased with increase in the content of black rice
powder (rice powder is about 75% starch). The dimensional shrinkage followed the same
trend as the diameter reduction. Consequently, the score of the cooking loss, moisture
retention, diameter reduction, and dimensional reduction favored Osan over native starch.
Cornejo-Ramírez et al. [37] reported that water absorption, swelling power, and viscosity
of Osan starch is superior to native starch. The high moisture retention of Osan starch
lead to highly viscous gel with emulsifying power capable of holding fat and water and
form a gel with little un-noticeable pores (space within the structure) and improve the
sensory characteristics of the patties [33]. On the other hand, the control beef patties
exhibited poor binding, limited protein network structure, or entrapments of ingredients
as shown by the sizable pores in the protein network. These results are in agreement
with [38–41]. The thickness of the control increased at higher fat content, but with native
starch, significantly lower thickness was observed at high starch content. Osan starch
patties exhibited significantly higher thickness compared to the control and the native
starch, since the thickness was almost twice as much (Table 1).
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Table 1. The effect of 5 and 15% native, octenyl-succinylated (Osan) corn starch, and 5% animal fat on the physiochemical
characteristics of beef patties.

%

Control 7 Native Starch Osan Starch

5% 15% 5% 15% 5% 15%

M.C.U 2 69.81 ± 0.72 1 63.72 ± 0.25 b,1 70.04 ± 0.12 a 66.25 ± 0.40 a 70.47 ± 0.31 a 64.41 ± 0.50 b

M.C.C 3 42.45 ± 0.15 b 51.19 ± 0.10 b 60.69 ± 0.20 a 56.56 ± 0.83 a 61.14 ± 0.34 a 56.90 ± 0.32 a

C. loss 41.22 ± 0.18 a 45.29 ± 0.50 a 19.53 ± 0.11 b 09.50 ± 0.38 b 18.27 ± 0.20 c 08.45 ± 0.58 b

M.R 4 35.82 ± 0.53 c 43.83 ± 0.44 b 69.96 ± 0.58 b 77.37 ± 1.31 a 71.20 ± 0.58 a 79.50 ± 0.80 a

Diameter 5 18.37 ± 0.27 a 23.45 ± 1.08 a 13.36 ± 1.01 b 16.44 ± 2.05 b 07.71 ± 0.38 c 08.63 ± 2.51 c

D.S 6 24.02 ± 0.19 a 28.98 ± 0.14 a 17.87 ± 0.26 b 18.02 ± 0.07 b 15.86 ± 0.13 c 10.81 ± 0.16 c

Thickness 8 06.32 ± 0.49 c 14.51 ± 0.20 b 14.02 ± 1.57 b 07.09 ± 0.95 c 25.05 ± 0.28 a 18.10 ± 0.00 a

Firmness 121.97 ± 7.72 a 88.89 ± 4.25 a 43.56 ± 1.19 b 78.51 ± 2.08 b 40.96 ± 1.70 b 71.62 ± 1.54 c

pH 5.55 ± 0.01 b 5.53 ± 0.00 a 5.66 ± 0.06 a 5.60 ± 0.02 b 5.69 ± 0.02 a 5.62 ± 0.03 a

1 The statistical analysis was done separately for the 5% and for the 15%; 2 M.C.U = moisture content of uncooked patties.
3 M.C.C = moisture content of cooked patties. 4 M.R = moisture retention; 5 diameter reduction; 6 D.S = dimensional shrinkage.
7 control = animal fat; 8 thickness increase, a–c Values followed by different letters within each row are significantly different (p ≤ 0.05).

3.3.2. Effect of Storage on the Cooking Properties

The effect of storage on cooking loss, firmness, and other cooking properties is pre-
sented in Table 2. Although longer storage time significantly increased the tested parameter
of patties containing 5% starch or animal fat, Osan starch performed better than the control
or the native starch under the same storage conditions. The storability of patties signifi-
cantly enhanced when 15% of starch or animal fat were added. Osan starch improved all
tested parameters at 15% addition compared to 5%. The thickness of the control remained
the same at 5% addition regardless of the storage time, but either of the starches reduced the
thickness at longer storage time, significantly (Table 2). Nonetheless, Osan starch increased
the thickness, significantly, compared to the control or the native starch especially after
0 or 30-day storage (Table 2). The same trend was observed for the 15% addition, where
the thickness decreased after longer storage time for all samples, but the drop was less for
Osan starch (Table 3). The firmness of all three patties increased after longer storage time
regardless of the added fat or starch level. The increase in the firmness after longer storage
time can be attributed to the moisture loss, however, Osan starch exhibited the least in-
crease in firmness. Yang et al. [42] reported the addition of 4% modified waxy maize starch
to low-fat frankfurters leading to reduced moisture loss by up to 7.2%. However, Claus
and Hunt [43] also reported that, modified waxy maize starch applied to low-fat bologna
was more effective in controlling moisture losses relative to native wheat starch, which
is consistent with a very low retrogradation of waxy starch [34,35]. There are conflicting
reports regarding the effect of starch on the cooking loss of meat products, especially for
low muscle products such as frankfurters and bologna [33]. Cooking loss increase was
observed for all samples at longer storage time, but Osan cooking loss was much less than
the other treatments (Tables 2 and 3).

52



Foods 2021, 10, 1157

Table 2. Effect of 5% octenyl-succinylated (Osan) corn starch, native starch, and animal fat on the
physiochemical characteristics of meat patties after storage at −20 ◦C for 0, 30, and 60 days.

Days

Parameter 0 30 60

Cooking loss

Control 6 41.22 ± 0.18 c,1 51.85 ± 0.50 b 57.80 ± 0.62 a

Native 19.53 ± 0.11 c 28.17 ± 1.35 b 36.10 ± 0.14 a

Osan 18.27 ± 0.20 c 27.39 ± 0.23 b 33.58 ± 1.33 a

Diameter 2

Control 18.37 ± 0.27 b 20.71 ± 0.58 a 21.70 ± 0.54 a

Native 13.36 ± 1.01 b 15.62 ± 0.04 a 16.66 ± 0.14 a

Osan 07.71 ± 0.38 b 09.99 ± 1.66 a,b 11.75 ± 0.75 a

D. S 3

Control 24.02 ± 0.19 c 26.08 ± 0.08 b 27.79 ± 0.21 a

Native 17.87 ± 0.26 b 21.25 ± 0.16 a 22.36 ± 1.07 a

Osan 15.86 ± 0.13 b 16.38 ± 0.38 a,b 16.54 ± 0.48 a

Thickness 4

Control 06.32 ± 0.49 a 05.80 ± 0.45 a 05.61 ± 0.98 a

Native 14.02 ± 1.57 a 08.25 ± 0.07 b 06.13 ± 0.47 b

Osan 25.05 ± 0.28 a 12.20 ± 0.67 b 07.47 ± 0.00 c

Firmness 5

Control 121.97 ± 7.72 c 209.57 ± 4.05 b 307.19 ± 0.81 a

Native 43.56 ± 1.19 c 92.93 ± 7.40 b 127.84 ± 8.59 a

Osan 40.96 ± 1.70 c 82.73 ± 0.05 b 112.61 ± 3.84 a

pH

Control 05.63 ± 0.07 a 05.39 ± 0.05 b 05.35 ± 0.02 b

Native 5.66 ± 0.06 a 5.39 ± 0.00 b 5.34 ± 0.02 b

Osan 05.69 ± 0.02 a 05.33 ± 0.02 b 05.36 ± 0.01 b

1 Values followed by different letters (a–c) within each row are significantly different (p ≤ 0.05); 2 diameter
reduction; 3 D.S = dimensional shrinkage; 4 thickness increase; 5 firmness in Newton; 6 control = animal fat.

Table 3. Effect of 15% octenyl-succinylated (Osan) corn starch, native starch, and animal fat on the
physiochemical characteristics of meat patties after storage at −20 ◦C for 0, 30, and 60 days.

Days

Parameter 0 30 60

Cooking loss

Control 6 45.29 ± 0.50 b,1 53.43 ± 1.65 a 55.08 ± 0.67 a

Native 09.50 ± 0.38 c 20.45 ± 1.97 b 23.67 ± 1.32 a

Osan 08.45 ± 0.58 c 17.86 ± 0.15 b 21.15 ± 1.39 a

Diameter 2

Control 22.63 ± 0.18 a 23.23 ± 1.33 a 24.51 ± 0.31 a

Native 14.03 ± 0.13 c 16.63 ± 0.04 b 18.68 ± 0.71 a

Osan 05.43 ± 0.30 b 09.59 ± 0.06 a 10.87 ± 0.97 a

D. S 3

Control 28.98 ± 0.14 a 29.93 ± 1.96 a 30.60 ± 0.30 a

Native 18.02 ± 0.07 b 20.85 ± 1.22 a 22.53 ± 0.99 a

Osan 10.81 ± 0.16 b 14.84 ± 0.50 a 15.33 ± 1.10 a

Thickness 4

Control 14.51 ± 0.20 a 07.45 ± 0.70 b 02.72 ± 0.00 c

Native 07.09 ± 0.95 a 05.21 ± 0.09 a,b 04.12 ± 0.45 b

Osan 18.10 ± 0.00 a 14.39 ± 0.60 b 10.18 ± 0.00 c

Firmness 5

Control 88.89 ± 4.25 c 163.63 ± 9.22 b 278.68 ± 14.65 a

Native 78.50 ± 2.08 b 137.84 ± 6.30 a 158.23 ± 16.32 a

Osan 71.62 ± 1.54 c 100.37 ± 8.98 b 127.81 ± 8.63 a

pH

Control 05.53 ± 0.00 a 05.43 ± 0.00 b 05.19 ± 0.00 c

Native 05.60 ± 0.02 a 05.32 ± 0.00 b 05.07 ± 0.01 c

Osan 05.58 ± 0.04 a 05.38 ± 0.05 b 05.12 ± 0.05 c

1 Values followed by different letters (a–c) within each row are significantly different (p ≤ 0.05); 2 diameter
reduction; 3 D.S = dimensional shrinkage; 4 thickness increase; 5 firmness in Newton; 6 control = animal fat.
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3.3.3. Sensory Attributes of Cooked Beef Meat Patties

The sensory evaluation results are presented in Table 4. The incorporation of native
or Osan starches at 5% did not have any significant effect on the juiciness, flavor, color, or
acceptability of the patties, but the tenderness was improved significantly (p ≤ 0.05). The
addition of 15% of either starches significantly improved the juiciness, flavor and, the over-
all acceptability of the patties, whereas the tenderness and the color were slightly improved
more with Osan starch. After storage, the sensory evaluation showed superior performance
of Osan over the control and the native starch, whereas longer storage appeared to have
negative effect on the parameter of samples containing native starch (Table 5). Once again,
samples with 15% Osan starch scored higher than those with 5%. Nonetheless, storage at
−20 ◦C for 60 days appeared to have limited effect on the overall acceptability of the patties,
but Osan starch patties scored higher. Higher starch content facilitates stable protein-starch
matrices, where hydrogen and covalent bonding and charge-charge interactions occur [44].

Table 4. The effect of different levels of octenyl-succinylated (Osan) corn starch, native starch, and animal fat on the sensory
characteristics of meat patties. The test was based on a 9 points hedonic.

Sensory Characteristics Control 2 Native Starch Osan Starch

5% 15% 5% 15% 5% 15%

Tenderness 7.30 ± 0.26 a,b,1 6.43 ± 1.08 b,1 7.53 ± 1.12 b 7.53 ± 1.05 a 8.30 ± 0.65 a 8.03 ± 0.87 a

Juiciness 6.53 ± 1.26 a 5.96 ± 0.82 c 7.07 ± 1.18 a 6.80 ± 1.21 b 7.53 ± 1.26 a 8.23 ± 0.83 a

Flavor 7.23 ± 1.36 a 6.61 ± 1.19 b 7.53 ± 1.19 a 7.23 ± 1.23 a,b 7.84 ± 0.98 a 7.89 ± 0.95 a

Color 7.92 ± 0.95 a 7.48 ± 1.12 a 7.38 ± 1.26 a 7.59 ± 1.02 a 7.84 ± 0.80 a 7.92 ± 0.93 a

Acceptability 6.42 ± 1.22 a 6.50 ± 1.13 b 7.50 ± 1.32 a 7.61 ± 1.24 a 7.61 ± 1.30 a 7.78 ± 1.08 a

1 The statistical analysis was done separately for the 5% and for the 15%; (a–c) values followed by different letters within each row and
addition percent are significantly different (p ≤ 0.05); 2 control = animal fat; the statistical analysis was done for the 5%, separate from
the 15%.

Table 5. Effects of different levels of octenyl succinylated (Osan) corn starch, native starch, and animal fat on the sensory
characteristics of meat patties after storage at −20 for different days.

Days

0 30 60

Parameter 5% 15% 5% 15% 5% 15%

Tenderness

Control 1 7.30 ± 0.94 a,1 1 6.43 ± 1.08 a 6.30 ± 1.31 b 6.38 ± 1.19 a 6.53 ± 0.96 a,b 6.46 ± 0.96 a

Native 7.53 ± 1.12 a 7.53 ± 1.05 a,b 7.46 ± 1.26 a 7.84 ± 0.98 a 7.15 ± 1.28 a 6.65 ± 1.12 b

Osan 8.38 ± 0.65 a 8.03 ± 0.87 a 7.92 ± 1.18 a,b 8.07 ± 1.03 a 7.46 ± 0.87 b 7.84 ± 1.28 a

Juiciness

Control 6.38 ± 1.12 a 5.96 ± 0.82 a 6.38 ± 1.04 a 6.34 ± 1.06 a 6.46 ± 0.96 a 5.92 ± 0.86 a

Native 7.07 ± 1.18 a 6.80 ± 1.2 b 7.84 ± 0.84 a 8.00 ± 0.81 a 6.92 ± 1.25 a 6.94 ± 1.19 a,b

Osan 7.53 ± 1.26 a 8.23 ± 0.83 a 7.53 ± 1.05 a 7.53 ± 1.05 a 7.53 ± 0.66 a 7.38 ± 0.96 a

Flavor

Control 7.46 ± 1.12 a 6.61 ± 1.19 a 7.00 ± 1.29 a 6.92 ± 1.03 a 6.69 ± 1.10 a 9.92 ± 1.18 a

Native 7.53 ± 1.19 a 7.23 ± 1.23 a 8.16 ± 0.83 a 7.53 ± 0.96 a 7.53 ± 0.96 a 6.92 ± 1.32 a

Osan 7.84 ± 0.98 a 7.89 ± 0.95 a 7.00 ± 1.15 a 7.46 ± 1.05 a 7.07 ± 1.32 a 7.00 ± 0.91 a

Color

Control 7.92 ± 0.95 a 7.48 ± 1.12 a 7.23 ± 1.36 a 7.23 ± 1.16 a 7.15 ± 1.28 a 7.46 ± 1.05 a

Native 7.38 ± 1.26 a 7.59 ± 1.02 a 7.84 ± 1.14 a 7.92 ± 0.95 a 7.69 ± 1.18 a 7.34 ± 1.14 a

Osan 7.84 ± 0.80 a 7.92 ± 0.93 a 7.69 ± 0.94 a 8.23 ± 0.72 a 7.92 ± 1.11 a 7.42 ± 1.18 a

Acceptability

Control 6.77 ± 0.95 a 6.50 ± 1.13 a 6.65 ± 1.23 a 6.95 ± 1.09 a 6.76 ± 1.05 a 6.81 ± 1.06 a

Native 7.50 ± 1.32 a 7.61 ± 1.24 a 7.64 ± 0.96 a 7.73 ± 1.06 a 7.12 ± 1.20 a 7.18 ± 0.89 a

Osan 7.73 ± 1.11 a 7.78 ± 1.08 a 7.69 ± 1.02 a 7.63 ± 1.20 a 7.45 ± 0.81 a 7.20 ± 1.04 a

1 Control = animal fat; (a–c) values followed by different letters within each row and addition percent are significantly different (p ≤ 0.05);
the statistical analysis was done for the 5% separate from the 15%.
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3.3.4. Color of Raw and Cooked Patties

Consumer acceptability of meat products is dependent on its color because it is
indicative of freshness. The effect of starch on the surface color of beef patties is presented in
Table 6. The control sample exhibited the lowest redness (a*) values compared to the native
and Osan starches, regardless of the added amount, but Osan starch had higher a* value.
The incorporation of plant-based material was reported to increase the a* value of cooked
meat [45]. Higher a* values of Osan starch-containing patties compared to control and the
native starch indicate color stabilization, since the reduction in a* values is suggestive of
myoglobin oxidation and the formation of net myoglobin [46]. Other researchers reported
increase in meat redness after incorporation of potato starches, whereas cassava starch
reduced the a*. Therefore, the type of starch as well as the amount of the added starch can
be considered as factors that affect beef patties redness. This is obvious on the magnitude
of the effect of native or Osan starch on the a* of the patties (Table 6). The amount of the
incorporated Osan (5 or 15%) had slight effect on a* (Table 6). The redness of the control
increased as a function of the added amount, but it increased significantly after storage
for 60 days (Table 7). Sample with Osan had the highest a* as a function of storage time
(60 days). The lightness (l*) of the samples and the control stayed almost the same at 5%
incorporation, but at 15% Osan starch exhibited significantly higher l* value. The higher
lightness could be attributed to the dilution of the color by the added starch. Reports in the
literature mentioned reduction or stability of the l* based on the incorporated material into
the patties [47]. No reduction in lightness was observed after storage for 30 or 60 days for
either 5 or 15% incorporation. The yellowness (b*) of the control increased compared to the
starch-containing samples where Osan exhibited the most b* value, but after storage for
60 days a drop in b* values was observed (Table 7).

Table 6. The effect of octenyl-succinylated (Osan) corn starch, native starch, and animal fat on the color characteristics of
un-cooked meat patties after 6 h.

Control 2 Native Starch Osan Starch

5% 15% 5% 15% 5% 15%

L* 3 36.96 ± 1.68 a,1 40.08 ± 0.32 a,1 33.17 ± 0.36 b 33.00 ± 0.71 c 32.47 ± 0.44 b 37.59 ± 0.31 b

a* 4 3.43 ± 0.46 a 2.46 ± 0.19 b 2.68 ± 0.51 b 2.80 ± 0.16 b 3.62 ± 0.08 a 3.49 ± 0.10 a

b* 5 14.40 ± 0.51 a 15.66 ± 0.07 a 10.55 ± 0.37 b 13.36 ± 0.12 c 10.18 ± 0.21 b 14.86 ± 0.23 b

a*/b* 0.24 ± 0.41 0.16 ± 0.08 0.25 ± 0.21 0.21 ± 0.51 0.36 ± 0.31 0.23 ± 0.11
1 Values followed by different letters (a–c) within each row are significantly different (p ≤ 0.05); 2 control = animal fat. 3 L* = lightness,
4 a* = redness and 5 b* = yellowness; the statistical analysis was done for the 5% separate from the 15%.

The color of the cooked patties 6 h after preparation is presented in Table 8. The
redness (a*) of cooked patties showed no significant difference between the control at
5% addition and Osan, but Osan starch exhibited significantly higher a* at 15% addition,
whereas native starch reduced the redness. The lightness (l*) and yellowness (b*) of cooked
patties was reduced in the presence of native or Osan starches. The effect of storage time
on the color of the cooked patties is listed in Table 9. The redness (a*) of the cooked control
did not change significantly after storage at either of the fat additions, whereas Osan
starch increased the redness of the cooked patties compared to the control or native starch
through storage time, especially after 60 days. Samples exhibited an increase in lightness
and yellowness after longer storage time regardless of the amount of the added starch or
animal fat (Table 9). The ratio of a*/b* is often used to describe color quality. The redness
of the control was significantly reduced by the addition of 15% animal fat compared to 5%,
but native starch maintained similar color for both additions. The addition of 5% Osan
starch significantly reduced the yellowness which is obvious on the a*/b* value (Table 6).
Therefore, animal fat added at 15% and Osan starch at 5% had the most improvement on
the color of the cooked patties, which could be interpreted as stabilizing effect of Osan
starch. This led to the higher redness, which indicates myoglobin color stability. Reports in
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the literature showed how the addition of processed plant leaf materials can reduce the
a*/b* of beef patties which means lower redness [48].

Table 7. The effect of octenyl-succinylated (Osan) corn starch, native starch, and animal fat on the color characteristics of
un-cooked meat patties at −20 for different days.

0 30 60

5% 15% 5% 15% 5% 15%

L* 3

Control 2 1 36.96 ± 1.68 a 1 40.08 ± 0.32 a 36.84 ± 0.52 a 34.76 ± 0.69 c 38.26 ± 0.30 a 36.29 ± 0.54 b

Native 33.17 ± 0.36 b 33.00 ± 0.71 b 35.24 ± 0.20 a 36.85 ± 0.85 a 35.30 ± 0.52 a 37.18 ± 0.10 a

Osan 32.47 ± 0.44 b 37.59 ± 0.31 b 37.82 ± 1.27 a 39.40 ± 0.69 a 38.14 ± 0.40 a 38.95 ± 0.56 a,b

a* 4

Control 3.43 ± 0.18 a 2.46 ± 0.19 b 3.00 ± 0.18 a 3.28 ± 0.04 a 3.20 ± 0.19 a 3.39 ± 0.32 a

Native 2.68 ± 0.46 b 2.80 ± 0.16 b 3.72 ± 0.33 b 4.88 ± 0.10 a 5.50 ± 0.45 a 4.49 ± 0.30 a

Osan 3.62 ± 0.08 b 3.49 ± 0.10 c 3.72 ± 0.33 b 4.89 ± 0.30 b 4.62 ± 0.12 a 6.80 ± 0.77 a

b* 5

Control 14.40 ± 0.51 a 15.66 ± 0.07 a 12.81 ± 0.89 a 13.21 ± 0.49 b 15.68 ± 0.16 a 13.57 ± 1.51 b

Native 10.55 ± 0.37 c 13.36 ± 0.12 b 14.67 ± 0.25 b 14.90 ± 0.89 a 15.68 ± 0.09 a 16.15 ± 0.15 a

Osan 10.18 ± 0.21 c 14.86 ± 0.23 b 14.67 ± 0.59 b 15.19 ± 0.57 b 15.69 ± 0.59 a 16.70 ± 0.15 a

1 Values followed by different letters (a–c) within each row are significantly different (p ≤ 0.05); 2 control = animal fat. 3 L* = lightness,
4 a* = redness and 5 b* = yellowness; the statistical analysis was done for the 5% separate from the 15%.

Table 8. The effect of octenyl-succinylated (Osan) corn starch, native starch, and animal fat on the color characteristics of
cooked meat patties after 6 h.

2 Control Native Starch Osan Starch

5% 15% 5% 15% 5% 15%

L* 3 1 31.46 ± 1.68 a 1 30.46 ± 0.32 a 32.17 ± 0.36 b 32.38 ± 0.71 c 31.49 ± 0.44 b 38.50 ± 0.31 b

a* 4 9.52 ± 0.46 a 9.69 ± 0.19 b 10.30 ± 0.51 b 10.91 ± 0.16 b 11.42 ± 0.08 a 11.66 ± 0.10 a

b* 5 8.72 ± 0.51 a 8.32 ± 0.07 a 9.65 ± 0.37 b 11.77 ± 0.12 c 9.96 ± 0.21 b 11.88 ± 0.23 b

a*/b* 1.09 ± 0.41 1.16 ± 0.08 1.01 ± 0.21 0.93 ± 0.51 1.15 ± 0.31 0.98 ± 0.11
1 Values followed by different letters (a–c) within each row are significantly different (p ≤ 0.05); 2 control = animal fat. 3 L* = lightness,
4 a* = redness and 5 b* = yellowness; the statistical analysis was done for the 5% separate from the 15%.

Table 9. The effect of octenyl-succinylated (Osan) corn starch, native starch and animal fat on the color characteristics of
cooked meat patties at −20 for different days.

0 30 60

5% 15% 5% 15% 5% 15%

L* 3

Control 2 31.46 ± 1.68 b,1 1 30.46 ± 0.32 b 32.45 ± 0.52 b 36.47 ± 0.69 a 34.89 ± 0.30 a 37.27 ± 0.54 a

Native 32.86 ± 0.36 b 32.38 ± 0.71 c 40.82 ± 0.20 a 42.64 ± 0.85 b 36.41 ± 0.52 b 45.63 ± 0.10 a

Osan 31.49 ± 0.44 b 38.50 ± 0.31 b 36.96 ± 1.27 a 45.52 ± 0.69 a 38.09 ± 0.40 a 46.43 ± 0.56 a

a* 4

Control 8.27 ± 0.18 a 9.69 ± 0.19 a 8.79 ± 0.18 a 10.02 ± 0.04 a 9.06 ± 0.19 a 8.28 ± 0.32 b

Native 9.65 ± 0.46 b 10.91 ± 0.16 a 13.38 ± 0.33 a 9.83 ± 0.10 a 12.22 ± 0.45 a 9.90 ± 0.30 a,b

Osan 9.96 ± 0.08 b 11.66 ± 0.10 a 11.75 ± 0.33 a,b 11.80 ± 0.30 a 12.65 ± 0.12 a 10.67 ± 0.77 a

b* 5

Control 9.52 ± 0.51 a 8.32 ± 0.07 b 8.64 ± 0.89 a 10.72 ± 0.49 a 7.91 ± 0.16 a 10.52 ± 1.51 a

Native 10.30 ± 0.37 a,b 11.77 ± 0.12 c 9.83 ± 0.25 b 14.42 ± 0.89 b 10.76 ± 0.09 a 15.48 ± 0.15 a

Osan 11.24 ± 0.21 a 11.88 ± 0.23 b 10.17 ± 0.59 b 15.40 ± 0.57 a 10.78 ± 0.59 a,b 15.43 ± 0.15 a

1 Values followed by different letters (a–c) within each row are significantly different (p ≤ 0.05); 2 control = animal fat. 3 L* = lightness,
4 a* = redness and 5 b* = yellowness; the statistical analysis was done for the 5% separate from the 15%.
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4. Conclusions

In this study we examined the quality parameters of patties prepared from ground beef
and processed with the addition of Osan starch consequently revealing varying positive
changes in the quality properties of the final product. The addition of Osan starch did
not alter the pH level or the organoleptic standards of the product. The most notable
change was manifested by the increase in textural and microstructural properties and the
significant improvement of the cooking characteristics such as: yield, moisture retention,
patties redness, thickness, and decrease in cooking loss. Scanning electron microscope
(SEM) images of the samples confirmed the rise of intermolecular interaction between the
proteins and the Osan starch, which resulted in small pores on the surface of the patties.
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15. Rezler, R.; Krzywdzińska-Bartkowiak, M.; Piątek, M. The influence of the substitution of fat with modified starch on the quality

of pork liver pâtés. LWT 2021, 135, 110264. [CrossRef]

57



Foods 2021, 10, 1157

16. Balic, R.; Miljkovic, T.; Ozsisli, B.; Simsek, S. Utilization of modified wheat and tapioca starches as fat replacements in bread
formulation. J. Food Process. Preserv. 2017, 41, e12888. [CrossRef]

17. Han, J.-A.; BeMiller, J.N. Preparation and physical characteristics of slowly digesting modified food starches. Carbohydr. Polym.
2007, 67, 366–374. [CrossRef]

18. Alejandre, M.; Passarini, D.; Astiasarán, I.; Ansorena, D. The effect of low-fat beef patties formulated with a low-energy fat
analogue enriched in long-chain polyunsaturated fatty acids on lipid oxidation and sensory attributes. Meat Sci. 2017, 134, 7–13.
[CrossRef]

19. Hollenbeck, J.J.; Apple, J.K.; Yancey, J.W.; Johnson, T.M.; Kerns, K.N.; Young, A.N. Cooked color of precooked ground beef patties
manufactured with mature bull trimmings. Meat Sci. 2019, 148, 41–49. [CrossRef]

20. AOAC. Official Methods of Analysis, 18th ed.; Association of Official Analytical Chemists: Washington, DC, USA, 2007.
21. El-Magoli, S.B.; Laroia, S.; Hansen, P. Flavor and texture characteristics of low fat ground beef patties formulated with whey

protein concentrate. Meat Sci. 1996, 42, 179–193. [CrossRef]
22. Heydari, F.; Varidi, M.J.; Varidi, M.; Mohebbi, M. Study on quality characteristics of camel burger and evaluating its stability

during frozen storage. J. Food Meas. Charact. 2016, 10, 148–155. [CrossRef]
23. Naveena, B.; Muthukumar, M.; Sen, A.; Babji, Y.; Murthy, T. Improvement of shelf-life of buffalo meat using lactic acid, clove oil

and vitamin C during retail display. Meat Sci. 2006, 74, 409–415. [CrossRef] [PubMed]
24. Meilgaard, M.; Civille, G.; Carr, B. Selection and training of panel members. Sens. Eval. Tech. 1999, 3, 174–176.
25. Stone, H.; Sidel, J.L. Introduction to sensory evaluation. In Sensory Evaluation Practices, 3rd ed.; Academic Press: San Diego, CA,

USA, 2004; pp. 1–19.
26. Luo, F.-X.; Huang, Q.; Fu, X.; Zhang, L.-X.; Yu, S.-J. Preparation and characterisation of crosslinked waxy potato starch. Food

Chem. 2009, 115, 563–568. [CrossRef]
27. Nagaoka, S.; Tobata, H.; Takiguchi, Y.; Satoh, T.; Sakurai, T.; Takafuji, M.; Ihara, H. Characterization of cellulose microbeads

prepared by a viscose-phase-separation method and their chemical modification with acid anhydride. J. Appl. Polym. Sci. 2005,
97, 149–157. [CrossRef]

28. Simsek, S.; Ovando-Martinez, M.; Marefati, A.; Sjöö, M.; Rayner, M. Chemical composition, digestibility and emulsification
properties of octenyl succinic esters of various starches. Food Res. Int. 2015, 75, 41–49. [CrossRef]

29. Moreno, H.M.; Carballo, J.; Borderías, A.J. Use of microbial transglutaminase and sodium alginate in the preparation of
restructured fish models using cold gelation: Effect of frozen storage. Innov. Food Sci. Emerg. Technol. 2010, 11, 394–400. [CrossRef]

30. Tseng, T.-F.; Liu, D.-C.; Chen, M.-T. Evaluation of transglutaminase on the quality of low-salt chicken meat-balls. Meat Sci. 2000,
55, 427–431. [CrossRef]

31. Kumar, Y.; Kairam, N.; Ahmad, T.; Yadav, D.N. Physico chemical, microstructural and sensory characteristics of low-fat meat
emulsion containing aloe gel as potential fat replacer. Int. J. Food Sci. Technol. 2016, 51, 309–316. [CrossRef]

32. Rasaei, S.; Hosseini, S.E.; Salehifar, M.; Behmadi, H. Effect of modified starch on some physico-chemical and sensory properties of
low fat Hamburger. Iran. J. Vet. Med. 2012, 6, 89–94.

33. Pietrasik, Z.; Soladoye, O. Use of native pea starches as an alternative to modified corn starch in low-fat bologna. Meat Sci. 2021,
171, 108283. [CrossRef] [PubMed]

34. Copeland, L.; Blazek, J.; Salman, H.; Tang, M.C. Form and functionality of starch. Food Hydrocoll. 2009, 23, 1527–1534. [CrossRef]
35. Joly, G.; Anderstein, B. Starches. In Ingredients in Meat Products; Springer: Berlin/Heidelberg, Germany, 2009; pp. 25–55.
36. Park, S.-Y.; Lee, J.-W.; Kim, G.-W.; Kim, H.-Y. Effect of black rice powder on the quality properties of pork patties. Korean J. Food

Sci. Anim. Resour. 2017, 37, 71. [CrossRef]
37. Cornejo-Ramírez, Y.I.; Martínez-Cruz, O.; Del Toro-Sánchez, C.L.; Wong-Corral, F.J.; Borboa-Flores, J.; Cinco-Moroyoqui, F.J. The

structural characteristics of starches and their functional properties. CyTA-J. Food 2018, 16, 1003–1017. [CrossRef]
38. Lin, K.; Keeton, J.; Gilchrist, C.; Cross, H. Comparisons of carboxymethyl cellulose with differing molecular features in low-fat

frankfurters. J. Food Sci. 1988, 53, 1592–1595. [CrossRef]
39. Mittal, G.; Barbut, S. Effects of various cellulose gums on the quality parameters of low-fat breakfast sausages. Meat Sci. 1993, 35,

93–103. [CrossRef]
40. Ruusunen, M.; Vainionpää, J.; Puolanne, E.; Lyly, M.; Lähteenmäki, L.; Niemistö, M.; Ahvenainen, R. Physical and sensory

properties of low-salt phosphate-free frankfurters composed with various ingredients. Meat Sci. 2003, 63, 9–16. [CrossRef]
41. Schuh, V.; Allard, K.; Herrmann, K.; Gibis, M.; Kohlus, R.; Weiss, J. Impact of carboxymethyl cellulose (CMC) and microcrystalline

cellulose (MCC) on functional characteristics of emulsified sausages. Meat Sci. 2013, 93, 240–247. [CrossRef]
42. Yang, A.; Keeton, J.; Beilken, S.; Trout, G. Evaluation of some binders and fat substitutes in low-fat frankfurters. J. Food Sci. 2001,

66, 1039–1046. [CrossRef]
43. Claus, J.; Hunt, M. Low-fat, high added-water bologna formulated with texture-modifying ingredients. J. Food Sci. 1991, 56,

643–647. [CrossRef]
44. Schmitt, C.; Sanchez, C.; Desobry-Banon, S.; Hardy, J. Structure and technofunctional properties of protein-polysaccharide

complexes: A review. Crit. Rev. Food Sci. Nutr. 1998, 38, 689–753. [CrossRef] [PubMed]
45. Shah, M.A.; Bosco, S.J.D.; Mir, S.A. Plant extracts as natural antioxidants in meat and meat products. Meat Sci. 2014, 98, 21–33.

[CrossRef] [PubMed]
46. Mancini, R.; Hunt, M. Current research in meat color. Meat Sci. 2005, 71, 100–121. [CrossRef] [PubMed]

58



Foods 2021, 10, 1157

47. Muthukumar, M.; Naveena, B.; Vaithiyanathan, S.; Sen, A.; Sureshkumar, K. Effect of incorporation of Moringa oleifera leaves
extract on quality of ground pork patties. J. Food Sci. Technol. 2014, 51, 3172–3180. [CrossRef]

48. Al-Juhaimi, F.; Ghafoor, K.; Hawashin, M.D.; Alsawmahi, O.N.; Babiker, E.E. Effects of different levels of Moringa (Moringa oleifera)
seed flour on quality attributes of beef burgers. CyTA-J. Food 2016, 14, 1–9. [CrossRef]

59





foods

Article

Low-Voltage Electrical Stimulation of Beef Carcasses Slows
Carcass Chilling Rate and Improves Steak Color

Christina Bakker, Keith Underwood, Judson Kyle Grubbs * and Amanda Blair

��������	
�������

Citation: Bakker, C.; Underwood, K.;

Grubbs, J.K.; Blair, A. Low-Voltage

Electrical Stimulation of Beef

Carcasses Slows Carcass Chilling Rate

and Improves Steak Color. Foods 2021,

10, 1065. https://doi.org/10.3390/

foods10051065

Academic Editor: Paulo Eduardo

Sichetti Munekata

Received: 1 April 2021

Accepted: 8 May 2021

Published: 12 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Animal Science, South Dakota State University, Brookings, SD 57007, USA;
Christina.Bakker@sdstate.edu (C.B.); keith.underwood@sdstate.edu (K.U.); amanda.blair@sdstate.edu (A.B.)
* Correspondence: judson.grubbs@sdstate.edu

Abstract: Electrical stimulation (ES) is used in beef slaughter plants to improve tenderness; however,
varying levels of low-voltage ES have not been well characterized. The objective was to evaluate the
influence of two levels of low-voltage ES on temperature decline, pH, glycolytic potential, and meat
quality. Forty-two beef carcasses were chosen from a commercial packing facility. One side of each
carcass received either 40 or 80 volts of ES for 60 s at 45 min postmortem. The paired side of each
carcass did not receive ES (Control). Temperature loggers were placed in the sirloin of 12 carcasses
to record temperature decline. Longissimus muscle pH was measured at 1, 12, and 24 h, and 3 d
postmortem. Strip steaks were fabricated for determination of meat quality. A treatment by time
interaction was observed for carcass temperature decline (p < 0.001) where ES sides stayed warmer
longer than Control sides. A treatment by time interaction was observed for pH decline with Control
sides exhibiting an increased pH at 1 h postmortem (p < 0.001). Instrumental color values were
increased for ES compared to Control sides (p < 0.001). These results indicate ES slows carcass
temperature decline, hastens initial pH decline, and improves instrumental color. Similar results
were observed between the ES treatments indicating either ES level may be used to achieve similar
quality characteristics.

Keywords: beef; electrical stimulation; glycolytic potential; quality; temperature decline

1. Introduction

Electrical stimulation (ES) is a postmortem intervention utilized to enhance beef
quality traits including color, tenderness, and flavor. Electrical stimulation is proposed
to improve tenderness by reducing cold shortening [1], disrupting muscle structure [2],
and increasing proteolytic activity [3]. Extra low-voltage ES is used on beef carcasses to
facilitate the removal of blood from carcasses shortly after exsanguination, while low- and
high-voltage ES is used to improve the tenderness and color of beef [4–6]. However, there
are discrepancies among reports regarding the influence of varying levels of ES on beef
quality traits. In a review by Adeyemi and Sazili [7], these discrepancies caused by varying
levels of ES on beef quality are highlighted, with some authors reporting positive effects
including improvements in tenderness and lean maturity, some reporting negative effects
such as reduced color stability and water holding capacity, and others reporting no effect
of ES on meat quality, thus concluding the need to further study the effective application of
this technology. Throughout the beef industry in the United States, few plants utilize ES
in the same manner. Some plants utilize extra low-voltage ES to facilitate blood removal,
others apply low- or high-voltage ES to improve tenderness and lean maturity scores,
some apply different ES voltage levels throughout the slaughter process, and yet others
do not use ES at all. Thus, additional research is necessary to optimize ES applications
to ensure beneficial effects are captured and deleterious effects are minimized. Therefore,
the objective of this study was to evaluate the influence of two levels of low-voltage
electrical stimulation applied at 45 min postmortem on temperature decline, muscle pH,
instrumental color, glycolytic potential, and instrumental tenderness. We hypothesized the
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ES treatments would increase carcass temperature, decrease muscle pH, increase glycolytic
potential, improve tenderness, and increase instrumental L* and a* values compared to the
non-stimulated sides, with the 80 V ES treatment having a greater impact on these traits
than the 40 V treatment.

2. Materials and Methods

2.1. Carcass Selection and Electrical Stimulation Treatments

Cattle were shipped from feedlots to a commercial slaughter facility and held in lairage
following normal plant operating guidelines and United States Department of Agriculture
Food Safety Inspection Service regulations for beef slaughter. Source and history of the
cattle is unknown. Carcasses (n = 42) were selected for comparison in this study. Three
collections were conducted throughout the course of the production day (11 carcasses at
0900 h, 16 carcasses at 1200 h, and 15 carcasses at 1500 h). Carcasses were harvested using
standard industry methods. Prior to chilling, paired sides were identified to compare the
influence of 2 levels of ES. The left side of the carcasses were subjected to one of two ES
treatments, (1) 80 V (ES80; n = 20) and (2) 40 V (ES40; n = 22), 45 min after exsanguination.
The right side of each carcass was used as an unstimulated control. For both ES40 and ES80
treatments, the ES was administered through the carcass trolly as it moved over a section
of electrically charged rail. Electrical stimulation was applied over a 60 s period where the
carcasses received a 4 s pulse of electricity with approximately 2 s between each pulse. The
remaining side of each carcass served as a negative control and did not receive ES (Control;
n = 42).

2.2. Carcass Temperature and pH

Following application of ES treatments, all carcasses were placed on the same rail
in a cooler set to hold at approximately 3 ◦C for 48 h. Carcass temperature decline was
monitored from the timepoint the carcasses entered the cooler on paired sides by inserting a
temperature probe (Temprecord Multitrip, Sensitech Inc. Beverly, MA, USA) into the sirloin
of both sides of the first 4 carcasses selected at each of the 3 collection time points. Once
the cooler was filled with carcasses, the spray chill system was activated to spray water for
1 min every 15 min for 24 h. Upon completion of the 48-h holding period, carcasses were
ribbed and allowed to bloom for approximately 30 min before standard carcass data were
collected. Longissimus muscle pH was recorded on the medial side of the muscle at the
12th rib position at 1 h postmortem, at the 11th rib at 12 h postmortem, and at the 10th rib
at 24 h postmortem to establish a pH decline through the completion of rigor mortis. The
pH recordings were taken at different locations on the muscle to avoid influence on pH by
utilizing the same probe site.

2.3. Carcass Characteristics and Sample Collection

Fat thickness at the 12th rib (BF) and ribeye area (REA) were measured on both sides of
each carcass by South Dakota State University (SDSU) personnel. Fat thickness at the 12th
rib and REA measurements of the two sides were averaged and used to calculate USDA
Yield Grade. Hot carcass weight (HCW) was recorded from each side and added together
for a total hot carcass weight for the carcass. Boneless striploins (IMPS #180) were collected,
transported under refrigerated conditions to SDSU, and fabricated into 2.54 cm steaks.
Steaks were fabricated in a set order. The first anterior steak was immediately frozen, 3 d
postmortem, and used for glycolytic potential (GP) analysis. The second through fourth
steaks were aged for 3, 7, or 14 d, respectively, and utilized for Warner–Bratzler shear force
(WBSF) and cook loss determination. The second anterior steak was also used to measure
ultimate pH, 3 d postmortem. The seventh steak was used to evaluate instrumental lean
color for each loin.
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2.4. Glycolytic Potential

Glycolytic potential was determined as described by McKeith et al. [8] with minor
modifications. Briefly, steaks designated for GP analysis were minced, snap frozen in
liquid nitrogen and powdered using a Waring commercial blender (Model 51BL32, Waring
Products Division, New Hartford, CT, USA) to produce a homogenous sample. Three g
of powdered sample was weighed into a 50 mL plastic conical tube, allowed to thaw, and
then homogenized for 75 s in 0.6 N perchloric acid. Samples were then digested using
amyloglucosidase and 5.4 N potassium hydroxide and incubated for 3 h, inverting the
tubes every 20 min to mix. Upon completion of the incubation step, 3N perchloric acid
was added and samples were centrifuged at 4.4 ◦C for 5 min at 10,000× g. Supernatant
was collected and stored for analysis. Glucose levels were determined using a glucose
assay kit (Glucose (HK) Assay Kit GAHK20, Millipore-Sigma, St. Louis, MO, USA) and
absorbance was read at 340 nm (SpectraMax 190, Molecular Devices, San Jose, CA, USA).
Lactate levels were determined by adding NAD+ in a glycine buffer to sample aliquots to
form NADH. Samples were then read at 340 nm (SpectraMax 190, Molecular Devices, San
Jose, CA, USA). Glycolytic potential of each sample was then calculated with the following
equation: GP = 2(Glucose absorbance * 111.882) + (Lactate absorbance * 173.22).

2.5. Warner–Bratzler Shear Force and Cook Loss

Steaks utilized for WBSF were thawed at approximately 4 ◦C for 24 h prior to cooking.
Steaks were cooked on a clamshell grill (George Foreman Indoor/Outdoor Grill model
GGR62, Lake Forest, IL, USA) to an internal peak temperature of 71 ◦C as indicated by
a temperature probe inserted to the geometric center of the steak (Atkins AquaTuff NSF
Series Model 351, Middlefield, CT, USA). Steaks were then stored at approximately 4 ◦C
overnight. Four h prior to evaluating shear force values, steaks were placed at room
temperature and allowed to equilibrate. Six cores were removed parallel to the direction
of the muscle fibers and then sheared once using a Warner–Bratzler shear machine (G-R
Electric Manufacturing Company, Manhattan, KS, USA) equipped with a BFG 500 N basic
force gauge (Mecmesin Ltd., West Sussex, UK) and peak shear force was recorded for each
core. An average shear force value was calculated and recorded for each steak.

Cook loss was determined on steaks designated for WBSF. Raw steak weight was
recorded with a balance (MWP, Cas Corporation, Seoul, South Korea) and after cooking,
steaks were allowed to equilibrate to room temperature and weighed again. Cook loss
was determined using the following equation: cook loss % = ((raw weight − cooked
weight)/raw weight) × 100.

2.6. Instrumental Color

Steaks designated for color determination were allowed to bloom for 30 min prior
to evaluation. L*, a*, and b* values were recorded at two locations (medial portion of the
steak and lateral portion of the steak) using a handheld colorimeter (Chroma Meta CR-410,
Konica Minolta, Ramsey, NJ, USA) equipped with a 50 mm aperture, 0◦ viewing angle,
2◦ standard observer, pulsed xenon lamp light source, and calibrated with a white tile
(L* = 97.38, a* = 0.06, b* = 1.82). Measurements were averaged between both locations for
each steak.

2.7. Statistical Analysis

The experiment utilized both sides of 42 carcasses in a completely randomized design.
The data analysis was conducted using the MIXED model of SAS software (SAS Institute
Inc., Cary, NC, USA) with fixed effect of treatment, random effect of carcass, and Toeplitz
covariate structure. Hot carcass weights for both sides of each carcass were added together,
and REA and BF measurements were averaged between sides. As HCW from both sides
are needed to calculate USDA yield grades, carcass data were analyzed by ES treatment
with data reported as ES40 or ES80 treatments. Contrast statements were used to compare
Control vs. ES40 and ES80 sides (Control vs. ES), and ES40 vs. ES80 (ES Level). Peak
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internal cooking temperature was used as a covariate for cook loss and WBSF data. Temper-
ature decline, WBSF, cook loss, and pH were considered repeated measures. Interactions of
treatment and time were evaluated where appropriate and are reported when significant.
Significance was determined when p < 0.05.

3. Results

3.1. Carcass Characteristics

Carcass characteristics are reported in Table 1. Hot carcass weight did not differ
between ES40 and ES80 treatments (p = 0.7200). No differences were observed in REA
(p = 0.6172). Fat thickness measured at the 12th rib was similar between the two treatments
(p = 0.9482). The lack of differences in HCW, REA, and BF contributed to the absence of
differences in overall USDA yield grade (p = 0.5000). The absence of differences in carcass
characteristics between ES treatments indicates that carcass characteristics likely did not
impact carcass chilling or meat quality data.

Table 1. Least square means for carcass characteristics of carcasses subjected to 40 or 80 V of electrical
stimulation for 60 s in 4 s on, 2 s off intervals prior to chilling.

Treatment 1

Variable ES40 ES80 SEM 3 p-Value

Hot carcass weight, kg 427.25 424.30 8.16 0.7200
Ribeye area 4, cm2 85.06 87.44 4.71 0.6172

12th rib fat thickness 4, cm 1.62 1.61 0.14 0.9482
USDA YG 5 3.86 3.70 0.23 0.5000

1 ES40 = 40 V of electrical stimulation, ES80 = 80 V of electrical stimulation. 3 Standard error of means. 4 Carcass
data measured between the 12th and 13th rib according to USDA standards. 5 USDA Yield Grade.

3.2. Carcass Temperature and PH

An ES by chilling time interaction was observed for temperature decline (p < 0.0001;
Figure 1). Sides treated with ES prior to chilling had similar temperatures to non stimulated
sides at the onset of chilling. By 30 min of chilling, ES sides had increased temperatures
compared to sides that did not receive ES, regardless of ES level. This difference persisted
until 24 h postmortem when temperature data loggers were removed from the carcasses. No
differences in temperature between ES treatments were observed at any time point (p > 0.05).
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Figure 1. Temperature decline of carcass submitted to low-voltage electrical stimulation (ES) prior to
chilling. Data are depicted as least square means ± SEM. Treatments are as follows: Control = no ES,
ES40 = 40 V of ES, ES80 = 80 V of ES. Electrical stimulation was applied for 60 s in 4 s on, 2 s off intervals.
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An ES treatment by chilling time interaction was observed for pH decline (p < 0.0001;
Figure 2). At 1 h postmortem, the ES80 carcasses achieved the lowest pH, ES40 intermediate,
and Control sustaining the highest pH value. The pH values measured at 12 and 24 h
postmortem, as well as ultimate pH, did not differ among treatments (p > 0.05).

Figure 2. pH decline in beef carcasses subjected to low-voltage electrical stimulation prior to chill-
ing. Data are depicted as least square means ± SEM. Treatments are as follows: Control = no ES,
ES40 = 40 V of ES, ES80 = 80 V of ES. Electrical stimulation was applied for 60 s in 4 s on, 2 s off
intervals. Measurements were taken at 1, 12, and 24 h postmortem in addition to ultimate pH.
a–f Means with different subscripts differ (p < 0.05).

3.3. Glycolytic Potential

Glucose, lactate, and GP data are reported in Table 2. Glucose concentration did not
differ between Control and ES sides (p = 0.5825) or between ES treatments (p = 0.7308).
Additionally, no differences were observed between Control and ES sides (p = 0.9557) or
between ES levels (p = 0.5655) for lactate concentration. Unsurprisingly, based on glucose
and lactate results, GP did not differ between Control and ES sides (p = 0.6760), or between
ES treatments (p = 0.5784).

Table 2. Warner–Bratzler shear force (WBSF), cook loss, glucose, lactate, and glycolytic potential (GP)
of beef carcasses subjected to low-voltage electrical stimulation for 60 s in 4 s on, 2 s off intervals
prior to chilling 1,2.

Treatment 3 Contrast p-Value

Variable Control ES40 ES80 Control vs. ES 4 ES Level 5

Glucose, μmol/g 0.19 ± 0.006 0.19 ± 0.008 0.18 ± 0.008 0.5825 0.7308
Lactate, μmol/g 0.20 ± 0.005 0.20 ± 0.006 0.19 ± 0.006 0.9557 0.5655

GP, μmol/g 76.10 ± 1.66 76.02 ± 2.18 74.26 ± 2.28 0.6760 0.5784
WBSF, kg 3.84 ± 0.08 3.69 ± 0.10 3.64 ± 0.11 0.0220 0.7332

Cook loss, % 17.94 ± 0.28 18.34 ± 0.38 18.24 ± 0.39 0.3753 0.8536
1 Least square means ± standard error of means. 2 No interaction was observed for aging day and electrical
stimulation treatment (effect of aging day is reported in Table 3). 3 Carcasses subjected to 0 (Control), 40 (ES40), or
80 (ES80) V of electrical stimulation. 4 Control vs. ES contrast statement compares Control carcasses vs. 40 and
80 V treatments. 5 ES Level contrast statement compares 40 vs. 80 V treatments
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Table 3. Least square means for Warner–Bratzler Shear Force (WBSF) and cook loss values of beef
steaks aged 3, 7, or 14 d 1 (n = 42/day).

Days Postmortem 1

Variable 3 7 14 SEM 2 p-Value

WBSF, kg 3.70 a 3.84 b 3.63 a 0.08 0.0021
Cook loss, % 17.38 a 18.69 b 18.45 b 0.34 0.0127

1 No interaction was observed for aging day and electrical stimulation treatment (effect of electrical stimulation
treatment is reported in Table 2). 2 Standard error of means. a,b Means with different subscripts indicate a
difference within row (p < 0.05).

3.4. Warner–Bratzler Shear Force and Cook Loss

Steaks from ES sides exhibited decreased shear force values compared to the Control
sides (p < 0.0220; Table 2). However, when evaluating WBSF data between ES treatments,
no differences were observed (p = 0.7332). Moreover, an aging day effect was observed for
WBSF. Steaks aged 7 d had a greater shear force value compared to steaks aged for 3 or
14 d postmortem (p = 0.0021; Table 3).

The percentage of weight lost during cooking did not differ between Control and ES-
treated sides (p = 0.3753; Table 2) nor were differences observed between sides treated with
different ES levels (p = 0.8536). An aging day effect was observed for cook loss (p = 0.0127;
Table 3) with steaks aged 3 d demonstrating less cook loss than steaks aged 7 or 14 d.

3.5. Instrumental Color

Steaks from ES sides were lighter (p < 0.0001; Table 4), redder (p < 0.0001; Table 4), and
more yellow (p < 0.0001; Table 4) than control steaks. No differences were observed between
ES treatments for lightness (p = 0.4582), redness (p = 0.9460), or yellowness (p = 0.7079).

Table 4. Instrumental color values of longissimus muscle from beef carcasses subjected to low-voltage
electrical stimulation for 60 s in 4 s on, 2 s off intervals prior to chilling 1.

Treatment 2 Contrast p-Value

Variable Control ES40 ES80 Control vs. ES 3 ES Level 4

L* 40.38 ± 0.34 42.28 ± 0.46 42.77 ± 0.48 <0.0001 0.4582
a* 24.94 ± 0.30 26.08 ± 0.33 26.06 ± 0.38 <0.0001 0.9460
b* 10.14 ± 0.27 11.30 ± 0.29 11.19 ± 0.34 <0.0001 0.7079

1 Least square means ± standard error of means. 2 Carcasses subjected to 0 (Control), 40 (ES40), or 80 (ES80) V of
electrical stimulation. 3 Control vs. ES contrast statement compares Control carcasses vs. 40 and 80 V treatments.
4 ES Level contrast statement compares 40 vs. 80 V treatments

4. Discussion

Previous research has shown temperature decline trends similar to the current data
with ES reported to increase carcass temperature. Bowker et al. [9] measured the temper-
ature decline of the longissimus dorsi in pigs electrically stimulated (six pulses, 60 Hz,
500 V, 1 s on and 2 s off) at 3 min postmortem, and observed an increase in temperature of
ES-treated carcasses over the monitoring duration of 56 min. In both cases, the increase in
temperature was likely caused by the heat generated by the muscle contractions caused by
the ES treatment [9]. Conversely, Wiklund et al. [10] evaluated the temperature decline in
the longissimus muscle of red deer carcasses stimulated with 90–95 V of ES for 55 s at the
time of exsanguination, and found no differences compared to non-stimulated carcasses.
Additionally, Kim et al. [11] evaluated the impact of low-voltage ES (100 V for 30 s) 90 min
after exsanguination of beef carcasses, and also observed no differences in the temperature
decline of the longissimus dorsi compared to non-stimulated sides. The conflicting results
of Wiklund et al. [10] and Kim et al. [11] compared to the current study could be due to
differences in species (beef vs. red deer) or time post exsanguination of the stimulation.
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Electrical stimulation can cause an increase in the rate of postmortem muscle pH
decline by increasing metabolic activity. McKenna et al. [12] observed differences in early
pH measurements with ES sides showing decreased pH values compared to non-stimulated
sides until 6 h postmortem when pH was similar, until cessation of pH measurements
at 24 h postmortem. Moreover, Nichols and Cross [13] noted a similar trend in pH with
ES sides displaying a rapid pH decline in the first 6 h postmortem. Kim et al. [11] noted
a more dramatic decrease in longissimus muscle pH decline, with non-stimulated sides
displaying an increased pH until 24 h postmortem. The rapid pH decline observed was
likely caused by the increase in postmortem glycolysis, which resulted in a buildup of
lactic acid in muscle at a faster rate than would occur without ES, but resulted in similar
ultimate pH values [14,15].

Similar to the current study, Ding et al. [16] observed no differences in glucose or
GP values for bison meat from carcasses stimulated with 400 V of ES compared to a
non-stimulated control. Conversely, Ding et al. [16] did observe a difference in lactate
concentrations; however, the samples were taken from carcasses prior to chilling and rigor
mortis. The lack of differences in GP observed in this study was ideal as we could conclude
the animals used in this study were at similar metabolic states prior to slaughter. Further,
we can conclude that pre-harvest handling did not impact the ability of carcasses in this
study to experience a normal rigor processes, such as pH decline, and the differences in
pH observed in the present study were likely the result of the ES treatments.

There are several mechanisms by which ES is proposed to improve tenderness [17].
It has been reported that ES disrupts muscle structure at the Z-disk and I-band, causes
formation of contraction nodes, and disrupts the integrity of the sarcoplasmic reticulum
causing minor separation of myofibrils [2,18,19]. Electrical stimulation has also been
proposed to inhibit cold shortening by preventing the temperature of the carcass from
declining too rapidly [1,20]. Others hypothesize that improvements in tenderness following
ES is caused by the activation of lysosomal enzymes and increased proteolysis while carcass
temperature is still increased [2,3,10]. However, some studies have found little or no effects
of ES on beef tenderness. Discrepancies between studies could be related to the level
of voltage applied, duration of stimulation, or timing of ES after exsanguination [11,21].
However, most studies agree that tenderness development is a complex process that likely
involves more than one of the previously discussed mechanisms [2,7,14].

It is unclear why steaks aged for 7 d had increased shear force values compared to
steaks aged 3 d, when most normal aging curves would show a decrease in WBSF value as
aging day increased during the first few weeks of aging. The steaks utilized for shear force
were taken consecutively from the anterior end of the strip loin. Previous research suggests
that steaks from those locations should have similar shear force values, likely eliminating
the impact of steak location on tenderness [22,23]. The WBSF values for each aging period
are below the established threshold for tenderness (4.6 kg) as perceived by consumers as
outlined by Shackelford et al. [24]. Additionally, the difference among days is within the
0.5 kg of force described by Miller et al. [25] as the difference in shear force detectable by
consumers preparing steak in their own home, indicating that the differences in shear force
based on aging day are likely not detectable by the average consumer.

Cook loss was not impacted by treatment in the current study. These data are similar
to the impact of high-voltage ES on cook loss of beef steaks [5,12] or bison steaks [16].
Additionally, Wiklund et al. [10] observed no effect of ES on drip loss of steaks from
red deer. However, when evaluating treatment of beef carcasses with 100 V of ES at 1 h
postmortem Savell et al. [26] observed increased cook loss for ES vs. control carcasses.
However, cook loss in the current study was impacted by aging day. Similar results were
observed by Shanks et al. [27] when evaluating cook loss over 35 d postmortem. Increases
in cook loss over time may be the result of damage to cellular membranes, which would
enable a greater amount of water to leak out of the muscle during cooking [27].

Steaks from ES sides in the current study were lighter, more red, and more yellow than
steaks from Control sides. Similar results were observed in beef [5,6,26,28] and in bison [16].
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The increased color values can be attributed to the increased oxygen permeability of the
meat as a result of the damaged muscle fibers. Weakened muscle structure caused by the
intense contractions that occurred during the ES treatment can allow oxygen to penetrate
deeper into the muscles, resulting in a thicker layer of oxymyoglobin formation compared
to non-stimulated carcasses [6,29,30].

5. Conclusions

The goal of this study was to evaluate the effects of varying levels of low-voltage ES
on beef quality traits. Collectively, these results demonstrate that low-voltage ES can be an
effective means to improve the tenderness and instrumental color scores of beef carcasses
without increasing cook loss, potentially improving consumer satisfaction. Within this
study the only differences observed between the ES40 and ES80 treatments were the early
postmortem pH levels. Thus, beef processing facilities that implement low-voltage ES
immediately before carcass chilling may be able to reduce the ES voltage levels to 40 V
without detrimentally impacting the meat quality characteristics expected with increased
voltages. Additionally, these data show that the desired appearance and palatability
benefits of high-voltage ES may be attainable using decreased voltages.
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Abstract: The effects of combining a polyamide-alginate casing incorporated with nisin (100 ppm
and 200 ppm) and ε-polylysine (500 ppm and 1000 ppm) nanoparticles and a mixed plant extract
as ingredient in sausage formulation (500 ppm; composed of olive leaves (OLE), green tea (GTE)
and stinging nettle extracts (SNE) in equal rates) were studied to improve the shelf life and safety of
frankfurter-type sausage. The film characteristics and microbiological properties of sausage samples
were evaluated. Sausage samples were packaged in polyethylene bags (vacuum condition) and
analysed during 45 days of storage at 4 ◦C. Control sausages were also treated with 120 ppm sodium
nitrite. Polyamide-alginate films containing 100 ppm nisin and 500 ε-PL nanoparticles had the highest
ultimate tensile strength compared to other films. However, 100 ppm nisin and 500 ε-PL nanoparti-
cles decreased water vapour permeability of films. The results also revealed that nisin nanoparti-
cles had significantly (p < 0.05) low inhibitory effects against Escherichia coli, Staphylococcus aureus,
molds and yeasts and total viable counts compared to control and ε-PL nanoparticles. Furthermore,
1000 ppm ε-PL nanoparticles displayed the highest antimicrobial activity. Based on the obtained
results, the films containing ε-PL nanoparticle could be considered as a promising packaging for
frankfurter-type sausages.

Keywords: polyamide-alginate film; nanoparticle; nisin; ε-polylysine; frankfurter; plant extract;
active packaging

1. Introduction

Frankfurter-type sausages are a kind of emulsified meat products, which because of
their high techno-functional components (bioavailable vitamins (B), essential amino acids,
fatty acids, zinc, and heme-iron), ready to eat (RTE) product status, flavour acceptance
and low cost, are widely consumed [1–3]. However, contamination in meat products like
sausages, especially by foodborne bacteria, is the main concern of meat producers [4].
Moreover, frankfurter-type sausages with high fat content are sensitive to oxidation which
leads to a reduction in quality (flavour and texture) during storage [5,6], hence researchers
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endeavour to reduce contamination in sausages using natural antimicrobials and antioxi-
dants [7–9].

Increasing the safety of RTE products like sausages could be achieved using antimi-
crobial packaging [10–14]. Using natural antimicrobial compounds in packaging structures
displays higher efficacy in comparison to direct use in the food matrix as an ingredient. The
higher efficacy of active antimicrobial packaging may be attributed to the exposure of the
food surface (where the risk of contamination is high) to antimicrobial compounds [15–17].

Polysaccharides like alginate due to their special colloidal properties such as film-
forming, thickening, emulsion stabilizing agent, and gel producing are widely used as a
biopolymer film or coating compounds [18]. For instance, sodium alginate has received
great consideration due to promising properties in combination with calcium ions as
delivery systems for active compounds [19–23]. In this regard, the U.S. Food and Drugs
Administration (FDA) has indicated that alginate polymer has the Generally Recognized
As Safe (GRAS) status for food use [24]. Furthermore, Surendhiran et al. [25] revealed that
phlorotannin encapsulated in a alginate/poly(ethylene oxide) composite film inactivated
Salmonella spp. and increased the shelf life of chicken meat.

Nisin is a nontoxic and stable bacteriocin produced from Lactococcus lactis with autho-
rized use in food [26]. Nisin has strong antimicrobial properties against several spoilage
bacteria in meat and meat products such as Clostridia and Bacilli spores [27,28]. In this
regard, Churklam et al. [29] evaluated effects of carvacrol in combination with nisin on
sliced Bologna sausage and they noticed that nisin and carvacrol inhibited microbial growth
compared to control samples. Furthermore, other authors have reported similar results for
nisin in ready-to-eat Yao meat products [30], pork loin [31], frankfurter-type sausage [6]
and fresh sausage [32].

ε-Polylysine (ε-PL) is one of the most well-known natural components with high
antimicrobial properties against a wide spectrum of bacteria like Gram-positive, Gram-
negative bacteria (Clostridium perfringens, Staphylococcus aureus and E. coli), and yeast and
molds [33]. ε-PL has high thermo-stability and is widely utilized in meat industry products
like chilled beef [34], and frankfurter type sausage [35] as preservative. Furthermore,
antimicrobial efficacy of ε-PL could be increased in combination with plant extracts [35].
Natural plant extracts like olive leaves (OLE), green tea (GTE) and stinging nettle (SNE) ex-
tracts are a good source of phenolic compounds with strong antimicrobial and antioxidant
properties [36–38]. In OLE, the major polyphenols are oleuropein, oleuropein, hydroxy-
tyrosol, tyrosol, luteolin-7-O-glucoside, apigenin-7-O-glucoside, p-coumaric acid, ferulic
acid [39]. In the case of GTE the main polyphenols are catechin and its derivatives are
epicatechin gallate, epigallocatechin gallate, and epigallocatechin [40]. The phenolic compo-
sition of SNE is comprised of flavonoids (kaempferol, rutin, isorhamnetin, and quercetin,)
and phenolic acids (p-coumaric acid and ferulic acid) [41], making these plant materials rich
sources of bioactive and nutrients compounds with potential ability as nitrite substitutes in
frankfurter-type sausages [36].

The antimicrobial effect of combined ε-polylysine and nisin with natural antioixdants
in frankfurter-type sausage has been reported [6]. To the best of our knowledge, there are
no previous studies on the effect of active packaging containing ε-polylysine nanoparticles
(ε-PLN) and nisin nanoparticles (NN) on the quality properties and stability of frankfurter-
type sausage during storage. The aim of present study was thus to evaluate the effect of
active polyamide-alginate films containing nisin and ε-PL nanoparticles in combination
with plant extracts on quality and shelf life of frankfurter-type sausages.

2. Materials and Methods

2.1. Materials

All chemical components and microbial media were of analytical grade (purity
>99%) and purchased from Merck (Darmstadt, Germany). Food-grade nisin (Nisaplin,
5000 IU/mL, and ε-polylysine powder (5000 IU/mL,) were purchased from Danisco
(Copenhagen, Denmark) and FoodChemand (Shanghai, China), respectively. The high
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molecular mass chitosan powder (molecular weight 3.1 × 105 g mol−1; 95% deacetylation
degree) was also purchased from Sigma-Aldrich (Saint Louis, MO, USA). The polyamide
film was acquired from Besharat Company (Tabriz, Iran).

2.2. Preparation of Plant Extract

The olive leaves (OLE), green tea (GTE) and stinging nettle (SNE) extracts were
obtained following the procedure described by Ebrahimzadeh et al. [42] with some modi-
fications. Plant leaves firstly dried in an oven (40 ◦C) for 48 h and sifted through sieves
with 14-inch mesh. Then, 50 g of dried powder and 500 mL of ethanol solution (95%)
in Erlenmeyer flask were mixed by magnetic stirrer at room temperature for 48 h. The
ethanol in mixture was evaporated at 40 ◦C in a rotary evaporator after filtering the mixture
through a Whatman No 1 filter paper. Equal amounts of GTE, SNE and OLE were prepared
for further use in frankfurter-sausage samples.

2.3. Preparation of ε-Polylysine Nanoparticle (ε-PLN) and Nisin Nanoparticle (NN)

The stock solution of nisin and ε-PL were prepared according to method described
by Alirezalu et al. [35] as follows: 2 g from each of these compounds were separately
solubilized in 2% glacial acetic acid solution (200 mL) at 60 ◦C and filtered through 0.45 μm
membrane filter (for sterilization) (Minisart NML, Sartorius, New York, NY, USA). The
nanoparticles of nisin and ε-PL were produced according to the method described by
Das et al. [43], and Bernela et al. [44] with some modifications. Calcium chloride and ε-PL
solution (1:20, v/v) were mixed together. Then, this solution was mixed with 58.75 mL
of sodium alginate (0.63 mg/mL), 12.5 mL of chitosan solution, and 6.25 mL of Pluronic
F-68 (1 mg/mL). The final mixture was shaken slowly for 3.5 h (at room temperature).
The nanoparticles of ε-PL were obtained after centrifugation (15,000× g) (at 4 ◦C for
0.5 h) and freeze-drying process. The similar technique was utilized for preparation of
nisin nanoparticles.

2.4. Preparation of Active Antimicrobial Film

The polyamide-alginate films were produced according to the procedures described
in [24,45]. Mechanical stirring was used to dissolve 3 g of sodium alginate in 200 mL of
sterile deionised water for 30 min (70 ◦C). After that, for improving films characteristics
(increase flexibility and decrease brittleness), glycerol (0.44 g/g of alginate) as a plasticizer
was added. Mechanical stirring was utilized for dissolving glucono δ-lactone (5.4 g/g
calcium carbonate) with calcium carbonate (0.03 g/g alginate) in 50 mL of distilled water.
Then, for calcium alginate films production, the solution was dispersed at 150 mL sodium
alginate solution. The ε-PLN (500 and 1000 ppm) and NN (100 and 200 ppm) were added to
the mixture and homogenized for 3 min (13,500 rpm at 25 ◦C) and for integrate absorption
of water and gelation of alginate, the attained solution was mixed slowly for 12 h by using
mechanical stirring. After that, Petri dishes (10 cm in diagonal) were filled with 10 mL of
the solution and dried in an oven (12 h at 45 ◦C). The Petri dishes were held in desiccators
before peeling the films. Finally, polyamide and calcium alginate films were attached
together to polyamide-alginate films.

2.5. Mechanical Properties

Mechanical properties of calcium alginate films including tensile strength (TS) and
elongation at break (%E) were analysed following the ASTM procedure D882-91 [46]. The
films were cut into 6 × 0.5 cm and were conditioned by saturated solution of calcium nitrite
(RH = 55%) inside a desiccator for 24 h at room temperature. Initial grip separation with
50 mm and cross-head speed with 2 mm/min was used at this study with five replicates
for mechanical analysis from each film samples.
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2.6. Water Vapor Permeability (WVP)

The ASTM procedure E96-95 was utilized for gravimetrically evaluation of calcium
alginate film WVP [46]. The calcium alginate films were sealed onto cups (2 cm diagonal
and 10 cm height) with 3 g calcium sulfate and before hold inside desiccator containing
saturated solution of potassium sulfate (RH = 97%) the cups were weighted. Finally, to
attain a 97% RH gradient on the films the desiccator was placed inside the oven (25 ◦C).
The cups were weighted twice a day (12 h to 12 h) for six days and the results were analysed
by Fick and Henry’s laws as follows:

WVP(g mm/m2 day kPa) =
The rate of water vapor transmission × film thickness (mm)

differential vapor pressure of water through the film
(1)

2.7. Preparation of Frankfurters

Each repetition of frankfurter processing was carried out with beef from different
animals. The same ingredients and formulation were used in the three batches during
three successive days (3 treatments × 4 time periods × 3 repetitions × 3 runs). A local
meat processing factory was utilized for sausage production. Frankfurter-type sausage
formulation (g/kg) was comprised of 0.4 sodium ascorbate, 15 salt, 81.5 starch and other
dry materials, 120 soybean oil, 3.5 polyphosphate sodium, 20 seasoning, 210 ice/water,
0.5 mixed plant extract, and 550 of beef meat. Beef meat was cut into cubes with 3 mm size
and homogenized with half of the ice/mixed extract (500 ppm), salt (NaCl) and sodium
polyphosphate in a cutter (EX3000 RS, Kilia, Schönkirchen, Germany) at 10 ◦C for 12 min.
After that, other ingredients including seasoning, starch, and sodium ascorbate were
added slowly into the mix and homogenized for 1 min. Finally, half of ice/mixed extract
(final mixed extract concentration of 500 ppm) and microbial suspensions (103 CFU/g),
along with remaining components were added and mixed for about 120 s. The sausages
were stuffed mechanically (VF50, Handtmann, Biberach, Germany) into antimicrobial
polyamide-alginate films before steam cooking (1.5 h at 80–85 ◦C).

Sausages were quickly chilled with a cold-water shower, packaged in vacuumed
condition in polyethylene bags and stored at 4 ◦C. The following five treatments were
prepared: control with polyamide-alginate films without nanomaterials; samples stuffed
in the polyamide-alginate films incorporated with 100 and 200 ppm NN, and samples
stuffed in the polyamide-alginate films incorporated with 500 and 1000 ppm ε-PLN. Film
characteristics and microbial counts were analysed at 0, 15, 30, and 45 days of refrigerated
(4 ± 1 ◦C) storage. A schematic illustration to show the overall workflow is presented in
Figure 1.

 

Figure 1. Schematic diagram for frankfurter-type sausage production.
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2.8. Microbiological Properties

Microbiological properties of sausage packaged in polyamide alginate films were
analysed as follows: 225 mL of 0.1% (w/v) peptone water and 25 g of samples were homog-
enized using sterile lab-blender (Paddle Lab Blender, Neutec, Farmingdale, NY, USA) for
3 min. 0.1% of sterile peptone water was also used for serial dilution production. Brilliant
Green agar (BGA, Merck, Darmstadt, Germany), Plate Count agar (PCA, Merck) and Sulfite
Polymyxin Sulfadizine (SPS) agar (Merck) were used for enumeration of E. coli, total viable
count, and Clostridium perfringens, respectively, by pour-plate technique. Incubation time
and temperature for E. coli, total viable count, and Clostridium perfringens were 24–47 h
at 37 ◦C, 48–72 h at 30 ◦C and 24 h at 37 ◦C, respectively. Staphylococcus aureus and yeast
and molds were enumerated on Baird Parker agar (BPA, Merck) and Dichloran Rose-
Bengal Chloramphenicol (DRBC) agar (Merck) following incubation for 48 h at 30 ◦C and
5 days at 25 ◦C, respectively. The microbiological results were reported as Log10 CFU/g of
sausage samples.

2.9. Statistical Analysis

The experimental data resulted from 3 treatments × 4 time periods × 3 repetitions
× 3 runs were analysed using the statistical software SAS (v.9, SAS Institute Inc., Cary,
NC, USA). Normal distribution and variance homogeneity had been previously tested
(Shapiro-Wilk). Random block design was utilized for evaluation of microbiological data,
considering a mixed linear model, including replication as a random effect, and different
treatments and storage period as fixed impacts. One-way ANOVA was also utilized
for mechanical properties and WVP, and Tukey’s test for means comparison (statistical
significance at p < 0.05 value) and results were expressed as mean values ± standard error
in all figures and tables.

3. Results and Discussion

3.1. Mechanical Properties

The mechanical properties of calcium alginate films including elongation at break (E%)
and tensile strength (TS) are shown at Table 1. The results showed that tensile strength
of calcium alginate films ranged between 63–67 MPa. Added NN and ε-PLN affected
significantly (p < 0.05) the tensile strength of films. Pranoto et al. [47] showed that tensile
strength of calcium alginate films could decrease by adding garlic oil which may be caused
by its hydrophobic properties. In our experiment, tensile strength in calcium alginate films
incorporated with 500 ppm ε-PLN was higher than other films (Table 1). Conversely, ε-PLN
(500 ppm ε-PLN and 1000 ppm ε-PLN) could significantly (p < 0.05) decrease the tensile
strength of the films. This fact could be due to the high ε-PLN content, which can reduce
tensile strength of the films. Benavides et al. [48] also reported similar results.

Table 1. Mechanical properties of active calcium alginate films.

Treatments (ppm)

Properties Control 100 NN 200 NN 500 ε-PLN 1000 ε-PLN p-Value

σ (MPa) 64.12 ± 2.38 b 66.59 ± 1.37 a 63.15 ± 0.81 b 67.08 ± 2.54 a 63.28 ± 1.78 b 0.03
E (%) 208.34 ± 2.34 a 206.54 ± 1.27 ab 207.65 ± 1.74 ab 205.47 ± 2.65 b 206.35 ± 2.73 ab 0.05

σ: Ultimate tensile strength (CV: 0.54); E: Elongation at break (CV: 1.71). a–c In each row with different letters differ significantly, (p < 0.05).

The results also showed that elongation at break (E%) in control films were higher
than other films. Incorporating nanoparticles decreased the flexibility of the films, therefore,
elongation at break were also decreased in the films. Moreover, link between alginate,
calcium and chitosan decreased the flexibility and E% of the films. The results of this study
are in agreement with those reported by Guiga et al. [49] in polyamide films. The authors
indicated that added nisin in polyethylene and polyamide films could decrease E% of the
films from 271% to 130%. The appearance of the active films used are presented in Figure 2.
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Figure 2. Calcium alginate films and polyamide-alginate film incorporated with NN and ε-PLN.
(A) Calcium alginate film, (B) Calcium alginate film + 100 ppm NN, (C) Calcium alginate film +
200 ppm NN, (D) Calcium alginate film + 500 ppm ε-PLN, (E) Calcium alginate film + 1000 ppm
ε-PLN, (F) Polyamide-alginate film.

3.2. Water Vapor Permeability (WVP)

The effects of nanoparticles in WVP of calcium alginate films are shown in Figure 3.
According to Barzegaran et al. [50], calcium alginate films have lower water vapour perme-
ability (6.16 × 10–7 g/m.s.Pa) in comparison to other polymers. Therefore, for production
of films with antimicrobial activities with low water vapour permeability, calcium alginate
films were produced. The results showed that adding 100 ppm of NN in calcium alginate
films decreased WVP of the films, whereas incorporating 200 ppm of NN increased the
WVP of the films.

Figure 3. Water vapour permeability of calcium alginate films incorporated with nisin and ε-PL
nanoparticles. a–d Mean values among films not followed by a common letter differ significantly
(p < 0.05).

Sodium alginate films can be considered as an edible casing because of its hydrophilic
properties (low resistant against moisture) and mechanical stability [51]. Therefore, favour-
ing the gel consistency in films (by adding calcium) can improve water vapour permeability
of the films [52].

WVP of the alginate films were decreased by adding 500 ppm ε-PLN. The interaction
between amines (chitosan) and carboxyl components (alginate) may be the main reason for
the lower WVP in films. Intermolecular gaps and porous microstructure of films matrix
significantly affect the permeability of the films. Turhan and Şahbaz [53] showed that
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plasticizers can increase water vapour permeability of the films by increasing intermolecular
gaps. As shown in Figure 3, WVP of films incorporated with 1000 ppm ε-PLN and 200 ppm
NN were significantly increased whereas the WVP of films with 500 ppm ε-PLN and
100 ppm NN were decreased. These results may be caused by increasing and decreasing
intermolecular gaps, respectively.

3.3. Microbiological Properties

Total viable count in all sausage samples (p < 0.05) increased during storage. The
polyamide-alginate films incorporated with 1000 ppm ε-PLN and 200 ppm NN showed
(p < 0.05) higher inhibitory effects against TVC. Furthermore, polyamide-alginate films
incorporated with ε-PLN presented higher antimicrobial effects compared to polyamide-
alginate films with NN. The antimicrobial effects of ε-PL against wide spectrum of microor-
ganisms (Gram-positive, Gram-negative, and fungus) compared to nisin may be the main
reason that explains the higher antimicrobial properties of ε-PLN.

TVC of frankfurter sausages packaged in polyamide-alginate films with 500 ppm
ε-PLN and 100 ppm NN ranged between 5.54 and 5.87 Log CFU/g at the end of storage
period (Figure 4). It is worth mentioning that the borderline for microbiological accept-
ability in meat products (especially due to odour changes) is around 6 Log CFU/g [54,55].
Conversely, TVC in sausage samples packaged in films with 1000 ppm ε-PLN and 200 ppm
NN reached 4.22 Log CFU/g and 4.53 Log CFU/g, respectively. Therefore, the results
showed that polyamide-alginate films incorporated with 500 and 1000 ppm ε-PLN could
(p < 0.05) can increase the shelf life of the frankfurter-type sausages (Figure 4). In this regard,
Feng et al. [56] indicated that ε-PL with rosemary extract could significantly decrease TVC
and improve sensory properties of chicken breast muscle. Additionally, Alirezalu et al. [35]
also indicated that ε-PLN displayed significantly higher inhibitory activity against TVC in
comparison ε-PL (free form) in frankfurter-type sausage.

 

Figure 4. Total viable count of sausage samples packaged in polyamide-alginate films during
refrigerated storage. A–D Mean values among treatments not followed by a common letter differ
significantly (p < 0.05). a–c Mean values during storage not followed by a common letter differ
significantly (p < 0.05).

Conversely, de Barros et al. [57] evaluated effects of natural casing incorporated with
nisin in vacuum packaged sausage for the control of spoilage microorganisms, and reported
an inhibitory effects of nisin against TVC. Similar results supporting the antimicrobial
activity of nisin were also reported by Neetoo and Mahomoodally [58] on cold smoked
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salmon (by using cellulose-based films and coatings incorporated with nisin and potassium
sorbate), and Ercolini et al. [59] on beef burgers coated in nisin and packaged in LDPE films.

Regarding the antimicrobial effect of films against Clostridium perfringens, counts
between 2.43 and 2.86 Log CFU/g in all sausage samples were obtained at the first day
of storage (Figure 5). During storage, significant reductions were observed among treat-
ments and at the of storage the treatments control, polyamide-alginate films with 500 and
1000 ppm ε-PLN had lower values than those sausages packaged with polyamide-algine
films with 100 and 200 NN. However, significant differences between sausages packaged
in polyamide-alginate films containing 1000 ppm ε-PLN and control group after 45 days of
refrigerated storage.

 
Figure 5. Clostridium perfringens of sausage samples packaged in polyamide-alginate films during
refrigerated storage. A–D Mean values among treatments not followed by a common letter differ
significantly (p < 0.05). a–c Mean values during storage not followed by a common letter differ
significantly (p < 0.05).

Meira et al. [60] evaluated antimicrobial effects of polypropylene/montmorillonite
nanocomposites containing different concentration of nisin as antimicrobial active packag-
ing. The authors showed that nisin inhibited the growth of Clostridium perfringens, which
was stronger in samples with higher concentrations of nisin. In addition, Cé et al. [61]
also reported similar results against Clostridium perfringens in chitosan films containing
nisin. It is important to comment that Clostridium perfringens is an anaerobic bacterium that
mostly growth in inner sections of the sausage and the antimicrobial were in films that are
in contact with the external surface of the samples. Therefore, our results did not show
high inhibitory effects against Clostridium perfringens in sausage samples.

Staphylococcus aureus in meat and meat products is one of the most important bacteria
because of its enterotoxin production [28]. Polyamide-alginate films incorporated with
NN and ε-PLN had significant (p < 0.05) effects on Staphylococcus aureus count (Figure 6).
During the refrigerated storage, Staphylococcus aureus significantly (p < 0.05) decreased
in all sausage samples. Our results revealed that Staphylococcus aureus counts in samples
packaged in polyamide-alginate films incorporated with 500 ppm and 1000 ppm ε-PLN
and control sausages were significantly (p < 0.05) lower than obtained in other sausages.
Elmani [62] evaluated the antimicrobial effects of lysozyme, chitosan, and nisin on Cig kofte
(a traditional Turkish raw meatball) and showed that the inhibitory effect of nisin against
Staphylococcus aureus was higher than chitosan and lysozyme. Our findings agree with data
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reported by Millette et al. [63] who reported alginate films containing 1000 IU/mL of nisin
could decrease 2 Log CFU/cm2 of Staphylococcus aureus in beef meat after 7 days of storage.

Figure 6. Staphylococcus aureus of sausage samples packaged in polyamide-alginate films during
refrigerated storage. A–C Mean values among treatments not followed by a common letter differ
significantly (p < 0.05). a–d Mean values during storage not followed by a common letter differ
significantly (p < 0.05).

ε-PLN significantly (p < 0.05) affected E. coli in sausage samples (Figure 7). E. coli
counts continuously decreased in all packaged sausages during storage except for samples
packaged with NN (p > 0.05) due to lower antimicrobial effects of nisin against Gram-
negative bacteria.

Figure 7. E. coli of sausage samples packaged in polyamide-alginate films during refrigerated storage.
A–D Mean values among treatments not followed by a common letter differ significantly (p < 0.05).
a–d Mean values during storage not followed by a common letter differ significantly (p < 0.05).

The presence of chitosan in nisin nanoparticles’ structure leads to low inhibitory effects
of polyamide-alginate films containing nisin against E. coli. Our outcomes agree with those
reported by Cé et al. [61] who observed that higher concentrations of chitosan had weaker
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inhibitory effects against E. coli. Furthermore, Elmali [62] evaluated the antimicrobial effects
of lysozyme, chitosan, and nisin on Cig kofte and reported there were any inhibitory effects
against E. coli in samples treated with nisin after 72 h of storage. Polyamide-alginate films
containing ε-PLN decreased (p < 0.05) E. coli in sausage samples during the storage time.

Our results showed that E. coli count in sausages packaged in films containing
1000 ppm ε-PLN reached 0 Log CFU/g after 45 days of storage. The high antimicro-
bial effects of ε-PLN against E. coli were also reported by Sun et al. [64] who evaluated the
antimicrobial effects of nano-crystalline cellulose films containing ε-PL on fish meat.

At day 1, sausage samples packaged in polyamide-alginate films with NN and
ε-PLN presented (p < 0.05) lower content of molds and yeasts in comparison to con-
trol group (Figure 8). During storage, molds and yeasts increased in all sausage samples.
At the end of storage time, sausage samples packaged in films containing 100 ppm NN
showed the highest counts of molds and yeasts. Our findings agree with data reported by
Guerra et al. [65] who evaluated the antimicrobial effects of cellophane containing nisin
and reported that bioactive cellophane packaging could be used for controlling microbial
growth in chopped meat. Packaged sausage samples in polyamide-alginate containing
ε-PLN (500 and 1000 ppm) decreased (p < 0.05) the rate on molds and yeasts growth during
refrigerated storage. Furthermore, in control samples (with 120 ppm sodium nitrite) molds
and yeasts counts until day 30 were within the standard range.

 

Figure 8. Molds and yeasts of sausage samples packaged in polyamide-alginate films during refriger-
ated storage. A–D Mean values among treatments not followed by a common letter differ significantly
(p < 0.05). a–d Mean values during storage not followed by a common letter differ significantly
(p < 0.05).

Alirezalu et al. [6] also reported similar results in frankfurter sausages. These authors
evaluated the antimicrobial effects of nisin, ε-PL and chitosan and reported a similar
inhibitory effect against molds and yeasts in meat products. Moreover, catechins in GTE as
a phenolic compound not only can inhibit activity of intracellular enzymes and synthesis of
fatty acid and protein but also can damage membrane compounds of molds and yeasts [66].

4. Conclusions

Our outcomes showed that polyamide-alginate casing incorporated with ε-PLN and
NN with mixed plant extract (same rates of green tea, stinging nettle, and olive leaves ex-
tracts) could be potentially used for increasing frankfurter-type sausage shelf life. Sausages
with 1000 ppm ε-PLN had significantly higher inhibitory effects against molds and yeasts,
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E. coli, Staphylococcus aureus, and total viable counts. Therefore, polyamide-alginate film
incorporated with ε-PLN and NN with mixed plant extract could be used usefully for
improving frankfurter type sausage quality and shelf life.
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53. Turhan, K.N.; Şahbaz, F. Water vapor permeability, tensile properties and solubility of methylcellulose-based edible films. J. Food

Eng. 2004, 61, 459–466. [CrossRef]
54. Food Safety Authority of Ireland. Available online: https://www.fsai.ie/food_businesses/micro_criteria/guideline_micro_

criteria.html (accessed on 5 March 2021).
55. Dainty, R.H.; Mackey, B.M. The relationship between the phenotypic properties of bacteria from chill-stored meat and spoilage

processes. J. Appl. Bacteriol. 1992, 73, 103s–114s. [CrossRef] [PubMed]
56. Feng, L.; Shi, C.; Bei, Z.; Li, Y.; Yuan, D.; Gong, Y.; Han, J. Rosemary Extract in Combination with ε-Polylysine Enhance the

Quality of Chicken Breast Muscle during Refrigerated Storage. Int. J. Food Prop. 2016, 19, 2338–2348. [CrossRef]
57. de Barros, J.R.; Kunigk, L.; Jurkiewicz, C.H. Incorporation of nisin in natural casing for the control of spoilage microorganisms in

vacuum packaged sausage. Braz. J. Microbiol. 2010, 41, 1001–1008. [CrossRef]
58. Neetoo, H.; Mahomoodally, F. Use of antimicrobial films and edible coatings incorporating chemical and biological preservatives

to control growth of Listeria monocytogenes on cold smoked salmon. Biomed Res. Int. 2014, 2014. [CrossRef]
59. Ercolini, D.; Ferrocino, I.; La Storia, A.; Mauriello, G.; Gigli, S.; Masi, P.; Villani, F. Development of spoilage microbiota in beef

stored in nisin activated packaging. Food Microbiol. 2010, 27, 137–143. [CrossRef] [PubMed]
60. Meira, S.M.M.; Zehetmeyer, G.; Jardim, A.I.; Scheibel, J.M.; de Oliveira, R.V.B.; Brandelli, A. Polypropylene/montmorillonite

nanocomposites containing nisin as antimicrobial food packaging. Food Bioprocess Technol. 2014, 7, 3349–3357. [CrossRef]
61. Cé, N.; Noreña, C.P.Z.; Brandelli, A. Antimicrobial activity of chitosan films containing nisin, peptide P34, and natamycin. CyTA J.

Food 2012, 10, 21–26. [CrossRef]
62. Elmalı, M. Effects of different concentration of nisin, lysozyme, and chitosan on the changes of microorganism profile in produced
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Abstract: This study examined the effects of stevioside (S) and organic selenium (O-Se) supplemen-
tation on the sensory attributes, microbial activity, fatty acid composition, and meat quality traits
of Hanwoo cattle (Korean native cattle). Twenty-four Hanwoo cattle (663 ± 22 kg body weight)
were assigned to two dietary treatments for 8 months: control diet and 1% stevioside with 0.08%
organic selenium supplemented diet. S and O-Se inclusion in the diet enhanced the final body weight,
weight gain, and carcass crude protein (p < 0.05). Moreover, supplementation with S and O-Se had
a significant effect on lowering the drip loss and shear force and enhanced the a* (redness) of the
longissimus dorsi muscle (p < 0.05). The inclusion of dietary S and O-Se improved the sum of the
polyunsaturated fatty acid (ΣPUFAs) content of the meat, and the oxidative status (TBARS) values
during second week of storage decreased by 42% (p < 0.05). On the other hand, the microbial count
tended to decrease (7.62 vs. 7.41 log10 CFU), but it was not significant (p > 0.05), and all sensory
attributes were enhanced in the S and O-Se supplemented diet. Overall, these results suggest that
supplementation of the ruminant diet with stevioside and organic selenium improves the growth
performance, carcass traits, and meat quality with enriched PUFAs profile and retards the lipid
oxidation during the storage period in beef.

Keywords: stevioside; organic selenium; Hanwoo cattle; fatty acid profile; oxidative status; sen-
sory attributes

1. Introduction

High meat quality characteristics of Hanwoo beef enhanced the consumer’s preference
compared to the other imported beef, such as Holstein steer and Australian Angus [1].
Moreover, lower subcutaneous fat contents and higher ossification scores, marbling scores,
and loin protein content were also observed in the Hanwoo carcasses compared to Aus-
tralian Angus carcasses [2]. Since dietary management has an important role in the beef
industry, the implementation of promising feeding strategies and supplementation with
additives is an essential factor that can determine the physiochemical qualities of the meat.
Natural and healthy feed additives have gained particular interest in the global livestock
sector since the ban on antibiotic growth promoters (AGP) in animal feed [3].

Many beneficial organic bioactive molecules are derived from plants because of their
normal metabolic reactions [4]. The mode of action of plant-based feed additives is in-
creasing the digestibility and absorption by modulating the beneficial intestinal micro-
biota [5]. The Stevia genus comprises approximately 200 species of various herbs and
shrubs [6]. Stevia rebaudiana Bertoni is an herbaceous perennial plant belonging to the
Asteraceae family that is native to Paraguay but has also been cultivated in China, Taiwan,
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Korea, Malaysia, Canada, the United States, and some European countries. Stevioside
(13-[2-O-beta-D-glucoprransyl-alpha-D-glucopy-ranosyl)oxy]kaur-16-en-18-oic acid-beta-
D-glucopyranosyl) is the prominent steviol glycoside obtained from the leaves of S. re-
baudiana; it is noncaloric and is stable at high temperatures over a wide range of pH [7].
Previous studies [8,9] reported that the stevioside exhibits numerous immunoregulation
activities and has antibacterial properties, anti-inflammation properties, and maintenance
of the blood lipid content. Previous studies showed that the stevia extract contains amino
acids, polyphenols, and flavonoids and has antioxidant properties [10–13]. A few studies
have been conducted on nonruminants, including pigs and poultry [14,15]. S. rebaudiana
has been used as a sweetener and a feed additive because of the presence of various
bioactive compounds.

A selenium deficiency has negative impacts on the health of animals and humans.
Therefore, selenium is considered a vital component in diets. [16]. Selenium acts as an
antioxidant against reactive oxygen species (ROS) through the glutathione peroxidase
activity, a vital enzyme in the detoxification process [17,18]. Organic selenium is absorbed
in the GI tract through active transmission and during the protein synthesis process and
is deposited in tissues to fulfill the selenium requirements in organs and tissues [19]. In
contrast, the utilization of organic selenium is more beneficial than inorganic selenium
because of lower excretion via feces and urines. The antioxidant activity of selenium has
been investigated in cattle [20,21], pigs [22,23], and poultry [24]. Nevertheless, no study
has evaluated the combination of both stevioside (S) and organic selenium (O-Se) in the
livestock sector.

This study examined the effects of S and O-Se as feed additives on the sensory at-
tributes, fatty acid profiles, microbial activity, and meat quality traits of Hanwoo cattle.

2. Materials and Methods

2.1. Animal Ethics

The experimental protocol was approved by the Ministry for Agriculture, Forestry
and Fishery in Korea, 2008 (SCNU-2017-1102).

2.2. Management of the Animals, Diets, and Experimental Design

A feeding trial was conducted for 8 months at the Animal Experimental Station,
Sunchon National University, Suncheon, Korea. Briefly, 24 Korean native cattle (Hanwoo),
aged 26 months and weighing approximately 663 ± 22 kg initial body weight, were
enrolled in a completely randomized design. All animals were housed individually in
raised cages maintained under environmentally controlled conditions, with an ambient
temperature of 30 ◦C and average relative humidity of 70%. The cages were designed to
enable the separate collection of feces and urine. At the end of the experimental period,
all animals were slaughtered at the local abattoir to assess the carcass traits and meat
quality parameters.

The animals were allotted randomly to two dietary treatments, with 12 animals per
treatment group: control (basal diet) and treatment diet (basal diet + 1% stevioside, 0.08%
organic selenium). A commercially available total mixed ration was used as the basal
diet, and each Hanwoo animal was fed 12 kg per day. The treatment diet was prepared
separately by incorporating 1% stevioside and 0.08% organic selenium on a weight: weight
ratio basis. Table 1 lists the ingredients and chemical composition of the basal diets. The
cattle were fed twice daily, divided into two feeding times (9:00 a.m. and 6:00 p.m.).
The animals were given access to water ad libitum, and ventilation, lighting, and other
management practices were implemented according to general practices. The CTC Bio
Tech. Co. Ltd. Company, Seoul, Korea, provided the white-colored stevioside powder
extracted from the Stevia rebaudiana leaves and organic Se. The purity of the extract was
evaluated by high-performance liquid chromatography (HPLC) analysis of the stevioside
sample and was determined to be 97%.
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Table 1. Feed ingredients and chemical composition of experimental diet for Hanwoo cattle.

Composition Amount

Ingredient (%, as-fed basis)
Corn grain 43.28

Corn gluten feed 11.81
Wheat 10.47

Palm kernel expeller 9.03
Coconut meal 8.29

Lupin 5.91
Tapioca 3.41

Molasses 3.05
Rapeseed meal 2.06

Wheat flour 1.97
Soybean meal 0.50

Vitamin mineral premix A 0.22
Chemical composition (%DM)

Total digestible nutrients (TDN) 74.12
Crude protein 12.50

Crude fat 3.61
Crude fiber 6.70
Crude ash 5.48
Calcium 0.84

Phosphorus 0.36
Neutral detergent fiber (NDF) 21.70

Acid detergent fiber (ADF) 10.70
A Premix providing following nutrients per kg of diet: vitamin (Vit.) A, 9,000,000 IU; Vit. D3, 2,100,000 IU; Vit.
E, 15,000 IU; Vit. K, 2000 mg; Vit. B1, 1500 mg; Vit. B2, 4000 mg; Vit. B6, 3000 mg; Vit. B12, 15 mg; Pan acid-Ca,
8500 mg; niacin, 20,000 mg; biotin, 110 mg; folic acid, 600 mg; Co, 300 mg; Cu, 3500 mg; Mn, 55,000 mg; Zn,
40,000 mg; I, 600 mg; Se, 130 mg.

2.3. Growth Performances and Slaughtering

The body-weight gain was measured as the difference between the initial and final
body weights. The initial body weight was measured at study commencement. The
subsequent average weight gain (AWG) of Hanwoo cattle during the experimental period
was determined using the live weight obtained monthly. The feed intake was measured
daily. At the end of the experiment (8 months), all animals were slaughtered after 24 h
of starvation. The animals were stunned, and the carcasses were exsanguinated and
immediately eviscerated. Approximately 2.5 cm steaks of Longissimus dorsi muscle were
obtained from the 13th rib. For each subsequent analysis, triplicate samples were obtained
from each carcass after being stored at 4 ◦C for 24 h in a chilling room, as reported by
Bostami et al. [25].

2.4. Proximate Composition, Carcass Traits, and Cholesterol Analysis

The proximate compositions of the muscles, fat, and connective tissues were deter-
mined by removing them manually and ground. An Ultra-Turrax homogenizer (IKA
Werke, GMBH & Co. KG, Staufen, Germany) was used for the homogenization process.
The moisture (930.15), crude protein (990.03), crude fat (991.36), and crude ash (942.05)
compositions were evaluated according to the guidelines set up of AOAC [26].

The meat quality grade was scored as 1++, 1+, 1, 2, and 3, according to the Korean beef
quality grading system [27]. The main evaluated parameters were the marbling score, meat
color, fat color, texture, and maturity. The marbling score was determined on a 7-point scale
(7 = abundant and 1 = trace). A 7-point scale was used for scoring meat color (7 = dark red
and 1 = bright red), and fat color (7 = yellowish and 1 = creamy white). A scale of 1 to 3 was
used to score the texture (1 = firm and 3 = soft) and maturity (3 = mature and 1 = youthful).

The cholesterol content of the Longissimus dorsi muscle was determined using the
method described by King et al. [28]. Briefly, 5 g of the meat sample was saponified using a
chloroform and methanol mixture (2:1 vol:vol) [29]. The saponified samples were analyzed

87



Foods 2021, 10, 129

by gas chromatography (GC, DS 6200, Donam Co., Seongnam, Gyeonggi-do, Korea) with a
flame ionization detector and a Hewlett Packard HP-5 capillary column (J and W Scientific,
Folsom, CA, USA) with a 0.32 internal diameter, 30 m length, and 0.25 μm polyethylene
glycol-film thickness. The initial temperature of the setup was 250 ◦C for 2 min and was
increased gradually to 290 ◦C at a rate of 15 ◦C/min. The final temperature was increased to
310 ◦C at 10 ◦C/min, and held at that temperature for 10 min. The other chromatographic
conditions were as follows: injector and detector temperatures of 280 ◦C, split ratio of 50:1,
and injected sample volume of 2 μL.

2.5. Meat Quality Analysis (Meat Color, Drip Loss, Cooking Loss, Water Holding Capacity
(WHC), and Shear Force)

The meat color of the meat samples (in triplicate) was measured using a Chroma meter
(Model CR-410, Konica Minolta Sensing Inc., Osaka, Japan). According to the Commission
International de I’Eclairage (CIE) system, the color was classified by the CIE L* (lightness),
CIE a* (redness), and CIE b* (yellowness) values. Cooking loss (in triplicate) is expressed as
the percentage of weight loss and was evaluated by placing 1.5 cm-thick steaks of about
80 g in a polythene zipper bag, heating them in a water bath at 75 ◦C for 30 min, cooling
them to room temperature, and holding them for 30 min. The cooked samples were cut
(0.5 cm × 4.0 cm). The shear force was determined in each cooked meat sample using a
Warner-Bratzler shear blade set (Lloyd Instruments Ltd., Hampshire, UK) by applying the
following operating parameters: load cell of 50 kg, cross-head speed of 200 mm/min, and
trigger force of 0.01 kgf. The drip loss (in triplicate) was determined as the weight loss
during the suspension of a standardized sample (2 × 2 × 1 cm) sealed in a polythene bag
at 4 ◦C after 7 days of storage. The water holding capacity (WHC) was determined using
the method described by Grau et al. [30]. Briefly, 300 mg of the Longissimus dorsi muscle
was placed in a filter-press device and compressed for approximately 2 min. The WHC
was then calculated from triplicate meat samples, as a ratio of the meat film area to the
total area using an area-line meter (Super PLANIX-a, Tamaya Technics Inc., Tokyo, Japan).

2.6. pH Value and Oxidative Stability of Meat

To determine the pH, approximately 5 g of Longissimus dorsi muscle (in triplicate) was
cut into small pieces and homogenized with 45 mL distilled water for 60 s in an Ultra-
Turrax (Janke and Kunkel, T25, Staufen Germany). Immediately after homogenization,
the pH was measured using a digital pH meter (Docu-pH + meter, Sartorius, Columbus,
OH, USA).

The thiobarbituric acid reactive substances (TBARS) were evaluated (in triplicate)
using the procedure described by Witte et al. [31]. Briefly, 5 g of meat samples were mixed
with 25 mL of 20% trichloroacetic acid (TCA) and homogenized for 30 s. Distilled water
was added to prepare 50 mL of homogenate samples for centrifugation (3000× g, 4 ◦C,
and 10 min). The supernatant was filtered through filter paper (Hyundai Co., Ltd., Seoul,
Korea). Then, 5 mL of the filtrate was kept at room temperature for 15 h, and the absorbance
was determined using a UV/VIS spectrophotometer (M2e, Molecular Devices, Sunnyvale,
CA, USA). The TBARS value is expressed as micromoles of MDA/kg of meat.

2.7. Fatty Acid Analysis

The fatty acid composition of longissimus dorsi muscle samples (in triplicate) was
evaluated using a direct method for the fatty acid methyl ester (FAME), as suggested by
O’Fallon et al. [32] with a slight modification. Briefly, 1 g of minced meat sample was
placed into a 15 mL Falcon tube and 0.7 mL of 10 N KOH in water and 6.3 mL of methanol
were added. The tube was kept in a water bath (55 ◦C; 1.5 h), allowing proper permeation,
hydrolyzation, and dissolution by vigorous shaking for 10 s every 30 min. After placing
in a cold tap water bath, 0.58 mL of 24 N H2SO4 was added to precipitate K2SO4. The
precipitated sample was placed again in a water bath (55 ◦C; 1.5 h) with strong shaking
for 10 s every 30 min. After FAME synthesis, 3 mL of hexane was added and subjected to
centrifugation for 5 min at 3000 rpm (Hanil, Combi-514R, Gimpo, Korea). The top hexane
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layer, which contained FAME, was dehydrated by passing through the anhydrous Na2SO4.
The extracted and dehydrated hexane was placed into a GC vial and concentrated to 1.5 mL
for analysis.

The fatty acid composition of the FAME was determined using an Agilent gas chro-
matography system (6890 N, Agilent Technologies, Santa Clara, CA, USA). Briefly, fat was
extracted from minced meat using a chloroform-methanol (2:1 v/v) solution [28]. Accord-
ing to the AOAC [26] procedure, the prepared fatty acid methyl esters were dissolved in
hexane before injection; 1 μL of the prepared sample was injected into the GC; the set-up
injector temperature was maintained at 250 ◦C with a 100:1 split ratio, using a WCOT-fused
silica capillary column (100 m × 0.25 m i.d., 0.20 μm film thickness; Varian Inc., Palo
Alto, CA, USA) with helium flow. The oven conditions were 150 ◦C/1 min, 150–200 ◦C
at 7 ◦C/min, 200 ◦C/5 min, 200–250 ◦C at 5 ◦C/min, and 250 ◦C/10 min. The setup
detector temperature was 275 ◦C. Fatty acid peaks were evaluated using the retention time
of fatty acid standards (47015-U, Sigma-Aldrich Corp., LLC., St. Lois, MO, USA). The
proportion (%) against the total peak area was calculated from the peak area of each fatty
acid identified.

2.8. Meat Microbial Analysis and Sensory Evaluation

Triplicates of longissimus dorsi muscle from each group were taken for the meat micro-
bial analysis. A 25 g sample of meat was homogenized using 225 mL of a NaCl solution
(0.85% W/V). Subsequently, 20 μL was obtained from 10-fold diluted solution and trans-
ferred into tryptic soy agar plates (Becton, Dickinson, and Company, Sparks, MD 21152,
USA) using a sterilized triangle spreader for microbial enumeration. The colonies were
counted immediately after incubation. The microbial number was determined as follows:
number of colonies × 10 dilution value × (100/20) = multiplied value = log (multiplied
value). The ultimate count was expressed as log10 CFU/g.

Ten samples from both treatment groups were examined by 10 members, all well-
trained experts of the sensory panel at the Department of Animal Science and Technology,
Sunchon National University, Suncheon, Korea. Moreover, individual testing booths and a
controlled lighting facility were provided during the sensory evaluation process [33]. Each
steak was cooked at approximately 150 ◦C and until the internal temperature reached 70 ◦C,
which was determined by inserting a digital thermometer in the steak. Before evaluation
by the panelists, the steaks were wrapped in an aluminum foil and kept under 65 ◦C in an
oven. The flavor, tenderness, and juiciness were then evaluated by the panelists. A 7-point
hedonic scale was used to express the value of each characteristic: 7 indicated desirable
flavor, extremely tender, reddish color, high palatability, and good juiciness, while 1 was
indicative of undesirable favor, extremely tough, pale color, low palatability, and extremely
dry. The average value of the 10 panelists determined the color, flavor, tenderness, juiciness,
and palatability of the cut.

2.9. Statistical Analysis

The data were analyzed using the General Linear Model (GLM) method of the Statis-
tics Package Program (SAS, 2003, Version 9.1, SAS Institute, Cary, NC, USA). For the
growth performance parameters, a group of two cattle served as the experimental unit.
Individual animals served as the experimental unit for the carcass traits, the meat quality
parameters, cholesterol content, fatty acid profile, pH, TBARS, microbial analysis, and
sensory evaluation.

Yij = μ + αi + eij. (1)

where Yij is the response variable, μ is the general mean value, αi is the effect of dietary
supplementation, and eij is the random error. The mean values were compared using a
student’s t-test. The level of significance considered for the tests was p < 0.05.
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3. Results

3.1. Growth Performance, Proximate Analysis, and Cholesterol Content

Over the entire experimental period, the final body weight and body weight gain were
significantly higher (p < 0.05) in the S and O-Se supplemented diet. On the other hand, the
feed intake did not have a significant effect but was higher in the S- and O-Se-supplemented
diet (Table 2).

Table 2. Effect of stevioside and organic selenium on growth performances of Hanwoo cattle
(experimental period: 243 days).

Item CON (1) TRT (2) SEM p-Value

Initial BW 647.00 652.00 22.01 0.32
Final BW 717.79 b 751.93 a 31.47 0.04

Weight gain (kg) 0.30 b 0.42 a 0.14 0.03
Feed intake (kg/Day) 11.32 11.43 0.22 0.51

a,b Means in the same row with different superscripts are significantly different; SEM = standard error of mean.
(1) CON: control diet with no added stevioside and organic selenium; (2) TRT: treatment (basal diet + 1% stevioside
+ 0.08% organic selenium).

Proximate analysis revealed a significantly higher crude protein content, lower crude
fat (p < 0.05), and a numerically lower meat cholesterol amount due to S and O-Se supple-
mentation even if it is not significantly different (Table 3).

Table 3. Effect of stevioside and organic selenium on proximate analysis and cholesterol contents in
the meats of Hanwoo cattle.

Item CON (1) TRT (2) SEM p-Value

Moisture (%) 56.83 b 63.89 a 1.23 0.01
Crude protein (%) 22.48 b 25.26 a 0.80 0.03

Crude fat (%) 16.62 a 12.45 b 0.95 0.01
Crude ash (%) 1.18 1.29 0.05 0.14

Cholesterol (mg/100 g) 50.27 49.74 0.04 0.92
a,b Means in the same row with different superscripts are significantly different; SEM = standard error of mean; (1)

CON: control diet with no added stevioside and organic selenium; (2) TRT: treatment (basal diet + 1% stevioside +
0.08% organic selenium).

3.2. Carcass Traits

Although the S- and O-Se-supplemented diet increases the carcass yield, back-fat
thickness, and loin area, the changes were not significant (p > 0.05). Moreover, the changes
in the meat quality were also not significant, including the marbling score, meat color, fat
color, texture, and maturity (Table 4).

3.3. Meat Quality Analysis (Meat Color, Drip Loss, Cooking Loss, WHC, and Shear Force)

Considering the changes in the meat color, the redness (a*) was enhanced significantly
in the S- and O-Se-supplemented diet (p < 0.05). On the other hand, no significant difference
in surface lightness (L*) and yellowness (y*) was observed between the two treatments.
Although S and O-Se addition did not affect the cooking loss and water holding capacity
(WHC) (p > 0.05), the drip loss and shear force decreased significantly (p < 0.05) (Table 5).

3.4. pH Value and Oxidative Stability of Meat

The pH in both treatments decreased gradually up to the second week of storage,
with a subsequent increase at the end of the third week. On the other hand, no significant
difference was observed between the control and S- and O-Se-added diet (Figure 1). The
addition of S and O-Se resulted in significantly lower TBARS values during second week
of storage (p < 0.05) (Figure 2).
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Table 4. Effect of stevioside and organic selenium supplementation on carcass traits of Hanwoo cattle.

Items CON (1) TRT (2) SEM p-Value

Yield traits
Carcass weight (kg) 446.68 449.57 20.46 0.87

Loin area (cm2) 100.50 103.33 4.42 0.67
Back fat thickness (mm) 16.67 18.33 2.81 0.68

Quality traits
Marbling score (3) 4.83 6.33 0.78 0.20

Meat color (4) 4.83 4.83 0.17 1.00
Fat color (5) 3.17 2.83 0.19 0.18
Texture (6) 1.17 1.00 0.08 0.34

Maturity (7) 2.00 1.89 0.16 0.21
Quality grade 0:3:1:2:0 2:1:3:0:0 – –
Meat point (8) 3.17 3.83 0.40 0.26

SEM = standard error of mean; (1) CON: control diet with no added stevioside and organic selenium; (2) TRT:
treatment (basal diet + 1% stevioside + 0.08% organic selenium); (3) Marbling score: 7 = abundant, 1 = trace;
(4) meat color: 1 = bright red and 7 = dark red; (5) fat color: 1 = creamy white and 7 = yellowish.; (6) texture:
1 = firm and 3 = soft.; (7) maturity: 1 = young and 3 = youthful; (8) meat point: 1++: 5 point, 1+: 4 Point, 1: 3 Point,
2: 2 Point, and 3: 1 Point.

Table 5. Effect of stevioside and organic selenium on meat quality of Longissimus dorsi muscle from
Hanwoo cattle.

Item CON (1) TRT (2) SEM p-Value

Meat color
CIE L* 29.04 29.21 0.73 0.87
CIE a* 14.94 b 18.45 a 0.81 0.03
CIE b* 3.58 5.87 0.70 0.07

Drip loss (%) 21.14 a 16.48 b 0.75 0.00
Cooking loss (%) 15.81 16.30 0.71 0.70

WHC (%) 12.81 13.30 1.26 0.78
Shear force (kg) 5.38 a 3.93 b 0.35 0.01

a,b Means in the same row with different superscripts are significantly different; SEM = standard error of mean;
(1) CON: control diet with no added stevioside and organic selenium; (2) TRT: treatment (basal diet + 1% stevioside
+ 0.08% organic selenium).

Figure 1. Effect of stevioside and organic selenium on the pH values in meats of Hanwoo cattle.

3.5. Fatty Acid Analysis

Monounsaturated fatty acids (MUFA) had the highest proportion. They constituted
more than 50% of the total fatty acid composition, followed by saturated fatty acids (SFA)
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and polyunsaturated fatty acids (PUFA), accounting for 37–39% and 0.6–0.9%, respec-
tively. Oleic acid (C8:1, 47%) was the predominant fatty acid among MUFA, followed
by palmitoleic acid (C16:1, 5%), while palmitic acid (C16:0, 24–26%, stearic acid (C18:0,
8%) and myristic acid (C14:0, 3%) were predominant among SFA. On the other hand,
the decrease in SFAs content was not significant in the S- and O-Se-supplemented diet.
Moreover, the nervonic monounsaturated fatty acid content and linoleic, di homo-gamma
linolenic, and arachidonic PUFAs contents were also higher in the animals fed the S- and
O-Se-supplemented diet (p < 0.05) (Table 6).

Figure 2. Effect of stevioside and organic selenium on the TBARS values in meats of Hanwoo cattle.
Data presented as the mean ± s.e. bars at a specific time point with different letters show a significant
difference (p < 0.05).

Table 6. Fatty acid profile of Longissimus dorsi muscle from Hanwoo cattle fed diets containing
stevioside and organic selenium.

Items CON (1) TRT (2) SEM p-Value

C10:0 0.03 0.04 0.00 0.08
C12:0 0.08 0.08 0.00 0.69
C14:0 3.35 3.39 0.11 0.80
C15:0 0.20 b 0.25 a 0.01 0.008
C16:0 26.65 a 24.05 b 0.60 0.04
C17:0 0.92 a 0.15 b 0.03 <0.0001
C18:0 8.33 8.67 0.15 0.13
C20:0 0.08 a 0.07 b 0.00 0.004
C14:1 0.30 a 0.25 b 0.02 0.04
C16:1 5.92 a 5.62 b 0.06 0.007
C18:1 47.19 46.09 0.58 0.24
C24:1 0.06 b 0.08 a 0.00 0.01
C18:2 0.06 b 0.10 a 0.01 0.004
C18:3 0.22 b 0.36 a 0.04 0.008
C20:3 0.13 b 0.16 a 0.01 0.04
C20:4 0.20 b 0.26 a 0.01 0.03

ΣSFA (3) 39.69 36.75 0.72 0.16
ΣMUFA (4) 53.46 52.04 0.58 0.13
ΣPUFA (5) 0.63 b 0.88 a 0.05 0.04

ΣPUFA/SFA 0.015 0.024 0.04 0.14
a,b Means in the same row with different superscripts are significantly different; SEM = standard error of mean;
(1) CON: control diet with no added stevioside and organic selenium; (2) TRT: treatment (basal diet + 1% stevioside
supplementation + 0.08% organic selenium); (3) SFA: saturated fatty acid; (4) MUFA: monounsaturated fatty acid;
(5) PUFA: polyunsaturated fatty acid.
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3.6. Microbial Analysis and Sensory Evaluation

The average meat microbial content was numerically lower, but not significant (7.62 vs.
7.41 log10 CFU) in the S- and O-Se-supplemented diet compared to the control treatment
after the 3-week refrigerated storage period (Figure 3).

Figure 3. Effect of stevioside and organic selenium on the microbial content in meats of Hanwoo cattle.

Although no significant impact (p > 0.05) was observed for color, flavor, tenderness,
juiciness, and palatability, the S- and O-Se-supplemented diet had a positive tendency on
the sensory parameters (Figure 4).

Figure 4. Effect of stevioside and organic selenium on meat sensory attributes of Hanwoo cattle.

4. Discussion

The incorporation of feed additives has gained popularity because of their benefits to
human and animal health [34,35]. In particular, phytochemicals have biochemical proper-
ties, including antioxidant, antimicrobial, antistress, and nutrigenomic influences on the
development of immunity and improved productivity [36,37]. Moreover, the incorporation
of organic selenium can improve nutrient utilization by preventing the pro-oxidant effects
on the gut system and has an antioxidant defense role against oxidative stress [38].

In the present study, 1% stevioside and 0.08% organic selenium supplementation
significantly increased the weight gain and final body weight and enhanced the feed intake
(FI). The palatability of the feed was enhanced because of the sweetness of the stevioside,
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and the animals increased their voluntary feed intake, resulting in increased body weight.
In contrast, stevioside derivatives can stimulate the taste receptors (TASIR2/TASIR3) [39,40]
and K+ channels in pancreatic β-cells [41], which can increase the stimulation of appetite
and voluntary FI. Similar to the present findings, Han et al. 2019 [42] reported a linear
increase in FI in goats given diets supplemented with 270 and 541 mg/kg stevioside. In
contrast, Cho et al. [43] reported that the dietary intake of Hanwoo steers is not influenced
by the inclusion of 65 mg/kg stevioside as an essential oil to the feed with 0.1% of diet
supplemented rate. Furthermore, previous studies reported improved production parame-
ters in pigs [44], layers [45], broilers [46], and cattle [47] owing to O-Se supplementation.
The enhanced production performance may be associated with the developed antioxidant
capacity and decrease in microbial pathogen colonization in the gut system because of the
synergistic action of S and O-Se supplementation.

No studies have evaluated the effects of the dietary inclusion of S and O-Se on the
carcass traits, meat quality, and sensory evaluation of cattle. A Se deficiency increases
the susceptibility to various degenerative diseases in humans [48]. The incorporation of
Se into animal feed has great potential to obtain Se-enriched meat that can alleviate Se
deficiencies [49]. Dietary S and O-Se supplementation increased the moisture and crude
protein content with a concomitant reduction in the crude fat content in meat taken from
Hanwoo cattle. The lower crude fat content in meat might be associated with the lipolytic
mechanism owing to the presence of polyphenols and flavonoids compounds in S. rebaudi-
ana [50]. The increase in moisture content is caused by the inverse relationship between the
meat fat and moisture content, which affects the meat tenderness and juiciness [51]. The
cholesterol content was lower in the S and O-Se-included treatment, probably due to the
cooperative mechanism of flavonoids in stevioside and glutathione peroxidase activity in
organic Se [52], which can convert cholesterol to bile acids through the induced stimulation
of enzymes activity. Consequently, it is catabolized and eliminated from the body.

Genetics and environmental factors, including the feeding strategies, affect the carcass
quality traits directly [53]. Although no significant difference was observed in back-fat
thickness of both treatments, Zhang et al. [54] stated that O-Se can provide some vitamins,
amino acids, protein, and other nutrients for the body and can cause subsequent increase
in fat accumulation. Similar to that, Choi et al. [55] also reported significant differences in
the carcass length and back-fat thickness of pork meat obtained from animals fed stevia
and charcoal-supplemented diets. Nevertheless, 0.3% stevia and charcoal inclusion did not
significantly enhance the marbling, firmness, and color scores in pigs compared to the control
treatment. Therefore, further investigations will be needed to determine the impact on the
carcass traits based on different concentrations of stevioside and organic Se application.

The meat color and brightness are considered important visual factors that affect the
consumer’s preference and purchasing decisions [56]. In the current study, the redness
(a*) value was enhanced by the inclusion of S and O-Se in the cattle diet. The increase in
meat redness may be associated with the reduced metmyoglobin (MMG) formation by
antioxidants in both S and O-Se by delaying meat oxymyoglobin (OMG) oxidation. Choi
et al. [55] also reported higher L*, a*, and b* values in pork meat supplemented with 0.3%
stevioside and charcoal. The WHC was not significant in the two treatments, but the drip
loss and shear force values were significantly lower in the S- and O-Se-supplemented group.
The meat pH and lipid peroxidation affected meat drip loss [57]. Therefore, in the current
study, the reduced lipid oxidation caused by S and O-Se supplementation may affect the
lower drip loss value. Moreover, the S and O-Se supplemented diet had no adverse effect
on the meat quality parameters.

High accumulated lactic acid content due to the metabolism of the glycogen reserves
and releasing of H+ from ATP hydrolysis will lead lower muscle pH. Therefore, the carcass
pH has a significant influence on the meat quality traits. During the 3 weeks in the S- and
O-Se-included diet, the high pH of the meat probably affected the glutathione peroxidase
enzyme activity, which can break down H2O2 to H2O and O2 [58] and facilitate an increase
in meat pH. Moreover, in the current study, the TBARS value during the second week
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of the storage periods was 42% lower in the S- and O-Se-supplemented diet group than
the control group. In addition to acting as a sweetener, previous studies reported the
antioxidant properties of stevioside [59–61]. Moreover, plant polyphenolic compounds can
prevent the oxidation activities in unsaturated fatty acids by scavenging free radicals [62] or
singlet-oxygen quenching ability [63]. The glutathione peroxidase family (GPx) in organic
Se can also delay the lipid oxidation reactions [64]. Overall, the synergistic effects of both S
and O-Se reduced the average TBARS value owing to the presence of antioxidants.

The meat fatty acids composition depends on the lipogenesis activities in adipose
tissues and the ruminal biohydrogenation process [65]. The dietary SFA has a direct
correlation with cholesterol level and subsequent cardiovascular diseases. Nevertheless,
PUFA positively exerts a lower cholesterol content and a significant reduction in human
health risks [66]. In the present study, the PUFA content was significantly higher in the
S- and O-Se-supplemented diet. This contrasts with a previous study [67], which noted a
higher linoleic content in fattening steers fed a diet containing O-Se, possibly because of a
reduction in biohydrogenation process and subsequent increase in the intestinal absorption
of PUFA. A previous study [24] reported a lower MUFA and a higher PUFA proportion
in the O-Se-supplemented group owing to the presence of antioxidants. Moreover, phyto-
chemicals in plants indirectly performed their antioxidants activities against the depletion
of PUFA from microbial biohydrogenation and enhanced the UFA concentration in the
muscles [68]. Therefore, the combination of S and O-Se has a positive impact on the PUFA
content in the meat.

A combination of microbes and endogenous enzymes leads to the deterioration of
meat protein and consequently accelerates meat spoilage [69]. Synthetic preservatives are
the main approach to inhibit microbial growth. On the other hand, preservatives need to be
replaced by harmless natural compounds to avoid harmful effects on human health [70]. In
the present study, the average microbial count tended to decrease in S and O-Se treatment
during the refrigerated storage period, possibly because the GSH-Px enzymatic activity
can eradicate harmful lipid peroxide and H2O2 from organisms, resulting in less favorable
reproductive conditions for microbes. Hence, the microbial population tends to decrease
gradually [54]. Moreover, antioxidant molecules in stevioside can scavenge free radicals
that influence the retarded muscle oxidation process and reduce the microbial flora content
in meat. In our study, the supplementation of S and O-Se did not modify the meat microbial
count significantly. Hence, the incorporation of different concentrations of S and O-Se in
cattle diets requires further study.

The sensory evaluation helps determine the consumer preference or acceptability
of meat through an evaluation via sight, aroma, taste, and touch. In the present study,
the supplementation of S and O-Se tend to positively influence color, flavor, tenderness,
juiciness, and palatability of meat. Lipid peroxidation influences the deterioration of
the above sensory properties of meat and the optimal quality of meat products [54,71].
Therefore, the antioxidant properties of S [72] and O-Se probably helps reduce the lipid
oxidation process of meat and helps enhance the sensory properties. Interestingly, Zou
et al. [70] reported that O-Se could retard the oxidation of OMG and lipids, resulting in a
higher meat color score and meat stability. Furthermore, previous studies confirmed that
the O-Se-incorporated diet in the animal feed improves the meat quality by preventing
excessive dehydration and protects the meat sensory attributes [73]. Consistently, this
study indicated that the synergism of S and O-Se in the cattle diet led to an improvement
in the meat sensory attributes.

5. Conclusions

The addition of S and O-Se in the cattle diet enhanced the final body weight (FBW) and
weight gain (WG). In addition, the carcass protein and moisture contents were improved,
and the cholesterol content was reduced. Both S and O-Se inclusion improved the meat
redness (a*) and reduced the meat drip loss and shear force value. The average TBARS
value in S and O-Se supplemented diet during the second week was decreased by 42%
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and showed a higher meat ΣPUFA content than the control group. In this study, all
sensory attributes tended to increase numerically and microbial flora contents also tended
to decrease due to the S- and O-Se-incorporated diet. These results indicated that the
supplementation of natural stevioside and organic selenium could be carried out to enhance
the productive performance and the quality of meat in the livestock sector. Nevertheless,
further studies will be needed to determine if different concentrations could provide more
benefit in ruminant diets.
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