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Herrero

Potential of a Sunflower Seed By-Product as Animal Fat Replacer in Healthier Frankfurters
Reprinted from: Foods 2020, 9, 445, doi:10.3390/foods9040445 . . . . . . . . . . . . . . . . . . . . . 97

v



Daniel Franco, Artur J. Martins, Marı́a López-Pedrouso, Laura Purriños, Miguel A.
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Preface to ”Novel Strategies for the Development of

Healthier Meat and Meat Products and Determination

of Their Quality Characteristics”

Meat and meat products are widely demanded and accepted by consumers. Health is one of

the main criteria for consumers when choosing the type of food they eat. This, along with more

sustainable global production, changes in lifestyles, and nutritional ideologies in pockets of the

population, has led to the fact that today there is a growing demand in the market for healthier

and more functional foods. All these factors are responsible for new trends and innovations in

the development of new health products, among which are novel strategies for the development

of healthier meats and meat products at different stages of the food chain from farm to fork. These

strategies are based mainly on the reduction or elimination of unhealthy components, which may or

may not be replaced by a healthy alternative. This is done while maintaining the same quality criteria

demanded of traditional products in terms of their sensory, technological, nutritional, functional,

safety, and other characteristics.

This Special Issue has collected nine original research articles, two reviews, and one editorial

(https://www.mdpi.com/2304-8158/10/11/2578/htm) with all-new, relevant information. These

papers cover different strategies for modifying meat and meat products to make them healthier and

more sustainable and the different quality control methods for monitoring them.

This SI will prove very useful and interesting for all those involved in the meat and meat

products industry from farm to fork (livestock producers, processing companies, researchers,

scientists, consumers, administration, etc.). Lastly, many of the studies featured in this SI leave the

door open to future research in this area of growing interest, not only for the meat and meat product

industry but for other foods as well.

We would like to acknowledge the efforts of the authors of the publications in this Special Issue.

Claudia Ruiz-Capillas, Ana Herrero Herranz

Editors
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Meat and meat products are very popular foods and widely accepted by consumers.
However, the global production and consumption dynamics of meat and meat products
have evolved rapidly as the result of changing lifestyles and nutritional ideologies among
part of the population. As a result, it is important to address several different aspects
regarding the quality of meat and meat products, particularly those having to do with
nutrition (as relates to health), safety and sustainability. Meat and meat products contain
essential components of the diet, providing a large number of nutrients such as protein
of high biological value, fat, mineral vitamins with high bioavailability, etc. However, its
consumption has been linked to some negative health consequences due to some of its
components such as lipids, salt, additives, and others. Consumers now view meat products
as less healthy and less attractive, and this makes them more selective in the products they
consume, as they are increasingly aware of improving their health through the foods they
consume. Health is one of the main criteria for consumers when choosing the type of food
they consume. In addition, this diet-health-disease relationship, together with a higher life
expectancy, has sparked public administrations to promote the development of healthier
foods with the aim of improving quality of life.

At present, there is growing market demand for healthier and more functional foods,
and this is one of the main drivers of new trends and innovations in the development
of new healthy products, including those of meat origin. Strategies for the development
of healthy meat products are based mainly on the reduction or elimination of unhealthy
components, which may or may not be replaced by a healthy alternative. This is done
while maintaining the same quality criteria demanded of traditional products in terms of
their sensory, technological, nutritional, functional, safety and other characteristics.

Strategies for the development of healthier meat products can be applied at different
stages in the farm to fork food chain in order to obtain healthy and high-quality products.
The first stage in the development of healthy meat products occurs at the farm during
breeding and animal production through both genetic and nutritional strategies. Through
these strategies, the composition of meat and its derivatives are modified and optimized
with a healthier profile. However, it must be considered that any manipulation at this level,
for example of animal diet, has effects on production and the final quality of the meat.

Another stage in the farm to fork food chain in which meat products with a more
beneficial composition can be developed is the reformulation and elaboration of meat
products. This is one of the most common technological strategies used in the design
and development of new healthier meat products as it has an immediate impact on food
composition as opposed to genetic modification or changes in animal feed. This strategy
can be quickly applied by the meat industry. Regarding the reformulation of meat and
meat products, different strategies have been explored to optimize the composition of these
products, make them healthier and bring them in line with health recommendations and nu-
tritional guidelines promoted by public bodies in response to new consumer demands [1].
There are basically two meat product reformulation strategies: reduce or eliminate certain

Foods 2021, 10, 2578. https://doi.org/10.3390/foods10112578 https://www.mdpi.com/journal/foods
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unhealthy ingredients (salt, nitrites, saturated fatty acids, etc.) and add healthy ingredients
(natural antioxidants, polyunsaturated fatty acids, probiotics, prebiotics, vitamins, etc.),
or combinations of the two, the latter strategy being the most common. The beneficial
compounds added to meat products can be of different origins (plant, marine, etc.). A
current trend that is attracting considerable attention is the use of plant-based ingredi-
ents (extracts, by products, waste material, etc.), as multifunctional compounds in meat
products. This is due to the added nutritional value and bioactive compounds (minerals,
vitamins, polyunsaturated acids, antioxidants, etc.) and also to technological interest (water
and fat binding capacity, emulsifying and gelling properties, etc.). Among the different
reformulation strategies, considerable attention has been paid to those that optimize the
lipid content and profile of meat products to meet nutritional needs and adhere to health
recommendations. The excessive consumption of fatty foods is associated with health
problems such as obesity, diabetes and cardiovascular disease that are all very common in
today’s society. The new lipid optimization strategies for the production of meat products
seek to find or prepare ingredients similar to fat, such as analogues, imitators, mimetics,
etc. One of today’s most popular trends is lipid structuring (organogels, bulking agents,
structured emulsions, etc.) [1]. Strategies aimed at reducing ingredients such as salt or
additives such as nitrates and nitrites have also been thoroughly studied.

Meat product processing, conservation and consumption conditions are also consid-
ered critical stages in the process of gaining or losing healthy properties since, to a greater or
lesser extent, these factors will alter products’ components either by modifying or forming
new compounds that may have positive or negative effects. This is the case, for example,
of domestic practices once the product has been purchased. It is important to realize that
once a healthier meat product has been developed, these beneficial properties must be
maintained (farm to fork) so that it reaches the final consumer in optimal conditions and
can have the beneficial effects intended.

The title of this Special Issue (SI) “Novel Strategies for the Development of Healthier
Meat and Meat Products and Determination of Their Quality Characteristics” is based
on all these considerations, our aim being to collect all new relevant information, which
is of interest to all stakeholders (public institutions, livestock farmers, meat industry,
technologists, researchers, teachers, students, etc.), and also to encourage researchers to
search for new strategies to obtain healthier meat and meat products.

This special issue brings together 11 scientific contributions (2 reviews and 9 original
research articles). It provides an interesting overview of the different strategies that can
be applied at all stages from farm to fork; strategies that entail modifying meat and meat
products to make them healthier and more sustainable. The SI also includes different meat
and meat product quality control methods that have been developed.

Regarding strategies applied at the farm stage, a contribution on dietary manipulation
is included, which studies the effects of algae meal supplements in feedlot lambs with
competent reticular groove reflex (RGR) on growth performance, carcass traits and meat
characteristics [2]. One of the main objectives of this strategy is to improve the quality of
lamb meat by increasing omega-3 polyunsaturated fatty acid (PFA) levels. This is very
interesting for the production of different meat products and for direct consumption as
both are sources of omega-3 PFAs. In addition to this nutritional enhancement, the results
of this study show that the addition of 2.5% seaweed to the diet of feedlot lambs with
competent RGR has no detrimental effect on animal performance, carcass traits or quality
characteristics of the meat (tenderness, colour, etc.).

Feng et al. [3] studied the quality characteristics (myofibril fragmentation index,
total protein solubility, sarcoplasmic protein solubility, myofibrillar protein solubility, mi-
crostructure etc.) of different beef muscles (semitendinosus, longissimus horacis, rhomboideus,
gastrocnemius, infraspinatus, psoas major and biceps femoris) during post-mortem ageing
periods. The aim was to contribute new information to help improve and optimize the
processing and storage of different cuts of beef in order to improve meat quality, mainly in
terms of tenderness and acceptability. Both of these characteristics are critical indicators
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impacting people’s willingness to purchase meat, and are also an issue in the elaboration
of meat products containing these muscles.

Several of the articles in this SI focus on reformulation strategies. For example,
Mahachi et al. [4] studied the use of different types of fat (fat-tailed sheep tail and pork
back fat) in the development of novel warthog cabanossi. The study mainly focused on
the physicochemical, fatty acid and sensory attributes of warthog cabanossi. This study
concluded that the combination of fat-tailed sheep ‘tail together with pork back fat could
be an alternative to using only pork back fat to produce another variety of cabanossi
of acceptable quality and the characteristic aroma and flavour but with some beneficial
nutritional properties in terms of the n-3: n-6 ratio. This new product also gives consumers
more options.

On the topic of reformulation, other authors have presented the use of mushrooms
in the preparation of frankfurter [5] and nuggets [6] to reduce salt and fat in processed
products and improve their nutritional profile. Both works focus on the use of plant
by-products as functional food ingredients in meat products as these are a rich source
of dietary fibre and various other bioactive compounds such as vitamins, minerals and
polyphenols with strong antioxidant potential. Ceron-Guevara et al. [5] evaluated the effect
that partially replacing fat and salt with edible mushroom flour (Agaricus bisporus and
Pleurotus ostreatus) in frankfurter-type sausages had on physicochemical, microbiological
and sensory parameters during cold storage. This reformulation strategy using edible
mushroom flour is presented as an interesting substitute for fat and salt and even for
meat. It improves the nutritional profile of the sausage, and the physicochemical and
sensory properties were affected by the fungus, which gave it a strong umami flavour.
Banerjee et al., (2020) [6] evaluated the impact of different amounts (2%, 4% and 6%) of
enoki (Flammulina velutipes) mushroom stem waste powder on colour, texture, oxidative
stability, sensory attributes and the shelf-life of goat meat nuggets. Based on the results of
this study, Enoki stem waste extract can be used as a functional ingredient to improve the
nutritional profile, physicochemical properties and shelf-life of meat products.

Following this same approach, Madane et al. [7] studied the efficacy of Moringa
flower plant extract (MF) to develop a functional chicken product. The incorporation of
this extract into chicken meat nuggets improved cooking performance and dietary fibre
content without affecting the acceptability of the meat product and increased the lipid
stability, odour score and shelf-life of chicken nuggets during refrigerated storage. The
authors thus conclude that the MF extract could be used as a safe and natural antioxidant
for the meat industry, which also offers functional health-promoting benefits.

Graso et al. [8] tested different concentrations (2 and 4%) of a potential sunflower
seed by-product (obtained from sunflower oil extraction) as a substitute for animal fat
to develop healthier sausages. The incorporation of this by-product led to a significant
increase in protein, minerals (magnesium, potassium, copper, and manganese) and phenolic
compounds, and lowered fat content (~37% less than the control made with animal fat).
These results show that the use of this ingredient is a viable strategy to enhance the utility
of sunflower oil by-products and obtain healthier sausages.

Franco et al. [9] also studied the substitution of pork fat in frankfurters, but in this case
used linseed oleogel as the reformulation strategy. This oleogel substantially improved the
fatty acid profile, SFA content and the n-6/n-3 ratio, although sensory and lipid oxidation
parameters were significantly modified pointing to the need for further study.

Pintado et al. [10] presented a dual study. They first reduced fat by reformulating fresh
sausages (longanizas) with chia (Salvia hispanica L.) or oat (Avena sativa L.) emulsion gel as
animal fat replacers. They then studied the effect that cooking procedures (grilling) had on
the composition and technological properties of longanizas to determine how nutritional
and health claims were affected by this cooking process. After cooking, longanizas prepared
with emulsion gels maintained their composition, allowing them to make nutritional and
health claims in accordance with European legislation.
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Lastly, this SI features two reviews. One [11] presents an interesting bibliographic
search on fruit extracts and agro-industrial waste [Jabuticaba (Myrciaria cauliflora), Grape
(Vitis sp.) and Nopal (Opuntia ficus-indica)] as sources of compounds potentially acting
as antimicrobial agents. These extracts have an important application in meat products
as they improve stability and are an interesting alternative to synthetic preservatives.
The reduction or replacement of the more traditional preservatives that can be achieved
with these extracts also provides products with cleaner labels, a growing trend in the
reformulation of healthier compounds where sensory and technological properties remain
intact without compromising safety. Use of these by-products also reduces environmental
impact. Hence, the search for plant extracts with antimicrobial activity is an area of study
on the rise for use in all types of food. The other review by Ruiz-Capillas and Herrero [1]
stresses the importance of developing healthier meat products at all stages of the food
chain (products, industry, consumers, administration, health organizations, etc.). It focuses
mainly on reformulation in relation to healthier lipid content and lipid profile as this
is one of the food components that has received the most attention. It also studies the
different strategies used to that end such as the novel strategy of forming lipid materials
based on structured lipids such emulsion gels (EGs) or oil-bulking agents (OBAs) that
offer attractive applications in the reformulation of health-enhanced meat products. The
review also conducts a critical analysis of the use of vibrational spectroscopy as a tool to
further these developments. This interesting tool helps us gain a better understanding of
the structural characteristics of lipid materials (EGs or OBAs) and of the corresponding
reformulated health-enhanced meat products into which these fat replacers have been
incorporated. These insights help in selecting the best lipid material to achieve specific
technological properties in healthier meat products with improved lipid content and
acceptable characteristics.

Meat and meat products are extensively consumed throughout the world and make
an important nutritional contribution to our diet. However, their consumption has also
been associated with some negative health consequences due to some of their components.
This has driven significant growth in the field of design and development of healthy meat
products focusing mainly on improving their composition, which in turn improves the diet-
health relationship of these products. Different strategies have been used at different stages
of the farm to fork journey to produce healthier products based on various compounds
offering health benefits and featuring appropriate and safe technological and organoleptic
properties, which are as similar to those of the original meat product as possible. It should
also be noted that any strategy used to produce new healthy meat products will have an
effect on the final product, which must be determined and controlled in different ways.

Today there is a great need to swiftly develop heathier meat and meat products to
satisfy the demands of consumers who are increasingly aware of the link between diet and
health and to comply with health recommendations made by different agencies. Science
also needs to be a part of industrial processing so that scientific research can impact
consumers in the form of optimal quality products.

The different strategies included in this SI are of interest to all those involved in meat
and meat product industry from farm to fork. Lastly, many of the studies featured in this
SI leave the door open to future research in this area of growing interest, not only for the
meat and meat product industry, but for other foods as well.
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Abstract: There is growing interest in increasing omega-3 fatty acid (FA) contents in ruminant meat by
means of dietary manipulation, but the effects of such manipulation on productive results and meat
quality need to be ascertained. The aim of the present study was to assess the effects of supplementing
lambs with competent reticular groove reflex (RGR) with marine algae as a source of omega-3 fatty
acids on growth performance, carcass traits, and meat quality characteristics. Forty-eight feedlot
lambs were distributed into three equal groups: the control group neither consumed marine algae nor
had competent RGR, the second group received daily 2.5% of algae meal mixed in the concentrate,
and the last group consumed the same amount of algae meal, but emulsified in a milk replacer and
bottle-fed. Lambs in the second and third groups had competent RGR. There were not any negative
effects on performance, carcass or meat quality parameters with algae supplementation. However,
the results of the oxidative stability parameters were not conclusive. Ageing for 6 days improved
meat tenderness and color, and increased lipid oxidation. In conclusion, algae meal inclusion in
the diet of fattening lambs with competent RGR has no detrimental effects on animal performance,
carcass traits or meat quality characteristics.

Keywords: marine algae; lambs; performance; meat quality

1. Introduction

Lamb meat is widely consumed in some geographical areas, for instance in Mediter-
ranean countries, but has a non-healthy nutritional image, mostly due to the general idea
of having high levels of saturated fatty acids (FA), variable contents of trans-fat, and low
levels of omega-3 polyunsaturated FA [1]. However, the quality of lamb meat and its FA
profile is closely related to the feeding conditions of the animals. The intramuscular fat
(IMF) of lambs reared under intensive feeding conditions is characterized by high levels
of saturated and omega-6 FA, and a low amount of omega-3 FA [2–5]. In contrast, meat
from grass-fed lambs has shown a more desirable FA composition, with lower contents of
saturated FA and higher levels of omega-3 FA [6].

In the last decade, there has been growing interest in finding appropriate and natural
ways to manipulate IMF composition, with grazing being one of the best alternatives.
However, in regions where fattening on pasture is not feasible for climatic reasons, other
approaches to increase omega-3 FA have been evaluated, such as adding plant-derived
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oils rich in omega-3 FA [7–9]. Dietary marine algae have been shown to improve meat
nutritional value in lambs [8,10–13] due to their high eicosapentaenoic (EPA), docosapen-
taenoic (DPA) and docosahexaenoic (DHA) FA contents. Very recently, our group has
reported that the dietary inclusion of marine algae at the level of 2.5% enhanced omega-3
FA contents in lamb meat with competent reticular groove reflex (RGR), with the increase
being significantly higher when the marine algae was bottle-fed in comparison to the same
amount of algae meal mixed in the concentrate [14]. Fostering the RGR of the newborn
animal into adulthood and using it to include emulsified lipid sources into the abomasum,
bypassing the rumen, has been demonstrated as a fruitful strategy to enhance the healthy
unsaturated FA presence in ruminant milk and meat [14,15].

Marine algae supplementation may have undesirable effects on growth performance,
carcass traits and meat quality characteristics [16], such as a decrease in average daily
gain and feed intake, and thus an extension of the fattening period [10,17]. Moreover, the
high content of polyunsaturated FA in the IMF from lambs fed marine algae increases
its peroxidability index [14], which could lead to meat quality degradation during stor-
age [18]. Changes occurring in the meat micro- and ultra-structure during the aging process
are associated with favorable modifications in its meat tenderization and water-holding
capacity. However, as stated previously, the oxidation of lipid components, as well as
the destabilization of meat color, can negatively affect the meat’s final value [19]. Again,
marine algae are a good source of antioxidants. Most researchers consider polyphenolic
compounds (i.e., phenolic and cinnamic acids, phlorotannins, and bromophenols) among
the main factors responsible for such antioxidant properties [20].

The farm to fork strategy includes hygienic, compositional, nutritional, sensory, and
technological quality characteristics in the general concept of meat quality throughout the
food chain, in order to obtain high-quality products [21].

The aim of this study was to assess the effects of supplementing lambs with competent
RGR with marine algae as a source of omega-3 FA on growth performance, carcass traits
and meat quality characteristics.

2. Materials and Methods

2.1. Experimental Design and Diets

This experiment was carried out on the premises of the Animal Production building
of the University of Córdoba (Spain). Details about the experimental design and diets
have recently been published [14]. Briefly, a total of 48 male Manchega-breed lambs at
42 days of age were weighed (11.6 ± 1.67 kg) and assigned in pairs of similar body weights
to 1 of 24 adjacent pens (1.40 m2 raised slatted floor cages with individual troughs for
feed and water, within an environmental controlled room). Pens were distributed in
8 blocks according to average body weight and allocated randomly to one of the three
treatments (16 animals per treatment): (i) the control group, which consisted of a typical
pelleted concentrate without algae meal supplementation (NOALG), (ii) the algae meal in
concentrate group, which received the same concentrate as NOALG but mixed with 2.5 %
algae meal (Aurantiochytrium limacinum; Forplus, Alltech Spain, Guadalajara, Spain) plus
250 mL daily of milk replacer in a single feeding (ALGCON), and (iii) the algae meal in milk
replacer group, which received the same concentrate as NOALG plus 250 mL daily of milk
replacer supplemented with algae meal in a single feeding (ALGMILK). The concentrate
was composed by 70% cereals (barley, maize and wheat, 40:20:10), 20% soybean meal, 6%
wheat bran and 4% minerals and vitamins, so its calculated composition was 16% crude
protein and 11.0 MJ/kg metabolizable energy, as fed. In the ALGCON and ALGMILK
diets, milk replacer provided an extra 0.89 MJ of metabolizable energy per day, and algae
meal a total of 0.75 MJ/kg of concentrate. Besides this, these diets caused an increase in the
crude protein intake of 10 g/d with the milk replacer and 3 g/kg of concentrate with the
algae meal. The ALGCON and ALGMILK treatments provided ~584 mg of omega-3 FA
per 100 g of concentrate consumed. Lambs in the ALGCON and ALGMILK groups had
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competent RGR. All animals had free access to wheat straw and fresh water throughout
the whole experimental period (49 days on fattening).

2.2. Sampling and Analysis

The average body weight per pen was recorded weekly during the experiment, in
the morning before feeding. The average daily feed intake (ADFI, kg/day) per pen was
calculated daily by weighing each day the amount of concentrate offered and subtracting
the amount of feed refusals found in the feeders the following morning. Besides this,
average daily gain (ADG, kg/day) and feed conversion ratio (FCR, feed to gain kg/kg)
were calculated for each pen.

When the average body weight of the set of lambs reached ~25 kg (in the range of
the commercial slaughter weight for this type of lambs), the animals were tagged to track
their carcasses, and transported from the Animal Production facilities at the University of
Cordoba to a commercial slaughterhouse (COVAP, Pozoblanco, Córdoba, Spain), located
~90 km (~1.0 h) away, in a vehicle adequately conditioned. Then, the animals were placed
in pens (8 lambs per pen) and remained there for approximately 14 h, with free access to
water but not feed. After lairage, lambs were stunned, slaughtered, and dressed.

The carcasses of the animals were weighed in the first 45 min after slaughter (hot
carcass weight, HCW). The dressing was calculated as the ratio of HCW to final body
weight and expressed as a percentage. Lamb carcasses were classified according to their
weight as class A (<7 kg), class B (7.1 to 10 kg), and class C (10.1 to 13 kg). A trained and
experienced technician from the slaughterhouse visually graded carcass fatness considering
the size of the kidney and pelvic fat deposits (types 1, low fat; 2, medium fat; 3, high fat)
and muscle color (pale pink, pink, red) [22].

After 2 h at room temperature, all carcasses were chilled at 4.0 ◦C for 24 h in a
commercial chiller and transferred to the Animal Production laboratory without disrupting
the cold chain. The left shoulders were weighed and dissected into muscle, bone and fat
(subcutaneous, pre-scapular and intermuscular) and the remaining tissues (major blood
vessels, ligaments, tendons and fascias). Each fraction was weighed, and the results were
expressed as the percentage of total shoulder weight to provide an estimate of the carcass
composition. At 24 h post-mortem, the Longissimus thoracis muscle (T6 to T13 vertebrae)
from each left carcasses was removed and divided into three pieces (T6, T7 to T12, and T13
vertebrae), which were further used for the assessment of meat quality (pH, color, drip and
cooking losses, and Warner–Bratzler shear force) and parameters related to meat oxidative
stability. The Longissimus thoracis muscle from the right carcass was vacuum-packed, aged
in a refrigerated chamber at 2–4 ◦C in the dark for 6 days (7 d postmortem), and further
used for the same determinations.

The methodology of the measurements is described in detail in Avilés et al. [2]. Briefly,
the drip loss (DL) of each sample was expressed as the percentage of weight loss of a sample
hanging at 4◦ for 24 h, related to the initial weight. The pH was measured by inserting
the glass electrode of a portable pH-meter (Crison® PH25, Hach Lange, Barcelona, Spain)
approximately 1 cm into the Longissimus thoracis muscle between the T11 and T12 junction
sites. Meat color was measured on the freshly cut surface of the middle section of the T12
vertebra, after 30 min of blooming at room temperature in the dark. A CM-2600d hand-held
spectrophotometer (D65 illuminant, 8 mm diameter aperture, 10◦ standard observer, 8◦
viewing angle; Minolta Inc., Osaka, Japan) was used for color determination, according
to the CIE system (CIE, 1986). Three measurements of color coordinates, expressed as
L* (lightness), a* (redness) and b* (yellowness), were performed, and the average was
used for the calculation of color saturation (C*) and hue (h◦). For the determination of
cooking loss (CL) and Warner–Braztler shear force (WBSF), the samples were weighed,
cooked in a plastic bag in a water bath at 75 ◦C until the temperature in the center of the
sample reached 70 ◦C (monitored by a HI 98509 Checktemp® Pocket Thermometer, Hanna
Instruments, Guipuzcoa, Spain), and then cooled at room temperature for 30 min, blotted
dry, and weighed again. CL was expressed as the percentage of weight loss related to
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the initial weight. WBSF values, expressed in kg/cm2, were taken for muscle cores of
1 cm2 cross-sections using a texture analyzer (TA.TXT-2, Stable Micro Systems, Surrey,
UK) equipped with a Warner–Bratzler shearing device (Mitutoyo series 500, Mitutoyo
Corporation, Aurora, IL, USA). A total of 10 measurements was performed in each meat
sample, and the average was provided as the WBSF value of the sample. The extent of lipid
oxidation was assessed by measuring the thiobarbituric acid reacting substances (TBARS)
using the method of Tarladgis et al. [23], as described in Avilés et al. [2]. The 1,1,3,3-tetra-
ethoxypropane (TEP) standard curve was used for calculating the TBARS concentration
and the results were expressed as mg of MDA kg−1 of meat. The antioxidant capacity of the
meat was determined through the 2,2-diphenylpicrylhydrazyl (DPPH) radical scavenging
capacity assay. The meat hydrophilic and lipophilic extracts were obtained following the
method described by Folch et al. [24]. The determination of the free radical scavenging
activity of the hydrophilic and lipophilic extracts of the meat samples (DPPH water and
DPPH fat, respectively) was carried out following the procedure described by Brand-
Williams et al. [25]. The absorbance values in both hydrophilic and lipophilic extracts
were expressed as % radical scavenging activity (RSA). Total polyphenols content was
determined with the Folin–Ciocalteu reagent according to the procedure described by
Singleton [26]. Total phenolic compounds were quantified using a gallic acid reference
standard, and the results were expressed as mg of gallic acid equivalents (GAE)/100 g
of meat.

2.3. Statistical Analysis

SAS UE 3.8 software (SAS Institute Inc., Cary, NC, USA) was used to perform the
statistical analyses. Statistical significance was declared at p < 0.05. Productive and carcass
traits, except for grading, were analyzed with the MIXED procedure. The statistical model
included the treatment as fixed effect and the pen nested within the treatment as the
random effect. When the fixed effect was significant, differences between least squares
means were assessed by Tukeys’s test. A repeated measurements analysis of meat data
was carried out with the MIXED procedure. The statistical model included the fixed effects
of treatment, ageing time, and their interaction; the repeated effect was ageing time; the
subject of the repeated measurements was the animal nested within the treatment and
the pen. When the fixed effects of the repeated measurement model were significant,
differences between least squares means were assessed by paired t-test.

3. Results

3.1. Growth Performance and Carcass Traits

Growth performance was not affected (p > 0.05) by the addition of algae meal to the
experimental rations (Table 1). According to HCW, 22% of the carcasses were classified as
class A and 78% as class B, whereas according to fatness most carcasses were within type 2
(60% in comparison to 34% and 6% in types 3 and 1, respectively). The subjective carcass
color was pale pink and pink in 65 and 35% of the carcasses, respectively. The lowest HCW
and dressing percentage were observed (p < 0.05) in ALGMILK, while ALGCON treatment
showed the highest values (Table 1). ALGCON treatment had lower and higher percentages
of carcass muscle and fat, respectively, than NOALG (p < 0.05), while ALGMILK showed
intermediate values.
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Table 1. Growth performance and carcass characteristics of feedlot lambs fed a conventional diet alone (NOALG) or feedlot
lambs with competent reticular groove reflex fed the same diet supplemented with 2.5% of algae meal, either mixed in the
concentrate (ALGCON) or in the milk replacer (ALGMILK).

DIET

Parameters 1 NOALG ALGCON ALGMILK SEM p

Initial body weight (kg) 11.4 11.6 11.8 0.24 0.86
Final body weight (kg) 25.0 25.7 25.4 0.31 0.78
Average feed intake (g) 825 801 805 6.0 0.44
Average daily gain (g) 326 335 324 4.2 0.33

Feed conversion ratio (kg/kg) 2.54 2.43 2.49 0.030 0.13
Hot carcass weight (kg) 10.5 ab 11.4 a 10.4 b 0.16 <0.05

Dressing 2 (%) 42.2 ab 44.6a 40.9 b 0.60 <0.05
Carcass composition 3:

Muscle (%) 60.8 a 58.0 b 59.8 ab 0.38 <0.05
Fat (%) 14.5 b 17.2 a 15.2 ab 0.39 <0.05

Bone (%) 24.8 24.8 24.9 0.19 0.95
1 Within each treatment, 8 pens were used for determination of growth performance (2 animals per pen) and 16 animals were used for
determination of carcass traits. 2 Calculated as hot carcass weight/final body weight. 3 Estimated by shoulder dissection. SEM: standard
error of the mean. Means with different superscripts between treatments are significantly different (p < 0.05).

3.2. Meat Quality Characteristics and Oxidative Stability

The meat quality characteristics and oxidative stability results are shown in Table 2.
Neither the treatment nor the ageing time affected meat pH or DL (p > 0.05). CL and WBSF
parameters were not modified by the treatments (p > 0.05), but were reduced by ageing
time (p < 0.05). The addition of algae meal to the diet did not affect meat color (p > 0.05),
apart from the b* coordinate, which was lower (p < 0.05) in NOALG. On the contrary,
ageing time influenced (p < 0.05) the color coordinates, causing a significant increase in L*
and a*, as well as a decrease in the b*, C* and h◦ parameters in all experimental groups.

The presence of algae meal in the diet tended to increase TBARS (p = 0.06), while
ageing increased (p < 0.05) TBARS. At day 1 of ageing, the DPPH fat was higher (p < 0.05) in
the ALGCON than in the ALGMILK treatment, with an intermediate value for NOALG, but
the differences disappeared (p > 0.05) at day 6 of ageing. DPPH water did not differ (p > 0.05)
among treatments, but decreased (p < 0.05) with ageing time. As regards the polyphenol
content in the diets, the algae meal supplementation supplied 11.8 mg GAE/100 g, while
the amount of GAE/100 g in the NOALG diet was 10.3 mg. The total polyphenols contents
in meat were not affected by treatments or ageing.

Regarding oxidative stability, it is worth mentioning that marine algae increased total
SFA levels in the ALGCON and ALGMILK treatments (40.3 and 40.2%, respectively, vs.
36.9% of total FA in the NOALG treatment), did not affect total MUFA (38.15, 37.86, and
36.60% of total FA in the NOALG, ALGCON, and ALGMILK treatments, respectively), and
raised total omega-3 FA (1.45, 3.94 and 4.96 % of total FA in the NOALG, ALGCON, and
ALGMILK treatments, respectively). The increases in the levels of omega-3 FA, EPA, DPA,
and, most significantly, DHA, were higher when the algae meal was bottle-fed via RGR, in
comparison to algae meal mixed in the concentrate [14].

11



Foods 2021, 10, 857

Table 2. Quality characteristics and oxidative stability of meat samples from feedlot lambs fed a conventional diet alone
(NOALG) or from feedlot lambs with competent reticular groove reflex fed the same diet supplemented with 2.5% of algae
meal, either mixed in the concentrate (ALGCON) or in the milk replacer (ALGMILK).

Parameters 1 Ageing Time (A)
Diet (D)

SEM
p

NOALG ALGCON ALGMILK D A D × A

Meat characteristics

pH24
1 5.77 5.70 5.73

0.01 0.21 0.19 0.877 5.78 5.72 5.74

Drip Loss (%) 1 1.93 1.74 1.63
0.06 0.46 0.24 0.067 1.49 1.86 1.59

Cooking Loss (%) 1 21.5 22.7 20.6
0.96 0.33 <0.01 0.197 19.9 12.7 15.0

WBSF (kg/cm2)
1 7.85 7.28 7.28

0.21 0.97 <0.001 0.077 4.85 5.18 5.38

L*
1 37.4 38.7 38.8

0.34 0.30 <0.001 0.877 41.6 42.7 42.6

a*
1 6.27 5.67 6.06

0.20 0.97 <0.001 0.097 7.87 8.55 8.29

b*
1 16.4 16.7 16.7

0.32 <0.05 <0.001 0.187 10.0 11.1 11.1

C*
1 17.6 17.7 17.7

0.24 0.20 <0.001 0.137 13.0 14.2 14.0

h◦ 1 69.3 71.5 70.2
1.09 0.54 <0.001 0.447 50.7 51.6 52.5

Oxidative stability

TBARS (mg MDA/kg) 1 0.23 0.67 0.62
0.05 0.06 <0.001 0.247 0.97 1.06 1.14

DPPH fat (%) 1 24.2 AB,a 29.0 A,a 17.5 B
1.03 <0.05 <0.001 <0.0017 14.6 b 15.0 b 14.4

DPPH water (%) 1 6.28 6.76 6.63
0.31 0.78 <0.01 0.967 4.20 4.58 4.81

Polyphenols (mg GAE/100 g) 1 3.72 3.93 4.34
0.07 0.19 0.92 0.217 4.10 3.91 4.03

1 In each time within each treatment, 16 samples were analyzed for each parameter. SEM: standard error of the mean. L*: lightness;
a*: redness; b*: yellowness; C*: chroma; h◦: hue; WBSF: Warner–Braztler shear force; TBARS: thiobarbituric acid reactive substances;
DPPH fat: 2-2 diphenyl picryl hydrazyl in fat extract; DPPH water: 2-2 diphenyl picryl hydrazyl in aqueous extract. Means with different
superscript letters between treatments (capital) or ageing times (lowercase) are significantly different.

4. Discussion

4.1. Growth Performance and Carcass Characteristics

The slaughter weights of lambs fed different experimental diets were within the
range of 22–30 kg BW, as established in the European Regulation for “Cordero Manchego”
protected geographical indication [27]. The average feed intake, average daily gain and feed
conversion ratio values from the present study were more favorable than those obtained
previously by Avilés et al. [2] using lambs from the same genetic background, with similar
ages and slaughter weights, raised in on-farm conditions.

The overall performance of the lambs was not affected by the addition of algae meal
to the diet in the present study, which is in agreement with previous research, wherein the
diets of fattening lambs were supplemented with Aurantiochytrium limacinum, Arthrospira
platensis, and Isochiris sp. [8,11,28,29]. However, the results in the literature regarding algae
meal supplementation to the diet of lambs are somehow contradictory. Other researchers
found that lambs fed diets containing Aurantiochytrium limacinum algae had slower growth
rates at 1.7% of inclusion [7], or lower average feed intakes and daily gains at 2 to 6% of
inclusion [10,13,17], in comparison with the control lambs. In contrast, increased average
feed intake, daily gain and final body weight in lambs fed Arthrospira platensis algae meal
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at 1 g/10 kg BW/d were also reported [30]. These discrepancies could be mainly attributed
to the type and amount of algae used, its palatability, the trial duration, and/or the weights
and ages of the lambs following algae treatments.

As in the present study, previous research did not find differences in HCW and
dressing percentage between control and algae-added diets [7,8,11,13,29]. Nonetheless,
the means of administration of the algae meal showed a marked influence on HCW
and dressing, being significantly higher when algae meal was fed in the concentrate
(ALGCON) and reduced when the same amount of supplement was fed in the milk replacer
(ALGMILK). Regarding the carcass composition, the present research is in agreement with
previous results [2], and the reported values are within the normal ranges for this type of
meat. On average, the algae meal treatments showed ~12% more carcass fat than NOALG,
which might be related to a higher percentage of fat in the former’s daily gain due to the
extra energy consumed via milk replacer and algae meal [31].

4.2. Meat Quality Characteristics and Oxidative Stability

Ultimate pH (24 h after slaughter) and its fall rate are widely used to evaluate raw
meat quality, due to its strong relationship with meat quality characteristics such as color,
water-holding capacity and tenderness [32,33]. In the present study, neither treatments
nor ageing time affected meat pH (Table 2). The ultimate pH ranged from 5.70 to 5.77
(Table 2), values typically observed in non-stressed sheep at the time of slaughter [34,35].
The observed pH values (Table 2) were within the expected range for this type of lamb
meat, and were in agreement with those reported by other authors [2,8,17,29]. The lack of
changes in meat pH due to ageing is in line with previous studies [19,36,37].

DL was not influenced by the addition of algae meal to the diet, and remained stable
throughout ageing (Table 2). The DL values measured at day 1 were in agreement with
those reported by other authors [8,13]. Regarding aged samples, the DL values were slightly
higher than those shown by Avilés et al. [2] and Vergara et al. [35,37] in Manchega lambs.

Treatments had no effect on CL, or loss of water with cooking. The CL values (Table 2)
differed from those obtained by other authors [2,38,39]. The slaughter weight, fatness, pH,
cooking procedure and cooling time, among others, are factors to which these differences
could be attributed [40]. The numerical trend of lower CL in day 7 samples matched with
the observed trend of carcass fat percentage, suggesting that as fat increased, the aged
samples were protected from losing water [41,42]. Conversely, Hopkins et al. [29] found
that the CL values were significantly higher in algae-fed lambs, but those animals had no
increased subcutaneous fat depth.

Meat tenderness, measured as WBSF, was not affected by the inclusion of algae meal
in the diet, neither in fresh nor in aged meat samples, which is in agreement with Valença
et al. [13] and Hopkins et al. [29]. The average WBSF value at day 1 was greater than the
threshold (5 kg/cm2) reported by Shorthose et al. [43] to classify lamb meat into tender
or tough, while, after 6 days of ageing, it was similar to that value. The maximum shear
force recorded in the present study was similar to that obtained by Avilés et al. [2], Blanco
et al. [38] and Linares et al. [44]. As expected, ageing time caused a significant decrease in
WBSF, as previously described [45].

The meat color coordinates L*, a*, C* and h◦ were not affected by the algae meal
treatments (Table 2), in agreement with previous research [8,12,13,29]. Although b* was
higher on average in the algae meal treatments, it did not affect h◦ and C* values, and thus
did not alter the perception of color (from red to yellow) or its vividness, respectively [46].
Desirable changes in color indices were observed during ageing in the present study (i.e.,
higher L* and a* values and lower b* and h◦ values), as observed by other authors [39].

Algae meal in the diet tended to increase meat oxidation measured as TBARS in day1
samples (Table 2), whereas ageing significantly raised TBARS regardless of the treatment. All
TBARS values were lower than the acceptability limit of 2 mg MDA kg−1 muscle to detect
rancidity or oxidized flavors in cooked lamb meat by consumers [18,47,48]. Previous research
has shown that algae meal supplementation increases meat lipid oxidation levels [8,12,13,17],
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which can be attributed to the higher long chain omega-3 polyunsaturated FA content in the IMF
of algae meal-supplemented lambs [14].

Meat antioxidant activity was evaluated through the DPPH radical scavenging capac-
ity of both lipophilic (DPPH fat) and hydrophilic (DPPH water) extracts (Table 2). Day1
ALGMILK samples, which contained 5 g of omega-3 FA/100 g of total fat [14], showed
less DPPH fat than those from ALGCON treatment, which contained 20% less omega-3 FA.
This difference would be mainly related to the need to eliminate the free radicals generated
by the extra omega-3 FA in ALGMILK samples [18]. Ageing time decreased both the DPPH
fat and the DPPH water of NOALG and ALGCON samples, but a similar antioxidant
capacity was observed in all aged meats.

The meat’s total polyphenols contents were not affected by dietary treatments (Table 2),
which is in agreement with Muiño et al. [49], who did not observe differences after the
supplementation of sheep diets with red wine polyphenols (900 mg of red wine extract/kg
of feed). On the contrary, Luciano et al. [50] reported higher concentrations of polyphenols
in the meat of lambs fed a diet enriched with tannins for 60 days (8.96% quebracho
supplement rich in proanthocyanidins), compared to control lambs. Although algae are
recognized as a good source of polyphenols, it may have been the case that the amounts of
marine algae included in the current experimental diets or the length of supplementation
were not sufficient to trigger any significant response [51].

5. Conclusions

The results of this study show that the addition of 2.5% marine algae to the diet of
fattening lambs with competent RGR, either mixed in the concentrate or bottle-fed, does
not have any negative effect on growth performance, carcass characteristics, meat quality,
or, for the most part, oxidative stability. This “from farm to fork” strategy, intended to
increase the levels of omega-3 polyunsaturated FA in meat, would be of great interest to
the improvement of lamb meat from a nutritional point of view, without affecting animal
performance or other meat quality parameters.
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Abstract: This study was performed to compare the differences in pH, myofibril fragmentation
index (MFI), total protein solubility (TPS), sarcoplasmic protein solubility (SPS), myofibrillar protein
solubility (MPS), and the microstructure of seven beef muscles during aging. From the six beef carcasses
of Xinjiang brown cattle, a total of 252 samples from semitendinosus (ST), longissimus thoracis (LT),
rhomboideus (RH), gastrocnemius (GN), infraspinatus (IN), psoas major (PM), and biceps femoris (BF)
muscles were collected, portioned, and assigned to six aging periods (1, 3, 7, 9, 11, and 14 day/s)
and 42 samples were used per storage period. IN muscle showed the highest pH (p < 0.05) from
1 to 14 days and the lowest TPS (p < 0.01) from 9 to 14 days with respect to the other muscles.
Moreover, the changes in IN were further supported by transmission electron microscopy due to the
destruction of the myofibril structure. The highest value of MFI was tested in ST muscle from 7 to
14 days. The total protein solubility in PM, RH, and GN muscles were not affected (p > 0.05) as the
aging period increased. The lowest TPS was found in the RH muscle on day 1, 3, and 7 and in the
IN muscle on day 9, 11, and 14. The pH showed negative correlations with the MFI, TPS, and MPS
(p < 0.01). The results suggest that changes in protein solubility and muscle fiber structure are related
to muscle location in the carcass during aging. These results provide new insights to optimize the
processing and storage of different beef muscles and enhance our understanding of the biological
characteristics of Xinjiang brown cattle muscles.

Keywords: beef muscle; protein solubility; myofibril fragmentation; microstructure; aging

1. Introduction

Meat and meat products are important nutrient-intensive foods that are widely consumed
worldwide [1]. For consumers, tenderness is a critical indicator that drives their willingness to
repurchase and acceptability [2,3]. There are still great variations in the tenderness between different
parts of beef muscles [4,5]. In the beef industry, aging is often considered to be one of the important
factors determining the ultimate tenderness of the meat [6,7]. Due to the differences between the
biochemical characteristics of these muscles, they may cause different degrees of response to aging [4].
Therefore, the inconsistency of the tenderness of different muscles has become the main problem that
currently exists in the meat processing industry during the aging process.

Reducing the intake of fat in meat is essential for maintaining consumer health and reducing
the risk of illness [8]. In fact, the type of muscle fiber is one of the factors that affects the lean meat
rate [9]. The muscle fiber type differs greatly among various body parts and is generally divided into
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slow-oxidized fiber (type I), fast oxido-glycolytic fiber (type IIA), and fast glycolytic fibers (type IIB and
type IIX) [10,11]. Studies indicated that muscle fiber type was closely associated with muscle quality
and more type IIB fiber might lead to poorer muscle quality and lower lean meat productivity [12,13].
Our previous unpublished study has shown that semitendinosus (ST) and longissimus thoracis (LT)
muscles of Xinjiang brown cattle have large percentages of type IIB fibers (approximately 47.89% and
40.85%, respectively), rhomboideus (RH) and gastrocnemius (GN) muscles have high percentages of type
IIA fibers (approximately 61.43% and 42.10%, respectively), and infraspinatus (IN), psoas major (PM),
and biceps femoris (BF) muscles have large percentages of type I fibers (79.69%, 43.06%, and 39.75%,
respectively). In the current study, we focused on these seven muscles, representing the characteristics
of the three muscle fiber types.

Protein in skeletal muscle is a key factor in determining the type of muscle fiber. Establishing
the relationship between muscle protein structure and functional properties will contribute to the
understanding of the modification mechanism of meat products during processing and storage [14].
According to the solubility and location of protein, it can be divided into myofibrillar protein,
sarcoplasmic protein, and matrix protein, which maintain the structural integrity of myofibrillar
fiber [15,16]. These proteins are susceptible to oxidative degradation during aging, which may explain
the meat tenderization after muscle fiber breakage [17]. Oxidation affects the chemical properties
of proteins and changes in protein solubility can reflect the degree of protein denaturation [18,19].
Sarcoplasmic protein solubility (SPS) is sometimes used as a measure of muscle quality [20]. It has been
well documented that precipitated or denatured sarcoplasmic proteins may bind to myofibrils, leading
to a decrease in water holding capacity [21–23]. It is vital to the production of Xinjiang brown beef,
for the lives of Xinjiang people, and for local meat production. However, there are still limited studies
examining the changes in protein solubility between various parts of muscles of Xinjiang brown cattle
during post-mortem aging.

Therefore, the aim of this research was to evaluate the changes in pH, myofibril fragmentation
index (MFI), total protein solubility (TPS), SPS and myofibrillar protein solubility (MPS), and the
microstructure of seven beef muscles (ST, LT, RH, GN, IN, PM, BF) during aging from 1 to 14 days.

2. Materials and Methods

2.1. Animals and Muscle Samples Preparation

Six Xinjiang brown bull calves of approximately 30 months of age were slaughtered at a local
slaughterhouse (Yining, Xinjiang, China) according to the commercial procedures. The mean weight at
slaughter was 566 ± 32 kg. All corn-fed calves were raised on the same farm to ensure background
consistency and then slaughtered using electrical stunning on the same day. The carcasses were
overhung in a cold room (3 ± 1 ◦C) for 24 h. All procedures were undertaken following the guidelines
given by the Animal Care and Ethics Committee for animal experiments, Institute of Animal Science,
Chinese Academy of Agricultural Sciences.

The semitendinosus (ST), longissimus thoracis (LT), rhomboideus (RH), gastrocnemius (GN), infraspinatus (IN),
psoas major (PM), and biceps femoris (BF) muscles were collected from each carcass. The samples were
kept on ice and transported to the laboratory after 50 min and all visible intermuscular and subcutaneous
fat was removed. Prior to packaging, each sample was stamped with a date mark. Each muscle was
further separated into three equal-length sections, resulting in six muscle Sections (5 cm × 3 cm ×
2 cm, 50 ± 0.05 g) per carcass, with 42 slices per aging period (six replications per muscle and per
aging period). Afterwards, the samples were individually vacuum-packaged in a polyolefin bag and
randomly assigned to aging at 3 ± 1 ◦C (relative humidity: 70–80%) for 1, 3, 7, 9, 11, and 14 days
(within muscles, samples from the same carcass were not aged for the same time). Upon completion
of each postmortem aging period, samples were taken to determine pH and transmission electron
microscopy (TEM). The remaining samples were stored at −30 ◦C for further analysis within 2 weeks.
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2.2. pH Measurement

The pH value of the beef muscles was measured at 1, 3, 7, 9, 11, and 14 days postmortem following
the method described by Kim et al. [24], with minor modifications. Chopped meat (10 g) was mixed
with 100 mL of distilled water for 15 s and then homogenized using an Ultra-Turrax T25 homogenizer
(IKA-Werke, Gmbh & Co., Staufen in Breisgau, Germany) at 2800 g. The pH of the homogenate was
measured using a pH meter equipped with an electrode (PB-10, the precision was 0.01, made by
Sartorius Group, Goettingen, Germany). Each sample was determined three times.

2.3. Myofibril Fragmentation Index (MFI)

MFI was determined by modification of the method by Hou et al. [25]. Two gram samples
were homogenized with a homogenizer (FJ200-S, Shanghai Specimen Model Co., Shanghai, China)
at 10,000 g for 60 s (3 × 20 s with a 60 s break between bursts) at 4 ± 2 ◦C in 20 mL ice-cold buffer
(100 mM KCl, 20 mM K2HPO4, 1 mM EGTA, 1 mM MgCl2, and 1 mM NaN3, pH 7.0). The homogenates
were centrifuged using a LG10-24A model centrifuge (Peking Medical centrifuge Factory, Beijing,
China) at 3000 g for 15 min at 4 ◦C and the supernatant was discarded. The pellets were homogenized in
20 mL of homogenizing buffer and centrifuged and the supernatant was discarded again. The resulting
pellets were then resuspended in 5 mL of homogenizing buffer and filtered through a polyethylene
strainer (200-mesh) to remove the fat and connective tissue. Then, 5 mL buffer was used to promote the
passage of myofibrils through the strainer. The protein concentration of suspension was determined
by the biuret method [26]. The protein concentration was diluted to 0.5 mg/mL and measured
spectrophotometrically at 540 nm (UV 6100, Metash, Shanghai, China). MFI was calculated by
multiplying A540 by 200.

2.4. Protein Solubility

The total protein solubility (TPS) and sarcoplasmic protein solubility (SPS) were measured using
the procedure of Li et al. [27]. A 1 g sample of each muscle (six replications per muscle and per aging
period) was homogenized with 10 mL cold 0.025 M potassium phosphate buffer (pH 7.2), which was
then shaken at 4 ◦C for 12 h and centrifuged at 1500 g for 20 min. The total protein concentrations
of the supernatants were assessed using the biuret method [26]. The step of SPS detection was that
the muscle sample (1 g) was homogenized in ice-cold 20 mL 0.025 M potassium phosphate buffer
(pH 7.2) and then carried out using the same shaking, homogenization, and centrifugation procedures
mentioned above. Myofibrillar protein solubility (MPS) was calculated by TPS minus SPS. The value
was expressed as micrograms of soluble protein per gram of meat.

2.5. Microstructure Analysis

At each storage time point, strips (approximately 5 × 1 × 1 mm) were cut off from three muscles
(ST, RH, and IN) and were selected using transmission electron microscopy (TEM). Muscle samples
were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) and 2% osmium tetroxide.
Then, the gradually increasing concentrations of ethanol (50–100%, v/v) were used for dehydration.
The solvent was then switched to acetone and the samples were dehydrated with acetone gradient,
followed by replacing with propylene oxide and being embedded with resin. The samples were
trimmed, sectioned (50–70 nm), and stained with uranyl acetate and lead citrate. The samples were
viewed under TEM (Hitachi, H-7500, Japan) at required magnification as per the standard procedures.

2.6. Statistical Analysis

The experimental design was a randomized complete block design, where each carcass (n = 6)
served as a block. Each measurement was performed in triplicate. To determine the significant effect
by two factors (muscles and aging period), data analysis was performed using the SAS 9.2 program
(SAS Institute, Cary, NC, USA) with muscles and aging period as the main effects, using two-way

19



Foods 2020, 9, 806

analysis of variance (ANOVA). Analysis of variance was performed on all the variables using the
General Linear Model (GLM) procedure. Duncan’s multiple range test (p < 0.05) was used to determine
the significance of the differences in the mean values for different samples. Pearson’s correlation
coefficients were calculated for variables.

3. Results and Discussions

3.1. Changes in pH Value

The changes in pH values of beef muscles during aging are shown in Table 1. There was a
considerable variation in pH between muscles. Compared to the IN muscle, the pH values in ST, LT,
PM, and BF were lower at 1 day (p < 0.05). The difference in pH may be due to the rate of glycolysis
between muscles [28]. Similar results were obtained in some studies of beef and lamb [29,30], indicating
that the rate of decrease in the pH of PM accelerated. Aging had no significant impact on pH in PM
muscles (p > 0.05) from 1 to 14 days. Except for IN and PM, no significant changes were observed
(p > 0.05) in the pH of the remaining six muscles from 3 to 14 days of aging. In terms of value, the pH
of IN showed the highest value (p < 0.05) of all the muscles in the whole aging period. IN had more
type I muscle fibers and its main characteristics were higher oxidative metabolism and lower glycogen
content [31]. Therefore, in this study, we can speculate that lower glycolysis capacity would result in a
higher pH of IN muscle, which might influence proteolysis.

Table 1. Changes in pH values of different beef muscles during aging.

Items
Aging (Days)

SEM
1 3 7 9 11 14

ST 5.65 a,y 5.45 ab,x 5.54 b,xy 5.50 a,xy 5.45 ab,x 5.38 a,x 0.028
LT 5.64 a,y 5.38 a,x 5.41 a,x 5.39 a,x 5.37 a,x 5.40 ab,x 0.027
RH 5.76 ab,y 5.55 bc,x 5.53 b,x 5.62 ab,x 5.56 b,x 5.55 ab,x 0.028
GN 5.72 ab,y 5.46 ab,x 5.53 b,x 5.51 a,x 5.38 a,x 5.45 ab,x 0.032
IN 5.87 b,z 5.66 c,xy 5.70 c,xy 5.76 b,yz 5.73 c,xyz 5.56 b,x 0.029
PM 5.59 a 5.51 ab 5.53 b 5.58 ab 5.51 ab 5.55 ab 0.022
BF 5.67 a,y 5.45 ab,x 5.42 a,x 5.47 a,x 5.43 ab,x 5.51 ab,x 0.026

SEM 0.026 0.023 0.022 0.038 0.030 0.022

ST, semitendinosus; LT, longissimus thoracis; RH, rhomboideus; GN, gastrocnemius; IN, infraspinatus; PM, psoas major;
BF, biceps femoris. a–c Values within a column with different superscript are significantly different (p < 0.05).
x–z Values within a row with different superscript are significantly different (p < 0.05). SEM, standard error of the
mean. n = 6 in each muscle at each aging period.

3.2. Changes in Myofibril Fragmentation Index (MFI)

Changes in MFI of different beef muscles during aging are displayed in Table 2. The highest
MFI was observed in the RH muscle at 1 day (p < 0.05). The ST muscle had the highest MFI from
day 7 onwards (p < 0.05). Compared with the other muscles, the MFI values of IN and LT were
found to be lower from 3 to 11 days (p < 0.05). MFI is used as an important indicator of I band
rupture and interstitial fibril connection breakage [32]. These results seem to indicate that the degree
of rupture of muscle fibers in the I band is greater in ST muscles during aging, resulting in changes
in the integrity and solubility of myofibrillar proteins [33,34]. The MFI of each individual muscle
increased significantly with the aging period (p < 0.05) and this is in agreement with Li et al. [35].
However, the difference in MFI change was very small in the later days of the aging period. This might
be due to the fact that as the aging period increases, the degree of variation in myofibril breaks becomes
smaller [36].
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Table 2. Changes in the myofibril fragmentation index (MFI) of different beef muscles during aging.

Items
Aging (days)

SEM
1 3 7 9 11 14

ST 102.57 d,x 107.93 c,x 154.13 d,y 157.53 e,y 156.50 e,y 189.93 e,z 7.47
LT 81.87 bc,x 83.10 a,x 86.97 a,xy 88.27 a,xy 88.90 a,xy 92.60 a,y 1.17
RH 122.23 e,x 129.93 d,xy 131.73 c,xy 132.97 cd,xy 133.77 c,xy 143.43 cd,y 2.11
GN 87.97 c,x 105.87 c,y 128.56 c,z 131.70 c,z 131.37 c,z 136.93 c,z 4.41
IN 68.80 a,x 76.87 a,xy 79.77 a,xy 84.37 a,y 87.63 a,y 101.83 ab,z 2.62
PM 75.90 ab,x 93.47 b,y 98.90 b,y 111.87 b,z 110.93 b,z 110.07 b,z 3.27
BF 99.43 d,w 122.87 d,x 130.67 c,x 141.80 d,y 144.33 d,yz 152.47 d,z 4.33

SEM 3.95 4.19 5.77 5.76 5.62 7.07

ST, semitendinosus; LT, longissimus thoracis; RH, rhomboideus; GN, gastrocnemius; IN, infraspinatus; PM, psoas major;
BF, biceps femoris. a–c Values within a column with different superscript are significantly different (p < 0.05).
x–z Values within a row with different superscript are significantly different (p < 0.05). SEM, standard error of the
mean. n = 6 in each muscle at each aging period.

3.3. Changes in Protein Solubility

The results of the changes in TPS, SPS, and MPS during aging are shown in Table 3. No significant
changes (p > 0.05) were evidenced in TPS of RH, GN, and PM muscles and in MPS of IN and BF muscles
during aging. In regard to SPS, there were no significant differences in SPS between different muscles
at day 11 and 14 (p > 0.05). IN muscle exhibited a lower TPS at day 9, 11, and 14 than that at day 7
(p < 0.05). LT muscles had the highest TPS and MPS among all muscles at day 14 (p < 0.05). The SPS
of RH was significantly lower than that of IN and GN at day 7 and 9 (p < 0.05). Protein solubility
was an important indicator of protein properties, which was attributed to protein denaturation [37].
In this study, the results indicated that IN muscle had a high extent of protein denaturation after
9 days [19]. The solubility of myofibrillar protein increased with the aging period up to day 7 and
then did not change significantly. This is related to the characteristics of myofibrillar proteins [38,39].
During aging, myofibrillar protein bonds were weakened and more protein hydrolysis was released,
which resulted in higher MPS [40]. However, myofibrillar proteins are gradually unfolded as the aging
period increases, exposing hydrophobic groups and resulting in almost no change in MPS [41].

Table 3. Changes in protein solubility of different beef muscles during aging.

Items
Aging (days)

SEM
1 3 7 9 11 14

Total Protein Solubility, mg/g

ST 172.77 ab,x 190.83 bc,yz 207.59 c,z 183.39 ab,xy 192.81 ab,yz 193.16 bc,yz 3.19
LT 181.08 bcd,x 198.36 c,xy 193.45 b,xy 195.42 ab,xy 200.21 b,y 200.06 c,y 2.42
RH 169.00 a 174.24 a 176.05 a 183.80 ab 181.94 ab 185.91 ab 2.25
GN 189.47 d 187.76 abc 196.72 bc 198.46 b 185.01 ab 194.29 bc 2.01
IN 176.24 abc,x 185.24 abc,x 195.85 bc,y 178.47 a,x 177.82 a,x 179.02 a,x 1.95
PM 183.20 cd 191.27 bc 187.48 ab 184.91 ab 187.58 ab 189.43 abc 1.30
BF 179.64 bc,x 179.67 ab,x 208.62 c,y 183.42 ab,x 186.39 ab,x 187.92 ab,x 2.94

SEM 1.69 2.25 2.67 2.31 2.48 1.77
Sarcoplasmic Protein Solubility, mg/g

ST 59.71 abc,xy 57.20 ab,xy 60.66 b,y 49.57 ab,x 50.90 xy 50.53 xy 1.51
LT 68.31 c,y 65.49 b,y 50.83 a,x 48.75 ab,x 51.99 x 51.51 x 2.17
RH 51.35 a,xy 59.33 ab,y 48.77 a,x 42.00 a,x 46.14 x 44.02 x 1.70
GN 62.45 bc,yz 58.45 ab,yz 67.01 b,z 55.05 b,xy 48.67 x 55.15 xy 1.73
IN 55.69 ab,yz 52.04 a,xy 62.61 b,z 52.65 b,xy 45.06 x 46.51 xy 1.76
PM 51.93 a,y 59.08 ab,z 47.68 a,x 48.06 ab,x 47.51 x 44.08 w 1.21
BF 55.29 ab,x 60.24 ab,xy 70.66 b,y 48.20 ab,x 49.23 x 57.48 xy 2.31

SEM 1.55 1.19 2.14 1.15 1.02 1.68
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Table 3. Cont.

Items
Aging (days)

SEM
1 3 7 9 11 14

Myofibrillar Protein Solubility, mg/g

ST 113.07 a,x 133.63 b,y 146.93 b,y 133.81 ab,y 141.91 y 142.63 abc,y 3.28
LT 112.77 a,x 132.87 b,y 142.62 ab,y 146.67 b,y 148.22 y 148.55 c,y 3.59
RH 117.66 ab,x 114.90 a,x 127.28 a,xy 141.80 ab,y 135.80 y 141.89 abc,y 3.10

GN 127.01 de,x 129.31 b,xy 129.71 a,xy 143.41 ab,y 136.34 xy 139.14
abc,xy 2.15

IN 120.55 bc 133.20 b 133.23 ab 125.82 a 132.75 132.52 ab 1.91
PM 131.27 e,x 132.18 b,x 139.80 ab,xy 136.85 ab,xy 140.06 xy 145.34 bc,y 1.62
BF 124.35 cd 119.44 ab 137.96 ab 135.22 ab 137.16 130.44 a 2.55

SEM 1.57 2.09 2.17 2.37 2.33 1.86

ST, semitendinosus; LT, longissimus thoracis; RH, rhomboideus; GN, gastrocnemius; IN, infraspinatus; PM, psoas major;
BF, biceps femoris. a–c Values within a column with different superscript are significantly different (p < 0.05).
x–z Values within a row with different superscript are significantly different (p < 0.05). SEM, standard error of the
mean. n = 6 in each muscle at each aging period.

3.4. Pearson Correlations

Correlation coefficients among pH, MFI, TPS, SPS, and MPS of all muscles during aging are
presented in Table 4. MFI, TPS, and MPS are negatively correlated with pH (p < 0.01). MFI is positively
correlated with MPS (p < 0.05), whereas no correlations with TPS and SPS are observed (p > 0.05).
The correlation coefficients of TPS with MPS are higher than those of SPS, indicating that TPS was
affected to a larger extent by the denaturation of MPS than that of SPS. These results suggest that pH is
a more important determinant for protein solubility than MFI in this study. Moreover, the correlation
can further explain the results of protein solubility and confirm that the variation in protein solubility
of different muscles may be due to pH changes.

Table 4. Pearson correlation coefficients for pH, MFI, and protein solubility.

MFI TPS SPS MPS

pH −0.314 ** −0.419 ** −0.032 −0.377 **
MFI 0.086 −0.144 0.183 *
TPS 0.300 ** 0.743 **
SPS −0.416 **

MFI, myofibril fragmentation index; TPS, total protein solubility; SPS, sarcoplasmic protein solubility;
MPS, myofibrillar protein solubility. * p < 0.05; ** p < 0.01. n = 6 in each muscle at each aging period.

3.5. Changes in Muscle Microstructure

The changes in the microstructure of muscle (ST, RH, and IN) by TEM are shown in Figure 1. In ST,
RH, and IN muscles, the sarcoplasmic reticulum around the sarcomeres can be clearly distinguished
and the myofibrils are tightly combined with the visible I-band and A-band and the Z-disk and M-line
can be differentiated on day 1 and day 3 (Figure 1(a1,a2,b1,b2,c1,c2)). After day 7, the overall integrity
of the myofibrils diminishes (Figure 1(a3,b3,c3)). The M-line located on the centre of the A-band looks
vague and the Z-disk and I-band junctions are weakened after day 9. The Z-disk is distorted but
undamaged, although some longitudinal splits are evident in RH muscles (Figure 1(b4,b5)). The worst
myofibrillar structure is observed in IN muscle, in which the overlapping structure of thick and thin
filaments is destroyed, the skeletal muscle structure is severely broken, and the Z-disk is distorted
and weakened (Figure 1(c4,c5)). At day 14, IN muscle shows fractures in the Z-disk, as well as
fragmentation at the junction of the I-band and Z-disk (Figure 1(c6)). Pan and Yeh [42] found that
cracking of muscle fibers and shortening of sarcomere could largely reduce the tenderness of the meat.
Aside from mechanical damage, muscle fiber structure was also affected by endogenous proteases
during aging [43,44]. Moczkowska et al. [45] had reported that BF muscles were more sensitive to
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oxidation than LL muscles and the extent of this phenomenon depends on the type of muscle examined.
In this study, TEM results showed that IN muscle had a longer sarcomere length and a greater degree
of rupture in the muscle fiber structure, as expected because this muscle has a higher proportion of
type I fiber (approximately 79.69%), which predicted that the aging rate would be faster. These results
are in accordance with the MFI described above. On the other hand, previous research shows that
the concentration of coenzyme Q10, carnosine, and taurine in IN muscle was higher than that in LT
muscle [46], implying a higher concentration of functional bioactive compounds in oxidized muscle.
These results suggest that oxidized muscle accelerates the improvement of meat tenderness.

 

Figure 1. Transmission electron microscopy (TEM) images of beef muscles during different aging periods.
TEM images at original magnifications of ×25,000. (a1–a6): The microstructure of semitendinosus (ST) at
day 1, 3, 7, 9, 11, and 14. (b1–b6): The microstructure of rhomboideus (RH) at day 1, 3, 7, 9, 11, and 14.
(c1–c6): The microstructure of infraspinatus (IN) at day 1, 3, 7, 9, 11, and 14. Red circles indicate the
fracturing zones.
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4. Conclusions

In this study, it can be concluded that the meat characteristics of different beef muscles responded
differently to the storage time and were significantly affected by carcass position. The meat quality
parameters of IN muscle were improved, which was due to its higher pH value, lower MFI
and TPS, and greater degree of myofibril rupture, followed by ST and RH. However, there is
little difference in meat quality parameters among other muscles. Therefore, for IN, it can be
suggested that the characteristics are particularly suitable for producing high-quality beef products.
Additionally, a significant interaction between pH and protein solubility was observed. Further research
should be conducted to explore the mechanism of how pH affects protein solubility (for example,
to assess its effect on cathepsin activity).
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Abstract: This study compared the use of pork backfat (PF) and fat-tailed sheep tail and backfat
(SF) on the physicochemical, fatty acids and sensory attributes of warthog cabanossi. There were no
differences between weight loss during drying, moisture content, pH, water activity, salt content and
lipid oxidation between the cabanossi types. However, protein and ash contents were higher in PF
cabanossi whilst fat content was higher in SF cabanossi. The PF cabanossi had higher polyunsaturated
fatty acids (especially n-6), lower monounsaturated fatty acids whilst the saturated fatty acid content
was similar between the two cabanossi products. The n-3:n-6 ratio was more beneficial in the SF
cabanossi. The descriptive sensory analysis showed two distinct products where PF cabanossi scored
higher for most attributes. Although SF cabanossi scored less for these attributes, this cabanossi had
unique and acceptable sensory attributes. This study concluded that fat-tailed sheep tail and backfat
could be used to produce a unique cabanossi product of acceptable quality.

Keywords: consumer acceptance; fatty acids; lipid oxidation; physicochemical attributes;
sensory attributes; venison

1. Introduction

The increasing awareness of the deleterious health effects of fat and saturated fatty acids (SFA)
composition of meat and meat products has contributed to advances in alteration of the fatty acid
(FA) profile of these food commodities [1,2]. Modern consumers prefer lean meat with high levels
of polyunsaturated fatty acids (PUFA), especially n-3 and n-6 FA. In the porcine industry, positive
strides have been made to produce lean pigs that have a favourably higher content of PUFA in their
meat. One of the methods employed to improve the FA profile of pork is appropriate feeding with
feed containing favourable fatty acids [2–7].

Although high PUFA levels are beneficial, they are responsible for producing soft fat associated
with a low melting point [8–10]. This negatively affects the processing properties, oxidative stability
and shelf life of meat products [11–13]. Meat products containing soft fat consequently have reduced
firmness, exhibit fat caps (fatting out) and have an oily/shiny appearance when packed [5,12,14] although
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different recipes, packaging and storage may also influence product quality [15,16]. Sensory attributes
such as flavour and aroma are also negatively affected due to increased lipid oxidation of products
developed using soft fat [12,13,17] especially in the case of salted/dried products such as cabanossi due
to the pro-oxidant effect of salt [18]. Moreover, the processing of dry sausages manufactured with soft
fat may be challenging as they may not achieve an adequate drying due to the liquefaction of fat which
coats the lean particles [19,20]. Therefore, it is important to explore alternative fat sources which could
potentially improve product quality.

Fat-tailed sheep reserve fat in their tails to be used during times when natural food resources are
scarce [8,21]. However, management practices such as tail docking result in a shift of fat deposition
site from the tail to muscle and subcutaneous tissues, and the latter increases backfat thickness [22–24].
Although fat derived from ruminants is predominantly SFA [2,4,9], feed restriction has been associated
with improved fatty acid profile of sheep backfat [25,26]. Alves et al. [23] demonstrated that backfat
from Damara (a fat-tailed sheep breed) under dietary restrictions, had 1.6% less palmitic acid (C16:0)
mainly due to constrained de novo synthesis of lipids. On the other hand, the concentration of oleic
acid (C18:1cis-9) increased due to stearoyl-CoA desaturase and lipogenic activity that occurs during
backfat mobilization [25]. Moreover, van Harten et al. [24] observed higher levels of omega-3 FA, i.e.,
eicosapentaenoic acid (EPA; C20:5n−3), docosapentaenoic acid (DPA; 22:5n−3) and docosahexaenoic
acid (DHA; C22:6n−3) in lipids from feed restricted Damara compared to non-fat-tailed sheep
(Dorper and Australian Merino). Dietary manipulation is well known to improve the fatty acid
profiles of sheep lipids [2,4,27]. Overall, lipids obtained from either fat-tailed sheep [8,26] or sheep
fed PUFA-manipulated diets [2–4] have healthier FA profiles and could be valuable resources for
developing meat products.

In various countries where the Muslim faith is the predominant faith and religious practices do not
permit utility of pork in processed Halal foods, meat and fatty tissues from sheep and goats, including
tail fat from fat-tailed sheep breeds are used to produce traditional and modern meat products [28–30].
In Iran, fat from fat-tailed sheep is used for cooking [8], whereas it is used to produce a variety of
meat products in North Africa and Mediterranean regions [28]. Sheep fat has previously been used to
produce beef-fermented sausages (Bez sucuk) [28,30] and is typically used to make droëwors (a typical
South African dried sausage) [31] although its use in game meat products is still limited. While local
people consider game meat as indigenous, it is also considered exotic and is attractive to adventurous
consumers, particularly tourists, who want to experience new culinary experiences and take home
products as souvenirs [32,33].

In South Africa, consumers enjoy indigenous meat products including droëwors, biltong (dried
meat) and exotic meat products including salami (semi-dry fermented sausage) and cabanossi [33,34].
In that regard, some local artisanal manufacturers are acquainted with producing salami and cabanossi
using game meat [35,36]. Cabanossi, alternatively kabanosy [33,37], is a semi-dry, cured and
smoked pork sausage originating from Poland but has become a well-known snack among the
South African population [33,36]. As of 2012, kabanosy was recognised by the European Union as a
“Traditional Specialities Guaranteed” (TSG) product under the Commission Implementing Regulation
No: 1044/2011 [38]. This registration, however, does not limit other producers from manufacturing
the product although they may not use the same name if the recipe deviates from the original [36].
Traditionally, cabanossi was produced from a young fat pig (kabenek) without the addition of fat as
opposed to the current practice of adding different fat sources to improve sensory attributes [36,39].
Nowadays, cabanossi is produced from several meat sources with additional fat for improved sensory
attributes. Cabanossi produced from warthog meat and pork backfat (PF) was reported to be acceptable
although criticized for its unhealthy FA profile [40], despite the favourable FA profile recorded for
warthog meat [40,41], thereby stimulating research on other healthier fat sources. The aim of the
current investigation was to determine the influence of fat-tailed sheep tail- and backfat (SF) on the
physicochemical, fatty acids, lipid oxidation and sensory properties of warthog cabanossi.
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2. Materials and Methods

2.1. Harvesting and Meat Sampling

Prior to the commencement of this study, ethical clearance was sought from the University of
Fort Hare Research Ethics Committees (Ethical Clearance number: MUC361SMAH01). Warthogs
(n = 24) used for meat in this study were harvested at a game farm (27◦ 22′ 09.26” S, 31◦ 50′ 42.16” E)
near Pongola, KwaZulu Natal, South Africa. The farm falls within the Savannah biome, which is
characterised by summer rainfall, mean annual precipitation ranging from 500–900 mm. The procedures
for harvesting warthogs were described previously by Rudman et al. [42] Meat from entire warthog
carcasses was used for cabanossi production except for the m. longissimus thoracis et lumborum muscle
which was used by Rudman et al. [42] The SF used was sourced from pasture-fed Damara sheep while
different batches of PF were purchased from a local abattoir in the Western Cape Province of South
Africa. After harvesting and slaughter, meat and fat were vacuum packaged and stored at −20 ◦C
until use.

2.2. Preparation of Cabanossi

The preparation of batter used to make cabanossi was similar to the method outlined previously [36].
Briefly, frozen warthog meat, PF and SF were thawed at <4 ◦C for ~12 h before use. Twelve separate
3 kg batches of PF (20%) and twelve separate 3 kg batches of SF (20%) cabanossi were produced.
To avoid pseudoreplication, each batch of cabanossi was produced using meat from a unique animal
(n = 24). To control the ratio between meat and fat in the batter, meat was trimmed of visible excess fat
and sinews. Meat and fat were cut into ~5 × 5 cm cubes. Meat (2.4 kg) was weighed into a separate
tray where 0.6 kg fat was added and hand mixed. After mixing, the mixture was minced through
a 5 mm grinding plate (Manica, Model number CM-21, Equipamientos Carnicos, Barcelona, Spain)
where after the spice mixture was added. The spice mixture consisted of 2% salt, 0.24% curing agent
(Prague powder #1: Freddy Hirsh, Somerset West, South Africa), 0.2% black pepper, 0.06% nutmeg,
0.1% roasted and grounded caraway seeds and 0.2% mustard. The batter was mixed and minced again
through the 5 mm plate before stuffing into 22 mm diameter sheep casings using a manual sausage
filler (MOD. 7/V, Tre Spade, Torino, Italy). The cabanossi were hung in a temperature and humidity
controlled drying chamber (Reich Airmaster® UKF 2000 BE, Reich Klima-Räuchertechnik, Urbach,
Germany) for 16 h as described previously [33].

2.3. Physicochemical Analyses

The weight loss of each cabanossi batch was calculated as the percentage of lost weight relative to
the initial weight of that batch. The pH of the raw batter was measured using a Crison 25 pH meter
(Crison Instruments S.A., Alella, Spain) with an electrode probe. To determine the pH of the finished
product, 3 g of sample was homogenised in 27 g dH2O in duplicate before pH was measured using
a Crison 25 pH meter with an electrode probe. Water activity was measured in duplicate using an
Aqua Lab Due Point and Water Activity Meter 4TE (Decagon Devices, Inc., Pullman, WA, USA) at
25 ◦C. Moisture and ash were analysed according to the procedures of AOAC [43]. Fat was extracted
using a chloroform/methanol (2:1 v/v) solution and determined according to Lee et al. [44] The defatted
and dried meat samples (dried for at least 48 h at 60 ◦C in an oven) were analysed for nitrogen [43]
using a calibrated LECO Nitrogen/Protein analyser (FP-528, Leco Corporation, St. Joseph, MI, USA).
Protein was then calculated by multiplying the percentage of nitrogen by 6.25. All proximate analyses
were performed per batch, in duplicate. Salt content was determined in duplicate by analysing the
chloride concentration of each sample using a chloride analyser (Model 926, Sherwood Scientific,
Cambridge, UK) after extraction from 0.3 g of sample in 50 mL 0.3 M nitric acid for at least 2 h.
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2.4. Fatty Acid Composition

Fatty acid composition was determined by gas chromatography after extraction of lipids in
chloroform/methanol (2:1 v/v) and transmethylation in methanol/sulphuric acid (19:1 v/v) as described
by Neethling et al. [45] Fatty acid composition was expressed as a percentage of the content in the
sample of total fatty acids. To assess the nutritional properties of the cabanossi, the ratios PUFA:SFA
and n-6:n-3 were calculated. Lipid health indices (atherogenicity; AI and thrombogenicity; TI) of
Ulbricht and Southgate [46] were also determined.

2.5. Lipid Oxidation

Lipid oxidation was determined by measuring thiobarbituric acid reactive substances (TBARS)
on the raw batter and the finished cabanossi product using an acid-precipitation method previously
described by members in our research group [47]. Absorbance was measured at 530 nm (Spectrostar
Nano, BMG Labtech, Ortenberg, Germany) and TBARS were expressed as malondialdehyde (MDA)
equivalent content (mg/kg).

2.6. Descriptive Sensory Analysis

Twelve replicates (n = 12) of each of the two cabanossi treatments were subjected to descriptive
sensory analysis (DSA) by a panel of 12 judges trained according to approved procedures [48].
During training, the panellists made use of specific reference samples to formulate a list of sensory
attributes in the order of aroma, flavour, appearance and texture (Table 1). The attributes for the
descriptors were scored on an unstructured scale from 0–100. To cleanse the pallet between samples,
panellists were given fresh apple quarters, water biscuits and spring water stored at room temperature
(21 ◦C). After training, blind testing of the products was done over 12 replicate sessions that lasted
six days. The judges sat in individual booths in a temperature (21 ◦C) and artificial daylight-controlled
room. Each booth had a computer on which Compusense® five software (Compusense, Guelph,
Canada) was installed.

2.7. Consumer Preference

The cabanossi were evaluated for preference to taste and appearance by 131 untrained consumers
following a methodology described by Mahachi et al. [36] Each consumer was given two samples
to evaluate; one from each treatment in the company of a corresponding questionnaire to fill and
rate their preference for each sample. The questionnaire asked for demographic information and
provided an unstructured scoring scale from 1–9 on which they could rate their preference for the
different cabanossi treatments. All consumer identifiers were scrubbed from the data before analyses.
The demographic information of the sample population is shown in Table 2.

2.8. Statistical Analysis

Physicochemical analyses data were statistically analysed using the generalised linear model
procedures of SAS software (Version 9.4; SAS Institute Inc., Cary, NC, USA) in a completely randomised
block design with the fat type as the main effect. Observations over time were combined in a split-plot
analysis of variance with production stage (raw batter and finished product) as a sub-plot factor. For DSA
data, judges (n = 12) were considered as block replicates for each sample (backfat type × replicate).
A Shapiro–Wilk test was performed on the standardised residuals from the model to test for normality.
In cases where there was significant deviation from normality, outliers were removed when the
standardised residual for an observation deviated with more than three standard deviations from the
model value. The data for consumer acceptance were analysed using mixed model repeated measures
of ANOVA. Fisher’s least significant difference was calculated at the 5% significance level to compare
treatment means.
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Table 2. Demographic variation of the sample population according to gender and age group.

Gender Proportion * Age Group Proportion *

Male 60 18–23 20
Female 40 24–29 28

30–39 22
40–49 18
50+ 12

Total 100 100

* Proportion expressed as a percentage of the total population size.

3. Results and Discussion

3.1. Physicochemical Attributes

Results for the physicochemical analyses are presented in Table 3. There were no significant
differences in weight loss during drying between treatments while moisture loss was higher (p ≤ 0.05)
for the PF treatment compared to the SF treatment. Moisture content was higher (p ≤ 0.01) in the raw
batter of the PF treatment compared to the SF treatment. This phenomenon may be explained by the
fact that there were differences (p ≤ 0.01) in the chemically analysed fat content of the two treatments’
raw batter. Although similar amounts of fat were added during the mixing of batter, the sheep fat raw
batter had more analysed fat compared to the pork fat treatment (p ≤ 0.01). The suggestion would
be that sheep subcutaneous and tail adipose tissue used in this study had more lipids and thus less
moisture per unit of weight compared to that of pork. This could be attributed to de novo synthesis of
lipids and fatty acids in sheep adipose tissue. Ruminant diets have a low fat content and hence most of
their lipids and fatty acids are synthesised de novo in adipose tissue [22,49]. As a result, cabanossi
end products showed a similar moisture content (p > 0.05). The lower moisture loss percentage of
SF cabanossi could be related to saturation of sheep fat [50] or the fact that the fat content of PF raw
batter was lower than that of the SF raw batter. Fat reduces water losses during drying of meat
products by forming an oily coating around meat particles henceforth acting as “insulation” [36],
which consequently limits the diffusion of moisture from the inside-out of the sausage [37,50].

Table 3. Physicochemical attributes and lipid oxidation of raw batter and cabanossi made with either
pork backfat (PF) or sheep tail/backfat (SF).

Treatment
Raw Batter

p-Value
Finished Cabanossi Product

p-Value
PF SF PF SF

Weight (kg) 2.6 ± 0.14 2.8 ± 0.16 0.302 1.7 ± 0.14 1.8 ± 0.21 0.097
Weight loss

(%) - - - 35.9 ± 4.75 33.2 ± 5.16 0.067

Moisture
loss (%) - - - 33.0 ± 0.85 29.9 ± 0.67 0.031

Water
activity - - - 0.94 ± 0.01 0.94 ± 0.01 0.146

pH 5.58 ± 0.17 5.56 ± 0.14 0.563 5.16 ± 0.10 5.14 ± 0.11 0.578
Moisture (%) 63.1 ± 0.88 60.7 ± 1.39 <0.0001 46.0 ± 1.16 46.2 ± 2.16 0.364
Protein (%) 19.9 ± 3.80 16.7 ± 3.34 0.030 27.8 ± 3.70 25.9 ± 2.09 0.032

Fat (%) 16.2 ± 4.28 20.5 ± 3.50 0.001 23.2 ± 4.40 24.8 ± 2.91 0.027
Ash (%) 2.7 ± 0.12 2.7 ± 0.10 0.502 4.0 ± 0.26 3.8 ± 0.22 0.006
Salt (%) 1.9 ± 0.11 1.9 ± 0.10 0.688 2.8 ± 0.25 2.7 ± 0.14 0.744
TBARS
(mg/kg) 0.21 ± 0.07 0.24 ± 0.06 0.259 0.35 ± 0.09 0.37 ± 0.08 0.390

All data expressed as mean ± SE (n = 12).
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Moisture content was within the range (39–50.7%) reported for commercial cabanossi [37,51],
but lower than that reported by other authors for warthog and pork cabanossi (59% and 54%,
respectively) [33]. Results from this study were also comparable to those reported in our companion
paper (45.6%) [36] for warthog cabanossi produced with 20% PF, a similar amount as that used in the
current investigation. Cabanossi were dried under temperatures that are not lethal to microorganisms,
thus, like other meat products falling into this category, it should rely on the collective effects of
safety hurdles of reduced water activity, pH and curing salts to prevent microbial spoilage [52,53].
These hurdles must be achieved in the order of: water activity <0.91 or pH < 4.5 or a combination of
water activity <0.95 and pH < 5.2 [54]. These hurdles were achieved. Water activity was reduced in the
final products but did not differ (p> 0.05) between treatments. Apart from the water activity we reported
previously [36], which is comparable to the current study, no other literature was found reporting the
water activity of cabanossi. This could be due to limited studies on cabanossi reported in the English
language since this is originally a Polish product. Regarding pH, no differences were observed for raw
batter and the finished product between treatments. Nevertheless, pH declined significantly (p ≤ 0.001)
after smoking and drying. The pH values obtained in this study are slightly higher than those observed
for fermented sausages [55,56] where it is reported to fall below 5.0. This is expected because cabanossi
is not fermented, i.e., no starter culture and/or sugars are added. In fermented sausages, pH declines
as a function of increasing organic acids produced by predominantly lactic acid bacteria population
growth from the starter cultures [57,58]. The pH of fermented meat sausages is expected to decline
during drying and this allows it to reduce the rate of microbial spoilage [58]. Although not measured,
the pH decline observed in this study could be attributed to the organic acid compounds of smoke
onto the product during smoking [54].

Ash content in PF cabanossi was higher than in SF cabanossi while they were similar in the raw
batter, which could be attributed to higher weight loss (although not significant) and moisture loss
(p ≤ 0.01). Additionally, the higher levels of total ash of the cabanossi end products (when compared
to raw meat) are expected because the addition of salt and spices to raw batter increases the ash
content [59]. Protein content was higher (p ≤ 0.05) in PF cabanossi than sheep cabanossi as it was in the
raw batter (p ≤ 0.05). This is due to the fat:protein ratio being lower in low fat sausages as opposed to
high fat sausages as previously reported [60].

3.2. Fatty Acid Composition

Table 4 shows results for the fatty acid composition of PF and SF cabanossi. The two most
abundant SFA in the cabanossi products were palmitic acid (~22%) and stearic acid (~14%) and these
fatty acids were similar in concentrations for both products. Similarly, the percentage total SFA did not
differ between treatments. Total MUFA was higher and total PUFA lower in SF cabanossi compared to
PF cabanossi (p < 0.0001) whereas the PUFA:SFA ratio was lower in the sheep cabanossi (p < 0.0001).
The PUFA:SFA ratio is an important indicator of the healthiness of meat products and dietary guidelines
suggest a ratio of no less than 0.4 [61]. Results from this study revealed that PF cabanossi could be
beneficial in this regard. Linoleic acid was the most abundant PUFA in both treatments, though it was
higher in PF cabanossi compared to the SF treatment (p < 0.0001). The abundance of linoleic acid in the
pork backfat treatment is attributed to its occurrence in pork backfat [6,7,62], and warthog meat [40,41]
where it is reported to be the most abundant PUFA.

Omega-6 fatty acids were notably higher in the PF cabanossi and there were no differences in the
n-3 fatty acids between treatments whereas the n-6:n-3 ratio was lower (p < 0.0001) in the SF cabanossi.
The n-6:n-3 ratio is also thought to be a good indicator of meat healthfulness [2,63]. It is recommended
that healthy meat products should exhibit a ratio of less than 4.0 [64], therefore the SF cabanossi (2.65)
produced in this study could be beneficial. A high n-6:n-3 ratio is linked to pathogenesis of some
illnesses including certain cancers and some inflammatory and cardiovascular diseases while a lower
ratio reduces the incidence of these ailments [65,66]. However, with regards to cabanossi, this may be
less important because it is mostly consumed from time to time in limited quantities as a snack rather
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than regularly as food [36]. Other important indicators of the healthfulness of meat are the atherogenic
index (AI) and thrombogenic index (TI) of Ulbricht and Southgate [44], which are determined on the
basis that different fatty acids metabolise differently, either preventing or promoting atherosclerosis
and coronary thrombosis [46,67]. Although the AI was similar between the two treatments, the TI
was lower in the PF cabanossi (p < 0.04). Results from this study present an opportunity to label both
warthog cabanossi products as healthier than several other dry-cured beef and pork meat products
whose AI and TI range between 0.50–0.67 and 1.09–1.45, respectively [65,67].

Table 4. Percentage fatty acid composition of cabanossi made with either pork backfat (PF) or sheep
tail/backfat (SF) before and after drying.

* FATTY ACID
Raw Batter p-Value

Finished Cabanossi Product p-Value
PF SF PF SF

Saturated fatty
acids

C14:0 Myristic 1.69 ± 0.19 2.42 ± 0.48 0.001 1.38 ± 0.31 1.37 ± 0.30 0.356
C16:0 Palmitic 22.8 ± 1.34 21.95 ± 2.24 0.062 21.90 ± 1.92 22.16 ± 1.38 0.902
C18:0 Stearic 14.56 ± 2.21 12.79 ± 3.02 0.001 14.33 ± 2.03 14.27 ± 2.04 0.908

Monounsaturated
fatty acids

C16:1 Palmitoleic 2.10 ± 0.37 3.96 ± 1.08 0.000 1.9 ± 0.21 2.0 ± 0.43 0.741
C18:1n9c Oleic 23.49 ± 2.16 32.57 ± 5.10 <0.0001 24.4 ± 2.99 33.8 ± 2.75 0.637

Polyunsaturated
fatty acids

C18:2n6c Linoleic 22.32 ± 1.91 8.27 ± 6.15 <0.0001 21.47 ± 5.60 5.24 ± 0.65 <0.0001
C18:3n3

γ-α-Linolenic 2.59 ± 0.61 2.24 ± 0.49 0.030 2.58 ± 0.63 2.40 ± 0.77 0.040

SFA 42.95 ± 3.35 42.30 ± 4.53 0.864 43.18 ± 4.57 43.73 ± 5.80 0.580
MUFA 28.38 ± 2.50 43.30 ± 8.57 <0.0001 29.27 ± 3.84 45.38 ± 5.68 <0.0001
PUFA 28.67 ± 1.88 13.90 ± 6.15 <0.0001 27.55 ± 6.00 10.88 ± 1.32 <0.0001

PUFA: SFA 0.67 ± 0.09 0.32 ± 0.13 <0.0001 0.65 ± 0.18 0.25 ± 0.05 <0.0001
Total n-6 25.35 ± 1.85 10.96 ± 6.12 <0.0001 24.28 ± 5.78 7.82 ± 0.74 <0.0001
Total n-3 3.32 ± 0.64 2.94 ± 0.51 0.033 3.27 ± 0.71 3.07 ± 0.79 0.361
n-6:n-3 7.88 ± 1.49 3.79 ± 2.11 0.0001 7.33 ± 2.25 2.65 ± 0.50 <0.0001

Health indices
Atherogenic index 0.43 ± 0.02 0.59 ± 0.07 <0.0001 0.44 ± 0.06 0.62 ± 0.04 0.050

Thrombogenic
index 0.87 ± 0.12 0.94 ± 0.18 0.118 0.90 ± 0.19 0.99 ± 0.23 0.040

* Fatty acids: individual fatty acids with a percentage composition less than 1 were not displayed on the table but
were included in calculation of total SFA, MUFA, PUFA, n-6 and n-3; All data are expressed as mean ± SE (n = 12).

3.3. Lipid Oxidation

Results for lipid oxidation are shown in Table 3. No differences were observed in terms of the
TBARS detected in the raw batter and cabanossi products. The TBARS of cabanossi reported in this
study (0.35 and 0.37 mg MDA equivalent/kg) are lower than those reported previously [59] for ostrich
droëwors (7.99 mg MDA equivalent/kg) where pork backfat was used while Mukumbo et al. [47,68]
reported values in pork droëwors reaching 0.7–3.8 mg MDA equivalent/kg dry matter (0.6–2.9 mg
MDA equivalent/kg) at the end of drying. Deriving from these results, the extent of lipid oxidation
during the manufacture of warthog cabanossi using these fat sources can be considered minimal.
However, due to the differences in MUFA, PUFA and PUFA:SFA, it would have been interesting to
observe the shelf stability of these two products, but this could not be done due to limitations of this
study, thus further research on this aspect is recommended.
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3.4. Descriptive Sensory Analysis

The sensory profiles of the two cabanossi treatments are presented in Table 5. There were significant
differences for all aroma attributes (p ≤ 0.01) except peppery aroma (p > 0.05). The PF treatment
was scored higher for most of the aroma attributes. During the sensory panel training, some unique
characteristics were detected in the SF cabanossi. Consequently, it was expected that this treatment
would score higher for these characteristics viz., charred aroma, sheep-like fatty aroma, mutton aroma
and herbaceous aroma (p ≤ 0.01). The presence of these sensory attributes could be as a result of
mutton specific heterocyclic compounds such as 2-ethyl-3,6-dimethylpyrazine and 2-pentylpyridine,
as well as branched chain volatile fatty acids (BCFA) such as 4-methlyphenol acid, 4-methylnonanoic
acid and 3-methyl-indole acid, commonly known as skatole [69]. There is a strong link between
these BCFA and mutton aromas and flavour [70–72]. In fact, 4-methlyphenol, 4-methylnonanoic
and 3-methyl-indole are BCFAs thought to be precursors of undesirable rancid odour and flavour
in mutton [70]. Although the origin of these compounds is not clearly understood, they could be
products of rumen metabolism of pasture species in the sheep diet [69,70]. Skatole, however, is known
to be one of the major compounds that cause boar taint in Suidae spp. [69], thus the absence of these
sensory attributes in PF cabanossi could be a good indication of the absence of boar taint in both
pork backfat and warthog meat. Therefore, the hypothesis that these sensory attributes are SF-related
is strengthened.

Pork backfat cabanossi tasted saltier (p ≤ 0.05) than SF cabanossi although the salt content (~2.7%)
did not differ (p > 0.05) in the chemical analysis (Table 3). This is attributed to the PF cabanossi
being less fatty (chemically) with more protein. The bond between chloride ions and meat proteins is
stronger than that of chloride and sodium ions (Hamm [73] cited in [74]), therefore, the extent to which
chloride ions bind to protein may be strong enough to suppress the perception of salty flavour [74].
Regarding fatty mouthfeel, it was expected that SF cabanossi would score higher than PF cabanossi
since it was higher in chemically analysed fat. Fat particles produce an oily coating around meat
particles and this phenomenon causes a higher impression of fat upon chewing the cabanossi.

Concerning appearance, there were no differences (p > 0.05) in perceived percentage fat and
fatty/oily/shininess, but the red-brown colour intensity differed between the two treatments. Red brown
colour intensity was higher in PF cabanossi compared to SF cabanossi. This may be the influence of
more protein recorded for PF cabanossi as opposed to more fat in the SF cabanossi. Fat is usually
lighter in colour, thus, if more of it is present in a product, it will mask some of the dark/red colour of
meat proteins.

Texture attributes were all significantly different between the two cabanossi products. Pork backfat
cabanossi scored higher for first bite, chewiness and residue, whereas this was not the case for sustained
juiciness. This is attributed to differences in protein and fat content of the products. Fat reduces
hardness of meat and meat products by facilitating the diffusion of moisture during biting and
mastication of meat [75]. Less energy and force are therefore required to successfully chew the product
resulting in less residue. Furthermore, high fat meat sausages exhibit a better impression of juiciness
compared to low fat sausages [75].

Figure 1 is a principal component analysis (PCA) showing the variation and grouping between
the two cabanossi products. Factor 1 accounted for the most variation between the cabanossi. The PCA
shows a clear distinction between the two products, with each being associated with specific attributes.
The SF cabanossi was more associated with sheep-like fatty aroma and flavour, mutton fat aroma and
flavour, herbaceous aroma and flavour, charred aroma as well as sustained juiciness. On the other
hand, PF cabanossi was more associated with various aroma and flavour attributes typically linked to
pork products as shown on the PCA.
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Table 5. Sensory attributes of cabanossi made with either pork backfat (PF) or sheep tail/backfat (SF).

AROMA PF SF p-Value

Overall aroma intensity 66.28 ± 1.85 56.66 ± 2.28 0.002
Smoky aroma 63.47 ± 1.77 52.34 ± 2.64 0.001

Charred aroma 4.94 ± 1.65 16.75 ± 1.92 0.001
Fermented sour aroma 19.27 ± 1.59 13.86 ± 1.41 0.006

Cured pork aroma 25.94 ± 1.97 15.44 ± 1.62 0.000
Pork fat aroma 17.10 ± 2.00 4.40 ± 1.79 0.000
Mutton aroma 1.02 ± 0.96 8.68 ± 1.29 0.000

Sheep-like fatty aroma 1.05 ± 0.98 8.67 ± 0.97 0.000
Peppery aroma 15.51 ± 0.70 14.86 ± 0.93 0.554

Sweet aroma 18.77 ± 0.42 14.14 ± 0.81 0.000
Herbaceous aroma 0.86 ± 0.12 3.99 ± 1.02 0.000

FLAVOUR
Overall flavour intensity 63.03 ± 1.60 54.79 ± 1.45 0.000

Smoky flavour 57.27 ± 1.52 45.92 ± 2.43 0.000
Woody flavour 18.22 ± 0.96 12.75 ± 0.97 0.000

Cured pork flavour 34.54 ± 1.88 22.92 ± 1.50 0.000
Fermented sour flavour 23.05 ± 0.71 16.17 ± 1.74 0.000

Pork fat flavour 18.27 ± 2.05 3.98 ± 1.87 0.000
Mutton flavour 1.32 ± 1.47 21.41 ± 2.18 0.000

Sheep-like fatty flavour 1.52 ± 0.64 15.47 ± 1.70 0.000
Peppery flavour 17.15 ± 0.99 15.86 ± 0.87 0.176

Herbaceous flavour 2.17 ± 0.59 8.32 ± 1.22 0.000
Salty taste 19.72 ± 0.75 18.58 ± 0.74 0.031
Sweet taste 19.61 ± 1.27 16.13 ± 1.37 0.002

Fatty mouthfeel 16.17 ± 1.07 22.03 ± 1.14 0.000

APPEARANCE
Red/brown colour

intensity 52.89 ± 2.73 47.85 ± 4.46 0.027

Fatty/Oily/Shininess 48.95 ± 3.99 47.84 ± 4.65 0.991
Perceived Percentage fat 46.09 ± 1.00 44.57 ± 1.72 0.642

TEXTURE
First bite 29.91 ± 1.63 28.67 ± 2.00 0.218

Sustained juiciness 45.16 ± 1.24 50.74 ± 2.46 0.014
Chewiness 25.42 ± 0.70 22.29 ± 0.89 0.002

Residue 23.12 ± 1.54 18.21 ± 1.08 0.000

All data are expressed as mean ± SE (n = 12).

3.5. Consumer Preference

In order to accurately predict consumer behaviour and attitudes towards new food products, it is
important to understand various aspects of the population including their preference, choice, desire to
eat certain foods, purchase intent and frequency of consumption [76]. Population demographic
characteristics are a known influential factor on the sensory acceptance of healthier, reformulated
meat products [76–78]. Results from the study revealed that most people consumed meat frequently
(Figure 2). The majority of the population (62.5%) consume meat on a daily basis, whilst 25% consumed
meat more than three times per week and only 12.5% of the population consumed meat between
1–3 times per week. However, game meat was not frequently consumed, with the majority (44.7%) of
the population indicating that they only ate it approximately four times a year, whereas 36.8% of the
population attest to consuming game meat at least twice a month. Whilst level of ethnicity and education
were not included in the analyses due to statistical imbalances, gender and age group influenced
(p > 0.05) the frequency of consumption of neither domestic nor game meat. Burger [79] reported that
the consumption of game meat in North America was influenced by demographic characteristics such
as ethnicity, gender and household income. Other studies such as that of Hoffman [32] also reported an

36



Foods 2020, 9, 1822

association between ethnicity and game meat consumption in South Africa as some population groups
associated it with leanness and healthiness, as well as it having a favourable gamey flavour which
was not perceived as important by others. Game meat consumption may also be influenced by the
lifestyles and social activities of different populations as families that are involved in hunting are more
likely to regularly consume game meat [80]. However, a recent study did not report any associations
between demography and game meat consumption [33].

Figure 1. Principal component analysis for the sensory attributes of cabanossi made with either pork
backfat (PF) or fat-tailed sheep fat (SF).

Consumers were asked to rank their preference (on a scale of 1 to 9; the higher the number the
more positive their preference) for various game meat products in addition to factors that influence
their purchasing decisions for game meat products. Least significant means for these rankings are
shown in Table 6. In the order of preference, biltong (rating of 7.7) was the most preferred product
followed by droëwors (6.9), fresh meat (6.7) and fresh/raw sausage (6.6), salami (6.3) and cabanossi (6.3).
These results indicate that game meat might be more preferred if marketed as processed meat products
rather than fresh meat as supported by the literature [81]. Consumers perceive fresh game meat to be
difficult to prepare [32,81], probably due to limited knowledge on preparation methods, and would
therefore prefer to consume it processed.
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Figure 2. Meat consumption behaviour within the sample population.

Table 6. Least significant means (±SE) of the preference and factors influencing the purchase of game
meat products within the sample population.

Product Least Significant Mean Factor Least Significant Mean

Biltong 7.7 a ± 1.69 Availability 6.2 c,d ± 1.91
Cabanossi 6.3 d ± 2.01 Fat content 6.5 b,c ± 1.87
Droëwors 6.9 b ± 1.84 Origin 5.5 e ± 2.52
Fresh meat 6.7 b,c ± 1.89 Price 7.2 a ± 1.77

Fresh/raw sausage 6.6 b ± 1.81 Safety 6.7 b ± 2.16
Salami 6.3 c,d ± 1.94 Species 5.8 d,e ± 2.26

a–e Means with different superscripts between columns are significantly different.

Results from this study suggest that biltong was the most preferred game meat product among the
sample population. This could be attributed to the fact that biltong has a strong linkage to the South
African tradition as a meat preservation strategy that has long been known [35]. Furthermore, in South
Africa, biltong is produced by small artisanal (e.g., households and butcheries) to large commercial
manufactures [35], and thus most consumers who participated in the study could have developed a
preference for this product at some point during their upbringing. Some of these consumers could
have had experience in making biltong at home, whilst others got exposure to it in local butcheries and
retail outlets. Therefore, background knowledge of a product could have effects on its acceptance as
a desirable food. Henceforth, in the current investigation, it was interesting to note that contrary to
the suggestions that consumers preferred processed game meat compared to fresh meat, consumers
actually preferred fresh game meat compared to cabanossi and salami (Table 6). Since cabanossi and
salami have Polish and Italian origins, respectively, they may not have been popular products among
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the sample population, which could have contributed to less preference. Consumer acceptance of
different meat products is often a complex phenomenon encompassing several factors which include
psychological and demographic factors as well as food choice habits [77]. Less preference reported for
cabanossi and salami in this study could also be attributed to their high price since price was the single
most important factor (7.2) affecting purchasing decisions (Table 6), especially if the product did not
offer any known benefits to the consumer. Processed meat products are expected to fetch higher prices
per kilogram unit because of a greater resource input. Therefore, these products must be produced to
provide benefits beyond basic nutrition as functional meat products [82] if their preference among
South African groups is to increase. The second most important factors determining the purchase
of game meat products were fat content (6.5) and safety (6.7), while species (5.8) and origin (5.5)
were ranked as the least contributing factors. Consumer trends are shifting towards eating healthy
foods with reduced fat content to limit the onset of cardiovascular diseases, certain cancers and other
food-related complications including microbial poisoning [82,83], although purchasing decisions for
these meat products are governed by the availability of disposable income [77].

Least significant means for overall taste and appearance scores for the two-cabanossi treatments
under current investigation are shown in Table 7. There were significant consumer preference
differences (p ≤ 0.01) pertaining to taste and appearance between the two cabanossi treatments. The PF
cabanossi was ranked higher for appearance followed by the SF treatment. The appearance of the
product produces the first impression that consumers will judge it by. Consumers use this impression
to estimate product freshness, quality and probable sensory characteristics [84]. The observation
that PF cabanossi was more preferred in terms of appearance could be linked with higher ratings
for red/brown colour intensity observed in the DSA. Consumers prefer darker, redder sausages with
less perceived percentage fat because they consider them healthier meat products [85]. Although the
perceived percentage fat was similar in both treatments during DSA, during consumer analysis, it was
observed that SF cabanossi had an external oily sheen which could have been caused by pressure
exerted on the sausages during vacuum packaging. Similarly, the observation that PF cabanossi scored
higher for taste is in accordance with the DSA, which found that it received higher scores for the most
favourable flavour attributes including overall flavour intensity, smoky flavour, cured pork flavour,
peppery flavour and sweet taste (Table 5). Generally, both treatments were rendered acceptable by the
consumers, receiving scores of more than 6. The consumers’ acceptance of cabanossi from this study
suggests that it is possible to produce acceptable cabanossi using SF.

Table 7. Least significant means for overall acceptance of cabanossi made with either pork backfat (PF)
or sheep tail/backfat (SF).

Attribute PF SF

Appearance 6.75 a ± 1.38 6.27 b ± 1.61
Taste 6.75 a ± 1.64 6.12 b ± 1.81

a,b Means with different superscripts between columns are significantly different. All data are expressed as
mean ± SE.

4. Conclusions

Utility of different types of fat affects some physicochemical and sensorial characteristics of
meat products. The findings obtained from this study indicate that fat-tailed sheep tail and backfat
can be used as an alternative to pork backfat without detrimental effects on the physicochemical
characteristics of cabanossi. However, results from descriptive sensory analysis indicate that this
replacement produces products that are far apart from each other concerning aroma, flavour and
texture, although, according to the ratings within the scales used, both products are acceptable.
Although PF cabanossi were scored higher for most sensory attributes, SF cabanossi had some unique
pleasant sensory attributes that are acceptable to consumers. Therefore, fat-tailed sheep tail and backfat
may be used not necessarily as a replacement for pork backfat, but to produce another variety of
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cabanossi to diversify consumer choices. It may be necessary, and therefore, recommended that a
shelf-life study be conducted to determine the influence of SF on shelf stability and flavour compounds
of cabanossi. Valorisation of fat-tailed sheep breeds fat to develop new meat products that may be
useful in improving income for artisanal meat product manufactures through product diversification.
However, this may be dependent on region/country as people from areas where eating pork is not
acceptable may be more receptive of sheep meat aroma and flavour in their meat products.
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Abstract: The reduction of fat and salt and the incorporation of fiber-rich compounds in frankfurters
is a trend to improve their nutritional profile. The objective of this study was to evaluate the
partial replacement of 30 and 50% of pork backfat and 50% of salt by adding edible mushroom
flour (2.5 and 5%) from Agaricus bisporus (Ab) and Pleurotus ostreatus (Po) on physicochemical,
microbiological and sensory properties of frankfurters sausages during cold storage. The addition of
flours increased the moisture, and the dietary fiber contents in frankfurters, keeping the amino acid
profile. Lipid oxidation remained under acceptable values despite not antioxidant effect was observed
by mushrooms flours. Only spore-forming bacteria were found during cold storage. Color and texture
was modified by addition of mushroom, being the Ab samples darker, while Po flour addition resulted
in softer and less cohesive sausages. Although lower color, flavor, and taste scores were given to the
mushroom samples than the control, they ranked in the acceptable level confirming that the inclusion
of 2.5 and 5% of Ab and Po flours in fat- and salt-reduced frankfurter sausages resulted a feasible
strategy to enhance the nutritional profile these products.

Keywords: edible mushroom flour; Agaricus bisporus; Pleurotus ostreatus; healthier meat products

1. Introduction

Meat and meat products have excellent nutritional properties, being sources of protein, fat,
essential amino acids, minerals and vitamins [1,2]. However, due to its higher lipid profile and sodium
content, apart from other contaminants present after obtaining and processing, meat consumption
has lately been connected to the development of different diseases around the world, mainly diabetes,
obesity, cardiovascular problems and cancer [3]. Therefore, the increasing demand for healthier meat
products has driven to the meat industry and scientific community to look for new meat products
with less fat and salt content, with dietary fiber addition, and even probiotics inclusion, or natural
antioxidants and vegetable proteins addition [4–6].

The reduction of fat or salt and substitution by other vegetable sources or ingredients to improve
the functional and nutritional properties has been widely tested in emulsified sausages like frankfurters
considering these sausages may contain up to 30% pork fat, 40% of which is saturated fatty acids [7,8].

Foods 2020, 9, 760; doi:10.3390/foods9060760 www.mdpi.com/journal/foods45



Foods 2020, 9, 760

However, since they are highly demanded and consumed, maintaining the sensory quality in the
improvement of nutritional value is essential [9].

In this sense, different oil sources like olive, canola, linseed and fish oil as well as cereal and
seed fibers (rice, chia, linseed) or vegetables, legumes and fruits, even algae, have been included in
frankfurters considering the nutritional properties but also the technological issues associated to the
emulsion formation [10–16]. One alternative to improve the nutritional profile of meat products could
be the edible mushrooms since they have been reported to be a rich source of essential nutrients,
with a high content in protein (16.47–36.96%), low level of lipids, and high dietary fiber content
(24.4–46.62% in dry weight, DW) [17]. Because of their interesting flavor, medicinal and quality
nutritional aspects, they have been used as food supplement to prevent malnutrition [18]. Apart from
that, the strong umami taste of mushroom often referred to as a meaty taste [19,20] could contribute to
reduce the salt content in meat formulations [21].

Moreover, cultivation of edible mushrooms is an easily and economically viable process, due to
their ability to grow on different wastes such as cereal, cotton, fruit, vegetable, sawdust and leaf [22].
Several successful attempts to use mushroom flour in some bakery products have been reported [23–25]
but less information is available about its incorporation in meat products with different results [8,26].
Due to the above reasons, mushrooms could be considered a promising naturally functional ingredient
to improve nutritional quality of meat products, being Agaricus bisporus (Ab; champignon) and
Pleurotus ostreatus (Po; oyster mushroom) the most worldwide cultivated species [27]. The aim of
this investigation was evaluate the effect of partial replacement of fat and salt by addition of edible
mushroom (Ab and Po) flour in frankfurter type sausages on the physicochemical, microbiological and
sensorial parameters during cold storage.

2. Materials and Methods

2.1. Flour Preparation

Lots of 4 kg from Ab and Po mushroom species were purchased from a local market in Mineral
de la Reforma (Hidalgo, Mexico). Mushrooms were carefully selected based on visual appearance
(light color without visible damage) and then rinsed, drained and cut in 5 mm-thick slices. Pieces of Ab
were immersed in an acetic acid solution (2%) at 80 ◦C for 10 min and water-cooled at 4 ◦C to prevent
enzymatic reactions. After draining off the excess liquid, the samples were dried in air-recirculating
oven (CE5F, Shel Lab, Cornelius, OR, USA) at 60 ± 3 ◦C for 18 h, milled in a UDY cyclone sample mill
(UDY Corp., Fort Collins, CO, USA) and sleeved through a 0.5 mm mesh. The resultant flours were
placed in hermetic polyethylene bags and stored in the dark at room temperature until use.

2.2. Manufacture of Frankfurter-Type Sausages

Frankfurters were elaborated in the Meat Technology Centre (Ourense, Spain). Five formulations
were designed to reduce fat (30% and 50% reductions) and salt, phosphates and caseinate (50% reduction)
by the addition of Ab and Po flours (2.5% and 5.0%), comparing with the control formulation (C)
elaborated with 25% fat and 1.5% salt, 2% of sodium caseinate and 0.5% of phosphates (Table 1).
MF-Ab and MF-Po were the codes to identify sausages with 30% of fat reduction (medium-fat) and 50%
of salt-phosphates-caseinate reduction, and with 2.5% Ab and Po flours, respectively. LF-Ab and LF-Po
were the codes used for the sausages with 50% fat reduction (low-fat) and 50% salt-phosphates-caseinate
reduction, and 5.0% Ab and Po flour added, respectively. MF-PoAb were assigned to identify the
sausages with 30% fat reduction and 50% salt-phosphates-caseinate reduction, incorporated with 5.0%
Ab and Po mix flour (2.5% each one).

Before the manufacturing process, sodium chloride and sodium ascorbate were added to the meat
cut in 1 cm cubes with a rest period of 2 h. The lean and fat were minced, using plates of 8 mm and
6 mm respectively in a refrigerated mincer machine (La Minerva, Bologna, Italy). Potato starch and
50% of total sodium caseinate (dissolved in water) were previously added to the meat. Then, the rest
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of ingredients with the fat were added and mixed to homogeneity in a chilled cutter (TALSA K30 0542,
Talsabell S.A., Valencia, Spain). Meat batter was stuffed into 25 mm collagen casings with an automatic
equipment (SIA, Junior, Barcelona, Spain) forming 10 cm frankfurters.

The raw sausages were cooked in a temperature-controlled bath-water (Marmite Mera REA-505,
Talsa, Talsabell S.A., Valencia, Spain) at 90 ◦C for 20 min. Then, the cooked sausages were cooled
in an ice water-bath. Four frankfurters were vacuum packed (FRIMAQ V900, Lorca, Spain) in each
polyethylene bag, pasteurized at 90 ◦C for 30 min and kept at 2 ◦C storage until the laboratory analysis
during the 90-days storage period. Four packages of frankfurters from each batch were taken at 0, 30,
60 and 90 days of storage. All analyses were carried out in triplicate for each formulation. Chemical
composition and amino acid profile were evaluated only on day 0. After the sampling for microbial
analysis, the sausages were oxygenated for 30 min at room temperature for the rest of analyses.

Table 1. Formulation (g) of different frankfurters with edible mushroom flour.

Control 1 MF-Ab MF-Po LF-Ab LF-Po MF-PoAb

Lean meat 2500 2500 2500 2500 2500 2500
Flour Agaricus bisporus 0 125 0 250 0 125
Flour Pleurotus ostreatus 0 0 125 0 250 125

Pork backfat 1250 875 875 625 625 875
Sodium caseinate 100 50 50 50 50 50
Sodium chloride 75 37.5 37.5 37.5 37.5 37.5

Water 1000 1346 1346 1471 1471 1471
Potato starch 50 50 50 50 50 50

Di-tri phosphates 25 12.5 12.5 12.5 12.5 12.5
Sodium nitrite 1.5 1.5 1.5 1.5 1.5 1.5

Sodium ascorbate 2.5 2.5 2.5 2.5 2.5 2.5
1 Batches: Control (25% fat, 1.5% salt, 2% Sodium caseinate and 0.5% phosphates), MF-Ab (30% fat reduction,
50% salt reduction, 2.5% Ab), MF-Po (30% fat reduction, 50% salt reduction, 2.5% Po), LF-Ab (50% fat reduction,
50% salt reduction, 5.0% Ab), LF-Po (50% fat reduction, 50% salt reduction, 5.0% Po) and MF-PoAb (30% fat
reduction, 50% salt reduction, 2.5% Ab and 2.5% Po).

2.3. Chemical Composition

Moisture, ash and protein were quantified according to the International Organisation for
Standardisation (ISO) recommended standards 1442:1997 [28], 936:1998 [29] and 937:1978 [30],
respectively. Crude fat was extracted using an Ankom XT10 (Ankom Technology Corp., Macedon,
NY, USA), according to the American Oil Chemists’ Society (AOCS) Official Procedure Am 5-04 [31].
Protein content was estimated by Kjeldahl method (N × 6.25). Dietary fiber contents (total (TDF),
insoluble (IDF) and soluble (SDF) fiber) were determined with the dietary fiber assay kit TDF-100A
(Sigma Aldrich, St. Louis, Missouri, U.S.A.) according to the AOAC procedures [32]. The total content
of carbohydrate was calculated by difference. Protein and dietary fiber were also measured in the
mushroom flours.

Na content was determined from the ashes of 5 g-aliquots of each sample dissolved in 10 mL
of 1 M HNO3, and analyzed by inductively coupled plasma (ICP)-optical emission spectroscopy
(Thermo-Fisher, Cambridge, UK) equipped with a radio frequency source of 27.12 MHz, a peristaltic
pump, a spraying chamber and a concentric spray nebuliser, and controlled by the ICP software.
Standard solutions (50, 100, 150, 200 mg/L) were prepared from a stock solution of Na (1000 mg/L;
SCP-SCIENCE, Courtaboeuf, France) in 4% HNO3 (v/v). The results were expressed as milligrams per
100 g sausage.

2.4. Amino Acid Profile

Amino acid composition (g/100 g of sample) of frankfurters was determined using
the methodology described by Marti-Quijal et al. [33] by derivatization of amino acids
with 6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate (Waters AccQ-Fluor reagent kit) and
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reversed-phase high-performance liquid chromatography analysis (RP-HPLC) (Waters 2695 Separations
Module +Waters 2475 Multi Fluorescence Detector +WatersAccQ-Tag amino acids analysis column).
Empower 2 TM advanced software (Waters, Milford, MA, USA) was used to control system operation
and results management. Amino acids were identified by retention time using an amino acid standard
(Amino Acid Standard H, Thermo, Rockford, IL, USA).

2.5. Lipid Oxidation Analysis

The thiobarbituric acid-reactive substances (TBARs) assay was carried to evaluate lipid stability
according to the methodology of Vyncke [34]. For this purpose, 2 g of sample and 10 mL of trichloroacetic
acid (5%) were homogenised using an Ultra-Turrax (IKA T25 basic, Staufen, Germany) for 2 min.
The homogenate was kept at −10 ◦C for 10 min and centrifuged at 2360 g for 10 min. The supernatant
was filtered through a Whatman No. 1 (Sigma Aldrich, St. Louis, MO, USA) filter paper. The extract
(5 mL) was mixed with a 0.02 M thiobarbituric acid solution (5 mL) and incubated in a water bath at
97 ◦C for 40 min. The absorbance was measured at 532 nm. For quantification a standard curve of
malondialdehyde (MDA) was designed, and the results were expressed as milligrams of MDA per
kilogram of sample.

2.6. pH and Microbial Analysis

The pH from three frankfurters of each sample was measured with a digital pH-meter
(HI 99163, Hanna Instruments, Eibar, Spain) equipped with a glass probe for penetration.

Total viable counts (TVC) and lactic acid bacteria were determined using TEMPO system
(TEMPO Filler, TEMPO Reader, BioMérieuxs, Marcy l´Etoile, France), based on the most likely number
technology. Both microorganisms were incubated at 30 ◦C for 24 and 48 h respectively (detection
limit of 0.3 CFU/g of sample). Pseudomonas spp. counts were enumerated on Pseudomonas agar
base with selective supplement for this microbial group (CFC) (Merck, Darmstadt, Germany) after
incubation at 25 ◦C for 48 h. Psychrotrophic aerobic bacteria were enumerated on plate count agar
(PCA; Oxoid, Unipath Ltd., Basingstoke, UK) following incubation at 7 ◦C for 10 days. Detection
limits were 2 log CFU/g for pseudomonads and psychrotrophic bacteria. The microbial results were
expressed as log CFU/g.

2.7. Color and Texture Profile

CIELAB parameters (L*: lightness; a*: redness and b*: yellowness) were measured in slices of 2 cm
thickness using a portable colorimeter (Konica Minolta CM-600d, Osaka, Japan) under D65 illuminant
and 10◦ observer with an 8 mm aperture.

A texturometer (TA-XTplus, Stable Micro Systems, Surrey, UK) equipped with Texture Exponent
32 software (version 1.0.0.68) was used to measure the texture profile analysis (TPA). The samples were
cut in pieces of 2.5 cm height × 2 cm diameter and hardness (N), springiness (mm), chewiness (N/mm),
gumminess (N) and cohesiveness (mm/mm) were determined (Bourne, 1978). Textural parameters
were measured by compressing to 50% with a double compression cycle test using an aluminum
cylinder probe P50 (50 mm diameter) at speed of 20 mm/s and a distance of 30 mm with a 50 Kg load
cell. Three slices of each sample were measured.

2.8. Sensory Analysis

Sensory evaluation of frankfurters- type sausage was conducted by twenty trained panelists
selected from the members of Meat Technology Center of Galicia, being the participants trained
according ISO regulations [35] with the attributes and the scale to evaluate the color, discoloration
at surface and odor of raw sausages stored for 0, 30, 60 and 90 days, using a 5-point hedonic scale,
ranging from 1 = “excellent” to 5 = “not acceptable” [36]. Also, odor and taste of 1 cm-slices cooked at
180 ◦C until reach an internal temperature of 72 ◦C, were evaluated at day 0. Bread without salt and
water was used to clean the palate between samples.
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2.9. Statistical Analysis

Analysis of variance (ANOVA) was performed with Statgraphics Centurion XVI version 16.1.03
(StatPoint Technologies, Inc., Warrenton, VA, USA). Tukey’s test was used to compare the mean values
at a significance level of p < 0.05.

3. Results and Discussion

3.1. Chemical Composition

The results of chemical composition of different treatments are shown in Table 2. The addition of
mushroom flour resulted in a significant (p < 0.05) moisture increase (64.34–66.48%) compared with
the control (61.05%). The higher concentration of flour resulted in the highest moisture values in
LF-Ab and LF-Po. These moisture increments could be attributed to the higher water amount added
to compensate the fat reduction in formulation and the presence of mushroom flour, which is rich in
dietary fiber, particularly β-glucans [37]. Contents of total dietary fiber of the mushroom flours Ab
and Po were 22.82 ± 0.42% and 43.58 ± 1.33% in dry weight, respectively. Several works have pointed
out that the porous and hydrophilic capacity of dietary fiber contributes to water holding properties
increasing moisture [38,39]. The increased in moisture has been reported in other fat replacers like
konjac gel [40], or pineapple dietary fibers [12].

Table 2. Proximate composition (%) and content sodium (mg/100 g) of frankfurters type sausage
elaborated with flour of edible mushroom (Agaricus bisporus and Pleurotus ostreatus).

Control MF-Ab MF-Po LF-Ab LF-Po MF-PoAb

Moisture 61.05 ± 0.17 a 64.34 ± 0.13 b 65.91 ± 0.21 d 66.34 ± 0.50 de 66.48 ± 0.30 e 65.37 ± 0.55 c

Fat 19.16 ± 0.42 f 16.28 ± 0.33 e 15.18 ± 0.29 d 12.99 ± 0.30 b 11.79 ± 0.06 a 14.04 ± 0.47c

Protein 14.39 ± 0.14 b 14.70 ± 0.27 b 13.62 ± 0.22 a 15.41 ± 0.54 c 14.59 ± 0.33 b 14.29 ± 0.24 b

Ash 2.08 ± 0.05 d 1.30 ± 0.04 a 1.36 ± 0.06 ab 1.36 ± 0.08 ab 1.81 ± 0.03 c 1.41 ± 0.05 b

Carbohydrates 3.32 ± 0.25 a 3.37 ± 0.39 a 3.93 ± 0.31 b 3.90 ± 0.19 b 5.33 ± 0.04 d 4.88 ± 0.21 c

Dietary fiber 0.05 ± 0.09 a 0.57 ± 0.06 b 1.09 ± 0.11 c 1.14 ± 0.09 c 2.18 ± 0.25 e 1.58 ± 0.17 d

Na (mg/100g) 686.30 ± 37.10 c 338.69 ± 40.53 a 336.46 ± 17.97 a 345.22 ± 30.47 a 405.19 ± 12.53 b 347.48 ± 4.07 a

Results are expressed as mean value ± standard deviation. a–f: Different letters in each batch indicate significant
differences (p < 0.05).

As expected, batches formulated with lower content of fat and salt resulted in significant (p < 0.05)
lower concentrations for these parameters due to the modification in the formulations. Fat was
reduced from 19.16 ± 0.42 to 16.28 ± 0.33, 15.18 ± 0.29 and 14.04 ± 0.47 in medium fat sausages
MF-Ab, MF-Po and MF-PoAb, respectively. In LF-Ab (12.99 ± 0.30) and LF-Po (11.79 ± 0.06) was
reached the highest reduction of fat. Na contents of flour added samples were approximately half
of the control samples. The same behavior was observed in the ash content, quite related with the
sodium chloride content reduction in the formulations [36]. The reduction of fat in meat emulsions
can provoke changes in emulsion stability parameters, such as fat and water losses during cooking.
Therefore, the meat industry has adopted new trends to improve the texture and water holding capacity,
substituting animal fat by including the use of non-meat ingredients, such as inulin or β-glucan,
considering the fiber´s ability to retain fat and water [15]. However, when Ab and Po performance are
compared, Po was less effective in fat retention, probably related to different protein content of flours,
28.63± 0.10% in Ab flour and 16.04± 0.22% in Po flour, expressed in dry basis. When the protein content
of frankfurters was analyzed, only sausages with 5% Ab mushroom presented a significant higher
protein content (p < 0.05) despite the higher protein content of Ab flour in agreement with the reported
by Reis et al. [41] and Cheung [42]. The expected increase in this parameter because of the mushroom
addition was overshadowed by the moisture augmentation reached in mushroom flour added products
and the reduction of 50% of sodium caseinate in formulations. When the protein content is reported in
dry weight (DW) all mushroom formulations presented significant higher contents (over 40% DW)
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than the 36.94 DW from control samples, being the LF-Ab, LF-Po the samples with the major values
45.77 g/100 g and 43.52 g/100 g DW, respectively.

The addition of these flours as a source of fiber in meat products has to be highlighted, since
fiber content is usually absent in these products. Several works have included different vegetables,
legumes or fiber sources to increase the fiber content of these products [11,12]. The batches with
addition of the Ab and Po flour showed higher fibre content in a range of 0.57 and 2.18 g/100 g of
sausage in comparison with the control (0.05 g/100 g sausage). LF-Po presented the higher value of
dietary fibre with 6.51 g/100 g sausage (DW) since the Po flour presented the highest content in dietary
fiber. The dietary fiber in mushrooms comes from non-digestible carbohydrates mainly chitin, glucans,
cellulose and hemicelluloses like mannans, xylans and galactans [18,42]. With the combination of both
mushroom flours in MF-PoAb the reduction of fat is accompanied with an interesting fiber content of
1.58 ± 0.17 being a promising alternative for a healthier sausage keeping the protein content with half
of the sodium caseinate added.

3.2. Amino Acid Profile

When the amino acid profile of the treatments is analyzed (Table 3) no significant changes
were observed between batches (p > 0.05). Some studies have been focused on the addition of
non-meat protein sources like legumes or even algae in order to improve the protein profile in meat
products [10,33]. In this case the addition of mushroom flour did not modify the amino acid profile
keeping the ratio between essential and no essential amino acids in 0.93–0.94. The predominant amino
acids in formulations were glutamic acid (ranging 2.58–2.84 g/100 g), aspartic acid (1.44–1.66 g/100 g),
lysine (1.38–1.54 g/100 g) and leucine (1.31–1.43 g/100 g). These amino acids with alanine and arginine
are also the most important in dried edible mushrooms [18], being glutamic and aspartic acids strongly
related to umami taste [17]. However, the concentrations of flours added did not change the amino
acid profile although sensorially mushroom taste was noticed. Related to essential amino acids lysine,
leucine, arginine and valine were the predominant essential amino acids. The edible mushroom has
been reported to contain all nine essential amino acids required for human intake [17,43], even though
the protein profile of mushrooms depends not only on the specie but also on the size, composition of
the substrate and harvest time [18]. In the case of A. bisporus and P. ostreatus leucine has been reported
to be the limiting amino acid but with a protein quality in terms of digestibility and essential amino
acid composition comparable to casein, eggs, and soy [17,37]. In this work, 50% of caseinate was
substituted by mushroom flour in the formulation, but considering that non significant differences
(p > 0.05) were found regarding the essential amino acid profiles, mushroom flours could be even
suggested to partially replace meat content or to be considered as meat substitute.

Table 3. Amino acid profile (g/100 g sample) of protein from frankfurters with addition of edible
mushroom flours.

Control MF-Ab MF-Po LF-Ab LF-Po MF-PoAb

OH-Proline 0.21 ± 0.01 0.18 ± 0.01 0.15 ± 0.01 0.18 ± 0.01 0.18 ± 0.06 0.19 ± 0.02
Aspactic acid 1.44 ± 0.20 1.52 ± 0.03 1.49 ± 0.01 1.66 ± 0.20 1.44 ± 0.29 1.62 ± 0.19

Serine 0.65 ± 0.07 0.64 ± 0.03 0.64 ± 0.01 0.72 ± 0.06 0.65 ± 0.11 0.73 ± 0.03
Glutamic acid 2.67 ± 0.37 2.65 ± 0.01 2.59 ± 0.01 2.81 ± 0.29 2.58 ± 0.55 2.84 ± 0.26

Glycine 0.95 ± 0.06 0.85 ± 0.01 0.92 ± 0.01 0.95 ± 0.05 1.00 ± 0.21 1.01 ± 0.01
Alanine 0.88 ± 0.10 0.88 ± 0.01 0.91 ± 0.03 0.93 ± 0.10 0.90 ± 0.23 0.95 ± 0.08
Cysteine 0.10 ± 0.01 0.09 ± 0.01 0.09 ± 0.02 0.11 ± 0.01 0.11 ± 0.02 0.12 ± 0.01
* Valine 0.91 ± 0.14 0.89 ± 0.04 0.90 ± 0.06 0.96 ± 0.12 0.92 ± 0.24 0.98 ± 0.04

Methionine 0.40 ± 0.05 0.40 ± 0.01 0.38 ± 0.01 0.41 ± 0.10 0.42 ± 0.09 0.48 ± 0.06
* Isoleucine 0.81 ± 0.15 0.80 ± 0.05 0.79 ± 0.04 0.85 ± 0.12 0.79 ± 0.19 0.87 ± 0.04
* Leucine 1.35 ± 0.24 1.33 ± 0.09 1.31 ± 0.08 1.41 ± 0.19 1.31 ± 0.32 1.43 ± 0.06
Tyrosine 0.40 ± 0.05 0.40 ± 0.02 0.38 ± 0.04 0.46 ± 0.04 0.42 ± 0.07 0.44 ± 0.03

* Phenylalanine 0.69 ± 0.10 0.67 ± 0.06 0.67 ± 0.04 0.73 ± 0.08 0.69 ± 0.13 0.73 ± 0.01
* Hystidine 0.54 ± 0.03 0.51 ± 0.01 0.52 ± 0.01 0.57 ± 0.06 0.56 ± 0.11 0.58 ± 0.01
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Table 3. Cont.

Control MF-Ab MF-Po LF-Ab LF-Po MF-PoAb

* Lysine 1.45 ± 0.20 1.50 ± 0.04 1.46 ± 0.01 1.54 ± 0.12 1.38 ± 0.28 1.53 ± 0.22
* Arginine 0.93 ± 0.09 0.92 ± 0.03 0.90 ± 0.01 0.97 ± 0.05 0.90 ± 0.14 0.97 ± 0.12

Proline 1.05 ± 0.17 0.97 ± 0.04 0.96 ± 0.07 1.02 ± 0.13 0.94 ± 0.34 1.05 ± 0.02
Taurine <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

* Threonine 0.73 ± 0.08 0.73 ± 0.03 0.71 ± 0.02 0.78 ± 0.04 0.72 ± 0.12 0.80 ± 0.07

Total 16.16 ± 2.09 15.94 ± 0.39 15.79 ± 0.29 17.07 ± 1.77 15.93 ± 3.51 17.35 ± 1.06
Essential (E) 7.81 ± 1.09 7.74 ± 0.27 7.64 ± 0.20 8.22 ± 0.88 7.70 ± 1.63 8.38 ± 0.51

Non-essential (Ne) 8.35 ± 1.00 8.19 ± 0.12 8.14 ± 0.09 8.85 ± 0.89 8.23 ± 1.88 8.97 ± 0.55
E/Ne 0.93 ± 0.02 0.94 ± 0.02 0.94 ± 0.01 0.93 ± 0.01 0.94 ± 0.02 0.93 ± 0.01

*: Essential amino acid.

3.3. Lipid Oxidation Analysis

The oxidative process was evaluated during storage time at 0, 30, 60 and 90 days, and the
results are shown in Figure 1. The analysis of variance indicated that TBA values were significantly
(p < 0.05) affected by the concentration of the edible mushroom flours added and the storage time.
Initially, the scores obtained in samples with mushroom flours and less fat were significantly higher
(p < 0.05) ranging in 0.34–0.72 mg MDA/Kg than the found in control samples with 0.12 mg MDA/Kg.
This behaviour remained during cold storage. However, most treatments with Ab and Po flours
presented TBA values below the acceptable limit (<1.0 mg MDA/kg) [44]. Mushrooms have been
described to possess antioxidant activity, mainly because of the phenolic compounds, although their
antioxidant properties depend on the species of mushroom, and the growing, harvest and processing
conditions [45,46]. However, the antioxidant effect mushroom flours was not appreciated in this study
and the higher concentration of flour (LF-Ab and LF-Po) led to higher initial TBARs, when a reduction
of TBARs should be expected, since in these samples a reduction of 50% of fat was applied.
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Figure 1. Results of TBARS (mg MDA/Kg) of sausages added with Ab and Po flours. (a–d): Mean
values (corresponding to the same day) not followed by a common letter differ significantly (p < 0.05).

The limited antioxidant activity of mushroom flour and high TBARS found initially in samples
with Ab and Po flour could be due to the drying conditions applied to the mushrooms during the
obtaining of the flour, which could have promoted browning reaction and protein degradation products,
participating in the formation of TBA color complexes and overestimating MDA values, as it has been
reported by Papastegriadis et al. [47] in products like dry nuts. Besides, a significant increase was
observed during storage for all treatments but after 90 days of cold storage, TBARS values significantly
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decreased (p > 0.05). This behavior was also noticed by Fernandes et al. [48] and attributed to instability
or transitory nature of some secondary products from lipid peroxidation like malondialdehyde (MDA).
But also, the higher values of TBARs of Ab samples especially from day 60 comparing to Po samples
could be attributable to more browning reaction products present in Ab samples reacting with TBA
since Ab flour have a darker color.

3.4. pH and Microbial Results

The inclusion of mushroom flour in the sausage led to a significant increase of pH over 6.0
comparing to 5.94 ± 0.02 Log CFU/g of control samples and the pH values kept during the cold storage.
The pH of samples was in the range (5.94–6.11) similar to the pH reported for frankfurters with different
levels of shiitake [8], and other cooked sausages with extracts or alternative ingredients added [48].
Microbiologically, the cooking process and post-packing pasteurization eliminated the vegetative
microorganisms, so lactic acid bacteria, pseudomonads and psychrotrophic bacteria remained under
detection limits. However, counts between 4.52 ± 0.14–6.12 ± 0.08 CFU/g were found in total viable
counts for flour mushroom added-frankfurters, much higher than the 1.68 CFU/g reported for control
samples, and remained stable during the cold storage (Figure 2). These high levels of microorganisms
can be attributed to spore forming bacteria naturally present in agrifoods in contact with soil like
vegetables and mushrooms, which survived to the thermal treatment. Ab flour sausages presented
significant higher counts (p < 0.05) than Po samples, possibly related to the conditioning process, which
involved a blanching process, spreading the spore-forming contamination. However, in all cases the
high counts are not considered a risk as long as refrigeration temperatures are maintained.
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Figure 2. Evolution of microbial counts (Log CFU/g) of sausages during storage with Ab and Po flours.
(a–d): Mean values (corresponding to the same day) not followed by a common letter differ significantly
(p < 0.05).

3.5. Color and Texture Profile Analysis

The color parameters of frankfurters during storage are shown in Figure 3. The addition of
mushroom flour significantly reduced (p < 0.05) the lightness by the fat reduction procedure, although
Po flour decreased the L* parameter to a lesser extend (LF-Po: 60.63 ± 0.35–MF-Po: 63.90 ± 0.48) than
Ab flour (LF-Ab: 57.57 ± 4.31–MF-Ab: 58.57 ± 0.64). Yellowness (b*) of the frankfurters increased
in flour added frankfurters, especially in samples with Po. Ab samples showed significant lower a*
values (p < 0.05) comparing with control samples, while addition of Po flour significantly (p < 0.05)
increased this parameter. So, Ab flour contributed to significantly (p < 0.05) reduce the L* and a* values
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comparing to the control giving a darker color to the frankfurters as can be seen in Figure 4. Visually,
the characteristic pink color of the control samples due to nitrosomyoglobine formation was slightly
modified into brownish colors. The addition of edible mushroom flours instead of animal fat did
not reproduce the color effect of pork backfat on the treated samples, especially in the Ab samples.
Fat contributes in emulsions to lighter meat products and usually natural and artificial colorants are
added to keep the pink color. The replacement of pork fat from frankfurters or finely comminuted
sausages by oleogels [49] have also resulted in lighter and less red meat products. From the brown or
greenish color by the incorporation of algae [10,50,51] or chia [11] to the to orange tones by addition
of lycopene or carotenoids [52], the change of color will depend not only on the ingredient source,
but also on the concentration added [12]. Finally the presence of mushroom flours was not negatively
scored in sensory analysis.
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Figure 3. Evolution of color parameters (L*, a* and b*) during the storage of cooked sausages with
edible mushroom flours (a–e): Mean values (corresponding to the same day) not followed by a common
letter differ significantly (p < 0.05).
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Figure 4. Visual appearance of frankfurter with different formulations.

Cold storage marginally affected to color parameters as it has been reported with other fat
substitutes in frankfurters like chia or vegetal oils in konjac matrix [11,40]. Although natural pigments
use to presenting less color stability [52], color frankfurters with mushroom flour remained mostly stable
although a slight increase was observed in lightness probably due to the oxidation of fat. No typical
discoloration was observed because of the oxidation of myoglobin pigments during storage [11,12].

The addition of 2.5% and 5% of edible mushroom flours also significantly affected (p < 0.05) the
texture parameters evaluated in frankfurter with partial decrease of fat (30% and 50%) and salt (Table 4).
All mushroom added-samples showed significant (p < 0.05) lower hardness, springiness, cohesiveness,
gumminess and chewiness values comparing to control samples after elaboration. Samples with Po
flour (2.5 and 5%; MF-Po and LF-Po), even in combination with Ab flour (MF-PoAb), gave the lowest
values in the textural parameters resulting in softer frankfurters. In the emulsions fat is dispersed in
small drops in a continuous phase formed by water, proteins and additives. When the fat is reduced the
emulsion can loose stability and affect the texture. In general, when the reduction of fat is compensated
by increasing protein, textures tend to be harder. However, when fat content is reduced by increasing
the proportion of water, keeping the amount of protein, the structure of low-fat systems becomes
softer [40]. In this case the replacement of fat and addition of mushroom flour led to a higher water
contents in formulation and protein and fibre from mushrooms could help to bound water reducing
hardness, and the rest of textural parameters with concentration of flour added. However, differences
found according to the origin of mushroom flour, could be related to the different protein content of
mushroom flours, since Ab flour (with a higher protein content) reduced to a lesser extend the textural
parameters than Po flour (with around 16% of protein but a higher fiber content, over 40%).

Proteins from different sources have been added to meat products like frankfurters to stabilize and
compensate the reduction of meat or fat. Stephan et al. [53] reported suitable properties of mycelia from
Pleurotus sapidus as meat substitute in vegan boiled sausages comparable to the use of other protein
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concentrates (soy, pea and sunflower), but lower textural parameters than the original german boiled
sausage were observed. In this case, the addition of Ab mushroom flour better helped to stabilize the
emulsion, even if other protein source like sodium caseinate was reduced in the formulation.

Table 4. Texture parameters of frankfurters with edible mushroom flours.

Texture Parameter
Days of Storage

0 30 60 90

Hardness (N)

Control 20.56 ± 1.01 d,X 25.12 ± 2.79 c,Y 24.18 ± 0.06 d,XY 27.84 ± 3.90 c,Y

MF-Ab 15.33 ± 2.63 c,X 15.15 ± 0.94 ab,X 16.33 ± 1.83 c,X 17.46 ± 1.46 b,X

MF-Po 13.53 ± 2.26 bc,X 16.83 ± 1.69 b,Y 16.40 ± 2.15 c,XY 14.75 ± 1.98 ab,XY

LF-Ab 12.07 ± 1.25 ab,X 16.42 ± 1.17 b,Y 13.67 ± 1.83 ab,X 16.09 ± 1.05 b,Y

LF-Po 10.84 ± 0.44 a,X 13.41 ± 1.62 a,Y 12.52 ± 1.40 a,XY 13.09 ± 0.69 ab,Y

MF-PoAb 11.50 ± 0.95 ab,X 13.02 ± 0.66 a,X 16.08 ± 1.68 bc,Y 14.93 ± 1.25 ab,Y

Springiness (mm)

Control 0.78 ± 0.03 c,X 0.82 ± 0.01 c,Y 0.81 ± 0.01 e,Y 0.81 ± 0.01 c,Y

MF-Ab 0.70 ± 0.04 b,X 0.73 ± 0.04 b,XY 0.75 ± 0.02 d,Y 0.74 ± 0.03 bc,XY

MF-Po 0.59 ± 0.04 a,X 0.65 ± 0.05 a,X 0.64 ± 0.05 ab,X 0.63 ± 0.03 a,X

LF-A 0.66 ± 0.02 b,X 0.74 ± 0.02 b,Y 0.71 ± 0.03 cd,Y 0.75 ± 0.02 c,Y

LF-Po 0.55 ± 0.02 a,X 0.68 ± 0.08 ab,Y 0.62 ± 0.04 a,XY 0.69 ± 0.05 b,Y

MF-PoAb 0.59 ± 0.03 a,X 0.65 ± 0.05 a,XY 0.69 ± 0.03 bc,Y 0.70 ± 0.05 bc,Y

Cohesiveness (mm/mm)

Control 0.38 ± 0.01 c,X 0.44 ± 0.06 c,Y 0.42 ± 0.02 d,XY 0.39 ± 0.01 e,XY

MF-Ab 0.34 ± 0.01 bc,X 0.34 ± 0.01 ab,X 0.36 ± 0.01 c,X 0.36 ± 0.02 cd,X

MF-Po 0.29 ± 0.03 a,X 0.31 ± 0.03 a,X 0.31 ± 0.01 a,X 0.29 ± 0.02 a,X

LF-Ab 0.34 ± 0.01 bc,X 0.37 ± 0.01 b,YZ 0.34 ± 0.02 bc,XY 0.38 ± 0.02 de,Z

LF-Po 0.31 ± 0.02 ab.X 0.34 ± 0.02 ab,Y 0.33 ± 0.01 ab,XY 0.33 ± 0.02 b,XY

MF-PoAb 0.31 ± 0.03 ab,X 0.32 ± 0.01 a,X 0.33 ± 0.02 ab,X 0.34 ± 0.01 bc,X

Gumminess (N)

Control 7.73 ± 0.32 c,X 10.79 ± 1.44 c,Y 10.06 ± 0.30 d,Y 10.81 ± 1.53 d,Y

MF-Ab 5.24 ± 1.27 b,X 5.14 ± 0.45 ab,X 5.86 ± 0.78 c,X 6.29 ± 0.63 c,X

MF-Po 3.99 ± 1.03 a,X 5.22 ± 0.74 ab,Y 5.11 ± 0.52 abc,XY 4.34 ± 0.80 a,XY

LF-Ab 4.10 ± 0.53 ab,X 6.00 ± 0.27 b,Y 4.73 ± 0.84 ab,X 6.04 ± 0.46 bc,Y

LF-Po 3.39 ± 0.26 a,X 4.59 ± 0.72 a,Y 4.13 ± 0.47 a,Y 4.30 ± 0.20 a,Y

MF-PoAb 3.66 ± 0.71 a,X 4.18 ± 0.45 a,XY 5.32 ± 0.88 bc,Z 5.05 ± 0.34 ab,YZ

Chewiness (N·mm)

Control 6.01 ± 0.46 c,X 8.80 ± 1.09 d,Y 8.21 ± 0.13 d,Y 8.82 ± 1.17 c,Y

MF-Ab 3.67 ± 0.98 b,X 3.77 ± 0.29 bc,X 4.41 ± 0.75 c,X 4.65 ± 0.61 b,X

MF-Po 2.37 ± 0.75 a,X 3.41 ± 0.75 ab,Y 3.31 ± 0.59 ab,XY 2.71 ± 0.42 a,XY

LF-Ab 2.70 ± 0.34 a,X 4.46 ± 0.31 c,Y 3.40 ± 0.73 ab,X 4.52 ± 0.48 b,Y

LF-Po 1.87 ± 0.20 a,X 3.15 ± 0.82 ab,Y 2.58 ± 0.41 a,XY 2.98 ± 0.33 a,Y

MF-PoAb 2.17 ± 0.51 a,X 2.74 ± 0.45 a,XY 3.70 ± 0.80 bc,Z 3.56 ± 0.39 a,YZ

Results are expressed as mean value ± standard deviation. (X–Z): Means in the same row not followed by a common
letter are significantly different (p < 0.05). (a–e): Mean values in the same column (for each texture parameter) not
followed by a common letter are significantly different (p < 0.05).

In general, softer textures have been obtained when different vegetal, cereal or legume, algae or
fiber sources have been included in meat formulations with or without replacement of fat or other
ingredients. Alvarez et al. [15] found a significant decrease of hardness in frankfurters by addition
of rice bran and walnut. Choi et al. [44] reported a significant decrease of hardness in reduced- fat
frankfurters with vegetable oils and rice bran fiber, and Cofrades et al. [54] observed that increasing
amounts of walnut extracts reduced shear force and elongation values, indicating the formation of
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softer and less cohesive meat structures. Addition of 1% of pineapple fiber in partial replacement of
fat in sausages significantly reduced hardness, chewiness and gumminess but less differences were
appreciated in cohesiveness and springiness [12]. The partial replacement of fat and salt by addition
of 1% of different seaweeds resulted also in lower hardness and chewiness parameters although
the behavior on adhesiveness and springiness was seaweed-species related [50]. The addition of
concentration of 0.8–1.2% of shiitake (Lentinus edodes) powder in frankfurter also reduced hardness,
but increased cohesiveness [8].

In general, texture parameters were also affected (p < 0.05) by cold storage increasing all the
parameters, but especially hardness in control samples comparing with mushroom added sausages.
An increase of hardness during storage has been reported in frankfurters as a consequence to the
increase of purge loss [40].

3.6. Sensory Evaluation

In the case of sensory attributes evaluated in samples before cooking (color, decoloration surface),
no significant differences (p > 0.05) were detected between treatments with color values between
good and acceptable (2.17–2.83) and no discoloration was observed (Figure 5). The evaluation of
odor indicated that samples with Ab (MF-Ab, LF-Ab, MF-PoAb) and LF-Po presented a stronger
mushroom odor, with scores over acceptable level, while MF-Po did not significantly (p > 0.05) differ
from control. When the samples were cooked the reduction of fat and salt and the inclusion of Ab
and Po flours resulted in lower sensorial values for flavor and taste but around acceptability level,
without significant differences between flour added samples. In the case of flavor, the samples with
5% of flour (LF-Ab, LF-Po and MF-PoAb) scored over acceptable level (3.0) while control samples
scored near good level (1.95 ± 0.76). In the taste parameter, only LF-Ab scored over acceptable level,
while de rest of treatments were rated between good and acceptable levels. The characteristic flavor or
umami in mushrooms is intense, especially in Ab samples [20], and the acceptability of the frankfurter
will depend on how accustomed the consumer to this flavor. When aqueous extract from other
edible mushroom, Cantharella cibarius, was added to frankfurter, it was not sensorially different from
control samples [26]. In general, umami compounds enhance palatability in savory foods which allows
to reduce salt content without a negatively perception in the consumer increasing also satiety [55].
But the incorporation of new ingredients into processed meats modifies sensory properties and can
limit the consumer acceptability [10]. However, this untypical or unexpected flavor could be moderated
by incorporating different seasonings, since no flavor additives were included in formulations here
tested, and even control samples were scored as good, but not excellent, because of the plain flavor.
Jimenez-Colmenero et al. [51] showed that the addition of konjac-seaweed flour to low fat and low
salt frankfurters slightly reduced sensory panel values, due to an intense unfamiliar flavor. However,
they did not consider this an obstacle, and suggested the reformulation using less strongly flavored
seaweed and considering seasonings.

During cold storage, sensory parameters evaluated in uncooked samples, color, discoloration and
odor did not significantly changed confirming the stability of the product during long periods of storage.
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Figure 5. Sensory results of frankfurters evaluated at day 0.

4. Conclusions

The inclusion of Ab and Po flours in fat- and salt-reduced frankfurter sausages seems to a feasible
strategy to enhance the nutritional profile these products, although the physicochemical, textural and
sensory properties were affected by the mushroom and concentration source. The protein profile
did not changed, but fiber contents were improved, which makes Ab and Po flour an interesting
substitute for fat and salt and even for meat. Color was significantly affected, especially by the inclusion
of Ab flour, resulting in darker products, while Po flour addition presented a higher impact in the
texture with softer and less cohesive sausages. Nevertheless, all mushroom flours remained sensorially
acceptable despite the strong umami flavor was perceived. During cold storage, samples remained
quite unchanged for 90 days.
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Abstract: The impact of different amounts (2%, 4% and 6%) of enoki (Flammulina velutipes) mushroom
stem waste (MSW) powder on the physicochemical quality, color and textural, oxidative stability,
sensory attributes and shelf-life of goat meat nuggets was evaluated. These mushroom by-products
(MSW powder) contained a good source of protein (13.5%), ash (8.2%), total phenolics content (6.3 mg
GAE/g), and dietary fiber (32.3%) and also exhibited the potential to be strong antioxidants, due
to their good metal chelating ability (41.3%), reducing power (60.1%), and free radical scavenging
activity (84.2%). Mushroom stem waste improved (p < 0.05) the emulsion stability, dietary fiber, ash
and phenolics content of nuggets compared to control. Although no significant differences (p > 0.05)
in expressible water and textural properties were observed among the formulations, but MSW powder
improved the water holding capacity and slightly decreased the hardness. Further, the inclusion of
MSW significantly (p < 0.05) improved the oxidative stability and shelf-life of treated nuggets by
reducing lipid oxidation during the nine-day storage period. Again, the inclusion of MSW did not
negatively affect the color and sensory attributes of treated meat nuggets. Overall, our results suggest
that enoki mushroom stem waste (4%) can be used as a value-added functional ingredient to produce
nutritionally improved and healthier meat products.

Keywords: enoki mushroom; physicochemical properties; antioxidant activity; dietary fiber; goat
meat nuggets quality; sensory characteristics

1. Introduction

Mushrooms, due to their good nutritional attributes and richness in high-quality proteins,
dietary fibers, vitamins, minerals, and phenolic compounds, are considered to be a healthy food
product [1,2]. Enoki mushrooms (Flammulina velutipes), popularly known in different countries as
“golden needle”, “winter”, “lily” or “velvet stem” mushrooms, are widely recognized for their good
nutritional value and desirable taste attributes [3,4]. Several compounds including carbohydrates,
protein, lipids, glycoproteins, phenols, and sesquiterpenes have been isolated from different parts of this
mushroom [5]. Enoki mushrooms have also been known to exhibit good antioxidant, anti-inflammatory,
immunomodulatory, anti-cancer and cholesterol-lowering activities [2,6]. The cultivated variety of this

Foods 2020, 9, 432; doi:10.3390/foods9040432 www.mdpi.com/journal/foods61



Foods 2020, 9, 432

mushroom has a pure white bean sprout, a velvety stem, and a tiny snowy-white cap, whereas the
wild variety may be orange to brown with a larger, shiny cap [7]. The stem base and other parts of
the mushroom are removed during harvesting and these leftovers either go to landfills or are used as
compost [8].

There is a growing interest in the application of plant-based waste materials as functional food
ingredients in meat products, as they are a rich source of dietary fiber and several other bioactive
compounds like vitamins, minerals, and polyphenols [9–12]. These dietary fibers, in combination with
phenolic compounds, form antioxidant dietary fibers (ADFs) [13,14] which can be used as dietary
supplements to improve gastrointestinal health, or as technical ingredients to inhibit lipid oxidation in
foods, thereby extending their shelf-life [15,16]. As far as enoki mushrooms are concerned, its extract
is reported to have strong antioxidant potential, with a high 2, 2-dipheny-1-picrylhydrazyl (DPPH)
radical scavenging activity and metal chelating ability. Being a rich source of dietary fiber, the extract
may reduce triacylglycerol, total cholesterol, and low-density lipoprotein levels in the blood due to a
variety of mechanisms [4].

In summary, mushroom powder extracts have numerous nutritional attributes such as low
calorie-density, healthy lipid profile, high fiber, protein and phenolic contents that make them suitable
for incorporation as functional food ingredients in a variety of food products [17]. Previously, powdered
mushroom extracts have been used to fortify a variety of foods, including biscuits, cookies, crackers,
and cakes [18]. There have also been a limited number of studies on the incorporation of various kinds
of mushroom extract into meat products. For instance, oyster mushrooms (Pleurotus ostreatus) have
been investigated as a substitute for pork meat in Thai glutinous fermented sausage [19]. Reports on
the impact of dried portobello mushroom (Agaricus bisporus) on the quality characteristics of a dry
spicy sausage, sucuk [20], texture and structure of meat emulsions [1] and physicochemical and
sensory properties of cold-stored beef patties [21], effects of oyster mushroom (Pleurotus sajor-caju) on
the color, texture, cooking characteristics, and fiber content of chicken patties [22] are also available.
Besides, enoki MSW has been used as a potential substitute for antibiotics in organic egg production
by chickens [8] and to enhance the growth and health status of broiler chickens [3]. To the authors’
knowledge, no study has previously been carried out on the utilization of enoki MSW as a functional
food additive in processed meat products. The current study was designed to analyze the dietary
fiber content and antioxidant properties of enoki MSW powder, and then to evaluate its potential as a
functional ingredient in goat meat nuggets.

2. Materials and Methods

2.1. Materials and Reagents

Mushroom stem waste was collected from the harvesting and processing area of an enoki
mushroom facility, cleaned properly for extraneous dirt, if any, and then dried in an oven (Static Oven,
Instrumentation India, Kolkata) at 50 ◦C for 8 h. The dried MSW sample was then ground using a grinder
(Kenstar, Mumbai, India) into powder (0.01 mm), which was then used as a functional ingredient in the
goat meat product formulation. The proximate composition and antioxidant activity of this powder was
also quantified. Goat meat (leg part) was procured from a supermarket and then kept in a freezer (−18 ◦C)
until further processing. Chemical reagents such as methanol, sodium carbonate, 2-thiobarbituric
acid (TBA), trichloroacetic acid (TCA), α-amylase, protease, amyloglucosidase, Folin-Ciocalteu (F-C)
reagents, and gallic acid were procured from Sigma-Aldrich (Mumbai, India). Other chemicals and
reagents were of analytical grade (SRL, Mumbai, India).

2.2. Chemical Composition and Extract Preparation of Mushroom Stem Waste

For chemical composition such as moisture, protein, fat, and ash content, duplicate MSW
samples were analyzed based on the methods of the Association of Official Analytical Chemists [23].
The enzymatic-gravimetric process was used for dietary fiber estimation [24]. Briefly, different enzymes
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such as heat-stable α-amylase, protease and amyloglucosidase were used for sequential enzymatic
digestion of MSW samples after its proper dispersion in phosphate buffer solution. Then, after filtration
of the insoluble dietary fiber (IDF), warm distilled water was used to wash the residue. Ethanol (95%)
was used for the precipitation of soluble dietary fiber (SDF) from the combined solution of filtrate and
washings. The weight was noted after proper drying of residue in an oven (Static Oven, Instrumentation
India, Kolkata) at 50 ◦C. These IDF and SDF residues later were also analyzed for protein and ash
content. Both IDF and SDF fractions were combined for total dietary fiber (TDF) calculation.

For the preparation of MSW extract, water was used as a solvent [9]. Briefly, 20 g of MSW
powder was accurately weighed into a conical flask. To this, 1000 mL of solvent was added and the
whole content was held at room temperature (29 ± 1 ◦C) for 10 h, stirring frequently with a glass rod.
The mixture was shaken at a constant rate (500 rpm) using a shaker, vortexed at high speed for 10 min,
and finally centrifuged (REMI NEYA 8, Kolkata, India) at 5000× rpm for 10 min. The content of extract
was then passed through a Whatman filter paper No. 1 (HiMedia®, Mumbai, India). The resulting
extract was kept in a container and stored at 2 ◦C for further studies. The aqueous extracts obtained
from repeated extractions were analyzed for total phenolic content (TPC), DPPH radical scavenging
activity, ferrous ion chelating ability and reducing power assays. The efficacy of the extract was
determined based on the dry weight of the mushroom powder.

2.3. Antioxidant Activity of Mushroom Stem Waste

2.3.1. Total Phenolics Content

The total phenolics content (TPC) of MSW was estimated using the Folin-Ciocalteu method.
Briefly, 0.1 mL aqueous extract was properly mixed with 0.75 μL of F-C reagent and then a final volume
of the above mix was increased ten-times using deionized water. Then, a sodium carbonate solution
(750 μL) was added in each test tubes after 5 min and these tubs were incubated (in the dark) for 90 min
at room temperature. The absorbance of test samples at 725 nm was taken using a spectrophotometer
(Thermo Scientific, Wilmington, NC, USA) against a blank. Different concentrations of gallic acid were
used for preparation of a standard curve and the TPC was calculated as gallic acid equivalents (GAE)
in mg/g dry weight basis of MSW.

2.3.2. DPPH Radical Scavenging Activity

The method developed by Shimada et al. [25] was used for the measurement of DPPH radical
scavenging activity. Briefly, 4 mL of methanol was added to a 1 mL extract from the MSW powder in a
test tube and then 1 mL of 0.2 μM DPPH methanol solution was added and mixed. Samples were then
incubated for 30 min and later the absorbance at 517 nm was measured using a spectrophotometer
(Thermo Scientific, Wilmington, NC, USA). The scavenging activity was calculated by the following
formula:

Scavenging activity(%) =

[
1−
(

absorbace o f extract
absorbance o f control

)
× 100%

]
(1)

2.3.3. Ferrous Ion Chelating Ability

The ferrous ion chelating ability of the MSW extract was measured using the procedure outlined
by Dinis et al. [26]. Briefly, 3.7 mL methanol and 0.1 mL of 2 μM FeCl2, MSW extract (0.1 mL) were
mixed properly and then held for 30 s before adding 0.1 mL of 5 mM ferrozine solution. The mixture
was then kept for 10 min at room temperature for incubation purposes. Finally, the absorbance using a
spectrophotometer (Thermo Scientific, Wilmington, NC, USA) was recorded at 562 nm. The formula
for calculating the ferrous ion chelating ability is as follows:

Chealting ability(%) =
[
1−
( absorbace of extract

absorbance of control

)
× 100%

]
(2)
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2.3.4. Ferric Reducing Antioxidant Power

The ferric reducing antioxidant power (FRAP) of the MSW extract was determined based on the
method described by Madane et al. [9]. Briefly, 2.5 mL of extract taken in a 10 mL test tube was added
with 2.5 mL of phosphate buffer (0.2 M, pH 6.6) and 2.5 mL of 1% (w/v) potassium ferricyanide. Then,
2.5 mL of 10% TCA was added after the mixture was kept for incubation at 50 ◦C for 20 min. After that,
2.5 mL of deionized water and 0.5 mL of ferric chloride (0.1% w/v) were mixed with 2.5 mL of the
supernatant. Then, absorbance of samples was taken at 700 nm using a spectrophotometer (Thermo
Scientific, Wilmington, NC, USA) and expressed as a percentage.

2.4. Preparation of Goat Meat Nuggets

Four formulations (control and treatments-T2, T4 and T6) of goat meat nuggets were prepared
following the standard method described by Das et al. [27]. The first batch was considered as a control
(meat without MSW powder), whereas in the case of T2, T4 and T6 formulations, MSW powder at
2.0%, 4.0% and 6.0% was included, respectively, replacing an equal percent of goat meat. Therefore,
the total weight was 100 g with salt, condiments, spice mix, oil and wheat flour (Table 1).

Table 1. Formulation of goat meat nuggets with different levels of mushroom stem waste (MSW) powder.

Ingredients (%)
Treatment

Control T2 T4 T6

Goat meat 71 69 67 65
Salt 1.5 1.5 1.5 1.5
Water (Ice) 10 10 10 10
Refined oil 8 8 8 8
Condiments * 4 4 4 4
Dry spice mix ** 1.8 1.8 1.8 1.8
Wheat flour 3.5 3.5 3.5 3.5
Polyphosphate 0.03 0.03 0.03 0.03
Sodium nitrite (ppm) 150 150 150 150
MSW powder (%) 0.0 2.0 4.0 6.0

Treatments: Control = no additive; T2 = 2.0% MSW powder, T4 = 4.0% MSW powder and T6 = 6.0% MSW powder.
* Condiments: fresh garlic and onion (4:1). ** Dry spice mix (18 g/kg nuggets): aniseed, black pepper, capsicum,
caraway seed, cardamom, cinnamon, cloves, coriander powder, cumin seed, turmeric and dried ginger (Cookme,
Kolkata, India).

Before processing, the frozen goat meat was thawed, cut into small cubes, and then minced using a
meat mincer (Stadler, Mumbai, India). Meat emulsion was prepared separately for each group (control,
T2, T4 and T6) by thoroughly mixing goat meat cubes with other ingredients (salt, sugar, phosphate,
and nitrite) in a bowl chopper. During chopping, ice flakes were added to prevent excessive heating.
Condiments, dry spice mix, and fine wheat flour were then added and chopped continuously until all
the ingredients were uniformly mixed. About 500 g of emulsion from each formulation was placed
in a mold, and cooked for 40 min with a steam-cooker (Stadler, Mumbai, India). The cooked meat
blocks obtained were then sliced and cut into small pieces. Nugget samples of different formulations
were then analyzed for various parameters (physicochemical, textural, colour) and also aerobically
packed into low density polyethylene pouches and stored for up to nine days at 4 ± 1 ◦C for lipid
oxidation study.

2.5. Analysis of Meat Products

2.5.1. pH, Emulsion Stability and Cooking Yield

The pH of the meat emulsion and nugget samples were measured after blending a 10 g sample
with 50 mL of deionized water for a minute in a homogenizer (Omni International, Kennesaw GA,
USA) and then using a digital pH meter. For emulsion stability, 25 g of emulsion was placed in
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a polypropylene bag and heated in a thermostatically controlled water bath for 20 min at 80 ◦C.
The cooked mass was then cooled and weighed after draining out the exudate. For cooking yield,
the weight of each meat block before and after cooking was recorded. The cooking yield was calculated
and expressed as a percentage.

Cooking yield (%) =
Weight of cooked meat block

Weight of raw meat block
× 100 (3)

2.5.2. Expressible Water

The percentage of expressible water which indicates the water holding capacity of cooked
processed meat, was measured using the method of Madane et al. [9]. About 5 g of nugget sample
was taken on two layers of Whatman No. 1 filter paper and placed the filter paper with sample in
a 50 mL centrifuge tube for centrifugation (REMI NEYA 8, Kolkata, India) at 1500 rpm for 5 min.
The sample was re-weighed after centrifugation and expressible water was calculated according to the
following equation:

Expressible water (%) =
(initial weight− final weight)

initial weight
× 100 (4)

2.5.3. Total Phenolics Content in Meat Nuggets

Total phenolics content of meat nuggets was analyzed calorimetrically using F-C reagent. Briefly,
the meat nugget sample (5 g) was homogenized at 3000 rpm for 2 min in a tube with 15 mL of distilled
water. The mixture was shaken vigorously two to three times after adding 9 mL chloroform to separate
the lipids. The F-C reagent (500 μL) was added to 1 mL aliquot of the diluted sample (1:4, v/v) followed
by the addition of 1 mL of the sodium carbonate solution (5%). After proper mixing, samples were
incubated for 1 h at room temperature and then vortexed. Then absorbance was taken at 700 nm.
The results were expressed as mg gallic acid equivalents (GAE)/g of the dry weight of the meat nuggets.

2.5.4. Texture Profile Analysis

The textural properties such as hardness, springiness, gumminess, cohesiveness and chewiness of
the control and MSW powder treated goat meat nuggets were measured with the help of a texture
analyzer (Stable Micro System Model TA.XT 2i/25, Surrey, UK). The measurement was carried out using
central cores of five pieces of each meat sample (2 cm × 2 cm × 2 cm). Each sample was compressed
twice (80% of the original height and 2 mm/s crosshead speed) with the help of a compression probe
(P 75).

2.5.5. Instrumental Color Attributes

Various color attributes of the meat nuggets were measured using a Hunter Color Lab instrument
in which the Hunter L*, a*, and b* values were determined. L* denoted pure white (100)/pure black
(0), a* +redness/-greenness and b* +yellowness/-blueness. A light trap/black glass and white tile was
used for calibration of instrument. The color attributes of the nugget surfaces were analyzed at three
different points.

2.5.6. Sensory Evaluation

The sensory attributes, including appearance, flavor, texture, juiciness, and overall acceptability,
of meat nuggets were evaluated using an eight-point descriptive scale, where 8 = excellent and
1 = extremely poor [28]. The purpose of the experiments was clearly explained to the panelists without
disclosing the much about samples’ identity. The panelists evaluated the sample based on a sensory
preformed provided after coding with number and warming in a microwave oven for 1 min. Water was
provided to the panelists to rinse their mouths during evaluation.

65



Foods 2020, 9, 432

2.6. Lipid Oxidation in Meat Products

2.6.1. Peroxide Values

The peroxide values (PV) of the nugget samples were determined following the procedure
described by Koniecko [29] with slight modifications. Briefly, for filtrate preparation, anhydrous
sodium sulfate and chloroform was used to blend the meat sample (5 g). 2 mL of saturated potassium
iodide solution were added to a mixture of 25 mL filtrate and 30 mL glacial acetic acid. After proper
mixing for about 2 min, 100 mL of distilled water and 2 mL of fresh 1% starch solution were added and
the mixture was titrated immediately with 0.1 N sodium thiosulphate until the end point was reached
(the non-aqueous layer turned colorless). The PV of the meat sample was calculated and expressed in
meqO2/kg of the sample.

2.6.2. Thiobarbituric Acid Reacting Substances

The measurement of thiobarbituric acid reacting substances (TBARS) was carried out to measure
the lipid oxidation in the meat nugget during storage [30]. Briefly, the TCA extract was prepared after
triturating samples with 20% pre-cooled TCA (25 mL). To 3 mL TCA extract (filtrate), 3 mL of TBA
reagent (5 mM) was added and then cooled in running tap water after boiling in a thermostatically
controlled water bath at 70 ◦C for 35 min. Similarly, a blank was prepared by adding and properly
mixing 3 mL of 10% TCA and 3 mL of the 5mM TBA reagent. Then, absorbance was recorded at a
532 nm. The TBARS value was expressed as mg malonaldehyde (MDA) per kg of meat sample.

2.7. Statistical Analysis

Measurements of all the parameters were performed in duplicate and this study was conducted
thrice. The data collected from this study were analyzed by a SPSS software (version 20.0, Armonk, NY,
USA). The normal distribution and variance homogeneity were previously assessed (Shapiro-Wilk).
In the case of the lipid oxidation study, the data were analyzed using two-way ANOVA with treatments
(control, T2, T4 and T6) and storage time (0, 3, 6, 9 days) as the main effects (4 × 4 factorial design).
To find out the impact of MSW on various parameters, Duncan’s multiple range tests were applied.
The values are presented here as the mean and standard error, and significance differences were
identified at the 95% confidence level (P < 0.05).

3. Results and Discussion

3.1. Proximate Composition and Dietary Fiber Content of Mushroom Stem Waste

The proximate composition and dietary fiber content of enoki MSW powder is presented in Table 2.
The MSW powder had high moisture (12.9%), protein (13.5%) and ash (8.2%), but a relatively lower
fat content (1.5%). Available reports indicate that dried mushrooms contain relatively high moisture
levels, depending on the species and other factors [31], more than 25% protein, less than 3% crude
fat, and around 50% total carbohydrate [32]. Further, the ash content in mushrooms typically ranges
between 5%–12% of dry matter. The composition of enoki MSW analyzed by other researchers [3,8,33]
varied between 12.75% and 18.42% for crude protein, fat from 1.5% to 2.94% and ash between 6.33%
and 11.6%, which is well within the level found in our study (Table 2). In this regard, variation in
proximate composition could be due to differences in harvesting methods and stages of maturity of
mushroom, soil types and environmental factors [34].

In this study, the SDF and IDF contents of the enoki MSW were found to be 17.3% and 15.1%,
respectively (Table 2). Many researchers have reported the SDF and IDF content of mushrooms ranging
between 22.4–31.2% and 4.2–9.2% of dry weight, respectively [35]. The TDF (32.3%) content determined
in our study is fairly similar to that reported for raw enoki mushrooms (29.3%) [36]. In a comparison
of different kinds of mushrooms, Yang, Lin, & Mau [37] found a higher dietary fiber content in enoki
mushrooms than in shiitake or oyster mushrooms. The ability of enoki mushrooms to lower cholesterol
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and blood pressure levels may be partly attributed to their relatively high dietary fiber content [4].
Moreover, these dietary fibers may help in the formulation of low-calorie, low-fat and high-fiber meat
products, due to their ability to form gel networks that hold water and modulate texture.

Table 2. Proximate composition (mean values ± SE) and antioxidant activity of enoki mushroom stem
waste powder/extract.

Proximate Composition (g/100 g Dry Matter)

Moisture 12.9 ± 0.3
Protein 13.5 ± 0.7

Fat 1.47 ± 0.04
Ash 8.24 ± 0.05

Total dietary fiber 32.3 ± 0.9
Soluble dietary fiber 17.3 ± 2.1

Insoluble dietary fiber 15.1 ± 2.7
Antioxidant Capacity of MSW Extract (1 mg/mL)

Total phenolics (mg GAE/g) 6.3 ± 2.5
DPPH scavenging (%) 84.2 ± 3.0

FRAP (%) 60.1 ± 1.2
Chelating ability of ferrous ion (%) 41.3 ± 0.5

DPPH: 2, 2-diphenyl-1- picrylhydrazyl; FRAP: ferric reducing antioxidant power; GAE: gallic acid equivalents;
n = 6.

3.2. Antioxidant Activity of Mushroom Stem Waste Extract

The total phenolics content of the enoki mushroom stem extract was 6.26 mg GAE/g dry weight,
which was determined using gallic acid as a standard (Table 2). The antioxidant potential of this
extract was assessed using a number of assays: the DPPH assay was used to measure the free radical
scavenging ability [38]; the FRAP assay was used to measure the reducing power (Fe3+ to Fe2+); and,
the iron-binding assay was used to measure the ability to chelate transition metal irons [39]. The enoki
mushroom stem extract was found to have strong antioxidative potential: 84.2% DPPH scavenging;
60.1% reducing power; and 41.3% of ferrous ion chelating ability (Table 2).

In fact, phenolic compounds that are found naturally in mushrooms have antioxidant activity
due to their hydrogen-donating and singlet oxygen-quenching properties [40,41]. The antioxidant
properties of the enoki mushroom extract can be attributed to a number of antioxidant constituents,
including p-coumaric acid, ellagic acid [42], gallic acid, pyrogallol, chlorogenic acid, caffeic acid,
ferulic acid, and quercetin [40]. The phenolics content of mushrooms has been shown to be positively
correlated with the results of the DPPH assay and other antioxidant assays [4]. Previous studies have
shown that enoki mushrooms have higher phenolics contents, ferric reducing powers, and ferrous
chelating activities than other mushrooms [43]. Taken together, these studies suggest that enoki
mushroom extracts are a good source of natural antioxidants.

3.3. Physicochemical Properties and Proximate Composition of Fortified Goat Meat Nuggets

The pH of the meat emulsion without MSW powder (control) was the lowest among all the
treatments (Table 3). The addition of the mushroom powder significantly (p < 0.05) increased the
pH. The meat emulsion containing 6.0% MSW had the highest pH value (6.44). Our results are in
agreement with the findings of Bao, Ushio, & Ohshima [44], who earlier reported that the addition
of enoki mushroom extracts to beef and fish slightly increased the pH of their products, although
the increase was statistically non-significant. The increase in pH of products could be due to the
abundance of basic amino acids in comparison to acidic amino acids with addition of enoki mushroom
powder [45], as well as the natural buffering capacity of the mushroom proteins [46].
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Table 3. Effect of enoki mushroom stem waste (MSW) on the physicochemical, textural and color
attributes of goat meat nuggets (n = 6).

Parameters
Treatments

Control T2 T4 T6

Emulsion pH 6.33 ± 0.02 c 6.37 ± 0.02 bc 6.39±0.02 a 6.40±0.02 a

Emulsion Stability (%) 94.32 ± 0.20 b 95.86 ± 0.19 a 96.25±0.22 a 96.67±0.22 a

pH 6.38 ± 0.01 c 6.40 ± 0.01 bc 6.42±0.10 a 6.44±0.0.1 a

Cooking loss (%) 5.08 ± 0.12 c 4.12 ± 0.08 b 3.83 ± 0.16 ab 3.12 ± 0.18 a

Total phenolics content (mg GAE/g) 0.142 ± 0.42 d 0.44 ± 0.39 c 0.62 ± 0.45 b 0.96 ± 0.38 a

Expressible water (%) 26.3 ± 1.4 24.2 ± 2.3 22.4 ± 2.4 21.84 ± 2.02
Proximate Composition (g/100 g)
Moisture 65.29 ± 0.54 65.36 ± 0.82 66.74 ± 0.56 67.23 ± 0.56
Protein 15.35 ± 0.24 15.17 ± 0.29 15.22 ± 0.26 14.68 ± 0.20
Fat 12.26 ± 0.29 12.15 ± 0.24 12.13 ± 0.32 12.08 ± 0.12
Ash 2.67 ± 0.05 d 3.54 ± 0.03 c 4.26 ± 0.05 b 4.68 ± 0.03 a

Total dietary fiber 0.82 ± 0.06 d 1.28 ± 0.04 c 1.42 ± 0.06 b 1.72 ± 0.04 a

Textural Parameters

Hardness (N/cm2) 42.42 ± 1.86 38.40 ± 1.92 36.33 ± 2.08 34.33 ± 2.12
Springiness (cm) 0.86 ± 0.01 0.84 ± 0.02 0.83 ± 0.02 0.83 ± 0.02
Cohesiveness 0.48 ± 0.02 0.47 ± 0.01 0.45 ± 0.01 0.44 ± 0.01
Gumminess (N/cm2) 14.79 ± 1.04 13.42 ± 1.22 12.83 ± 1.34 12.08 ± 1.57
Chewiness (N/cm) 14.05 ± 0.82 a 13.14 ± 0.78 ab 11.75 ± 0.91 b 9.46 ± 0.84 b

Color Parameters

L* value 47.42 ± 0.22 c 48.68 ± 0.19 bc 49.42 ± 0.24 ab 52.02 ± 0.20 a

a* value 7.62 ± 0.20 a 7.48 ± 0.18 a 7.22 ± 0.16 ab 6.32 ± 0.14 b

b* value 13.24 ± 0.32 13.12 ± 0.28 13.18 ± 0.22 13.20 ± 0.24

Treatments: Control = no additive; T2 = 2.0% MSW powder, T4 = 4.0% MSW powder and T6 = 6.0% MSW powder.
a–c Mean values in the same row bearing different superscript differ significantly (p < 0.05).

There was a significant (p < 0.05) increase in the emulsion stability of the treated meat nuggets,
whereas cooking loss (%) reduced significantly with an increase in level of MSW powder incorporation,
compared to control. On the other hand, the expressible water (%) decreased with increased powder
level, indicating an improvement in water holding capacity, although this change was not statistically
significant (p > 0.05). The improved emulsion stability and reduced cooking loss were probably
because of the higher TDF (32.3%) content of enoki MSW which enhanced the oil absorption and water
retention properties of the meat emulsion [47]. The improvement in water binding and fat retention in
meat products, upon the addition of dietary fiber from several sources, have been reported by various
researchers [16,47].

The TPC of meat nuggets increased significantly (p < 0.05) with the increasing level of MSW
powder, rising from 0.14 to 0.96 mg GAE/g dry weight of product as the MSW content increased up
to 6.0%. This is in agreement with the findings of different researchers who reported significantly
increased TPC of meat nuggets upon addition of guava powder [16] and dragon fruit peel powder [9].
The increased phenolics content in treated meat nuggets could be due to addition of powdered enoki
mushroom stem extract, which is reported to possess several bioactive phenolic and polyphenolic
compounds [40,42,43].

Incorporation of MSW powder did not have a significant effect on the moisture, protein, and fat
contents of the meat nuggets, but it led to a significant (p < 0.05) increase in the ash and dietary fiber
contents (Table 3). These effects can be attributed to the presence of relatively high levels of minerals
and dietary fibers in the mushrooms. It has been reported that this kind of mushroom is not only
rich in potassium and phosphorus [43,48], but also contains several other minerals in minor amounts
such as sulfur, sodium, copper, iron, and zinc [31]. In addition, the powdered enoki mushroom
extract contained higher levels of TDF (32%), which would contribute to the fiber content of the final
meat product.
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3.4. Textural and Color Attributes of Meat Nuggets

The effects of incorporating powdered enoki MSW on the textural and color attributes of the meat
nuggets is presented in Table 3. Although various textural parameters like hardness, springiness,
cohesiveness, and gumminess of the nuggets decreased slightly, the reduction was not statistically
significant. However, the chewiness of treated nuggets decreased significantly (p < 0.05) with
an increased level of mushroom powder addition. Our results are in tandem with the findings
of Choe et al. [49] who added enoki mushroom extracts to emulsion-type sausages and obtained
similar results. Other researchers have shown that replacing chicken meat with 25% or 50% oyster
mushroom (P. sajor-caju) reduced the hardness and improved the textural parameters of chicken
patties [22]. The addition of portobello mushroom powder has been shown to increase the hardness
and cohesiveness of model meat emulsions up to 3%, but then decrease their textural attributes at
higher addition levels [1]. The textural properties of cooked meat products containing plant materials
are related to the gelation of the myofibrillar proteins from the meat [50], as well as the biopolymer
networks formed by the dietary fibers from the plants [47]. The addition of dietary fiber may have
influenced the gelation of the meat proteins, thereby decreasing the gel strength and leading to a softer
texture [14,15,47].

The color of any fresh or processed food product plays an important role in influencing the
decision of consumers [51]. It is, therefore, imperative that any functional ingredient added to improve
the nutritional properties of a meat product does not cause undesirable changes in its appearance.
Increasing the amount of powdered enoki mushroom extract in nugget formulations increased the
lightness (L*) and reduced redness (a*), but did not change their yellowness (b*) values (Table 3).
No statistical differences (p > 0.05) in the lightness and redness of the meat nuggets containing 2.0%
and 4.0% mushroom extract were observed compared to the control group. However, there was a
significant increase in lightness and reduction in redness (p < 0.05) in nuggets samples prepared with
6.0% MSW. This might be a result of the dilution of the meat protein due to the addition of mushroom
powder as a percentage of the meat and the white color of mushroom powder. Moreover, there may
have occurred an increase in the degree of light scattering by the particles in the mushroom powder,
which caused the meat product to become lighter. Similar results were reported by Choe et al. [49] in
enoki mushroom powder added to emulsion-type sausages. In another study, it was reported that
adding portobello mushroom extracts to a meat emulsion led to a decrease in L* value and an increase
in a* value [1], which suggests that the effects may be system dependent.

3.5. Sensory Characteristics of Meat Nuggets

The sensory parameters of goat meat nuggets containing different levels of powdered enoki
mushroom extract are presented in Table 4. There was no significant difference (p > 0.05) in the
individual sensory attributes of the meat nuggets regardless of the level of mushroom waste used.
However, the appearance, flavor, and overall acceptability of nuggets decreased slightly with the
addition of 6.0% MSW powder. Unlike other mushroom species, enoki mushroom is reported to
have a very mild and delicate taste [52]. This is desirable and may be a beneficial attribute for many
food applications, as it does not strongly alter or mask the expected sensory attributes of the original
product. Few reports available in this regard suggest that enoki mushrooms contain high levels of free
amino acids, which are associated with umami or monosodium glutamate-like, sweet, and bitter tastes
that are often perceived favorably by the consumers [37]. The white color of the mushrooms may
also be beneficial because it does not alter the overall hue of the final meat product, but may slightly
decrease its lightness.

In this regard, researchers have shown that supplementation of pork patties with the ground,
white jelly mushrooms at 10%, 20%, and 30% by weight did not affect the liking of appearance,
color, flavor, or texture [53], but the acceptability was better at a 10% level. In another study, Myrdal
Miller et al. [54] reported that the addition of ground white button mushrooms to ground meat did not
have a major impact on their perceived quality attributes. Taken together, these results suggest that
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mushrooms can be used as a healthy substitute for meat products without adversely impacting their
desirable appearance or flavor.

Table 4. Effects of enoki mushroom stem waste (MSW) powder on the sensory characteristics of goat
meat nuggets (n = 30).

Parameters
Treatments

Control T2 T4 T6

Appearance 7.03 ± 0.12 7.07 ± 0.10 7.00 ± 0.14 6.94 ± 0.12
Texture 6.88 ± 0.13 6.92 ± 0.16 7.01 ± 0.10 6.96 ± 0.14
Flavor 6.84 ± 0.10 6.90 ± 0.18 6.86 ± 0.16 6.80 ± 0.14
Juiciness 6.74 ± 0.11 6.89 ± 0.13 6.98 ± 0.12 6.95 ± 0.12
Overall acceptability 6.87 ± 0.14 6.90 ± 0.16 6.98 ± 0.18 6.84 ± 0.20

Treatments: Control = no additive; T2 = 2.0% MSW powder, T4 = 4.0% MSW powder and T6 = 6.0% MSW powder.

3.6. Lipid Oxidation of Meat Nuggets During Storage

The impact of the powdered MSW on the oxidative stability of the meat nuggets was determined
by measuring the primary (PV) and secondary (TBARS) lipid oxidation products over time and is
presented in Figures 1 and 2. The treated meat nuggets (T2, T4, and T6) had significantly (p < 0.05)
lower peroxide and TBARS values than the control group, although there was no significant difference
(p > 0.05) between the levels of powder addition.

 

Figure 1. Effect of mushroom stem waste (MSW) powder on peroxide values of goat meat nuggets
during storage.

Hydroperoxides are primary products of lipid oxidation, hence PV are important to know the
extent of initial lipid oxidation in meat samples. The results depicted in Figure 1 indicated that
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the initial PV (0.64 meqO2/kg) of control nuggets increased to 1.21 meqO2/kg after nine days of
storage, which was significantly higher (p < 0.05) compared to treated nuggets. Similarly, results
suggested that the control samples underwent noticeable lipid oxidation during the first six days of
refrigerated storage and reached maximum PV at the end of the primary auto-oxidation. After six days
of storage, the hydroperoxides formed might have gone through the decomposition to form secondary
lipid oxidation products [55]. Although oxidation in the control was more intense compared to the
treated samples, a decline was observed on day six. This indicates that, after the induction period,
the decomposition rate of the hydroperoxides was faster than the production rate [56].

The control nugget had an initial TBARS value of 0.32 and it reached 0.85 mg MDA/kg on the
ninth day of storage study, whereas TBARS value in treated nuggets with 2–6% MW increased from
0.32–0.58 mg MDA/kg (Figure 2). There was an increase in TBARS values during storage irrespective of
treatment but at a slower rate in treated nuggets compared to the control, indicating the effectiveness
of MSW in inhibiting lipid oxidation during the storage. MSW besides supplementing the dietary fiber
to goat meat nuggets was found to retard lipid peroxidation in the product during refrigerated storage.
Although the secondary reaction products showed an upward trend in all the samples as storage days
progressed, a considerably slower rate was observed in the samples containing the mushroom extracts.
These results suggest that the enoki mushroom extracts were effective antioxidants that were able
to retard lipid peroxidation in treated goat meat nuggets during refrigerated storage study for up to
nine days.

 

Figure 2. Effect of mushroom stem waste (MSW) powder on TBARS values of goat meat nuggets
during storage.

In general, mushrooms have been shown to contain a variety of different antioxidant substances
that make them effective at inhibiting lipid oxidation [4,7,31,57]. In an earlier section, we showed
that the enoki mushroom extracts had strong reducing power, high scavenging activity, and good
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iron-binding ability (Table 2). These antioxidant effects may be attributed to the relatively high phenolic,
dietary fiber, ergothioneine, vitamin C, and nucleotides content [7]. Antioxidant effects have also been
reported when winter mushroom extract is added to beef and fish products [44] and emulsion-type
sausages [49]. Enoki mushroom extracts have also been shown to prevent discoloration and lipid
oxidation in fish and melanosis in crustaceans during postmortem storage [44,58].

4. Conclusions

Our study has shown that enoki mushroom (F. velutipes) stem waste is a good source of bioactive
ingredients, such as dietary fibers and phenolics. The extract of MSW powder exhibited good
antioxidant potential, which was attributed to its strong free radical scavenging activity, ferric reducing
power, and metal chelating ability. The incorporation of this extract into a model meat product (goat
meat nuggets) increased its dietary fiber and ash content, which may have nutritional benefits. Moreover,
the mushroom extract improved the cooking yield and did not adversely affect the appearance or
texture of the final product. Finally, the mushroom extract significantly improved the shelf-life of the
meat products, which was mainly attributed to its ability to inhibit lipid oxidation during storage.
Therefore, enoki mushroom stem waste may be a value-added functional ingredient that can be used at
4% level to improve the nutritional profile, physicochemical properties, and shelf-life of meat products.
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Franco, D. Berries extracts as natural antioxidants in meat products: A review. Food Res. Int. 2018, 106,
1095–1104. [CrossRef]

11. De Carvalho, F.A.L.; Lorenzo, J.M.; Pateiro, M.; Bermúdez, R.; Purriños, L.; Trindade, M.A. Effect of guarana
(Paullinia cupana) seed and pitanga (Eugenia uniflora L.) leaf extracts on lamb burgers with fat replacement by
chia oil emulsion during shelf life storage at 2 ◦C. Food Res. Int. 2019, 125, 1–10. [CrossRef]

12. Pateiro, M.; Vargas, F.C.; Chincha, A.A.I.A.; Sant’Ana, A.S.; Strozzi, I.; Rocchetti, G.; Barba, F.J.; Domínguez, R.;
Lucini, L.; do Amaral Sobral, P.J.; et al. Guarana seed extracts as a useful strategy to extend the shelf life of
pork patties: UHPLC-ESI/QTOF phenolic profile and impact on microbial inactivation, lipid and protein
oxidation and antioxidant capacity. Food Res. Int. 2018, 114, 55–63. [CrossRef]

13. Saura-Calixto, F. Antioxidant dietary fiber product: A new concept and a potential food ingredient. J. Agric.
Food Chem. 1998, 46, 4303–4306. [CrossRef]

14. Das, A.K.; Nanda, P.K.; Madane, P.; Biswas, S.; Das, A.; Zhang, W.; Lorenzo, J.M. A comprehensive review on
antioxidant dietary fibre enriched meat-based functional foods. Trends Food Sci. Technol. 2020, 99, 323–336.
[CrossRef]

15. Madane, P.; Das, A.K.; Nanda, P.K.; Bandyopadhyay, S.; Jagtap, P.; Shewalkar, A.; Maity, B. Dragon fruit
(Hylocereus undatus) peel as antioxidant dietary fibre on quality and lipid oxidation of chicken nuggets.
J. Food Sci. Technol. 2020, 57, 1449–1461. [CrossRef]

16. Verma, A.K.; Rajkumar, V.; Banerjee, R.; Biswas, S.; Das, A.K. Guava (Psidium guajava L.) powder as an
antioxidant dietary fibre in sheep meat nuggets. Asian Australas. J. Anim. Sci. 2013, 26, 886. [CrossRef]

17. Abugri, D.A.; McElhenney, W.H. Fatty acid profiling in selected cultivated edible and wild medicinal
mushrooms in southern United States. J. Exp. Food Chem. 2016, 2, 1–7. [CrossRef]

18. Reis, F.S.; Martins, A.; Vasconcelos, M.H.; Morales, P.; Ferreira, I.C.F.R. Functional foods based on extracts or
compounds derived from mushrooms. Trends Food Sci. Technol. 2017, 66, 48–62. [CrossRef]

19. Chockchaisawasdee, S.; Namjaidee, S.; Pochana, S.; Stathopoulos, C.E. Development of fermented
oyster-mushroom sausage. Asian J. Food Agro Ind. 2010, 3, 35–43.

20. Gençcelep, H. The effect of using dried mushroom (Agaricus bisporus) on lipid oxidation and color properties
of sucuk. J. Food Biochem. 2012, 36, 587–594. [CrossRef]

21. Cerón-Guevara, M.I.; Rangel-Vargas, E.; Lorenzo, J.M.; Bermúdez, R.; Pateiro, M.; Rodriguez, J.A.;
Sanchez-Ortega, I.; Santos, E.M. Effect of the addition of edible mushroom flours (Agaricus bisporus
and Pleurotus ostreatus) on physicochemical and sensory properties of cold-stored beef patties. J. Food
Process. Preserv. 2019. [CrossRef]

22. Wan Rosli, W.I.; Solihah, M.A.; Aishah, M.; Nik Fakurudin, N.A.; Mohsin, S.S.J. Colour, textural properties,
cooking characteristics and fibre content of chicken patty added with oyster mushroom (Pleurotus sajor-caju).
Int. Food Res. J. 2011, 18, 621–627.

23. AOAC. Official Methods of Analysis, 16th ed.; Association of Official Analytical Chemists: Washington, DC,
USA, 1995.

24. Prosky, L.; Asp, N.-G.; Schweizer, T.F.; DeVries, J.W.; Furda, I. Determination of insoluble, soluble, and total
dietary fiber in foods and food products: Interlaboratory study. J. Assoc. Off. Anal. Chem. 1988, 71, 1017–1023.
[CrossRef]

25. Shimada, K.; Fujikawa, K.; Yahara, K.; Nakamura, T. Antioxidative properties of xanthan on the autoxidation
of soybean oil in cyclodextrin emulsion. J. Agric. Food Chem. 1992, 40, 945–948. [CrossRef]

26. Dinis, T.C.P.; Madeira, V.M.C.; Almeida, L.M. Action of phenolic derivatives (acetaminophen, salicylate,
and 5-aminosalicylate) as inhibitors of membrane lipid peroxidation and as peroxyl radical scavengers.
Arch. Biochem. Biophys. 1994, 315, 161–169. [CrossRef]

27. Das, A.K.; Rajkumar, V.; Verma, A.K. Bael pulp residue as a new source of antioxidant dietary fiber in goat
meat nuggets. J. Food Process. Preserv. 2015, 39, 1626–1635. [CrossRef]

28. Chauhan, P.; Das, A.K.; Das, A.; Bhattacharya, D.; Nanda, P.K. Effect of black cumin and arjuna fruit extract
on lipid oxidation in pork nuggets during refrigerated storage. J. Meat Sci. 2018, 13, 73–80. [CrossRef]

29. Koniecko, E.S. Handbook for Meat Chemists; Avery Publishing Group Inc.: Wayne, NJ, USA, 1979;
ISBN 089529060X.

30. Witte, V.C.; Krause, G.F.; Bailey, M.F. A new extraction method for determining 2-thiobarbituric acid values
of pork and beef during storage. J. Food Sci. 1970, 35, 582–585. [CrossRef]

73



Foods 2020, 9, 432

31. Guillamón, E.; García-Lafuente, A.; Lozano, M.; Dóarrigo, M.; Rostagno, M.A.; Villares, A.; Martínez, J.A.
Edible mushrooms: Role in the prevention of cardiovascular diseases. Fitoterapia 2010, 81, 715–723. [CrossRef]

32. Kotwaliwale, N.; Bakane, P.; Verma, A. Changes in textural and optical properties of oyster mushroom
during hot air drying. J. Food Eng. 2007, 78, 1207–1211. [CrossRef]

33. Jo, K.; Lee, J.; Jung, S. Quality characteristics of low-salt chicken sausage supplemented with a winter
mushroom powder. Korean J. Food Sci. Anim. Resour. 2018, 38, 768–779.

34. Miles, P.G.; Chang, S.T. Mushrooms: Cultivation, Nutritional Value, Medicinal Effect, and Environmental Impact,
2nd ed.; CRC Press: Boca Raton, FL, USA, 2004; ISBN 9780849310430.
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Abstract: The present work investigated the efficacy of Moringa flower (MF) extract to develop a
functional chicken product. Three groups of cooked chicken nuggets—control (C), T1 (with 1% MF)
and T2 (2% MF)—were elaborated and their physicochemical, nutritional, storage stability and sensory
attributes were assessed during refrigerated storage at 4 ◦C up to 20 days. In addition, MF extracts
were characterised in terms of chemical composition, total phenolic content and its components using
high-performance liquid chromatography with a diode-array detector (HPLC-DAD), dietary fibre and
antioxidant capacity. MF contained high protein (17.87 ± 0.28 dry matter), dietary fibre (36.14 ± 0.77
dry matter) and total phenolics (18.34 ± 1.16 to 19.49 ± 1.35 mg gallic acid equivalent (GAE)/g dry
matter) content. The treated nuggets (T1 and T2) had significantly enhanced cooking yield, emulsion
stability, ash, protein, total phenolics and dietary fibre compared to control. Incorporation of MF
extract at 2% not only significantly reduced the redness/increased the lightness, but also decreased the
hardness, gumminess and chewiness of the product compared to control. Moreover, the addition of
MF extract significantly improved the oxidative stability and odour scores by reducing lipid oxidation
during storage time. Sensory attributes of nuggets were not affected by the addition of MF extract and
the products remained stable and acceptable even on 15th day of storage. These results showed that
MF extract could be considered as an effective natural functional ingredient for quality improvement
and reducing lipid oxidation in cooked chicken nuggets.

Keywords: lipid oxidation; natural antioxidant; sensorial properties; textural parameters; phenolic
compounds; microbial analysis

1. Introduction

Muscle foods are an excellent source of high-quality protein with high biological value. Moreover,
the bioavailability of micronutrients such as iron, selenium, vitamins A, B12, folic acid, sodium,
potassium and magnesium of these matrices is much higher than from plant sources [1]. In spite of
being nutritious, meat is deficient in dietary fibre, a complex mixture of polysaccharides, which is
naturally present as a part of plant material in cereals, vegetables, fruits and nuts. Lack of adequate
quantity of dietary fibres in our diet has been involved in several health disorders such as colon cancer,
obesity and cardiovascular diseases [2]. On the other hand, a fibre-rich diet is lower in energy density
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and richer in micronutrients thus reducing several disorders [3], and thereby promotes a healthier
lifestyle. However, many food and food products, including meat products, not only lack of minimum
amounts of dietary fibre [4] to fulfil the recommended dietary intake, but also differ in the quantity
and composition of fibres.

As per the American Dietetic Association, the recommended dietary fibre intake for a healthy
adult should be approximately 25 to 30 g/day, being the insoluble/soluble fibre ratio 3:1. Hence, to
get the above health benefits of dietary fibre, attempts have been made to incorporate dietary fibres
from various sources in meat product formulation to promote various technological benefits and the
acceptability of meat products benefitting human health [5].

In a developing country like India, industrialisation, rapid urbanisation, globalisation as well
as increasing number of women workforce are factors contributing to a rapidly growing inclination
towards fast and convenient meat and food products [6]. However, meat and meat products contain
an important amount of unsaturated fatty acids, which are sensitive to lipid oxidation [7,8]. Further,
processing such as grinding, chopping, flaking, emulsification and cooking also accelerate lipid
oxidation of meat and meat products [8]. Moreover, most meat products are processed using vegetable
oils in order to overcome the problems of saturated fatty acids and cholesterol associated with
animal fats [9,10]. These vegetable oils, with a high degree of polyunsaturation, accelerate oxidative
processes, leading to meat quality deterioration. Therefore, lipid oxidation is considered the major
causes of meat quality deterioration with development of undesirable flavours and odours, thus
reducing the nutritional, sensorial and functional properties of meat products as well as consumer
acceptability [11,12].

The use of antioxidants is considered as an effective method to minimise or inhibit lipid oxidation
as well as inhibit the formation of toxic oxidation products in muscle foods, thereby improving the
shelf-life of products [13–15]. Although synthetic antioxidants have been widely used in the meat
industry, consumer concerns over safety issues of products have renewed the interest of food industry
in search of antioxidants from natural sources [16]. Thus, both dietary fibre and natural antioxidants
are considered as two important dietary fractions and could be very valuable in improving meat
product quality and storage stability.

The natural ingredients having dual properties, i.e., a source of dietary fibre besides having
antioxidant potential are known as antioxidant dietary fibres (ADF). ADF is defined as dietary fibre
concentrate containing a significant content of natural antioxidants linked to the dietary fibre (DF)
matrix in a single material [17]. To counter the shortcomings (low fibre content and oxidation) associated
with meat and meat products, researchers and meat processors are continuously searching for natural
ingredients and materials/extracts, especially of plant origin, to use as additives. The incorporation of
ADF in meat products not only increases the shelf life during storage by inhibiting lipid oxidation
due to presence of phenolic antioxidants, but also improve the texture, physicochemical and sensory
properties of meat products [4,18,19].

Moringa oleifera, commonly known as horse radish tree or drumstick tree, is one of the most widely
cultivated species native to the sub-Himalayan tracts of India. Almost all parts of this plant, like fruit
(pods), gum, root, seed, bark, leaf, flowers and seed oil, are used as a nutritional and nutraceutical
resources for human and animal diets [20]. The leaves and flowers are good source of protein and
dietary fibre with an adequate profile of amino acids and ash [21,22]. The extracts of flowers of
M. concanensis (fresh or dried) contain a great amount of ascorbic acid, polyphenols, tannins and
flavonoids with high DPPH scavenging activity [23]. Considering the benefits of both dietary fibre and
antioxidants in a single material, the objective of this study was to assess the potential use of Moringa
flower (M. oleifera) as ADFs or functional ingredients in meat food system to enhance the nutritional
quality, storage stability and acceptability of meat products.
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2. Materials and Methods

2.1. Reagents and Plant Materials

Fresh mature moringa flowers (M. oleifera) were collected from a local market of Kolkata, India.
Flowers were cleaned thoroughly to remove extraneous dirt, dried completely in a hot air oven at
45 ± 2 ◦C, ground in a grinder (Kenstar, Mumbai, India) and sieved (#60 mesh sieves). The powder
obtained was stored in an air tight container at room temperature until further use. Chicken meat
(breast) was obtained from West Bengal Livestock Development Corporation, Kolkata, India and
kept under frozen storage at −18 ◦C till further processing. Different chemicals such as methanol,
butylated hydroxytoluene (BHT), α-amylase, protease, amyloglucosidase trichloroacetic acid, sodium
carbonate, 2-thiobarbituric acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), phosphate buffer, potassium
ferricyanide, F-C reagents and gallic acid, caffeic acid, ferulic acid and quercertin were purchased from
Sigma-Aldrich (Mumbari, India). All the chemicals used for this experiment were of analytical grade.

2.2. Preparation of Moringa Flower Extract

Moringa flower (MF) was extracted using either aqueous (AE) or aqueous ethanol (AEH) as
solvent (60:40, v/v). Briefly, for preparation of the extracts, 2 g of each MF was accurately weighed
into separate conical flasks. To this, 100 mL of solvent were added and the whole content was held at
room temperature (27 ± 1 ◦C) for 10 h, stirring frequently with a glass rod. The mixture was shaken
at constant rate (500 rpm) using a shaker, vortexed at high speed for 10 min, and finally centrifuged
(REMI NEYA 8, Kolkata, India) at 5000x rpm for 10 min. The content of each extract was then passed
through Whatman filter paper No. 1 (HiMedia®, Mumbai, India). The resulting extract was kept in a
container and stored at 2 ◦C for further studies. The extracts (aqueous or aqueous ethanol) obtained
from different solvent were analysed for total phenolic contents (TPC), 1, 1 diphenyl-2-picrylhydrazil
(DPPH) radicals scavenging activity and ferric reducing antioxidant power (FRAP) assays. The efficacy
of the extracts was determined based on the weight of respective dry powders.

2.3. Analysis of Polyphenols and Antioxidant Capacity

The total phenolics content of the extracts was assessed using the Folin–Ciocalteu (F-C) method
previously described by Singleton et al. [24], while in cooked nuggets the procedure described by
Escarpa & González [25] with slight modifications was used. The results were expressed as mg gallic
acid equivalents (GAE) /g of dry matter.

HPLC-DAD phenolic composition of MF extracts was carried out according the method of Zeb [26],
using an Agilent 1260 Infinity HPLC system equipped with a quaternary pump, degasser, autosampler
and diode-array (DAD) detector. An Agilent rapid resolution Zorbax Eclipse plus C18 (4.6 × 100 mm,
3.5 μm) column was used for the separation, using a gradient elution at 0.6 mL/min with gradient
program (0–20 min, 95–75% A; 20–40 min, 75–50% A; 50–20%, 40–50 min A; 50–60 min, 20% A) with
1% formic acid in water as solvent A and methanol as solvent B. The chromatograms were obtained at
280 nm.

On the other hand, the method proposed by Fargere et al. [27] was used to determine the free
radical scavenging activity (FRSA) using DPPH assay. Free radical scavenging activity (FRSA) was
calculated using the following formula.

FRSA(%) =
(absorbance control− absorbance sample)

absorbance control
× 100 (1)

The Ferric reducing antioxidant power (FRAP) assay was assessed following the procedure
previously established by Oyaizu [28].
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2.4. Determination of Dietary Fibre Content

The dietary fibre composition was analysed according to the enzymatic–gravimetric method [29].
A phosphate buffer was used to disperse the sample and a sequential enzymatic digestion using
α-amylase, protease and amyloglucosidase was carried out. The total dietary fibre (TDF) was
calculated as the sum of insoluble dietary fibre (IDF) and soluble dietary fibre (SDF) obtained from the
enzymatic digestion.

2.5. Preparation of Chicken Nuggets

Approximately 8 kg of meat sample (chicken breast meat, breast trimmings and chicken skin),
obtained from West Bengal Livestock Development Corporation (West Bengal, India), was minced
twice (minced through a 6 mm grinding plate followed by 4 mm plate) in a meat mincer. After mincing,
meat samples were divided into three (3) different batches. The composition of ingredients for each
batch was based on the standard formulation (Table 1). The first batch was considered as control
(meat without any ADF), whereas MF at 1% and 2% level were used as ADF for chicken nuggets in
formulations (T1 and T2) replacing equal per cent of breast trimmings.

Table 1. Formulation of chicken nuggets with different levels of Moringa flower (MF) as antioxidant
dietary fibre.

Ingredients (%)
Treatment

Control T1 T2

Chicken meat 32.0 32.0 32.0
Breast trimming 20.0 19.0 18.0

Chicken skin 10.0 10.0 10.0
Ice flakes 20.0 20.0 20.0

Refined vegetable oil 8.00 8.00 8.00
Salt 1.50 1.50 1.50

Condiments * 4.00 4.00 4.00
Refined wheat flour 2.40 2.40 2.40

Dry spice mix ** 1.80 1.80 1.80
Sodium nitrite (ppm) 150 150 150

Poly-phosphate 0.30 0.30 0.30
ADF powder % 0.0 1.0 2.0

Treatments: Control = no additive; T1 = 1.0% Moringa flower (MF) extract and T2 = 2.0% Moringa flower extract.
* Condiments: garlic and onion (4:1). ADF = Antioxidant dietary fibre. ** Dry spice mix (18 g/kg nuggets)—aniseed,
black pepper, capsicum, caraway seed, cardamom, cinnamon, cloves, coriander powder, cumin seed, turmeric and
dried ginger.

All batches of minced meat samples were prepared separately in a bowl chopper. In order to
prepare meat emulsion, salt, phosphate and nitrite were added and mixed to the meat using a bowl
chopper. Ice flakes were added to keep temperature at ~8 ± 2 ◦C. Afterwards, condiments, dry spice
mix, and fine wheat flour were added, and chopping was continued till uniform mixing of all the
ingredients. The emulsion prepared was steam-cooked (100 ◦C) for 40 min to get cooked chicken
meat nugget. The blocks were sliced uniformly to obtain small cubes (size) of chicken nuggets. The
formulated nuggets (C, T1 and T2) were aerobically packaged in low density polyethylene (LDPE)
pouches and kept under refrigerated conditions (4 ± 1 ◦C) to evaluate different physicochemical
parameters, including storage stability (0, 5, 10, 15 and 20 days) and sensory attributes. The whole
experiment was conducted three times and samples were analysed in duplicate.

2.6. Microbial Analysis

Total plate count (cfu/g) was determined by using pour plate method according to
Lorenzo et al. [30]. Ten grams of meat sample were homogenised in 90 mL of sterile peptone water
(0.1%). Appropriate serial dilutions were prepared in 0.1% sterile peptone water and plated in duplicate
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with plate count agar, incubated at 37 ◦C for 48 h. Microbial colonies from the plates were counted and
expressed as log cfu/g.

2.7. Physicochemical Analysis

Moisture, protein, fat and ash content of the cooked meat nugget samples were determined by
the procedures previously described by Association of Official Analytical Chemists AOAC [31]. The
pH of sample was determined by combination electrode digital pH meter (Benchtop pH meter, BR
Biochem, PHS-25CW, New Delhi, India). Briefly, 10 g of sample was homogenised with the help of
tissue homogeniser (Omni International, Kennesaw GA, United States) for approximately a minute in
50 mL of distilled water. The homogenised sample was kept for 5 minutes and then mixed again by
shaking rod. The pH value was recorded by immersing the electrode directly into the suspension.

The colour profile of thick slice of chicken nugget or fresh chicken block was measured using
Hunter Color Lab (Mini XE, Portable, HunterLab, Reston, VA, United States) to record Hunter L*, a*,
and b* values. The instrument was calibrated using light trap/black glass and white tile provided with
the instrument. The instrument was directly put on the surface of meat block and reading was taken
at three different points. The textural properties of nuggets were evaluated using a texture analyser
(Stable Micro System, Model TA. HDi, Surrey, UK). Texture profile analysis (TPA) was performed using
central cores of five pieces of each sample (2 cm × 2 cm × 2 cm), which were compressed twice to 80%
of the original height by a compression probe (P 75). A crosshead speed of 2 mm/s was used. The
following parameters were determined; hardness (N/cm2), springiness (cm), cohesiveness, gumminess
(N/cm2) and chewiness (N/cm).

Cooking yield of nuggets was determined by recording the weight of each meat block before and
after cooking and expressed as percentage according to the following equation.

Cooking yield (%) =
(wt o f cooked meat block)

wt o f raw meat block
× 100 (2)

Expressible water was estimated using the method of Das et al. [32] with slight modifications.
Approximately 5 g of cooked sample was weighed and placed on 2 layers of Whatman no. 1 filter
paper. The sample was placed at the bottom of 50 mL centrifuge tube and centrifuged at 1500 g (Remi,
Mumbai, India) for 15 min. Immediately after centrifugation, meat samples were reweighed and the
percentage of expressible water was calculated according to the following equation.

Expressible water (%) =
(initial weight− f inal weight)

initial weight
× 100 (3)

2.8. Thiobarbituric Acid Reacting Substances (TBARS) Values

The evaluation of lipid stability was performed by measuring TBARS values following the method
proposed by Witte et al. [33]. The TBARS value was calculated as mg malonaldehyde (MDA) per kg of
the sample by multiplying the absorbance value with a factor of 5.2.

2.9. Sensory Evaluation of Chicken Nuggets

Sensory evaluation of the control and treated chicken nuggets was used for various sensory
attributes by trained and experienced panellists familiar with the characteristics of the meat product.
Just before sensory evaluation, nugget samples (C, T1 and T2) were warmed in a microwave oven
for 20 s, coded and then served to evaluate for general appearance, colour, flavour, binding, texture,
juiciness and overall acceptability using 8-point descriptive scale [34], where 8 = extremely desirable
and 1 = extremely undesirable. Plain potable water was provided to rinse the mouth in between
the samples.
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2.10. Statistical Analysis

The present study was repeated three times and, in each replication, measurements of all
parameters were done in duplicate. The analysis was carried out using statistical package for the social
sciences (SPSS) software (version 20.0, IBM SPSS, Armonk, NY, United States) and for storage study,
data was analysed using two-way analysis of variance (ANOVA) with interaction using SPSS software
where treatment (control, T1 and T2) and storage time (0, 5, 10, 15 and 20) were considered as factors.
The experiment was carried out in 3 × 5 factorial design according to a completely randomised design.
The obtained data were subjected to variance analysis, and Duncan’s multiple range test was used for
comparing the means to find out the effect of antioxidant dietary fibres on various parameters and the
differences were considered at α = 0.05 level. The values were presented as mean along with standard
error (mean ± standard error).

3. Results and Discussion

3.1. Chemical Composition, Phenolic Content and Antioxidant Activity of MF Extract

The chemical composition and dietary fibre contents of the MF extract are shown in Table 2. The
protein, ash and lipid content of MF were 17.87 ± 0.28%, 7.87 ± 0.45% and 2.95 ± 0.07%, respectively. In
general, the chemical composition depends on the edible part of a plant being analysed. Our findings
are in disagreement with the data reported by other authors in MF extract [35,36]. This fact could
be attributed to the soil type, cultivars, stage of maturity of flowers and influence of the climatic or
weather conditions in the region [37]. As presented in Table 2, MF extract had 36.14 ± 0.77% TDF,
3.90 ± 0.14% SDF and 32.24 ± 0.82% IDF contents. The content of total dietary fibre in MF extract is
similar to that reported by Sánchez-Machado et al. [36]. The presence of great amount of IDF and SDF
in the MF extract indicate that MF is a promising source of dietary fibre with a very good physiological
effect; better than some cereals like wheat bran (2.9% SDF; 41.1% IDF), and oat bran (3.6% SDF; 20.2%
IDF) as reported by Grigelmo-Miguel et al. [38].

Table 2. Proximate composition, total phenolic content (TPC), IC50 (μg/mL) and phenolic compounds
of Moringa flower (mean values ± error standard of six samples).

Proximate composition (g/100 g dry matter)

Protein 17.87 ± 0.28
Lipid 2.95 ± 0.07
Ash 7.87 ± 0.45
Total dietary fibre (TDF) 36.14 ± 0.77
Soluble dietary fibre (SDF) 3.90 ± 0.14
Insoluble dietary fibre (IDF) 32.24 ± 0.82
Nonstructural carbohydrates (NSC) 35.17 ± 1.25

Antioxidant capacity

TPC (mg GAE/g dry matter) from AE 18.34 ± 1.16
TPC (mg GAE/g dry matter) from AEH 19.49 ± 1.35
IC50 μg/mL from aqueous extract 126.20 ± 1.45
IC50 μg/mL from aqueous ethanol extract 121.42 ± 1.28
Phenolic compounds (mg/kg dry matter)

Caffeic acid ND
Ferulic acid 270.08 ± 3.78
Quercertin 15.14 ± 0.40
Gallic acid ND

AE = Aqueous extract; AEH = Aqueous ethanolic extract, ND = Not detected, IC = Inhibitory concentration.

In the present study, the aqueous ethanolic extract of MF presented the higher total phenolic
compounds (TPC) (19.49 ± 1.35 mg GAE/g powder) followed by water extract (18.34 ± 1.16 mg GAE/g
powder), although nonsignificant (Table 2). The higher TPC might be attributed to different degree
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of polarity of the solvents used for the extraction of polyphenolic compounds, and thus could have
contributed significantly to the antioxidant and free radical scavenging activity. Similar observation
was also demonstrated by Tekle et al. [39], who reported that the total polyphenolic content of MF
extract was relatively higher in ethanolic extract compared to its water counterpart.

The phenolic compounds in MF extracts were identified and quantified as shown in Table 2.
Among the phenolics, ferulic acid was present in high concentration and other compounds, including
flavonoids (quercetin) were also present. In fact, antioxidant activities of plants mainly depend
on the amount of phenolic acids (gallic acid, feluric acid and caffeic acid) and flavonoids (catechin,
myricetin and quercetin). Several studies indicate that flavonoids are the main contributor for plant’s
antioxidant activity [40,41]. However, different phenolics exhibit different antioxidant potential, and
other compounds may influence the antioxidant activities [42]. The strong antioxidant activity exhibited
by MF extracts could be due to abundance of ferulic acid and quercetin.

According to DPPH scavenging activity, our results showed that aqueous ethanol extract of MF
contained higher radical scavenging activity than aqueous extract (Figure 1). Both extracts demonstrated
purple bleaching reaction at increased concentrations, showing the presence of compounds responsible
as free radical scavengers thus reducing the initial DPPH concentration.
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Figure 1. DPPH radical scavenging activity of MF extracts. AE = Aqueous extract; AEH = Aqueous
ethanolic extract; BHT = Butylated hydroxytoluene.

Figure 1 clearly illustrates that the radical scavenging activity of Moringa flowers in both extracts
was comparable to butylated hydroxytoluene (BHT) at concentrations from 0 to 250 μg/mL. The levels
of inhibition of DPPH radical by the AE, AEH and BHT were 68.52, 72.22 and 76.64%, respectively, and
in a concentration-dependent manner. The BHT used as positive control displayed similar level of
inhibition at 250 μg/mL, which was nonsignificantly different in comparison to AE. A high correlation
exists between DPPH radical scavenging potential and TPC of plant extracts. A study conducted by
Siddhuraju et al. [43] reported that at a dosage ranging from 0.2 to 0.6 mg of acetone extract, M. oleifera
(pericarp of immature drumstick and flower) and S. grandiflora (flower and leaf) showed higher free
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radical scavenging activity (8.45–65.03%). Sreelatha and Padma [44] noticed that methanol extract
of M. oleifera leaves significantly reduced DPPH radicals, though lower than our observed results.
These variations could be due to difference in the polarity of solvents and geographical location of the
plants [44].

In terms of IC50, the lowest value was shown by the positive control, BHT (118 μg/mL), followed
by AEH (121.42 μg/mL) and AE (126.20 μg/mL) of MF extracts (Table 2). Alhakmani et al. [45] reported
that DPPH radical scavenging activity of M. oleifera flower extract was compared with standard ascorbic
acid. Although standard antioxidant had higher scavenging activity at all tested concentrations, the
flower extract still showed good free radical scavenging activity. This radical scavenging activity of
extracts might be related to the nature of phenolics, thus contributing to their electron transfer/hydrogen
donating ability [22,43].

Regarding FRAP assay, MF extract presented good activity on a dose dependent manner. As the
aqueous ethanol-extracted MF extract exhibited an overall higher activity at the highest concentrations
compared to water extract MF (Figure 2). This outcome showed that it was more efficient in extracting
antioxidants from plant materials. In this regard, Tekle et al. [46] also found that ethanolic extract of M.
oleifera leaf and flower exhibiting higher ferric reducing antioxidant activity (p < 0.05) compared to
the synthetic antioxidant, BHT.
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Figure 2. Ferric reducing antioxidant power of MF extracts. AE = Aqueous extract; AEH = Aqueous
ethanolic extract.

3.2. Effect of MF Extract on Physico-Chemical Properties of Meat Nuggets

Table 3 shows the influence of the MF extract on the physicochemical properties of meat nuggets.
There was a significant (p < 0.05) decrease in emulsion pH with incorporation of MF extract at both
levels used in this study. The highest pH value was observed in control (6.33) followed by T1 (6.25) and
T2 (6.22) batches, although nonsignificant (p > 0.05). The decrease in pH of meat emulsion might be
due to acidic pH value (5.44) of MF extract. Our findings agree with the results of Devatkal et al. [47],
who noticed that kinnow rind extract significantly decreased the pH values of cooked goat meat
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patties due to its acidic pH. In a similar study, Habib et al. [48] also found a decrease in pH on the
incorporation of pomegranate rind powder at three different levels. However, Das et al. [49] noticed
that the use of M. oleifera leaves extract did not modify the pH of raw and cooked goat meat patties,
whereas Hazra et al. [50] observed that the addition of M. oleifera leaves extract increased (p < 0.05) the
pH values of cooked ground buffalo meat.

Table 3. Effect of Moringa flower on physico-chemical parameters of chicken nuggets (mean values ±
error standard of six samples).

Parameters
Treatments

Sig.
Control T1 T2

Emulsion pH 6.33 ± 0.02 a 6.25 ± 0.02 b 6.22 ± 0.02 b **
Emulsion Stability (%) 94.45 ± 0.10 c 95.56 ± 0.09 b 96.47 ± 0.29 a **
Cooking yield (%) 96.79 ± 0.07 b 97.26 ± 0.09 a 97.83 ± 0.22 a *
Total phenolic content (mg GAE/g) 0.059 ± 0.02 c 0.789 ± 0.09 b 1.121 ± 0.15 a ***
Expressible water (%) 27.14 ± 1.17 24.42 ± 3.00 21.71 ± 2.05 ns

Chemical composition (g/100 g)

Moisture 67.29 ± 0.54 66.36 ± 0.82 65.74 ± 0.56 ns
Protein 14.38 ± 0.34 a 15.27 ± 0.29 ab 16.32 ± 0.66 b **
Fat 13.76 ± 0.49 14.06 ± 0.35 14.69 ± 0.62 ns
Ash 2.37 ± 0.49 a 2.64 ± 0.13 ab 2.91 ± 0.89 b *
Total dietary fibre 0.76 ± 0.03 a 1.39 ± 0.04 b 2.03 ± 0.06 c ***

Textural parameters

Hardness (N/cm2) 69.71 ± 2.43 65.52 ± 3.89 64.33 ± 6.49 ns
Springiness (cm) 0.67 ± 0.05 0.65 ± 0.02 0.63 ± 0.02 ns
Cohesiveness 0.30 ± 0.02 0.33 ± 0.01 0.34 ± 0.01 ns
Gumminess (N/cm2) 20.79 ± 0.02 20.01 ± 1.44 18.13 ± 3.04 ns
Chewiness (N/cm) 14.25 ± 2.25 13.79 ± 1.63 11.95 ± 2.54 ns

Treatments: Control = no additive; T1 = 1.0% Moringa flower extract and T2 = 2.0% Moringa flower extract. a–c Mean
values in the same row not followed by a common letter differ significantly. Sig. Significance; ns: not significant;
* p < 0.05; ** p < 0.01; *** p < 0.001.

Statistical analysis showed that the moisture and lipid content did not differ significantly
(p < 0.05) between control and treated samples (Table 3). Our findings agree with the data reported
by Al-Juhaimi et al. [51], who observed that the moisture content of raw patties decreased as the
percentage of Moringa oleiferi seed flour increased, but the decline rate was found to be not significant.
In addition, Hazra et al. [50] also found that the inclusion of Moringa oleiferi leaf extract did not modify
the moisture and lipid content of cooked ground buffalo meat. The protein content of the control
nugget was 14.38%, whereas the treated nuggets (T1 and T2 groups) presented protein values of 15.27%
and 16.32%, respectively. In fact, Moringa flowers have a very high crude protein content varying
between 18.92 and 26.16% [35,36]. Therefore, the increase in protein percentage of chicken nuggets
might be due to higher protein (17.87%) percentage of MF extract as found in this study. There was
a significant difference in the percentage of ash content between control and treated nuggets. The
increased ash content in treated chicken nuggets might be due to high ash content of MF (7.87%). A
similar trend was reported by Al-Juhaimi et al. [51] who noticed that the ash content of raw patties
increased as the percentage of Moringa oleifera seed flour increased in cooked ground buffalo meat.

The incorporation of MF significantly (p < 0.05) enhanced the emulsion stability of treated nuggets
than the control (Table 3). The control and treated chicken nuggets (T1 and T2 groups) showed a
94.45%, 95.56% and 96.47% emulsion stability, respectively. The probable reason for increased emulsion
stability could be due to the presence of dietary fibre in MF (36.14%). In this regard, Das et al. [18] also
observed that bael pulp residue at 0.5% significantly improved (p < 0.05) the emulsion stability in goat
meat nuggets. Similarly, Sarıçoban et al. [52] studied the effect of different concentrations (2.5%, 5%,
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7.5% and 10%) of lemon albedo (raw and dehydrated) on the functional properties of emulsions and
found an increase in the emulsion capacity at 5 percent of added emulsions. A similar trend was also
observed in emulsion stability values. Malav et al. [53] reported that there was an increasing trend
in emulsion stability with increase in levels of red kidney bean powder. The emulsion stability and
cooking yield increased on incorporation of dietary fibre extracted from rice bran at different levels in
meat batters [54].

On the other hand, a significant (p < 0.05) improvement in cooking yield was observed due to
the incorporation of MF at different levels (Table 3). The higher percentage of cooking yield (97.83%
and 97.26%) was observed in nuggets with MF than the control (96.79%). The articles available in
the literature regarding this aspect indicate that non-meat ingredients with high dietary fibre content,
when used in emulsion type of meat products, improve the cooking yield. A similar trend was reported
by Ham et al. [55] who noticed that increasing lotus rhizome powder levels as a source of ADF lowered
the cooking loss of emulsion sausages (5.89–6.25%) significantly (p < 0.05) than that of control sausage
(7.31%). In addition, Anderson and Berry [56] also observed that 10% fat beef patties extended with
pea fibre had high cooking yield. The probable reasons for the increased cooking yield of chicken
nuggets with MF extract could mainly be attributed to the presence of high amount of dietary fibre
and its ability to bind more water and fat as reported by Verma and Banerjee [4]. However, this finding
disagrees with the data reported by Das et al. [49] who observed that the use of M. oleifera leaves extract
did not influence the cooking loss of goat meat patties.

On the contrary, Hazra et al. [50] found that the inclusion of M. oleifera leaves extract showed a
significant reduction in cooking loss of cooked ground buffalo meat. In this study, the expressible
water content of nuggets ranged between 21.71% and 27.14% (Table 3). Although chicken nuggets with
MF extract had lower expressible water, indicating higher water-holding capacity (WHC), there was no
significant effect (p > 0.05) compared to control group. This result agrees with those reported by Vural et
al. [57] who observed that the use of sugar beet fibre increased the water-holding capacity of frankfurter
without any significant changes on sensory properties. In addition, Chang and Carpenter [58] also
reported that more water was retained in frankfurters with an increase in oat bran level. Our findings
clearly indicate that fibre can be used in cooked meat products to increase the WHC.

Addition of MF significantly (p < 0.001) increased the total dietary fibre (TDF) and total phenolics
content (TPC) in chicken nuggets (Table 3). The TDF content was the highest in nuggets with 2%
MF extract (2.03%) followed by T1 group (1.39%), while the lowest values were found for control
samples (0.76%). This outcome agrees with the data reported by Verna et al. [6] who noticed that
the incorporation of guava powder as ADF significantly improved the TDF content of meat nuggets.
Similarly, TPC content was significantly higher in treated nuggets (0.789 and 1.121 mg GAE/g for T1
and T2 groups, respectively) than control samples (0.059 mg GAE/g). Such a high dietary fibre and
TPC level in treated chicken nuggets might be due to use of MF extract, which had very high phenolic
content (36.14 mg/g dry powder) and good source of dietary fibre (36.14%). This result agrees with the
data observed by Das et al. [49] who showed that TPC of cooked goat meat patties with M. oleifera
leaves extract was significantly (p < 0.05) higher compared to control group.

In addition, Das et al. [18] also found significantly increased (p < 0.05) TPC by incorporating
bael pulp residue as ADF in meat products. Moreover, Das et al. [34] reported that sheep meat
nuggets incorporated with 1% and 1.5% litchi fruit pericarp extract had significantly higher TPC than
control nugget.

The incorporation of MF extract did not influence (p > 0.05) the textural parameters (hardness,
cohesiveness, gumminess and chewiness) of the product, although slightly lower hardness values were
found in T2 group, indicating softer chicken nuggets compared to control (Table 3). A similar trend was
found by Verma et al. [6] who observed that hardness, adhesiveness, cohesiveness, gumminess and
chewiness values were not significantly affected (p > 0.05) by the addition of guava powder. Similarly,
Choi et al. [54] studied the addition of rice bran fibre on the textural properties of heat-induced gel,
and found that not only hardness, but springiness, cohesiveness, gumminess and chewiness were
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also lower in samples with added rice bran fibre relative compared to control treatment. Moreover,
Ham et al. [55] reported that textural properties, notably hardness, cohesiveness, and gumminess of
cooked sausages were unaffected (p > 0.05) even when formulated with different levels of lotus rhizome
powder. Other textural properties recorded in this study were nonsignificantly different (p > 0.05)
between control and treatment chicken nuggets, though all the values decreased with increasing levels
of MF. Wan Rosli et al. [39] while studying the textural properties of chicken patties formulated with
different levels (0, 25% or 50%) of grey oyster mushroom, as a source of fibre and fat replacer, found
lower cohesiveness, gumminess and chewiness values compared to control.

3.3. Effect of MF on pH, TBARS Values and Total Plate Count of Chicken Nuggets during the Storage Time

The pH values of the control and treated chicken nuggets, which were aerobically packaged and
stored under refrigerated conditions, were evaluated at five-day intervals up to 20th day and are
presented in Table 4. Statistical analysis displayed significant difference (p < 0.05) between storage
days and treatments. As storage period progressed, a significant (p < 0.05) increase in pH values
was observed in both the control and treated nuggets. The pH values increased from 6.30 ± 0.02 to
6.50 ± 0.01, from 6.27 ± 0.01 to 6.36 ± 0.01 and from 6.26 ± 0.01to 6.37 ± 0.01 from day 0 to day 20
for control, T1 and T2, respectively. The increase in pH during the storage period of meat product
might be because of accumulation of metabolites due to the growth of Gram-negative bacteria like
Pseudomonas, Moraxella, Acinetobacter, etc. [59]. Das et al. [60] also observed an increase in pH of
ground and cooked meat added with curry leaf (Murraya koenigii) during the storage time. However,
the increase in pH during the refrigerated period was significantly (p < 0.05) less in treated samples
compared to control treatment, which might be due to the inhibitory effects of MF extract on oxidation
of protein and lipid and some antimicrobial effects of the plant powder [61].

Table 4. Effect of Moringa flower on pH, thiobarbituric acid reactive substances (TBARS) and microbial
count (log cfu/g) of chicken nuggets during the storage time (mean values ± error standard of
six samples).

Treatment
Storage Time (Days)

Sig.
0 5 10 15 20

pH

Control 6.30 ± 0.02 d 6.34 ± 0.03 cd 6.39 ± 0.03 bcx 6.45 ± 0.04 abx 6.50 ± 0.01 ax ***
T1 6.27 ± 0.01 c 6.29 ± 0.01 bc 6.32 ± 0.01 aby 6.33 ± 0.01 aby 6.36 ± 0.01 ay ***
T2 6.26 ± 0.01 d 6.30 ± 0.02 cd 6.32 ± 0.01 bcy 6.36 ± 0.01 aby 6.37 ± 0.01 ay ***

Sig. ns ns *** *** ***

TBARS (mg malonaldehyde/kg of sample)

Control 0.37 ± 0.01 e 0.53 ± 0.01 dx 0.89 ± 0.01 cx 1.38 ± 0.02 bx 1.94 ± 0.05 ax ***
T1 0.36 ± 0.01 d 0.38 ± 0.01 dy 0.45 ± 0.01 cy 0.58 ± 0.01 by 0.84 ± 0.02 ay ***
T2 0.36 ± 0.01 d 0.37 ± 0.02 dy 0.42 ± 0.01 cy 0.52 ± 0.01 bz 0.81 ± 0.01 ay ***

Sig. ns *** *** *** ***

Total Plate Count (log cfu/g)

Control 2.74 ± 0.06 e 4.10 ± 0.07 dx 5.13 ± 0.06 cx 6.12 ± 0.08 bx 6.46 ± 0.04 ax ***
T1 2.64 ± 0.09 d 3.37 ± 0.06 cy 3.84 ± 0.07 by 4.10 ± 0.05 by 4.66 ± 0.10 ay ***
T2 2.71 ± 0.04 d 3.52 ± 0.12 cy 3.83 ± 0.10 by 4.02 ± 0.06 by 4.51 ± 0.05 ay ***

Sig. ns *** *** *** ***

Treatments: Control = no additive; T1 = 1.0% Moringa flower extract and T2 = 2.0% Moringa flower extract. a–e

Mean values in the same row not followed by a common letter differ significantly among storage times. x–y Mean
values in the same column not followed by a common letter differ significantly among treatments. Sig. Significance;
ns: not significant; *** p < 0.001.

The mean ± SE values of total plate count of aerobically packaged control and treated chicken
nuggets (T1 and T2) during refrigerated storage up to 20 days is presented in Table 4. During storage,
a significant increase (p < 0.05) in microbial count was observed in control and treated products (T1
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and T2) at each interval of storage period except on 0 day, where the counts were comparable. Total
plate count increased from 2.74 ± 0.06 to 6.46 ± 0.04 log10 cfu/g, from 2.64 ± 0.09 to 4.66 ± 0.10 log10

cfu/g and from 2.71 ± 0.04 to 4.51 ± 0.05 log10 cfu/g, from day 0 to day 20 for control, T1 and T2
groups, respectively. An increase of total plate count of chicken sausage during refrigerated storage
was noticed by Sallam et al. [62]. However, at the end of storage time, the total plate count of treated
chicken nuggets was significantly lower compared to the control group (6.46 vs. 4.66 and 4.51; p < 0.001
for control, T1 and T2 groups, respectively). This result might be due to its richness in polyphenolic
compounds [45] exerting antimicrobial [61] effects.

It has been well documented by some researchers that polyphenols from MF extract have
microbial activities against a number of pathogenic bacteria [61]. The effectiveness of MF extract
in lowering the total plate count of chicken nuggets are in agreement with the previous findings
reported by Das et al. [18] who observed that incorporation of bael pulp residue as ADF was very
much effective (p < 0.05) in controlling the microbial counts in goat meat nuggets throughout the
20 days of storage period.

The TBARS values of aerobically packaged chicken nuggets studied at regular intervals up to
20 days under refrigerated storage conditions is presented in Table 4. The TBARS values of chicken
nuggets, irrespective of treatments, increased significantly (p < 0.05) from 0.37 ± 0.01 to 1.94 ± 0.05 mg
MDA/kg, from 0.36 ± 0.01 to 0.84 ± 0.02 mg MDA/kg and from 0.36 ± 0.01 to 0.81 ± 0.01 mg MDA/kg,
from day 0 to day 20 for control, T1 and T2 treatments, respectively. This increase in TBARS value
throughout the storage period might be due to the lipid oxidation and production of volatile metabolites
in presence of oxygen during aerobic storage [63–66]. Although TBARS value of all treated groups
increased, but the rate of increase was comparatively slower in case of treated nuggets indicating more
oxidative stability due to the presence ADF from MF extract. As observed on day 15, treated nuggets
were within the spoilage limit, whereas during the same period, control nuggets (1.38) crossed the
acceptable limit of 1 mg MDA/kg. The polyphenolic compounds present in the MF extract may be the
reason for the strong antioxidant ability as reported by different researchers [22,47].

While comparing the treated groups, it was found that chicken nuggets in T2 group retarded
the oxidation process more efficiently by maintaining TBARS values below the unacceptable range
during 20 days storage. A similar result was found by Das et al. [50], who showed that TBARS
values of cooked goat meat patties with M. oleifera leaves extract was 47% less than control group.
Sáyago-Ayerdi et al. [67] also reported similar findings using grape antioxidant dietary fibre in chicken
hamburgers. In addition, this outcome agrees with those reported by other authors [9,10,68–71] who
observed that the addition of natural antioxidant decrease the TBARS values of meat products.

3.4. Effect of MF on Instrumental Colour Stability during the Storage Time

The incorporation of MF extract significantly changed the colour value of treated chicken nuggets
compared to control during storage time (Table 5). A significant increase in the lightness values, in
treated chicken nugget (T1 and T2 groups) was observed on 0 day in comparison to control. However,
the reduction in lightness value of treated chicken nuggets was noticed after 10 days of storage period
which may be attributed to the dilution of meat pigment in other meat products due to the presence of
non-meat ingredients.
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Table 5. Effect of Moringa flower on instrumental colour of chicken nuggets during the storage time
(mean values ± error standard of six samples). Control = no additive; T1 = 1.0% Moringa flower extract;
T2 = 2.0% Moringa flower extract.

Treatment
Storage Time (Days)

Sig.
0 5 10 15 20

L * (Lightness)

Control 29.95 ± 1.20 ay 26.21 ± 0.28 b 25.49 ± 0.23 bcx 23.89 ± 0.37 cdx 22.52 ± 0.43 dx ***
T1 33.80 ± 0.32 ax 26.21 ± 0.28 b 20.64 ± 0.44 cy 19.22 ± 0.32 dy 18.01 ± 0.26 ey ***

T2 34.78 ± 0.44 ax 26.21 ± 0.28 b 19.97 ± 0.64 cy 19.53 ± 0.59
cdy 18.51 ± 0.26 dy ***

Sig. *** *** *** *** ***

a * (Redness)

Control 13.77 ± 0.26 ax 12.25 ± 0.20 bx 6.73 ± 0.17 cy 5.62 ± 0.15 cz 5.11 ± 0.07 dy ***
T1 12.78 ± 0.23 ax 11.35 ± 0.15 az 7.54 ± 0.12 bx 6.58 ± 0.08 by 5.44 ± 0.16 cy ***
T2 11.01 ± 0.41 ay 10.72 ± 0.13 by 8.39 ± 0.08 cx 7.85 ± 0.10 dx 7.26 ± 0.16 dx ***

Sig. *** *** *** *** ***

b * (Yellowness)

Control 13.11 ± 0.26 a 11.81 ± 0.25
bxy 7.98 ± 0.07 cx 7.33 ± 0.13 dx 6.92 ± 0.17 dx ***

T1 13.70 ± 0.21 a 11.41 ± 0.13 by 6.30 ± 0.13 cy 6.44 ± 0.16 cy 5.68 ± 0.25 dy ***
T2 13.99 ± 0.52 a 12.30 ± 0.10 bx 6.45 ± 0.29 by 6.07 ± 0.20 by 6.18 ± 0.09 by ***

Sig. *** *** *** *** ***
a–e Mean values in the same row not followed by a common letter differ significantly among storage times. x–y Mean
values in the same column not followed by a common letter differ significantly among treatments. Sig. Significance;
ns: not significant; *** p < 0.001.

3.5. Effect of MF on Sensory Attributes of Chicken Nuggets during the Storage Time

Although both the control and treated chicken nuggets were comparable for all the above sensory
attributes up to the 5th day of storage, the control nuggets received lower sensory scores thereafter
(Table 6). This finding agrees with data reported by Das et al. [49] who showed that the addition of
M. oleifera leaves extract had no effect on the sensory attributes. In addition, Muthukumar et al. [72]
noticed that the of M. oleifera leaves extract did not modify colour, odour, flavour or texture, and all
the products were equally acceptable as evidenced by the overall acceptability scores. The sensory
attributes for treated nuggets (T1 and T2 groups), even though decreased with increasing storage time,
were acceptable up to the 15th day of storage. On the other hand, the sensory scores for appearance of
control, T1 and T2 treatments decreased from 6.77 ± 0.15 to 5.62 ± 0.19, from 7.02 ± 0.010 to 6.44 ± 0.10
and from 6.72± 0.15 to 6.38± 0.10, respectively. There was a significant decrease (p< 0.05) in appearance
attribute of treated nuggets from day 15 onwards; whereas, in control samples, the values were even
lower on 10th day of storage time.

This fact may be due to protective effect of MF extract preventing the fading of colour of the
chicken nuggets. Control group received significantly lower flavour score on day 10 and development
of rancid odour was noticed on 15th day of storage time, which might be the influencing factor to
reduce the flavour and acceptability scores and was, therefore, rejected by the panellists. On the other
hand, MF extract containing ADF which might have acted as stabilising agent for retaining the flavour
by inhibiting lipid oxidation in treated chicken nuggets. There was hardly any remarkable variation,
and the texture of nuggets with MF was comparable to control (p > 0.05) up to 10th day. Sensory
texture was not done in case of control from 15th day onwards, as rancid odour was detected. Likewise,
a significant decrease (p < 0.05) in juiciness score was observed in both control and treated (T1 and T2)
products from 10th day onwards. However, chicken nuggets containing MF extract were found to be
more juicer than the control group, which could be attributed to the increased moisture retention of the
product during cooking.
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Table 6. Effect of Moringa flower on sensory attributes of chicken nuggets during the storage time
(mean values ± error standard of six samples). Control = no additive; T1 = 1.0% Moringa flower extract;
T2 = 2.0% Moringa flower extract.

Treatment
Storage Time (Days)

Sig.
0 5 10 15 20

Appearance

Control 6.77 ± 0.15 6.75 ± 0.10 xy 6.27 ± 0.27 aby 6.19 ± 0.18 b 5.62 ± 0.19 c **
T1 7.02 ± 0.10 a 6.97 ± 0.01 ax 6.94 ± 0.19 ax 6.69 ± 0.08 ab 6.44 ± 0.10 b **
T2 6.72 ± 0.15 6.61 ± 0.13 y 6.66 ± 0.18 y 6.58 ± 0.12 6.38 ± 0.10 **

Sig. ns * ** ** ns

Flavour

Control 6.84 ± 0.18 a 6.82 ± 0.09 a 6.36 ± 0.47 b ND ND ***
T1 6.97 ± 0.06 a 6.93 ± 0.06 a 6.72 ± 0.08 ab 6.47 ± 0.17 bc 6.33 ± 0.10 c ***
T2 6.81 ± 0.09 a 6.76 ± 0.09 a 6.70 ± 0.16 a 6.52 ± 0.11 ab 6.27 ± 0.13 b ***

Sig. ns ns ** ns ns

Texture

Control 6.72 ± 0.14 6.65 ± 0.09 6.52 ± 0.20 ND ND ns
T1 6.96 ± 0.10 a 6.79 ± 0.12 ab 6.50 ± 0.20 b 6.42 ± 0.17 b 6.38 ± 0.09 b ***
T2 6.73 ± 0.11 6.78 ± 0.13 6.82 ± 0.11 6.66 ± 0.18 6.50 ± 0.13 ns

Sig. ns ns ns ns ns

Juiciness

Control 6.72 ± 0.20 ab 6.98 ± 0.12 a 6.50 ± 0.15 b ND ND ***
T1 6.80 ± 0.19 6.74 ± 0.22 6.47 ± 0.20 6.40 ± 0.12 6.30 ± 0.10 ns
T2 6.75 ± 0.10 6.75 ± 0.13 6.70 ± 0.19 6.52 ± 0.11 6.38 ± 0.10 ns

Sig. ns ns ns ns ns

Overall acceptability

Control 6.80 ± 0.16 a 6.76 ± 0.008 ay 6.33 ± 0.27 by ND ND ***
T1 7.02 ± 0.07 a 6.91 ± 0.16 ax 6.73 ± 0.17 ax 6.66 ± 0.12 a 5.38 ± 0.42 b ***
T2 6.77 ± 0.10 a 6.72 ± 0.10 ay 6.64 ± 0.14 abx 6.55 ± 0.10 ab 6.30 ± 0.12 b ***

Sig. ns ** ** ns ns

ND = Not determined. a–e Mean values in the same row not followed by a common letter differ significantly among
storage times. x–y Mean values in the same column not followed by a common letter differ significantly among
treatments. Sig. Significance; ns: not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

As far as overall acceptability is concerned, the products also followed the same pattern that was
observed for other sensory attributes. The control sample received a lower overall acceptability score,
although nonsignificant (p < 0.05), on day 5 than treated samples, and was found to have rancid odour
on day 15. On the other hand, overall acceptability scores obtained from T1 and T2 groups remained
stable and were acceptable even on 15th day of storage. This could be due to incorporation of MF
extract which might have extended the shelf-life. It is well documented by many researchers that meat
products incorporated with natural antioxidants have higher flavour and overall acceptability scores
during storage owing to the colour and flavour stabilising effect of them by inhibiting lipid and protein
oxidation [73–79].

4. Conclusions

The results indicated that Moringa flower (MF) is a source of dietary fibre and also contains
great antioxidant potential such as ferric reducing antioxidant power and radical scavenging activity.
The addition of MF extract in chicken meat nuggets improved the cooking yield and dietary fibre
content without affecting the acceptability of the meat product. Moreover, MF extract increased the
lipid stability, odour score and shelf-life of chicken nuggets during 20 days of refrigeration storage.
Therefore, MF extract could be used as a safe, natural and valuable antioxidant to the meat food
industry, apart from offering its functional health promoting benefits.
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Abstract: Upcycled defatted sunflower seed flour (SUN), a by-product obtained from sunflower oil
extraction, was used as an animal fat replacer to develop healthier frankfurters. For that end, animal
fat was replaced (~50%) with water and 2% or 4% of SUN. Nutritional composition, technological,
structural and sensorial properties were evaluated. SUN incorporation led to a significant increase
in protein, minerals (magnesium, potassium, copper and manganese) and a decrease in fat content
(~37% less than control with all animal fat). The incorporation of SUN in frankfurters promoted the
presence of phenolic compounds. Increasing SUN addition lead to an increasingly (p < 0.05) darker
frankfurter colour. Samples with SUN at 4% were firmer than the control according to TPA and
sensory analysis results and showed the highest lipid disorder attributed to more lipid interactions
in the meat matrix. SUN addition as an animal fat replacer in frankfurters is a feasible strategy to
valorise sunflower oil by-products and obtain healthier frankfurters.

Keywords: by-product valorisation; sunflower meal; healthier meat product; spectroscopy analysis;
polyphenol profile

1. Introduction

Sunflower is the fourth crop in the world for oil production after palm, soybean and rapeseed
oil [1]. Sunflower meal is the main by-product of the sunflower oil production, representing up to 36%
of the mass of the processed seed [2]. The protein content of sunflower seeds is about 20%, whereas the
protein content of sunflower meal ranges from 30% to 50% [3]. In addition to protein, sunflower meal
contains other valuable nutrients such as vitamins, minerals and polyphenols [2,4]. For this reason,
although sunflower meal is mainly used as animal feed [5], it has potential for human consumption [6].

Sunflower meal has been upcycled into a versatile food-grade defatted sunflower seed powder
(SUN) [7] with many potential food applications. Grasso et al. [8] showed that SUN has valuable
technological properties, such as high water holding capacity. Total phenolic content and antioxidant
capacity and nutritional improvements with the use of SUN in biscuits and muffins have recently been
reported [8,9]. Nevertheless, the application of SUN in food from animal origin remains to be explored.
The use of SUN in popular and highly consumed gel/emulsion meat products such as frankfurters is
of particular interest because the SUN’s reported technological properties and nutritional qualities
could benefit these products formulations, obtaining healthier meat derivatives. Indeed, several meat
products have been reformulated to be healthier using several strategies and ingredients to replace
pork back fat [10–12]. Examples of animal fat replacements in frankfurters include the use of several
plant-based ingredients (but also animal-derived ones such as collagen have been used), such as rye
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bran and collagen [13], chia seeds [14], pineapple dietary fibres and water [15]. Other animal fat
replacements used in meat matrices are mushrooms in pork sausages [16] and grape seed oil emulsified
with gelatin and alginate in meat emulsions [17]. However, to the best of our knowledge, there are
no studies available on the incorporation of sunflower by-products into popular meat products such
as frankfurters.

In this context, this work examined the potential of SUN application as an animal fat replacer on the
reformulation of healthier frankfurters. Nutritional composition, sensory acceptability, technological
properties (processing loss, colour, pH and texture) and lipid structural characteristics (using ATR–FTIR
spectroscopy) were evaluated.

2. Materials and Methods

2.1. Materials

Fresh post-rigor pork meat (a mixture of M. biceps femoris, M. semimembranosus, M. semitendinosus,
M. gracilis and M. adductor) (30 kg) (23.7% ± 0.2% protein, 3.89% ± 0.49% fat) and pork back fat (5 kg)
(0.87% ± 0.1% protein, 92.99% ± 0.80% fat), both from different animals, were obtained from a local market
on different days. The meat was trimmed of visible fat and connective tissue. The meat and pork backfat
were minced through a grinder with a 0.6 cm plate (Van Dall SRL., Milano, Italy). Lots of approximately
1000 g for meat and 500 g for fat were vacuum packed, frozen and stored at −20 ◦C until used.

The SUN, donated by the company Planetarians (Palo Alto, CA, USA), was used as an animal fat
replacer. This ingredient has been reported to have 38% protein, 1.8% fat and 4.6% moisture, as well as
high total phenolic content [8].

Other ingredients and additives used were sodium chloride (Panreac Química, S.A., Barcelona,
Spain), sodium tripolyphosphate (Manuel Riesgo, Madrid, Spain), sodium nitrite (Fulka Chemie
GmbH, Buchs, Germany) and flavouring (Gewürzmüller, Julio Criado, Madrid, Spain).

2.2. Preparation of Frankfurters

Three different types of frankfurter were prepared (Table 1).

Table 1. Formulation (%) of frankfurters.

Samples * Meat Pork Back Fat SUN ** Water

F/AF 61.0 15.0 0.0 21.2
F/2SUN 61.0 8.0 2.0 26.2
F/4SUN 61.0 8.0 4.0 24.2

Additives added to all the samples per 100 g of product: 2 g NaCl; 0.5 g flavouring; 0.3 g sodium tripolyphosphate
and 0.012 g sodium nitrite. * Frankfurters formulated with all animal fat (F/AF), half of the animal fat and replacing
the rest of fat with 2% (F/2SUN) or 4 % (F/4SUN) of defatted sunflower seed flour (SUN). ** Upcycled defatted
sunflower seed flour.

One, used as a reference, was formulated with 15% of pork back fat (F/AF) to obtain a final product
with about 20% of fat similar to commercial products and other frankfurters [14,15]. The other two
samples were elaborated with proximately half of the pork backfat (8%). In these 2 reformulated
frankfurters, to replace the rest of pork backfat (7%), SUN was used in 2 levels, 2% (F/2SUN) and 4%
(F/4SUN), and the difference was made up with water, according to the formulations shown in Table 1.

Meat and fat were thawed at 3 ± 1 ◦C prior use. Frankfurters were elaborated according to
Jiménez-Colmenero, et al. [18], using the formulation described in Table 1. Briefly, all meat was
homogenized and ground for 1 min in a chilled cutter (Stephan Universal Machine UM5, Stephan
Söhne GmbH and Co., Hameln, Germany). Then, pork backfat for all samples and the corresponding
amount of SUN according to the formulation (Table 1) for each type of frankfurter (F/2SUN or F/4SUN),
along with the rest of the ingredients (additives and water) (Table 1) were added to the cutter and
mixed for 2 min. Finally, under vacuum and chilled conditions, the mixture was homogenized for
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2 min. The final meat batter (<14 ◦C), was stuffed into 20 mm diameter Nojax cellulose casings (Viscase
S.A., Bagnold Cedex, France). Samples were hand-linked and heat processed in a smokehouse (model
Unimatic 1000, Micro 40 Eller, Merano, Italy). Then, frankfurters were cooled to room temperature,
casings were removed, and samples were vacuum-packed in plastic bags (Cryovac® BB3050, Sealed
Air S.L., Sant Boi de Llobregat, Barcelona, Spain) and stored (4 ± 1 ◦C) until use.

2.3. Composition Analysis and Energy Value

2.3.1. Proximate Composition

Moisture and ash contents were evaluated following the Association of Official Analytical Chemists
(AOAC) [19] methods. Protein content was measured using a LECO FP-2000 Nitrogen Determinator
(Leco Corporation, St Joseph, MI, USA). Fat content was evaluated according to Bligh and Dyer [20].
Fatty acid profiles were carried out in freeze-dried samples (Lyophilizer Telstar Cryodos Equipment,
Tarrasa, Barcelona, Spain) by gas chromatography as reported by Pintado, et al. [21] and results were
expressed as g of fatty acid per 100 g of product. All the measurements were performed in triplicate.

2.3.2. Dietary Fibre Content

Dietary fibre was determined in SUN and, due to the stability of this food constituent, dietary
fibre content in the derived frankfurters was calculated according to the proportion of the ingredient.
In particular, dietary fibre was measured by the indigestible fraction method [22], where the sample
was subjected to several enzymatic treatments (pepsin, pancreatin, α-amylase, and amyloglucosidase)
and dialysis in order to remove the digestible components of the sample and to separate soluble
dietary fibre from insoluble dietary fibre. In the soluble dietary fibre, nonstarch polysaccharides
were hydrolyzed with sulfuric acid and spectrophotometrically quantitated after alkalinization and
reaction with dinitrosalicylic acid [23]. Insoluble dietary fibre was also subjected to hydrolysis, and
nonstarch polysaccharides were measured in the supernatant by the same method, while the residue
(klason lignin) was determined gravimetrically after overnight drying at 105 ◦C. Total dietary fibre
was determined as the sum of the soluble and the insoluble dietary fibre.

2.3.3. Mineral Content

For mineral content determination, samples were prepared by acid digestion with nitric acid
in a microwave digestion system (ETHOS 1, Milestone, Srl, Sorisole, Italy) [24]. The minerals were
quantified on a ContrAA 700 High-Resolution Continuum Source spectrophotometer (Analytik Jena AG,
Jena, Germany) equipped with a Xenon short-arc lamp (GLE, Berlin, Germany). Three determinations
were carried out per sample to measure Ca, Mg, Na, K, P, Fe, Zn, Cu and Mn and results were expressed
as mg/100 g product.

2.3.4. Polyphenol Content and Profile

Total extractable polyphenols in SUN and the frankfurters were extracted by means of double
aqueous–organic extraction, following the method of Nardoia, et al. [25]. Extractable polyphenols were
determined in the corresponding supernatants by the Folin–Ciocalteu procedure [26], using gallic acid
(Sigma-Aldrich, St. Louis, MO, USA) as a standard. Results were expressed as gallic acid equivalents
(mg GAE/kg of the sample).

Polyphenol profile was additionally evaluated in SUN by HPLC-ESI-QTOF MS analysis in the same
extract, after concentration (6:1) with a N2 stream, according to procedures previously described [27].
For separation, the HPLC apparatus (Agilent 1200, Agilent Technologies, Santa Clara, CA, USA)
was coupled with a diode array detector (DAD) (Agilent G1315B) and a quadrupole time-of-flight
(QTOF) mass analyser (Agilent G6530A) with an atmospheric pressure electrospray ionization (ESI).
The column used was a 50 mm × 42.1 mm i.d., 3.5 μm, Luna C18 (Phenomenex, Torrance, CA, USA).
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Gradient elution was performed with a binary system consisting of 0.1% aqueous formic acid
(solvent A) and 0.1% formic acid in acetonitrile (solvent B). The following gradient was applied at a
flow rate of 0.4 mL/min: 0 min, 8% B; 10 min, 323% B; 15 min, 50% B; 20 min, 50% B; 23 min, 100% B,
followed by a re-equilibration step. The injection volume was 10 μL, and the column temperature was
25 ◦C. Data were acquired using negative ion mode with a mass range of 100−1200 Da and using a
source temperature of 325 ◦C and a gas flow of 10 L/h. Peak identity was established by comparison
with the retention times of commercial standards when available. In addition, the molecular formula
proposed by the MassHunter Workstation software version 4.0 for the different signals obtained in
the MS experiments were compared with previously reported phenolic compounds, especially in
sunflower, and a maximum error of 10 ppm was accepted.

2.3.5. Energy Content

The energy content was calculated based on 9 kcal/g for fat; 4 kcal/g for protein and carbohydrates
and 2 kcal/g for dietary fibre [28].

2.4. Composition Analysis and Energy Value

2.4.1. Processing Loss and pH

Processing loss was calculated in 10 frankfurters, as the weight loss (expressed as a percentage of
initial sample weight) occurring after heat processing and chilling overnight at 2 ◦C. pH values were
determined using an 827 Metrohm pH-meter (Metrohm AG, Zofingen, Switzerland) on homogenates
of frankfurters in distilled water in a ratio of 1:10 w/v. For each sample, 2 homogenates were prepared
on which 3 measurements were performed.

2.4.2. Colour

Surface colour determination (CIE-LAB tristimulus values, lightness, L*; redness, a* and yellowness,
b*) was evaluated (Konica Minolta CM-3500d colorimeter. Konica Minolta, Madrid, Spain) on
cross-sections of the samples. For each type of frankfurter, 10 determinations were carried out.

2.4.3. Texture Analysis

Textural properties were analysed by texture profile analysis (TPA) performed in a TA-XT.plus
Texture Analyzer (Texture Technologies Corp., Scarsdale, NY, USA) at approximately 22 ◦C as described
by Bourne [29]. Five cores (height = 20 mm) of each sample were axially compressed to 40% of their
original height. Force–time deformation curves were obtained with a 5 kg load cell, applied at a
crosshead speed of 1 mm/s. Samples were axially compressed with an aluminium cylinder probe
P/32. Attributes were calculated with Texture Expert program as follows: Hardness (Hd) = peak force
(N) required for first compression; cohesiveness (Ch) = ratio of active work done under the second
compression curve to that done under the first compression curve (dimensionless); springiness (Sp) =
distance (mm) the sample recovers after the first compression and chewiness (Cw) =Hd × Ch × Sp
(N ×mm).

2.5. Attenuated Total Reflectance (ATR)-FTIR Spectroscopy Analysis

The infrared spectra of each sample were recorded using a Perkin-Elmer SpectrumTM 400
spectrometer (Perkin Elmer Inc., Tres Cantos, Madrid, Spain) in mid-IR mode, equipped with an
attenuated total reflectance (ATR) sampling device containing a diamond/ZnSe crystal according to
Pintado, Herrero, Ruiz-Capillas, Triki, Carmona and Jimenez-Colmenero [24]. Measurements were
performed at room temperature using approximately 25 mg of the samples (without any previous
sample preparation), which were placed on the surface of the ATR crystal, and lightly pressed with a
flat-tip plunger. For each type of frankfurter, 9 measurements were carried out. Sums of 3 spectra
(24 accumulations) were performed, and these 3-sum spectra were analysed for each sample.
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Spectra were acquired with the Spectrum software version 6.3.2 and spectral data were treated with
the Grams/AI version 9.1 software (Thermo Electron Corporation, Waltham, MA, USA). The spectral
region 3000–2800 cm−1 was analysed to study the lipid structural characteristics of the samples [24].

2.6. Preliminary Sensory Evaluation

The aim of the sensory test carried out was to have a preliminary evaluation of the products.
In this pilot sensory study, frankfurters were assessed by a 27-member consumer panel who regularly
consume similar products. Consumers were recruited at random (not targeting specific demographic
groups), using mailing lists and were not compensated for taking part. Samples (2.5 cm long) from
each formulation were heated for 15 s in a microwave and presented to panellists under green
light to minimize colour differences between samples. Participants were instructed to evaluate the
following attributes on unstructured 10 cm scales with anchored extremes: Aroma intensity (not to
very), firm (not to very), juicy (not to very), powdery (not to very), flavour intensity (not to very)
and overall acceptability (dislike extremely to like extremely). Each point was later converted to a
numerical scale, 0 for not (aroma intensity, firm, juicy, powdery and flavour intensity) and dislike
extremely (overall acceptability) and 10 for very (aroma intensity, firm, juicy, powdery and flavour
intensity) and like extremely (overall acceptability). Sensory analysis was performed 2 days after
frankfurters’ manufacture.

2.7. Statistical Analysis

The frankfurter manufacture was repeated twice on 2 different days. One-way analysis of variance
(ANOVA) was performed to evaluate differences between formulations using the SPSS program
(v.22, IBM SPSS Inc., Chicago, IL, USA). Least squares differences were used for comparison of
mean values between formulations and Tukey’s HSD test to identify significant differences (p < 0.05)
between formulations.

3. Results and Discussion

3.1. Composition and Energy Value

Table 2 shows the composition (proximate analysis, mineral content and total extractable
polyphenols) and energy value of frankfurters.

Table 2. Proximate composition (%), mineral content (mg/100 g product), total extractable polyphenols
(mg/100 g mf) and energy value (kcal/100 g product) of frankfurters.

Parameters F/AF * F/2SUN * F/4SUN *

Proximate composition
Moisture 61.54 ± 0.12 c 64.99 ± 0.19 a 64.47 ± 0.07 b

Protein 15.99 ± 0.04 c 16.96 ± 0.10 b 17.93 ± 0.04 a

Fat 18.67 ± 0.48 a 11.59 ± 0.26 b 11.75 ± 0.10 b

Ash 3.23 ± 0.00 a 2.97 ± 0.18 a 3.36 ± 0.12 a

Dietary fibre ** — 0.56 1.12

Mineral content
Magnesium 36.32 ± 2.73 c 60.72 ± 8.17 b 85.50 ± 3.20 a

Potassium 302.41 ± 10.44 c 383.34 ± 2.98 b 415.16 ± 20.40 a

Iron 1.18 ± 0.09 b 1.57 ± 0.16 ab 2.02 ± 0.18 a

Zinc 2.02 ± 0.04 b 2.28 ± 0.15 b 2.95 ± 0.16 a

Copper 0.06 ± 0.01 c 0.14 ± 0.01 b 0.21 ± 0.01 a

Manganese 0.06 ± 0.00 c 0.18 ± 0.00 b 0.29 ± 0.01 a

Polyphenols
Total extractable

polyphenols (mg/100 g mf) 51 ± 9 c 76 ± 11 b 93 ± 12 a

Energy value 231.99 173.21 179.59

* For samples denominations, see Table 1. ** Dietary fibre content was estimated according to the content analysed
in SUN, so no statistical analysis was performed. Data are expressed as means ± SD (n = 6). Different letters in the
same row indicate significant differences (p < 0.05).
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As expected, samples formulated with all pork backfat (F/AF) had the lowest (p < 0.05) moisture
content, because they were formulated with the lowest water content (Table 1). It was observed that
with the SUN addition, protein content significantly increased (Table 2) with increasing SUN addition,
due to the protein content of this ingredient [8]. As a consequence of the use of SUN extract as an
animal fat replacer, two fat levels were observed, ~19% in samples elaborated with all animal fat (F/AF)
and nearer to 12% in frankfurters reformulated with SUN (F/2SUN and F/4SUN) (Table 2). This fat
reduction meant a decrease in saturated fatty acids, as can be seen in Figure 1. The unsaturated fatty
acids content also was reduced as a consequence of the use of SUN extract as an animal fat replacer
in F/2SUN and F/4SUN samples (Figure 1). Overall the SUN addition led to a quantitative fatty acid
modification, rather than to a qualitative change in fatty acids.

 

Figure 1.
∑

SFA,
∑

MUFA and
∑

PUFA of frankfurters (g/100 g of frankfurter). For sample
denomination, see Table 1. Different letters in the same fatty acid group indicate significant differences
(p < 0.05).

Regarding dietary fibre, SUN showed a relevant content of 28% in the freeze-dried sample, of
which 87% corresponded to insoluble dietary fibre. Since dietary fibre intakes are still far from official
recommendations [30], this shows the potential of SUN as a functional ingredient for different food
applications. Due to the amount of SUN incorporated into the frankfurters, the final dietary fibre
content in F/2SUN was 0.56%, while in F2/4SUN was 1.12%, representing low amounts, although
higher than in F/AF, where dietary fibre was absent.

Although absolute values were different for ash content among samples, there was no statistical
difference to report (Table 2). Ash content is a good indicator of total mineral content and according to
the literature [31], sunflower oil cake on a dry basis contains 0.48% calcium, 0.84% phosphorus, 0.44%
magnesium and 3.49% potassium. Not all minerals were analysed in the samples, but the content
of some minerals was improved as a consequence of SUN addition in F/2SUN and F/4SUN samples
(Table 2). Both F/2SUN and F/4SUN showed higher (p < 0.05) magnesium, potassium, copper and
manganese concentration than reference samples (F/AF). Regarding zinc, F/2SUN and F/AF showed
similar (p > 0.05) levels, while F/4SUN had significantly higher amounts. Iron levels increased as a
consequence of SUN addition, but the increase was significant only in F/4SUN compared to the control;
this was probably due to the fact that most of the iron came from the meat materials and, therefore,
only the higher SUN inclusion made a significant difference to the iron content.

Energy value in the control samples (F/AF) was ~232 kcal/100 g, while reformulated samples with
SUN, F/2SUN and F/4SUN, showed an energy value of proximately 173 and 180 kcal/100 g, respectively
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(Table 2). In that sense, the reformulation strategy carried out allowed to obtain products with ~25%
less of energy value than control one. This difference in energy value was mainly due to the lower fat
content (but also, the higher fibre, water and protein contents) of samples with SUN compared to F/AF.

3.2. Polyphenol Content and Profile

Total extractable polyphenol content was determined in the analysed samples (Table 2). A value
was obtained for the F/AF samples, despite the absence of SUN, since it is known that in matrixes of
animal origin several interfering substances may provide a response to the Folin assay, as observed, for
instance, in minced fish [32]. Nevertheless, the most relevant fact is that there was a significant increase
in polyphenol content when adding SUN to the frankfurters, even at relatively low concentrations
such as 2% and 4%. Whether this presence of phenolic compounds would delay the oxidation of
frankfurters remains to be elucidated.

Besides, a total of 24 phenolic compounds were identified in SUN (Table 3): 18 phenolic acids,
5 flavonoids and 1 hydroxycoumarin. Phenolic acids, and particularly quinic derivatives of caffeic
or ferulic acids, have been previously reported as the main phenolic compounds in sunflower
kernel and shell [33] and, specifically, in sunflower meal [34,35]. These acids were detected in this
study, together with some additional phenolic acids (hydroxybenzoic acid, vanillic acid, sinapic
acid, a quinolactone from caffeic acid, 1,2-disinapoylgentiobiose and the hydroxyphenylpropionic
acid 3,4-dihydroxyphenyl-2-oxypropanoic acid), which, as far as we know, had not been reported in
sunflower products before. Regarding the other phenolic compounds, some of them are quite ubiquitous
in plant foods, such as (+)-gallocatechin while, for instance, 5-hydroxy-4,4′,6-trimethoxyaureone has
not been reported in sunflower seeds, but it has in sunflower flowers as well as in different oils; for
these reasons, their presence in SUN was plausible.
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3.3. Overall Nutritional Value: Nutrition and Health Claims

All samples were a “high in protein” and could be labelled with the corresponding nutritional and
health claims according to the Regulation (EC) nº 1924/2006 and Regulation (EU) nº 432/2012 [36,37].
Moreover, as a consequence of the use of SUN as an animal fat replacer, other nutrition and health
claims can be made. Taking into account the fat content, the claim “reduced fat content” in F/2SUN
and F/4SUN can be made [36]. The increased mineral content due to the presence of SUN, makes it
possible for the “source of magnesium” claim to be made on F/2SUN and F/4SUN. In addition, several
health claims could be attributed to F/2SUN and F/4SUN according to Regulation (EU) nº 432/2012,
due to the magnesium presence. Moreover, F/4SUN could be labelled as “source of copper” and the
health claims corresponding to its presence. Regarding zinc and potassium, although their presence
was generally higher in F/2SUN and F/4SUN (Table 2), all samples could be labelled as “source of
zinc” and “source of potassium” and related health claims [36,37]. These results were similar to other
studies where pork back fat in frankfurters was replaced with other high protein ingredients such as
hydrolysed collagen [38], and chia seeds [14].

3.4. Processing Loss, pH and Colour

The processing loss and pH results are shown in Table 4.

Table 4. Processing loss, pH values, colour and texture profile analysis (TPA) of frankfurters.

Parameters F/AF * F/2SUN * F/4SUN *

Processing loss (%) 15.56 ± 1.34 a 16.33 ± 1.10 a 15.46 ± 1.72 a

pH 6.39 ± 0.02 a 6.37 ± 0.05 b 6.34 ± 0.03 c

Colour parameters
L* 76.37 ± 0.50 a 62.33 ± 1.09 b 57.14 ± 0.88 c

a* 6.37 ± 0.27 a 3.24 ± 0.12 b 2.88 ± 0.14 c

b* 11.32 ± 0.31 a 10.21 ± 0.21 b 10.29 ± 0.27 b

TPA parameters
Hardness (N) 17.52 ± 0.92 b 18.27 ± 1.49 b 21.67 ± 2.32 a

Cohesiveness 0.64 ± 0.01 b 0.67 ± 0.01 a 0.67 ± 0.01 a

Springiness (mm) 6.11 ± 0.08 b 6.36 ± 0.08 a 6.41 ± 0.08 a

Chewiness (mm × N) 68.03 ± 3.19 c 77.99 ± 6.06 b 92.35 ± 9.82 a

* For samples denominations, see Table 1. Data are expressed as means ± SD (n = 10 for processing loss, n = 3 for
pH values, n = 20 for colour parameters and n = 8 for texture parameters). Different letters in the same row indicate
significant differences (p < 0.05).

There was no significant difference in the processing loss across the three recipes. These results
were low and similar to other frankfurters’ studies, which reported ranges of processing loss between
10% and 20% [39–41]. The processing loss obtained (Table 4) indicated good stability in terms of fat and
water-binding properties of the meat matrix. The pH decreased with increasing SUN content. The SUN
addition influenced the colour, with L*, a* and b* values decreasing significantly with increased SUN
content, indicating that the frankfurters became darker, less red and less yellow. It is important that
future SUN applications are aimed at minimising colour differences in the food matrix to avoid possible
consumer’s rejection, as liking of foods with adequate appearance could favour healthier product
consumption by consumers [42]. During the process of new product development, the colour of foods
with SUN could be altered to obtain no noticeable colour difference for consumers. Colour alterations
have been reported in other studies where pork back fat in frankfurters was replaced by chia seeds [14]
and pineapple fibre [15] as well as in other studies using SUN in baked goods [8,9].
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3.5. Texture Profile Analysis

The results from the texture profile analysis are shown in Table 4. Results showed that hardness was
similar (p > 0.05) in frankfurters containing 2% of SUN (F/2SUN) but significantly higher in those with
4% (F/4SUN) as compared with the control (F/AF) (Table 4). This is probably due to the water holding
capacity of the SUN [8]. The SUN might have retained water, swollen and consequently increased
firmness, similarly to the behaviour reported on frankfurters with collagen [13,38,43]. Cohesiveness,
springiness and chewiness were higher (p < 0.05) in samples with SUN added (F/2SUN and F/4SUN),
regardless of the amount of this ingredient used as animal fat replacer (Table 4). This textural behaviour
could be related with the differences in composition (mainly protein and fibre content) in each type of
frankfurter due to of addition of SUN as an animal fat replacer, although the muscle protein level was
kept constant in the formulations.

3.6. Attenuated Total Reflectance (ATR)-FTIR Spectroscopy Analysis

The acyl chain region comprised between 2950–2830 cm−1 of the ATR–FTIR spectrum of the
different frankfurter are shown in Figure 2.

Figure 2. ATR–FTIR spectra in the 2950–2830 cm−1 of frankfurters. For sample denomination, see Table 1.

This spectral region was dominated by two strong bands resulting, respectively, from the
asymmetric (asCH2) and the symmetric (sCH2) stretching vibrations of the acyl CH2 groups [44].
Partial replacement of animal fat by SUN produces a frequency upshift in asCH2 and sCH2 from 2919
to 2921 cm−1 and from 2851 to 2852 cm−1, respectively, in going to from F/AF to F/4SUN (Figure 2).
This frequency upshift was generally attributed to the diminution of the conformational order of the
lipid acyl chains and to the increase of their dynamics, which implied greater inter- and intramolecular
lipid disorder [45,46]. Therefore, it is possible to assume that frankfurters elaborated with SUN showed
greater inter- and intramolecular lipid disorder than control elaborated with all animal fat, being
these phenomena more relevant in F/4SUN samples. The increase of lipid disorder in reformulated
frankfurters as a function of SUN content could be attributed to more lipid interactions in the meat
matrix in these samples (F/2SUN and F/4SUN), mainly protein-lipid interactions [47]. The lipid chain
disorder or increased lipid interactions observed in F/2SUN and F/4SUN could be related with their
specific textural behaviour (Table 3), greater hardness, springiness and chewiness than control (F/AF).

Accordingly, previous studies showed that the direct addition of vegetable proteins, such as
soy protein isolate, in the reformulation process of heated meat batters produced protein secondary
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structural changes accompanied by textural properties modifications such as an increase in hardness
and chewiness [48]. In addition, it has been described that the direct addition of mushroom powder,
with similar composition as SUN in terms of protein, dietary fibre and bioactive compound content,
in the reformulation of processed meats impacts on their rheological and structural characteristics.
Similar to results found in the present work, it has been indicated that this reformulation process
increased the conformational disorder of the lipid acyl chains due to modifications of lipid-protein
interactions [49].

3.7. Preliminary Sensory Analysis

The results of the pilot sensory study are shown in Table 5.

Table 5. Pilot sensory analysis of frankfurters.

Parameters F/AF * F/2SUN * F/4SUN *

Aroma intensity 3.32 ± 2.34 a 4.19 ± 2.53 a 4.76 ± 2.63 a

Firmness 6.10 ± 1.76 b 6.89 ± 1.51 ab 7.82 ± 2.00 a

Juiciness 5.42 ± 2.29 a 4.70 ± 2.43 ab 3.31 ± 2.34 b

Powdery 1.67 ± 1.51 a 2.53 ± 2.54 a 3.00 ± 2.39 a

Flavour intensity 5.45 ± 2.21 a 5.56 ± 2.15 a 6.54 ± 1.98 a

Overall acceptability 6.07 ± 2.08 a 5.85 ± 2.38 a 4.87 ± 2.60 a

* For samples denominations, see Table 1. Data are expressed as means ± SD (n = 27). Different letters in the same
row indicate significant differences (p < 0.05).

The panel detected a significant difference only in the textural sensory parameter’s firmness
and juiciness. F/4SUN samples were considered firmer than F/AF, which agrees with findings from
the texture profile analysis. F/4SUN samples were also considered significantly less juicy than F/AF.
This might be related to another attribute, powdery, which tended to increase in samples with SUN,
although not significantly. Samples with SUN tended to have a higher aroma and flavour intensity
and lower overall acceptability than control, but these differences were not significant. The reduction
of pork back fat in frankfurters has been associated with lower acceptability scores in several sensory
attributes [14,16]. Since a limited number of consumers was used to in the present study, sensory
tests run on a bigger sample size would need to be repeated in the future in order to ensure enough
statistical power.

4. Conclusions

The incorporation of SUN as an animal fat replacer in frankfurters offers interesting possibilities
for the valorisation of sunflower oil by-products. SUN addition led to several nutritional improvements,
including the lipid content (qualitative and quantitative), an increase in protein and minerals. SUN
inclusion in frankfurters also promoted the presence of phenolic compounds, mostly phenolic acids.
Frankfurters with SUN could benefit from several on-pack nutrition and health claims. Although the
reformulation process using SUN as animal fat replacer resulted in some changes in the technological
and structural characteristics of the products, the products were found acceptable from a technological
point of view. Further sensory tests with a larger consumers’ sample will be needed to build onto the
preliminary results from the pilot sensory study here reported. In the future, SUN could also be used
as an animal fat alternative in plant-based meat substitutes or cell-cultured meat products as part of an
effort to replace animal products and have a positive impact on animal welfare and the environment.
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Abstract: Different health institutions from western countries ha–ve recommended a diet higher in
polyunsaturated fats, especially of the n-3 family. However, this is not a trivial task, especially for
meat-processing sectors. The objective of this work was to assess the influence of replacing pork
backfat with linseed oleogel on the main quality parameters of frankfurters. The frankfurters were
formulated by the pork backfat replacement of 0% (control), 25% (SF-25), and 50% (SF-50), using a
linseed oleogel gelled with beeswax. The determination of quality parameters (pH, colour, chemical
composition, and texture parameters), the fatty acid profile, and the sensory evaluation was carried
out for each batch. The fatty acid profile was substantially improved, and the saturated fatty acid
(SFA) content was reduced from 35.15g/100g in control sausages to 33.95 and 32.34g/100 g in SF-25
and SF-50, respectively, and more balanced ratios n-6/n-3 were achieved. In addition, the sausages
with linseed oleogel also decreased the cholesterol content from 25.08 mg/100 g in control sausages
to 20.12 and 17.23 mg/100 g in SF-25 and SF-50, respectively. It may therefore be concluded that
these innovative meat products are a healthier alternative. However, sensory parameters should be
improved in order to increase consumer acceptability, and further research is needed.

Keywords: low fat; beeswax; cholesterol; saturated fatty acid (SFA); n-6/n-3; preference test

1. Introduction

The consumer demand for healthy products is expected to grow in the coming years, frankfurter
sausages being one of the most popular, with a large market worldwide for their convenience and
price. Even though their intrinsic characteristics can vary significantly, pork frankfurters may contain
up to 23% fat and 8.7% saturated fatty acids (SFA) [1], which converts them into less attractive meat
products. It is a well-known fact that SFA and trans fatty acids (TFA) provide a suitable texture and
juiciness in meat processed products, but they have detrimental effects on human health, such as
cardiovascular disease or metabolic syndrome [2]. For this reason, the WHO recommends reducing
the energy intake of total fats to less than 30% of the total daily diet and preventing SFA and TFA in
the diet [3]. As animal fats are richer in SFA and TFA than those from a vegetal source, the partial
replacement has become a strategic target for the meat industry in order to develop healthier meat

Foods 2019, 8, 366; doi:10.3390/foods8090366 www.mdpi.com/journal/foods111



Foods 2019, 8, 366

products [4–8]. Indeed, vegetable oils in sausage formulations have been used for the production of
low/improved fat frankfurters [9,10]. However, since vegetable oils are liquid at room temperature,
this constitutes a major problem, resulting in substantial differences in texture, color, and flavor with
regard to beef or pork backfat.

Trying to address these issues, food researchers have shown an increased interest in edible
oleogels. The formation of oleogels requires an oleogelator that will form a network allowing the
conversion of liquid oil to a solid substance, and it may also include bioactive compounds [11,12]. The
properties of the oleogels are affected by the type, concentrations, and crystallization temperature of
the oleogelator, by the oil medium and presence of other additives [2]. Oleogels based on canola oil
and ethylcellulose as the organogelator have proven to be an alternative lipid phase in comminuted
meat products [13,14], meat batters [15], and breakfast sausages [16]. However, temperatures required
to dissolve ethylcellulose in oil are above 130 ◦C, which makes the whole process more complex.
Alternatively, beeswax is certainly regarded as one of the most commercially valuable waxes, used to
wrap cheese or as a food additive, which also can be used as an oleogelator. Beeswax was evaluated
with different types of oils [11,17], but there is still insufficient data in meat processed products with
few exceptions, such as beef burgers [18] or pâtés [19]. On the other hand, linseed oil is widely used in
functional food because of its high level of α-linolenic (~55%), which is converted into long chain n-3
fatty acids (FA). Moreover, Fayaz et al. [20] have reported that textural properties of oleogels composed
by beeswax and linseed oil were stable, showing greater firmness and stickiness than those from other
oilseeds (canola, sesame, and sunflower). In addition, meat products enriched with linseed oil enhance
the FA profile in health terms. Recently, Gómez–Estaca et al. [19] tested a mixture of olive, linseed,
and fish oil together with beeswax to replace animal fat in pork liver pâtés, concluding that stability,
texture, color, and sensory attributes were not significantly affected.

Therefore, the aim of this research was to study the effect of replacing pork backfat with different
substitution levels with oleogels, elaborated using linseed oil and beeswax, on the main quality
attributes of frankfurters (color, texture, and sensory properties).

2. Materials and Methods

2.1. Oleogel Elaboration

For the production of beeswax-based oleogel, a commercial linseed oil Vitaquell® with 72%
polyunsaturated (approx. 55% of α-linolenic), 19% monounsaturated, and 9% saturated FAs was used
as the oil phase. Oleogels with 8% (w/w) gelator were produced for all the fat replacement experiments.
To ensure the solubilization of beeswax in linseed oil, the gelator was dispersed under stirring at 80 ◦C
(above wax melting point) for at least 30 min. After that period of time, the oleogels were left cooling
at ambient temperature until gel formation.

2.2. Frankfurter Production

Three different batches (1.5 kg per batch) were produced: A control batch (CO), elaborated only
with pork backfat, two batches of sausage frankfurter (SF), SF-25, and SF-50 with 25% and 50% of
pork backfat replaced by oleogel, respectively. The amount of pork backfat added was 172.5 g, 129.4 g,
and 86.25 g for the CO, SF-25 and SF-50, respectively, and the amount of linseed oleogel added was
43.1 g and 86.25 g for SF-25 and SF-50, respectively. These formulations were selected according to
previous works developed in our lab. The other components were added in the same proportion: Pork
jowl (438.8 g), pork lean (198.8 g), pork heart (240 g), water (172.5 g), ice (418.1 g), sodium caseinate
(18.8 g), salt (11.2 g), and commercial mix (189.4 g). The commercial mix (Ceylamix PT-F, Laboratorios
Ceylamix, Valencia, Spain) consisted of potato starch, salt, milk, and soy protein, polyphosphates
(E-450i, E-452i), dextrose glutamate monosodium (E-621), sodium ascorbate (E-301), sodium, nitrite
(E-250), and paprika extract (E-160c).
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The meat batter was elaborated as follows. The sodium caseinate and water at 60 ◦C were
homogenized in a Ultraturrax T25 basic (IKA-Werke, Staufen, Germany) for 2 min at a ratio of 5:1.
Pork backfat or oleogel were then added and emulsified for 3 min. Once the emulsifying process
was finished, the mixture was refrigerated at ambient temperature. Meat batters were elaborated by
chopping the pork lean, jowl, and heart in a cutter (Cutter K30, Talsa, Talsabell S.A., Valencia, Spain)
at a low speed for 1 min. Afterwards, the pork backfat or oleogel mass was added and chopped for
1 additional min. Finally, the commercial mix was included in the meat batter and mixed for 5 min.
During this process, the overall temperature did not exceed 8 ◦C. After emulsification, each batch of
meat batter was stuffed into 25 mm collagen casings and divided into sausages of 8 cm of length.

The sausages were cooked in a water bath (Marmite Mera 120 × 70, Talsa, Talsabell S.A., Valencia,
Spain) at 90 ◦C for 20 min. The sausages were then immersed in an ice water-bath for 5 min, placed
in polyethylene bags, vacuum packaged, and pasteurized at 90 ◦C for 30 min. Finally, the sausages
were transferred to a cooler at 2 ◦C and stored for 24 hours until analysis. A total of 30 sausages of
100 grams (five samples per each batch × three batches × two replicates) were analyzed for different
quality traits. Before analysis, sausages were minced in a blender (Moulinex, Barcelona, Spain).

2.3. Physicochemical Analysis

2.3.1. Determination of Quality Parameters: pH, Color, and Chemical Composition

The pH value was measured using a portable pH-meter (Hanna Instruments, Eibar, Spain),
equipped with a penetration probe. The color determination of sausages was assessed from fresh cut
cross-sections in three different points with a portable colorimeter (Konica Minolta CM-600d, Osaka,
Japan), according to CIELAB space [21]: Lightness, (L*); redness, (a*); yellowness (b*), with the next
settings machine (pulsed xenon arc lamp, angle of 0◦ viewing angle geometry, and aperture size of
8 mm). Hue (Hab) and chroma (C*) were calculated from the a* and b* values according to expressions:

C∗ =
√
(a∗)2 + (b∗)2 and hab = acr tan

b∗
a∗ (1)

Moisture, protein, and ash were assessed following the International Organization for
Standardization (ISO) recommended standards [22–24]. Total fat was extracted according to the
American Oil Chemists’ Society (AOCS) official procedure [25], while carbohydrate contents were
estimated by the difference. The quantification of total cholesterol, saponification, extraction, and
identification was carried out with high performance liquid chromatography (HPLC) in the normal
phase, according to Dominguez et al. [26].

2.3.2. Fatty Acid Profile

The total fat was extracted from 12.5 grams of the sample and 50 milligrams were utilized to
determine the FA profile. Total FAs were transesterified, following Dominguez et al. [26]. The separation
and quantification of the fatty acid methyl esters (FAMEs) was performed using a gas chromatograph
(GC-Agilent 6890 N; Agilent Technologies Spain, S.L., Madrid, Spain) equipped with a flame ionization
detector following the chromatographic conditions described by Dominguez et al. [26]. Data of FAME
profiles were expressed in grams per 100 grams of fat.

To assess the nutritional properties of sausages, the ratios polyunsaturated fatty acid
(PUFA)/SFA, n-6/n-3, hypocholesterolemic/Hypercholesterolemic (h/H) ratios, the nutritional
value (NV), the indexes of atherogenicity (AI), and thrombogenicity (TI) were determined.
The hypocholesterolemic/Hypercholesterolemic (h/H) ratio was calculated according to Santos–Silva
et al. [27]: h/H = ((sum of C18:1n9c, C18:2n6, C18:3n6, C18:3n3, C20:3n6, C20:4n6, C20:5n3, and
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C22:5n3)/(sum of C14:0 and C16:0)). The atherogenic index (AI) and thrombogenic index (TI) were
calculated according to Ulbricht and Sauthgate [28]:

AI = [(4 × C14:0) + C16:0]/[(ΣPUFA) + (ΣMUFA)]; (2)

TI = [C14:0 + C16:0 + C18:0]/[(0.5 × ΣMUFA) + (0.5 × n6) + (3 × n3) + (n3/n6)].

2.3.3. Texture Profile Analysis

Sausage pieces of 1 × 1 × 2.5 cm (height × width × length) were compressed at a crosshead
speed of 3.33 mm/s in a texture analyzer (TA.XTplus, Stable Micro Systems, Vienna Court, UK). The
following parameters were recorded: Hardness, cohesiveness, springiness, gumminess, chewiness,
and adhesiveness by compressing to 80%, using a compression probe with 19.85 cm2 of surface contact.

2.3.4. Sensory Evaluation

A pilot consumer test was performed by 32 panelists, recruited among personnel of the Meat
Technology Center. The testing was carried out in a room equipped with individual tasting booths
under white light [29]. Water and bread without salt were available for rinsing the mouth between
samples. Samples were cooked in a hot steam oven (CombiMaster®Plus, Rational, Landsberg am Lech,
Germany) until a core temperature of 70 ± 2 ◦C was reached. The temperature was controlled using
an oven thermometer inserted lengthwise into one of the sausages. After cooking, the sausages were
sliced into 1.5 cm thick pieces and served hot. The serving temperature of the samples was 50 ± 2 ◦C.
The three samples were presented to the panelists following a balanced order for each of them [30].
Panelists were asked to rank the samples according to their own preference related to appearance,
odor, hardness, juiciness, taste, and global perception. They also evaluated the overall acceptability of
each sample using a 7-point hedonic scale, varying from (1) “liked very much” to (7) “disliked very
much”, according to Meilgaard et al. [31].

2.4. Statistical Analysis

All statistical analysis was performed using SPSS v. 23 package (IBM SPSS, Chicago, Illinois, USA).
The effect of inclusion of oleogel at two levels (25 and 50%) was evaluated employing a mixed-model
analysis of variance (ANOVA), where these traits were set as dependent variables, oleogel concentration
(0, 25, and 50%) as a fixed effect, and a replicate as a random effect. The pairwise differences between
least-square means were evaluated by Duncan’s test. Correlations among traits were determined by
Pearson’s linear correlation coefficient.

The XLSTAT-Sensory version 2018 software was used to analyze all the sensory data. To analyze
differences in the sensorial parameters evaluated by the panelist preference ranking test, the Friedman
rank sum test was performed [32], using a significance level of 95% to determine whether the panelists
were able to discriminate among samples. The least significant difference was used to determine
whether significant differences (p < 0.05) existed among sausages.

Overall acceptability data from the evaluation was analyzed by means of a linear mixed model.
A sample was specified as a fixed effect while a panelist was specified as a random effect. A significance
level of 95% was considered in the analysis and Tukey´s test was used to separate means.

3. Results

3.1. Chemical Composition of Frankfurters

The statistical analysis showed significant differences for all evaluated parameters; however, the
numerical values among batches were similar, with the exception of cholesterol content (Table 1). These
outcomes can be explained by the fact that the amount of ingredients in all formulations was in fact the
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same, except the subcutaneous fat from pork which was replaced by the linseed oleogel. These slight
observed differences could be attributed to the lack of homogeneity (backfat, jowl, lean, and heart) in
the frankfurter elaboration procedure.

Table 1. Chemical composition of a frankfurter, expressed in percentage (mean values ± standard
deviation of 10 samples).

Parameter Control SF-25 SF-50 SEM p-Value

Moisture (%) 57.55 ± 1.02 a 55.98 ± 0.49 c 56.74 ± 0.67b 0.17 p < 0.001
Protein (%) 11.19 ± 0.33 a 10.63 ± 0.39 b 10.62 ± 0.22b 0.07 p = 0.001

Ash (%) 4.24 ± 0.17 a 4.05 ± 0.09 b 4.04 ± 0.10b 0.03 p = 0.002
Fat (%) 18.35 ± 0.60 b 20.03 ± 1.04 a 18.95 ± 0.72b 0.19 p < 0.001

Carbohydrate (%) 8.65 ± 0.57 b 9.30 ± 0.66 a 9.63 ± 0.60a 0.13 p = 0.005
Cholesterol
(mg/100 g) 25.08 ± 0.88 a 20.12 ± 0.77 b 17.23 ± 0.38c 0.87 p < 0.001

Saturated fatty (SF), Standard error of mean (SEM), a–c Means in the same row with different letters differing
significantly (p < 0.05).

Differences in moisture content ranged between 55.55–56.74% for all the batches, while the protein
percentage varied from 10.62 to 11.19%, resulting in slightly higher values for the control samples. In
addition, the replacement with linseed oleogel had a significant (p < 0.05) effect on protein content.
Ash content was significantly affected by replacement of pork backfat, ranging between 4.04 and
4.24%. Regarding the fat content, the differences among batches were small (18.35–20.03%), although
they reached statistical (p < 0.05) relevance and the cholesterol amount varied significantly (p < 0.001)
among batches, with the highest content (25.08 mg/100g) in the control sausages.

3.2. Fatty Acid Profile of Frankfurters

The influence of the partial replacement of pork backfat at two levels by linseed oleogel on the FA
profile is shown in Table 2. As expected, this partial substitution caused a significant effect in all FAs
with the exception of α-linoleic acid (C18:2n6c). This is due to the healthy FA profile of the linseed
oleogel. However, the most predominant FAs in all batches were monosaturated fatty acid (MUFA),
followed by SFA and polyunsaturated fatty acid (PUFA).

Regarding individual FA, oleic acid (C18:1n9c) was the most considerable FA followed by palmitic
acid (C16:0), α-linoleic acid, and stearic acid (C18:0). The replacement of pork backfat by linseed oleogel
reduced the SFA content from 35.15 g/100 g obtained in control sausages to 33.95 and 32.34 g/100 g in
SF-25 and SF-50, respectively. The most predominant SFA was palmitic acid (C16:0), followed by stearic
acid (C18:0). The palmitic content decreased significantly (p < 0.05) from 22.23 to 20.07 g/100 g for the
control and SF-50 treatment, respectively. Moreover, stearic content showed a significant reduction
from 10.92 to 10.37 g/100 g. The MUFA content was also affected by linseed replacement, presenting
the highest values in the control sausages (48.06 mg/100 g). Differences are mainly due to oleic content
variation along the three batches. In this sense, linseed seed is poor in this FA, causing a significant
decrease in the final formulation.

Concerning PUFA, their content was significantly (p < 0.05) affected by linseed inclusion. Indeed,
the PUFA content increased from 16.77 mg/100g for the control to 20.10 and 25.46 mg/100 g for SF-25
and SF-50, respectively. The linoleic acid did not show significant (p > 0.05) differences among batches;
however, variations in PUFA content are directly associated to the linolenic content. This was a desired
consequence, which had immediate consequences on n-3 PUFA content as well as in PUFA/SFA and
n-6/n-3 ratios. Indeed, control sausages had the lowest PUFA/SFA ratio (0.47) and the higher n-6/n-3
(14.92). Thus, these ratios could be significantly (p < 0.05) increased to 0.78 and decreased to 1.61,
respectively, with replacement of 50% of pork backfat by linseed oleogel.
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Table 2. Fatty acid profile (g/100 g of fat) of frankfurter (mean values± standard deviation of 10 samples).

Fatty Acid Control SF-25 SF-50 SEM p-Value

C14:0 1.26 ± 0.01 a 1.27 ± 0.02 a 1.16 ± 0.03 b 0.01 p < 0.001
C16:0 22.23 ± 0.02 a 21.49 ± 0.25 b 20.07 ± 0.40 c 0.17 p = 0.002

C16:1n7 2.27 ± 0.07 a 2.28 ± 0.01 a 1.95 ± 0.09 b 0.03 p < 0.001
C17:0 0.38 ± 0.01 a 0.35 ± 0.01 b 0.31 ± 0.01 c 0.005 p < 0.001
C18:0 10.92 ± 0.04 a 10.47 ± 0.16 b 10.37 ± 0.03 c 0.04 p < 0.001

C18:1n7t 0.30 ± 0.01 a 0.28 ± 0.01 b 0.24 ± 0.01 c 0.04 p < 0.001
C18:1n9c 40.93 ± 0.04 a 39.00 ± 0.59 b 36.13 ± 0.78 c 0.37 p < 0.001
C18:1n7c 3.20 ± 0.01 a 3.10 ± 0.03 b 2.75 ± 0.10 c 0.036 p < 0.001
C18:2n6c 14.31 ± 0.04 14.30 ± 0.06 14.34 ± 0.02 0.008 p = 0.965

C:20:0 0.15 ± 0.01 c 0.16 ± 0.01 b 0.17 ± 0.0 a 0.002 p < 0.001
C18:3n3 0.80 ± 0.03 c 4.27 ± 1.09 b 9.68 ± 1.49 a 0.70 p < 0.001
C20:2n6 0.68 ± 0.01 a 0.62 ± 0.01 b 0.54 ± 0.02 c 0.01 p < 0.001
C20:4n6 0.46 ± 0.01 a 0.41 ± 0.01 b 0.40 ± 0.01 c 0.005 p < 0.001
C22:5n3 0.09 ± 0.01 a 0.08 ± 0.01 b 0.07 ± 0.01 c 0.001 p < 0.001

SFA 35.15 ± 0.07 a 33.95 ± 0.41 b 32.34 ± 0.45 c 0.22 p <0.001
MUFA 48.06 ± 0.05 a 45.93 ± 0.65 b 42.18 ± 1.03 c 0.46 p < 0.001
PUFA 16.77 ± 0.07 c 20.10 ± 1.06 b 25.46 ± 1.48 a 0.69 p < 0.001
n6/n3 14.92 ± 0.44 a 3.87 ± 2.01 b 1.61 ± 0.39 c 1.10 p < 0.001

PUFA/SFA 0.47 ± 0.01 c 0.59 ± 0.04 b 0.78 ± 0.05 a 0.02 p < 0.001
IA 0.42 ± 0.01 a 0.40 ± 0.01 b 0.36 ± 0.01 c 0.004 p < 0.001
IT 0.98 ± 0.01 a 0.75 ± 0.07 b 0.53 ± 0.05 c 0.03 p < 0.001

h/H 2.53 ± 0.01 c 2.67 ± 0.04 b 2.97 ± 0.08 a 0.03 p < 0.001

Standard error of mean (SEM), the saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), polyunsaturated
fatty acid (PUFA), atherogenicity (IA), thrombogenicity (IT), a–c Means in the same row with different letters differing
significantly (p < 0.05).

Finally, replacing pork backfat with a linseed oleogel also had a significant effect (p < 0.001) on the
IA and IT and on h/H. Sausages with a replacement of 25% and 50% obtained the lowest values for IA
and IT (0.42 vs. 0.40 vs. 0.36; p < 0.001 for control, SF-25 and SF-50, respectively, in the case of IA and
0.98 vs. 0.75 vs. 0.53; p < 0.001 for control, SF-25 and SF-50, respectively), showing the better nutritional
fatty acid profile. Regarding the h/H ratio, sausages replaced with 50% of lineseed oleogel obtained the
highest values, with the highest percentage of hypocholesterolemic FA, α-linolenic, and the lowest
amounts of hypercholesterolemic FA (C14:0 and C16:0). On the contrary, control sausages displayed
an opposite trend in respect to the amounts of hypocholesterolemic and hypercholesterolemic FA,
resulting in the lowest h/H values. However, for all sausage batches studied this ratio was higher than
2.5, which is considered as favorable.

3.3. Quality Parameters: pH and Color Assessment of Frankfurters

The pH values were significantly (p < 0.001) influenced by replacement with linseed oleogel,
although numerical values were very similar. Regarding color parameters (L*, a*, and b*), they were
significantly (p < 0.001) influenced by substitution of pork backfat with linseed oleogel. Specifically,
luminosity and yellowness increase with the amount of linseed oleogel (L* from 61.47 to 69.37 and b*
from 16.61 to 18.85 for the control and SF-50, respectively). On the contrary, redness value decreased
from 12.50 to 9.06 for control and SF-50, respectively (Figure 1).
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Figure 1. Color parameters of frankfurters, a–c Different letters indicate statistically significant
differences (p < 0.05), (mean values ± standard deviation of 10 samples).

3.4. Texture Profile Analysis of Frankfurters

The textural profile analysis shows that the replacement of pork backfat with linseed oleogel led
to significant variations in the following textural parameters: Hardness, cohesiveness, gumminess,
and chewiness (Figure 2). Cohesiveness, gumminess, and chewiness significantly increased in SF-50,
with respect to control sausages, but the differences were relatively slight.

Figure 2. Textural parameters of frankfurters. Hardness (Kg), Springiness (mm), Gumminess (Kg), and
Chewiness (kg mm), a–c Different letters indicate statistically significant differences (p < 0.05), (mean
values ± standard deviation of 10 samples).

3.5. Sensory Attributes of Frankfurters

Sensory analysis indicated that there were significant differences in the preference (p < 0.05),
influenced by the replacement of pork backfat with linseed oleogel (Table 3). The appearance is
significant to consumer preference and acceptability of products. Panelists showed a clear preference
(p < 0.05) for control samples over SF-25 and SF-50 samples. Regarding color parameters, the control
sample obtained the lowest yellowness value, suggesting a higher acceptability. In meat products,
the yellow color is associated with rancid foods caused by lipid oxidation. A significant difference
(p < 0.05) was detected between the control and the remaining samples for the odor and taste. The
control sample was the most preferred in both cases. Hardness only showed a slightly higher value in
the 25% substitution sausage without significant influence in the evaluation for ranking preference.
In the case of juiciness, a significantly lower score (p < 0.05) showed for the SF-50, whereas no
differences were detected between the control and SF-25. Finally, control samples obtained higher
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scores for global perception compared to other samples (86 vs. 58 and 48 for control, SF-25, and SF-50
batches, respectively).

Table 3. Preference data: Rank sums. Ranking preference: 1 the lowest, 3 the highest preferred.

Parameter Control SF-25 SF-50

Appearance 84 a 44 b 64 b

Odor 86 a 56 b 50 b

Hardness 60 74 58
Juiciness 72 a 72 a 48 b

Taste 82 a 60 b 50 b

Global Perception 86 a 58 b 48 b

a–b Different letters indicate statistically significant differences (p < 0.05).

4. Discussion

Among batches, variations in moisture content were slightly lower than some described by other
authors on frankfurters [10,33,34]. Differences in protein content between control sausages and the
other batches (SF-25 and SF-50) could be explained by the presence of small lean portions in pork backfat.
Other authors have reported frankfurter sausages with protein content between 12.5–15% [10,33,34].
The range of ashes content was higher than those shown by other authors [10,33,34], who indicated
values in the range 2.58 to 3.39%. These differences could be explained by variations in the amount of
sodium caseinate, salt, and commercial mix among recipes of the studies.

Previous studies have noted the importance of animal fat in this type of meat products, because it
plays a significant role in flavor intensity, juiciness, and tenderness. In comminuted meat products
and frankfurters, values of around 26% have been found [13,35], but other lower values have been
reported as 20.8% in breakfast sausage [16], 14.41% in sausages elaborated with microencapsulated
fish oil [34], or even 10.3% for low-fat sausages elaborated with Konjac gel [10]. Regarding cholesterol
content, it is remarkable that frankfurters formulated with linseed had the lowest cholesterol content
with respect to the control sausages (25.08 vs. 17.23; p < 0.05), despite the fact that this result was
expectable, because cholesterol is inherent to animal tissues, hence it should not be found in linseed.
This is an important improvement from a nutritional point of view.

Overall, the individual FA in the following order (oleic > palmitic > linoleic > stearic) match those
reported in earlier studies of frankfurters [33,34,36]. It should be noted that a noticeable SFA reduction
(in the range 3.4–7.99%) was achieved as a result of the replacement of pork backfat by linseed oleogel.
A similar reduction range (3–8%) was obtained with sausages containing fish oil [37]. Other authors
have reported higher reductions in SFA content when replacing pork backfat with fish and/or vegetable
oils, e.g., 4.5–11.8% [34] and 3–25% [38] in frankfurter sausages.

Reductions in the main SFA (palmitic and stearic acids) have important and beneficial effects
on human health in accordance with the recommendations of WHO [3]. Recommendations include
reducing SFA intake, due to the raise of low-density lipoprotein (LDL)-cholesterol producing atherogenic
and hypercholesterolemic effects [39]. This result may be explained by the fact that linseed has a lower
SFA percentage than pork backfat. These findings match those mentioned in previous reports, in
regard to the fat substitution in frankfurters with vegetable oils [10,33,34].

On the other hand, lipid oxidation affects color, texture, nutritional value, taste, and aroma leading
to rancidity, which is responsible for off-flavors and unacceptable taste, which are important reasons for
consumer rejection [40,41]. Lipid oxidation is a rather complex process, in which unsaturated fatty acids
react with molecular oxygen via free radical chain-forming peroxides [42]. The first auto-oxidation is
followed by a series of secondary reactions, which lead to lipid degradation and the development of
oxidative rancidity products. However, lipid oxidation (Thiobarbituric acid reactive substances values)
were not determined in our sausage samples.
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Variations in PUFA content, as well as PUFA/SFA and n-6/n-3 ratios, have important implications
for the development of healthy meat products, as it is well known that balanced ratios of n-6/n-3 and
PUFA/SFA have positive effects on human health. Effectively, excessive n-6 PUFA content and therefore
greater n-6/n-3 ratios can result in diseases, such as cardiovascular pathology and prostate cancer,
whereas an excessive increase of n-3 PUFA exerts suppressive effects [43]. However, western diets
are increasing the amount of n-6 PUFA. Higher proportions of n-3 PUFA have been recommended by
European Food Safety Authority (EFSA) [39] and Food and Agriculture Organization (FAO) [44] in
order to decrease the n-6/n-3 ratio for the prevention of above-mentioned diseases. The present results
agree with the findings of other studies in which the inclusion of olive and fish oils, mixture or alone,
diminished the n-6/n-3 ratio in frankfurters [34] and beef burgers [45].

The color parameters of batches formulated with linseed oleogel are strongly related to color
characteristics of raw ingredients used in the formulation. The increase in luminosity and yellowness
may be explained by the yellow color of linseed oleogel and is associated with the amount used in
the elaboration. Other authors have reported similar results in different meat products, replacing
pork backfat with vegetable oils (olive, canola), such as frankfurters [34], breakfast sausages [16],
pate [46], or pork patties [47]. On the contrary, Barbut et al. [16] indicated a significant decrease in the
luminosity of breakfast sausages elaborated with canola oleogel. The significant (p < 0.001) reduction
of redness values in SF-50 (9.06) and SF-25 (10.15), with respect to the control samples (12.50), seems
to be consistent with the study of Lopez-Lopez et al. [9], which found that the substitution of pork
backfat by olive oil decreased the redness value in frankfurters.

One of the main issues in the reformulation of meat products, such as frankfurters or sausages, is
regarding textural properties, because some of these properties were quite different in new products
than original products. For instance, Barbut et al. [16] indicated that the replacement of beef fat by
canola oil in comminuted products led to a firmer and higher rubbery product, which is unsatisfactory.
However, in our study, changes in the sausage textural profile were not remarkable, in agreement
with [33], who observed no influence on the hardness or chewiness of frankfurters with olive oil
replacing pork backfat. However, this issue is controversial, as the increase of hardness and firmness
in frankfurters with olive oil instead of pork backfat [48,49], as well as no influence [50], has also been
reported. In addition, in the present study, a negative correlation between hardness and fat content was
found (r = −0.560; p < 0.01). A similar behavior was noticed for gumminess and chewiness (r = −0.444
and −0.428, p < 0.05, respectively) while adhesiveness was positive, correlated with total fat content
(r = 0.414, p < 0.05).

Modifications in the formulation resulted in global perception being significantly different
among samples. Thus, samples with linseed oleogel were assessed with a lower preference. The
overall acceptability for sausages depends on many attributes and their interactions. Panelists
showed significant differences regarding the sausages with substitution of pork backfat, with overall
acceptability scores of 2.06 ± 0.17, 2.69 ± 0.19 and 3.19 ± 0.17 for CO, SF-25, and SF-50. Although the
sausage control showed more acceptability than the modified sausages, the three formulations scored
in the positive part of the hedonic scale used in this study, obtaining a positive acceptance. Barbut et
al. [13] noticed that there may be a hardness and juiciness tipping-point based on the ethylcellulose
(EC) concentration in the organogel, where frankfurters containing organogels of lower EC content
resembled those prepared with beef fat (control group). In addition, they reported that organogels with
higher EC concentration-yielded frankfurters that resembled the control group, potentially allowing for
the custom formulation of hardness and other sensory characteristics. Organogel samples formulated
with sorbitan monostearate can further help tailor textural and sensory characteristics of emulsion
type meat products by adding plasticity to the organogel structure [13].

5. Conclusions

Linseed oleogel was successfully inserted into frankfurters in order to replace the pork backfat.
The FA profile improved with the use of oleogels, the values of SFA content and the n-6/n-3 ratio
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reduced significantly, and the cholesterol amount also decreased significantly in the sausages with
linseed oleogel. These healthier newly emerging meat products are being screened in the meat industry.
However, other sensory parameters could not be substantially improved, such as color, which increased
the yellowness with linseed oleogel. Moreover, cohesiveness, gumminess, and chewiness presented
higher values in this new product. More research is needed to enhance the sensory properties and
lipid oxidation in precooked products with linseed oleogels.
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Abstract: This paper evaluates how grilling, a traditional culinary procedure for fresh meat products,
affects the composition and technological properties of healthy longanizas formulated with chia
(Salvia hispanica L.) (C-RF) and oat (Avena sativa L.) (O-RF) emulsion gels (EGs) as animal fat replacers.
The use of EGs, regardless of whether they contain chia or oat, improved longaniza performance
during cooking as they lost less (p < 0.05) water and fat. The composition of cooked sausages was
affected by their formulation, particularly those with chia EG (C-RF) which featured the highest
polyunsaturated fatty acid content, mainly due to the higher level of α-linolenic fatty acid (1.09 g/100 g
of product). Chia and oat EGs in C-RF and O-RF allow longanizas to be labeled with nutritional
and health claims under European law. In general, this culinary procedure increases (p < 0.05) the
lightness, lipid oxidation and texture parameters of all samples.

Keywords: fresh sausages; longanizas; grilling; chia and oat EGs; nutritional and health claims;
technological properties

1. Introduction

Plant-based ingredients are used to enhance health-promoting bioactive components in meat
products [1,2]. Oat bran (Avena sativa L.) is an example that has been widely used in the preparation
of a number of meat products, mainly providing them with soluble fiber (β-glucans), minerals
(Mg, Fe, Cu, etc.), vitamins and phenolic compounds [3–5]. Chia (Salvia hispanica L.) is a plant-based
ingredient that is gaining in popularity due to its interesting nutritional properties deriving from higher
α-linolenic acid levels, insoluble dietary content and minerals (Ca, Fe, Mg, Mn, etc.) and vitamins [6].
Hence, chia has been added to different meat products to provide them with various bioactive
compounds [7–13] and attractive technological properties (water and fat binding capacity, emulsifying
and gelling properties, etc.) [14,15]. Due to their emulsifying and gelification potential, both chia
and oat have been used in oil structuring processes to obtain new lipid materials which, thanks to
their characteristics, can be used as animal fat substitutes. With this aim in mind, it is worth noting
the use of EGs to reformulate fresh and cooked meat products due to their technological properties
(texture, color, etc.) and their capacity to deliver bioactive compounds [16,17]. Especially in certain
fresh meat products such as longanizas, chia and oat EGs have been deemed as suitable animal fat
replacers and vehicles of bioactive compounds, allowing them to make different nutritional and health
claims [18,19] and also feature optimal sensorial, technological and microbiological properties [20].
However, marketing these fresh sausages as healthier alternatives based on their composition may
not be entirely accurate given the variety of processes that must be carried out prior to consumption
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(storage, thawing, cooking, etc.) [21]. Longanizas, for example, like other fresh meat products, need to
be cooked prior to consumption. Cooking methods (roasting, grilling, frying, etc.) and conditions
(time, temperature, heating rate, etc.) have a noticeable impact on the balance of (healthy/unhealthy)
compounds and energy value [21]. Furthermore, lipid oxidation or other technological variations
occur as a consequence of high temperatures [21,22].

It therefore makes sense that in the case of fresh meat products designed and produced to be
healthier, we need information on their real nutritional and technological properties after having been
subjected to different cooking procedures. Hence, the first aim was to produce a healthier fresh meat
product (longanizas) by adding chia or oat EGs as animal fat replacers and delivery systems of certain
bioactive compounds to evaluate the impact of grilling (selected because it is one of the most common
ways to cook this type of product) on the composition and technological properties of longanizas.
The second aim of the study was to determine how nutritional and health claims were affected by this
cooking process. Longanizas elaborated with only animal fat (pork back-fat) (normal and reduced fat
content) were used as reference.

2. Materials and Methods

2.1. Oil-in-Water Emulsion Gels and Longanizas Preparation

Oil-in-water (O/W) emulsion gels (EGs) and longanizas (fresh sausages) were prepared as reported
by Pintado et al. [20]. Briefly, two different EGs, one containing chia (Salvia hispanica L.) flour and the
other oat (Avena sativa L.) bran, were used as animal fat replacers in the preparation of longanizas.
These EGs were formulated with 20% olive oil, 58% water, 2% gelling agent based on alginate (0.73%
sodium alginate, 0.73% CaSO4 and 0.54% sodium pyrophosphate) and 20% chia flour or oat bran
depending on the desired formulation [16,17].

Four different longanizas were prepared with the same quantity of pork meat (60 g/100 g product).
Two were formulated with only animal fat (pork back-fat) and used as the reference (all-animal fat):
one with normal fat content (29 g pork back-fat/100 g product) called P-NF and the other with reduced
fat content (7.25 g pork back-fat/100 g product) called P-RF. Additionally, two different reduced-fat
longanizas were formulated replacing 90% of pork back-fat with 27 g/100 g of chia or oat EGs, with the
final products denominated C-RF and O-RF, respectively. All the samples contained 4% of commercial
seasoning for fresh sausages.

2.2. Cooking Method for the Longanizas and Weight Loss

Longanizas were cooked on an electric grill. Four samples were used for each formulation.
This cooking method was chosen because it is the one that is most used for this kind of product.
Preliminary cooking trials were performed to establish the cooking conditions required to achieve a
meat core temperature of 70 ◦C. Sausages were weighed and cooked for 2 min at 210 ± 4 ◦C on an
electric grill (Princess classic multigrill type 2321, Tilburg, The Netherlands). All sausages were then
cooled at room temperature (20–22 ◦C) for 30 min, dabbed with a paper towel to remove visible exudate
and then weighed to calculate weight loss determined by weight difference (four determinations).
Results were expressed as a percentage of the initial weight. Samples were stored under chilled
conditions (3 ± 2 ◦C) until analysis.

2.3. Composition and Energy Content of Longanizas

2.3.1. Proximate Composition

Moisture and ash contents were determined in triplicate according to official methods [23].
Fat content was evaluated in triplicate following Bligh and Dyer [24]. Protein was measured in
quadruplicate with a Nitrogen Determinator LECO FP-2000 (Leco Corporation, St Joseph, MI, USA).
All determinations were performed on both raw and grilled samples.
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2.3.2. Fatty Acid Profile

Fatty acid content was determined (in triplicate for each type of sample) for both raw and grilled
samples by saponification and bimethylation using C13:0 (7015-U Supelco PUFA No.2 Animal Source;
Sigma-Aldrich Co., St. Louis, MO, USA) as the internal patron. Fatty acid methyl ester (FAME)
was analyzed as described in Pintado et al. [20]. Fatty acids were expressed as g of fatty acid/100 g
of product.

2.3.3. Energy Content

Energy content was calculated based on 9 kcal/g for fat and 4 kcal/g for protein and carbohydrate [25].

2.4. Technological Properties

2.4.1. Color and pH Determination

Color (CIE-LAB tristimulus values, lightness, L*; redness, a*; and yellowness, b*) was determined
for raw and grilled sausage cross-sections using a Konica Minolta CM-3500 D Chroma Meter
(Konica Minolta Business Technologies, Tokyo, Japan). Ten determinations were carried out for
each sample type.

pH values were determined in quadruplicate for each formulation of longaniza using an
827 Metrohm pH-meter (MetrohmAG, Herisau, Switzerland) at room temperature on homogenates
(1:10 w/v sample/distilled water ratio) of raw and cooked samples.

2.4.2. Texture Analysis

Kramer shear force (KSF) was performed using a miniature Kramer (HDP/MK05) cell with a
5-bladed head to perform a shearing test. Kramer shear tests were carried out at room temperature on
sections of 2 cm previously weighed. A 25 kg load cell was used. Force was exerted to a compression
distance of 25 mm at 0.8 mm/s crosshead speed using a TA-XT.plus Texture Analyzer (Texture
Technologies Corp. Scarsdale, NY, USA). KSF values were calculated as the maximum force per g of
sample (N/g). Five measurements were taken on both raw and grilled sausages for each formulation.

2.4.3. Lipid Oxidation Stability

Lipid oxidation was evaluated as a function of change in thiobarbituric acid-reactive substances
(TBARs) [8]. TBAR determinations for each sample and formulation (raw and cooked) were performed
in triplicate.

2.5. Statistical Analysis

One-way analysis of variance (ANOVA) was performed to evaluate statistical significance (p< 0.05)
attributable to sample formulations (expressed in figures and tables with different superscript letters a,
b, c, etc.) and two-way ANOVA was performed to evaluate statistical significance (p < 0.05) attributable
to formulations and the effect of cooking (expressed in tables with different superscript numbers 1, 2)
using the SPSS program (v.24, IBM SPSS Inc.; Chicago, IL, USA). Formulation and cooking were
assigned as fixed effects and replication as a random effect. Results are given in terms of mean values
and standard error of the mean. Least square differences (LSD) were used to compare mean values and
formulations, while Tukey’s HSD test was used to identify significant differences (p < 0.05) between
formulations and cooking procedures.
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3. Results and Discussion

3.1. Cooking Method for the Longanizas and Weight Loss

Fresh meat products such as longanizas must be cooked and the electric grill is commonly used.
Figure 1 shows the different appearances of raw and grilled samples.

 

Figure 1. Appearance of longanizas: raw (left) and grilled cooked (right) (for each type of sample).
Longanizas formulated with normal (P-NF) and reduced (P-RF) fat content (both with all-animal
fat), and reduced-fat content sausages replacing 90% of pork back-fat with chia (C-RF) or oat (O-RF)
emulsion gels (EGs).

This culinary procedure involves weight loss which furnishes information on the ability of the
products to retain water and fat during processing that could alter the composition of sausages.
Weight loss in longanizas cooked on an electric grill ranging from 6.71% to 24.73% was affected
(p < 0.05) by formulation (Table 1) and could be considered between low and normal (15% and 40%)
using comparable fresh meat products as the standard [26,27]. Samples with normal fat content (P-NF)
exhibited greater (p < 0.05) weight loss (Table 1) than the reduced-fat samples, regardless of the type of
fat. According to the literature, weight loss from culinary treatments tends to decrease as fat content
decreases [28]. A comparison of reduced-fat sausages showed that those formulated with EGs (C-RF
and O-RF), regardless of whether they contained chia or oat, lost less weight (up to 33% less than those
made only with animal fat) (Table 1). It is important to note that these weight loss values are much
lower than the ones observed for other reduced-fat fresh meat products where different structured lipid
systems were used as animal fat replacers [26,27]. Moreover, our weight loss results are in accordance
with water and fat binding properties associated with the thermal process (70 ◦C for 30 min in a water
bath) in raw longanizas as samples reformulated with chia or oat EGs as fat replacers lost less weight
than samples elaborated with all-animal fat [20].

Table 1. Weight losses and proximate composition (%) of grilled cooked longanizas.

Parameters
Samples *

P-NF P-RF C-RF O-RF

Weight losses 24.73 ± 0.17 c 22.38 ± 0.27 b 6.71 ± 0.72 a 7.10 ± 1.13 a

Proximate composition

Ash 3.89 ± 0.08 c 3.27 ± 0.06 a 3.49 ± 0.05 b 3.51 ± 0.03 b

Moisture 62.29 ± 1.04 a 70.93 ± 0.02 c 65.21 ± 0.56 b 66.40 ± 0.20 b

Protein 19.94 ± 0.33 c 17.29 ± 0.34 b 13.61 ± 1.27 a 14.97 ± 0.61 a

Fat 12.76 ± 0.53 c 6.92 ± 0.30 a 9.53 ± 0.75 b 7.92 ± 0.55 a

* For samples denominations, see Figure 1. Means ± standard deviation. Different superscript letters (a,b,c) in the
same row (for each parameter) indicate significant differences (p < 0.05) between different formulations (P-NF, P-RF,
C-RF and O-RF).
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These results show that EGs are suitable fat replacers if the aim is to maintain a high level of fat and
water in the final product after standard preparation on an electric grill. This may result in greater juiciness
in the samples containing EGs as it has been shown that juiciness and cooking loss are negatively correlated,
implying that low cooking loss results in greater juiciness [29]. Moreover, the lower cooking loss found
in C-RF and O-RF could imply higher nutrient and bioactive compound stability [21]. This means that
the use of EGs would result in greater retention of chia and oat bioactive compounds (α-linolenic acid,
β-glucans, insoluble fiber, minerals, etc.) [16,17].

3.2. Composition and Energy Content of Longanizas

Longanizas are fresh meat products and must be cooked before eating and this could alter the
concentration of some of their components [21]. Therefore, we have evaluated modifications in their
composition resulting from grilling on an electric pan.

3.2.1. Proximate Composition

Slight formulation-related differences were observed in the composition of raw samples.
Raw normal fat samples (P-NF) had the lowest (p< 0.05) moisture content (52%). However, a comparison
among reduced-fat samples only (which ranged between 74 and 66%) showed that those prepared with
EGs had the lowest (p < 0.05) values (approximately 66%). All raw longanizas had similar (p > 0.05) ash
(~3%) and protein contents (13–14%). However, two different (p < 0.05) formulation-related fat levels
were observed in raw samples: 30% in normal fat samples and approximately 13% in reduced-fat ones,
regardless of whether they were made with animal fat or EG according to experimental design.

More differences were observed in the proximate composition of samples after grilling (Table 1).
These significant differences could be mostly attributable to weight loss (Table 1) during the grilling
process [21].

Regarding moisture content, cooked samples performed similarly to raw longanizas. In other
words, reduced-fat samples exhibited higher (p < 0.05) values and, of these, samples with EG had the
lowest (p < 0.05) moisture, regardless of whether they contained chia or oat (Table 1). These results
coincide with observed weight losses (Table 1). Other authors have previously indicated that the
moisture content of fresh grilled meat products such as patties, formulated in the same way as
longanizas (by replacing animal fat with different types of emulsions), was lower than normal fat
samples formulated with all-animal fat [26,27,30].

After cooking, normal fat samples (P-NF) exhibited the highest (p < 0.05) ash levels (related to
mineral content) (Table 1). Among reduced-fat samples, those with EGs (C-RF and O-RF) had higher
(p < 0.05) values than those with animal fat (P-RF) (Table 1). This could be because they lose less
weight (Table 1) which implies lower mineral loss [31]. It must also be considered that these longanizas
contain EGs made with chia and oat, ingredients with a high mineral content [16,17], which could
account for the higher ash values observed in C-RF and O-RF (Table 1).

Cooked samples prepared with all-animal fat (P-NF and P-RF) had higher (p < 0.05) protein
content than C-RF and O-RF, which had similar values regardless of whether they contained chia or oat
(Table 1). This protein content in cooked longanizas could be related to the weight losses associated
with each type of longaniza (Table 1) which, in turn, was possibly the result of moisture loss (drip
and evaporation) and fat melting during cooking. In contrast to raw samples, three fat levels were
observed in cooked samples (Table 1): normal fat samples (P-NF) with the highest (p < 0.05) fat content,
and two significantly different reduced-fat levels, one higher level (p < 0.05) corresponding to C-RF
and the other with similar values (p < 0.05) for P-RF and O-RF (Table 1).

Considering that the samples formulated with EGs (C-RF and O-RF) lost the same amount of
weight (Table 1), it is worth noting that EG made with chia has a greater capacity to retain lipid content
after grilling. A similar phenomenon has been described by other authors who observed a greater
capacity to retain fat as a result of heat treatment in reduced-fat patties made with structured lipid
materials as animal fat replacers when compared to samples made with animal fat only [26,27]. It is
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also interesting to note that, as a result of cooking, lipid content decreased by 60% in normal fat
sausages compared to a 16–30% reduction in the case of P-RF, O-RF and C-RF.

3.2.2. Fatty Acid Profile

The fatty acid profile of longanizas, based on their saturated fatty acid (SFA), monounsaturated
fatty acid (MUFA) and polyunsaturated fatty acid (PUFA) contents, is shown in Figure 2. Among raw
samples, those with normal fat content exhibited the highest (p < 0.05) SFA and MUFA values (probably
due to the higher lipid content). In reduced-fat samples, no significant differences were observed
in MUFA content but SFA levels were higher in samples with all-animal fat (P-RF). Raw longanizas
prepared with chia EG (C-RF) had similar (p > 0.05) PUFA content to samples with normal fat content
(Figure 2), despite their lower (p < 0.05) lipid content (Table 1).

Figure 2. Saturated fatty acid (SFA), monounsaturated fatty acid (MUFA) and polyunsaturated fatty
acid (PUFA) (g/100 g of product) of raw and grilled cooked longanizas. For samples denominations,
see Figure 1. Different letters (a, b, c), for the same type of fatty acid (SFA, MUFA or PUFA) and
treatment of samples (raw or cooked), indicate significant differences (p < 0.05) between different
formulations (P-NF, P-RF, C-RF and O-RF).

Similarly, SFA and MUFA contents in cooked samples were higher (p < 0.05) in longanizas with
normal fat content. However, among reduced-fat samples, those with chia or oat EGs exhibited
higher MUFA values than longanizas with all-animal fat. Furthermore, samples with chia EG (C-RF)
also showed the highest PUFA level: in most cases, double that of the others (Figure 2). It is worth
highlighting their ALA content (1.09 g/100 g of product) even after cooking. Consequently, samples
prepared with chia EG would be a good choice based on the daily dietary intake reference for ALA [32].

Use of these EGs in meat product development could be an interesting strategy for obtaining
products with a healthy lipid profile, not only due to their vegetable oil content (such as olive oil)
and other ingredients with high levels of healthy oil compounds (such as chia seed), but also due to
their high capacity to retain that lipid content during cooking (Figure 2), a property not observed in
all-animal fat samples (Table 1).

Evaluation of lipid composition is crucial in cooked products because meat fatty acids melt between
about 25 and 50 ◦C, but SFAs melt at higher and PUFAs at lower temperatures. Moreover, changes in
fatty acid concentration (mainly decreased PUFAs) can occur during cooking due to their low oxidative
stability [21]. As a consequence of the culinary process applied, both SFA and MUFA content decreased
in samples prepared with all-animal fat, ~54% in N-PF and ~30% in R-PF, while the decrease in PUFA
was lower (49% and 22%, respectively, in these samples). This behavior was similar in longanizas made
with oat EG, where SFA and MUFA contents decreased by approximately 19% for both, while PUFAs
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decreased by 16%. However, longanizas made with chia EG exhibited different reduction values for
SFA, MUFA and PUFA (approximately 12%, 8% and 3%, respectively).

3.2.3. Energy Value

Normal fat samples exhibited the highest energy values in both raw and cooked samples.
However, as a consequence of culinary treatment, the energy value in these samples (P-NF) decreased
by about 40%, from 325 to 195 Kcal/100 g of product. This is due to the decreased fat content as
a consequence of cooking. All raw reduced-fat samples (R-RF, C-RF and O-RF) exhibited energy
values between 140 and 160 Kcal/100 g product which changed very little after grilling (approximately
130–140 Kcal/100 g of product).

3.2.4. Overall Nutritional Value: Nutrition and Health Claims

The initial contact that consumers have with food products is typically through their label.
Hence, labels are important in creating consumer expectations. Products whose labels feature
nutritional and health claims could improve consumer perception. These claims are made based
on product composition at the time of purchase. Therefore, it is important to note that labels on
raw reduced-fat longanizas, mainly those made with EGs, are allowed nutritional and health claims
(Figure 3) under European legislation [18,19]. However, Article 10 of Regulation (EC) No 1924/2006,
which lays down specific conditions for the permitted use of authorized health claims, considers it
necessary and important to communicate the way the food is consumed, for example, after being
cooked. In other words, consumers must be fully informed with regard to health claims made.
Considering that cooking has an impact on the composition of longanizas, it stands to reason that
analyses should be performed to ensure that these nutritional and health claims also apply to the
cooked product. That is precisely why we have analyzed the impact that grilling has on the nutritional
and health claims made with respect to raw longanizas. It is worth noting that this culinary procedure
(grilling) had little or no effect on nutritional and health claims (Figure 3). Differences between raw and
cooked products were only found in some samples with regard to “reduced fat” and “energy reduced”
nutritional claims (Figure 3). Specifically, samples containing chia EG (C-RF) could not be labeled as
“reduced fat” or “energy reduced” products after grilling on an electric pan, possibly due to the lower
fat loss. Nevertheless, this could be a positive characteristic insofar as these samples maintain high
ALA levels which benefit consumers [33].

 
Figure 3. Nutritional and health claims of raw (left) and grilled cooked (right) longanizas. For samples
denominations, see Figure 1; ALA: α-linolenic fatty acid.
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3.3. Technological Properties

3.3.1. pH

pH values were between 6.09 and 6.39 and 6.18 and 6.44 for raw and cooked sausages, respectively
(Table 2). Significant differences in pH values were observed resulting from formulation and culinary
practices. Formulation-based differences were observed in samples reformulated with chia EG
(C-RF) which showed the highest values for both raw and cooked sausages, while the lowest values
corresponded to reduced-fat sausages with all-animal fat (P-RF) (Table 2). In most cases, cooking
resulted in higher (p < 0.05) pH values. Similar behavior was observed in grilled meat products [34].

Table 2. pH values, color parameters ((L*) lightness, (a*) redness and (b*) yellowness)) and thiobarbituric
acid-reactive substances values (TBARs) (expressed as mg MDA/kg sample) of raw and grilled
cooked longanizas.

Parameters Samples ** Raw Grilled Cooked

pH

P-NF 6.09 ± 0.06 b,1 6.30 ± 0.02 b,2

P-RF 6.01 ± 0.00 a,1 6.18 ± 0.01 a,2

C-RF 6.39 ± 0.01 d,1 6.44 ± 0.02 d,1

O-RF 6.22 ± 0.01 c,1 6.35 ± 0.02 c,2

Color parameters

L*

P-NF 49.62 ± 4.82 ab,1 57.21 ± 1.21 b,2

P-RF 46.22 ± 2.90 a,1 59.21 ± 0.98 b,2

C-RF 48.52 ± 2.15 ab,1 54.68 ± 0.85 a,2

O-RF 50.56 ± 1.33 b,1 58.06 ± 1.15 b,2

a*

P-NF 11.46 ± 1.03 b,2 9.47 ± 1.20 b,1

P-RF 11.32 ± 1.00 b,2 9.78 ± 0.87 b,1

C-RF 7.11 ± 0.99 a,1 6.30 ± 0.73 a,1

O-RF 11.40 ± 1.20 b,2 8.72 ± 1.00 b,1

b*

P-NF 6.16 ± 0.80 a,2 4.49 ± 0.61 a,1

P-RF 5.92 ± 0.43 a,2 4.49 ± 0.38 a,1

C-RF 8.11 ± 0.94 b,1 7.41 ± 0.39 b,1

O-RF 8.19 ± 0.70 c,1 7.43 ± 0.97 b,1

TBA(mg MDA/kg sample)

P-NF 0.602 ± 0.08 b,1 0.801 ± 0.151 b,1

P-RF 0.123 ± 0.04 a,1 0.367 ± 0.093 a,2

C-RF 0.392 ± 0.03 a,1 0.663 ± 0.140 b,2

O-RF 0.348 ± 0.08 a,1 2.006 ± 0.241 c,2

** For samples denominations, see Figure 1. Means ± standard deviation. For each parameter, different superscript
letters (a,b,c,d) in the same column indicate significant differences (p < 0.05) between different formulations (P-NF,
P-RF, C-RF and O-RF). Different superscript numbers (1,2) in the same row indicate significant differences (p < 0.05)
between formulations and treatments (raw and grilled) for each parameter.

3.3.2. Color

Color is important due to the impact it has on consumers’ willingness to purchase meat products,
with most finding bright red products more appealing. Instrumental color parameter (L*, a* and b*)
values of longanizas were affected by the formulation and culinary procedure applied (Table 2).
Regarding formulation, both raw and cooked sausages prepared with EG, regardless of whether they
contained chia or oat, exhibited higher (p < 0.05) b* values. This could be related to the characteristic
color of the olive oil used to make the EGs [16,17] which gave them a yellowish green hue due to
pigments (mainly chlorophylls and carotenoids). Color likewise depends on the variety and ripeness
of the fruit. Oat EGs did not have an impact on the typical red color of products of this sort because
their a* values (for both raw and cooked) were significantly similar to those observed in samples made
with animal fat (Table 2). However, both raw and cooked longanizas formulated with chia EGs (C-RF)
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had the lowest a* values which could be attributable to chia’s dark color [8]. No significantly clear
formulation-related differences were found for lightness (L*) (Table 2).

Lightness increased in all samples as a result of thermal treatment and redness decreased (p < 0.05)
in all cases except for C-RF (Table 2). Parameter b* responded in two different ways: all-animal fat
samples exhibited lower values after cooking, while the values of those prepared with EGs remained
the same (Table 2).

3.3.3. Texture Analysis

Textural properties of grilled sausages can be useful in the development of a new product because
those are the final textural attributes at the moment of consumption. The texture parameters of raw
and cooked longanizas are shown in Figure 4. Raw longanizas exhibited similar (p < 0.05) KSF values
but significant formulation-related differences were observed in cooked samples. KSF values increased
for all samples as a result of cooking (Figure 4). Cooked samples made with all-animal fat (P-NF and
P-RF) showed higher (p < 0.05) KSF values than those made with EGs (Figure 4). This could be related
to the fact that normal and reduced-all-animal fat samples showed the highest (p < 0.05) weight loss
from cooking (Table 1). It has been suggested that higher cooking losses may result in meat products
that are more rigid and less easily broken in binding evaluations [35]. Similar textural behavior in
terms of increased hardness from cooking was observed by other authors in fresh meat products such
as patties reformulated using emulsions and bulking agents as animal fat replacers to improve their fat
content [36,37].

 
Figure 4. Kramer shear force (KSF, N/g) of raw and grilled cooked longanizas. For samples denominations,
see Figure 1. Different letters (a, b, c), for the same treatment of samples (raw or cooked), indicate significant
differences (p < 0.05) between different formulations (P-NF, P-RF, C-RF and O-RF). Different numbers (1,2)
indicate significant differences (p < 0.05) between formulations and treatments for each type of sample.

3.3.4. Lipid Oxidation Stability

It is well known that thermal treatments such as grilling on an electric pan may accelerate lipid
oxidation in meat products, promoting the development of off-flavors and the formation of potentially
hazardous compounds. Moreover, high unsaturated fatty acid content, as found in the reformulated
sausages used in this study (Figure 2), renders products more susceptible to lipid oxidation [38].
In this context, lipid oxidation levels of raw and grilled longanizas are shown in Table 2. Among raw
samples, sausages with all-animal fat showed the highest (p < 0.05) lipid oxidation, while no significant
differences were observed between reduced-fat samples. Cooking did not affect lipid oxidation in
P-NF samples but in reduced-fat samples, it caused lipid oxidation products to accumulate (Table 2).
However, the type of fat present in reduced-fat samples affected their oxidation stability and after
cooking, those with oat EG (O-RF) showed the highest TBAR values (Table 2). This behavior may be
related to the presence of beta-glucan in these samples as it has been shown that the oxidation process
of β-glucan is fast at elevated temperatures (85 ◦C) [39]. Given their composition, lipid oxidation
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levels in the samples prepared with chia EG (C-RF) were unexpected in comparison with all-animal fat
samples. In fact, C-RF even had higher PUFA levels than its all fat counterparts. This could be related
to the higher levels of antioxidant compounds in chia seed [40]. Several studies have shown that
oxidation caused by thermal treatment is very common in meat products that have been reformulated
with lipid materials rich in unsaturated fatty acids [41–43].

4. Conclusions

Grilling appears to be a suitable cooking method to achieve healthier longanizas that have been
formulated using chia or oat EGs as animal fat replacers. Especially after cooking, longanizas prepared
with EGs maintained their composition, enabling them to make nutritional and health claims in
accordance with European legislation. It should be noted that this reformulation strategy based on
chia or oat EGs minimized weight loss during grilling compared with all-animal fat samples, thus
improving yield. Furthermore, although the culinary process did modify some technological properties,
for the most part, the behavior was similar for samples prepared with all-animal fat and those prepared
with EGs.
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Abstract: The use of antimicrobials in meat products is essential for maintaining microbiological
stability. The reformulation by substituting synthetic additives for natural ones is an alternative
to provide cleaner label products. Therefore, this work performed a literature search about ex-
tracts from fruits and agro-industrial waste with antimicrobial activity that can be applied in meat
products. Jabuticaba waste extracts are excellent sources of anthocyanins with antimicrobial and
pigmentation potential, capable of being applied in meat products such as fresh sausage, without com-
promising sensory attributes. Residue from grapes is rich in antimicrobial phytochemicals, mainly
catechins, epicatechins, gallic acid and procyanidins. Extracts from different grape by-products and
cultivars showed inhibition of Staphylococcus aureus, Listeria monocytogenes, Pseudomonas aeruginosa,
Escherichia coli O157: H7 and other bacterial strains. Antimicrobial effects against L. monocytogenes,
Bacillus cereus, S. aureus and E. coli O157: H7 were identified in Opuntia extracts. In addition, its ap-
plication in hamburgers reduced (p < 0.05) aerobic mesophilic bacteria, Enterobacteriaceae and Pseu-
domonas sp. counts, and at a concentration of 2.5%, improved the microbiological stability of salami
without causing sensory and texture changes. These data reinforce the possibility of substituting
synthetic preservatives for natural versions, a growing trend that requires researching effective
concentrations to maintain the sensory and technological properties.

Keywords: Opuntia ficus-indica; Myrciaria cauliflora; Vitis sp.; microbiological stability; sensory prop-
erties; cleaner label

1. Introduction

Since antiquity, even without being aware of the proliferation of microorganisms,
when observing the high perishability of meat and the need for its immediate consumption,
man began to use techniques of physical and chemical changes capable of delaying spoilage
and improving the flavor of this and other food classes, which allowed the significant
extension of the availability period of certain foods. One of the oldest forms of meat
processing is the manufacture of by-products from the processing of meat pieces, which
started around 1500 BC in the Mediterranean region, whose climate was favorable for the
maturation of products, when several procedures that resulted in the reduction in water
activity and consequently the prolongation of their shelf life, such as desiccation, drying,
curing, smoking, salting and/or mixture of aromatic herbs, were also applied [1,2].

As they are nutritionally rich foods with a large amount of available water in their
composition, meats become susceptible to contamination by pathogenic and spoiling
microorganisms. In order to overcome this problem and offer safe meat products to
consumers, it is necessary to adopt measures for their conservation, such as good man-
ufacturing practices, use of low temperatures during storage, heat treatment and use of
additives [3].
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Processing has the purpose of extending the shelf life of meat, adding value to debon-
ing by-products, which are generally not marketed in the fresh form, in addition to generat-
ing a wide variety of differentiated products in terms of color, flavor, aroma and texture [4].
Due to the low cost and easy preparation, a considerable part of the population devel-
oped the habit of regularly consuming meat derivatives such as sausages, bologna and
hamburgers, contributing to a significant expansion of the meat products market [5,6].

The quality of meat derivatives is directly related to the origin of raw materials and
ingredients and to the sanitary conditions of the manufacturing process. Products are
classified according to the types of meat used, fat content, offal or edible by-products from
slaughter, and may or may not be added with condiments and additives permitted by legis-
lation [1]. In the meat production process, meat comminution increases the contact surface
area, favoring microbial contamination and proliferation [7]. Therefore, the incorporation
of preservatives in processing can considerably contribute to the maintenance of quality
and safety characteristics during shelf life [8]. The use of these substances in meat products
is regulated in Brazil by RDC No. 272/2019, which regulates the use of food additives for
each class of meat derivative, their conditions of use and maximum limits [9].

For a long time, the food industry has incorporated various ingredients into formula-
tions that do not have the function of nourishing, but rather have a technological purpose,
while they can also make the food more attractive to consumers. These ingredients are
called food additives and are classified according to their technological function [10]. The
class of preservatives is one of them, the main purpose of which is to reduce the effect
of spoilage caused by the multiplication of microorganisms or chemical reactions dur-
ing the storage period [11,12]. Synthetic substances that have their use approved within
an acceptable daily intake limit, such as nitrite and sodium nitrate, preservatives most
commonly used in the production of meat derivatives, are also used, which in addition
to their antimicrobial capacity, particularly for the control and prevention of the growth
of anaerobic bacteria, especially Clostridium botulinum, also promote a protective effect
against lipid oxidation and act in the development and fixation of the pink color and flavor
characteristics of cured meat products [2,10,12].

The application of sodium nitrite in the production of cured meats allows obtaining
differentiated products with regard to color and flavor, safe and stable during storage.
However, a discussion that started around the 1970s showed the great risk to human health
from the generation of a class of substances considered potentially carcinogenic, the ni-
trosamines, when high nitrite concentrations are exposed to high temperature conditions,
as usually occurs in the manufacture of cured meat products, and since then, its use has
been considered increasingly controversial [2,13].

Although they are substances that significantly contribute to the conservation of
products and have their use officially regulated, there are indications of negative health
implications associated with the excessive consumption of these and other synthetic addi-
tives, such as carcinogenic effects and generation of toxic and mutagenic compounds, and,
consequently, the maximum acceptable limits of their use have been gradually changed or
prohibited in several countries [14,15].

Diet is one of the important factors that affect the well-being and health of human
beings, and today, there is great concern among consumers about the correlation between
eating habits and health problems [16,17]. The reformulation of meat products through
the substitution of ingredients, such as sodium nitrite, is an alternative to provide these
products with a “cleaner label” in order to reduce the negative consumer perception about
the excessive use of synthetic additives and their carcinogenic potential, decreasing the
association between consumption of meat products and possible health problems [16,17].
For these reasons, many studies have been conducted in order to substitute synthetic
antimicrobials for natural versions.
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2. Phenolic Compounds

Phenolic compounds are phytochemicals with functions in pigmentation, astringency,
protection against ultraviolet rays and antioxidant activity, being widely found in natural
sources such as fruits, teas, spices, wine and honey [18]. These compounds have received
much attention in recent decades due to evidence related to positive health effects, such
as anti-inflammatory, antimicrobial, antithrombotic, vasodilatory and cardioprotective
activity, contributing to the improvement in metabolic markers associated with diabetes,
hypertension and obesity [19,20].

Phenolic molecules are structurally characterized by the presence of at least one aro-
matic ring containing one or more hydroxyl radicals, the main groups being phenolic acids,
flavonoids and polyphenols, whose main source is fruits [18]. In addition, recent studies
have reported antioxidant and antimicrobial effects of phenolic compounds, indicating
that their chemical nature, especially the presence of hydroxyl groups in the molecule,
may be associated with inhibitory mechanisms through interaction with the cytoplasmic
membrane, cell wall and nucleic acids of bacteria, impairing vital functions such as protein
synthesis and DNA transport or replication [21,22].

The generation of large amounts of waste from the processing of fruits and vegetables
is one of the main challenges that the food industry has faced due to the need for large
investment by companies to properly treat and dispose of this type of material in order
to cause minimal negative impacts on the environment [14]. These agro-industrial waste
products from fruits are rich in phenolic compounds and other bioactive substances that
can add antioxidant and antimicrobial properties to foods and provide health benefits [23].
Thereby, the use of this raw material as a natural substitute for synthetic additives can be a
great alternative, because in addition to providing compounds with functional properties,
it reduces the environmental impact caused by the disposal of a significant part of the fruit,
such as seeds and peels that are generally not used by the industry [24].

Thus, this review searched the scientific literature for reports of extracts obtained
from fruits or their agro-industrial waste rich in antimicrobial bioactive compounds and
that have potential applications in meat products, being able to maintain microbiological
stability and safety during storage. More specifically, this review focused on the natural
extracts obtained from jabuticaba, grape and prickly pear.

3. Fruit Extracts with Potential Application in Meat Products

3.1. Jabuticaba (Myrciaria cauliflora)

Jabuticaba (Myrciaria cauliflora), belonging to the Myrtaceae family, is a fruit tree native
to Brazil, whose cultivation extends throughout the national territory, with greater produc-
tivity in the Southeastern region. From the nutritional point of view, jabuticaba varieties
are considered excellent sources of dietary fibers, carbohydrates, vitamins and minerals
such as iron, calcium and phosphorus, arousing great interest for its considerable amount
of phenolic compounds with antioxidant and antimicrobial potential [25,26]. Among these
compounds, anthocyanins and flavonoids are mainly concentrated in fruit peel, being the
main components responsible for the development of its characteristic dark color. The
anthocyanin content, of approximately 315 mg per 100 g of jabuticaba, is considered high
compared to other fruits, demonstrating great potential as a substitute for synthetic dyes in
several food classes, in addition to the benefits for the conservation of these products [8,27].

The most attractive source for obtaining these natural pigments from jabuticaba, rich
in antioxidant and antimicrobial bioactive compounds, is the use of residues from jelly-
and liquor-processing industries, since peels and seeds represent approximately 50% of the
fruit and are in general discarded by the industry [28,29].

Baldin et al. [8] studied the application of microencapsulated jabuticaba extract in
fresh sausage, evaluating the antimicrobial and antioxidant potential of this natural dye.
Firstly, an in vitro experiment was carried out, which demonstrated an inhibitory effect
on Gram-positive and Gram-negative bacteria, showing its antimicrobial potential. The
minimum inhibitory concentration (MIC) results for the microencapsulated extract were
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18.75 g/L (~2%) for both Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC
25922. These results can be attributed to the high concentration of phenolic compounds
(anthocyanins) in fruit peel, which are mainly responsible for the antimicrobial activity in
this case [30].

When applying microencapsulated jabuticaba extract in fresh sausage, Baldin et al. [8]
observed a reduction in the counts of mesophilic bacteria and of thermotolerant coliforms in
treatments with 2 and 4% extract on the first and fifteenth days of cold storage. For S. aureus,
treatments with 2 and 4% microencapsulated extract also showed lower counts when
compared to the control (without addition of extract or dye) and with the treatment
with added cochineal carmine dye. The addition of 4% extract caused the elimination of
S. aureus on the last day of storage (15 days). In the total count of aerobic psychrotrophic
microorganisms, a reduction of 1 log cycle was observed at the end of the fourth day of
storage of treatments with additions of 2 and 4% of jabuticaba extract; however, from
the eighth day, all treatments tested exceeded the limit of 107 CFU/g recommended by
the International Commission on Microbiological Specifications for Foods (ICMSF) [31],
indicating spoilage that can lead to sensory loss in the attributes of odor, color and taste.
The count of lactic bacteria increased from 4 log CFU/g at time zero (beginning of storage)
to 6 log CFU/g at the end of storage in all treatments, not exceeding the limit of 107 CFU/g
established by ICMSF [31]. Salmonella sp. tested negative in 25 g for all treatments, being in
accordance with Brazilian legislation [32].

Thus, the study recommended the addition of 2% of microencapsulated jabuticaba
extract in fresh sausage, as it did not compromise the sensory attributes evaluated, except
for the purplish color, which was slightly less accepted because it is not characteristic
of the product. The aforementioned extract can be considered a good alternative for the
production of cleaner label meat products as it satisfies the demand for the use of natural
pigments with antimicrobial capacity and low cost, taking advantage of residues from the
jabuticaba processing and with the appeal of health benefits.

3.2. Grape (Vitis sp.)

Grape (Vitis sp.) is one of the fruits most cultivated around the world, occupying an
area of 7.5 million hectares of vineyards, with emphasis on the production of species Vitis
vinifera in most countries [33,34]. In Brazil, the most commonly found cultivars are Vitis
labrusca, Vitis bourquina, Vitis vinifera and several interspecific hybrids, occupying an area of
78 thousand hectares from the extreme south of the country to near the equator, showing
characteristic poles of temperate, subtropical and tropical climates due to its expressive
environmental diversity [35]. Brazilian grape production reached 1.5 million tons per year
in 2018, with 50% destined for processing—wine making (42% table wines and 7% fine
wines), juices (49%) and other derivatives (2%)—and the other half of the national volume
marketed as grapes for fresh consumption [35].

The generation of waste from the processing of this high volume of grapes is signif-
icant, and may correspond to 30% of the fruit when used for the production of wines,
for example, consisting of by-products such as pomace, peels and seeds [33,36]. This waste
is considered a source of phenolic compounds with antioxidant and antimicrobial effects,
mainly catechins, epicatechins, gallic acid and procyanidins [36–38].

Martin et al. [24] evaluated the in vitro antimicrobial capacity of ethanolic grape
extracts from lyophilized seeds or agro-industrial waste. For the extract obtained from
lyophilized pomace of “Pinot Noir” (Vitis vinifera) cultivar, the authors found MIC against
Gram-positive S. aureus ATCC 25923 and Listeria monocytogenes ATCC 7644 pathogens
of 6.25 and 12.5 g/L, respectively. “Petit Verdot” (Vitis vinifera) seeds ethanolic extract
presented an MIC of 6.25 g/L for L. monocytogenes and 1.56 g/L for S. aureus (Table 1).
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Table 1. Minimum inhibitory concentration in vitro of grape extracts on bacteria.

Strain Gram MIC Grape Cultivar Reference

Staphylococcus aureus +
6.25 g/L Pinot Noir (V. vinifera) Martin et al. [24]
1.56 g/L Petit Verdot (V. vinifera) Martin et al. [24]

100.0 mL/L Tempranillo (V. vinifera) Adámez et al. [37]
Listeria innocua + 100.0 mL/L Tempranillo (V. vinifera) Adámez et al. [37]

Listeria monocytogenes +
12.5 g/L Pinot Noir (V. vinifera) Martin et al. [24]
6.25 g/L Petit Verdot (V. vinifera) Martin et al. [24]

MIC: minimal inhibitory concentration.

Adámez et al. [37] estimated the in vitro antibacterial activity of aqueous grape seed ex-
tract (Vitis vinifera L.), Tempranillo cultivar, obtained after wine manufacture, and reported
efficiency in inhibiting Gram-positive 976 S. aureus subsp. aureus and 910 Listeria innocuaI
(Table 1). Similar results were obtained by Baydar et al. [34] in seeds from “Hasand-
ede”, “Emir” and “Kalecik” cultivars (all Vitis vinifera L. species), which demonstrated
a relationship between increased extract concentration and reduced growth of 15 bacte-
rial strains, including the pathogens E. coli O157: H7 KUEN 1461, Aeromonas hydrophila
ATCC 7965 and S. aureus Cowan 1. Additionally, extracts at concentrations of 0.5 and
1% showed a bacteriostatic effect on E. coli, while concentrations of 2.5 and 5% provided
bactericidal activity.

Despite the good in vitro results, data on the incorporation of this class of extract
to guarantee microbiological stability in meat products were not found in thescientific
literature. Carpes et al. [39] obtained lyophilized hydroethanolic (GPWL: grape pomace
wine lyophilized) and microencapsulated (GPWM: grape pomace wine microencapsulated)
extracts made with grape pomace from the processing of Vitis labrusca L. Bordeaux va-
rieties and applied them to chicken pate in order to evaluate the effects of the addition
of natural compounds on oxidative stability compared to negative control treatment (T1;
no antioxidant added) and with the use of 300 ppm of the synthetic antioxidant sodium
erythorbate (T2).

The study reported satisfactory results for the inhibition of lipid oxidation in treat-
ments with 3000 ppm of GPWL (T3) and GPWM (T4) extracts, analyzed by the index of
substances reactive to 2-thiobarbituric acid (TBARs) during 42 days of cold storage (4 ◦C).
At the end of the storage period, all treatments showed a significant difference from each
other (p < 0.05) in relation to the TBARS assay, with the best results being observed for T3,
followed by T4, T2 and T1, respectively. All treatments, except for T1, had results below
3 mg of malondialdehyde/kg of sample, a value considered the limit for the meat product
to be considered adequate and safe for consumption according to some authors [40,41].
Both GPWL and GPWM demonstrated an effective reduction in lipid oxidation when
compared to treatment elaborated with commercial synthetic antioxidant, an activity that
can be attributed mainly to the presence of phenolic compounds such as gallic, caffeic,
vanillic, ferulic and coumaric acids and trans-resveratrol [39].

Thus, it appears that the extracts obtained from grape processing waste can be consid-
ered an interesting and innovative strategy for the incorporation of bioactive compounds
in meat products with the substitution of synthetic preservatives for natural ones, since
studies have shown their efficiency in inhibiting the growth of microorganisms related to
outbreaks of foodborne diseases, such as Listeria, E. coli and S. aureus. However, studies
on the in vivo influence on the sensory characteristics and antimicrobial action of meat
products are necessary, since in general, studies have essentially evaluated the antioxi-
dant activity.

3.3. Prickly Pear (Opuntia ficus-indica)

Opuntia ficus-indica, popularly known as prickly pear, is the fruit of a cactus species
(Cactaceae family) native to tropical and subtropical regions of the Americas and currently
also being cultivated in Europe, Africa and Australia, with approximately 300 known
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varieties [42]. The literature contains plenty of information about the chemical composition
of its pulp, seeds and peel, as well as some properties of interest for the pharmaceutical
and food industry, because it is a natural source of bioactive compounds.

Brazil has the largest Opuntia ficus-indica cultivation system in South America, with a
planting area of 500,000 hectares located mainly in the Northeastern region and recently
extended to other regions. Cultivation is performed in general by small producers and a
large part of the production is destined for animal fodder, when it is called forage palm or
cattle palm [43]. In the region of Valinhos, state of São Paulo, production is destined for
the generation of fruit for fresh consumption, aimed at export to Europe and the domestic
market [44]. In 2017, around 18.01 tons of the fruit were sold at “Companhia de Entrepostos
e Armazéns Gerais de São Paulo” (CEAGESP), ranking 326th among products sold by the
company [45].

In recent years, there has been a remarkable interest from the scientific community
regarding the regular consumption of the genus Opuntia and its positive correlation with
the treatment and prevention of chronic diseases related to oxidative stress [46,47]. Benefits
such as reduction in triglycerides and total cholesterol in the bloodstream [48], antiulcero-
genic activity [49], improved platelet aggregation [50] and reduced renal dysfunction [51,52]
are some of the pieces of clinical and/or experimental evidence associated with the con-
sumption of fig varieties. Other authors have found that extracts from the fruit and its peel
and seeds have appreciable amounts of unsaturated fatty acids [53], with antioxidant activ-
ity [54,55], anticancer effects [56] and cardioprotective, antithrombotic, anti-inflammatory,
antiarrhythmic, hypolipidemic and anti-hyperglycemic activities [57,58].

Seo et al. [59] identified the antimicrobial effects of Opuntia ficus-indica extract on
two important pathogens related to foodborne diseases, L. monocytogenes and E. coli O157:
H7, suggesting that the extract can be used as a natural preservative in food products.
Zito et al. [60] detected the presence of eleven substances with antimicrobial activities
in peels, seeds and pulps of the yellow (Surfarina) and red (Sanguigna) fruit varieties.
Of these, major components were carvacrol, limonene, squalene and hexadecanoic acid,
which in addition to their antimicrobial capacity are also antioxidants.

Parafati et al. [61] applied aqueous pulp extract of the purple and red Opuntia ficus-
indica varieties in bovine hamburgers, testing the direct addition of the extract and the
version encapsulated in sodium alginate. Microbiological analyses conducted after 8 days
of cold storage (4 ◦C) showed the preservative effect in hamburgers with added prickly pear
extract, which significantly reduced (p < 0.05) the count of mesophilic bacteria, Enterobacte-
riaceae and Pseudomonas sp., when compared to control sample with the addition of sterile
distilled water. The authors concluded that the application of the extract, encapsulated
or not, is an effective method for conservation of bovine hamburgers. However, studies
are necessary to verify the influence of this component on the sensory and technological
properties of products.

The antibacterial activity of the hydroethanolic extract obtained from the whole
Opuntia stricta fruit, another species of the genus Opuntia, was quantified by determining
the MIC and the minimum bactericidal concentration (MBC) by Kharrat et al. [62]. The
results in Table 2 show that the extract from the red variety of Opuntia stricta showed high
antibacterial activity, with an MIC and MBC less than or equal to sodium nitrite, which is
the synthetic preservative commonly used in meat products, demonstrating that the extract
can be as or more effective than sodium nitrite. This finding is mainly due to the presence
of the pigment betalain and other phenolic compounds in the fruit.

When incorporating 2.5% of Opuntia extract in salami, replacing sodium nitrite preser-
vative and the cochineal carmine dye, Kharrat et al. [61] obtained an improvement in the
microbiological stability of products and in the water retention capacity without causing
sensory and texture changes. The microorganisms surveyed were mesophiles, molds and
yeasts, S. aureus, Clostridium perfringens and Salmonella, and all counts were within limits
established by the legislation for both the control treatment and salami with added natural
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extract, concluding that this is a good alternative for maintaining shelf life during cold
storage of this type of meat product.

Table 2. Minimum inhibitory concentration and minimum bactericidal concentration in vitro of
Opuntia extract and sodium nitrite on bacteria.

Strain Gram
MIC (mg/L) MBC (mg/L)

OE E250 OE E250

Bacillus cereus + 62.5 125.0 500.0 500.0
Staphylococcus aureus + 62.5 62.5 250.0 500.0

Escherichia coli - 125.0 250.0 500.0 >1000.0
Salmonella enteric - 125.0 500.0 1000.0 1000.0

MIC: minimal inhibitory concentration; MBC: minimal bactericidal concentration; OE: Opuntia extract; E250:
sodium nitrite. Adapted from Kharrat et al. [62].

Prickly pear and other Opuntia species, although showing an impressive profile of
bioactive compounds, are not well valued in the country and in other parts of the world.
Therefore, research on the antimicrobial capacity and the application of extracts from this
fruit in meat products can be a good option for offering safe and cleaner label products.

4. Conclusions

The data shown in the present study reinforce the possibility of substituting, or at
least reducing, the use of synthetic preservatives with natural versions, such as those
from fruits and agro-industrial waste, such as peels and seeds. In addition to reducing
the environmental impact through the reuse of residues that would initially be discarded,
the use of preservatives from natural sources meets the demand of consumers who are
increasingly concerned with the possible relationship between the indiscriminate use of
synthetic additives and the incidence of health problems. Therefore, the search for plant
extracts with antimicrobial activity is an area of study on the rise and there are several
reports in the literature on natural alternatives, both for application in meat products
and in other food classes, which, therefore, generates a challenge regarding the use of
these ingredients in concentrations that are significantly effective against microbiological
proliferation, while maintaining the sensory and technological properties of products
without compromising their safety.
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Abstract: This review focuses on the importance of developing meat products with healthier lipid
content and strategies such as the use of structured lipids to develop these enriched products. The
review also conducts a critical analysis of the use of vibrational spectroscopy as a tool to further
these developments. Meat and meat products are extensively recognized and consumed in the world.
They are an important nutritional contribution in our diet. However, their consumption has also been
associated with some negative consequences for health due to some of its components. There are new
trends in the design of healthy meat products focusing mainly on improving their composition. From
among the different strategies, improving lipid content is the one that has received the most attention.
A novel development is the formation of lipid materials based on structured lipids such emulsion
gels (EGs) or oil-bulking agents (OBAs) that offer attractive applications in the reformulation of
health-enhanced meat products. A deeper interpretation is required of the complicated relationship
between the structure of their components and their properties in order to obtain structured lipids
and healthier meat products with improved lipid content and acceptable characteristics. To this end,
vibrational spectroscopy techniques (Raman and infrared spectroscopy) have been demonstrated to
be suitable in the elucidation of the structural characteristics of lipid materials based on structured
lipids (EGs or OBAs) and the corresponding reformulated health-enhanced meat products into which
these fat replacers have been incorporated. Future research on these structures and how they correlate
to certain technological properties could help in selecting the best lipid material to achieve specific
technological properties in healthier meat products with improved lipid content.

Keywords: healthier meat products; lipid content; structured lipids; emulsion gels; oil bulking agent;
vibrational spectroscopy; Raman spectroscopy; infrared spectroscopy; technological properties

1. Introduction

The global dynamics of the production and consumption of meat and meat products
has evolved rapidly as the result of changing lifestyles and nutritional ideologies among
part of the population. As a result, it is important to address several different aspects
regarding the quality of meat and meat products, particularly nutritional (as relates to
health), safety and sustainability aspects.

Regarding the nutritional aspects of meat and meat products, different strategies have
been explored to optimize the composition of these products to make them healthier and
to bring them in line with health recommendations and nutritional guidelines promoted
by public bodies in response to new consumer demands.

Of the different strategies to improve meat and meat product composition, lipid
content optimization has attracted the most attention owing to health recommendations [1].
This typically entails the partial or nearly complete substitution of fat with other healthier
lipids by means of different technological procedures [1]. However, the most appropriate
procedure in each case depends on the type of product, lipid material used, and the
nature and magnitude of the proposed change. In the last few years, there has been
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growing attention in developing lipid materials to reduce or even completely replace fat
in order to develop health-enhanced meat products. However, in most cases it is difficult
to completely replace fat in food products. The physical and thermal properties of these
products should be similar to those of animal fat but with fewer calories and an improved
lipid profile [2,3]. A recent novel development is the formation and use of structured lipids
such as emulsion gels (EGs) or oil-bulking agents (OBA) [4,5] that provide remarkable
applications in the reformulation of health-enhanced meat products [2,6–10]. Although
in some isolated cases, oil-structuring procedures applied to the reformulation of meat
products as animal fat replacers could affect some of the properties of the final product, they
have been successful in creating food that is viable in terms of technology, microbiology,
sensorial properties and safety [2,3,6,7,9], with a shelf life similar to that of its standard
meat counterpart. These animal fat replacers can improve the technological properties of
meat products (water and fat content), and can also be employed as carriers of different
nutrients (fiber, minerals, phenolic compounds, etc.), some with biological activity offering
health benefits [6,7,9,11,12].

Successful development of structured lipid materials with healthier characteristics
requires in-depth study of their nutritional, sensorial and technological characteristics,
and a broader understanding of the complex relationship between the structure of their
components and their properties. A new approach to the understanding of these interre-
lationships based on an analysis of the conformational modifications taking place within
the components of lipid material and reformulated new meat products that affect their
properties, merits consideration. In these connections, vibrational spectroscopic techniques
such as Raman and infrared spectroscopy are direct and non-invasive techniques which
offer an extensive range of possibilities in meat and meat products [6,7,13] and show
great potential in supplementing structural information relating to fat-replacer production
processes and the reformulation of health-enhanced meat products into which they are
ultimately incorporated [4–7]. These techniques are also useful for quality control as it has
been shown that their structure correlates with traditional ways of assessing meat quality
(water retention capacity, texture, etc.) [13]

Based on the above, this review features a brief description of the novel strategies
used to develop meat products with a healthier lipid content based mainly on the use of
structured lipids (emulsion gels and oil bulking agents). It also proposes the employment of
vibrational spectroscopy (infrared and Raman spectroscopy) to enhance the development
of both structured lipids and the meat products which are included as animal fat substitutes.
Moreover, the basic concepts of infrared and Raman spectroscopy are reviewed to aid in
the understanding of how these spectroscopic techniques are applied.

2. Meat and Meat Products with a Healthier Lipid Content

Meat and meat products form part of the diet of many consumers in the world and
are a significant source of an extensive range of nutrients essential for healthy develop-
ment. These foods provide many nutrients such as high-value protein, fatty acids such
as conjugated linoleic acid, minerals (iron, zinc and selenium) and B-complex vitamins.
However, meat products also contain processing additives (sodium, nitrites, high fat con-
tent, etc.) with negative health implications. This has sparked the development of meat
products more in line with health recommendations [14] using different procedures to
enhance the composition of meat and especially meat products [1–3,15]. These procedures
are mostly based on animal production (genetics and nutrition) and/or technological
procedures focused on reducing or minimizing compounds with negative health implica-
tions and increasing compounds with positive health implications [1–3]. From among the
technological strategies which aim to improve the global composition of meat products,
special mention should be made to meat product reformulation processes which aim to
remove, reduce, increase, add and/or replace certain components to develop healthier
meat products [1–3,15].
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From among the different reformulation processes, improved lipid content (in quali-
tative (lipid profile) and quantitative terms) is one of the most relevant processes in the
development of healthier meat products [1–3,15] because there is an increasing indication
of the connection between dietary fat intake and chronic disorders such as ischemic heart
disease, some forms of cancer, obesity, and other ailments [14,16–18]. More specifically,
some studies have shown a correlation between the intake of saturated fatty acids (SFAs)
and an increase in total cholesterol levels in the blood. An increase in High-density lipopro-
tein (HDL) (ratio HDL/total cholesterol) is generally considered to be positive, whereas an
increase in Low-density lipoprotein (LDL) is detrimental to health.

The consumption of SFA has been related to the development of cardiovascular disease,
obesity, hypertension and some types of cancer [19]. The consumption of monounsaturated
fatty acids (MUFAs), among which oleic acid stands out due to its high prevalence, has
also been related to a reduction in LDL cholesterol and triglycerides in the blood. However,
the role played by SFAs and MUFAs in human health is a controversial topic. Other studies
question the health effects of SFAs and certain unsaturated fatty acids [20,21].

Despite this controversy, general consumption recommendations of total and un-
saturated fatty acids can be made [14,22]. Briefly, dietary fat intake should preferably
account for between 20–35% of total daily calories consumed [14,22]. According to dietary
recommendations for the intake of specific fatty acids as a proportion of total diet, no more
than 10% of calorie intake should be from SFAs, 6–10% from poly-unsaturated fatty acids
(PUFAs) (n-6 and n-3, 6–11%), between 16–19% from MUFAs, and less than 1% from total
fatty acids (TFAs) [14,22].

To meet these recommendations and improve the lipid content of meat products,
technological strategies generally replace animal fat with different lipids, mainly from
plant and marine sources, more in line with health recommendations (e.g., lower proportion
of saturated fatty acids (SFA), higher in monounsaturated (MUFA) and polyunsaturated
fatty acids (PUFA), especially from the omega-3 or n-3 family of fats). Efforts are also being
made to improve PUFA content, the n-6/n-3 and PUFA/SFA ratios and, where possible,
to reduce cholesterol and trans-fatty acids) [1]. This will predictably reduce the risk of
developing the diseases discussed above.

Different procedures have been used to substitute animal fat with healthier lipids,
ranging from the most conventional (direct addition, encapsulated, emulsified form, etc.) to
the most novel recently developed techniques such as lipid structuring with EGs or the oil-
bulking agents referred to above [1–3]. To that end, different vegetable oils (olive, soybean,
etc.), marine oils (fish and algae), or mixtures of these have been employed to partially or
completely substitute animal fat in various types of meat derivates (fresh, cooked, and dry
cured). However, studies have shown that meat products reformulated in this way have
different physicochemical characteristics which could impact negatively on the preferred
quality parameters of the reformulated product [1–3]. Nevertheless, novel strategies such
as lipid restructuring can be employed to enhance the quality of the reformulated meat
products since these lipid materials and generate a solid fat which maintains solid-like
properties. This could be a better way to develop meat products with a healthy lipid profile
without negatively impacting their characteristics (Figure 1).
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(a) (b)

Figure 1. Example of healthy meat products with enhanced lipid content based on used structured
lipids (as an animal fat replacer: (a) emulsion gels) and (b) oil bulking agent.

Lipid Materials Based on Structured Lipid: Emulsion Gels and Oil Bulking Agents

Lipid materials created using lipid structuring procedures have obtained a great deal
of attention in the context of meat products. These lipid constituents can be employed
as fat substitutes in meat products thanks to their solid-like properties simulating animal
fat [1–3]. Their characteristics are of great interest for their application in meat products
from a nutritional (healthy composition) and technological point of view. Of the various
types of structured lipids EGs and OBAs are the most interesting due to their singular
properties and possibilities as animal fat substitutes in meat products [1–3].

EGs are lipid materials in which emulsions and gels (hydrogels) concur. Formulation
of these EGs fundamentally includes a lipid phase (olive, microalgal and chia oils, among
others), an aqueous phase, an emulsifier (soy and whey protein, among others) and a
gelling process [1–3]. Different compounds can be used in their formulation to give them
particular technological characteristics, comprising specific bioactive compounds that
provide nutritional benefits [2]. There are various procedures that can be used to create
the gelling process such as heating, acidification, addition of divalent cations (Ca2+), and
enzymes with hydrocolloids [15,23]. Particular attention is being paid to cold gelling
strategies employing binding agents such as alginates which form cold-set EGs [2,4].

Other interesting structured lipids are OBAs based on the dispersion of oil droplets in
a continuous aqueous matrix-forming gel [2]. In these OBAs, liquid oil such as olive oil is
usually enclosed in a hydrogel network structure. The formation of these OBAs includes
mostly an early phase where the oil is distributed in the aqueous phase and lastly the
gelation of the aqueous phase is induced by a gelling agent such as alginate. This procedure
provides the OBAs with a solid structure, permitting it to be incorporate, for example, as
an optimal fat replacer in meat products. Different gelling agents such as hydrocolloids
(alginate) have been employed independently or in a mixture, causing diverse textures and
structures in the final OBA [15].

Many studies have been conducted in recent years concentrating on the creation and
characterization of EGs and their application in food products (yoghurt, cheese, sauces),
particularly in the elaboration of cooked and fresh meat products (frankfurter type cooked
sausages, fresh sausages, hamburgers, etc.) with a healthier lipid content [2,15,24,25].
However, OBAs have not been extensively employed in food science but their application
as animal fat substitutes in healthier meat products is especially remarkable. These works
have been focused mainly in the composition and technological characterization of EGS
and OBAs. However, a further study of their structure and of the interactions between
their diverse components, and their technological characterization, is required to gain
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greater insight into the different essential aspects necessary for their practical application
as animal fat substitutes in meat products for the purpose of creating health-enhanced
meat products. We likewise require a better interpretation of the changes in the structure
of the main components found in meat products (proteins, lipids, etc.) that take place
when structured lipids are incorporated as animal fat replacers, and how these affect
the end product’s technological properties. This knowledge will help to improve and
optimize the development of health-enhanced meat products with specific technological
characteristics. A useful approach could be to use vibrational spectroscopy (infrared and
Raman spectroscopy) to analyze structural modifications in proteins and lipids in the
formation of lipid materials and in the health-enhanced meat products in which these
materials are incorporated as animal fat replacers.

To better understand the use of vibrational spectroscopy in the development of EGs
and OBAs and in meat products with a healthier lipid content, it is necessary to adequately
know the basic concepts of these techniques and the interpretation of the spectral results
obtained with them.

3. Basic Concepts of Vibrational Spectroscopic Techniques: Infrared and
Raman Spectroscopy

Vibrational spectroscopy, which involves infrared (IR) and Raman spectroscopies, is
founded on the transitions concerning quantized vibrational energy states of molecules. In
IR spectroscopy, the energy for these transitions is supplied by radiation in the IR regions
(mid-IR and near-infrared) of the electromagnetic spectrum [26]. In Raman spectroscopy,
samples are excited with monochromatic incident radiation that may be in the ultraviolet
(UV), visible (VIS) or near-infrared (NIR) regions of the electromagnetic spectrum [26].
Complementary data on fundamental vibrational modes can be found from mid-IR and
Raman spectra, as some vibrational motions are perceived mainly with IR radiation and
others mostly by Raman scattering. In relation to protein structure, both vibrational spectro-
scopic techniques provide information about the secondary structure of proteins (α-helix,
β-sheet, unordered), but Raman spectroscopy can also provide more detailed information
about the tertiary structure of proteins [13,27–29]. Regarding structural changes in lipids,
both provide relevant information (particularly in meat products with improved lipid
content) and both have been used to provide information about the changes in their lipid
structure. However, it should be noted that IR is faster and requires a smaller sample size
than Raman spectroscopy [13,27–29].

IR and Raman spectroscopy provide many special benefits in food researches [13,27–29].
These techniques can be used to condensed-phase samples in several physical states,
whether liquid or solid, clear or opaque. In many situations, insignificant or no sample
pre-treatment is needed, and a spectrum can habitually be obtained quite fast [13,27–29].
There has been a remarkable increase in mid-infrared applications resulting from the
progress of mid-infrared Fourier transform (FT-IR) spectrometers in combination with
sampling methods comprising attenuated total reflection (ATR), for solids, semisolids and
liquids, due to the benefits they offer [13,27–29]. Additionally, FT-IR microscopy has paved
the way for novel uses of in situ microspectroscopic food mapping and imaging. In the
last few years, hyperspectral imaging (HSI) has appeared as a hopeful analytical method
for quality control and has involved a lot of attention in the non-destructive analysis of
food products. Similarly, Fourier transform Raman spectroscopy (FT-Raman), using NIR
excitation from a Nd: YAG laser at 1064 nm, can usually solve the drawback of fluorescence
in foods [29]. Methods such as surface-enhanced Raman spectroscopy (SERS), confocal
Raman microspectroscopy, and Raman imaging spectroscopy are established for their
possibilities and special benefits in examining food components at very low amounts, and
for in situ multi-component determination [26,30].

3.1. Analysis of Infrared and Raman Spectra Data

Infrared and Raman spectroscopy offer relevant data on the structure of the com-
ponents of meat and meat products (proteins, lipids, water, etc.) non-invasively and in
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situ [26,30]. The reformulation processes used to develop meat products with an improved
lipid content can modify Raman and infrared spectral bands due to structural changes
in meat components (proteins, lipids and water). Basic information is therefore needed
about how these changes are analyzed separately in proteins and lipids. For qualitative
analysis, modifications can be visualized by comparing the spectrum in question with the
characteristic bands of proteins, lipids or water. This requires an analysis of changes in the
intensity, frequency, and half-widths of the Raman and infrared bands of chemical groups of
proteins, lipids and water which are indicative of qualitative structural changes [13,27,29].
For quantitative analysis, curve-fitting of these bands is often used [13,27,29]. All this
structural information is briefly described in the following sections.

3.1.1. Infrared Spectra

Mid-infrared (IR) spectroscopy is the most widely used spectroscopic technique in
meat and meat products as it provides fundamental information about protein and lipid
structure through well-resolved characteristic infrared bands. In recent years, mid-infrared
Fourier transform (FT-IR) spectrometers with attenuated total reflection (ATR) stand out
from among the different mid-infrared (IR) spectroscopy techniques employed to analyze
the structure of meat and meat products.

The typical protein bands in the mid-infrared (IR) spectra are amide I (1700–1600 cm−1),
amide II (1560–1510 cm−1) (Figure 2) and amide III (1300–1200 cm−1) which provide infor-
mation on protein secondary structure (α-helix, β-sheet, turn, unordered). Modifications
in the intensity and/or frequency of these infrared bands is indicative of protein structural
modifications [29,30]. The amide I band, high intensity (Figure 2) due to carbonyl stretching
vibration with a slight influence from C-N stretching and N-H bending vibrations, is the
one most frequently employed to analyze the secondary structure of proteins. Proteins
with α-helical conformation show robust amide I bands between 1657 and 1650 cm−1,
whereas bands between 1640 and 1612 cm−1 are usually related with β-sheets.

Figure 2. Typical FT-IR spectra from cooked sausage (type frankfurter) in the 1700–1500 cm−1.

The mid-IR spectra of lipids encompass various bands in the 3000–1700 cm−1 region
and overlapping bands in the 1500–700 cm−1 region. It is worth noting that in the elabora-
tion of meat products with health-enhanced lipid content, infrared studies of the region
between 3000–2800 cm−1 are characterized by two strong bands at 2925 and 2854 cm−1

(Figure 3) caused respectively from the asymmetric (νasCH2) and symmetric (νsCH2)
stretching vibrations of the acyl CH2 groups of lipids [31–33]. Modifications in lipid chain
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order/disorder causing from protein–lipid interactions can alter the half-bandwidth of
these bands [34].

Figure 3. Representative FT-IR spectra in the 3000–2820 cm−1 region from cooked meat products
(type frankfurter).

3.1.2. Raman Spectra

Raman spectroscopy offers data on protein structure, mostly by analysis of the amide I
and III bands, which are associated with secondary structure. This spectroscopic technique
also provides bands due to the environment of some side chains of proteins (aliphatic,
tyrosine and tryptophan residues) and on the local conformations of disulfide bonds
and methionine residues, all associated with a tertiary protein structure [27,29]. Fourier
transform (FT) Raman spectrometers with 1064 nm excitation are commonly used to study
the structure of these food products [13,27].

The principal Raman bands to establish the secondary structure of meat protein (α-
helix, β-sheet, turn, unordered) are amide I (1650–1658 cm−1), which involves mostly
C=O stretching, and amide III vibrational modes (1225–1350 cm−1) (Figure 4). Amide I,
a strong band that involves mostly C=O stretching, is the most commonly used in the
study of secondary protein structure. Most studies on the vibrational spectroscopy of
proteins highlight the correlation between amide I band frequencies and protein secondary
structure [27,29] proteins with great α-helical content, which display an amide I band
centered about 1650–1658 cm–1 (Figure 4), while those with mainly β-sheet structures
display the band between 1665 and 1680 cm−1, and a great content of unordered structure
is relate to proteins with an amide I band centered at 1660–1665 cm−1. The spectral profile
of the amide I band is employed in quantifying the secondary structure of proteins in
terms of content of α-helix, β-sheet, turn and unordered using different methods mainly
centered on frequency determinations at maximum intensity and half-bandwidth of the
amide I band [27,29]. However, before this band can be analyzed, the water spectrum must
first be correctly subtracted from the spectra. Additionally, other weaker bands can be
noticed and analyzed in the Raman spectra. These correspond to the influence of peptide
structure on the environment of some side chains such as those of aliphatic (δCHn), tyrosine
(Tyr doublet) and tryptophan (Trp) residues (Figure 4), and on the local conformations of
disulfide bonds and methionine residues associated to tertiary protein structure [35].
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Figure 4. Typical Raman spectrum of a cooked sausage (type frankfurter) in the 0–4000 cm−1.

There are also several Raman bands allocated to lipids near 1750, 1660, 1470, 1443,
1306, and 1269 cm−1 allocated to the C=O stretching modes, C=C stretching modes, CH2
scissoring modes, CH2 twisting modes, and CH in plane deformation modes of lipids [6,7].
The unsaturation level of fat-containing food products can be assessed precisely by analyz-
ing the C=C stretching band (1660 cm−1). Nevertheless, one of the most frequently used
regions of the Raman spectra in the structural study of lipids in meat and meat products,
especially those products with health-enhanced lipid content, is between 2800–3000 cm−1

(Figure 4) associated with changes in C-H stretching vibrations (νCH) [6,7]. A CH3 sym-
metric stretching band near 2897 cm−1, a CH2 asymmetric stretching band near 2930 cm−1

and a CH2 symmetric stretching motion near 2850 cm−1 are found in this region [29].
The symmetric and asymmetric vibrational modes of the CH2 and CH3 groups can offer
information about interactions between hydrocarbon chains. The peak height intensity
relations IνsCH2/IνasCH2 (I2850/I2890) and IνsCH3/IνasCH3 (I2935/I2890) offer valuable
indices to measure lipid packing consequences and establish relative order/disorder of the
intermolecular lipid chain [36,37].

Raman spectra also show a broad water band (3100 and 3500 cm−1) (Figure 4), associ-
ated with OH stretching motions [38,39], and a Raman band in the low-frequency range (be-
low 600 cm−1) including the bending (δ) and stretching (ν) vibrations of the O(N)-H..O(N)
units, due to interactions of hydrogen bonded to water and protein molecules [38,39].

4. Application of Vibrational Spectroscopy in Meat Products with Healthier
Lipid Content

Once this basic knowledge about vibrational spectroscopic techniques has been estab-
lished, their application on the development of EGs and OBAs and healthier meat products
in which these structured lipids are incorporated will be described separately.
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4.1. Infrared and Raman Spectroscopy to Study Lipid Material Based on Structured Lipids

Many researchers have studied the possibilities of vibrational spectroscopy to establish
fat content and the fatty acid composition of animal fat (adipose tissue from beef, lamb,
pork and chicken, etc.) [40–43] Raman spectroscopy has been used to predict PUFA, MUFA
and SFA content, and the degree of unsaturation (IV) in melted fat and adipose tissue of
pork [41]. Raman spectral regions between 775 and 1800 cm−1, and between 2600 and
3100 cm−1, were selected for regression models since these contain bands related to lipids.
Results showed that Raman spectroscopy is an interesting technique to measure the fatty
acid composition of pork adipose tissue with the benefit that this technique is non-invasive
and measurements can be completed online [41]. Vibrational spectroscopy has also been
used extensively to achieve structural information about oils [31,32,43–45], which are the
basis of lipid materials. Based on the useful results obtained from the analysis of animal fat
and oils, many studies were later conducted on lipid materials, especially structured lipids.

FT-IR has been employed to study conformational modifications of oils emulsified
with proteins (α-lactalbumin and β-lactoglobulin) where these proteins are adsorbed in the
emulsion formation process [46,47]. This process induces changes in their secondary struc-
ture [46,47]. The results showed the creation of an intermolecular, antiparallel β-sheet upon
adsorption due to protein self-aggregation. Studies to obtain details on protein secondary
structures of olive oil-in-water emulsions stabilized with various protein systems based on
caseinate or soy protein have been conducted using FT-IR [48,49]. The relationship between
emulsion structure and its physical properties was also evaluated. Protein secondary
structures changed to more orderly protein backbones, mainly involving the α-helical
structure upon creation of the olive oil-in-water emulsion. These structural properties
could be associated with the firmer textural characteristics found in soy and caseinate
emulsions. A better interpretation of the potential relationship between the structural
and textural characteristics of olive oil-in-water emulsions could help in selecting the best
emulsion components to obtain specific textural characteristics. In this connection, FT-IR
and FT-Raman play an important role. Structured lipids such as emulsion gels (EGs) are an
interesting possibility to structuring edible oils. These are described as emulsions with a
gel-like network structure and solid-like mechanical characteristics [2,3], making them a
good alternative to animal fat in meat products with a healthy lipid profile. It is relevant
to note the function of structure and lipid phase interactions in the stability of EGs and
their technological properties [4,5]. IR, especially attenuated total reflectance (ATR)-FTIR
spectroscopy, has proven valuable insofar as it is a fast, non-destructive analytical method
capable of offering analytical and structural information on various EGs. Molecular struc-
tures of polyphenol–soy EGs have been studied using this spectroscopic technique owing to
their potential as release systems for bioactive compounds (polyphenols, MUFAs, PUFAs).
Studies on polyphenol–soy EGs have shown that phenolic compounds seem to become
confined in the emulsion matrix network, due to its textural properties, exhibiting lower
gel strength than EGs without polyphenols [50]. ATR-FTIR spectroscopy has also been
used to examine the structural characteristics of chia EGs. Analyses of the 3000–2500 cm−1

region indicate that the order/disorder of the oil lipid chain, associated to lipid interactions
and droplet size in the emulsion gels, could be important in controlling their textural
properties [4]. Raman spectroscopy has also been used to examine the lipid structure of
different chia EGs and spectroscopic results, mainly significant differences were found
in the area 2800–3000 and I2854/I2900, and indicated differences depending on these EG
compositions in the lipid structure and interactions in terms of lipid acyl chain mobility
(order/disorder). These lipid structural properties of chia oil EGs linked significantly with
a particular textural behavior [9].

Polysaccharides, a structured lipid, can be employed either individually or in mixture
to form a diversity of gel structures which may be appropriate for immobilizing oil droplets
working as oil-bulking agents. Raman spectroscopy has also been employed to determine
lipid and polysaccharide interactions in different polysaccharide gels elaborated for use
as oil-bulking agents [5]. Raman spectroscopic results show that these structured lipids
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were stabilized by hydrogen bonding between oil carbonyl groups and water and/or
carbohydrate molecules. This structural behavior may clarify the differences in textural
characteristics. Structural studies of lipid materials (EGs and OBA) contribute to a better
interpretation of the correlation between their technological properties and the structural
characteristics of their ingredients. Understanding these correlations ultimately helps in
selecting the most suitable materials.

This information is of particular interest given that these lipid materials can help to
improve or maintain the quality of the food to which they are added. Particularly important
in this regard is their use as animal fat replacers, for instance in the development of health-
enhanced meat products without compromising the properties of the final product.

4.2. Infrared and Raman Spectroscopy to Examine Meat Products with Healthier Lipid Content

Vibrational spectroscopic techniques, particularly FT-Raman and FT-IR, provide infor-
mation about the secondary structure of proteins and the structure of lipids in meat and
meat products [6,13,27,28]. These spectroscopic techniques have been used to build models
that can predict sensory and technological characteristics, and also to evaluate structural
modifications appearing in proteins during processing [13,28,29]. Studies evaluating the
feasibility of FT-IR spectroscopy in determining structural properties have focused on
health-enhanced meat products reformulated with lipid material such as olive oil-in-water
emulsions stabilized with casein or soy protein to replace animal fat [51]. The results of
these studies suggest that this spectroscopic technique offers relevant information about
changes in protein secondary structure caused by changes in the amide I band profile.
Moreover, changes in the 3000–2500 cm−1, particularly the half-bandwidth in the 2922 cm−1

band, has suggested modifications in lipid chain order or lipid–protein interactions. These
results underscore the relevance of the stabilizing system employed in the preparation of
oil-in-water emulsions as it impacts both the structural and technological characteristics of
the reformulated meat products.

Lipid materials based on structured lipids such as chia EGs have been applied as
animal fat substitutes to develop frankfurters with a health-enhanced lipid profile. In this
case, ATR-FTIR spectroscopy was used to study how replacing animal fat with chia EGs
affects the structural characteristics of lipids [52]. Results from the 3000–2500 cm−1 region
showed that frankfurter reformulated with chia emulsion gels implicate more lipid–protein
interactions which correlated significantly with processing loss (mainly loss of water and
fat) and the textural behavior of these samples [52]. ATR-FTIR spectroscopy was also
used to study health-enhanced frankfurters reformulated with structured lipids based on
polyphenol-EGs as animal fat replacers (Figure 5). The spectroscopic result of the acyl
chain region (between 2950 and 2830 cm−1) of the ATR-FTIR spectrum presented greater
(p < 0.05) inter- and intramolecular lipid disorder irrespective of the presence of polyphenol
in the EG [53].

FT-Raman spectroscopy was also employed to study the structural properties of health-
enhanced frankfurters reformulated with structured lipids such as oil-bulking agents to
replace fat [6]. Analysis of the amide I band furnished valuable information on secondary
protein structures regarding enrichment of β-sheet structures in these frankfurters refor-
mulated with oil-bulking agents [6]. The high content of β-sheet structures in these health-
enhanced frankfurters indicate the creation of a denser network, resulting in increased
hardness. Regarding lipid structure, analysis of the 2800–300 cm−1 regions and intensity
ratios IνsCH2/IνasCH2 (I2850/I2890) and IνsCH3/IνasCH3 (I2935/I2890) revealed that the
addition of oil-bulking agents as animal fat replacers in these health-enhanced frankfurters
increased lipid acyl chain disorder and implicated more lipid−protein interactions [6].

154



Foods 2021, 10, 341

 

Figure 5. Analysis of frankfurters reformulated with structured lipids based on polyphenol-EGs as
animal fat replacers using FT-IR with an ATR device.

5. Conclusions

The notion of improving the lipid component in meat products has been gaining
attention in recent years giving rise to the development of new reformulation strategies
to obtain healthy meat products and optimal technological properties. New procedures
to create lipid materials based on structured lipids, such as EGs and OBAs, are especially
interesting owing to their solid-like properties and the fact that they confer valuable
nutritional and technological properties to meat products into which these materials have
been added. EGs and OBAs have been employed successfully as animal fat replacers in the
development of different meat products (sausages, hamburgers, etc.) with healthier lipid
contents (qualitative and quantitative).

Application of vibrational spectroscopy (infrared (IR) and Raman spectroscopy) has
significant possibilities and an increasing range of applications in the analysis of structured
lipids (mainly EGs and OBAs) and meat products into which these lipid materials have been
incorporated for the purpose of achieving healthier lipid contents. The use of vibrational
spectroscopic techniques for both lipid materials and health-enhanced meat products
have provided us with a greater insight into how the structure of their main components
(proteins and lipids) impacts technological properties, mainly texture. This information
can be helpful in choosing the most appropriate compounds for lipid materials used as
animal fat replacers to obtain specific technological behaviors. Structural information and
its correlation with certain technological properties could help in the selection of the most
optimal lipid material and other compounds to obtain certain properties in health-enhanced
meat products into which they are included.
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